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The structural and electronic properties of mono-vacancy (MV) defect in graphene-based

Möbius strip (GMS) are studied in the framework of density functional theory (DFT)

combined with the molecular dynamics (MD) simulations. Two kinds of MV defects are
observed: the 59-type MV (a configuration with one pentagon and one nonagon ring)

located at the curved areas of Möbius strip, and the 5566-type MV (a configuration with

two pentagon and two hexagon rings) with one sp3 hybridized carbon appeared in the
twisted areas. The 5566-type MV defect is the most stable configuration at 0 K, while the

DFT-MD calculations show that it is unstable at room-temperature and will transform

into a 59-type MV. Additionally, the melting behavior of GMSs is investigated through
empirical potential MD simulations, and we find that their melting temperatures are

about 2750 K, which is lower than that of carbon nanotubes and graphene.

Keywords: Graphene-based Möbius strip; mono-vacancy defect; melting temperature.

PACS numbers: 61.48.De, 61.48.Gh, 61.72.Ji

1. Introduction

The graphene-based Möbius strip (GMS) has attracted extensive attentions due

to its special topological property, one face and one edge, which makes it dis-

tinct from other carbon-based low-dimensional materials, such as carbon nanotubes

and graphene. Möbius aromatic hydrocarbon had been successfully synthesized in

¶Corresponding authors.
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experiments,1,2 while the GMS has not been experimentally synthesized yet. More-

over, theoretical simulations focused on the properties of GMS heavily, since it may

have important applications.3–11 The simulated results demonstrate that GMS is

a stable structure,9 and show novel optical4,10 and magnetic properties.6,10 Espe-

cially, it is also believed to be a topological insulator.7 In our previous work,9 the

structural configurations of GMS with different ratios between length and width are

presented, and we find that since GMS has only one edge, differing from graphene

nanoribbons, ferromagnetic state is the ground state of GMS.

Carbon-based materials are usually not ideal crystals, and atomic vacancies

can affect their properties significantly,12–21 for example, inducing magnetism in

graphene.13,15 Previous works focused heavily on the properties of atomic vacancies

presented in carbon nanotubes and graphene,12–15,17–30 where atomic vacancies can

be introduced unintentionally during the processes of synthesis or deliberately by

irradiation, chemical, and plasma treatments. Among different types of atomic va-

cancies in carbon nanostructures, mono-vacancy (MV) with one atom missing from

lattice is a simple, popular, and attractive one, and it has been identified clearly by

experimentalists and theorists in carbon nanotubes and graphene.15,29–32 In these

systems, MV undergoes a Jahn–Teller distortion, which leads to the formation of

covalent bond between two of three atoms located around the atomic vacancy re-

sulting in one five-membered ring and one nine-membered ring (59-type MV). To

date, only 59-type MV was reported in carbon nanotubes and graphene.

In order to fully understand the GMS, it is important and necessary to illustrate

the MV properties in GMS. First of all, the structural configurations of the MV in

the GMS should be clarified. As shown in our previous work,9 since each GMS is

composed by two kinds of areas, curved and chiral twisted parts, the MV features

in GMS should be investigated separately depending on its local structures. In this

work, based on the first-principles method, the structural and electronic proper-

ties of the MV in GMS are investigated. Our results show that besides 59-type

MV present in the curved area, a 5566-type MV, which has two pentagons and

two hexagons and acquires one sp3 carbon atom at the central site, is observed

in the twisted region. To the best of our knowledge, the 5566-type MV is not re-

ported in carbon-based low-dimensional materials. Furthermore, due to the strain

introduced by their edges, graphene nanoribbons with chiral twist were theoreti-

cally predicted,33–37 and in fact experimentally observed.38 The shapes of graphene

nanoribbons with different chiral twisted degrees were clearly shown by transmis-

sion electron miscroscopy (TEM) images.39 Furthermore, graphene nanoribbons can

transform into carbon nanotubes through chiral twisting,40 and the local configura-

tions of the twisted areas of GMS are similar to that of graphene nanoribbons with

chiral twisting. Therefore, the explored MV behaviors of present work can also be

used to analyze the properties of chirally twisted carbon nanotubes and graphene.

Furthermore, the melting temperature of GMSs with different ratios between length

and width is illustrated.
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2. Computational Methods

The calculations are performed by the SIESTA package, in which the norm-

conserving pseudopotential and linear combinations of atomic orbital basis sets

are used.41,42 The wave function is expanded with double-ζ (DZ) basis sets, and

the exchange-correlation potential of generalized gradient approximation (GGA)

with the form of Perdew–Burke–Ernzerhof (PBE) is selected.43 The lattice vectors

(50×50×50 Å) are large enough to avoid the interactions from adjacent neighbors.

All related structures are fully relaxed. The method and parameters used in this

work are basically the same as that in our previous works.9,44 The melting behaviors

of GMSs are investigated via MD simulations using the LAMMPS45 and Adaptive

Intermolecular Reactive Empirical Bond Order (AIREBO) Potential46 for a sys-

tem of carbon and hydrogen atoms with the LJ cutoff 3.0 Å. The configurations of

GMSs are relaxed under a series of Nose–Hoover thermostat46,47 from 1000 K to

3500 K for 6.25 × 106 steps with a time step of 0.5 fs.

3. Results and Discussion

In our previous work,9 the structural features and formation energies of GMS as a

function of width-to-length ratio are illustrated. We find that one, two and three

planar triangle regions can be observed in GMS, and their formation energies in-

crease with the ratio of width-to-length increasing. Following, we will use n–m to

represent the GMS structures, where n and m indicate the length (numbers of

armchair lines) and the width (numbers of zigzag lines) of GMS, respectively. For

example, 30–06 means the GMS with the length of 30 armchair lines and the width

of 6 zigzag lines, which contains one planar triangle area, as shown in Fig. 1(a).

Because of its topological property, GMS can be separated to three different ar-

eas depending on local deformation. As shown in Fig. 1(a), A and C denote the

areas with twisting, while B is the curved area similar to carbon nanotubes. One

carbon atom in the central site of A, B and C areas is removed to generate the

initial structure of MV, and these MVs are hereafter denoted as MV-A, MV-B and

MV-C, respectively. After fully structural relaxations at 0 K, the relaxed structures

of MV-A, MV-B and MV-C are shown in Figs. 1(b), 1(c) and 1(d), respectively,

and the zoomed in views are presented in the corresponding insets to clearly illus-

trate their structures. The formation energy (Ω) of MV in GMS (labeled as ΩMV

(GMS)) and graphene (labeled as ΩMV (G)) are given by the following equations:

ΩMV(GMS) = EMV(GMS) + Eatom − E(GMS), (1)

ΩMV(G) = EMV(G) + Eatom − E(G), (2)

Eatom = E(G)/N, (3)

where E(GMS) (E(G)) and EMV (GMS) (EMV(G)) denote the total energies of

GMS (graphene) without and with MV, respectively, and N is the number of carbon

atoms in a 12 × 12 graphene supercell. The calculated results are presented in
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Fig. 1. (Color online) (a) The structure of ideal Möbius strip, and A, B and C are used to present

the areas to create MV. Red triangle shows the planar area. (b), (c), and (d) show the relaxed
structures of MV introduced in the A (MV-A), B (MV-B) and C (MV-C) areas, respectively,

while the enlarged structures are presented in the insets. The arabic numbers presented in figures

are used to indicate the configurations of MV. The greek numbers presented in insets are used to
indicate the atomic sites of MV.

Table 1. Formation energies of mono-vacancies at 0 K.

eV Graphene MV-A (5566) MV-B (59) MV-C (5566)

Formation energy 7.56 6.43 6.51 6.72

Table 1, the formation energy of MV in graphene is 7.56 eV, which agrees well

with that of the published results (7.4 eV32 and 7.7 eV15), indicating that our used

method and parameters can sufficiently describe graphene. The formation energies

of MV-A, MV-B and MV-C are 6.43 eV, 6.51 eV and 6.72 eV, respectively. The

MV formation energies of GMS are about 1 eV smaller than that of graphene

(7.56 eV). The results show that compared with infinite graphene, it will be easier

to introduce MVs in GMS or graphene with chiral twisting partially due to the

existence of strain. Furthermore, as shown in Table 1, the most stable MV is the

MV-A, which has the smallest formation energy and locates at the planar triangle

area (A area). The structural properties of MV-A, MV-B, and MV-C are listed in

Table 2.

As can be found in Fig. 1(c), MV-B shows a typical 59-type pattern with

one pentagon and one enneagon similar to that in carbon nanotubes and

graphene.15,31,32 A new bond is formed between atom II and atom III with the
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Table 2. Structural properties of MV-A, MV-B, and MV-C. Distance (d) and angle (a)
are shown in the unit of Å and degree, respectively.

dI−II dI−III dI−IV dI−V aII−I−IV aIII−I−V aII−I−III aII−I−V

MV-A 1.62 1.67 1.60 1.68 138.0 147.6 96.2 96.1
MV-B 2.57 2.55 1.39 1.40 125.8 128.6 35.9 94.4

MV-C 1.61 1.69 1.60 1.68 138.1 145.7 96.3 96.1

Table 3. The magnetic moments and electric charge of carbon atoms

located at the edge and central site of perfect Möbius strip and with
MV-A, MV-B and MV-C defect using Mülliken analysis, respectively.

The values of edge carbon atoms closest to the central site of MV

defects are presented.

Magnetism (µB) Charge (e)

Configuration Edge Center Edge Center

MV-A 0.234 0.001 3.808 3.937
MV-B 0.244 0.585 3.806 4.089

MV-C 0.240 0.002 3.808 3.936

Perfect 0.224 −0.009 3.820 3.987

bond-length of 1.59 Å, which is much shorter by 0.98 Å than the distance (2.57 Å)

between atom I and atom II (seen in Table 2), due to the Jahn–Teller distortion.

Furthermore, the distances between atom I and its neighbors (atom IV and atom

V) in MV-B are about 1.40 Å, shorter than the C–C bond in graphene (1.42 Å),

since the atom I in MV-B just has two nearest neighbors, which also cause the

largest electronic charge (4.089 e) and magnetic moment (0.585 µB) of the atom

I in MV-B shown in Table 3. Interestingly, after structure relaxations, MV-A and

MV-C in the twisted areas evolve into a novel 5566-type pattern with two kinds of

bond angles (∼96◦ and ∼140◦, shown in Table 2), which is different from that of

graphene (sp2-type hybridization with 120◦ bond angle). In the cases of MV-A and

MV-C, the average distance between the central carbon atom and its four neighbors

is about 1.64 Å, which is larger than the C–C bond-length (1.42 Å) of graphene

and the new bond formed in MV-B (1.59 Å) and diamond (1.55 Å). Combined with

the bond-angle information of MV-A to MV-C shown in Table 2, we can conclude

that the carbon atoms located at their central sites are of a sp3 type.

To further prove the sp3-type hybridization from the point of electronic struc-

tures, the partial density of states (PDOS) of atom at the edge and at the central

site of the ideal planar triangle area in GMS are presented in Figs. 2(a) and 2(b),

respectively. Meanwhile, the PDOS of the central carbon atom in 5566-type and

59-type MV is presented in Figs. 2(c) and 2(d), respectively. If we compare Fig. 2(b)

with Fig. 2(c), the energy gap around the Fermi level shown in Fig. 2(c) is much

larger than that of sp2 hybridized carbon in Fig. 2(b), indicating that the cen-

tral carbon atom of MV-A and MV-C hybridize with its four neighbors by sp3-like

bonding.
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Fig. 2. (Color online) The partial density of states (PDOS) of carbon atom located at the edge
site of perfect Möbius strip (a), the central site of planar triangle area of perfect Möbius strip (b),

the central site of MV-A (c) and the central site of MV-B (d).

The magnetic moments and electronic charges of carbon atoms in GMS with

and without MV are summarized in Table 3. The carbon atom at the edge site of

pure GMS is spin polarized with a magnetic moment of 0.224 µB similar to the

case of graphene nanoribbons with zigzag edge and agrees with previous work,9,44

which consist with the corresponding PDOS profile shown in Fig. 2(a). The sharp

peaks around the Fermi level can be found in the PDOS of carbon at edge site,

and the spin polarization origins from the pz orbital. Since the carbon atom at the

central site has the sp3-type hybridization, the 5566-type MV (MV-A and MV-C)

does not have spin polarization. Moreover, because of the dangling sigma bond, the

magnetic moment of carbon atoms at the central site of MV-B (59-type MV) is

as high as 0.585 µB , which is similar to that in graphene and nanotubes.13,15 The

large spin polarization of carbon atoms at the central site of MV-B can be found

in the PDOS of Fig. 2(d). From Table 3, we can find that whether introducing

5566-type or 59-type MV in GMS, the magnetic moments of edge carbon atoms

near the MVs are about 0.240 µB , comparing to that of perfect GMS (0.224 µB).

The results indicate that the spin polarization of carbon atoms at edge in GMS

is tough and not sensitive to the MV. Therefore, the ferromagnetic coupling along

GMS edges9 is also not sensitive to the MVs.

So far, two 5566-type MV (MV-A and MV-C) and one 59-type MV (MV-B)

are obtained at 0 K based on the structural relaxations, and temperature effects

are not included. Following, we will discuss the stability of 5566-type MV-A at

room-temperature, which is the most stable MV configuration at 0 K. For this

purpose, DFT-MD simulations of MV-A at room-temperature (T = 300 K) are

1850350-6

In
t. 

J.
 M

od
. P

hy
s.

 B
 2

01
8.

32
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 O

F 
C

H
IN

A
 o

n 
05

/1
4/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



December 19, 2018 11:59 IJMPB S0217979218503502 page 7

The stability of GMS with vacancy and at high-temperature

Fig. 3. (Color online) (a) Temperature and total energy as a function of time obtained from

molecular dynamics simulation. (b) and (c) present the initio (5566-type MV) and final (59-type

MV) configuration before and after running the molecular dynamics simulation.

done in the time step of 1 fs, and the corresponding results are shown in Fig. 3(a).

After running 8000 DFT-MD steps, we find that the 5566-type MV-A [shown in

Fig. 3(b)] will transform into a 59-type MV-B pattern [shown in Fig. 3(c)]. The

result shows that the 5566-type defect can only exist at low-temperature, and it

is not a stable configuration at room-temperature. In other words, the 5566-type

MV may contribute sp3-type spectral signals in the carbon-based low-dimensional

materials with chiral twisting at low-temperature condition. At room-temperature,

the 5566-type defect will undergo an immigration from the twisting area A to the

curved area B, meanwhile turning into a 59-type defect. Similar scenario may also

occur in other low-dimensional materials, such as carbon nanotubes and graphene.

Even though the melting temperature of graphene (∼4500 K)48 and carbon

nanotubes (∼3100 K)49 are known, the melting temperature of GMS is still not

clarified yet. The melting temperature of GMS is one of the important parameters

for its potential applications. To investigate the melting temperature of GMS, five

different GMS configurations (30–06, 30–08, 30–10, 30–12, 30–14) with different

widths are investigated. As shown in Fig. 4, the internal energies of these GMSs have

a sharp increase when the temperature increases to a certain value. The dramatic

changes of internal energy are clear signal for the larger structural changes. We

define the temperature, where the internal energies increase dramatically, as the

1850350-7

In
t. 

J.
 M

od
. P

hy
s.

 B
 2

01
8.

32
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 O

F 
C

H
IN

A
 o

n 
05

/1
4/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



December 19, 2018 11:59 IJMPB S0217979218503502 page 8

K. Yang et al.

Fig. 4. (Color online) Internal energies of Möbius strips numbered by 30–06, 30–08, 30–10, 30–12

and 30–14 are shown in the black, red, blue, pink and green lines, respectively. The structures of
the Möbius strips are shown in the corresponding insets.

melting point. All investigated GMSs have comparable melting temperatures of

∼2750 K, because the melting point is mainly determined by the materials’ bonding

property and internal stress. The melting temperature of GMS is much lower than

that of graphene (∼4500 K)48 and carbon nanotubles (∼3100 K).49

4. Conclusions

The structural and electronic properties of MV in Möbius strip formed from

graphene are simulated based on the DFT. The 5566-type MV with a sp3 hy-

bridized carbon atom at central site is observed in the chiral twisted areas of GMS,

while a 59-type MV appears in the curved area. Though the 5566-type MV has the

lowest energy at 0 K, our DFT-MD simulations show that the 5566-type MV is not

stable at room-temperature, and it will transform into a 59-type MV, the similar

scenario may occur in other low-dimensional materials, e.g., carbon nanotubes. Ad-

ditionally, the melting temperature of GMSs is about 2750 K, which is lower than

that of carbon nanotubles and graphene.
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