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The stability of a dislocation defect with two pentagon-heptagon �5-7� pairs in a graphene layer is investi-
gated within first-principles density-functional theory scheme. It is found that the structure of the dislocation
defect with two 5-7 pairs becomes more stable than a local haeckelite structure which is composed of defect
units of three pentagons and three heptagons �555-777 defect� when the number of vacancy units is ten and
over. The simulation study of scanning tunneling microscopy reveals that the 5-7 pair defects perturb the wave
functions of electrons near Fermi level to produce the ��3��3�R300: a superlattice pattern.
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I. INTRODUCTION

Graphene has been one of the most remarkable materials
in the past few years in terms of academic interests1,2 and
applicability to the semiconductor industry.3 Defects have
been known to change the physical and chemical properties
of graphite significantly,4–6 and recent improvements in mi-
croscope technologies make it possible to visualize the arti-
ficial defects induced by electron or ion-beam irradiation on
graphene and carbon nanotubes at the atomic scale level.7–10

Recently, a dislocation defect in which one carbon zigzag
chain is missing from a pristine graphene was found under in
situ high-resolution transmission electron microscopy by
Hashimoto et al.7 In their study, the dislocation has been
reported to contain a pentagon-heptagon �5-7� pair defect.
The 5-7 pair defect plays an important role in the formation
of carbon nanotube junctions.11,12 The 5-7 pair defects are
suggested to be responsible for a kink structure which is
generated in carbon nanotubes under tensile strain.13,14 It has
also been reported through tight-binding molecular-dynamics
simulation �TBMDS� that the reconstruction of vacancy de-
fects in a single wall carbon nanotube results in the forma-
tion of two 5-7 pair defects and the partial reduction of the
diameter of the nanotube.15,16

On the other hand, double vacancy defects in graphene
have been reported to undergo a structural change from a
defect structure made up of two pentagons and one octagon
�5-8-5� to a defect structure of three pentagons and three
heptagons �555-777� which is slightly lower in energy.17 The
555-777 defect was also proposed to be a basic unit of the
haeckelite structure18 �see Fig. 2 for the details of the struc-
ture�. Recent TBMDS has demonstrated that four vacancy
units are reconstructed into two neighboring 555-777 defects
and some collective 555-777 defects form a local haeckelite
structure in a graphene.19 The 555-777 defect was also sug-
gested to be a stable structure of double vacancy in single-
walled carbon nanotubes of a large diameter.20 However, if
many vacancy defects are reconstructed into the collective
555-777 defects and form a local haeckelite structure in a
graphene, a large strain should be induced by the increase in
nonhexagonal rings and the structure could be reconstructed
into the other structure of lower total energy. In this paper,

we suggest the dislocation with two 5-7 pair defects �see
Figs. 1�g� and 1�h� for the details of structures� as the defect
structure of lower total energy in a graphene and test the
stability comparing it to the local haeckelite structure com-
posed of 555-777 defects.

II. CALCULATIONAL METHOD

Total-energy calculations are performed within first-
principles density-functional theory scheme.21 We use the
SIESTA code within the local-density approximation employ-
ing the Ceperley-Alder exchange-correlation functional22

and the norm-conserving Troullier-Martins pseudo-
potential.23 The double zeta atomic basis set is used with the
mesh cutoff of 200 Ry for the real grid mesh. Some impor-
tant results are crosschecked with the Vienna ab initio simu-
lation package �VASP� code in which the plane-wave basis
set24 is employed. In this calculation, the PW91 generalized
gradient approximation25 is used and the basis set consists
of plane waves with the kinetic energy up to 21.1 Ry. We
choose one k point ��� in the two-dimensional irreducible
Brillouin zone. An orthorhombic supercell, which contains a
12 Å vacuum region of z axis and vacancy defects on a
graphene of 448 carbon atoms spanning two-dimensional x
and y space, is chosen as a unitcell. In order to obtain on
optimized structure, all atoms are fully relaxed until the force
is smaller than 0.04 eV /Å.

III. RESULT AND DISCUSSION

First, we make four graphene layers containing zigzag
chains of four, six, eight, and ten vacancy units, respectively,
as shown in Figs. 1�a�–1�d�. Those are relaxed by the
steepest-descent method within the first-principles density-
functional theory scheme. Figures 1�e�–1�h� show the re-
laxed geometries. In this relaxation, it is observed that for the
case of four and six vacancy units, two pentagons are formed
by bonding among carbon atoms �atoms 1–2 and 3–4 in Figs.
1�a� and 1�b�� at both ends of defect chains as shown in Figs.
1�e� and 1�f�. For the case of eight vacancy units, after the
formation of pentagons, the formation of a bond between
two carbon atoms �atom 7–8 in Fig. 1�c�� with dangling
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bonds is observed and it is followed by the formation of
bonds between atoms 5–6 and 9–10 resulting in the forma-
tion of two 5-7 pair defects at both ends of the dislocation as
shown in Fig. 1�g�. For the case of ten vacancy units, the
initial geometry �Fig. 1�d�� is relaxed to the dislocation with
two 5-7 pair defects due to the full saturation of dangling
bonds as shown in the final geometry of Fig. 1�h�.

The stability of the dislocation defect with two 5-7 pairs is
compared with that of the local haeckelite structure com-
posed of 555-777 defect units by the total-energy calculation.
Figure 2 shows the relaxed geometries of various local
haeckelite structures26 depending on the number of vacancy
units. Since one 555-777 defect unit is formed by the gen-
eration of two vacancy units on a graphene, the local haeck-
elite structures showed in Figs. 2�a�–2�d� contain four, six,
eight, and ten vacancy units, respectively. We test the stabil-
ity of the dislocation defect with two 5-7 pairs comparing it
with the local haeckelite structure by the calculation of for-

mation energies. In this study, the formation energy Eform is
defined27 as

Eform�N − n� = Etot�N − n� − �N − n��gra, �1�

where N is the total number of carbon atoms in a pristine
graphene which fit to our unitcell, n is the number of vacan-
cies, Etot�N−n� is the total energy of reconstructed graphene
with the N−n carbon atoms, and �gra is the chemical poten-
tial for a carbon atom calculated as the energy per atom for a
pristine graphene. Figure 3 shows formation energies of the
dislocation defect with two 5-7 pairs and the local haeckelite
structure depending on the number of vacancy units. Inter-
estingly, the formation energy of local haeckelite structures
increases linearly as the number of vacancy units increases,
which indicates that the additional formation of 555-777 de-
fect gives rise to the linear increase in formation energy, and
the increase in the formation energy per an additional 555-
777 defect is about 6.0 eV. On the contrary, the formation
energy of dislocation defect with two 5-7 pairs shows a dif-
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FIG. 1. The initial geometries ��a�–�d�� and the relaxed geom-
etries ��e�–�h�� of graphenes containing four ��a� and �e��, six ��b�
and �f�, eight ��c� and �g��, and ten ��d� and �h�� vacancy units.
Crosses and dashed lines in �a�–�d� indicate the positions of carbon
vacancies and zigzag chains of carbon vacancies, respectively. The
bold lines in �e�–�h� indicate pentagon and heptagon rings formed
by the structural relaxation. See the text for numbers.
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FIG. 2. The relaxed geometries of local haeckelite structures by
�a� four, �b� six, �c� eight, and �d� ten vacancy units. Bold lines
indicate pentagon and heptagon rings. Dashed circles indicate the
555-777 defect units.

10.0

15.0

20.0

25.0

30.0

35.0

40.0

4 6 8 10 12

Fo
rm

at
io
n
en

er
gy

(e
V)

Number of vacancy unit

FIG. 3. Formation energy per one carbon atom in case of the
local haeckelite structure �solid line� and the dislocation defect �dot-
ted line� with two 5-7 pairs as a function of the number of vacancy
units. Crosses indicate data points.
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ferent pattern from that of the local haeckelite structure. As
the number of vacancy units increases from six to eight, the
structure is stabilized by the formation of bonds among car-
bon atoms with dangling bonds as shown in Figs. 1�f� and
1�g� and the increase rate in the formation energy has low-
ered as shown in Fig. 3. As the number of vacancy units
increases to ten, the dislocation structure with two 5-7 pair
defects is more stabilized by the full saturation of dangling
bonds as shown in Fig. 1�h�. The full saturation of dangling
bonds is verified by the comparison of bond lengths. The
bond length �1.73 Å� between atoms 5 and 6 in Fig. 1�g� is
larger than that �1.68 Å� between atoms 5 and 6 in Fig. 1�h�,
which indicates that the saturation of dangling bonds in the
dislocation structure with eight vacancy units is not complete
as compared with that of ten vacancy units. We also relax the
dislocation structure of twelve vacancy units �Fig. 4�a�� to
test the completeness of dangling bonds saturation. In the
relaxation, the bond length between atoms 8 and 9 in Fig.
4�a� is found to be 1.67 Å, which is very similar to that in
the dislocation structure with ten vacancy units. Thus, when
the number of vacancy units is ten, the dangling bonds are
almost fully saturated and the increase rate in the formation
energy is more lowered as shown in Fig. 3. The formation
energy of the dislocation defect becomes lower than that of
the local haeckelite structure as the number of vacancy units
increases over ten. The formation energy of the dislocation
with 5-7 pair defects increases by 3.9 eV when the number of
vacancy units increases from ten to twelve. From eight va-
cancy units to ten vacancy units, the formation energy is
dramatically changed by the full saturation of dangling
bonds as shown in Fig. 3. However, when the number of
vacancy units is over ten, no more dramatic change in the
formation energy would be observed due to the complete

saturation of dangling bonds. As the number of vacancy units
increases over ten, one hexagon between two 5-7 pair defects
increases whenever two vacancy units are formed �We can
confirm the increase of one hexagon between two 5-7 pair
defects by comparing Fig. 1�h� with Fig. 4�a�.� and the hexa-
gons between two 5-7 pair defects are strained by the satu-
ration of dangling bonds differently to the normal hexagons
in the pristine graphene. As the number of strained hexagons
increases, the formation energy would increase linearly. In
the calculation with a larger unit cell containing a graphene
which consists of 720 carbon atoms, the increase in the for-
mation energy in the dislocation structure from ten to twelve
vacancy units is found to be 2.9 eV which is smaller than
that �3.9 eV� in the original unit cell which contains 448
carbon atoms. The formation energy is considered to be re-
duced by further relaxation in the larger unit cell, which
indicates that the formation energy is sensitive to the size of
unit cell, and the dislocation defect has a long-range interac-
tion on a graphene. As the number of vacancy units in-
creases, a larger unit cell should be demanded to reduce the
strain and to relax the dislocation defect fully. However, for
the local haeckelite structure, the increase in the formation
energy is found to be 5.8 eV when the number of vacancy
units increases from ten to twelve in the large unit cell with
720 carbon atoms and it is not sensitive to the size of unit
cell. Even though it is difficult to find the saturated value of
the formation energy due to the high cost from the calcula-
tion with a large unit cell, it is confirmed that the increase in
the formation energy per additive two vacancy units in case
of the dislocation defect is much smaller than that in case of
the local haeckelite structure.

We also consider the other type of dislocation by diffusion
of a 5-7 pair defect. The diffusion of a 5-7 pair is induced by
90° rotations of carbon dimers as shown in Fig. 4. Figure
4�a� shows the dislocation with two 5-7 pair defects, which is
formed by the reconstruction of a zigzag vacancy chain with
twelve vacancy units. The 90° rotation of a dimer �atoms
1–2� in Fig. 4�a� also gives rise to the other type of disloca-
tion as shown in Fig. 4�b�. The sequential 90° rotation of a
dimer �atoms 3–4� also creates the other type of dislocation
�Fig. 4�c��, which could be formed by the reconstruction of
an armchair vacancy chain as shown in Fig. 4�d�. The struc-
ture in Fig. 4�d� could be reconstructed into the structure in
Fig. 4�c� by the bond formation of atoms 4–5, 6–7, 8–9,
10–11, …, and 12–13. In our calculation, the dislocation
structure in Fig. 4�a� is the most stable and the total energy is
lower than that of the dislocation structures in Figs. 4�b� and
4�c� by 0.1 and 0.4 eV, respectively.

Another interesting issue is the ��3��3�R300 superlattice
patterns, which are observed in scanning tunneling micros-
copy �STM� images of various defects on the graphite
surface.5,8,28,29 It has been suggested that such a kind of a
long-range electronic perturbation is derived from a point
defect by a certain adsorbate, such as the Friedel oscillation
on a metal surface, and the ��3��3�R300 pattern in the
threefold symmetric STM image is due to the adsorbate ob-
served in some experiments.8,28 However, the ��3
��3�R300 superlattice patterns without the threefold sym-
metry were also observed in STM images of some defect
structures after the inert gas ion irradiation.29–31 These ex-
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FIG. 4. Diffusion of a 5-7 pair defect by the 90° rotation of
carbon dimers. �a� The structure shows two 5-7 pair defects formed
by the zigzag chain of twelve vacancy units. �b� One 5-7 pair defect
is diffused by the 90° rotation of carbon dimer indicated by open
circles. �c� The 5-7 pair defect is diffused again by the 90° rotation
of carbon dimer indicated by filled circles. �d� The structure shows
the missing armchair chain of 12 carbon atoms. This structure could
be reconstructed into the structure showed in �c� by the formation of
bonds among the carbon atoms with dangling bonds.
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perimental results corroborate that even if there is no adsor-
bate, the ��3��3�R300 superlattice patterns could arise
when the certain local geometrical defects are formed at a
graphite surface after the diffusion process of vacancies dur-
ing the irradiation. We perform the simulation of the STM
topographic image for the structure of the dislocation defect
with two 5-7 pairs. According to the Tersoff-Hamann
method,32 the topographic image is obtained by calculating
local density of states �LDOS� with a sample bias voltage of
−0.5 V. Figure 5 shows the result and the corresponding
atomic structure of dislocation defect with two 5-7 pairs. The
5-7 pair defects strongly enhance the LDOS above them and
the simulated STM image has no threefold symmetry. It is
well known that the tunneling current maxima in the typical
STM images of the graphite surface occur on the sublattice
sites which have no neighbors in the lower layer due to in-
terlayer interaction.33,34 However, it is interesting that such
typical patterns are observable in the STM image of a single
graphene layer and the ��3��3�R300 patterns near 5-7 pair
defects are also found. This result demonstrates that the 5-7
pair defects act as scattering centers for wave functions of
electrons near the Fermi level to produce the ��3
��3�R300 patterns. Our simulated STM image suggests that
the ��3��3�R300 patterns without the threefold symmetry
in experiments29–31 could originate from the 5-7 pair defects.
Another interesting difference from STM images35,36 of
some defect structures in graphene is the missing of every
other atom which is also found in the STM image of multi-
player graphite. It is considered to be due to the 5-7 pair
defects and need to be studied in the electronic structure
further.

IV. SUMMARY

It is found by the total-energy calculation that the dislo-
cation defect with two 5-7 pairs is preferred to the local
haeckelite structure composed of collective 555-777 defects
when the number of vacancy units increases to more than
ten. It is also found that the type of the 5-7 pair defect with
a missing zigzag carbon chain is energetically more stable
than other types of 5-7 pair defect including the type of the
missing armchair carbon chain. The simulated STM image
also shows the ��3��3�R300 superlattice pattern around the
5-7 pair defects.
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