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Since the outstanding transport properties of graphene originate from its specific structure,

modification at the atomic level of the graphene lattice is needed in order to change its electronic

properties. Thus, topological defects play an important role in graphene and related structures. In this

work, one-dimensional (1D) arrangement of topological defects in graphene are investigated within

a density functional theory framework. These 1D extended lines of pentagons, heptagons and octagons

are found to arise either from the reconstruction of divacancies, or from the epitaxial growth of

graphene. The energetic stability and the electronic structure of different ideal extended lines of defects

are calculated using a first-principles approach. Ab initio scanning tunneling microscopy (STM) images

are predicted and compared to recent experiments on epitaxial graphene. Finally, local density of states

and quantum transport calculations reveal that these extended lines of defects behave as quasi-1D

metallic wires, suggesting their possible role as reactive tracks to anchor molecules or atoms for

chemical or sensing applications.

1. Introduction

Graphene, the one-atom-thick 2D allotrope of carbon, is

a potential candidate for several technological applications.1,2

In particular, its outstanding structural and electronic proper-

ties make graphene an attractive material for constructing

future nanoelectronics devices.3 However, graphene cannot be

integrated as a building block for pure carbon-based field effect

transistor devices due to the lack of a good Ion/Ioff ratio asso-

ciated to the absence of an energy gap. Instead, electronic

confinement, achieved by cutting the 2D plane into narrow

(< 5 nm) 1D graphene nanoribbons (GNRs), is needed to

create such a gap in the vicinity of the Fermi energy.4,5 Other

strategies consisting in inducing a mobility gap in the GNRs via

either chemical functionalization6 or doping have also been

proposed.7

Since the outstanding transport properties of graphene origi-

nate from its specific structure, modification at the atomic level of

the graphene lattice is needed in order to change its electronic

properties. Indeed, topological defects, defined as the introduc-

tion of non-hexagonal rings in the carbon lattice preserving the

connectivity of the network, play a very important role in gra-

phene and related nanostructures.8 From a purely geometrical

viewpoint, the inclusion of pentagons in an otherwise perfect

honeycomb lattice leads to a loss of 60!, inducing positive

curvature. On the other hand, a heptagonal ring introduces an

excess of 60!, thus creating a saddle point in the honeycomb

lattice. Therefore, pentagon-heptagon pairs, such as those

formed in a Stone-Thrower-Wales (STW) defect9,10 (where a

single carbon-carbon bond is rotated 90!) can preserve the

planarity of graphene. In fact, the creation of large domains

composed only of pentagons and heptagons instead of hexagons

is indeed possible.11,12,13 Recent experiments on ion-irradiated

graphene also suggest that lattice defects can be considered as

a potential source of intervalley scattering, which could in prin-

ciple transform graphene from a metal into an insulator,14 thus

controlling its electronic structure.

Grain boundaries (GB) can be considered as a way to intro-

duce lattice defects in a controlled manner. Atomic resolution

scanning tunneling microscopy (STM) studies of GB in graphite

have often been interpreted as lines of heptagonal and pentag-

onal defects.15 More recently, a bottom-up approach was used to

create an extended line of defects (ELD) in graphene.16 In this

experiment, two graphene half-sheets were grown epitaxially

with two different arrangements on a nickel substrate, inducing

an atomic translation relative to each other. Due to this differ-

ence, when the two halves merge at the boundary, they are

naturally reconstructed through topological defects. The authors

suggested that the fingerprints observed in their STM images are

caused by an array of defects containing octagonal and pentag-

onal carbon rings embedded in a perfect graphene sheet. In

addition, their electronic structure calculations confirm that the

proposed one-dimensional carbon defect possessed a density of

states that is reminiscent of the metallic edge states observed in

graphene flakes.16
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Using a first-principles approach, the present work explores

various architectures of ELDs embedded in graphene, exhibiting

pentagonal, heptagonal and octagonal rings of carbon. Three

different stable atomic configurations are predicted to arise from

the reconstruction of periodic divacancies. Ab initio simulated

STM images are also predicted in order to help the identification

of such ordered arrays of defects within experimental observa-

tions. Finally, electronic structure and quantum transport

calculations are performed on these 1D arrays of defects

embedded in graphene nanoribbons (GNRs) in order to predict

their quasi-1D metallic-wire behavior, thus suggesting new

properties for pure-carbon nanoelectronic devices.

2 Reconstruction from divacancies

Different divacancy defects with various orientations relative to

the zigzag direction could be formed (Fig. 1). A first option

consists of removing carbon dimers oriented perpendicularly to

the zigzag chains (Fig. 1(a)). It is expected intuitively that after

geometrical relaxation, the structure would be composed of two

pentagons separated by an octagon, also perpendicular to the

zigzag orientation. However, the energy needed to achieve such

a large strain prevents the octagons from being formed. Instead,

a C–C bond rotation (STW) is needed to relieve the strain, as

illustrated by the d5d7 structure in Fig. 1(a). The second option

consists of removing the carbon dimers tilted 30! from the zigzag

orientation, resulting in an alternated series of octagons and two

pentagons sharing a same side, as represented with the

585 structure in Fig. 1(b). A less strained 585 structure could be

obtained by displacing one of the two graphene domains con-

nected to the GB by ½a, where a is the lattice parameter of

graphene. Such a GB structure is the one observed during the

epitaxial growth of graphene16 (Fig. 1(b)). An alternative array of

defects could be reconstructed from divacancies by means of

a STW transformation, thus leading to a triple-pentagon triple-

heptagon (t5t7) structure as depicted in Fig. 1(c). Such a defect

shape has already been suggested as a stable topology for the

reconstruction of an isolated divacancy in graphene.17

3 Calculation details

The energetic stability and the ground-state properties of these

lines of defects, arising from the reconstruction of divacancies are

investigated using the density functional theory (DFT)18,19 as

implemented in the SIESTA code,20 under the local spin-density

approximation (LSDA)21 and generalized gradient approxima-

tion (GGA)22 for the exchange correlation functional. Using this

DFT formalism, the ab initio calculations were performed on

ideal graphene and on lines of defects embedded in graphene.

When the array of defects is introduced, a minimal distance of

"22 "A is present between the ELDs, and periodic boundary are

used to ensure 20 "A of vacuum between slabs. In order to deal

with the large number of atoms in the supercell, norm-conserving

pseudo-potentials23 and a numerical localized combination of

atomic orbitals (double-z basis) to expand the wave-functions are

used. The energy levels are populated using a Fermi–Dirac

distribution with an electronic temperature of 250 K and an

energy cutoff of 500 Ry is used. The integration over the 2D

Brillouin zone is replaced by a summation over a regular grid of

32 # 6 k -points (or equivalent k -point density). The geometries

are fully relaxed until the forces on each atom and stress toler-

ance are less than 0.005 eV "A$1 and 0.005 GPa, respectively. In

addition, calculations were also performed on large hydroge-

nated zigzag GNRs with 15 zigzag chains (15zGNR) along its

width ("33 "A), and "11 "A separation between the various 1D

array of defects and the edges.

4 Results and discussion

4.1 Formation energies

The formation energy24 per C-atom involved in the ELD

reconstruction (Ec(a)) can be calculated as follow:

Ec(a) ¼ (ET(a)$(Na$ha)Egr)/ha$Egr (1)

where a indicates the nature of the ELD: d5d7, 585, or t5t7, so

that ET(a) is the total energy of a graphene plane containing a a-

type line of defects. Naand ha stand for the total number of atoms

in the unit cell, and the atoms involved in the reconstruction of

the divacancies to form the ELD. Egr is the energy per C atom in

perfect graphene. Consequently, Ec(a) is an estimation of the

amount of energy required (e.g. through thermal excitation) to

achieve the reconstructions; however, the relative stability is

difficult to address, since the number of atoms to form each

reconstruction (ha) is different. A more general cohesive energy

per unit of length (E
0

c(a)) can be introduced as:

E
0

c(a) ¼ (ET(a)$NaEgr)/da (2)

where da is the cell parameter in the direction of the ELD.

Fig. 1 Formation of different extended lines of defects in graphene

through the reconstruction of divacancies. Lines of defects are formed

after the removal of carbon dimers (in red), either (a) perpendicular or (b)

with a 30! deviation from the zigzag direction. These extended arrays of

defects are called (a) d5d7(double-5 double-7 structure) and (b) 585

(pentagon-octagon-pentagon structure), respectively. Further displace-

ment of one graphene side by ½a (black arrow in b) is required to relax

the 585 grain boundary as observed in Ref. [16]. An extended array of

defects composed of a series of a three pentagons and three heptagons

(t5t7- triple-5 triple-7 structure) is also topologically possible when the

divacancy reconstruction occurs along with a STW transformation (c).

This journal is ª The Royal Society of Chemistry 2011 Nanoscale, 2011, 3, 2868–2872 | 2869



While LDA calculations tend to underestimate the lattice

parameters of graphene, GGA calculations tend to overestimate

these values. Therefore, upper and lower limit values could be

obtained for the formation energies of these defective systems.

Both energies (Ec and E
0

c), with both approximations are

summarized in Table 1. LDA calculations predict that the most

stable reconstruction of an array of divacancies is a line of t5t7

defects (see Fig. 1(c)), whereas the GGA calculations predict that

the most stable reconstruction is the 585 array of defects. Note

that the experimental observation of the 585 reconstruction is

constrained by the synthesis conditions as described above.16

However, in a top down approach, e.g. vacancy creation through

irradiation, the reconstruction would be either with the t5t7 or

d5d7 line of defects, and would be most probably driven by the

kinetics and interaction with the substrate. It is noteworthy that

the LDA prediction of the stability of the t5t7 ELD is consistent

with previous calculations performed on isolated defects in gra-

phene and carbon nanotubes carried out with a plane wave basis

set and a GGA functional.17

It has been shown that isolated defects could induce wave-like

buckling of the graphene sheet.25 To investigate this, we have

carried out calculations of the extended lines of defects with

a slight out of plane perturbation as a starting point. The opti-

mized structure indeed exhibits some buckling. In contrast with

the isolated defect, the buckled extended line of defects is less

stable than the planar one. This is an indication that the strain on

the C–C bonds is better accommodated in a planar extended line

of defects than in an isolated defect.

4.2 STM simulation

STM constitutes an excellent experimental tool for identifying

defects in graphene.26 However, the interpretation of STM

images can be complicated, and the use of simulated images is

crucial. Therefore, in order to help in the identification of such

ELD, STM images have been calculated from the ab initio local

density of states (LDOS) of defects embedded in GNRs using the

Tersoff-Hamann approximation (Fig. 2). LDOS are computed

between 0.2–0.3 eV with respect to the Fermi energy (i.e. EF ¼ 0)

in order to account for an n-type doping substrate, e.g. Ni or

Au.27 It is noteworthy that the simulated images for the 585 ELD

(Fig. 2(b)) exhibit a good agreement with the experimental STM

image reported in Ref. [16], which was taken at 100mV.

4.3 Electronic and quantum conductance properties

In order to verify the potential advantages of these 1D arrays of

defects in nanoelectronics, spin-polarized band structures and

transport calculations were carried out for each of the three

ELDs embedded in a 15zGNR. For each configuration, energy

bands appear close to the Fermi energy, allowing extra channels

to the conductance in these 1D systems (Fig. 3). Perfect zigzag

GNRs exhibit a ferromagnetic ([[) coupling along the edges,

but an antiferromagnetic ([Y) coupling between the edges.28 This

inter-edge coupling opens a band gap for zigzag GNRs with

small width. The introduction of the ELD might screen the

interaction between the edge states. The difference between the

[Y and [[ spin configurations for the pristine 15zGNR is

"$2.9 meV. This energy difference slightly decreases when a 585

or d5d7 line of defects is introduced (see Table 1). Although in

the error range of DFT calculations, such a weak inter-edge

coupling suggests that the two spin configurations are equally

probable. In contrast, the ferromagnetic orientation ([[) is

clearly favored for the t5t7 ELD, thus inducing an unexpected

always-metallic GNR.

Fig. 4 displays the spin polarized quantum conductance for the

three defected 15zGNRs, calculated using the Landauer

formalism, and the surface Green’s function matching method,

after extracting the first-principles Hamiltonian and overlap

matrices.29,30 Note that, in particular, the t5t7 line of defects

introduce extra conduction channels, and can thus be considered

as one-dimensional metallic wires embedded into a GNR. This

result is consistent with the STM images and clearly demon-

strates the presence of localized states extended along the 1D

array of defects parallel to the ribbons axis.

A top-down approach to achieve these lines of defects could

consist of modifying the graphene surface at the atomic scale and

thereby controlling the topological disorder. Indeed, either

electron beam irradiation.31 or scanning tunneling lithog-

raphy32,33 could be used to induce and manipulate vacancies in

graphene. The low migration energy of single vacancies34 facili-

tates their coalescence into divacancies. Under high

Table 1 Formation energies per atom (Ec) and per unit of length (E
0

c) for
lines of defects embedded in graphene. Energy differences between the
anti-ferromangetic (E[Y) and the ferromagnetic (E[[) spin orientations
at the edges of a 15zGNR containing extended lines of defects (ELDs)
centered in the middle of its width

a-
ELD

ELDA
c

(eV atom$1)
E
0LDA
c

(eV "A$1)
EGGA

c

(eV atom$1)
E
0GGA
c

(eV "A$1)
E[Y$E[[

(meV)

d5d7 0.264 0.760 0.415 0.145 $0.72
585 0.258 0.527 0.270 0.133 $1.93
t5t7 0.171 0.512 0.691 0.231 5.94

Fig. 2 Ab initio STM images simulated at (left) constant current (6.7 # 10$4e/"A3) and (right) constant height (10.6 "A) for the (a) d5d7, (b) 585, and

(c) t5t7 extended lines of defects.
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concentration of divacancies, the short range motion of the

reconstructed defects,35 lead to aligned reconstructions at high

temperatures.36 An ordered reconstruction upon heat treatment

could thus create different types of extended lines of defects

between graphene domains with the same orientation, as illus-

trated in Fig. 1(a) and (c). However, the controlled formation of

grain boundaries that occur between boundaries of graphene

with different orientation16,37,38 seems more difficult to control

because of the complex kinetics involved during epitaxial growth.

5 Conclusion

In summary, 1D extended lines of defects exhibit localized states

along the line and behave like metallic wires embedded in gra-

phene sheets. We present lower and upper limit values for the

formation energies of three different kinds of lines of defects that

could arise from the reconstruction of divancies. In particular,

the t5t7 ELD induces extra conduction channels and localized

states which could enhance the chemical reactivity of graphene.

This extended defect opens the possibility of arranging molecules

or atoms in a linear fashion, thus behaving as a 1D template.

Such atomic-scale carbon-based wires could have a big impact on

the future development of smaller functional devices.
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