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Molecular dynamics study on the relaxation properties
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Abstract. The inﬂuence of defects on the relaxation properties of bilayered graphene (BLG) has been studied by molecular
dynamics simulation in nanometre sizes. Type and position of defects were taken into account in the calculated model. The
results show that great changes begin to occur in the morphology after introducing defects into BLG sheets. Compared with
point defects, line defects have a signiﬁcant effect on the relaxation properties of BLG.
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1. Introduction
Graphene, a well-known two-dimensional material, was ﬁrst
prepared in 2004 [1,2]. It has attracted considerable interest
over the last few years on account of its extraordinary electrical, thermal and mechanical properties [3]. However, the
vast majority of graphene sheets prepared by the chemical
methods are double layer or even multilayers. A large number of researchers have studied the electronic structure and
application of bilayered graphene (BLG). It was reported that
the band gap of the BLG could be modiﬁed by applying an
electric ﬁeld [4,5]. Furthermore, the noise in BLG channels
is lower than in single-layered graphene [6].
Relaxation performance is one of the most important
aspects in the study of two-dimensional materials. Meyer
et al [7,8] and Ishigami et al [9] found that suspended
graphene was actually not ﬂat and exhibited pronounced
corrugations in nanoscale. A variety of defects, including
topological defects [10,11], vacancy [12–17] and adatom
[18–21], are inevitably produced in graphene during the
preparation process. Yin et al [22] and Wu et al [23] have
studied the inﬂuence of defects on relaxation properties of
single-layer graphene. However, to our knowledge there are
no studies on the relaxation properties of BLG yet. In this
work, we used the molecular dynamics (MD) method to simulate the homeostasis evolution of single-layer graphene and
BLG with point defects, line defects and topological defects.
The distribution and population of the defects were taken into
account in the calculated model.

Two single graphene layers can be stacked and form bilayered structures [24]. The distance between the layers in bilayer
graphene is 3.4 Å [25,26]. The dimension of simulation
model is 58.2 × 28.3 Å. There are four types of stacking
in BLG, which are AA, AB, SP and BA stacking. It has
been proved that AB is the same as BA, having an energy
of 2.1 meV per atom, a factor of 10 lower than the energy of
AA-stacked graphene [27]. The large-scale atomic/molecular
massively parallel simulator (LAMMPS) is a versatile and
open source code for performing MD simulations of coarsegrained models. We employed the adaptive intermolecular
reactive empirical bond order potential (AIREBO) to model
the inter-atomic forces present in the covalent binding of carbon in the graphene. The AIREBO potential consists of three
terms:
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The model was placed in a larger box (80×50×30 Å) with
a certain distance between the edge of the model and the wall
of the box. No external loads and constraints were applied
on the boundary of graphene. In order to avoid the complex
impact caused by the atomic thermal activation, the simulation
was carried out at 0.01 K temperature, which was realized
using a Nose–Hoover thermostat. The simulation time step is
controlled to be 1 fs.

3. Results and analysis
2. Physical models and simulation methods

3.1 Structural defects discussion

The position and type of the defects in graphene ribbons are
shown in ﬁgure 1. The length of the C–C bond is 1.42 Å.

It is well known that structural defects do exist in graphene and
may dramatically alter its properties. In fact, defects can also
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Figure 1. Schematic showing the type and positions of the defects: red lines represent defects in the top graphene
layer; black lines represent defects in the bottom.

be deliberately introduced in graphene, for example, by irradiation or chemical treatments. For BLG, the interlayer distance
is approximately 3.35 Å, as dictated by the weak van der
Waals interaction between the layers. Therefore, defects can
exist in both layers independently [28,29]. Structural defects

may have some effects on the shape of stabilized graphene
and different types would inﬂuence differently. The simplest
defects in graphene are the Stone–Wales (SW) defects, which
do not involve any removed or added atoms [11]. However,
SW defects are unstable. Due to the high formation energy
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Figure 2. Atomic conﬁguration of graphene after relaxation.

of SW defects, graphene would be reconstructed by rotating
bonds and may relax to the unperturbed lattice [30]. In this
paper, we investigated the stable shape of BLG inﬂuenced by
different types of defects, including point defects, line defects
and topological defects. We adopted single vacancies to represent point defects, because a missing lattice atom is the
simplest defect in any material (as shown in model B). The
line defect (expressed in model C) is a special kind of grain
boundaries, and it has been observed in experiments [31]. Line
defects in model C were formed through the one-dimensional
arrangement of some double vacancies, which could be created either by the coalescence of two single point defects or by
removing two neighbouring atoms. Grain boundaries are usually formed by the 5–7 rings; with different arrangements, the
grain boundary may remain ﬂat or become inﬂected up to 72◦ .
The topological defect in graphene (model D) is of various
types, irregular shapes and different sizes. We employed the
structure of graphene missing a hexagonal carbon ring as our
topological defects calculation model. Before the relaxation,
we calculated the chemical stability of topological defects by
the DFT method.

3.2 Relaxation
Atomic conﬁgurations of graphene after complete relaxation
are shown in ﬁgure 2. Single-layered graphene sheet is basically stable and the atoms have slight ﬂuctuation, which
is consistent with the relaxation results of graphene ﬁlms
reported in literature [32]. However, we found that the BLG
starts rotating instead of ﬂuctuation after the relaxation. The
main reason may be the interaction between the two layers
caused by the AB-stacked (Bernal) structure. The interaction
between the upper and lower layers caused the model to generate the moment of inertia. In our calculation results, different
types and positions of defects lead to different wavelengths
and amplitudes of graphene.
The maximum kinetic energy and maximum normal displacement (z-axis) of carbon atoms were tracked and are
presented in ﬁgure 3. The calculation results have been classiﬁed into four groups.
(1) Graphene without defects
For the calculation of model A-1 (A-2), we found that, at
the beginning of the relaxation, tiny corrugations appeared at
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Figure 3. The maximum kinetic energy (dash–dot lines) and maximum normal displacement (z-axis)
(solid lines) of carbon atoms.

the edge of graphene ﬁlms and increased with the relaxation
time. After full relaxation, the ﬁlm structure became stable
and the maximum relaxation height of single-layer graphene
was up to 4.4 Å (3.0 Å for BLG, see table 1). At the same
time, we found that the corrugations existed only at the edge

of ﬁlms (both single-layer graphene and BLG) and the middle part of the ﬁlm was ﬂat. Ishigami et al [9] found that
wrinkles appeared also in the middle part of the ﬁlms. The
main cause for this is that the models were calculated without
applying any external loads and constraints. From an energy
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Table 1.

Calculation results of models.
Defects
Models

Type

Position

Relaxation time (fs)

Maximum normal
displacement (Å)

A-1
A-2

Single layer
Double layers

—
—

—
—

6.5 × 104
5.0 × 104

4.4
3.0

B-1-1
B-1-2
B-1-3
B-2-1
B-2-2
B-2-3

Single layer
Double layers

Point defects

Middle area

4.5 × 104
3.0 × 104
4.0 × 104
4.0 × 104
4.0 × 104
5.5 × 104

4.6
3.8
2.9
3.6
2.6
2.7

C-1-1
C-1-2
C-1-3
C-2-1
C-2-2
C-2-3

Single layer
Double layers

4.5 × 104
6.0 × 104
6.0 × 104
3.0 × 104
6.0 × 104
6.5 × 104

6.5
4.9
5.0
3.8
3.8
4.3

D-1-1
D-1-2
D-1-3
D-2-1
D-2-2
D-2-3

Single layer
Double layers

4.0 × 104
5.0 × 104
4.0 × 104
5.0 × 104
3.0 × 104
4.0 × 104

4.1
2.8
3.1
3.8
2.3
2.7

Single layer
Double layers

Boundary

Line defects

Single layer
Double layers

Single layer
Double layers

Middle area

Boundary

Topological defects

Middle area

Boundary

standpoint, the ﬂuctuation curves indicate that they gradually
tend to zero, which means the system is being relaxed to a
stable state. Besides, the ﬁnal maximum displacement was
recorded when the maximum kinetic energy curves tended to
zero. It should be noted that the maximum displacement of
single layer is larger than that of BLG. However, the relaxation time of the single-layer graphene is longer than that of
the BLG. We suggested that the van der Waals interaction
between layers would limit the movement of atoms and make
the ﬁlm ﬂatter.
(2) Graphene with point defects
Point defects in the middle area: As shown in ﬁgure 3b, the
displacements of model B increase distinctly at the beginning
of relaxation and achieve the balance after a certain time.
Different relaxation times calculated from different type of
defects were in the following order: B-1-1 > B-1-3 > B-1-2.
BLG with perforative point defects (B-1-3) has the minimal
relaxation shift. Type B-1-1 has a slight increase over that
of type A-1 on the normal displacement, which is in agreement with the report [23]. The normal displace of B-1-2 is
still increasing after 3 × 104 fs, and the growth trend is like
an oblique line. The reason was BLG started rotating and
affected the value of relaxation displacement. Therefore, the
maximum relaxation displacement of model B-1-2 should
be 3.8 Å. Based on energy, model B-1-1 achieved the stable state after 4.5 × 104 fs, whereas BLG models took more
time for relaxation. Interestingly enough, the relaxation time
of B-1-2 is the same as that of B-1-3. It implies that singlepoint defect has little inﬂuence on the relaxation of BLG.

Furthermore, compared with the single-layer point defects,
it seems that the perforative point defects would reduce the
normal displacement of BLG.
Point defects in the boundary: Compared with the middlearea point defects, the relaxation of point defects that lie in
the boundary behaved differently both in normal displacement
and in kinetic energy. Single-layer graphene with point defects
on the edge has the maximal relaxation shift. BLG with perforative point defects on the edge has the longest relaxation time.
From the kinetic energy, boundary point defects increased the
relaxation time. With perforative point defects, the kinetic
energy of model B-2-3 has a large ﬂuctuation during relaxation. As shown in ﬁgure 3c, the normal displacement of type
B-2-1, B-2-2 and B-2-3 decreased slightly compared with perfect graphene. It indicates that the drift of the atoms is reduced
when the point defects move to the edges.
(3) Line defects
Line defects in the middle: Single-layer graphene with line
defects in the middle area has the largest displacement compared with other types of dfefects after relaxation. The kinetic
energy of model C-1-1 changed with the normal displacement and reached zero state at 4.5 × 104 fs, which is the
same for the perfect or point-defect graphene. However, the
kinetic energy curves of BLG with line defects indicated a
longer relaxation time. Moreover, during the relaxation, the
kinetic energy of BLG with single-layer or perforative point
defects ﬂuctuated violently. As shown in ﬁgure 3d, the normal displacement of type C-1-1 is as high as 6.5 Å. For BLG
(model C-1-2 and model C-1-3), the changes of maximum
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normal displacement presented the same increasing and had
the same values. It indicated that line defects would superimpose fold deformation remarkably in single-layer graphene or
BLG.
Line defects at the boundary: As shown in ﬁgure 3e, the
kinetic energy of single-layer graphene decreased rapidly to
zero at 3.0 × 104 fs. On the contrary, the relaxation time
of model C-2-2 and C-2-3 increased to 6.0 × 104 fs and
6.5 × 104 fs, respectively. Compared with model A-1 and
A-2, line defects will decrease the relaxation time of singlelayer graphene but increase the time of BLG. The reason
we suggest is that it may be due to the structural asymmetry between layers and the number of atoms. The normal
displacement of model C-2-1 is smaller than that of model
C-1-1. The BLG with perforative line defects (C-2-3) has the
largest normal displacement compared with that of model C2-1 and C-2-2. However, the maximum normal displacements
of models C-2-1 and C-2-3 were smaller than that of models A-1 and A-2. We conclude that line defects that lie on
the boundary may decrease the displacement of single-layer
graphene or BLG. When perforative line defects appear at
both the upper and lower layer, they may promote structural
deformation.
(4) Topological defects
Topological defects in the middle area: Figure 3f describes
the changes of displacement and kinetic energy during relaxation when topological defects are located in the middle area
in graphene. The kinetic energy of model D-1-1 reaches the
stable state at 4.0 × 104 fs, which is much shorter than that of
model A-1. For BLG, the decreasing curves of kinetic energy
are different. When topological defects appeared at only one
layer, asymmetry between layers was remarkably increased.
Therefore, model D-1-2 took more time for relaxation than
did model D-1-3. D-1-2 has the minimum normal displacement and the longest relaxation time. The normal displacement of D-1-1 has a slight decrease compared with model
A-2. The normal displacement of D-1-3 increased slightly
compared with model A-2. However, the normal displacement of BLG with single-layer topological defects decreased
slightly.
Topological defects at the boundary: As shown in ﬁgure 3g,
the position of topological defects has a large effect on the
changes of kinetic energy. Models D-2-1, D-2-2 and D-2-3
ﬁnally relaxed to the stable states at 5.0 × 104 , 3.0 × 104 and
4.0 × 104 fs, respectively. Compared with model D-1-1, the
relaxation time of model D-2-1 increased. However, when
defects lie in the boundary, the relaxation time of BLG is
reduced. Model D-2-2 has the minimum normal displacement
and the longest relaxation time. The normal displacement
was reduced when topological defects were introduced into
single-layer graphene and BLG sheets. Among them, the most
obvious case is model D-2-2.
The relaxation time and maximum normal displacement are
listed in table 1. We ﬁnd that the maximum normal displacement of the BLG with perforative defects is usually larger than
that of the BLG with single-layer defects. This result implies

that defects in the upper and lower layers, especially perforative defects, will interact and increase relaxation effects.
As shown in table 1, the maximum normal displacement of
BLG is smaller than that of single-layer graphene. It can be
expected that corrugations will disappear when the number
of layers is large enough. Among all the models, line defects
located in the middle have the most signiﬁcant effect on the
relaxation properties of graphene.

4. Conclusion
The relaxation properties of single-layered graphene and BLG
with three types of defects were studied by the MD method.
BLG is not perfectly ﬂat, with corrugated wrinkles appearing at the edge in a natural state as in single-layer graphene.
The maximum normal displacement of BLG is smaller than
that of single-layer graphene. Perforative defects are more
likely to cause greater relaxation shift in BLG. Line defects
have more signiﬁcant effect on the relaxation properties of
graphene compared with point and topological defects.
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