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Effect of Vacancies on Electronic and Magnetic Properties
of Hydrogen Passivated Graphene Nanoribbons
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Using first-principles calculations we have demonstrated that electronic and magnetic properties of armchair
graphene nanoribbons are modified by introducing vacancies defects. The equilibrium geometries, electronic, charge
spin density distributions, electronic band structures, and magnetic moments were examined in the presence of
vacancies. We have found that introducing vacancies into armchair graphene nanoribbons changes the spatial
distribution of neighbor atoms, particularly those located around the vacancies. Our calculations showed that the
vacancies have significant effect on the magnetization of armchair graphene nanoribbons. Magnetic moment values
and electronic behavior in different configurations depend on the number of vacancies. These results suggest that
vacancy defects can be used to modify the electronic and the magnetic properties of armchair graphene nanoribbons.
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1. Introduction
The fascinating graphene nanoribbons (GNRs) are

quasi-one-dimensional structures of carbon. These struc-
tures can be constructed as strips of graphene sheet, the
two-dimensional honeycomb lattice of carbon with sp2

hybridization. Geometrically two main types of GNRS
can be can exist: zigzag edge and armchair edge [1, 2].
The edge geometry is the key parameter which deter-
mines the electronic properties of the nanoribbons [3–6].
Density functional calculations show that all GNRs are
semiconductors with band gaps which depend on their
width and edge geometry. For example, the energy gaps
of the armchair GNRs depend on the number of dimer
lines Na along the ribbon width. Armchair GNRs (AG-
NRs) withNa = 15 (Na = 3p) andNa = 16 (Na = 3p+1)
display energy gaps Eg = 556 meV and Eg = 657 meV
respectively, whereas the armchair GNR with Na = 17
(Na = 3p+2) is predicted to exhibit a much smaller gap
Eg = 118 meV [6–12].

Moreover, the electronic structure of graphene
nanoribbons can be modified by chemical functionaliza-
tion. A large variety of electronic and magnetic proper-
ties, such as semiconducting with a wide range of band
gap, metallic, ferromagnetic, antiferromagnetic, half-
metallic, half-semiconducting, can be obtained by chemi-
cal modifications of the nanoribbons leading for different
options of functionalizations of these materials [13–16].

From a practical point of view, when nanoribbons are
fabricated they will have usually some structural de-
fects. Vacancy defects are among the most probable
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ones. These defects should be taken into account in prac-
tical aspects of the electronic properties in nanodevices
based on graphene nanoribbons [17]. Elsewhere, it is well
demonstrated that high electrons and ions radiations on
GNRs induce structural defects such as vacancies show-
ing an alternate ferromagnetic and antiferromagnetic be-
havior of the structure [17–22].

The study of the effects of defects on graphene nanorib-
bons is interesting because their band gap, magnetic state
and symmetry are expected to be influenced. Calcula-
tions based on the mean-field Hubbard model by Palacios
et al. [23], have revealed interesting electronic and mag-
netic properties of single vacancy and voids in armchair
nanoribbons. Topsakal et al. [24] have demonstrated that
the band-gap of GNR changes depend on the width of the
ribbon as well as on the position of the void relative to
the edges of the ribbon. Repeating vacancy or divacan-
cies in GNR induce metallization as well as magnetiza-
tion in nonmagnetic semiconducting nanoribbons due to
the spin polarization of local defect states. Antiferromag-
netic ground state of semiconducting zigzag ribbons can
change to ferrimagnetic state upon creation of vacancy
defects. Experimental results obtained by Meyer et al.
shows clearly a vacancy defect on GNR. The formation
of these defects is observed in situ [25].

In this article we will study theoretically the effects
of vacancies defects on electronic and magnetic proper-
ties of graphene nanoribbons using DFT implemented in
SIESTA code.

2. Computational methods

The atomic-scale reconstructions are carried out by us-
ing the density functional theory implemented within the
SIESTA simulation package [26, 27]. Standard norm-
conserving Troullier–Martins pseudopotential is utilized
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to describe the interaction between valence electrons and
the atomic core [28]. The graphene nanoribbon is in-
scribed in the yz plane forming a rectangle of sides
of 16.68 Å and 15.62 Å. The supercell containing this
nanoribbon has the following dimensions: 25 Å in x di-
rection, 25 Å in z direction and 17.04 in y direction.
GNR is composed by 120 atoms; 104 carbon atoms and
16 hydrogen ones. The generalized gradient approxima-
tion (GGA) in the framework of functional proposed by
Perdew, Burke, and Ernzerhof (PBE) was adopted for
exchange and correlation [29]. Kinetic energy cutoff was
400 Ry, and double-ζ plus polarization (DZP) basis set
is chosen in the numerical calculation. All nanostructure
geometries were relaxed until atomic forces were below

0.01 eV/Å. In all our relaxation calculus of AGNR struc-
ture, the Brillouin zone (BZ) is sampled by 1 ×16 ×1 spe-
cial k points and the interatomic forces were smaller than
0.01 eV/Å and the energy of convergence between two
steps were chosen equal to 10−5. The conjugate gradient
method is used to optimize all our AGNR structures.

3. Results and discussion

3.1. Structural relaxation

Figure 1 shows the fully relaxed atomic structures of
pristine and defected GNRs with 1, 2,3,4,5,6, 12 and 16
vacancies (voids) where carbon atoms are removed.

Fig. 1. Relaxed structures of A-pristine AGNR and B, C, D, E, F, G, H and I AGNRs with 1, 2, 3, 4, 5, 6, 12 and 16
vacancies.
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The relaxed pristine GNR (Fig. 1A) is constituted as a
honeycomb structure with C–C distance equal to 1.43 Å.
Figure 1B shows the fully relaxed one vacancy-GNR. It
exhibits extended C–C bond lengths in comparison with
those of standard pristine GNR. It is important to note
that in our calculation no Jahn–Teller distortion was ob-
served. All carbon atoms are described in the plane of
the structure. Two of the three dangling bonds are con-
nected to each other and towards the missing atom. We
have to note that such as effect has been already obtained
by earlier studies. While some have reported planner
structure [22] others have found non-planar structures
with different out-of-plane displacements [30–32]. The
three dangling bonds surrounding the vacancy tend to
form one reconstructed bond with length of 2.07 Å that
has to be compared to the 2nd neighbors distance of
2.46 Å in pristine honeycomb. The formation energy
of the V1(5-9)defect is quite high. Ab initio calcula-
tions provide a value of 8 eV similar to that obtained
by El-Barbary et al. [30].

Based on single vacancy defects, if there is another
loss of a carbon atom, it will be a divacancy defect.
The divacancy –GNR, as shown in Fig. 1C exhibits a
5-8-5 [33, 34] scheme which possesses a D2h symmetry
since two pentagons and one octagon bond appear in-
stead of four hexagons in perfect GNRs. The 5-8-5 de-
fects makes the GNRs remarkably shrink toward the cen-
ter of the octagon and correspondingly, the four hexagons
that connected with the octagon have been twisted by a
certain angle. The C–C length is approximately reduced
to 4.05 Å compared with the pristine C–C bond length
(4.86 Å). A similar results are obtained by Tarawneh et
al. [32]. It is found that the length of the newly formed
C–C bond substantially stretches to 1.64 Å and the other
C–C bonds that form the octagon. Comparable results
are obtained by Zhao et al. [35]. The defect has forma-
tion energy of about 8 eV, which is of the same order as
a single vacancy.

One step further would be the transformation of the
second vacancy defect into more complicated vacancy
defects by the removal of more carbon atoms result-
ing in larger and more complex defect reconstructions.
The next targeted defected GNR is the three vacancies,
noted below as 3-v-GNR created by missing three car-
bon atoms. Figure 1D shows the relaxed 3-v-GNR. A
C–C distance around the voids produced by the vacan-
cies seems to be shorter than in pristine GNR. For ex-
ample, the bond length of C12–C4 bound equal to 3.71 Å
where it is about 4.23 Å in the pristine GNR. Figure 1E
to 1I represent the relaxed configurations of four to six-
teen vacancies in GNRs. Same remarks as done for first
structures can be mentioned.

Figure 2 shows the variation of formation energy per
atom versus number of vacancies. A linear variation
can be seen easily. More is the number of vacancies,
greater is the instability of the structure. Vacancy
formation is an endothermic process. Consequently,
these defected configurations tend to minimize their en-

Fig. 2. Variation of formation energy per atoms versus
number of vacancies.

ergy by absorbing or adsorbing atoms or molecules. This
effect will be studied in our future articles.

Vacancy concentration of 9% is made possible for
graphene synthesized through the chemical reduction of
graphene oxide [36] and an even higher vacancy concen-
tration might be possible for graphene oxide with 30%
mass loss after thermal exfoliation [37]. In addition, ac-
cumulation of irradiation-induced damage using molecu-
lar dynamics simulation reveal that graphene membrane
with vacancy concentrations of at least 35% does not
show any signs of structural failure [38].

Figure 1 G,H and I exhibits what we commonly named
flower defects. Flower defect is a nonlinear topologi-
cal defect consisting of centro-symmetric forms. Accord-
ing to study of Ref. [39], flower defects are energetically
more favorable. When graphene is produced at high tem-
peratures, some of the graphene sections cut loose [39].
When cooled, these sections rotate and patch up on the
graphene lattice in a non-linear manner like a flower.
Hence this defect is named as flower defect. For the 6-
vacancies (6V) GNR, the void produced is very symmet-
ric. Such a results are obtained by Islam et al [40].

3.2. Electronic and magnetic properties

Vacancies in graphene have been proposed to give rise
to like magnetism in carbon materials, a conjecture which
has been supported by recent experimental evidence.
The main element in this “vacancy magnetism” is the
formation of magnetic moments in vacancy-induced elec-
tronic states [41].

Firstable, the band structure of perfect 13-AGNR was
calculated and plotted in Fig. 3. As shown, this nanorib-
bon is a semiconductor with a band gap of about 0.96 eV.
Table I shows that the pristine nanoribbon exhibits a
nonmagnetic (NM) behavior with a zero magnetic mo-
ment. Son et al. [42] show that all armchair GNRs are
semiconductors with energy gaps which decrease as a
function of increasing ribbon widths. No magnetism has
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been found in armchair GNRs. We easily remark that
there are four important subbands which dominate the
electronic behaviors of the GNR. These subbands are
constituted by the π bonds of carbon atoms, and have
different shapes. These results are corroborated by those
obtained by Sun et al. [43]. It can be seen also that op-

posite spin polarization bands of the pristine AGNR are
completely degenerate. The highest occupied band A
and the lowest unoccupied band A’ move away from the
Fermi level at the Γ point, opening a symmetric band
gap, thereby the band structure of the pristine AGNR
manifests semiconductor properties [44].

Fig. 3. Bands structures of A-pristine AGNR and B, C, D, E, F, G, H and I AGNR with 1, 2, 3, 4, 5, 6, 12 and 16
vacancies (Fermi level is drawn with dashed line).
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TABLE I

Gap energies, magnetic moment and nature of AGNRs
with different number of vacancies.

Number
of vacancies

Eg [eV] M (µB)
Nature

of material
0 0.98 0 Sc

1 0.0 1.65 metal

2 0.33 0 Sc

3 0.0 1.00 metal

4 0.46 2.00 Sc

5 0.10 5.93 Sc

6 0.47 6.00 Sc

12 1.36 0 Sc

16 1.23 8.00 Sc

After introducing a single vacancy, the NM ground
state changes to a ferromagnetic (FM) state and the re-
sulting magnetic moment of the super cell is equal to
1.65 µB. These results are in excellent agreement with
those obtained by Longo et al. [45]. This value is rel-
atively small compared with other defected GNRs be-
cause of the relative relaxation of carbon atoms near
the position of the vacancy and the interaction with the
edge. Carbon atom numbered 7 in Fig. 1 contributes
to the major part for the magnetic moment. Since the
vacancy site is located at the center of the nanoribbon,
the spin around the vacancy is strongly distributed and
the semiconducting state changes to a metal-like state
(see Fig. 3B). More recently, Safari et al. [46], using the
VASP code, have obtained a magnetic moment of about
0.79 µB for an armchair graphene nanoribbons. These
differences are due to different used codes and the size
of the AGNR.

Fig. 4. Total density of states of A-pristine AGNR and defected AGNRs (B, C, D, E, F, G, H and I) with 1, 2, 3, 4,
5, 6, 12 and 16 vacancies (black line are spin-up contribution and red line are spin-down one).



1312 S. Haffad, L. Benchallal, L. Lamiri, F. Boubenider, H. Zitoune, B. Kahouadji, M. Samah

GNR with divacancy has a net zero magnetic moment
when two carbon atoms are removed from different sub-
lattices (A and B). This is due to the antiferromagnetic
coupling of A–B sublattices. The same results are ob-
tained by Tarawneh et al. studying 6-ZGNRs [32]. The
5-8-5 defect creates a defect state labeled g that appears
slightly above the Fermi level. This g-state hybridizes
with the A-A’-bands to evolve into the B and B’-bands.
The defect subband induced by the asymmetric 5-8-5 de-
fect, denoted by γ does not cross the Fermi level, in good
agreement with results of Zhao et al. [47]. Correspond-
ingly, the dispersion between its highest occupied B-band
and the lowest unoccupied B’-band at the Γ -point is sub-
stantially narrowed.

For 3-vacancies defected GNR, the electronic bands
structure is depicted in Fig. 3D. The calculated band
gap is about 0.52 eV. The three unoccupied subbands lie
very closely with the Fermi level. The estimated mag-
netic moment is about 1 µB. The most major part on
this magnetic moment come from the contribution of the
atom labeled 12 in Fig. 1. This contribution is about
0.9 µB.

4-V, and 6-V, respectively GNRs with four and six va-
cancies, exhibit a medium energy gaps (0.45 and 0.54 eV,
respectively). Their magnetic moments equal to 2 and
6 µB. 4-V and 6-V have the greatest magnetic moments
because of the highest number of dangling bonds. Else-
where, Jokar and Moslemi [48], studying the armchair
11-GNR, have obtained that 4-vacancies triangle-type re-
mains metallic either the position of the void. They ob-
tain also that 6-V GNR is always semiconductor with
gap between 0.09 to 0.89 eV depending on the position
of the void. These differences can be explained by the
width of ribbons around the vacancy and vacancy loca-
tion. Topsakal et al. [26], using the VASP package, have
demonstrated that the 6-V-GNR properties depend on
the width of nanoribbons and the position of the void.
In addition, states localized around the defect form flat
bands near the edge of valence and conduction bands
because of their reduced coupling. These results are in
agreement with previous works revealing states localized
at the vacancy defect [49–51]. The 5-v GNR exhibits an
indirect gap and magnetic moment of about 5.93 µB. 12-
v and 16-v GNRs are semiconductors with approximately
the same gaps, equal to 1.41 eV and magnetic moments
about 0 and 8 µB, respectively. From Fig. 4, we see that
12-v and 16-v GNRs are semiconductors with approxi-
mately the same gaps, equal to 1.41 eV and magnetic
moments about 0 and 8 µB respectively.

4. Conclusion

The first-principles pseudopotential method combined
with the generalized gradient approximation has been
employed to study the structural, electronic and mag-
netic properties of AGNRs with vacancies. We optimized
the equilibrium structures of 13-AGNR with a several
vacancies complexes. It was found that introducing va-
cancies into the AGNR changes the arrangement of the

atoms that are located around the vacancies. Our calcu-
lations demonstrated that vacancies can impose a signifi-
cant effect on the magnetization and electronic structure
of graphene nanoribbons.
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