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The electronic structure of transition metal (TM) doped aluminium nitride was presented. The calculations
were made within density functional theory and supercell approximation. It was found that the ferromagnetic
ground states were possible without additional dopants in V-, Cr-, Mn-doped AlN.

PACS numbers: 71.20.–b, 71.20.Nr, 71.55.–i, 71.55.Eq, 71.55.Ak

1. Introduction

In the semiconductors doped by the transition metals
(TM) the half-metallic state can be observed. Such be-
havior leads to the interesting transport properties with
carriers of the one type of spin. These materials are called
diluted magnetic semiconductors (DMS) [1, 2] and are
the new class of materials whose properties are impor-
tant for applications in the new branch of technology
called spintronics. However at this moment main barrier
to commercial application of these materials is the low
Curie temperature (the highest TC = 170 K was observed
in Ga1−xMnxAs [1]). The other problem is that doping
with the TM elements not always leads to half-metallic
state. From this reasons the ab initio calculations based
on the density functional theory (DFT) give interesting
information about the electronic structure of such sys-
tems. In this paper we report the results of calculations
of influence of the 3d metals on the magnetic properties
of aluminium nitride. Some theoretical [3–5] and exper-
imental [5, 6] results published before have showed that
these materials could have a high Curie temperature. In
the literature we found the electronic structure calcula-
tions only for V [4], Cr [5], Mn [3].This paper is organized
as follows: the short description of method of calculations
we present in Sect. 2 and the results and the discussion
are given in the Sect. 3.

2. Method of calculations

The ab initio spin-polarized calculations were per-
formed by using the plane-wave pseudopotential
method [7] within the density functional theory [8, 9].We
have applied the Quantum-Espresso package [10, 11].The
exchange-correlations energy in the gradient approxi-
mation was based on the Perdew–Burke–Ernzerhof for-
mula [12]. All pseudopotentials used in the present cal-
culations were scalar-relativistic and ultrasoft type [13].
The cut off radius was equal to 50 Ry for energy and
500 Ry for the charge density. The self-consistent cal-
culations were performed for the Brillouin zone division

4 × 4 × 4 in all presented cases and for the density of
states (DOS) we used 8×8×8 non-shifted grid. The cal-
culations were performed within supercell approximation
for wurtzite structure. Our supercell has a size 2× 2× 2
of the unit cell. This supercell contained the 16 atoms of
aluminum and 16 atom of nitrogen in which one atom of
aluminum was substituted by the one atom of the tran-
sition metal.

To estimate which state is more stable we made the
calculations for the 64-atom supercell (4×2×2 of the unit
cell size) with two TM atoms. The distance between TM
ions was 6.2 Å. In this calculations the supercell was not
optimized. In all self-consistent calculations Gaussian
smearing technique was used with a smearing width of
0.005 Ry and for DOS calculations tetrahedron method
was applied. The convergence of self-consistency was set
at 10−8Ry.

3. Results

In Fig. 1 we present the total and partial from TM ions
densities of states. The transition metal dopants lead to
appear d-states near Fermi level in aluminum nitride. In
general, these d-states could be divided into three types of
states: bonding which lies in valence band, non-bonding
and anti-bonding states which are located above the va-
lence band. The shape of DOS curves are change when
we increase the number of the d-electrons on the TM im-
purity. For vanadium we observe that non-bonding spin
up states lies below EF and are fully occupied. The anti-
bonding states are mixed with conduction band and also
they mix each other. But at the Fermi level we have only
one type of spin and d-electrons are fully polarized. Ac-
cording to [10]∗ we suppose that for this type of dopants
we have a super-exchange mechanism of exchange.

∗ We used the pseudopotentials from the http://www.quantum-
espresso.org distribution excluding ultrasoft pseudopotential for
nitrogen which was generated in scalar-relativistic approximation
with Andrea Dal Corso code which is part of QE distribution.
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In case of Cr and Mn d-electrons behave in the different
way than in V. The non-bonding states are fully occupied
and are located below the Fermi level but closer to the va-
lence band than in the case of V. The anti-bonding states
are split and we obtain localized and non-overlapping
spin up and spin down states. The spin up states are
partially occupied. The spin down states are above EF

and are slightly mixed with conduction band. This is sim-
ilar to behavior of the same impurities in gallium nitride
and is a result of Zener double exchange mechanism.

The next dopant was iron. In this situation non-
bonding and anti-bonding spin down states are mixed.
The non-bonding state is localized in the middle of the
gap and is partially occupied and spin down anti-bonding
state lies above Fermi level and does not overlap conduc-
tion band. The spin up state lies close to the valence
band. The similar situation have place in case of Co but
in this case the non-bonding and anti-bonding spin up
states are slightly mixed. In case of Ni we see that non-
bonding and anti-bonding spin up states lie in the same
positions as before and anti-bonding spin down states are
split into two parts of which one is partially occupied.
For Fe, Co and Ni the anti-bonding spin down states lie
closer to valence band than in other impurities. We sug-
gest that in this case we have competition between double
and super-exchange mechanism. From comparison of to-
tal energy differences between FM and AFM we see that
in the last case the superexchange mechanism wins and
leads to the antiferromangetic state (see Table II).

In Table I we present the values of magnetic moments
for transition elements TM = V, Cr, Mn, Fe, Co, Ni in
Al0.9375TM0.0625N, and the total magnetic moment per
cell. For V, Cr and Mn most of magnetic moments are
localized on TM metal ions. In other cases situations
are changed and some magnetic moments appear also on
atoms in neighbors of TM. From Table II we see that fer-
romagnetic state is a ground state for V, Cr, and Mn, for
other cases the antiferromagnetic couple is energetically
more favorable. In case of V the mentioned difference is
very small in comparison to other ferromagnetic states.
This could be a result of the different exchange mecha-
nism. As we mentioned above the ferromagnetic state in
AlN:V could be caused by the superexchange mechanism
rather than double exchange like in case of Mn and Cr.

TABLE I

Magnetic moments on TM and total per cell.

Transition Magnetic moment Total magnetic

metal on TM [µB] moment per cell [µB]

V 1.87 2.00

Cr 2.77 3.00

Mn 3.62 4.00

Fe 3.64 5.00

Co 2.48 4.00

Ni 1.69 3.00

TABLE II
The calculated total energies for non-magnetic (NM),
ferromagnetic (FM) and antiferromagnetic (AFM)
states and the total energies differences between FM
and AFM states.

TM NM [Ry] FM [Ry] AFM [Ry] δFM−AFM

[mRy]

V –1303.40828796 –1303.51697704 –1303.51687402 –0.10

Cr –1363.94401590 –1364.10213140 –1364.08793400 –14.20

Mn –1434.28608730 –1434.46416318 –1434.45857982 –5.58

Fe –1127.25048835 –1127.46672121 –1127.47294979 6.23

Co –1164.45510247 –1164.54237547 –1164.54776992 5.39

Ni –1187.37443496 –1187.45511238 –1187.46627258 11.16

Fig. 1. The total and partial density of states of TM
d-states for AlN in the ferromagnetic state.

4. Conclusions

In this paper we present our preliminary results for
AlN doped with TM. From the calculations we have ob-
served that for V-, Cr-, Mn-doped AlN we should obtain
ferromagnetic phase without additional dopants. In case
of Co-, Ni- and Fe-doped AlN we obtain antiferromag-
netic phase. Investigated situation is very similar to other
III-nitrides semiconductors.
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