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We show that the antiferromagnetic coupling between Mn atoms in MnO can be tuned to a

ferromagnetic one by doping it with a small concentration of 2p elements like boron, carbon and

nitrogen. Our ab initio density functional calculations in the Hubbard U framework show that the

coupling between Mn atoms turns ferromagnetic for 3 at% B doping. B is found to be the most effective

one in stabilizing ferromagnetism. We discuss the role of 2p states of the dopant atoms to explain the

trend of ferromagnetism in MnO.
1. Introduction

The magnetic oxides, MO (M¼Mn, Fe, Co, Ni) in the rock salt
structure are well-known antiferromagnetic insulators owing to
M–O–M antiferromagnetic superexchange mechanism. Among
these MnO is the highest local magnetic moment ð � 5mBÞ bearing
antiferromagnet with a transition temperature of 118 K [1], and
can be considered as a model system for the theoretical under-
standing of electronic and magnetic properties in rock salt MO
[6,7]. MnO being an insulator with large band gap (3.6–3.8 eV) [8]
can be a good candidate in spintronics application if spontaneous
magnetization is achieved in it. The exploration of spontaneous
magnetization in MnO is the main objective of this paper.

Unlike the conventional approach of having ferromagnetism in
a semiconductor by doping it with a 3d element [9,11], some
studies [4,2,3] suggest that doping by a 2p element can also
induce ferromagnetism. Bannikov et al. [4] have reported the
occurrence of half metallic ferromagnetism in MgO by doping
with 2p elements like B, C, N. Half metallic ferromagnetism is also
found in C doped SrO and BaO [5]. Wu et al. [2] have achieved
spontaneous magnetization in BN nanotubes by C substitution for
either a B or for a N atom. A recent study by Gorbunova et al. [3]
shows that the non-magnetic BeO nanotube can be converted to
magnetic one by doping with B, C, N at O sites. All the aforesaid
al).
studies pertain to achieving ferromagnetism in nonmagnetic
systems. In this paper we explore the role of doping 2p elements
in the antiferromagnetic semiconductor, MnO. We show with the
help of ab initio calculation that ferromagnetism can be obtained
in MnO by doping it with B, C and N.
2. Computational details

First principles density functional theory calculations have
been performed using the plane wave projector augmented wave
based VASP code [12–14]. The generalized gradient approximation
(GGA) to the exchange correlation functional has been employed
within the Perdew–Burke–Ernzeerhof scheme [15]. It is well
known that one needs to go beyond standard local density
approximation to describe the electronic and magnetic structure
of antiferromagnetic insulator MnO. One possible way is to
include strong electron correlation effects in the framework of
Hubbard model. Here, we have invoked GGA+U method to
calculate the properties of pure and doped MnO. The strong on-
site Coulomb repulsion of 3d states of Mn has been accounted for
using the Dudarev scheme [17], assuming U � J¼ 6 eV, where U

and J are the Coulomb and exchange parameters in the Hubbard
model. In all calculations, J was kept fixed at 1 eV. To facilitate
small doping concentration, a 64 atom super-cell has been used.
The Brillouin zone sampling has been done with 4� 4� 4
Monkhorst–Pack k-point grid. The plane wave energy cut off of
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Table 1
Formation energies (eV) for B, C and N dopants at Mn and O sites.

BMn BO CMn CO NMn NO

6.57 6.19 9.5 6.6 10.06 4.13
500 eV resulted in a good convergence. Full geometry optimiza-
tions were done using conjugate gradient algorithm with a
Hellman–Feynman force convergence threshold of 0.01 eV/Å.

For MnO in type II antiferromagnetic state, the above-
mentioned computational set-up resulted in a lattice parameter
of 4.50 Å, rhombohedral distortion angle of 0:563, a local spin
magnetic moment for Mn atom of 4:69mB and the band gap of
2.02 eV in the ground state. All these values agree well with
previous calculations by Franchini et al. [18].
Fig. 1. Energy difference between FM and AFM states of MnO with varying

concentrations of dopants.

Table 2
Magnetic moments (in mB) on Mn, X (X¼ B, C and N) and O sites in the FM and

AFM configurations for 12.5 at% doping.

FM AFM

Mn X O Mn X O

B 4.55, 4.72 �0.82 0.053, 0.095 4.60, 4.69 0.0 0.0

C 4.61, 4.72 �0.50 0.062, 0.078 4.61, 4.68 0.0 0.0

N 4.66, 4.72 �0.20 0.043, 0.10 4.63, 4.68 0.0 0.0
3. Results and discussions

In order to find the favorable substitutional site, we have
calculated the formation energies for X (X¼ B, C, N) when X is
substituted at Mn and O sites. These values are given in Table 1.

The expressions for formation energies at Mn and O sites are
given by

Ef ½Mn� ¼ E½Mn31XO32� � E½Mn32O32� � mXþmMn

and

Ef ½O� ¼ E½Mn32XO31� � E½Mn32O32� � mXþmO; ð1Þ

where E½Mn32O32� is the total energy of the undoped supercell
having 32 Mn and 32 O atoms. E½Mn31XO32� and E½Mn32XO31� are
the total energies of supercell with 1 X atom doped at Mn and O
sites respectively. mX , mMn and mO are the chemical potentials of X,
Mn and O respectively. The chemical potentials of O and N were
calculated with reference to their stable molecular configurations.
The corresponding values for Mn, B and C were obtained from
their bulk stable phases (a-Mn, T-50 boron and graphite
respectively). As expected, the doping at an O site is relatively
more energetically favorable than a Mn site. The formation
energies for B, C, and N doping at Mn site are higher than those
at a O site by 0.38, 2.9 and 5.93 eV respectively. Therefore we
consider doping at O site only in our subsequent calculations. We
should also point out that if we calculate the chemical potentials
from the gas phase only, the calculated formation energies at the
O site are much lower, viz., 1.76, 0.31 and 2.67 eV for B, C and N
doping respectively. Therefore, one may conclude that it is easier
to dope these elements in the gas phase, if possible.

Pure MnO is antiferromagnetic. The next step is to study the
magnetic coupling between Mn spins in the presence of the non-
magnetic dopant X. Fig. 1 shows the calculated energy difference
between ferromagnetic (FM) and antiferromagnetic (AFM)
coupling between Mn atoms as a function of the concentration
of B, C and N. This energy difference is a measure of magnetic
exchange interaction. It is evident from the figure that pure MnO
in type II AFM state is favorable over FM state by above 42 meV/Mn
atom. With the substitution of one B atom at O site (equivalent to
3.125 at%), ferromagnetic state becomes favorable over AFM state by
about 28 meV/Mn atom. With further increase in B concentration
the stability of FM state further increases. This trend of lowering of
energy in FM state is also seen in the case of C doping, however the
energy difference is less in this case. With the substitution of one O
atom by a C atom, FM state is lower in energy by just 5 meV/Mn
atom and can be considered as almost degenerate with AFM state.
In the case of doping by a single N atom AFM state still remains
favorable, however with small energy (19 meV/Mn atom). At the
concentration of 12.5 at% (equivalent to substitution of four O atoms
in the unit cell) FM state becomes favorable by 172, 142 and 51 meV/
Mn for B, C and N respectively. So, in summary, B, C and N atoms
substituted at O site in MnO induce ferromagnetic coupling
between Mn atoms. Similar conclusions [10,11] were drawn for
Mn doped ZnO when the system was codoped with C and N atoms
in the O sublattice of ZnO.

The projected magnetic moments for various dopings in FM
and AFM configurations are listed in Table 2. We find that the
magnetic moment of 6 Mn atoms which are coordinated to the
dopant decreases in both FM and AFM configurations. In AFM
state the magnetic moment of the six coordinated Mn atoms
slightly decreases to 4.65, 4.59 and 4:58mB for N, C and B doping
respectively. The corresponding values for FM state are 4.67, 4.62
sand 4:56mB. It is clear that the moments on Mn atoms are quite
localized and they do not change appreciably when magnetic
ordering is changed. However, the magnetic moment of other Mn
atoms which are not coordinated with the dopant remains same
ð4:69mBÞ in AFM configuration, but enhances to 4:72mB in FM
configuration. For the ferromagnetically coupled Mn atoms, we
observe a rather large antiparallel moment on X atoms
(�0:82;�0:50;�0:20mB for B, C and N respectively). However, in
the AFM configuration, the antiparallel Mn moments nullify the
induced moments on X and O atoms resulting in a zero magnetic
moment in the unit cell.

In order to investigate the reason for the stabilization of
ferromagnetic state we have analyzed the density of states for Mn
d and anion p orbitals. The DOSs for undoped and doped cases are
shown in Fig. 2. The DOS (Fig. 2(a)) in the AFM configuration for
undoped MnO matches well with the previous theoretical studies
[16]. Here, the AFM superexchange mediates the exchange
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Fig. 2. (Color online) Spin-polarized density of states (DOS) of (a) pure MnO in type II AFM state, (b) B doped, (c) C doped and (d) N doped MnO. The total DOS is scaled

down for clarity. In (b), (c) and (d), DOSs for 12.5% doping in FM state have been shown.
coupling between the Mn atoms. The up spin O p states strongly
hybridizes with up spin d states of one Mn atom while the down
spin O p states strongly hybridizes with the down spin d states of
neighboring Mn atoms and thereby lowering the energy more in
the case of AFM state. This is the usual antiferromagnetic
superexchange mechanism [19,20]. In Fig. 2(b)–(d), DOSs are
shown for 12.5% B, C and N doping in the FM state. In the case of B
doping, the insulating character of MnO is still retained, however
the band gap is now reduced to 0.88 eV. On the other hand C and
N doped MnO show half metallic ferromagnetism. The spin-
polarized impurity states appear in the gap of MnO. Here one
expects a competition between ferromagnetic double-exchange
and antiferromagnetic superexchange interactions between the
Mn atoms. A gradual filling of the spin-up p states while going
from B to N atoms is observed. As the magnetic moments of
anions are formed mainly due to occupied down spin p states, the
filling of up spin p states leads to a decrease in the magnetic
moments. The values of magnetic moments of �0:82;�0:50;
�0:20mB for B, C, N respectively are in agreement with this fact.
These moments on anion couple antiferromagnetically with the
moment on two Mn atoms and thus a FM coupling between the
two Mn atoms is established. Since the magnetic moment on
anion decreases from B to N, the strength of AFM coupling
between anion and Mn decreases from B to N and hence the
stability of FM coupling between Mn atoms also decreases.
4. Conclusion

To summarize, we have shown that B, C and N doping at O sites
of antiferromagnetic MnO can cause a ferromagnetic coupling
between the Mn atoms. The calculated formation energies for
doping have moderate values indicating the possibility of doping
in experimental situations. Boron doped MnO is found to be a
ferromagnetic semiconductor while C and N doped MnO show
half metallic ferromagnetism.
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