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Abstract
The first-principles spin polarization method is used to investigate the magnetic properties of
graphite boron nitride (g-BN) sheet induced by Fe doping. We find that a nitrogen or boron
atom substituted by Fe can induce a magnetic moment. From standard Mulliken population
analysis, we also find that the magnetic moment is mainly dominated by Fe 3d states. Using
Heisenberg exchange coupling theory, we study the exchange coupling mechanisms by
constructing two-Fe centers in g-BN. The results show the presence of relatively strong
exchange coupling for two-Fe substituted two-B atoms and the coupling is ferromagnetic. For
the case of two-Fe substituted two-N atoms, the coupling is antiferromagnetic and the exchange
coupling is very weak. The paper enriches recent molecular magnetic investigations.

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

Recently there has been increasing interest in the field of
light element nanostructures, such as graphite, fullerene, and
carbon and boron nitrogen (BN) nanotubes [1–7]. In particular,
the weak ferromagnetism in these compounds has attracted
considerable attention due to their stimulation of molecular
magnets, which could be applied in a high temperature
environment. It is also found that spin polarization could
be induced by vacancy, impurity, and substitution in these
systems. Esquinazi et al [8] detected a ferromagnetic signal
from an oriented graphite that behaved quite differently from
known magnetic impurities, suggesting an intrinsic origin of
magnetism in graphite. Ma et al [9] studied the magnetic
properties of vacancies in graphite and carbon nanotubes. For
graphite, the vacancy was spin polarized with a magnetic
moment of 1.0 μB. The vacancy in carbon nanotubes
could also induce magnetism, depending on their chirality
and structure configuration with respect to the tube axis.

Wu et al [10] found that carbon substitution in BN nanotubes
can induce spontaneous magnetization.

However, until now the d0 ferromagnetism phenomena for
graphite boron nitride sheet (g-BN) have not been reported
experimentally. There are only a few theoretical studies
concerning the electronic structure and magnetic properties
of defects in the BN system [11, 12]. Si et al [13] found
that intrinsic spontaneous magnetization could be induced
by nitrogen or boron vacancies in g-BN. But the effects on
magnetization of doping with the magnetic element Fe have
not previously been investigated. In this paper, we carry
out ab initio calculations to investigate electronic structure,
magnetic properties, and magnetic coupling of these systems.
Our calculations are performed using a linear combination of
the atomic orbital (LCAO) method [14] within the framework
of the density functional theory (DFT) implemented in the
SIESTA [15, 16] code. For the exchange correlation functional
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Figure 1. The structure and spin density distribution map of (a) the SB
Fe case and (b) the SN

Fe case. The isodensity surface values are

0.004 eV Å
−3

in (a) and 0.0001 eV Å
−3

in (b).

we choose the generalized gradient approximation (GGA)
proposed by Perdew et al [17]. The interaction between ions
and electrons is described by the pseudopotential generated
by Troullier and Martins’ scheme [18]. The double-ζ
plus polarization atomic orbital basis set is employed in
calculations. The charge density project on a real space grid
and an equivalent plane wave cutoff energy of 200 Ryd is used.
A 5 ×5 ×1 Monkhorst–Pack grid [19] is set for Brillouin zone
sampling. The conjugate gradient minimization scheme [20] is
used to perform atom position relaxation and cell optimization.
The XCRYSDEN program [21] is adopted to calculate the
electronic spin density of state (SDOS).

We study first the system of a one-Fe and g-BN sheet. Two
models, i.e. Fe substituted for a B or an N atom, named as
SB

Fe or SN
Fe, are used. A 50-atom supercell is used to simulate

a 5 × 5 × 1 pristine g-BN sheet. By randomly substituting
a B or an N atom with Fe, the impure systems SB

Fe and SN
Fe

are constructed. Periodical boundary conditions are employed
and adjacent layers are separated by a vacuum region of 20 Å.
The supercells for pristine g-BN, the B substituted case SB

Fe,
and the N substituted case SN

Fe are fully optimized without any
constraints upon them. The final structures of SB

Fe and SN
Fe refer

to figures 1(a) and (b). After relaxation, the Fe atom remains
in the plane whether we initially place an Fe atom in the g-BN
plane or not, which support the idea that the plane structures are
the lowest energy structures. In the case of SB

Fe, lattice length
a (or b) increases from 12.54 to 12.66 Å. With Fe substituted
B, three adjacent N atoms expand outward. The final distances
between Fe and N are 1.79 Å. Atom configurations far from Fe
remain almost unchanged compared with pristine g-BN. The
B–N distance is 1.46 Å and that in pristine g-BN is 1.45 Å. In
the case of SN

Fe, with Fe substituted N, the local symmetry of
pristine g-BN is broken. The distances between Fe and three
adjacent B atoms are 1.74 Å, 1.76 Å, and 1.76 Å, respectively.
The Fe–N distances in the case of SB

Fe are larger than the Fe–B
distances in the case of SN

Fe. We point out that our B–N distance
in pristine g-BN is 1.45 Å according to that reported by Si
et al [13]. In order to quantify the ability of forming of these
substituted systems, we calculate the formation energy Eform

with the following expression

Eform[Si
Fe] = Etot[Si

Fe]− Etot[g-BN, pristine]+μi −μFe, (1)

where Etot[Si
Fe] is the total energy of a supercell of SB

Fe or SN
Fe,

Etot[g-BN, pristine] is the total energy of the corresponding
pristine g-BN supercell, μi is the chemical potential of atom
B or N, and μFe is the chemical potential of atom Fe. We take
nitrogen gas for μi of N and α-rhombohedral B12 for B. μFe

is taken from body-centered cubic (BCC) Fe. The obtained
Eform of SB

Fe and SN
Fe are 13.0 and 11.4 eV, indicating that the

SN
Fe case is more likely to form than the SB

Fe case. Si et al [13]
reported the N or B vacancy formation energy in g-BN. We
also calculate the vacancy formation energy to be 10.7 eV and
8.5 eV for VB and VN, respectively, which is consistent with
results by Si et al [13] (9.99 and 8.33 eV). One can find that
the formation of SB

Fe and SN
Fe must firstly break the B–N bond

and provide 10.7 eV and 8.5 eV, respectively. Fe located in the
B or N position only needs 2.3 and 2.9 eV for two defects. The
formation energies are relatively large, which is attributed to
their strong B–N bond energy in such sp2-bonded systems.

In order to investigate magnetic properties induced by Fe
substituted B or N. the electronic densities of states (DOSs)
are calculated. The obtained DOSs near the Fermi energy
(Ef) are shown in figures 2(b) and (c). For compassion, that
of pristine g-BN is shown in figure 2(a). It can be found
that the ground state of pristine g-BN is non-spin-polarized
and the magnetic moment is zero. But because of doping of
Fe, the pristine g-BN are spin polarized. In the case of SB

Fe,
near the Fermi energy, the majority DOS is different from
the minority DOS. A significant peak occupied by majority
spin electrons and minority spin peaks weakens. The half-
metallic behavior is also found. The majority spin component
possesses a band gap while the minority spin component is
metallic. Such half-metallic behavior also was found in other
doped systems [13, 22, 23]. Therefore, the SB

Fe case is expected
to have a big magnetic moment. But in the SN

Fe case, spin
polarization behavior is not obvious. The minority DOSs only
shift forward compared with the majority DOSs near Ef.

In order to understand the influence of the Fe substitution
on magnetism, we analyze the interaction between the orbital
of the Fe and the g-BN from the calculated electronic spin
DOS. In figures 2(b) and (c) we present the contribution of the
3d partial DOS (PDOS) of Fe atoms to compare with the total
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Figure 2. The calculated total majority and minority DOS and PDOS
of the Fe 3d orbital (black and red lines, respectively) of (a) pristine
g-BN, (b) the SB

Fe case, and (c) the SN
Fe case. The Fermi energy is set

to zero by a dotted line.

DOS. The pictures show that the energy of Fe 3d is mainly
concentrated near Ef, and the total DOS near Ef are mainly
dominated by the Fe 3d states. The minority spin of Fe 3d
states moves right relative to that of the majority, indicating
the spin splitting near the Fermi energy level in both cases.
From figure 2, we also find that the proportion of Fe 3d states
to total DOS in SB

Fe is relatively lower; however, that in SN
Fe is

Table 1. Magnetic moments MFe (in μB) and occupied electron
numbers of the Fe atom in substituted g-BN and in bulk Fe from
Mulliken population analysis. Pp indicates polarized orbital. ↑ and ↓
indicate spin up and spin down.

MFe Total↑ Total↓ 3d↑ 3d↓ 4s↑ 4s↓ 4pp↑ 4pp↓
SB

Fe 3.953 5.679 1.726 4.793 1.173 0.436 0.259 0.450 0.294

SN
Fe 1.324 4.604 3.280 3.804 2.741 0.726 0.474 0.074 0.065

relatively higher. So we conclude that the contribution of other
atoms or orbitals to magnetism in SB

Fe is bigger than that in SN
Fe.

The quantity analysis will be carried out in the following part
to make this point clear.

The total magnetic moment of SB
Fe is 5.0 μB and the

isosurface of spin density at 0.004 eV Å
−3

is shown in
figure 1(a), from which one can find that the magnetic moment
mainly comes from Fe and three adjacent N atoms. Fe donates
3.953 μB and every N 0.219 μB. For the main donor Fe
atom, from standard Mulliken population analysis, we note
that spin polarization mainly comes from its 3d orbital with
a value of 3.529 μB. The s orbital of the Fe atom donates
0.207 μB. For the case of SN

Fe, the total magnetic moment is
1.0 μB. In figure 1(b), we plot the isosurface of spin density
at 0.0001 eV Å

−3
. From figure 1(b), one notices that the spin

density also comes from the Fe atom. But for three adjacent
B atoms, their electronics is almost non-spin-polarized. The
rest of the magnetic moment comes from six adjacent N atoms
polarized directly by Fe. We compile the occupied electronic
number and magnetic moments of Fe in table 1. For the SB

Fe
case, the magnetic moment of the Fe atom is 3.953 μB, which
is larger than that in bulk Fe (2.352 μB). This is because some
spin down electrons become spin up in SB

Fe compared with
in bulk Fe. In the SN

Fe case, the magnetic moment of the Fe
atom is 1.324 μB. The 3d electron of Fe denotes 3.620 μB

and 1.063 μB in SB
Fe and SN

Fe, respectively. The ratios to total
magnetic moment are ∼92% and 80%, supporting the fact that
the magnetic moments mainly come from 3d states of the Fe
atom.

We must point out that Mulliken population analysis is
chosen as the method of assigning electrons to atoms or
orbitals in this paper. Mulliken analysis provides a means of
estimating partial atomic charges from our DFT calculations
and it severely depends on the selection of basis sets. But we
believe our results are reliable because of the accord of DOS
of bulk Fe in this paper with well-known experimental results.

The mechanisms for a long range ferromagnetic order
in this substituted system are finally discussed. A larger
supercell, i.e. a 10 × 5 × 1 supercell including 100 atoms,
is constructed with two-Fe atoms substituted by two-B or N
atoms. The Fe–Fe interval has two-B or N atoms (figures 3
and 4). After relaxation, two-Fe atoms displace significantly
out of plane and they arrange themselves automatically on
both sides of the plane. The case of two Fe displacing
the same direction has a slightly higher energy (∼1.0 eV).
To study the exchange coupling between two-Fe centers, the
Heisenberg Hamiltonian Ĥ = −J Ŝ1 Ŝ2 is employed. The
exchange coupling constant is considered and this method
can be found elsewhere [24–27]. After careful exploration
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(a) (b)

Figure 3. Spin density distribution of the ferromagnetic (FM) state for two-Fe substituted two-B atoms. (a) top view and (b) side view. The
isodensity surface value is 0.0007 eV Å

−3
. The red surface represents the spin up.

(a) (b)

Figure 4. Spin density distribution of antiferromagnetic (AFM) for 2-Fe substituted two-N atoms. (a) is top view and (b) side view. The
isodensity surface value is 0.0007 eV Å

−3
. The red and blue surface represents the spin up and down, respectively.

of equilibrium structures, we calculate the total energies of
both ferromagnetic and antiferromagnetic states. In the two-
Fe substituted two-B case, the ferromagnetic state is favored
over the antiferromagnetic one by a lower energy. The total
magnetic moment is 10.0 μB and the antiferromagnetic one is
zero. The spin density distribution for the ferromagnetic state
is shown in figure 3. We note that the coupling of the two-Fe
center is realized by the polarization of adjacent N atoms. The
contribution from B atoms is smaller. The calculated exchange
coupling constant J is 70.0 cm−1, indicating a relatively strong
coupling. In the two-Fe substituted two-N case, the ground
state is antiferromagnetic with a zero magnetic moment. The
spin of two Fe is completely anti-parallel. From the spin
density map (figure 4), we find that the exchange path is the B–
N–B–N–B chain. The communication between two-Fe centers
is realized through this bridge. But the exchange coupling is
very weak with an obtained J value of −2.6 cm−1. Based on
the discussion above, we conclude that Fe substitution in the g-
BN sheet can realize magnetic communication by controlling
B vacancies. To discuss the formation ability, we also consider
two extra cases, i.e. a two-Fe substituted adjacent B and N pair
(SBN

2Fe) and a third-neighboring B and N pair (SBN′
2Fe , the Fe–Fe

interval has two-B or N atoms too), for charge compensation
reasons. The calculated formation energies of S2B

2Fe, S2N
2Fe, SBN

2Fe,
SBN′

2Fe are 16.7, 19.07, and 17.5, 18.2 eV, indicating that the S2B
2Fe

case is more likely to form than the rest. The cross-doped pair
case possesses the middle formation ability. The ground states
of the two cross-doped cases are ferromagnetic with a magnetic
moment of 6.0 μB and 4.0 μB, respectively.

B vacancies are important to realize the magnetic
communication because of strong coupling in the S2B

2Fe system.
But the B–N bond is firstly broken. The bond energy of such
sp2 is commonly large. Recently, oxidation has become an
interesting way to realize the cracking of sp2- or sp3-bonded
systems. But, once defects occur, Fe doping becomes easier.

From the analysis about formation energy, for example for SB
Fe

and SN
Fe, one can find that their formation must provide 13.0 and

11.4 eV, respectively. The corresponding defects need 10.7 and
8.5 eV. In other words, Fe locating at the B or N position only
needs 2.3 and 2.9 eV.

In summary, we have performed first-principles spin
polarization calculations to investigate the magnetic properties
of graphite boron nitride (g-BN) sheet induced by doping with
Fe. The obtained formation energy indicates that the SB

Fe
case is more likely to form than the SN

Fe case. Our system
considered here possesses a magnetic moment (1.0 μB and
5.0 μB for SN

Fe and SB
Fe, respectively). Doping of Fe into

vacancies of B enlarges the total magnetic moment, which can
be attributed to the fact that Fe polarizes the adjacent B atoms.
By electronic structure calculations, a half-metallic behavior
is found in the SB

Fe case. The magnetic moment is mainly
dominated by Fe 3d states from standard Mulliken population
analysis. Using Heisenberg exchange coupling theory, we
point out the exchange coupling mechanisms by constructing
two-Fe centers in g-BN. The obtained J values predict strong
ferromagnetic coupling in the two-Fe substituted two-B atoms
case and very weak antiferromagnetic coupling in the two-
Fe substituted two-N atoms case. The present work enriches
recent molecular magnet investigations and indicates a way to
increase magnetism by doping with a magnetic element.
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