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We performed first-principles calculations to investigate the possible magnetism induced by different con-
centrations of nonmagnetic impurities and vacancies in a BN sheet. Atoms of Be, B, C, N, O, Al, and Si are
used to replace either B or N in the system as impurities. We discuss the changes in the density of states as well
as the extent of the spatial distribution of the defect states, the possible formation of magnetic moments, the
magnitude of the magnetization energies, and finally the exchange energies due to the presence of these
defects. It is shown that the magnetization energy tends to increase as the concentration of the defects de-
creases in most of the defect systems, which implies a definite preference for finite magnetic moments. The
calculated exchange energies are in general tiny but not completely insignificant for two of the studied defect
systems, i.e., one with O impurities substituting for N and the other with B vacancies.

DOI: 10.1103/PhysRevB.76.014405 PACS number�s�: 75.75.�a, 73.22.�f, 67.57.Pq, 61.72.Ji

I. INTRODUCTION

Magnetism involving only s- and p-electron elements
continues to attract much attention due to the potential for
extensive applications as well as the urge to understand its
physical origins. Recently, some experimental groups have
discovered either weak or strong ferromagnetism in
fullerenes1,2 and graphite systems.3 A few theoretical studies
attempting to find magnetism in some potential nonmagnetic
systems have also been carried out previously.4 However, the
origin of ferromagnetism in those systems is still under de-
bate on both the experimental and theoretical sides.1,5 The
mechanism for forming magnetic ordering in solids, such as
ferromagnetism, antiferromagnetism, etc., can be referred to
direct or indirect exchange interactions �superexchange,
double exchange, etc.� among magnetic moments. Therefore,
a strong enough exchange interaction should be the crucial
criterion determining this possible new class of magnetic
materials involving s- and p-electron atoms. In this work, a
boron nitride �BN� sheet is used as the host system and the
possible formation of magnetic moments by nonmagnetic de-
fects, including substitution of impurity atoms and creations
of vacancies, is studied. The exchange energies of those sys-
tems possessing finite magnetic moments are further exam-
ined, and we shall demonstrate that there exist mostly very
weak interactions among these defect-induced magnetic mo-
ments except in two cases.

BN can form three different bulk structures, hexagonal
BN �h-BN�, cubic BN �c-BN�, and wurtzite BN �w-BN�. Of
these three structures, h-BN is the room temperature phase.
Similar to graphite, h-BN is quasi-two-dimensional �quasi-
2D� with weak interaction between layers. Nevertheless, un-
like the delocalized � electrons in graphite, the � electrons
in BN are distributed more around N, because of its stronger
electronegativity. This strong directional effect of bonding
confines the motion of the � electrons and thus results in a
gap in h-BN. BN is the lightest III-V compound of those that
are isoelectronic with III-V semiconductors such as GaAs,
but with a wider band gap, i.e., Eg�BN�=4.0–5.8 eV at room
temperature,6 compared with 1.42 eV of GaAs.

A 2D structural material is usually a good basis for study-
ing the physical properties of the most interesting nanostruc-

tures, such as nanotubes, nanoribbons etc.. A tubular struc-
ture of BN had been synthesized7 experimentally. Moreover,
it has been shown8 that, in the different ways of rolling up
the BN nanotube, the electronic properties are all semicon-
ducting, as in the extended BN sheet. This is very different
from the properties of graphite and carbon nanotubes, which
can be either metallic or semiconducting, depending on the
method of rolling. Therefore, one would expect that the ef-
fects of defects in a BN sheet will indicate many important
physical properties that would exist in BN nanotubes.

In semiconducting and insulating systems, magnetic mo-
ments can be induced by defects.9–11 For carbon-related na-
nomaterials, a recent paper by Andriotis, Sheetz, and
Menon12 analyzed various types of defect in carbon nano-
tubes and C60 polymers and showed the unique rule of car-
bon vacancies in promoting a magnetic ground state. In this
work, two different types of defect are used to study the
possible formation of magnetic moments in a BN sheet. One
is atoms of Be, B, C, N, O, Al, and Si, used to replace either
B or N as impurities. The other is to create vacancies by
removing either B or N atoms in the BN sheet. Here, only
neutral point defects are considered. Experimentally, it has
been shown that the stable defects in bulk hexagonal boron
nitride were mostly negatively charged for the defects asso-
ciated with carbon impurities and nitrogen vacancies.13 We
expect that the magnetic properties induced by charged point
defects might be considerably different from the results with
neutral ones, as it will be shown later that the filling in the
defect bands is important for the formation of finite magnetic
moments in these systems.

Our plans for this paper are as follows. Section II sum-
marizes the computational methods in this work. The results
of non-spin-polarized calculations are presented in Sec. III.
Section III A presents the electronic properties of the BN
sheet determined from the analyzed orbital-projected partial
density of states �DOS�. Section III B includes the effects on
the DOS due to defects, i.e., the location of the defect states
in the DOS, as well as the extent of the spatial distribution of
these defect states. All the results of the spin-polarized cal-
culations are presented in Sec. IV. In Sec. IV A, we investi-
gate the possible formation of finite magnetic moments in-
duced by defects, while the results for exchange energies and
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the corresponding Curie temperatures are presented in Sec.
IV B. Finally, the conclusions are in Sec. V.

II. COMPUTATION METHOD

Our calculations are based on density functional theory14

�DFT� with the generalized gradient approximation �GGA�
of Perdew and Wang15 for the exchange-correlation energy
functional. The projector augmented-wave �PAW� method16

implemented by Kresse and Joubert17 is used to describe the
core-valence electron interactions. There are two, three, four,
five, six, three, and four valence electrons included here for
Be, B, C, N, O, Al, and Si, respectively. The one-electron
Kohn-Sham wave functions are expanded in a plane-wave
basis with kinetic energy cutoff �Ecut hereafter� of 400 eV.
The sampled k points in the Brillouin zone are generated by
the Monkhorst-Pack technique18 with �-centered grids for
the hexagonal lattice. All calculations are carried out using
the Vienna ab initio simulation package �VASP�.19

The calculated lattice constants of h-BN are a=2.5 Å and
c=6.36 Å with 13�13�5 k-point grids, and compare with
the experimental results20 �a=2.5 Å and c=6.66 Å� reason-
ably well.21 Supercells composed of 4�4 primitive unit cells
of BN sheet are used to simulate systems with defects �see
Fig. 1�. The vacuum distance between BN sheets �taken as
along the z direction� was chosen to be around 13 Å, which
was tested with 3�3�1 k-point grids to be large enough to
avoid interactions between the sheets.

For all the relaxed configurations in this work, the atomic
forces calculated by the Hellmann-Feynman theorem23 were
smaller than 0.02 eV/Å. In the spin-polarized calculations,
we performed the above atomic relaxations again to ensure
relaxed configurations. The DOSs and magnetic moments of
the final relaxed structures were then evaluated. The mag-
netic moments presented in this work correspond to the in-
duced magnetic moment per defect, i.e., the integrated spin
density m�r��n�r�↑−n�r�↓ of the supercell M
=�supercelldr m�r� ��B / cell�, divided by the number of de-
fects in the supercell. The larger supercells of 8�4 and 8
�8 were used to study the possible finite magnetic moments
induced by defects, as well as the variation of the magneti-
zation energy �denoted as EM hereafter� and the exchange
energy J with respect to the distances between defects, i.e.,
defect concentrations.

III. NON-SPIN-POLARIZED CALCULATIONS: DENSITY
OF STATES

A. BN sheet

The orbital-projected partial DOSs of B and N in a BN
sheet are presented in Fig. 2. The colors of blue, yellow,
green and red in the figures represent the s-, px-, py-, and
pz-orbital-projected partial DOSs, respectively. The spiky
feature of the DOS is due to the dimensional reduction from
the 3D bulk h-BN to the 2D planar structure of the BN sheet.
Two valence bands �VBs� and the lowest 3 eV range of the
conduction band �CB� are included in the figure for discus-
sion. The DOSs in the same energy range for BN sheets with
defects will be used in the following discussion for compari-
son, and the bottom of the CB is taken as the zero of energy
for convenience in discussing the splitting of the electronic
bands from the two VBs as well as the CB due to the pres-
ence of defects. The two VBs in BN sheet are well separated,
like those in bulk h-BN.20 The lower-energy VB �VB1� con-
tains two electrons: one is the s electron of N and the other is
from the hybridized s and p electrons �sp2 electrons hereaf-
ter� of B. The higher-energy VB �VB2� contains six elec-
trons, i.e., three sp2 electrons and one pz electron from N and
two sp2 electrons from B. From Fig. 2 we see that the two
VBs for B are mainly hybridized sp2 orbitals, while for N
VB1 consists of s-like orbitals and VB2 of hybridized
sp2-like orbitals. Near the top of VB2 and the bottom of the
CB, the DOSs are mostly pz-orbital-like. However, the domi-
nant contribution switches from the pzorbital on N atoms
near the top of VB2 to the pz orbital on B atoms near the
bottom of the CB. That is, the electronic excitation in the BN
sheet involves displacement of electron distribution from the
pz orbital around the N atoms to the pz orbital around the B
atoms.

B. Effect of defects

In the present section, we discuss the effect of defects on
the DOS of a BN sheet when the spin polarization is not yet
switched on. We shall demonstrate that the effect of defects

D B N
D

FIG. 1. �Color online� 4�4 unit cell for the hexagonal BN
sheet. D represents defects created in the system, i.e., impurities or
vacancies.
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FIG. 2. �Color online� Orbital-projected partial density of states
for N and B atoms in hexagonal BN sheet.
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on the DOS can be generally categorized into two groups
according to the chemical properties of the defects. The 4
�4 supercell was employed in all the results presented in
this section, which corresponds to a doping of 1/32 ��3% �
of the defects in the system and a distance of 10.03 Å be-
tween neighboring defects. The possible interaction between
defects will be discussed in the following section when the
exchange energy is investigated. However, the results pre-
sented in the present section are applicable to systems with
low-density dopings of defects as we shall demonstrate in the
following section that the interaction between defects is al-
ready quite small in the present configuration. The effect of a
C impurity on the DOS of a BN sheet will be discussed in
detail first, followed by the results for the series of defects
we studied. For simplicity, we denote, e.g., by CB, the defect
system that consists of an impurity of a C atom substituting
for one of the B atoms in the original supercell of the BN
sheet, and by VB �VN� the system consisting of a vacancy
replacing one of the original B �N� atoms.

One of the effects of the impurities is to introduce elec-
tronic states into the energy regions which originally have no
DOS in the BN sheet. We present the total DOSs of all the
defect systems considered in this study in Fig. 3. In the case
of CB �Fig. 3�c��, the defect states split from the original
three bands and move to the lower-energy region. This is due
to the stronger bonding ability of C ions for electrons com-
pared to that of B ions. On the contrary, in the case of CN,
the bonding ability of the C ion is weaker than that of the N
ion for electrons, such that the defect bands move to higher-
energy positions compared to the original three bands. There-
fore, the location of the defect bands is determined by the
bonding ability of the defects compared to the substituted
host atoms. The effects of defects on the DOSs can be sum-
marized into two types as outlined schematically in Fig. 4.
For NB, CB, OB, ON, and SiB, the bonding abilities of the
impurities are stronger than the substituted host atoms. We
name these type I. For BeB, BeN, BN, CN, AlN, and SiN,
which are named type II, the three defect bands all move to
the region of higher energy than the original three bands.

One can discuss the relative bonding abilities of impuri-
ties for electrons by considering the locations of the defect
bands in the DOS. When comparing two defect systems with
respect to the same substituted host atom, the locations of
their defect bands in the gap between VB2 and the CB are
used to discuss the order in the bonding abilities of the two
impurity atoms. We use � to denote the position of the defect
band as shown in Fig. 4, i.e., the energy difference between
the defect band and the bottom of the CB. The defect system
with larger � has stronger bonding ability. For the type I
systems of CB and NB, the order in bonding ability is then
C�N. Similarly, for the systems of SiB and CB, the DOS
results lead to the order in bonding ability Si�C. In addi-
tion, the bonding ability of the O atom is stronger than that
of B and N atoms as has already been discussed in the last
paragraph. Note that, even though the � of the defect band in
ON is zero as it is located at the bottom of the CB, there are
still two other defect bands in ON split from the original VB1
and VB2 to lower-energy regions, and hence O can be con-
sidered as exhibiting stronger bonding ability than the N
atom. Therefore, the order in bonding ability for the type I

systems is Si�C�N�O. A similar discussion can be ap-
plied to the type II systems. The order in bonding ability for
the type II systems is Al�Be�B�Si�C. Note that for the
systems of BeN, BN, AlN, and SiN, which consist of two
defect bands in the gap between VB2 and the CB, the one
closer to the CB is used as the � for sorting the bonding
abilities between these defect systems. Combining the above
results, one has the order in bonding abilities of these atoms
as Al�Be�B�Si�C�N�O. The order in electronega-
tivities for these atoms according to the Mulliken scale
is Al �1.37��Be �1.57��B �1.83��Si �2.03��C �2.67�
�N �3.08��O �3.21�,24 in agreement with the order given
by the bonding abilities through considering the locations of
defect bands.25

Of these studied defect systems, some consist of odd
numbers of electrons in the supercell, i.e., BeB, BeN, CB, CN,
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FIG. 3. �Color online� DOSs for the BN sheet with defects. The
upper panel in each case shows defects on B while the lower one
shows defects on N. �a�–�f� are the results for defect systems with
impurities Be, N, B, C, O, Al, and Si atoms, respectively. The defect
systems with B and N vacancies are shown in �g�. Dashed lines
indicate EF.
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OB, ON, SiB, SiN, VB, and VN, such that there is an unpaired
electron occupying the defect state located between the VB2
and the CB for BeN, CB, CN, OB, SiN, and VN, the top of the
VB2 for BeB and VB, as well as the bottom of the CB for ON
and SiB. We denote the state that the unpaired electron occu-
pies as the defect band �DB�. We shall show in the next
section that magnetic moments are likely to form for those
cases with partially occupied DBs. When the partially occu-
pied defect bands which form definite magnetic moments are
also extended in nature, long-range magnetic order can de-
velop. Hence, it is expected that for BeB, ON, SiB, and VB,
whose defect states are located at the edge of the original
extended bands, the defect bands are more likely to be ex-
tended in nature and thus more likely to lead to larger ex-
change energies, as will be presented in the next section.

In order to determine the properties of the partially filled
DBs, the extent of the states in space is established from
summing over the contributions of the orbital-projected par-
tial DOSs of the DBs for the neighboring atoms of the de-
fects as presented in Fig. 5. For BeB, BeN, OB, and ON, we
see that the electrons of the DBs are distributed more on the
nearest neighboring atoms of the impurity than on the impu-
rity itself. This is contrary to the CB, CN, SiB, and SiN sys-
tems, in which most of the electrons of the DBs are distrib-
uted around the impurity atoms. These results demonstrate
that the electrons of the defect states due to impurities do not
have to be distributed mostly on the impurities themselves.
Concerning the spatial extent of the defect states, Fig. 5
shows that only three systems, i.e., BeB, ON, and VN, reach
beyond 5 Å. However, the defect states for all the defect
systems considered in the present study are confined in a
distance of 6 Å around the defects, no matter whether the
partially filled defect states are at the edge of the extended
bands or not. Finally, we should emphasize that Fig. 5 also
reveals two categories of DBs: one is formed by the
sp2-hybridized orbitals, e.g., s, px, and py, and the other is pz
in nature. These orbital-projected-DOS analyses imply a dif-
ference of the electronic distributions of the magnetic mo-
ments �detailed discussions in the next section� formed by
the unpaired electrons in the DB, e.g., the moments are dis-
tributed on the plane of the BN sheet for BeN, OB, and VB,
while the moments are distributed perpendicularly to the
plane of the BN sheet for the BeB, CB, CN, ON, SiB, SiN, and
VN systems.

IV. SPIN-POLARIZED CALCULATIONS: THE EFFECTS
OF DEFECTS

In this section, we present the results of spin-polarized
calculations to investigate the possible formation of finite

magnetic moments in the BN sheets containing defects as
well as the possible long-range magnetic ordering in these
systems.

A. The possible formation of magnetic moments

To identify the possible magnetic moments due to defects
as well as the extent of the magnetic moments, 4�4 and 8
�8 supercells consisting of only one defect were employed
to simulate the BN sheet with defect concentrations of
3.125% and 0.78%, respectively, i.e., corresponding to a dis-
tance of 10.03 and 20.05 Å between nearest-neighbor defects

Type II

Type I �

�

FIG. 4. �Color online� Schematic diagrams of the effect of de-
fects on DOS. The dashed lines show the possible circumstances in
forming metal-like DOS.
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�denoted by dD hereafter�. In order to obtain the relevant
physical quantities for the cases within the range dD
=10–20 Å, we create a rectangular supercell as shown in
Fig. 6. By providing either one defect or two defects in the
supercell of Fig. 6, one can simulate the cases of 17.37 and
13.26 Å for dD, respectively. The calculated magnetic mo-
ments of the systems with respect to dD are presented in Fig.
7. For NB, BN, AlB, and AlN, which have even numbers of
electrons in the supercell and completely filled DBs, there
exists no magnetization and they are therefore excluded from
the following discussions. The calculated magnetic moments
in BeB and VB were found to vary as dD increases. However,
their magnitudes converge to 1�B as dD increases to
17.37 Å.26 For BeN, CB, CN, OB, ON, SiB, SiN, and VN, the
calculated magnetic moments are always found to be 1�B
and independent of dD. Note that for all the defect systems
possessing finite magnetic moments, the defect bands are
always partially occupied. The 1�B of magnetization in these
defect systems should be attributed to the unpaired electron
occupying the defect states.

To understand how stable these finite moments in the BN
sheet are, the magnetization energies, i.e., EM, obtained from
the total-energy difference between the systems with and
without spin-polarized configuration were calculated. The re-
sults are plotted in Fig. 8. First, the EM’s of these systems
tend to increase as dD increase. This suggests a definite pref-
erence for finite magnetic moments for those defect systems
with distant nonmagnetic defects. Second, the corresponding
EM for those defect systems with distant defects can be de-
termined from the saturated values in the figure, e.g.,
360 meV for VB, 300 meV for OB, 220 meV for BeN, etc.,
and are found to be in a wide energy distribution �from
16 meV for BeB to 360 meV for VB�. We notice that the
defect systems with metal-like electronic properties �BeB,
ON, SiB, and VB�, i.e., with Fermi level at the edge of either
VB2 or CB, do not necessarily lead to large EM. For ex-
ample, the EM of BeB is very small, i.e., 16 meV, which is
even smaller than the room temperature thermal energy of
25 meV. However, the EM of VB is the largest, i.e., 360 meV,
of all the systems we considered. We should mention that,
when the defect distance is increased, the metal-like DOS

does not always hold. The bandwidth of the defect bands
might become smaller due to localization, such that they
eventually separate from the original VB2 or CB bands. Of
the studied systems with metal-like DOS at dD=10.03 Å,
this happens in SiB and VB, whose defect bands are originally
at the edge of the CB and VB2, respectively. For BeB and
ON, the defect bands remain at the edge of the VB2 and CB,
respectively, up to the largest dD=20.05 Å we studied.

Finally, for those systems with pz-like magnetic moments,
the bond lengths between defect and neighboring host atoms
were found to be relaxed but preserving the threefold sym-
metry. However, we found that the relaxed bond lengths of
BeN, OB, and VB, which have planar distributions in the mag-
netic moments �an sp2-hybridized electron in the DB�, un-
dergo structural distortions and break the threefold symmetry
of the original BN system after the spin-polarization calcu-
lation is switched on �Jahn-Teller �JT� effect�. Figure 9
shows the relaxed structure of OB. The impurity O atom
moved toward two of the neighboring N atoms to open up

FIG. 7. �Color online� Calculated magnetic moments with re-
spect to dD, the distance between the nearest-neighboring defects.

FIG. 8. �Color online� Magnetization energy EM vs dD.

D

D

FIG. 6. �Color online� Rectangular supercell with cell dimen-
sions 20.05 and 17.37 Å. The distance between two defect sites is
13.26 Å. The supercell contains 64 primitive cells of the BN sheet.
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one of the three original N-O bonds. The total energy of this
distorted structure with spin polarization is lower than that of
the structure with equal N-O bond length by 111 meV; simi-
larly, for BeN by 33 meV and for VB by 47 meV. The effect
of JT distortion is also responsible for the relatively larger
magnetization energy of BeN, OB, and VB with planar-
distributed moments compared to systems with pz-like mo-
ments.

B. The exchange energy

By the above analyses, we have demonstrated that non-
magnetic defects can induce finite magnetic moments in a
BN sheet. To identify the possible long-range magnetic or-
dering in these systems, the Heisenberg type of spin
coupling27 is employed to model the interaction �J, i.e., the
exchange energy� between the nearest-neighbor magnetic
moments due to defects. The exchange energy J is deter-
mined from the total-energy difference between two spin
configurations, i.e., one with antiparallel and the other with
parallel spin configuration, whose energies are denoted as
EAFM and EFM, respectively. For simulating two defects at a
distance of 10.03 Å, we employed either the 8�4 supercell
with two defect sites in each subsupercells of 4�4, or the
8�8 supercell with the sites in the two diagonal subsuper-
cells of 4�4, to generate different spin configurations. In the
antiferromagnetic configuration, the 8�4 supercell describes
a configuration of six nearest neighbors �dD=10.03 Å� in
which four have spins antiparallel and two parallel to the
centered defect, while the 8�8 supercell describes a con-
figuration of two antiparallel-spin nearest neighbors �dD

=10.03 Å� and four next-nearest neighbors with dD

=17.37 Å. The rectangular supercell in Fig. 6 with defects on
both sites is also used to simulate the two spin configurations
for the systems with defect distance 13.26 Å. In the rectan-
gular supercell, there are four nearest neighbors for a defect
and all are antiparallel-spin neighbors in the antiferromag-
netic configuration. We have used both 8�4 and 8�8 su-
percells for the VB and ON systems, and the exchange ener-
gies obtained from the 8�8 supercells were considered in
the discussion as they correspond more to the low-doping
conditions we would like to consider. The different values of

the exchange energies obtained from using 8�4 and 8�8
supercells indicate that the simple pairwise Ising interaction
is not a good enough model to describe the energies of these
systems of dD=10.03 Å. We notice that both VB and ON have
a DB at the edge of either the CB or the VB2. The 8�8
supercells were also used on a few of the other defect sys-
tems, but all led to similar results as those obtained from the
8�4 supercells.

Our results are summarized in Fig. 10 where the lines are
to guide the eyes. From the previous magnetization energy
calculations, our computational accuracy can recognize
meaningful energy difference of 5 meV and larger values
between configurations. For the systems of BeB, BeN, CB,
OB, and SiN, the calculated 8J’s, which are less than 5 meV,
are too small to determine whether the systems are ferro-
�8J	0� or antiferromagnetic �8J�0�. ON, VB, and SiB are
found to be ferromagnetic, and CN and VN antiferromagnetic
at dD=10.03 Å. We should mention that the relaxed spin
configurations of all the systems discussed here remained
antiferromagnetic at the end of the calculations if with initial
antiparallel-spin configurations. The exchange energies for
ON, VB, and SiB, which possess metal-like DOSs, are rela-
tively larger at dD=10.03 Å, but not for the case of BeB
whose EM is tiny anyway. Although the magnetization en-
ergy of VB can be as large as 200 meV at dD=10.03 Å, the
exchange energy is considerably smaller �5.6 meV�; simi-
larly for SiB, whose EM �90 meV while J is smaller than
2 meV. �Note that Fig. 10 shows the data for eight times the
exchange energy J.� This contrast is much reduced in the
case of ON, whose EM �17 meV and J�9.4 meV at dD
=10.03 Å. When dD is increased to 13.26 Å, the magnitude
of the exchange energies for all the above systems decreases.
Finally, there are only two systems, i.e., ON and VB, which
have large enough exchange energies to be identified numeri-
cally as magnetically ordered systems.

OB

1.86Å

1.44Å

O

FIG. 9. �Color online� Relaxed structure for the defect system of
OB. The impurity, O atom was relaxed and moved toward two of
the three neighboring N atoms to open up one of the original N-O
bonds. The spin-polarized energy for this configuration with un-
equal N-O bond lengths is lower than that with equal N-O bond
lengths by 111 meV.
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FIG. 10. �Color online� Exchange energy 8J vs defect distances
where J��1/8��EAFM −EFM�. The energy range from −5 to 5 meV
is the estimated region where the magnitude of 8J is too small to be
used to identify the sign of 8J in our calculations. The dashed line
indicates the value of exchange energy corresponding to a Curie
temperature �Tc

MF� of 50 K under the mean-field approximation.
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Within the framework of the Heisenberg spin model, it is
possible to estimate the Curie temperatures �Tc� of these sys-
tems. The mean-field result is given by

kBTc
MF =

2

3
J̄0, �1�

where J̄0 is the on-site exchange parameter reflecting the
exchange field created by all the neighboring magnetic
moments.28,29 Note that the Tc determined by Eq. �1� is re-
garded as an overestimated value.30 Since the physics of Tc
involves the disordered nature of the system due to tempera-

ture, J̄0 should be related to the energy difference between
the local disorder state and the ferromagnetic state of the
system.29 However, the exchange energies obtained here do
not include the disorder effect, i.e., EAFM is calculated from
the ordered antiferromagnetic configuration. Hence, the esti-

mated Tc �denoted as T̃c
MF� obtained by just simply substitut-

ing J in Fig. 10 for J̄0 in Eq. �1� is expected to be an upper
bound of Tc

MF for a given system. For ON, VB, and SiB with

relatively large J’s at dD=10.03 Å, the T̃c
MF’s are 72, 43, and

13 K, respectively. However, they are reduced to around
20 K for ON and VB and below 5 K for SiB when dD is

increased to 13.26 Å. In addition, the T̃c
MF’s of the defect

systems with exchange energies smaller than 5 meV are all
below 5 K in different concentrations. Therefore, one can
conclude that the effect of the long-range magnetic ordering
is very weak in all the defect systems considered here except
for the defect systems of ON and VB. However, our calcula-

tions suggest that the systems of BeN, CB, CN, OB, ON, SiB,
SiN, VB, and VN all have finite magnetic moments and are
therefore at least paramagnetic.

V. CONCLUSIONS

Different concentrations of nonmagnetic impurities and
vacancies in a BN sheet were studied using first-principles
methods to investigate the possible magnetism in these sys-
tems involving only s- and p-electron elements. We first
studied the effects of these defects on the DOS and analyzed
the character as well as the spatial extent of these defect
states. The magnetization energies and possible magnetic
moments as well as the exchange energies for these defect
systems in different concentrations were evaluated. We dem-
onstrated that all the defect systems with partially filled de-
fect bands exhibited a definite preference for finite magnetic
moments. The calculated exchange energies for low-density
defect systems are all tiny except for ON and VB, whose
exchange energies are not completely insignificant with an
estimated Tc of 20 K.
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