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Car-Parronello molecular dynamics simulations of twelve nanosized graphene sheets with a dozen to a
hundred carbon atoms are performed using a mixed Gaussian and planewave approach within the frame-
work of the density-functional theory. Two different origins for the rippled structure of graphene are found:
the thermodynamic vibration of atoms and the local lattice defect. We suggest that the lattice defect, which
changes the local atomic bonding state, should be responsible for the intrinsic ripples in graphene sheet.
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1. INTRODUCTION

The discovery of graphene [1] ended the long-
standing theoretical debate on the possibility for the
existence of two-dimensional (2D) materials. In
addition to graphene, several other 2D phases were
also theoretically suggested [2] and experimentally
prepared, including silicene [3], the 2D monolayers of
BN[4] and SiC [5]. Graphene is the only one that had
successfully prepared in the free-stand state without a
substrate support among of all these 2D phases so far.
The intrinsic ripples was observed in the suspended
graphene sheets [6], and the reason for these ripples is
being involved another hot debate at present [7-10].
These are both the localized sp? and non-localized =
bonds in graphene sheet [11]. There are three
resonance 7 bonds arranged at regular intervals in a
hexagonal C-ring of graphene monolayer in ideal case.
It is possible that the collective effect of 7z-bonds could
cause the local lattice distortion, and hence leads to the
intrinsic ripples in graphene. In addition to this, the
situation of atomic bonding around lattice defect is
much more complicated, all of the sp, sp2, and sp? bonds
could be present. Unfortunately, most of the reported
theoretical works on this problem were merely done by
atomistic simulation without sufficient consideration of
the bonding variations.

We present a set of comparative Car-Parrinello
Molecular Dynamics (CPMD) simulations of different
nanosized graphene sheets under finite temperature to
investigate the effect of local chemical bondings to the
geometry of these graphene sheets using CP2K code
[12]. The local lattice distortion and the therm-
?dynamically stable sheet configuration for each of
these cases are analysed in details. Our research result
reveals a close correlation between the intrinsic ripples
and structure defects in graphene phase.

2. MODEL BUILDING AND CALCULATION DE-
TAILS

2.1 Model building of graphene nano-sheets
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We build twelve models of nanosized graphene
sheet with atoms up to 126 atoms in this work. These
models are divided into four types. The models of Type-
I are the nxn (n=3, 5, 7) cells directly cut from a large
piece of graphene sheet. There are some carbon atoms
without in the Ce-ring structure. These models are Cis,
Cs0, and Coes as illustrated in Figs. 1 (a), (e) and ().
Type-II models are the hydrogenated Type-I ones, i.e.,
CisH1z, CsoH20, and CgsHes as shown in Figs. 1 (b), (f)
and (j). The Type-IIT models, Cis, Cas, and Cos are cre-
ated by deleting the carbon atoms without forming Cs-
ring structure in Type-I models as given in Figs. 1 (c),
(g) and (k). Figs. 1 (d), (h) and (l) present the Type-IV
models (Ci6H1o, C4sH1s, and CosHze) which just are the
corresponding hydrogenated Type-III models. There are
plentiful variations of local atomic bonding in these
models and thus are very suitable for investigation of
the chemical bonding factor to the geometry structure
of nanosized graphene sheets.

2.2 Details of Car-Parrinello Molecular Dynam-
ics Simulation

The periodic boundary condition is used in our
CPMD simulation. Each of the nanosized graphene
sheets created in section 2.1 is positioned at the center
of a cuboid box with at least 5A away to the inner sur-
face of the box along each direction. The non-bonding
distance between carbon-hydrogen is smaller than that
between carbon-carbon. The largest bonding distance
between carbon-carbon is about 2.38A [11]. Therefore,
the above supercell dimension is good enough for estab-
lishing the environment of spatially isolated nanosized
graphene sheets.

The Quickstep algorithm by a mixed Gaussian and
planewave approach is adopted in our Car-Parrinello
simulation [13]. The valence electrons are treated with
double Z valence and one polarization function opti-
mized for the Goedecker-Teter-Hutter (GTH) pseudopo-
tential and the LDA Teter and Pade exchange-
correlation functional. The effect of core electrons and
nuclei are represented using norm-conserving GTH
pseudopotentials [14,15]. A 280Ry energy cutoff is
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adopted in CPMD simulation. The system temperature
increases from OK to 300K through three stages by the
Nose-Hoover thermostat technique. 20000 MD steps
are performed for each model with the time-step 0.5fs,
which accounts total 10ps in a MD run.

3. RESULTS AND ANALYSES

The atomic coordinates and energy information are
recorded for each MD step. The system temperature,
total kinetic and potential energies for all the model sys-
tems reach the state of convergence when the simulation
is completed. In the follows, we perform comparative
analyses for the structural evolutions of these models
during the simulation by grouping them into small, me-
dium, and large nanosized sheets according to the three
horizontal rows in Fig. 1.

3.1 Small graphene sheets

There are four structure configurations in this group:
Cis, CisHiz, Ci6 and Ci6H1io. Our simulated results show
that there are three nano-sheets, Cis, Cis and CisHio
which are thermodynamic unstable structures. The fi-
nally atomic configurations after 20000 MD steps for
these nano-sheets are presented in Fig. 2.

C16 nano-sheet is the most unstable in these models.
The Ce-rings break soon in few hundred MD steps for
Ci6 model. The nano-sheet finally evolves to a mixed
structure with a Cs- and a Cs-rings connected by short
carbon chains (Fig. 2(c)). This local structural character-
istic is consist with the previous DFT ground-state cal-
culation [16]. However, the Cis model with two dangling
carbon atoms is more stable than Cie: each of the two
Ce-rings connected with the two dangling-C in Fig. 1(a)
loses a carbon atom and changes two Cs-rings in a few
hundred MD steps. Then these two Cs-rings exchange

&

(@) Cis (b) C1sHi2
(e) Cso (f) Cs0Hzo
(@ Cos (j) CosHas
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positions with the remaining two Ce-rings at the cluster
center. The final stabilized Cis nano-sheet is given in
Fig. 2(a). Some hydrogen bonding is quite weak in
Ci6H1o sheet. The cluster loses four hydrogen atoms and
becomes Ci6He soon after the simulation starts. But, the
Ci6Hs sheet is very stable and keeps its configuration to
the end of the simulation (Fig. 2(d)). CisHi2 is very
thermodynamically stable. It has no obvious configura-
tional change throughout the whole simulation (Fig.
2(b)), only small off sheet-plane fluctuations of the car-
bon atoms are observed.

3.2 Medium graphene sheets

The four nano-sheets of medium size in this study
are Cso, Cs0Hz2o, C4s, and CssHis as given in Figs. 1(e) to
(h). There are two dangling carbon atoms in Cso. The
local structure evolution near these dangling-C atoms
are as follows. Firstly, the nearest Ce-ring to the dan-
gling-C changes to a Cs-ring and a Cs-ring. Then, the
dangling-C joins with Cs-ring to form a Cs-ring. This
sheet configuration keeps until the end of simulation.
There are significant local structure distortion and bend-
ing near the C4- and Cs-rings as shown in Fig. 2(e). Alt-
hough CsoHzo is structurally stable (Fig. 2(f)), a regular
lattice fluctuation vertical to the sheet-plane is observed
during the simulation. The fact indicates that the verti-
cal lattice vibration must be an important factor for the
ripples in graphene sheets. However as shown in pre-
sent work, this kind of thermal fluctuations varies with
time. In contrast with Cis, the C4s nano-sheet without
any dangling-C keeps its original configuration steadily
during the simulation with only very small vertical fluc-
tuation is observed. The MD result for CisHis is similar
to CsoHzo, the obvious structural variation is only the
lattice fluctuation caused by temperature.

s B

(c) Cis (d) C16Hi1o
(g) Cus (h) CusHis
(k) Cos (1) CosHas

Fig. 1 — Atomic structure models of nanosized graphene sheets. The carbon and hydrogen atoms are represented by big and small

balls, respectively.
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3.3 Large graphene sheets

All the four large graphene sheets, Cos, CosHas, Cos,
CoeHze, are comparatively more stable than those small
ones in this study. There is no significant configurational
change except the thermal fluctuation for last three
models throughout the whole simulation (Fig. 2()-(1)).
Just the same as in the previous simulation, some
structural change is seen for Cos due to the dangling-C

(@) Cis (b) C1sHi2
(e) Cso (f) CsoHzo
(@) Cos (j) CosHas

Proc. NAP 2, 03NCNN12 (2013)

atoms in this model. Our simulated result shows that
these high-energy dangling-C local structures turn into
the Cs-rings in a few hundred steps after the simulation
starts (Fig. 2@1)). This structure change causes large local
lattice distortion in the two acute-angle areas of Cos. The
lattice distortions are gradually smoothened and spread
to the whole sheet. This phenomenon finally conducts to
a global structure bending of the Cos sheet.

(¢) Cis (d) Ci6Hs
(g) Cus (h) CssHis
(k) Cos (1) Co6Has

Fig. 2 — Atomic structure models of nanosized graphene sheets after 20000 CPMD steps. The carbon and hydrogen atoms are

represented by big and small balls, respectively.

4. DISCUSSIONS

4.1 Thermodynamic structure stability of nano-
sized graphene sheets

From the results of present Car-Parrinello molecular
simulation, the following general rules for the thermo-
dynamic structure stability of nano-sized graphene
sheets can be summed up. Those very small graphene
sheets with only a dozen carbon atoms are thermody-
namic unstable because there are no enough electrons to
form n-bonding to stabilize the Ce-rings in these models.
These sheets will evolve to the mixed structures by
chains and small C-rings (Cs-ring, Cs-ring, Cs-ring) by
carbon atoms. However, the hydrogenated small gra-
phene sheets are structurally very stable. The reason is
that the electrons from hydrogen atoms saturate the
unfilled electronic orbits, which reduce the total system
energy.

Those configurations without dangling-C is more sta-
ble for larger graphene sheets. The dangling-C configu-
ration can be stabilized by forming smaller carbon rings,

such as in Cso and Cos, in the nano-sized graphene sheets
with dangling carbon atoms. However, obvious lattice
distortion will be caused by this kind of structure change.
All the hydrogenated larger graphene sheets are ther-
modynamically very stable.

Fig. 3 — Rippled CgsHas nano-sheet by atomic thermodynamic
movement
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4.2 Origin of the rippled structure in graphene
sheet

Two different origins for the ripples in graphene
sheets are found based on the results from the present
study. Firstly, the atomic plane bending due to the
thermodynamic motion of atoms is observed in all these
models. This is the lattice fluctuation by temperature. In
this case, the ripples move much fast and their dimen-
sions are in proportional to the temperature. The exam-
ple ripple structure of this type for CosHzs sheet is illus-
trated in Fig. 3. The degree of the ripples by this reason
is quite small when temperature is lower than 100K.

The second origin of ripples in graphene sheets comes
from the chemical bonding variation due to local lattice
defects. As seen in the cases of Cso and Ceg, the mode of

(@) (b)
Fig. 4 — Evolution of the rippled structure in Cgs graphene sheet.

5. CONCLUSIONS

Car-Parrinello molecular dynamics simulations for
nanosized graphene sheets are performed for investi-
gating the origin of the rippled structure in the materi-
als. Our results show that the change in chemical
bonding due to local lattice defect is the root cause of
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