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a  b  s  t  r  a  c  t

Density  functional  FP-LAPW  + lo calculations  have  been  performed  to  study  the  structural,  electronic  and
magnetic  properties  of  Mg1−xMnxTe  for compositional  parameter  x =  0.25,  0.50,  0.75  and  1.  Our  calcula-
tions  reveal  the  occurrence  of  ferromagnetism  in these  compounds  in  which  the  transition-metal  atom
is  ordered  in  a periodical  way  thereby  interacting  directly  with  the  host  atoms.  Results  extracted  from
electronic  band  structure  and  density  of states  (DOS)  of  these  alloys  show  the  existence  of  direct  energy
band  gap  for both  majority-  and  minority-spin  cases,  while  the  total  energy  calculations  confirm  the
stability  of  ferromagnetic  state  as  compared  to  anti-ferromagnetic  state.  The  total  magnetic  moment  for
Mg1−xMnxTe  for each  composition  is found  to  be approximately  5 �B, which  indicates  that  the  addition  of
Mn  content  does  not  affect  the  hole  carrier  concentration  of  the  perfect  MgTe  compound.  Moreover,  the
lectronic band structure
agnetic properties

s–d exchange  constant  (N0˛)  and p–d  exchange  constant  (N0ˇ)  are  also  calculated  which  are  in  accordance
with  a typical  magneto-optical  experiment.  The  estimated  spin-exchange  splitting  energies originated
by  Mn 3d  states  energies,  i.e. �X(s–d)  and  �X(p–d),  show  that  the  effective  potential  for  minority-spin  is
more  attractive  than  that  of  the  majority-spin.  Also,  the  p–d  hybridization  is found  to  cause  the  reduction
of  local  magnetic  moment  of  Mn  and  produce  small  local  magnetic  moments  on  the  nonmagnetic  Mg
and Te  sites.
. Introduction

Due to combined magnetic and semiconducting properties, the
ilute magnetic semiconductors (DMSs) have wide range of spin-
ronics applications such as magnetic sensor, optical isolator and
on-volatile memory. DMSs are normally III–V, II–VI, II–IV and

V–VI type semiconductors with controlled substitution of con-
tituent atoms by transition metal atoms. The doped transition
toms inject as well as control the spin in the nonmagnetic host
toms [1–3]. The main problem with these materials, from appli-
ations point of view, is their low Curie temperature (Tc) which
s below room temperature. Because of comparatively high Curie
emperature, Mn-doped III–V compounds are most attractive DMSs

nd their Tc can be enhanced by the improved concentration of Mn.
owever, the resulting point defects such as Vth group anti-sites
nd interstitial impurities could compensate hole concentration
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thereby resulting in the reduction of Curie temperature as per Zener
field model [4–6]. DMSs synthesized by the combination of a fer-
romagnetic material with a semiconductor possess the ability to
orient the electron or hole spins even in the absence of external
magnetic field. In order to achieve complete spin polarization, how-
ever, one has to select a ferromagnetic semiconductor with smaller
conductivity than metals, and in this regard II–VI compounds have
the advantage to independently control the localized spins and hole
concentration [7].

In  Mn  substituted IIA–VIB compounds, there exists extremely
large Zeeman splitting of atomic levels due to strong s, p–d
exchange interaction between delocalized band carriers and local-
ized d-shell electrons of Mn2+ ions [8],  whereas Mg  compounds are
tetrahedrally bonded with relativity large energy gaps. Since both
MgTe and MnTe have quite similar band gaps energies and have
a low lattice mismatch between them, one can tune the magnetic
properties of ternary compound by varying the ratio of Mg  and Mn
ions without any significant change in the total band gap energy

of the ternary material. Although MgTe and MnTe do not exist in a
cubic phase, yet DMS, namely, Mg1−xMnxTe has been reported to
be grown in a cubic phase for all values of x using MBE [9,10].  To
the best of our knowledge no theoretical study, in particular first-

dx.doi.org/10.1016/j.jallcom.2011.04.133
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:maalidph@yahoo.co.uk
dx.doi.org/10.1016/j.jallcom.2011.04.133
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Fig. 1. Calculated total energy versus unit cell volume for Mg1−xMnxTe, fer

rinciples calculations within density functional theory (DFT) has
een undertaken so far on these pseudobinary compounds.

In the present study, we have tried to explore the structural,
lectronic and magnetic properties of Mn-doped zinc blende MgTe
t x = 0.25, 0.50, 0.75 and 1.0 using the full potential linearized
ugmented plane wave plus local orbitals (FP-LAPW + lo) method
ithin the framework of DFT [11,12]. Since Mn-3d and Mg-3s

rbitals are difficult to converge so that APW + lo basis set is used
nside the atomic sphere, whereas for all other partial waves, we
ave used LAPW basis set. Furthermore, in the present study,
ransition-metal atom is ordered in a periodical way in the lat-
ice thereby interacting directly with the host atoms, contrary to
he common DMSs in which the diluted limit is at the maximum a
ew percent, and where, either the distance between the transition-

etal atoms is very large (and they can interact only through the
onduction electrons) or they form clusters in the semiconductor
nd different clusters interact between them through the conduc-
ion electrons.

. Details of calculations
Within in the framework of spin-polarized density functional
heory, the calculations are performed by WIEN2k code [13]
o provide the fundamental understanding of the ground state
netic and anti-ferromagnetic alloys (a) x = 0.25, (b) x = 0.5, and (c) x = 0.75.

electronic and magnetic properties of Mg1−xMnxTe at x = 0.25, 0.50,
0.75 and 1.0. The details for the expansion of Kohn-Sham orbitals
by FP-LAPW + lo method are given in the literature [14,15].  In
this approach, a muffin-tin (MT) model for the crystal potential is
assumed and the electrons are grouped into core electrons, whose
charge density is confined to the non-overlapping spheres of radius,
RMT, and valence electrons that reside outside the surface of these
spheres—the interstitial region (IR). Inside each MT  sphere, the
basis set is splitted into core and valence subsets. The calculations
for the core states are carried out within the spherical part of the
potential only. However, the valence states calculations are carried
out within a potential expanded into spherical harmonics. The
exchange and correlation potentials were calculated by generalized
gradient approximation (GGA) proposed by Wu–Cohen [16], which
is advantageous for magnetic system. Neglecting the spin orbital
coupling, the scalar style relativistic effect is taken into account.

Taking zinc blende standard unit cell of 1 × 1 × 1, we obtained
the structures of Mg1−xMnxTe (x = 0.25, 0.50 and 0.75) by replacing
the Mg  atoms with Mn  to get the alloys with 25%, 50% and 75% con-
centration, respectively. For alloys, randomness can be reproduced
for the first few shells around a given site, with the help of ‘special

quasirandom structures’ (SQSs) approach [17]. The concept of SQSs,
which are specially designed small-unit-cell periodic structures
with only a few (2–16) atoms per unit cell, was proposed by Zunger
et al. [17] to study the properties of random substitutional alloys,
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ig. 2. Calculated band structure of Mg0.75Mn0.25Te, Mg0.50Mn0.50Te and Mg0.25Mn0

ands  and the right panels the minority-spin.

s SQSs reproduce the most relevant, near-neighbor pair and mul-

isite correlation functions of theses alloys. Since first-principles
alculations based on DFT rely on the construction of cells with
eriodic boundary conditions, these calculations are relatively
traight-forward, as long as the material is a perfectly ordered
along the selected high symmetry directions. The left panels are the majority-spin

structure. However, for random substitutional alloys these calcula-

tions become complicated, and one requires large supercells, which
are computationally constrained by the number of atoms that one
can treat. In SQSs approach, one is dealing with a distribution of
distinct environment, the average of which corresponds to the
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Fig. 3. Spin-dependent TDOS of Mg1−xMnxTe

andom alloy [18], thereby reducing the periodicity errors which
ccur when we describe random alloys with periodic structures. In
he present study, total energy calculations (for both ferromagnetic
nd antiferromagnetic cases) have been performed by using SQSs
or the three compositions x = 0.25, 0.50 and 0.75, and to study the
lectronic and magnetic properties of the alloys. We  have used
.47 Bohr as muffin-tin value for transition-metal Mn  and 2.33,
.19 Bohr for Mg  and Te, respectively. The maximum value of
ngular momentum for the wave function expansion inside the
phere (lmax = 10) and density plane cut-off (RMT × Kmax = 8) are
sed in our calculations. A modified tetrahedron method is applied
or BZ integrations by taking 2000 k-points for ferromagnetism
alculations and 1000 k-points for anti-ferromagnetic calculations.
he self-consistent calculations are considered to converge only
hen the calculated total energy converges is less than 0.0001 Ry.

. Results and discussion

.1. Structural properties
Since optimization is vital to reflect truly the ferromagnetism of
he doping system, structural properties of Mg1−xMnxTe (x = 0.25,
.50, 0.75 and 1.0) are studied using structural optimization by min-

able 1
alculated zincblende phase values of equilibrium lattice constants a (Å), bulk modulus B 

f  Mn Mg and Te in Mg1−xMnxTe.

Compound a (Å) B (GPa) 

Mg0.75Mn0.25Te 6.43 36.17 

Mg0.50Mn0.50Te 6.40 38.85 

Mg0.25Mn0.75Te 6.33 42.13 

MnTe 6.25, 6.34a 45.01 

a Ref. [24].
 x = 0.25, (b) x = 0.5, (c) x = 0.75 and (d) x = 1.0.

imizing the total energy as a function of the unit cell volume with
the help of Murnagnan’s equation of state [19], and the values of
calculated structural parameters such as equilibrium lattice con-
stants and bulk moduli are listed in Table 1. Also, the calculated
total energy verses unit cell volume of Mg1−xMnxTe at x = 0.25,
0.50 and 0.75 for both ferromagnetic (FM) and anti-ferromagnetic
(AFM) are shown in Fig. 1. For both ferromagnetic (FM) and anti-
ferromagnetic (AFM) phases, the ground state of Mg1−xMnxTe alloy
was found by performing self-consistent calculations. Parallel spin
directions were found for the two Mn  cations in the FM state;
however in AFM state the two  magnetic cations have anti-parallel
spins. Results show that for these alloys the total energy differ-
ence (�E  = EAFM − EFM) between AFM and FM states are positive,
i.e. ferromagnetic states are more stable than anti-ferromagnetic
states and the total energy differences between the said states of
Mg1−xMnxTe per Mn  atom are 0.2013, 0.2952, 0.4463 and 0.0012 eV
for x = 0.25, 0.50, 0.75 and 1.0, respectively.

3.2. Electronic band structure, DOS, charge densities
Spin-polarized band structures of Mg1−xMnxTe (x = 0.25, 0.50
and 0.75) for spin-up and spin-down alignments are shown in Fig. 2
along the high symmetry directions in the first Brillouin zone. Both

(GPa), the total magnetic moments per Mn (Mtot in �B) and local magnetic moment

Mtot MMn MMg MTe

5.000 4.370 0.01826 0.0229
5.000 4.394 0.038 0.0431
5.000 4.421 0.059 0.0632
5.000 4.400 – 0.0666
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Table  2
Calculated ferromagnetic (FM) energy band gap Eg (eV) and conduction and valence band-edge spin-splitting �Ec and �Ev and exchange constants of Mg1−xMnxTe for (a)
x  = 0.25, (b) x = 0.5, (c) x = 0.75 and (d) x = 1.0.

Compounds Eg (eV) �Ec �Ev N0  ̨ N0ˇ

Mg0.75Mn0.25Te (FM) 1.31 0.60 −0.72 1.08 −1.318
Mg0.50Mn0.50Te (FM) 0.60 1.04 −1.32 0.95 −1.201
Mg0.25Mn0.75Te (FM) 0.19 1.33 −1.91 0.82 −1.150
MnTe (FM) 0.00 1.69 −2.21 0.76 −1.005
MnTe (AFM) 1.20, 1.28a 0.82 −2.30 0.37, 0.34a −1.045, −1.10a

b b

s
v
�
t
s
T
c
r
i
c

F
s

Mg0.67Mn0.33Te 

a Ref. [20].
b Ref. [25].

pin-up and spin-down band structures show that the top of the
alence band and bottom of the conduction band are located at

 point. This indicates that a direct energy gap at high symme-
ry point is associated with spin-up as well as spin-down band
tructure. Calculated values of the energy band gap are displayed
able 2, where we have indicated both band-gap values of MnTe
orresponding to ferromagnetic and antiferromagnetic phases. Fer-

omagnetic zinc blende MnTe appears to be metallic, as one can see
n Table 2, while antiferromagnetic phase turns out to be a semi-
onductor. Our results are in conformity with an earlier electronic

ig. 4. Spin-dependent PDOS projected in Mn (solid line), Mg  (dotted line) and Te (dashed
ide).  Right side is the DOS of Mn  d eg and d t2g states.
0.20 −0.50

structure study undertaken by Fleszar et al. [20], based on local
spin-density approximation (LSDA) and the GW approach. The cal-
culated total and partial density of states of Mg1−xMnxTe (x = 0.25,
0.50, 0.75 and 1.0), which are presented in Figs. 3 and 4, show the
involvement of 3d states of Mn  ions with small contribution of 3p
of Mg  and 5p states of Te ions in energy range −4.12 to −0.15 eV,
while the upper valence band for spin-up states is quite differ-

ent from that spin-down states. From Fig. 3, which is drawn for
alloys with doping concentration at x = 0.25, the occupied Mn-3d
bands with spin-up configuration are observed that are centered at

 line) at (a) x = 0.25, (b) x = 0.5, (c) x = 0.75 and (d) x = 1.0 atoms of Mg1−xMnxTe (left
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Fig. 5. Calculated spin-dependent charge density contours

↑
v = −2.82 eV, while the spin-down Mn  3d bands are empty and
entered at E↓

v = +1.67 eV. Here E↑
v and E↓

v are the valence band
axima for spin-up and spin-down, respectively Similarly, for dop-

ng concentrations at x = 0.50, 0.75 and 1.0, the occupied Mn  3d
ands with spin-up configuration are observed that are centered
t −3.07 eV, −3.25 eV and −3.31 eV, while the spin-down Mn  3d
ands are empty and centered at +1.24 eV, +0.89 eV and +0.49 eV,
espectively.

The separation between the spin-up and spin-down peaks is
nown as spin exchange splitting which is represented by �X (d) =
(C↓

d ) − E(C↑
d ), and its values for Mn  3d states of Mg1−xMnxTe is

ound to be +4.75 eV, +4.98 eV, +5.25 eV and 5.63 eV at x = 0.25,
.50, 0.75 and 1.0, respectively. The values of crystal field splitting,
efined as �Ecrystal = Et2g − Eeg for these concentration are 1.08 eV,
.82 eV, 0.74 eV and 0.62 eV, respectively. These results show that

or each concentration, the spin exchange splitting is larger than
he crystal field splitting. To explain the nature of attraction, p–d
xchange splitting parameter �X (pd) = E↓

v − E↑
v is calculated and its

alues are found to be −0.72 eV, −1.32 eV, −1.91 eV and −2.21 eV
ted (1 1 0) plane for Mg1−xMnxTe at x = 0.25, 0.50 and 0.75.

for x = 0.25, 0.50, 0.75 and 1.0, respectively. These values indicate
that the effective potential for the minority-spin is more attractive
than that for the majority-spin [21].

Our calculations of the charge spin densities for Mg1−xMnxTe
(x = 0.25, 0.50, 0.75) alloys in the (1 1 0) plane elucidates the nature
of the bonding in different phases as shown in Fig. 5. For the concen-
tration x = 0.25, the contour plot shows partial ionic and covalent
bonding, indicating a strong covalent MnTe bond and ionic char-
acter of MgTe bond. The nature of bonds remains same for both
spin-up and spin-down cases. However, as the Mn  concentration
is increased form 0.25 to 0.75, not only the Mn–Te bond becomes
stronger, some polarization of Mg–Te bond is also observed, making
it a little more covalent. Relatively more ionic behavior of Mn–Te
bond than that of Mg–Te bond can be attributed to the increase
in electronegativity difference between the two atoms which in

turn increases the displacement of bonding charge. Similarly, weak
covalent bonding is observed in both Mg–Te bond and Mn–Te bond
at x = 0.50 and covalent bond is stronger at Mg–Te bond than the
Mg–Te bond.
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.3. Exchange coupling, magnetic moments

To study the magnetic as well as thermodynamic properties,
valuation of exchange constants N0  ̨ and N0  ̌ is required. In order
o take into the account the influence of valence and conduction
ands in the process of exchange and splitting, it is convenient to
arameterize the spin-splitting of conduction and valence bands.
his interpretation is in accordance with mean field theory based
n the Hamiltonian given by the following equation [22,23]:

 = −N0ˇs · S,

here N0 is the concentration of cations,  ̌ is the p–d exchange
ntegral and s and S are the hole spin and the Mn  spin, respectively.
imilar argument can also be applied for spin splitting of the con-
uction band, based on the same Hamiltonian with N0  ̨ exchange
onstant. The exchange constants can be calculated directly from
he valence and conduction band-edge spin splitting �Ec = E↓

c − E↑
c

nd �Ev = E↓
v − E↑

v using the following equations:

0  ̨ = �Ec

x〈S〉 , N0  ̌ = �Ev

x〈S〉
Our calculated values of �Ec, �Ev, N0  ̨ and N0  ̌ are presented

n Table 2. The above findings confirm the ferromagnetic of nature
f p–d coupling between the conduction band of MgTe and the
n impurity, which in turn labels the magnetic character to these
aterials.
The calculated values of the total and local magnetic moments

or DMSs Mg1−xMnxTe at x = 0.25, 0.50, 0.75 and 1.0 within the
uffin-tin spheres are listed in Table 1. For Mg1−xMnxTe at x = 0.25,

.50, 0.75 and 1.0, the total magnetic moment of 3d electrons within
he sphere is found to be 5.00023, 5.00026, 5.00028 and 4.91488 �B,
espectively. The presence of permanent local magnetic moments
an be attributed to the partially filled Mn  3d states. The magnetic
ons and the electrons or holes near the band edges interact with
ach other via long oscillatory exchange interactions. In return,
hese interactions endow special properties to DMSs. Here, we also
eport the observation of the reduction of local Mn  moments due to
–d hybridization along with induction of local magnetic moments

n the neighboring nonmagnetic (Mg, Te) atoms.

. Conclusion

In this work, we have applied the successful (FP-LAPW + lo)
ethod which enables the direct evaluation of the spin-based

lectronic and magnetic properties of the DMSs Mg1−xMnxTe at
 = 0.25, 0.50, 0.75 and 1, in the ferromagnetic phase. The cal-
ulations are performed within the framework of spin-polarized
ensity functional theory with generalized gradient approxima-

ion. The hybridization of valence 3d electrons in Mn  ions elucidates
he presence of well defined spin-up and spin-down band struc-
ures in all compositions. The results based on partial densities
f states allow us to find both the exchange splitting �X(d) and

[
[
[
[

mpounds 509 (2011) 8137– 8143 8143

�X(pd) and the crystal field splitting originated by Mn  3d states. Our
results give unambiguous evidence for effective potential, clarify-
ing its attractiveness for minority-spin than that for majority-spin.
Another important result regarding to total and local magnetic
moments is that the addition of Mn  ions introduces no hole carrier
to the host MgTe crystal. The value of total magnetic moment has
been calculated to be 5 �B. It is found that the unfilled Mn  3d states,
together with p–d hybridization results in significant decrease in
the local magnetic moment at the Mn  site from its free-space value,
leading to the generation of a small local magnetic moment at Mg
and Te sites.
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