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Abstract
The magnetism in graphene due to single-atom defects is examined by using spin-polarized
density functional theory. The magnetic moment per defect due to substitutional atoms and
vacancy defects is dependent on the density of defects, while that due to adatom defects is
independent of the density of defects. It reduces to zero with decrease in the density of
substitutional atoms. However, it increases with decrease in density of vacancies. The graphene
sheet with B adatoms is nonmagnetic, but with C and N adatoms it is magnetic. The adatom
defects distort the graphene sheet near the defect perpendicular to the sheet. The distortion in
graphene due to C and N adatoms is significant, while the distortion due to B adatoms is very
small. The vacancy and substitutional atom (B, N) defects in graphene are planar in the sense
that there is in-plane displacement of C atoms near the vacancy and substitutional defects. Upon
relaxation the displacement of C atoms and the formation of pentagons near the vacancy site
due to Jahn–Teller distortion depends upon the density and packing geometry of vacancies.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The unconventional magnetism observed in carbon-based
materials has attracted a great deal of interest in metal-
free magnetic materials due to their technological advantages
over metallic magnetic materials [1]. The local magnetic
moments having strong long range magnetic coupling are
responsible for the high-temperature magnetism observed
in carbon-based materials [2]. The occurrence of high-
temperature ferromagnetism in purely sp-bonded materials is
a major challenge to the existing theoretical understanding
of magnetic interaction mechanisms in d electron systems.
A chemical or structural defect in carbon-based materials
may lead to local magnetic moments due to the presence
of under- or over-coordinated atoms. A number of factors,
including dislocations, vacancies and impurity atoms, have
been proposed which possibly give rise to the magnetism in
carbon-based materials [3–12]. Graphene (a single sheet of
graphite) is one such carbon-based material. Ideal graphene

3 Present address: Max-Planck-Institut für Festkörperforschung Heisen-
bergstrasse 1, Stuttgart, Germany.

is nonmagnetic. However, the presence of defects induces
magnetism in graphene [4, 6, 8, 13]. Defects in graphene
can be created intentionally by irradiating the material with
ions [2, 14]. The single-atom defects in graphene also give rise
to quasi-localized states near the Fermi level [15, 16]. The fact
that quasi-localized states lie at the Fermi level suggests that
itinerant magnetism can be induced due to electron exchange
instability [17]. Recently, the impurity and defect induced
magnetism in graphitic sheets and nanotubes of boron nitride
have also been reported by many authors [18–20]. Lattice
distortions like cracks and large voids can induce localized
states at the Fermi level which lead to the local magnetic
moments in graphene [21].

The novel ways of manipulating magnetism in graphene
are through vacancies, substitutional atoms and adatoms.
Substitutional doping of B and N atoms can provide more
control over the electronic and magnetic properties of graphene
as B and N have one electron less or more than C, while
they have the same atomic radius as C. The study of impurity
induced magnetism in graphene is important for many reasons
including: (1) the mechanism of unconventional magnetism
in carbon-based systems is still not fully understood, the
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contributions from small element impurities like N and B
cannot be excluded; (2) magnetism induced by B and N
impurities along with electronic properties may be controlled
by controlling the content of these impurities. Moreover, due
to increasing interest in spintronic devices the magnetism in
graphene has attracted more attention [22–27]. Stable and
tunable magnetism in graphene will lead to many technological
applications. Recently, a defective graphene phase has
been predicted to be a room temperature ferromagnetic
semiconductor [27]. It is also shown that the energy band gap
and magnetic coupling strength can be varied by varying the
defect concentration [27]. The ballistic electronic conductivity
observed in graphene has also attracted a lot of attention
because of its technological applications [28]. There are still
many issues which need to be addressed. How does the
impurity induced magnetism in graphene depend upon the
concentration and packing geometry of defects? Is the impurity
induced magnetism tunable by controlling the impurity defect
concentration and/or the packing geometry of defects? In
this paper we carried out spin-polarized density functional
theory calculations on the magnetism in graphene induced by
single-atom defects. Our main focus is on the dependence
of magnetism on the concentration and packing geometry of
defects in graphene.

2. Computational methods and models

We investigated magnetism in graphene using spin-polarized
density functional theory (DFT) and the generalized gradient
approximation (GGA) [29] as implemented in the Vienna ab
initio simulation package (VASP) [30, 31]. We used projector
augmented wave (PAW) pseudopotentials [32, 33] to describe
the core (1s2) electrons and valence electrons ((2s2, 2p1) for B,
(2s2, 2p2) for C and (2s2, 2p3) for N). A kinetic energy cutoff
of 400 eV was used to converge the total energy of our systems
to within meV. The Monkhorst–Pack k-point mesh of 3×3×1
(� point included) was used for Brillouin zone integration. The
electronic smearing used in the present calculations is 0.02
which is very small and corresponds to about 232 K. The total
energy and magnetic moments of model samples studied in
this computational work almost converge to constant values
for the kinetic energy cutoff of 400 eV and the Monkhorst–
Pack k-point mesh of 3 × 3 × 1 (� point included). The
size of the supercell was varied to vary the concentration of
defects in graphene. The supercells were constructed with
a 10 Å vacuum gap normal to the graphene sheet so that
interactions between graphene and its images are negligible.
The supercells used for calculations consist of 48, 60, 80 and
100 atoms which in terms of x, y, z dimensions are defined
as (12.778 00, 9.838 00, 10.000 00), (12.778 00, 12.297 56,
10.000 00), (17.034 00, 12.297 56, 10.000 00) and (21.300 00,
12.297 56, 10.000 00), respectively. All calculations were
performed in the spin-unrestricted manner. The minimum of
total energy was found using conjugate gradient optimization.
All atoms were fully relaxed until the change in forces on
the ionic displacements was below 0.01 eV Å

−1
. The model

systems for ideal graphene and defected graphene are shown
in figure 1. We used four model systems with different sizes

Ideal graphene

Vacancy

Substitutional atom

Adatom

(a)

(b)

(c)

(d)

Figure 1. The model samples of (a) ideal graphene, (b) graphene
with one atom vacancy, (c) graphene with one substitutional atom
and (d) graphene with one adatom defect.

to study the effect of the concentration and packing geometry
of defects on the magnetic properties of graphene. In 48- and
60-atom models the distance between defects is the same along
the x-axis but different along the y-axis. In 80- and 100-atom
models the distance between defects is the same along the y-
axis but different along the x-axis. The formation energy of a
single-atom vacancy (EV) is defined as [34]

EV = Egraphene+vacancy − N − 1

N
Egraphene, (1)

while the substitutional energy (Esub) [35] of substitutional
defects and the adsorption energy (Ead) [11] of adatom defects
in model samples of defected graphene are calculated by using
the following relations

Esub = Egraphene+sub. − N − 1

N
Egraphene − EX, (2)

Ead = Egraphene+adatom − Egraphene − EX, (3)

where N in the number of carbon atoms in the model sample
of ideal graphene. EX, Egraphene, Egraphene+vacancy, Egraphene+sub.

and Egraphene+adatom are the energies of an isolated spin-
polarized atom X (B, C, N), graphene, graphene + vacancy,
graphene + substitutional atom and graphene + adatom
systems, respectively.
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Table 1. The cohesive energy of model samples of ideal graphene (Ec), and formation energies of a single-atom vacancy (EV), the
substitutional energy (Esub) of a substitutional defects and adsorption energy (Ead) of adatom defects in the model samples of defected
graphene.

Esub (eV/atom) Ead (eV/atom)

Ec (eV/atom) EV (eV/atom) Substitutional atom Adatom

No. of atoms in the model Ideal graphene Vacancy B N C B N

48 8.02 7.77 5.40 4.48 1.63 1.10 0.97
60 8.02 7.80 5.37 4.44 1.65 1.06 0.98
80 8.02 7.80 5.42 4.50 1.63 0.97 0.98

100 8.02 7.80 5.45 4.50 1.60 1.05 0.93
50 1.40a 0.93b

128c 7.7
8.57d, 8.69e

Exp. [41] 7.0 ± 0.5
Graphite (exp. [39]) 7.37

a Reference [51]; b reference [11]; c reference [40]; d reference [37]; e Reference [38].

3. Results and discussion

Graphene sheet is a bipartite lattice which can be viewed as
two interpenetrating hexagonal sublattices of carbon atoms
(say labeled as α and β) [16]. A defect created in the α

sublattice breaks the symmetry between α and β sublattices
giving rise to magnetic quasi-localized states in the β sublattice
and vice versa [12, 36]. A number of defects are possible in
graphene. In the present study, we studied only the simple
single-atom defects in graphene as shown in figure 1. These
defects in the model samples of graphene are considered to
form a periodic two-dimensional superlattice of defects. The
model samples of ideal graphene with 48, 60, 80 and 100
atoms are relaxed using the conjugate gradient optimization as
mentioned in section 2. The cohesive energy of the optimized
structure of each model sample of ideal graphene is given in
table 1. We find that the cohesive energy of each model sample
is equal to 8.02 eV/atom which is in good agreement with the
previous theoretical [37, 38] and experimental results [39]. The
vacancy, substitutional atom and adatom defects are created
in these model samples of graphene as shown in figure 1.
The created defects in model samples of defected graphene
are relaxed with the same procedure as for ideal graphene.
The formation energies of defects, magnetic moments and
bond lengths in the optimized structures of model samples
of defected graphene are given in tables 1–3. The defected
graphene shows magnetism depending upon the type and
concentration of defects. In the following, we will discuss in
detail the results for the above mentioned three types of defects.

3.1. Vacancy defects

In this section we discuss the vacancy defects in graphene.
The vacancy defects in graphene break the symmetry in the
π -electron system of C atoms in graphene. This symmetry
breaking gives rise to the magnetic quasi-localized states in
graphene [12, 36]. The formation energies and magnetic
moments of these defects in the model samples studied in this
paper are given in tables 1 and 2. We find that the formation
energy of vacancy defect in graphene is equal to about 7.8 eV
which is good agreement with the previous theoretical [40] and

Table 2. The magnetic moment of model samples of defected
graphene with single-atom defects. The vacancy defect induced
magnetism in graphene depends upon the possibility of covalent
bonding between the first nearest neighbors to the vacancy site. The
formation of a pentagon (see figure 2(a)) saturates two of the three
dangling bonds, but the remaining unsaturated bond is responsible
for a magnetic moment of about 1 μB. In 60-atom sample models,
the formation of two pentagons left two dangling bonds partially
saturated and gave rise to a fractional magnetic moment of about
0.45 μB.

Magnetic moment (μB/defect)

Substitutional atom Adatom
No. of
atoms in
the model Vacancy B N C B N

48 0.89 0.53 0.46 0.44 0.02 0.56
60 0.45 0.56 0.54 0.44 0.00 0.56
80 0.93 0.00 0.00 0.44 0.00 0.56

100 1.14 0.00 0.00 0.44 0.00 0.56
128 1.04a

50 0.45b 0.57c

a Reference [10]; b reference [51]; c reference [11].

experimental results [41]. As the symmetry between sublattice
α and sublattice β is locally violated near the vacancy, the net
magnetic moment is induced around it. The magnetic moment
per defect induced in graphene due to a vacancy is found to be
dependent upon the defect concentration and packing geometry
of defects.

After removal of one C atom, each of the three
neighboring C atoms now has one sp2 dangling bond. Upon
relaxation the vacancy defect undergoes Jahn–Teller distortion
where the neighbor atoms to the vacancy site undergo a
displacement and form weak bonds [42, 43]. The local
threefold symmetry breaks down due to the Jahn–Teller
distortion induced by reconstruction of the dangling bonds left
after removing one C atom. This gives rise to the in-plane
displacement of other C atoms near the vacancy site in the
graphene lattice. The C atoms in the vicinity of the vacancy
site have a C–C bond length between 1.43 and 1.44 Å. The
displacement of C atoms and formation of pentagons due to
the formation of weak bonds near the vacancy site depends
upon the vacancy packing geometry (see figures 2(a) and (b)).
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Table 3. The C–X bond lengths between substitutional atom X (X = B, N) and C atoms, the bond lengths between adatoms (C, B, N, labeled
as Cad, Bad or Nad) and C atoms (Cd) bonded to adatoms in the relaxed model structures of graphene. The C–C bond length in ideal graphene
samples is equal to 1.42 Å.

Bond length (Å)

Substitutional atom Adatom

B N Cad Bad Nad

No of atoms in the model C–B C–N Cd–Cad Cd–Cd Cd–Bad Cd–Cd Cd–Nad Cd–Cd

48 1.48 1.41 1.52 1.57 1.84 1.46 1.45 1.56
60 1.48 1.41 1.52 1.58 1.83 1.46 1.45 1.57
80 1.48 1.41 1.51 1.58 1.83 1.47 1.45 1.58

100 1.48 1.41 1.51 1.58 1.84 1.46 1.45 1.57
1.51a 1.56a

50 1.45b 1.58b

a Reference [53]; b reference [11].

In figures 2(a) and (b) additional bonds are shown to indicate
the displacement of atoms and the formation of weak bonds
after the relaxation of a vacancy defect created in graphene.
In 48-, 80- and 100-atom model samples the weak bonds
formed have bond lengths equal to about 2.40 Å, while in
60-atom sample models these bonds are equal to 2.42 Å.
The vacancy defect induced magnetism in graphene depends
upon the possibility of covalent bonding in C atoms near the
vacancy site. The formation of pentagons (see figures 2(a)
and (b)) partially saturates the three dangling bonds and gives
rise to the fractional local magnetic moment near the vacancy
site. In 48-, 80- and 100-atom model samples this fractional
magnetic moment is close to 1 μB. However, the formation
of extra bonds near the vacancy site in the 60-atom model
sample gives rise to a reduced magnetic moment of about
0.45 μB. According to the structural dimensions of model
samples as given in section 2 the vacancy defects in the 60-
atom model sample form a nearly square superlattice, while in
other samples vacancy defects form a rectangular superlattice.
A magnetic moment of 1.15 μB has been predicted for the
closest packing of vacancy defects [12] in a graphene sheet.
Lehtinen et al [10] have predicted a magnetic moment of 1.04
μB for the ground state of vacancies in a graphite sheet.

For the vacancy defect, the total magnetic moment is
determined by the contribution of localized sp2 dangling bond
states and extended quasi-localized defect states (localized pz

orbitals). Magnetism in carbon systems due to vacancies
depends strongly on their concentration as well as the local
bonding environment [44]. With increasing vacancy density
the magnetization decreases monotonically [44]. But our
results show that the magnetization induced in graphene
sheets decreases non-monotonically with increasing vacancy
density depending upon the packing geometry of defects.
The dependence of magnetism due to vacancy defects on
the concentration and packing geometry is due to the
difference in the structural changes induced by the relaxation
of vacancy defects in graphene. Ruderman–Kittel–Kasuya–
Yosida (RKKY)-type interactions between the local magnetic
moments induced at the vacancy sites are also responsible for
this dependence because the RKKY interactions decay as r−3

where r is the distance between the defects [21]. According
to the Stoner picture the magnetic ordering is driven by the

exchange energy which depends upon the pz orbitals of carbon
atoms. Ferromagnetic ordering is the only possibility for the
magnetism originating from the quasi-localized states induced
by defects in the same sublattice because of the non-oscillating
behavior of magnetization within the same sublattice and
indirect RKKY interaction due to the semi-metallic properties
of graphene [21].

3.2. Substitutional atom impurities

The substitutional B and N atoms are sp2 hybridized like the C
atoms in a graphitic network. If a N atom dopant does not
occupy the substitutional sp2 site in a graphitic network, it
is adsorbed on the surface of the graphitic network [45, 46].
The N atom contributes two electrons, while the B atom
contributes no electron to the π -electron system of C atoms.
The substitutional atom and vacancy defects in graphene
break the symmetry in the π -electron system of C atoms
in graphene. This symmetry breaking gives rise to the
magnetic quasi-localized states in graphene [12, 36]. The
formation energies and magnetic moments of these defects in
the model samples studied in this paper are given in tables 1
and 2. The substitutional energies for B and N substitutional
defects in graphene model samples are given in table 1. The
substitutional energies for B and N substitutional defects are
about 5.4 and 4.5 eV, respectively. The magnetic moment
per defect induced in graphene due to substitutional atoms
(B, N) is about 0.5 μB (see table 2) in 48- and 60-atom
model samples. However, it is zero in 80- and 100-atom
model samples. Thus, B and N substitutional atoms induce
magnetism in graphene depending upon the defect density
concentration. The magnetism induced due to substitutional
atoms in graphene can be understood due to the fact that a
donor (acceptor) atom forms a narrow band above (below)
the Fermi level (the Dirac point in graphene) [47, 48]. Here
N is the donor atom and B is the acceptor atom. When the
defect density is low enough the charge transfer from defect
bands to π bands is complete and no magnetism is induced
in graphene. However, when defect density reaches a critical
density the Fermi level reaches the defect band resulting in
a high density of defect states at the Fermi level. According
to the Stoner criteria this leads to the development of a net
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(a)

(b)

(c)

Figure 2. The relaxed structures of (a) a vacancy in 48-, 80- and
100-atom model samples, (b) a vacancy in 60-atom model sample
and (c) adatom defects in the model samples of graphene. The
vacancy defect is planar in the sense that displacement of atoms near
the vacancy site is in plane. The extra bonds near the vacancy are
shown to indicate the displacement of atoms near vacancy site and
formation of weak bonds after relaxation of vacancies in graphene.
In 48-, 80- and 100-atom model sample these weak bonds are about
2.40 Å, while in the 60-atom sample these are about 2.42 Å. The
adatom distorts the graphene sheet perpendicular to the plane of the
sheet. The distortion in the case of C and N adatoms is significant,
while in the case of B adatoms it is very small.

magnetic moment in graphene [49]. The local magnetic
moments having strong long range magnetic coupling are
responsible for the high-temperature magnetism observed in
carbon-based materials [2]. The magnetic moment of about 0.5
μB can be explained by the fact that the substitutional doping
of a B or N atom for a C atom in graphene breaks the symmetry
between α and β sublattices. When a substitutional defect is
created in an α sublattice the π electron in the pz orbital of
the corresponding C atom in the β sublattice is shared between
the defect state of the substitutional atom and the pz orbital

of the C atom of the β sublattice. The half electron shared
by the defect state gives to a magnetic moment of about 0.5
μB. We also found that substitutional defects are planar in the
sense that there is in-plane displacement of C atoms near the
substitutional defect. In the relaxed structures of graphene, the
B–C bond length is equal to 1.48 Å and the N–C bond length
is equal to 1.41 Å.

3.3. Adatom impurities

There are different structures possible for adatom defects in
graphene [11, 50]. But in this paper we consider only the
bridgelike structures of adatoms on the graphene surface as
shown in figure 1(d). This is similar to the behavior of C and
O atoms on the graphene surface [51, 52]. Li et al have also
shown that bridgelike structures of C adatoms on graphene are
most stable [53]. The adsorption energies of different adatom
defects in model samples studied in this paper are given in
table 1. We find that the adsorption energy of a B adatom is
almost the same as that of a N adatom but smaller than that
of a C adatom. The calculated adsorption energies for C and
N adatoms in our model samples are in quite good agreement
with the previous reported results [11, 51]. The bond lengths in
the relaxed model samples of defected graphene with different
adatoms are given in table 3. The C, B and N adatoms are
labeled as Cad, Bad, and Nad, respectively. The C atoms bonded
to adatoms are labeled as Cd. The adatom defects distort the
graphene sheet perpendicular to the plane of the graphene sheet
near the defect (see figure 2(c)). The bond lengths as given
in table 3 show that the distortion in the case of Cad and Nad

defects is significant, while in the case of the Bad defect it
is very small. The C–Cd bond length between Cd atoms and
other C atoms in the graphene sheet is 1.46 Å in the case of
Cad and Nad defects, while it is 1.43 Å for Bad defects. The
Cd–Cd bond length is about 1.58 Å for Cad, Nad defects, and
about 1.46 Å for Bad defects. The Cd–Cd bond length in the
case of Cad and Nad defects is close to the C–C bond length
(1.54 Å) in diamond [39]. This shows that for these defects
Cd atoms become sp3 hybridized. The Cd–Cad bond is about
1.52 Å which is also close to the C–C bond length (1.54 Å) in
diamond. The Cd–Bad and Cd–Nad bond lengths are 1.83 and
1.45 Å, respectively. The Cd–Cd, Cd–Cad and Cd–Nad bond
lengths are consistent with the results already reported in the
literature [11, 53].

Table 2 shows that magnetic moments induced due
to adatoms are independent of the adatom-defect density
concentration. It is 0.44 μB due to the C adatom and 0.56
μB due to the N adatom. The magnetic moment induced
due to the B adatom is zero. Thus, the graphene with C
and N adatoms is magnetic while that with B adatoms is
nonmagnetic. The magnetic moment due to C adatoms on
graphene has been explained by counting arguments that two of
four valence electrons of the C adatom participate in covalent
bonding with the C atoms in graphene, one electron goes to
the sp2 dangling bond of the C adatom and the fourth one
is shared between the sp2 dangling bond and the pz orbital
of the adatom [10, 51]. The pz orbital of the C adatom is
orthogonal to the π orbitals of graphene and cannot make any
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bands. Consequently, the pz orbital remains localized and spin-
polarized. Thus, the half electron shared by the pz orbital gives
rise to a magnetic moment of about 0.5 μB. The magnetic
moment of 0.44 μB due to the C adatom in our model samples
is in good agreement with previous results of 0.44 μB [10].
The magnetic moment induced due to an adatom also depends
upon the coupling between the π orbitals of graphene and the
p orbitals of the adatom [11]. In the N adatom two valence
electrons are involved in making covalent bonds with the C
atoms of graphene, two electrons form a lone pair and the
remaining fifth electron in the pz orbital gives rise to a magnetic
moment of 0.56 μB which is slightly higher than that due to
the C adatom. Due to the repulsion from the lone pair, the
pz orbital of the N adatom is not completely orthogonal to the
π orbitals of graphene and forms a polarized band near the
Fermi level. This partially filled band gives rise to a fractional
magnetic moment of 0.56 μB. However, in the B adatom
two valence electrons are involved in covalent bonding with C
atoms of graphene and a third electron is in the s orbital of the
adatom which is not orthogonal to the π orbitals of graphene
and forms bands with them. Consequently, B adatoms do not
induce any magnetism in graphene. The magnetic moments
induced due to C and N adatoms are independent of adatom-
defect concentration because the magnetic moment due to C
and N adatoms depends mainly upon the coupling between
the π electrons and pz unpaired electrons of adatoms. This
coupling is independent of the adatom-defect concentration.

4. Conclusion

The magnetic moment per defect due to substitutional atoms
(B, N) and vacancy defects is found to be dependent on the
density of defects. It reduces to zero with decrease in the
density of substitutional atoms, while it increases with decrease
in density of vacancies. The magnetic moment per defect due
to B adatoms is zero, but it is 0.44 and 0.56 μB due to C
and N adatoms, respectively. It is also found that the adatoms
distort the graphene sheet near the defect perpendicular to the
sheet. The distortion in graphene due to C and N adatoms
is significant, while the distortion due to B adatoms is very
small. The vacancy and substitutional atom defects are planar.
Upon relaxation the vacancy defect undergoes a Jahn–Teller
distortion where a pentagon is formed due to the formation
of a weak covalent bond between nearest neighbor atoms to
the vacancy site. This gives rise to the in-plane displacement
of other carbon atoms near the vacancy site in the graphene
lattice. The displacement of C atoms in the vicinity of the
vacancy site is between 0.01 and 0.02 Å depending upon the
density and packing geometry of the vacancies.
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