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First principles calculations based on the density functional theory (DFT) within the local spin density

approximation are performed to investigate the electronic structure and magnetic properties of Cr-

based zinc blende diluted magnetic semiconductors Al1�xCrxX (X=N, P, As, Sb) for 0rxr0.50.The

behaviour of magnetic moment of Al1�xCrxX at each Cr site as well as the change in the band gap value

due to spin down electrons has been studied by increasing the concentration of Cr atom and through

changing X from N to Sb. Furthermore, the role of p–d hybridization is analyzed in the electronic band

structure and exchange splitting of d-dominated bands. The interaction strength is stronger in

Al1�xCrxN and becomes weaker in Al1�xCrxSb. The band gap due to the spin down electrons decreases

with the increased concentration of Cr in Al1�xCrxX, and as one moves down along the isoelectronic

series in the group V from N to Sb. Our calculations also verify the half-metallic ferromagnetic character

in Cr doped AlX.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Dilute magnetic III–V and II–VI semiconductors (DMS) doped
with small amount (o10%) of transition metals (TM) are being
extensively studied due to their application in devices based on both
magnetic and semiconductor properties. TM-doped III–V semicon-
ductors are widely used in high speed electronic, optoelectronic and
spintronics devices [1,2]. Many experiments have been performed
successfully in order to search DMS materials of ferromagnetic
behaviour at room temperature by doping transition metal elements
in wide band gap semiconductor such as Mn-doped in InAs, GaAs,
while using a variety of experimental techniques Cr-doped AlN thin
films have been synthesized and are found to exhibit ferromagnetic
properties at room temperature [3–8].

In Mn-based DMS, the static Jahn–Teller effect is negligible,
whereas in Cr-based DMS, Cr2 + ions give rise to static Jahn–Teller
effect—a magnetic property based on how many electrons are
available to fill the energy states. Moreover, excited states of Cr2 +

ions contribute to the magnetic properties and lead to a
pronounced anisotropy of the Cr2 + ion energy level structure. In
this regard, one of the systems that have received special
attention in recent years involves Cr-doped AlN, (Al, Cr) N, whose
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structural, electronic and magnetic properties have recently been
studied by Endo et al. [9]. Cr-doped AlN and its alloys are
favourable DMS candidates because of their enhanced thermal
stability, the possibility of the band-gap-engineered structures
and graded barrier layers for spin-tunnelling devices [10]. Yang et
al. [8] have studied Cr-doped AlN system experimentally and
reported ferromagnetism at temperature over 340 K in Cr-doped
AlN thin film grown by reactive co-sputtering on silicon, glass,
and Kapton substrates, while Wang et al. [11] predicted short-
range ferromagnetic coupling in WZ-phase Al1�xCrxN thin film
using density functional calculations. Moreover, Al0.93Cr0.07N1

alloy system has been studied experimentally and theoretically
both in zinc blende (ZB) and wurtzite (WZ) phase by Wu et al. [6].

In this paper, we study the electronic structure and magnetic
properties of Cr-doped AlX (X=N, P, As, Sb) with Cr concentration
upto 50% in zinc blende phase by carrying out self-consistent, first
principles, spin-polarized calculations based on full potential
(linearized) augmented plane wave plus local orbital method (FP-
LAPW+lo) within density functional theory (DFT) [12] with local
spin density approximation (LSDA) for exchange and correlation
[13]. Our main objective is to see the effect of Cr ions doped on the
electronic structure and magnetic properties of AlIIIXV compounds.
2. Computational details

As mentioned earlier, the electronic and magnetic properties of
Al1�xCrxX (X=N, P, As, Sb) are calculated using the FP-LAPW+lo
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Table 1

The calculated equilibrium constant constants a (Å), bulk modulus B (GPa), B0

(GPa), length of Cr-Al bonds LAX (Å) and length of Cr–X bonds LCX (Å) for Al1�xCrxX

and Ga1�xCrxX (X=N, P, As, Sb).

Compound X a (Å) B (GPa) B0 (GPa) LAlX (Å) LCrX (Å)

Al1�xCrxN 0.00 4.404 192.33 4.05 1.9734 –

0.125 4.376 211.55 4.11 1.8965 1.8965

0.25 4.368 210.97 4.15 1.8812 1.8812

0.50 4.325 209.66 4.28 1.8749 1.8749

Al1�xCrxP 0.00 5.434 85.5 3.90 2.3531 –

0.125 5.419 88.62 4.10 2.3465 2.3465

0.25 5.404 89.40 4.25 2.340 2.340

0.50 5.364 89.80 3.55 2.3225 2.3225

Al1�xCrxAs 0.00 5.6297 74.73 4.28 2.4274 –

0.125 5.626 74.78 4.31 2.4348 2.4348

0.25 5.604 74.82 4.46 2.3958 2.3958

0.50 5.573 78.73 4.33 2.3731 2.3731

Al1�xCrxSb 0.00 6.109 57.15 4.45 2.6453 –

0.125 6.094 57.23 4.87 2.6452 2.6452

0.25 6.075 57.79 5.12 2.6306 2.6306

0.50 6.043 58.09 5.08 2.6166 2.6166
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method within the framework of the density functional theory
(DFT) as implemented in the WIEN2 K code [14] applying LSDA for
exchange-correlation potential. The non-overlapping muffin-tin
radii RMT of Al, N, P, As, Sb and Cr are taken to be as large as
possible. Within the muffin-tin spheres, the l-expansion of the
non-spherical potential is carried out up to lmax=10 while the
charge density is Fourier expanded up to Gmax=24. In order to
achieve energy eigenvalues convergence, the wave functions in
the interstitial region are expanded in terms of plane waves with
a cut-off of KMAX=8/RMT. A mesh of 72 special k-points are taken
in the irreducible wedge of the Brillouin zone (IBZ).

The bulk AlX (X=N, P, As, Sb) has zinc blende structure with
space group F43m in which the Al atom is located at (0, 0, 0) and X
atom at (0.25, 0.25, 0.25). When Cr is doped with concentration x

=0.25, the calculations are formed with an eight-atom supercell,
constructed by taking 1�1�1 standard unit cell of structure
with cubic symmetry belong to space group P43m. In eight-atom
supercell, we replace one Al atom at (0, 0, 0) by Cr and keep the
other three Al atoms and four X atoms (Al3Cr1X4) at their position.

For x=0.5, we replace two Al atoms and get a tetragonal
structure with space group P4m2. We construct the 1�1�2
supercell with 16 atoms for x=0.125 structure with space group
P42m. We replace the first atom by Cr and so obtained ratio of Cr
in this structure is Al7Cr1X8. All these structures reflect the fact
that each Al (or Cr) atom has four anions (X) as the nearest
neighbours and each anion (X) has four cations (Cr and Al) as the
nearest neighbours.
3. Results and discussion

3.1. Structural properties

Before calculating the electronic structure and magnetic
properties, volume optimization of Al1�xCrxX has been performed.
The values of lattice constant ‘a’, bulk modulus B, determined by
fitting the total energy as a function of volume using the
Murnaghan’s equation of state at zero pressure [15]. The
quantities ‘a’, B and first order pressure derivative of the bulk
modulus, B0, for different concentrations of Cr (0.0, 0.125, 0.25,
0.5) in AlX, and the bond lengths of Cr–Al and Cr–X, i.e. LCrAl (Å)
and LCrX (Å) are displayed in Table 1. The equilibrium lattice
constant ‘a’ as function of concentration x for different
compounds can be described approximately by the following
equations:

a ðÅÞ ¼ 4:4016� 0:155x� 0:007x2ðAl1�xCrxNÞ

a ðÅÞ ¼ 5:432� 0:096x� 0:0829x2ðAl1�xCrxPÞ

a ðÅÞ ¼ 5:631� 0:0724x� 0:0917x2ðAl1�xCrxAsÞ

a ðÅÞ ¼ 6:1094� 0:1347x� 0:029x2ðAl1�xCrxSbÞ

We find that the bulk modulus increases with the concentration x

in all structures of (Al, Cr) X, as presented in Table 1.

3.2. Electronic properties

In this section, we examine the electronic structure of
compounds and discuss the origin of the half-metallicity. The
host valence bands in AlIIIXV compounds are formed due to the
anion p states, i.e. N 2p, P 3p, As 4p and Sb 5p in AlN, AlP, AlAs and
AlSb, respectively, and show a gradual shift from lower (AlN) to
the higher (AlSb) in energy values. The most important features of
the electronic calculations can be seen from spin-dependent total
and partial density of state (DOS) projected in Cr, Al and X muffin-
tin in case of Al1�xCrxX.

When the transition metal (TM) atom is substituted at the
cationic site, the tetrahedral crystal field formed by X ions splits
its 3d states into threefold degenerate t2g and double degenerate
eg levels with the Td group symmetry for a TM atom tetrahedrally
bound to X (X=N, P, As, Sb) atoms. This shows that the Cr impurity
doped in Al1�xCrxX has a 4s2 3d3 valence-electron configuration
and the majority-spin Cr 3d states are 4

5 filled, and the minority-
spin Cr 3d states are unoccupied, while three Bohr magnetons of
magnetic moment in Al1�xCrxX per Cr atom have arisen.

The total and partial DOS show the exact position of eg and t2g

levels of the Cr in Al1�xCrxX. We note that the t2g state lies above
the eg state confirming that Cr is sitting in the tetrahedral
environment in all compounds of Al1�xCrxX. For the octahedral
environment eg state lies above the t2g state as one would expect
from the crystal field splitting. We have shown here only
prototype of DOS’s and band structure diagrams for Al1�xCrxX

for x=0.125, 0.25, and 0.5 (Fig. 1).
3.2.1. Al1�xCrxN

The valence band of AlSb is originated from anion 5p states,
i.e., Sb 5p states, and when Al is replaced by Cr, it polarizes the
host band. The partial DOS of the Cr atoms shows that the spin up
Cr 3d bands are almost occupied while the spin down bands lie
above the EF, which gives rise to huge magnetic moments of 3mB.
In Al0.75Cr0.25N, we define the majority-spin that contains the
largest number of electrons. In Fig. 2, the states in the energy
range from �8.3 to �3.4 eV come mainly from N 2p states with
minor contribution from Cr 3d and Al 3s, 3p states. The
contribution of Cr 3d states in band structure in the majority-
spin can be divided into two parts: first, the band originating from
the Cr 3d eg-doubly degenerate state orbitals, centred at �1 eV,
and secondly the t2g triply degenerate band, centred at
�0.23–1.09 eV. The t2g states strongly hybridize with the N 2p

states in the case of majority-spin band.
In minority-spin 3d states lie closer to the bottom of

conduction band and are centred at 1.2 eV due to eg states and
at 2.1 eV due to t2g states. The N 2p and 3d states form the top of
the valence band at around �3.53 eV. The 3d states lie above the
N 2p states, so that their mutual repulsion simultaneously drives
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Fig. 1. The prototype structures of Cr doped AlX (X=N, P, As, Sb) compounds: (A) zinc blende AlP for x=0, (B) Cr1Al7P8 for x=0.125, (C) Cr1Al3P4 for x=0.25, and (D) Cr1Al1P4

for x=0.5.

Fig. 2. Total and partial DOS projected on to the Cr impurity site, for majority-spin and minority-spin for Al0.75Cr0.25N.
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the 3d band up above the Fermi level and p band down below the
Fermi level, thereby giving rise to the metallic conduction band.
When the Fermi level is running through the impurity band, the
Al1�xCrxN alloys are half metallic. Due to large p–d exchange
interaction, there is a narrow band gap formed in majority-spin
electrons, the band gap is much wider with values of 3.45, 3.4 and
3.3 eV for Al0.875Cr0.125N, Al0.75Cr0.25N and Al0.50Cr0.50N, respec-
tively, as shown in Fig. 3. It is noted that the band gap decreases
with increased the concentration of Cr in AlN.
3.2.2. Al1�xCrxP

The total and partial densities of states as well as the band
structure of Al0.75Cr0.25P are shown in Figs. 4 and 5, respectively.
The majority-spin electrons form the top of the valence band from
�4 to �0.3 eV. It is dominated by P 3p and 3d–eg states which are
completely filled, but 3d-t2g partially filled states, which lie in
Fig. 3. Spin-polarized band structures for major

Fig. 4. Total and Partial DOS projected on to the Cr impurity
midst of the Fermi level, cause the metallic nature of the ternary
alloy. On the other hand, for the minority-spin, the valence band
from �6.29 to �1.32 eV is formed due to the Al 3p and P 3p states
and the bottom of the conduction band from 0.21 to 1.92 eV are
dominated by the eg and t2g states. We see that the hybridization
of t2g with P 3p states at around �2.6 and �2.8 eV in Al0.75Cr0.25P
and Al0.50Cr0.50P, respectively.

With concentration of Cr up to 50% in Al1�xCrxP, the bands
formed due to the majority-spin electrons are metallic in nature
and energy band due to the minority-spin electrons has band gap
of 1.65, 1.6, and 1.6 eV for x=0.125, 0.25 and 0.50 Al1�xCrxN,
respectively, as shown in Fig. 5.
3.2.3. Al1�xCrxAs

Fig. 6 shows the spin-dependent total and partial densities of
states for DOS of Al0.75Cr0.25As. For majority-spin, from �6 to
ity-spin and minority-spin for Al0.75Cr0.25N.

site, for majority-spin and minority-spin for Al0.75Cr0.25P.
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Fig. 5. Spin-polarized band structures for majority-spin and minority-spin for Al0.75Cr0.25N.

Fig. 6. Total and partial DOS projected on to the Cr impurity site, for majority-spin and minority-spin for Al0.75Cr0.25As.
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�4.5 eV the corresponding bands originate essentially from the Al
3p states, which exhibit narrow bands with a weak contribution
from As 4s and Cr 3p states, while from �6.2 to �1 eV the bands
are dominated by the N 2p and 3d states with a weak contribution
from Al 3p and Cr 5p states.

For minority-spin, top of the valence band extends from –6.5
to –1.129 eV dominated by the As 4p states. We observe that the
bottom of the conduction band from 0.5 to 2.0 eV is originated
only due to 3d–eg and t2g states of Cr. For majority and minority
spins, the valence band maximum (VBM) shows a large contribu-
tion from the As 4p states, which hybridize with the Cr 3d states.
The band gap due to the spin down electrons has gap values of 1.6,
1.5, and 1.6 eV for x=0.125, 0.25 and 0.50 in Al1�xCrxAs,
respectively, as shown in Fig. 7.
3.2.4. Al1�xCrxSb

In Fig. 8 we display the spin-dependent total and partial DOS
for Al0.75Cr0.25Sb, where the Sb 5p states are seen at �2 eV for the
case of majority-spin electrons. The next band is formed by the eg
orbitals at around �1 eV for majority spin and at 1.3 eV for the
minority-spin. Moreover, the wider antibonding p–d t2g

hybridization appears to start from –2 eV for majority-spin and
from –0.8 eV for minority-spin. We find considerable amplitude of
Cr 3d component around the Fermi level and get a small DOS peak
of 3d states at the top of the valence band.

There is a large exchange between the majority-spin and
minority-spin DOS around the Fermi level. The majority-spin
electrons show metallic behaviour, while there is an energy gap
(spin down gap) in the band of minority-spin electrons. For the
gap formed inbetween partially filled eg states of 3d, the position
of the gap is different for the majority and minority electrons. The
band gap due to the spin down electrons is 1.15, 1.1 and 1.0 eV for
x=0.125, 0.25 and 0.50 in Al1�xCrxSb, respectively, as shown in
Fig. 9.

The partial filling of the majority-spin state t2g suggests a
ferromagnetic ground state associated with the double exchange
mechanism. With increasing concentration of Cr, the partially
filled t2g state is broadened (Fig. 10), which stabilizes the
ferromagnetism in all Al1�xCrxX as reported by Zhang et al. [16]
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Fig. 7. Spin-polarized band structures for majority-spin and minority-spin for Al0.75Cr0.25As.

Fig. 8. Total and partial DOS projected on to the Cr impurity site, for majority-spin and minority-spin for Al0.75Cr0.25Sb.
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in Cr-doped AlP calculations. The hybridization of t2g and X p

states around –3.8 eV for Al0.75Cr0.25N, �2.6 eV for Al0.75Cr0.25P,
�2.3 eV for Al0.75Cr0.25As and �1.8 eV for Al0.75Cr0.25Sb can be
seen in figures showing PDOS of these alloys, This shows that the
hybridization of t2g and X p states shift towards the Fermi level as
we move down the isoelectronic series from N to Sb elements. The
hybridization is stronger in Al0.75Cr0.25N but becomes weaker in
Al0.75Cr0.25Sb; it means that, in going from Al1�xCrxN to
Al1�xCrxSb, the interaction strength reduces particularly for the
nearest neighbour interactions. Similar trend has also been
observed in moving from AlMnN to AlMnSb [17]. The origin of
ferromagnetism and the role of Zener’s p–d exchange interaction
based on model proposed by Dietl et al. [18] and that of double
exchange mechanism in Mn-doped GaP and GaAS were explained
by Sato et al. [19], whereas for Cr-doped AlP, this study was later
undertaken by Zhang et al. [16]. These studies arrive at the same
conclusion that both p–d exchange interaction and double
exchange mechanism contribute to the ferromagnetism and to
the stability of the ferromagnetic state. We find that the present
study of Al1�xCrxX compounds also lead to similar results.
4. Magnetic properties

We have also calculated the total magnetic moments of
Al1�xCrxX, the local moments of Al, Cr and X and the interstitial
moment. The total magnetic moment has a value of about 3.0mB

for all Al1�xCrxX alloys, which agrees well with the experimental
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Fig. 9. Spin-polarized band structures for majority-spin and minority-spin for Al0.75Cr0.25Sb.

Fig. 10. Partial DOS of Cr 3d t2g states with different concentrations of x for Al1�xCrxX (x=0.25, 0.50).
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[8,20] and other theoretical [21] results on Al1�xCrxX. The main
part of the magnetic moment due to Cr atom is 2.2061, 2.700,
2.887 and 2.921mB (mB is the Bohr magnetron) for Al0.75Cr0.25N,
Al0.75Cr0.25P, Al0.75Cr0.25As and Al0.75Cr0.25Sb, respectively.

We note that there is strong hybridization between 3d–t2g and
X p states, which can yield ferromagnetic coupling between the Cr
moments. This p–d hybridization reduces the local magnetic
moment of Cr from its free space value �3.0–2.2061, 2.700, 2.887,
2.921mB in (Al, Cr) X at x=0.25, respectively. Our results show that
the main contribution of magnetic moments is strongly localized
on the Cr site (Table 2). The additional contribution to the total
magnetic moment appears to come from Al and X atoms. As we
move down the Vb column of the periodic table from Al1�xCrxN to
Al1�xCrxSb, the magnetic moment of Cr increases.
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Table 2
Total and local magnetic moment in Al1�xCrxX (X=N, P, As, Sb) with the

concentration of Cr.

Compound X

0rxr0.5

MTot (mB/

cell)

mCr mAl mX minterstital

Al1�xCrxN 0.00 – – – – –

0.125 3.0 2.1672 0.0119 0.0067 0.6853

0.25 3.0 2.2061 0.0235 0.0135 0.9781

0.50 3.0 2.3761 0.0405 0.0335 0.9833

Al1�xCrx 0.00 – – – – –

0.125 3.0 2.6766 0.03008 –0.0026 0.03885

0.25 3.0 2.7163 0.02983 –0.0044 0.36792

0.50 3.0 2.7011 0.05539 –0.0623 0.3688

Al1�xCrxAs 0.0 – – – – –

0.125 3.0 2.851 0.0250 –0.0065 0.27181

0.25 3.0 2.8580 0.0248 –0.0547 0.2582

0.50 3.0 2.8672 0.0440 –0.0863 0.2614

Al1�xCrxSb 0.00 – – – – –

0.125 3.0 2.9143 0.0124 �0.0127 0.01172

0.25 3.0 2.9210 0.0129 �0.0664 0.11317

0.50 3.0 2.9496 0.0605 �0.0417 0.12632
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5. Conclusion

In this work, systematic theoretical study of the electronic,
magnetic and structural properties of Cr-doped Al1�xCrxX (X=N, P,
As, Sb) ternary compounds with 0rxr0.50 concentration has
been undertaken, For this purpose an accurate full potential
density functional method has been used. We find that the total
magnetization of the cell is of the order of 3.0mB per Cr atom and
it remains consistent even with the change in the concentration x

or anion X. The half-metallic ferromagnetism is observed in the
Al1�xCrxN ternary compounds at their optimized cell volumes.
The Fermi level slightly moves upward and the energy gap of the
minority-spin band at the Fermi energy reduces as we go from N
to Sb, and as a result, the half-metallic gaps become narrower.
Furthermore, both p–d exchange interaction and double-exchange
mechanism seem to be responsible for ferromagnetism.
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