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Abstract. We make use of first-principles calculations, based on the density functional theory (DFT), to
investigate the alterations at the structural, energetic, electronic and magnetic properties of graphene and
zigzag graphene nanoribbons (ZGNRs) due to the inclusion of different types of line and punctual defects.
For the graphene it is found that the inclusion of defects breaks the translational symmetry of the crystal
with drastic changes at its electronic structure, going from semimetallic to semiconductor and metallic.
Regarding the magnetic properties, no magnetization is observed for the defective graphene. We also show
that the inclusion of defects at ZGNRs is a good way to create and control pronounced peaks at the Fermi
level. Furthermore, defective ZGNRs structures show magnetic moment by supercell up to 2.0µB . For the
non defective ZGNRs is observed a switch of the magnetic coupling between opposite ribbon edges from
the antiferromagnetic to the ferrimagnetic and ferromagnetic configurations.

1 Introduction

Graphene is a monolayer of carbon (C) atoms present-
ing sp2 hybridization and arranged in a one atom thick
two-dimensional hexagonal honeycomb structure [1]. This
material has attracted the scientific interest due to the
challenges related to the complete understanding of its
properties as well as the rich physics involved in its de-
scription. Graphene is the most resistant material ever
measured, being flexible, absorbing 2.3% of white light
and presenting high electronic mobility at room tempera-
ture [2–4]. It possesses an interesting electronic structure,
being a semimetal (zero gap semiconductor) with zero en-
ergy gap and having a null density of states (DOS) at the
Fermi level (Ef ) [5]. Due to a linear electronic dispersion
relation, the charge carriers in graphene mimic relativis-
tic particles with zero rest mass which can be described
by the Dirac relativistic equation. Furthermore, graphene
can be seen as the fundamental building block when con-
structing C nanostructures such as the zero-dimensional
fullerenes, one-dimensional nanotubes (NTs) and nanorib-
bons (NRs), and three-dimensional graphite [6], being syn-
thesized through different techniques [7–9].

Graphene nanoribbons (GNRs) can be generated by
cutting graphene sheets off. Depending on the way the cut
is performed the GNRs can present different forms, edge
types known as armchair (AGNRs) or zigzag (ZGNRs),
and widths [10]. Exotic electronic and magnetic proper-
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ties can arise when we cut graphene into GNRs. For ex-
ample, we can have size, edge type, and width dependent
adjustable energy gaps [11]; edge special states [12]; ferro-
magnetic (FM) or antiferromagnetic (AFM) states at both
edges or FM at one edge and AFM at the other, depend-
ing on the ribbon width and the presence of an external
electric field [13]; electronic structure intimately related
with the magnetic interaction between edges [14]; ballis-
tic transport of charge [15]. These remarkably electronic
and magnetic properties would make the GNRs good can-
didates to be used as active parts of nanoelectronics and
spintronics devices, if they could be custom-made synthe-
sized. Actually, GNRs can be obtained through several
experimental techniques such as lithography [16,17], us-
ing molecular precursors and linear polymers [18,19], un-
zipping multiwalled nanotubes [20], and epitaxially grown
on silicon carbide [15]. However, most of the proposed ap-
plications require the ability to adjust the wanted proper-
ties at nanoscale, and several theoretical and experimental
methods were proposed in order to do that [14,21–25].

Another possible way to alter the GNRs properties is
to incorporate line defects (LDs) at their perfect hexago-
nal lattice [26–29]. Defects, which are inevitably created
during the GNRs growth process, can be used to tune
the GNRs electronic and magnetic properties, offering new
possibilities when one thinks about applications. Recently,
Chen et al. [29] have synthesized a line defect composed
by two pairs of pentagonal rings surrounding one octag-
onal ring (558-LD) replacing the hexagons in a graphene
sheet. In another work, Li et al. [30] have proposed a way
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to generate one stable line defect at graphene, formed by
tetragonal carbon rings (4-LD). A similar type of line de-
fect was observed at a MoS2 sheet [31]. Botello-Méndez
and collaborators showed that different divacancy defects
could be formed in graphene [32]. Removing carbon dimers
oriented perpendicularly to the zigzag chains we can ob-
tain a LD composed by tetradecanal carbon rings (14-LD).
Also, Ugeda and co-workers have shown that divacancies
at a graphene sheet can generate a punctual defect (PD)
formed by two pentagonal rings reconstructed and sepa-
rated by one octagonal ring (585-PD) [33]. Finally, Liu
and colleagues have shown that a line defect containing
one tetragonal and one octagonal ring (48-LD) can be
formed by dislocations at a boron nitride sheet [34]. At this
context, in this paper we investigate, using first-principles
calculations, how the 558-, 4-, 14-, and 48-LD and 585-PD
influence the graphene and ZGNRs electronic properties.
Also, we investigate the energetic cost to the formation of
such defects and their influence at the magnetic properties
of ZGNRs.

2 Methodology

2.1 Modeling

The calculations were performed using the Spanish Initia-
tive for Electronic Simulations with Thousands of Atoms
(SIESTA) code [35,36]. It is used for predicts physical
properties as electronic structure, spin polarization, ener-
gies, atomic forces, geometry optimization, local density of
states, density of state, charge and spin of atoms, molecule
and solids. It was utilized in this study to investigate how
the electronic, structural, energetic and magnetic proper-
ties for graphene and ZGNRs are changed by the inclusion
of line and punctual defects. SIESTA performs full self-
consistent calculations within the density functional the-
ory (DFT) [37] solving the Kohn-Sham equation for the
electrons using a basis set of numerical atomic orbitals
in the generalized gradient approximation (GGA) [38]
with the exchange and correlation terms parametrized
for Perdew-Burke-Ernzerhof [39]. The interactions be-
tween electrons and core are described by non-local norm-
conserving Troullier-Martins pseudopotential [40] factor-
ized in the Kleinman-Bylander form [41] and a double-ζ
basis-set composed by numeric atomic orbitals with a cut-
toff radius of ≈15.0 Å. In the calculations, only the valence
orbitals were treated self-consistently, namely we consider
1s for H and 2s2p for C. The pseudopotentials were gener-
ated with these atomic valence-electron configurations. All
of the geometries were optimized using the conjugate gra-
dient method until the residual Hellmann-Feynman forces
acting on any atom were smaller than 0.1 eV/Å. We adopt
a rectangular supercell where the graphene and ZGNRs
have different sizes and numbers of atoms for each type of
defect. The calculations were performed at absolute zero
and in vacuum.

The seven studied graphene system supercells, after
optimization, can be seen at Figure 1. At Figure 1a we

Fig. 1. Pictorial scheme for the studied graphene sheets af-
ter optimization: (a) Pristine and presenting a line defect com-
posed by: (b) two pentagonal and one octagonal ring (558-LD),
(c) tetragonal rings (4-LD), (d) tetradecanal rings (14-LD), (e)
one tetragonal and one octagonal ring (48-LD). At (f) and (g)
we have the punctual defects composed by two pentagons sep-
arated by one octagon in two different arrangements (585-PD1

and 585-PD2, respectively). The supercell of each graphene
sheet is shown inside the boxes and the carbon atoms are rep-
resented by the gray spheres.

have a pristine graphene sheet, while at Figure 1b we can
observe a line defect, at the middle of the sheet, formed by
the alternation of pentagon pairs and octagons (558-LD).
At Figure 1c we have a graphene sheet with a line de-
fect composed by distorted tetragonal rings (4-LD). These
structures can be obtained from two graphene sheets dis-
located towards each other together with the remotion of
some atoms and posterior reconstruction of the sheet con-
taining a LD [30]. At Figure 1d we can see a line defect, in
the middle of the sheet, which is formed by tetradecanal
rings (14-LD). This type of system can be formed by the
presence of a line of divacancies. At Figure 1e we have
a LD formed by one tetragonal and one octagonal rings
(48-LD) which can be obtained through dislocations [34].
Figure 1f shows a graphene layer with a punctual defect
composed by two pentagonal rings separated by one oc-
tagon and no dangling bonds (585-PD1), type of defect
formed by a divacancy [33]. Finally, at Figure 1g we have
the 585-PD2, which is similar to the previous one with
the octagonal ring rotated or the creation of divacancies
on different lattice points in the lattice. Together with the
graphene study, we have also investigated how the same
defects affect the zigzag nanoribbons properties. The stud-
ied ZGNRs present the same configuration shown by the
graphene sheets, being saturated along the X direction
(see Fig. 2), which is the growth direction for the rib-
bons. For the graphene layers, the systems are grown along
the X and Z directions.
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Fig. 2. Pictorial scheme for the studied zigzag graphene
nanoribbons after optimization: (a) Pristine 10-ZGNR and
presenting a line defect composed by: (b) two pentagonal
and one octagonal ring (558-LD-ZGNR), (c) tetragonal rings
(4-LD-ZGNR), (d) tetradecanal rings (14-LD-ZGNR), (e) one
tetragonal and one octagonal ring (48-LD-ZGNR). At (f) and
(g) we have the punctual defects composed by two pentagons
separated by one octagon in two different arrangements (585-
PD1-ZGNR and 585-PD2-ZGNR, respectively). The supercell
of each ZGNR is shown inside the boxes and the carbon (hy-
drogen) atoms are represented by the gray (white) spheres.

2.2 Stability

To perform this analysis we make use of the zero tem-
perature thermodynamic approach based on the chem-
ical potential determination as described in previous
works [42,43]. In this approach, the formation energy by
atom (Efor) can be written as:

Efor =
Etot − nCCμCC − nHCμHC

nt
, (1)

where Etot is the calculated system total energy, nCC and
nHC are the number of C and H atoms, respectively, μCC

and μHC are the chemical potentials calculated for C-C
and H-C bonds, respectively, and nt = nCC + nHC is the
total number of atoms.

The chemical potential for C-C bonds is obtained
through a total energy calculation for an infinite graphene
monolayer (Elayer

tot ). Therefore, we have:

μCC =
Elayer

tot

nCC
= −154.86 eV/atom. (2)

We have used H atoms to saturate the edge dangling
bonds. Taking this into account, we have calculated the
chemical potential for the H-C bonds (μH) using the total

energy calculation from a finite C layer (Elayer
tot ) saturated

with H atoms, we have:

μHC =
Elayer

tot − nCCμCC

nHC
= −15.71 eV/atom. (3)

Using these values for the chemical potentials and knowing
nCC, nHC, and having the total energy value calculated for
each system, the Efor can be calculated via equation (1).

3 Results and discussion

3.1 Graphene

3.1.1 Electronic properties

Here we analyse the alterations at the electronic properties
of graphene layers due to the inclusion of defects as shown
at Figure 1. At Figure 3 we have the band structures for
these graphene systems.

At Figure 3a we have the characteristic band structure
of graphene (pristine), in which there is a single point
crossing (Dirac point) of valence and conduction bands
and a null DOS at the Fermi level (as can be seen at
Fig. 4a). By inserting one unidimensional topological de-
fect, composed by two pentagonal and one octagonal sp2

hybridized rings (558-LD), although the system maintains
its semi-metallic character, we change its electronic con-
figuration with the states, which presented a linear disper-
sion close to the X point at Fermi level, becoming flatter
(Fig. 3b). Also, the Dirac cone is considerably reduced
and we can observe the presence of a state, which was de-
generated before, crossing it at the valence band together
with a state split at the conduction band. On the other
hand, similar to what happens for the pristine system, we
have a null DOS with two peaks next to the Fermi level
region as can be seen at Figure 4b. In a previous work,
Lahiri and collaborators showed that the 558-LD acts as
a quasi-one-dimensional metallic wire with one state at
the Fermi level and a respective peak at the DOS [28].
In our case, two states are observed near the Fermi level
resulting in two peaks at this region. In another work,
Chen and colleagues showed a significant suppression at
the conductance at the Dirac point due to the line de-
fect inclusion [29]. This effect can be associated with the
states splitting at the conduction band. The incorpora-
tion, at the graphene, of a LD containing tetragonal car-
bon rings (4-LD), with the middle carbon atoms of the
LD presenting a sp3-like hybridization and having the va-
lence electrons saturated, causes no drastic changes at the
electronic structure of graphene. As can be seen at Fig-
ure 3c, this type of defect maintains the Dirac point and
its semi-metallic properties, also introducing two states on
both sides of the Fermi level. As a consequence, we have
two large peaks at the DOS in this region as can be seen
at Figure 4c. The removal of carbon dimers, oriented per-
pendicularly to the zigzag chains, introduces a 14-LD in
the graphene sheet resulting in two lines of sp2 hybridized
carbon atoms having σ dangling bonds. The presence of
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Fig. 3. Graphene band structures: (a) Pristine and having line defects composed by: (b) two pentagonal and one octagonal ring
(558-LD), (c) tetragonal rings (4-LD), (d) tetradecanal rings (14-LD), (e) one tetragonal and one octagonal ring (48-LD). At
(f) and (g) we have the punctual defects composed by two pentagons separated by one octagon in two different arrangements
(585-PD1 and 585-PD2, respectively).

these σ states introduces sufficient electronic distortion to
produce the imbalance in the π states. This strongly mod-
ifies the graphene electronic structure, which now presents
a metallic character with two Dirac-like points in the va-
lence band next to the X point (see Fig. 3d). Due to the
metallic character a non null DOS with one peak can be
seen at the Fermi level (see Fig. 4d). Dislocations in dif-
ferent directions introduces, in a 48-LD graphene sheet,
sp2-like hybridization and the sublattice symmetry break-
ing generates a drastically modified band structure as can
be seen in Figure 3e, where we can clearly perceive the
absence of the Dirac point and some bands crossing the
Fermi level at the Γ and Z points, which gives the sys-
tem a metallic character, as can be seen at the DOS at
Figure 4e.

A single divacancy in graphene sheet results in the
formation of a rearranged planar structure that encloses a
central octagon and two opposing pentagonal rings, with
sp2 hybridization and the saturation of all dangling bonds.
At Figure 3f we have the 585-PD1 band structure show-
ing the opening of a band gap of ≈0.27 eV. Ugeda and
co-workers showed that the presence of this PD induces a
dispersionless states next to the Fermi level with the open-
ing of a band gap [33]. A null DOS at the Fermi level and
peaks in the regions where there are dispersionless states
are observed, as can be seen at Figure 4f.

Finally, we have the band structure of the system la-
beled 585-PD2 at Figure 3g showing the Dirac point at

the conduction band and two states clearly crossing the
Fermi level and giving the system a metallic character
that can be also seen at Figure 4g. We can see that the
rotation of the 585-PD1 in graphene can change states
near the Fermi level. Hence, the inclusion of different de-
fects at the perfect hexagonal lattice of graphene systems
breaks the translational symmetry of the crystal, leading
to profound changes in the low-energy electronic bands.
In this manner, the controlled growth of graphene sheets,
containing such defects can be a way to adjust their elec-
tronic properties going from semimetallic to metallic or
semicondutor. Also, a simple alteration in the orientation
of a single defect, like the 585-PD, can offer a possibility
to change and adjust the properties of a given system.

3.1.2 Structural and magnetic properties

In this section, we perform a comparative analysis of for-
mation energy and the magnetic moment by supercell (μ)
of all studied graphene structures in order to see the en-
ergetic cost of a given defect and whether or not it makes
the system to become magnetic, as can be seen at Table 1.

Our results are in accordance with the experimental
observations, as can be seen in the following. At Table 1
it can be noticed that the 558-LD, 585-PD1 and 585-PD2,
the experimentally observed systems [28,29,33,44], are the
most stable defects. Those are followed by the 48-LD and
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Fig. 4. Densities of states for the studied graphene systems: (a) Pristine and having line defects composed by: (b) two pentagonal
and one octagonal ring (558-LD), (c) tetragonal rings (4-LD), (d) tetradecanal rings (14-LD), (e) one tetragonal and one
octagonal ring (48-LD). At (f) and (g) we have the punctual defects composed by two pentagons separated by one octagon in
two different arrangements (585-PD1 and 585-PD2, respectively).

Table 1. Formation energy (Efor) and the magnetic moment
by supercell (µ) for the studied graphene systems.

Defect type Efor (eV) µ (µB)
No defect 0.00 0.00
558-LD 0.05 0.00
4-LD 0.18 0.00
14-LD 0.24 0.00
48-LD 0.17 0.00

585-PD1 0.08 0.00
585-PD2 0.14 0.00

4-LD, in this order. It is interesting to notice that the ex-
istence of the 4-LD system was predicted by Li et al. [30],
while our results indicate an energetic advantage for the
48-LD. Finally, we can see that a simple rearrangement
greatly alters the formation energy of a given graphene
layer when we compare two systems with the same type
of defects arranged in two different ways. This is the case
of 558-LD (Efor = 0.05 eV) and 14-LD (Efor = 0.24 eV).
At Figure 5 we have two different reconstruction processes
of a line of divacancy at graphene. Removing the carbon
dimers (inclined in relation to the zigzag orientation) re-
sults in an alternated series of one octagon plus two pen-
tagons and the generation of a 558-LD structure (Fig. 5a).
When this happens there are two atoms with only two σ
bonds in the defect which facilitates the reconstruction
process. On the other hand, if we remove carbon dimers
oriented perpendicularly to the zigzag chains (Fig. 5b) is
intuitively expected that, after geometrical relaxation, the
structure would be composed of two pentagons separated
by an octagon. However, what happens, due to the exis-

tence of four atoms with double bonds in the defect, is
a different reconstruction process and the generation of a
14-LD structure (Fig. 5b).

At Figure 6 we have the geometry of defective graphene
layers after relaxation, including bond angles and length.
At Figure 6a, we notice that the introduction of a 558-LD
does not drastically changes the C-C bond length (1.44 Å,
for a regular graphene sheet). However, the bond angles
suffer major variation when compared with the 120◦ of a
perfect graphene hexagon. An interesting behaviour can
be seen at Figure 6b, where we have two different views of
a graphene layer containing a 4-LD: we have a distortion of
the layer and two lines of atoms moved off the plane in op-
posite directions. This happens due to the type of chemical
bonds presented by the C atoms at the central line defect:
since each atom is four-coordinated, they present a sp3

like hybridization and the bond angles at the central line
vary from ≈60◦ to 71◦ after relaxation. Comparatively, the
measured C-C bond distance after geometric optimization
is 1.58 Å, similar to the one at diamond (1.58 Å). The di-
vacancy line at Figure 6c increases the bond length of C
atoms localized close to the defect center and decreases the
bond length of atoms localized away of it. For the case of
48-LD system (Fig. 6d), the tetragonal ring presents two
different bond lengths (1.38 and 1.50 Å) and the octagon
presents different bond lengths and angles if compared to
the one at Figure 6a, with higher values at the center and
lower at the termination. At Figure 6e we have a punc-
tual defect created from a divacancy with the pentagons
presenting similar shape and bond angles which are very
similar to those at Figure 6a, the exception being the oc-
tagonal ring bonds which are larger. Finally, we have the
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Fig. 5. Pictorial scheme for two different types of line defects formed starting from divacancies in a graphene layer. At (a) we
have the formation of a line defect composed by two pentagonal rings (joined together by their bottom) and adjacent to one
octagonal ring (558-LD). At (b) we have a line defects composed by tetradecanal rings (14-LD). The black spheres represent
the removed atoms, which generate the divancancy.

Fig. 6. Pictorial scheme for the studied graphene systems presenting line defects ((a) 558-LD, (b) 4-LD, (c) 14-LD, and (d)
48-LD) and punctual defects ((e) 585-PD1 and (f) 585-PD2) after geometric optimization. Some bond lengths (in Å) and angles
are shown.

structure of 585-PD2 (Fig. 6f), which is very similar to
the previous one. Considering the magnetic properties of
these defective graphene layers, it is valid to notice that
none show any magnetization.

3.2 Graphene nanoribbons

3.2.1 Electronic properties

We have also investigated the modifications caused at the
electronic properties of ZGNRs due to the inclusion of line
defects and punctual defects. At Figure 7 we can see the
band structures of these systems.

The band structure of a pristine 10-ZGNR, as can be
seen at Figure 7a, presents the remarkable characteristic
of having part of the higher state at the valence band and
part of the lower state of conduction band degenerated at
the Fermi level. For these states opposite directions linear
dispersions can be also seen. The states at this region arise
due to ZGNR edge states and, as a result, a pronounced
peak is observed at the DOS shown at Figure 8a [12]. The
inclusion of a 558-LD at the pristine 10-ZGNR introduces

two new states, one above and one below the Fermi level
(see Fig. 7b). As a result, we have a more pronounced
peak at the Fermi level at the DOS and a smaller peak
just below Ef (Fig. 8b). Furthermore, there was a state
split at the conduction band. A similar result was also
seen for the graphene with the same line defect as can be
seen at Figures 3b and 4b. The incorporation, at the pris-
tine 10-ZGNR, of a 4-LD introduces two states at ≈1.0 eV
and ≈−0.5 eV (Fig. 7c). Also, the degeneracy is increased
at Ef and, as a result, we have the high density of states
observed around Ef at Figure 8c and two peaks in the re-
gion. These two states were also observed at the graphene
containing the same defect as can be seen at Figure 3c.
Therefore, the inclusion of 558- and 4-LD introduces close
to the Fermi level states in graphene and ZGNR.

The imbalance between the σ and π states introduces
sufficient electronic distortion to produce drastic alter-
ation of the band structure of a pristine 10-ZGNR when
we insert a 14-LD as shown at Figure 7d, which shows two
highly delocalized states crossing Ef , the absence of states
in the valence band and degenerated states at Ef . These
results are corroborated by the DOS shown at Figure 8d.
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Fig. 7. Band structures for the studied zigzag graphene nanoribbons: (a) Pristine 10-ZGNR and having line defects composed
by: (b) two pentagonal and one octagonal ring (558-LD-ZGNR), (c) tetragonal rings (4-LD-ZGNR), (d) tetradecanal rings (14-
LD-ZGNR), (e) one tetragonal and one octagonal ring (48-LD-ZGNR). At (f) and (g) we have the punctual defects composed
by two pentagons separated by one octagon in two different arrangements (585-PD1-ZGNR and 585-PD2-ZGNR, respectively).

Fig. 8. Densities of states calculated for the studied zigzag graphene nanoribbons: (a) Pristine 10-ZGNR and having line defects
composed by: (b) two pentagonal and one octagonal ring (558-LD-ZGNR), (c) tetragonal rings (4-LD-ZGNR), (d) tetradecanal
rings (14-LD-ZGNR), (e) one tetragonal and one octagonal ring (48-LD-ZGNR). At (f) and (g) we have the punctual defects
composed by two pentagons separated by one octagon in two different arrangements (585-PD1-ZGNR and 585-PD2-ZGNR,
respectively).

A 48-LD breaks the sublattice symmetry generating a de-
generated states along the Ef and a highly delocalized
state at the valence band (Fig. 7e). The density of states,
for this system, is shown at Figure 8e, where we can see a
narrow and large peak at Ef . At Figure 7f it can be seen
that the 585-PD1 introduces two new and degenerated
states along the Fermi level and another at the conduc-
tion band and also, a large peak is observed around Ef

at the DOS (Fig. 8f). These dispersionless states next the
Fermi level are also observed at the graphene containing
the same defect as can be seen at Figure 3f. Finally, Fig-
ure 7g shows that the band structure of 585-PD2 presents
three degenerated and flat states at the Fermi level region
with some highly delocalized levels crossing it. As a re-
sult, a large peak is observed at the Ef region at the DOS
shown at Figure 8g. It can be seen that the rotation of
585-PD or the creation of divacancies on different lattice
points in the lattice, in 10-ZGNRs, can change the states
near the Fermi level.

As a general trend, it is observed that the inclusion
of line and punctual defects in ZGNRs causes great vari-

ations at the electronic structure of these systems, in a
similar way that was observed for graphene. However, for
the case of ZGNRs the edge effects combined with states
which arise due to the defects inclusion [45], a large num-
ber of states is observed. Also, higher values for the DOS
at the Fermi level are observed for the ribbons if com-
pared to the graphene systems. In addition, Figure 9 shows
that the charge density is localized mainly at the edges,
as expected.

The energy bands states of majority and minority spin
are non degenerate for all ZGNRs and it is seen that all
the majority states are crossing the Fermi level. This phe-
nomenon implies the intense spin polarization and metallic
behaviour with the exception of 585-LD1-ZGNR, in which
there is an energy gap between the valence and the con-
duction bands.

3.2.2 Structural and magnetic properties

We have related the calculated formation energies with
the magnetic moment of the studied systems in order to
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Fig. 9. Charge densities for the studied zigzag graphene nanoribbons: (a) Pristine 10-ZGNR, with line defects (b) 558-LD-ZGNR,
(c) 4-LD-ZGNR, (d) 14-LD-ZGNR, (e) 48-LD-ZGNR, and with punctual defects (f) 585-PD1-ZGNR, and (g) 585-PD2-ZGNR.

Table 2. Formation energy (Efor) and the magnetic moment
by supercell (µ) for the studied zigzag graphene nanoribbons.

Nanoribbons Efor (eV) µ (µB)
10-ZGNR 0.00 1.0

558-LD-ZGNR 0.05 0.9

4-LD-ZGNR 0.17 1.3

14-LD-ZGNR 0.22 1.6

48-LD-ZGNR 0.16 2.0

585-PD1-ZGNR 0.08 2.0

5852-PD2-ZGNR 0.14 2.0

investigate the energy cost of a given defect and whether
or not it alters the ribbons magnetic properties. At Table 2
we have the results for the formation energy (Efor) for all
studied ZGNRs together with the magnetic moment by
supercell (μ).

It can be noticed, at first, that the formation energy
results are very similar to the ones observed for the de-
fective graphene systems. However, the same is not true
for the magnetic properties of the studied ZGNRs. First
of all, during the ribbons creation process and before H
passivation, we have the carbons at the edges presenting
one less σ and one less π bonds than the C at the rib-
bon inner part. The passivation process regenerates the
σ bond, however, the electrons at the pz orbitals are free
to recombine and present edge states with localized bands
at the Fermi level. The calculated magnetic moment is
shown at Table 2 and it can be seen that the higher μ
values are the ones presented by the 48-LD-ZGNR, 585-
PD1, and 585-PD2 systems and, amongst these, the defect
presenting the lowest energy cost is the 585-PD1.

As the last analysis, we calculate as the magnetic mo-
ment by supercell (μ) and formation energy (Efor) for the
ZGNR without defects as a function of the number of
zigzag chains (Nz) across the ribbons as can be seen at
Figure 10. As we increase the ribbons width we have ob-
served some kind of transition, indicating the switching
of the magnetic coupling between opposite ribbon edges
from the antiferromagnetic to the ferrimagnetic and ferro-
magnetic configurations. The results for formation energy
show that it decreases with the increasing of width for
Nz > 2.

Fig. 10. Magnetic moment and formation energy for defect
free zigzag graphene nanoribbons as a function of the number
of zigzag chains across the ribbons for Nz = (1–17).

4 Conclusions

In summary, through first-principles calculations, we have
investigated the changes at the structural, energetic, elec-
tronic, and magnetic properties of graphene and ZGNRs
due to the inclusion of several types of defects. It was
seen that, depending on the type of defect, the graphene
maintains its semimetallic character or becomes metallic
or semiconductor. The inclusion of different defects at the
perfect hexagonal lattice of graphene systems breaks the
translational symmetry of the crystal, leading to profound
changes in the low-energy electronic bands. In this man-
ner, the controlled growth of such structures suggests a
new way to tune the electronic properties of graphene,
which are extremely important to promote possible appli-
cations in a wide variety of nanoelectronic devices.

At the ZGNRs, the inclusion of defects plays an im-
portant role in controlling the states at the Fermi level,
which are manifested by pronounced peaks in the density
of states. These pronounced peaks at the Fermi level are
the result of edge effects combined with the states which
arise due to the defects inclusion and are very important

http://www.epj.org
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for the observation of many strongly correlated phenom-
ena such as ferromagnetism, superconductivity and frac-
tional quantum Hall effect in ZGNRs.

The defective ZGNRs structures show magnetic mo-
ment by supercell up to 2.0μB. For the defect free ZGNRs
it was seen that the ribbon width plays an important role
at both the formation energy and magnetic coupling be-
tween opposite edges, going from antiferromagnetic, to fer-
rimagnetic and ferromagnetic. Such behaviour can have
important implications at the spintronic.

We would like to thank the financial support given by the
Brazilian Agencies FAPESB, CNPq, INCT – Nanomateriais
de Carbono, and Capes/Nanobiotec.
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