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Formation of Moir�e superstructure of epitaxial graphene on Pt(111): A 
molecular dynamic simulation investigation 
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H I G H L I G H T S  

� Used CMD method to study the moir�e structures of the graphene on Pt(111) surface. 
� Observed some structures with the same properties as that of Merino’s model. 
� Investigated the graphene fluctuation, C–C bond length and the stress of C atoms. 
� Discussed the formation mechanism of the structure with ultra-long periodicity. 

A B S T R A C T   

The moir�e superstructures formed in the graphene on Pt (111) surface have been studied employing classical molecular dynamics (CMD) simulation. We have shown 
that the 20 moir�e superstructures, whose positions and periodicities are the same as the prediction of the geometric model proposed by Merino, can be obtained via 
the rotation of graphene. This observation demonstrates that molecular dynamics simulation is an effective method for searching for moir�e superstructure formed in 
the graphene on transition metal surface. The characteristics of moir�e superstructures, such as fluctuation of the graphene layer, C–C bond length and stress of carbon 
atoms, are investigated. For the superstructures with large periodicity, the graphene layer is fluctuant. In the region of the maximal height of the superstructure, there 
is a strong attraction between the graphene and Pt substrate, so that the carbon atoms are concave, and the C–C bonds are stretched by 0.0004 Å. In the region of the 
minimal height of the superstructure, the C–C bond lengths are the same as those in freestanding graphene. Additionally, a moir�e superstructure with an ultra-long 
periodicity (L ¼ 60.1 Å) is observed, and its formation mechanism is discussed.   

1. Introduction 

Chemical vapor deposition (CVD) on transition metal (TM) surfaces 
represents a promising approach to achieve reasonably uniform high- 
quality monolayer graphene. For this purpose, the growth of graphene 
is carried out on the surfaces of a series of TM substrates [1–4]. Scanning 
tunneling microscope (STM) images have proved the existence of moir�e 
superstructures in the graphene/TM system due to the spatial coinci
dence of the atomic periodicity of the graphene lattice with that of the 
supporting metal [5,6]. Formation of moir�e superstructures has been 
reported on many metals, such as Ru [7,8], Ir [9,10], Rh [11], Pt [12, 
13], and recently Cu [14], Pd [15], Co [16], and Ni [17]. In these sys
tems, the moir�e superstructure acts as a smooth superpotential that 
varies slowly compared to the one associated with carbon atoms. The 
corresponding unit cell, which is larger than the one of pristine 

graphene, is associated with replica Dirac cones, reduced Fermi velocity 
[18,19], with either superlattice Dirac cones [20，21] or mini-gaps [21] 
at the moir�e Brillouin zone boundary. Such properties make this system 
an ideal playground to investigate quantum phases arising in periodic 
two-dimensional electron gases subjected to an external magnetic field 
[20–22]. 

Pt(111) substrate is of distinctive interest because the Pt substrate 
has the minimum effect on the physical properties of graphene due to 
very weak graphene-substrate interaction dominated by van der Waals 
(vdW) forces [23]. The moir�e superstructures of the graphene on Pt(111) 
show more complicated periodicities and orientations. The first STM 
investigation was reported by Land et al., in 1992 [24], in which the 
small graphite island (about 20–30 Å in diameter), namely moir�e su
perstructure in nature, was observed. Works published later showed 
evidence of the existence of more moir�e superstructures [25]. Gao et al. 
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[13] had grown the monolayer graphene on Pt(111) surface by chemical 
decomposition of ethylene. The hexagonal moir�e superstructures con
taining 2 � 2, 3 � 3, 4 � 4, (
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)R12 were observed, and the proportions of different moir�e super
structure depended on the substrate temperature. Sutter et al. [12] used 
in situ low-energy electron microscopy to investigate the growth and 
structure properties of graphene on Pt(111). Their studies had shown 
that the lattice mismatch between graphene and Pt(111) was accom
modated by moir�e structure with a large number of different rotational 
variation. Fast and slow growing graphene domains exhibited moir�e 
structures with small [e.g., (3 � 3), (
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)R2, and(2 � 2)R4] and 
large unit cells [e.g.,(
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respectively. 

The first principle calculation is also an ideal means for investigating 
the interfacial interaction and the properties of the moir�e superstruc
ture. Wang et al. [26] used DFT to study the 12C/11Rh moir�e super
structure of graphene on Rh(111), and Gao et al. [13] employed DFT to 
investigate the geometric structure and electronic structure of graphene 
on Pt(111). These results showed good agreement with experiments and 
explained many interesting properties from the atomic-scale viewpoint, 
such as the fluctuation of the graphene layer and the change of bond 
length. However, for such weakly bound system as graphene/Ir(111) or 
graphene/Pt(111), the most commonly used exchange-correlation 
functionals [local density approximation(LDA) and generalized 
gradient approximation (GGA)] lack the nonlocal-correlation effects 
responsible for van der Waals (vdW) interaction, which results in an 
imprecise height of the carbon adsorbate and very low binding energies 
of per C atom. The nonlocal-correlation functional vdW DF was devel
oped and successfully applied to simple vdW-bonded systems. Busse 
et al. [27] applied the nonlocal van der Waals density functional 
approach to calculate the binding of graphene to Ir(111). They found the 
bonding of graphene to Ir(111) to be due to the van der Waals interac
tion with an antibonding average contribution from chemical interac
tion. In certain areas of the large graphene moir�e unit cell charge 
accumulation between Ir substrate and graphene C atoms is observed, 
signaling a weak covalent bond formation. 

Although there is a large number of works devoted to the studies of 
the moir�e structures, there are not many systematic studies determining 
all the emerging experimental superstructures appearing in graphene/ 
TM systems. Merino proposed a geometrical model to investigate the 
origin of the coincidence moir�e superstructure in 2011 [28]. This model 
predicted the formation of 22 stable superstructures for graphene on Pt 
(111). Another geometrical model had been proposed by K. Hermann 
[29], which predicted moir�e patterns of graphene on 
hexagonally-packed metal surfaces through their spatial beating fre
quencies. These geometrical models are successful in predicting possible 
moir�e structures. However, it is important to point out that these models 
only take into account very simple geometrical considerations and 
overlook the effects of interfacial interactions [25,30]. Such interfacial 
interaction between graphene and metal substrate can bring about lat
tice deformation of graphene, thereby forming the more complex and 
elusive moir�e superstructures. 

Classical molecular dynamics (CMD) simulation can deal with larger 
simulation systems than the first-principles approach (such as density 
functional theory, DFT). However, for the TM substrates with strong 
interaction with graphene, such as Ru, Ni et al., the results of CMD 
simulation have been reported in few cases due to the lack of reliable 
interaction potential. Pt(111) surface has a weak interaction with gra
phene, allowing graphene with random orientations to grow on the Pt 
surface [12]. Extensive researches suggest that for such 
graphene-substrate systems with weak physisorption as graphene/Cu 
(111) [31,32] and graphene/Pt(111) [33–35], the dominant interaction 
between the graphene and substrate is the van der Waals （vdW) force 
which can be very accurately covered by simple interaction potentials, 
such as LJ potentials. In this paper, we attempt to use CMD simulation as 

an alternative method to search for possible moir�e superstructures in the 
graphene/Pt(111) system. The 21 superstructures are found by rotating 
the graphene on the surface of Pt(111). Additionally, fluctuation of the 
graphene layer, C–C bond length and stress of carbon atoms in the 
graphene are analyzed and discussed. 

2. Details of molecular dynamics simulation 

To reproduce the experimentally found moir�e structures, classic 
molecular dynamic (CMD) simulations are performed. The model for 
CMD simulation is built as displayed by Fig. 1(a) and (b). A three-layer 
slab model of Pt (111) surface containing 19834 atoms is built. Above 
the surface of Pt, monolayer graphene with a width of 9.4 nm and length 
of 13.4 nm is placed. The initial separation distance between the Pt(111) 
surface and the graphene layer is set as 3.0 Å. Periodic boundary con
dition (PBC) is adopted in all directions. 

CMD simulation is carried out as the following procedures. Firstly the 
energy of the whole system is minimized by the conjugate gradient (CG) 
algorithm, and then the system is relaxed at the temperature of 30 K for 
10ps time. Next, we perform a rotation operation of graphene around 
the fixed axis, ranging from 0� to 30� with the rotation speed of 0.18�/ 
ps. The rotation angle, a relative angle between Pt(111) surface and the 
graphene, is called as Φ. In the case of formation of a moir�e super
structure when the graphene rotates to a particular angle Φ, the letters Ω 
and L are used to denote the apparent angle and periodicity of moir�e 
superstructure. Here, the apparent angle Ω represents the angle between 
the lattice vectors of moir�e structure and the Pt[11ð Þ0] direction. 
Because of the symmetry of the system, the angular range of rotation 
angle Φ (0�–30�) can cover all the possible moir�e superstructure [28]. 
Notice that the imposed rotation of graphene will bring out great stress 
in the system. To eliminate the stress, a relaxation with 5ps time is 
carried out every rotation angle of 0.36�. All the CMD simulations are 
performed in the canonical ensemble (NVT ensemble) with a time step of 
0.5 fs and a Nos�e–Hoover thermostat. The Ovito software has been 
utilized for displaying atomic and nanoscale structures [36]. 

The embedded atom potential is used to describe Pt–Pt interactions, 
which has been proven to be capable of describing the structural and 
mechanical properties of Pt [37]. The Tersoff potential proposed by 
Thompson in 1990 [38] is used to describe the interaction among carbon 
atoms, which gives a C–C bond length of 0.142 nm, and is identical to 
the experimental result [39]. For the cross-interactions at the interface, 
we employ a 12–6 Lennard-Jones (LJ) potential to describe Pt–C in
teractions [33–35]. The LJ parameters used here areσ ¼ 2.936 Å andε ¼
0.04092eV, and the cutoff distance is set to 9.0 Å [40]. We have shown 
that with these parameters, the calculated equilibrium distance between 
the graphene layer and Pt(111) surface is 3.05 Å, which is very close to 
the value of 3.19 Å arising from DFT calculation [25]. The corre
sponding average adhesive energy of per carbon atom calculated by the 
LJ potential parameters is 38.89 meV, which is in good agreement with 
the results of first-principle calculation (38.6 meV–39.8 meV) [13]. It is 
noted that the interaction between the carbon atoms at the edge of the 
graphene layer and the Pt substrate below cannot be handled by the LJ 
pair potential due to the edge effect. In other studies, the researchers 
solved this problem by perfectly designing the size of the simulation cell 
and precisely matching the boundaries of graphene and Pt substrate. In 
our simulation work, the carbon atoms at the edge are treated in the 
same way as the carbon atoms in the middle. The reason for ignoring the 
edge effect is that the size of the graphene model built by us is large, and 
the edge effect has little impact on the mechanical properties of carbon 
atoms in the middle. Therefore, we can investigate the moir�e super
structure by observing the features of the carbon atoms in the middle of 
the graphene layer. 

In our previous studies, we had shown that the choice of three 
simulation parameters is vital to forming more moir�e phases. The first is 
the appropriate simulation temperature. Previous studies have shown 
that too high temperature will wrinkle graphene and break its high 
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symmetry [41]. Thus the simulation temperature should be set as low as 
possible, which is 30 K in our work. The second is to freeze all the Pt 
atoms rather than the Pt atoms on the bottom layer. The purpose of 
fixing all Pt atoms is to only deform the lattice of graphene. In this way, 
more orderly moir�e patterns could be observed during the rotation 
process. It should be noted that although all the Pt atoms are fixed, the 
Pt–C interactions are still functional, which can modulate the defor
mation of graphene lattice to match Pt(111) lattice. An appropriate 
Tersoff potential is another key factor. The Tersoff potential proposed by 
Thompson in 1990 [38] is employed in our CMD simulation, which can 

result in the formation of experimental graphene with a lattice constant 
of 2.46 Å. For other kinds of Tersoff potentials (e.g., the references 
[42–44]), the lattice constant of graphene obtained is larger (2.53 Å) 
than that of experimental results. 

CMD simulations have been carried out in the Large Scale Atomic/ 
Molecular Massively Parallel Simulator (LAMMPS) package developed 
by Plimpton [45] at Sandia National Laboratories. Dell computer 
workstation with 8 cores, 16 threads, and CPU model i7-7700 is used to 
perform CMD calculation. For the present simulation model with 24520 
atoms, the calculation speed is very fast, reaching almost 25 

Fig. 1. Model used in CMD simulation. Monolayer gra
phene of 9.4 � 13.4 nm is placed above a square Pt slab. 
The separation distance between Pt(111) surface and 
graphene is 3.0 Å. The Pt slab is fixed and the graphene 
layer can rotate around a fixed axis (i.e. z-axis). The yel
low and dark-grey spheres represent Pt and C atoms, 
respectively. The blue arrow indicates counterclockwise 
rotation of the graphene layer. The white dot located at 
the center of the graphene layer represents the section of 
the rotation axis. (a) Top view of the model; (b) Side view 
of the model. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 2. Atomic snapshots of six rotational graphenes on Pt(111) surface．From (a) to (f), the rotation angles Φ ¼ 0�, 2.7�, 7.2�, 13.9�, 19.1�, and 30�, respectively. 
The Pt[11ð Þ0] direction is indicated by the white arrows and moir�e unit cells are depicted as light green rhombuses. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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steps/second. 

3. Results and discussion 

After the minimization of energy and relaxation of the whole system, 
the graphene begins to rotate counterclockwise on the Pt(111) surface 
around the rotation axis. Interestingly a series of moir�e superstructures 
with different periodicities can form at different rotation angles Φ. In 
Fig. 2, six of them are presented as examples. From Fig. 2 (a) to (f), Φ ¼
0�, 2.7�, 7.2�, 13.9�, 19.1�, and 30�, respectively. When Φ ¼ 0� [see 
Fig. 2(a)], the periodicity of the formed superstructure is L ¼ 22.1 Å, 
which means 9 � 9 graphene lattice exactly matches 8 � 8 Pt(111) 
lattice. The lattice vector of the moir�e structure is aligned with the Pt 
[11ð Þ0] direction, i.e. Ω ¼ 0. When Φ ¼ 2.7�, the moir�e structure with L 
¼ 19.5 Å and Ω ¼ 20.5 begins to form, as shown in Fig. 2(b). When Φ 
increases to 19.1�, a 3 � 3 superstructure with L ¼ 7.4 Å forms, as shown 
in Fig. 2(e). When Φ ¼ 30�, the formed moir�e superstructure has a 
periodicity L ¼ 4.9 Å and the apparent angle Ω ¼ 0 [see Fig. 2(f)], which 
is a 2 � 2 superstructure often observed during the epitaxial growth of 
graphene [13]. 

In the range of Φ ¼ 0�–30�, a serial of moir�e phases have been 
searched and 20 superstructures are found, as listed in Table 1. We 
compare our results with those of the geometrical model proposed by 
Merino [28] (see left part of Table 1), finding that our 20 moir�e super
structures are in agreement with those of the geometrical model except 
two superstructures (The numbers are 5 and 17, respectively). This 
consistency is reflected in two aspects. One is the position of moir�e 
structure formation (i.e. the value of Φ), and the other is the periodicity 
of moir�e structure (i.e. the value of L). Although the results obtained by 
two different methods, i.e., the CMD simulation and the geometrical 
model, are almost identical, there are some slight differences. For 
instance, the Ω values of 10 superstructures are the same or almost the 
same, but it is not the case for another 10 superstructures. Besides, 
another interesting phenomenon is that when the rotation angle is 30�, a 

superstructure with an ultra-long periodicity (L ¼ 60.1 Å) comes into 
being (defined as the number 23 in Table 1), which has not been 
observed in experiments or other models yet. 

Up to now, the total number of periodic graphene superstructures 
forming on Pt(111) is still unknown. DFT has shown its ability to study 
large unit cells for particular moir�e superstructures, but it is an unat
tainable task to perform a full optimization of all possible superstruc
tures (e.g., looking for the most favorable rotational angles and all 
possible coincidences between graphene and substrate unit cells) in 
DFT. The geometric model proposed by Merino is successful in searching 
for superstructures, but it has defects and limitations as it predicts the 
formation of superstructures only through geometric mismatch and does 
not take into account interaction between atoms. Although there are still 
some unexplained results in the present CMD simulation, the fact that 
the 20 moir�e superstructures obtained in CMD simulation are consistent 
with the results of the geometric model proves the validity of the CMD 
method. Therefore, the CMD simulation used in this work would be a 
more intuitive and practical method for searching for the moir�e super
structure formed in the graphene on transition metal surface. 

As to the reasons why identical results can’t be obtained by CMD 
simulation and geometric model (e.g., not observing 2 superstructures 
with numbers 5 and 17, different rotation angles Φ of 10 superstructures 
et al.), we will investigate further in our future studies. Here, we only 
state possible reasons. In the geometric model, the bond length between 
carbon atoms in graphene can’t be changed. Therefore, the formation of 
the moir�e superstructure is determined by lattice mismatch degree. In 
the present CMD simulation, as discussed in the following section, the 
bond lengths between carbon atoms can vary, and its variation scope is 
different in the different regions of graphene, which leads to the results 
that the moir�e superstructures obtained by the geometric model do not 
necessarily appear in our CMD simulation. To simplify the simulation 
model in our work, the immobilized platinum atoms in the substrate are 
assumed, which is inconsistent with the real physical situation. Other 
CMD studies have shown that the metal lattice on the Pt substrate can 
also deform during the superstructure formation process [46]. Thus 
there are some subtle differences between our results and experimental 
observation. 

The potential energy of each C atom is recorded in the simulation 
process. Fig. 3 shows the color-maps of the potential energy of C atoms 
in the graphene. The rotation angle Φ in Fig. 3 is the same as that in 
Fig. 2. Seen from Fig. 3, potential energy maps can exhibit moir�e pat
terns more clearly than an atomic snapshot, indicating that the potential 
energy of C atom is variable in a different region of graphene. For su
perstructures with large periodicities, such as Fig. 3(a) and (b), C atoms 
located at the vertex of the superstructure have smaller potential energy, 
and the potential energy of C atoms around them increases gradually. 
Referring to the reference [7], we consider the area of the superstructure 
vertex as the region of maximal height and the area of the center of three 
vertexes as the region of minimal height. In the region of maximal 
height, the potential energy of the C atom is lowest, while the potential 
energy of surrounding C atoms increases gradually. In the region of 
minimal height, the potential energy reaches the largest value. This 
result indicates that the van der Waals（vdW）interaction between 
carbon atoms and the platinum substrate is stronger in the regions of 
maximal height, while it becomes weaker in the regions of minimal 
height. For the superstructures with smaller periodicities, the variation 
of potential energy also has this trend. Also, the moir�e structure with the 
largest periodicity 60.1 Å can be presented more clearly through po
tential energy map, as shown in Fig. 3(f). In the later section, we will 
discuss the formation mechanisms for this structure. 

The stability of different moir�e phases is an important issue, i.e., 
which moir�e superstructure is easiest to form? Here the adhesive energy 
between Pt substrate and graphene for different moir�e structures is 
calculated based on the following formula [47].  

Eadhesive ¼ Etotal - EPt - EG                                                                      

Table 1 
The rotation angles Φ, the periodicity L and apparent angle Ω of formed moir�e 
superstructures in our CMD simulation (the right part of the table). To compare 
with the reference, the results of the reference are listed on the left of the table. 
The symbol � in the table represents not finding this superstructure.   

Reference Our Results  

Φ（deg） L(Å) Ω(deg) Φ（deg） L(Å) Ω(deg)  
1 0 22.1 0 0 22.1 0 9 � 9 
2 0.8 21 6.6 0.8 21 6.6 ffiffiffiffiffiffi

73
p

�
ffiffiffiffiffiffi
73
p

3 1.3 22.5 12.2 1.3 22.5 11.8 ffiffiffiffiffiffi
84
p

�
ffiffiffiffiffiffi
84
p

4 1.7 20.1 13.9 1.7 20.1 13.0 ffiffiffiffiffiffi
67
p

�
ffiffiffiffiffiffi
67
p

5 2.1 21.9 19.1 � � �

6 2.7 19.5 21.8 2.7 19.5 20.5 ffiffiffiffiffiffi
63
p

�
ffiffiffiffiffiffi
63
p

7 3.7 19.2 30 3.7 19.2 30 ffiffiffiffiffiffi
61
p

�
ffiffiffiffiffiffi
61
p

8 4.7 17 25.3 4.7 17 27 ffiffiffiffiffiffi
48
p

�
ffiffiffiffiffiffi
48
p

9 5.7 17.2 16.1 5.7 17.2 21 ffiffiffiffiffiffi
49
p

�
ffiffiffiffiffiffi
49
p

10 7.2 15.4 8.9 7.2 15.4 15.5 ffiffiffiffiffiffi
39
p

�
ffiffiffiffiffiffi
39
p

11 9 13.7 0 9 13.7 9.5 ffiffiffiffiffiffi
31
p

�
ffiffiffiffiffiffi
31
p

12 10.9 11.3 0 10.9 11.3 9.5 ffiffiffiffiffiffi
21
p

�
ffiffiffiffiffiffi
21
p

13 12.4 21 6 12.4 21 6 ffiffiffiffiffiffi
73
p

�
ffiffiffiffiffiffi
73
p

14 13.9 9.8 13.9 13.9 9.8 0 4 � 4 
15 16.1 17.2 16.1 16.1 17.2 0 7 � 7 
16 19.1 7.4 19.1 19.1 7.4 0 3 � 3 
17 22.1 17.2 16.1 � � �

18 23.1 22.5 12.2 23.1 22.5 12.0 ffiffiffiffiffiffi
84
p

�
ffiffiffiffiffiffi
84
p

19 23.9 21.9 19.1 23.9 12.3 0 5 � 5 
20 25.1 15.4 8.9 25.1 15.4 16 ffiffiffiffiffiffi

39
p

�
ffiffiffiffiffiffi
39
p

21 26.1 20.1 13.9 26.1 20.1 13.1 ffiffiffiffiffiffi
67
p

�
ffiffiffiffiffiffi
67
p

22 30 4.9 30 30 4.9 0 2 � 2 
23    30 60.1 26   
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Where Etotal is the total potential energy of the whole system, EPt and EG 
are the potential energy of Pt substrate and the graphene, respectively. 

Fig. 4 shows the variation of average adhesive energy per carbon 
atom with the rotation angle Φ of the graphene. The black solid line 
represents the variation of average adhesive energies, and the red 
crosses represent the positions where the 20 moir�e superstructures form. 
As can be seen from Fig. 4, the average adhesive energy per carbon atom 
changes in a small range (about 0.64 meV), indicating that the stability 
of the system changes very little at different rotation positions in terms 
of thermodynamics. The results could also explain an experimental 
phenomenon in which several kinds of moir�e superstructures can coexist 

when the graphene grows on a platinum substrate. It can also be seen 
from Fig. 4 that the rotation positions where the moir�e superstructure 
occurs are not necessarily the local maxima of the adhesive energy. 
Some of the rotation positions are more stable than the ones where the 
moir�e superstructure forms. This result indicates that this kind of moir�e 
superstructure is probably not observed in the experiments, which could 
be assumed as an unsteady moir�e structure. The fundamental reason for 
the generation of moir�e superstructure involves the geometrical factors 
of the mismatch between the graphene lattice and the platinum lattice, 
while the local maxima of the adhesive energy correspond to the posi
tion where the graphene sheet and the platinum substrate can form a 
better binding. Therefore, for such a moir�e superstructure that does not 
occur at the local maxima of the adhesive energy, the corrugation and 
deformation of graphene is a good tradeoff to get better binding with the 
platinum substrate beneath it. 

Experimental observations and DFT studies have shown that gra
phene layer on the surface of the transition metal substrate is not flat, 
but corrugated [7,8,12–14,46]. For example, the superstructure formed 
in the graphene on Ru (0001) surface can form a hump with a height of 
about 1.67 Å [8]. The height variation of graphene on Pt (111) surface is 
also investigated in this work. Fig. 5 shows the color-maps of graphene 
heights for 3 moir�e structures, where the periodicities are large [see 
Fig. 5 (a), L ¼ 22.1 Å)], middle [see Fig. 5 (b), L ¼ 9.8 Å] and small [see 
Fig. 5 (c), L ¼ 4.9 Å], respectively. As the Pt surface is frozen, the height 
of carbon atoms in graphene, i.e. their z coordinates, can reflect the 
corrugation of the graphene layer. Obviously, for the superstructure 
with large periodicity, the graphene layer is uneven. The carbon atoms 
located in the regions of maximal height are concave, while those in the 
regions of minimal height are raised. The height difference between the 
highest and lowest position is about 0.4 Å. This value is slightly smaller 
than that observed in the experiment, where the height difference is 0.5 
Å0.8 Å [13]. As the periodicity gets short, the fluctuation becomes little, 
and the height difference between the maximal height and the minimal 
one also decreases. For atypical superstructure with small periodicity L 
¼ 4.9 Å [Fig. 5(c)], the whole graphene layer seems flat and there is 
almost no fluctuation. 

Fig. 3. Potential energy maps of carbon atoms in the graphene. From (a) to (f), the rotation angles Φ ¼ 0�, 2.7�, 7.2�, 13.9�, 19.1�, and 30�, respectively.  

Fig. 4. Average adhesive energy between each carbon atom in the graphene 
and the Pt atoms below with the varying Φ in the CMD simulation. The black 
solid line represents average adhesive energy per carbon atom, and the red 
crosses show the rotation positions where the moir�e superstructures formed. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Another important modulation effect of Pt(111) surface on the gra
phene layer is a variation of bond lengths of carbon atoms. In order to 
induce the graphene lattices to match Pt(111) lattices, the C–C bonds in 
the graphene layer can be stretched or compressed [7,28]. By setting the 
different cutoff radius of bond length in Ovito software, we can precisely 
measure the changes of bond lengths in different regions of the graphene 
layer. As an example, Fig. 6 shows the variations of bond lengths for the 
moir�e superstructures with the periodicity L ¼ 22.1 Å. It can be seen 
from Fig. 6(a) that the bond length of the carbon atoms in the regions of 
minimal height and the radial direction around the regions of maximal 
height is about 1.4200 Å, which is the same as that of freestanding 
graphene. When the cutoff radius increases to 1.4204 Å [see Fig. 6(c)], 
the carbon atoms in the regions of maximal height are bonded, while the 
carbon atoms in the tangential direction around the regions of maximal 
height are not bonded to other atoms. These results indicate that the 
bond lengths of carbon atoms in the regions of maximal height are about 
1.4204 Å, while the bond length in the tangential direction is larger than 

1.4204 Å. 
Here, we analyze the possible mechanisms of these phenomena by 

taking into account the results of Figs. 3, Figs. 5 and 6. In the regions of 
minimal height, the van der Waals（vdW）interaction between carbon 
atoms and the platinum substrate is weaker, which means that the 
graphene hardly interacts (there may be even a repulsion) with the Pt 
substrate, so the bond length is the same as that of freestanding gra
phene. In the regions of maximal height, the van der Waals (vdW) 
attractive interaction between carbon atoms and the platinum substrate 
becomes stronger, leading to the stretched C–C bonds, which also bring 
about the concave morphology of graphene layer. 

The variation of bond lengths will inevitably lead to nonuniform 
stress distribution in the graphene layer. Fig. 7 shows the stress distri
bution maps of three typical moir�e superstructures (Φ ¼ 0�, 13.9�, and 
30�, respectively). The maps of stress distribution in the z-direction are 
identical to the moir�e patterns shown in Fig. 3. In the present model, the 
stress of carbon atoms in the z-direction mainly comes from the 

Fig. 5. Corrugation height of the graphene layer with respect to the Pt(111) surface. (a) Φ ¼ 0 and L ¼ 22.1 Å; (b) Φ ¼ 13.9 and L ¼ 9.8 Å; (c) Φ ¼ 30 and L ¼ 4.9 Å.  

Fig. 6. Creation of C–C bonds in the graphene at a different cutoff radius of bond length. The cutoff radii of bond length are (a) 1.4200 Å, (b) 1.4202 Å, (c) 1.4204 Å, 
(d) 1.4206 Å, respectively. The periodicity L ¼ 22.1 Å. The yellow and dark-grey spheres represent Pt and C atoms, respectively, and the sky-blue short bars represent 
C–C bonds. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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interaction between graphene and Pt substrate. Therefore, this obser
vation indicates that the interaction between graphene and Pt substrate 
is also periodic. In the region of the maximal height of the superstruc
ture, z stress is positive, indicating the carbon atoms of graphene and Pt 
substrate have a strong attraction. This result is consistent with the 
observations of Figs. 3 and 5, where the carbon atoms located in the 

regions of maximal height forms a concave morphology due to attraction 
interaction. Horizontal stress (in the x-direction and y-direction) is 
mainly caused by the variation of C–C bond length. Seen from the 
middle and bottom panels of Fig. 7, the horizontal stress distribution is 
too complex to know its regularity clearly. However, we can confirm 
that the stress of all carbon atoms in the horizontal direction is positive. 

Fig. 7. Stress distribution maps of three typical moir�e superstructures. The rotation angles Φ for three typical moir�e superstructures are 0�, 13.9�, and 30�, 
respectively. The upper [(a), (b) and (c)], middle [(d), (e) and (f)] and bottom panels[(g), (h) and (i)] are the maps of stress distribution in z, x and y direction, 
respectively. 

Fig. 8. Formation mechanism of the superstructure 
with ultra-long periodicity (L ¼ 60.1 Å). (a) Potential 
energy maps. The 11 2 � 2 superstructures in the 
middle row are marked by black solid lines; (b) 
Atomic snapshot of the superstructure with ultra-long 
periodicity. The 11 Pt atoms corresponding to 11 2 �
2 superstructures are labeled in blue color. The insets 
1 and 2 are enlarged images of two regions, respec
tively. Light yellow numbers 1–6 are used to label Pt 
atoms corresponding to 2 � 2 superstructures. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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This implies that the whole graphene layer is under the tensile stress 
state, and the magnitude of stress would be dependent on the different 
regions. 

Another novel observation needed to be discussed is the formation 
mechanism of the superstructure with ultra-long periodicity [Fig. 3(f)]. 
Fig. 8 displays the formation mechanism of this superstructure. This 
ultra-long periodic structure has a regular hexagonal shape, consisting 
of 102 2 � 2 small-period moir�e superstructures. Let us concentrate on 
the middle row of 2 � 2 superstructures, which are marked by black 
solid lines. The potential energy map is converted into an atomic 
snapshot shown in Fig. 8 (b), where the Pt atoms corresponding to these 
11 2 � 2 superstructures are labeled in blue color. Obviously, when the 
graphene rotates 30�, the zigzag direction of graphene is exactly aligned 
with the Pt[11ð Þ0] direction, and the formed 2 � 2 superstructures are 
certainly located in this direction. When 2 � 2 superstructures form, the 
Pt atom labeled 1, which is in the middle of 11 Pt atoms, is just located in 
the middle of the graphene ring, matching the lattice of graphene well 
[see the inset 1 of Fig. 8 (b)]. In the Pt[11ð Þ0] direction, the lattice 
periodicity of Pt substrate is 4.8047 Å, i.e., the distance between two Pt 
atoms in blue color is 4.8047 Å. Meanwhile, the lattice period of gra
phene is 2.46 Å, and the distance between two 2 � 2 superstructures is 
4.9200 Å. Thus it leads to a distance difference of 0.1153 Å. This dis
tance difference accumulates gradually from the center to the edge of 
the ultra-long superstructure, making the blue Pt atom labeled 6 not 
match the graphene lattice well (the mismatch has reached 23%), as 
shown in the inset 2 of Fig. 8 (b). Therefore, once the distance exceeds 
the sixth blue Pt atom, the 2 � 2 superstructure cannot form due to a 
large mismatch, and a non-periodic structure similar to grain boundary 
appears on the boundary of the ultra-long periodic structure. 

Based on a detailed investigation above, it is easy to find that the 
moir�e superstructure formed in Fig. 8 (b) is the same as the recon
struction model proposed by Otero et al. [48], which is called a 
second-order coincidence superlattice of the ð

ffiffiffi
3
p
�

ffiffiffi
3
p

) R30. In this 
model, one surface Pt atom is missing perð

ffiffiffi
3
p
�

ffiffiffi
3
p

) R30 unit cell, and 
the rest of the Pt atoms are alternatively in the top or hollow positions 
with respect to the graphene layer. This reconstruction model is an 
energetically stable structure as it releases the stress of elastic distortions 
in the graphene layer due to a large mismatch between Pt and graphene 
meshes. 

4. Conclusions 

In this paper, the moir�e superstructures of graphene formed on Pt 
(111) surface has been studied by classical molecular dynamics (CMD) 
simulation. 20 superstructures with different angles and periodicities 
are obtained via the rotation of graphene. The positions and periodic
ities of these 20 superstructures are exactly the same as those obtained 
by the geometric model proposed by Merino. This fact reveals that 
molecular dynamics simulation is an effective method for searching for 
moir�e superstructures of the graphene formed on the transition metal 
surface. Compared with the geometric model and DFT, CMD simulation 
not only considers the interaction between atoms but also can deal with 
the model system with tens of thousands of atoms, which makes it 
possible to find some superstructures with ultra-long periodicity. 

The properties of moir�e superstructures obtained by CMD simulation 
are analyzed. For the superstructures with large periodicities, such as L 
¼ 22.1 Å, the graphene layer is uneven. The carbon atoms located in the 
regions of maximal height is concave, while the carbon atoms located in 
regions of minimal height is raised. The height difference between the 
highest and lowest positions is about 0.4 Å. For the superstructure with 
small periodicity L ¼ 4.9 Å, the whole graphene layer appears flat. The 
variation of bond lengths of carbon atoms is also investigated. In the 
regions of minimal height, the bond lengths are the same as those of 
freestanding graphene (1.4200 Å). While in the regions of maximal 
height, the bonds are stretched by 0.0004 Å, which is caused by the 

interactions between the carbon atoms and the Pt atoms below. The 
conclusions of the above two properties are consistent with those of the 
stress distribution. In the regions of the maximal height of the super
structure, there is a strong attraction between the carbon atoms of 
graphene and Pt substrate, so the whole graphene is under the tensile 
stress state, and the magnitude of stress would be dependent on the 
different regions. 
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