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In this work, we studied the properties of vanadium doped binary MgS com-
pound Mg;_,V,S (x = 0.125, 0.25, 0.50 and 0.75) in both ferromagnetic rock-
salt and zinc-blende structures. The studied properties are structural, elec-
tronic and magnetic. The objective of this study is to explore the new dilute
magnetic semiconductor systems. We have used two approximations to sim-
ulate these properties: Wu—Cohen generalized gradient approximation for
structural properties, and the modified Becke—Johnson potential combined
with the local density approximation for electronic and magnetic properties.
The general context in which the calculations are done is based on the for-
malism of the spin-polarized density functional theory and the full-potential
linear-augmented plane wave method. Among the various compounds studied,
we have identified a ferromagnetic semiconducting behavior in the rock-salt
structure. In the zinc-blende structure, we have one metallic candidate con-
sisting of 75% V-doping of the Mg-sublattice, and all other compounds have a
half-metallic ferromagnetic behavior. We conclude that the Mg;_,V,S com-
pounds, for x = 0.125, 0.25 and 0.50, in the zinc-blende structure are a diluted
magnetic semi-conductors materials. To see the effects of the exchange split-
ting process, the exchange constants Ny, and N,; are calculated. For each
concentration x, we have found the values of the total magnetic moment equal
to 3 up excepted for the case of Mgg o5 Vo755 compound in the zinc-blende
structure. The value of the total magnetic moment is due principally to V
magnetic atom and to other both nonmagnetic atoms Mg and S, which show
small local magnetic moments localized on their sites. The presence of ferro-
magnetic order in this type of compound can be explained by the p-d
hybridization phenomena.

Key words: MgVS, DFT calculations, FPLAPW, diluted magnetic
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INTRODUCTION

During the last decade, the exploration of new
dilute magnetic semiconductors (DMS) designed for
the development of practical semiconductor spin-
tronics devices drew extensive attention worldwide.
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impurities to engineer their band structures and
improve their electronic performances.

In particular, transition metal (TM) doping usu-
ally induces magnetic properties into nonmagnetic
semiconductors, so that both charge and spin
degrees-of-freedom of the electrons must be taken
into account simultaneously. This category of doped
semiconductors with magnetic ground states is
called diluted magnetic semiconductors (DMS).!
DMS materials usually have special electronic
properties, such as magneto-electronics, magneto-
transport and they may play a key role in the future
of science and technology.

Undoubtedly, if the DMS have the properties of
half-metallic ferromagnets (HMF), they would find
more suitable applications in spintronics. Half-
metals are defined by electronic structures that
exhibit simultaneously semiconducting or insulat-
ing, and metallic properties at the same time in
materials, because of their electron spin orienta-
tions that are 100% polarized at the Fermi level.%*

This phenomenon of half-metallic ferromagnetism
was intensively explored in the past, and a complete
spin polarization was not always observed. The
experimental search for half-metals are generally
tedious and verification of the expected spin polar-
ization must be carried out. The density functional
theory (DFT) has played an important role in this
regard as it enables us to perform accurate elec-
tronic structure calculations.

Further exploration and predictive design based
on the DFT method for a spintronic field can be
achieved. Half-metallic properties of DMS com-
pounds have been in fact studied using first-princi-
ple calculations. This type of research has especially
focused on the transition metal doped III-V and II-
VI three-dimensional (3D) semiconductors such as
Mn and Cr doped GaN,*® Fe doped CdS,° Cdl,SCer
(Z =S, Se and Te),” V doped CdS and CdTe.®

The search for possible spintronic materials has
recently led to numerous studies on diluted mag-
netic semiconductors based on the alkaline earth
oxides and alkaline earth chalcogenides as in Cr
doped BeSe and BeTe,'° Cr doped MgSe, MgTe and
SrS 112 and V doped SrS, SrSe, SrTe and Sr0.'3

Magnesium sulfide (MgS) is among several
classes of materials that are studied in this respect
due to their unique properties. MgS is a wonderful
barrier material for wide-gap quantum structures
because of its large band gap of 4.5 eV. Moreover, it
has other attractive features over the III-V semi-
conductors (e.g. GaN) such as a much larger exciton
binding energies and, thus, is more suitable for
applications in blue semiconducting lasers.'®

The MgS binary compound exist in a two struc-
tures: in rock-salt (RS) with an indirect band
gap'®!” and in the zinc-blende (ZB) structure with
a wide direct band gap (4.5 eV).'® Furthermore, this
compound exists in abundance in the earth’s crust '°
and forms a very important closed-shell ionic sys-
tem crystallizing in the NaCl structure at normal

conditions. It is an important material in engineer-
ing with applications in diverse array of areas such
as microelectronics, catalysis, medicine, spintronics,
and optoelectronics.!®?° MgS is still a matter of
interest for theoretical and experimental physicists
because of its promising properties.

Doping MgS with certain dopants may enhance
its electronic, elastic, optical and magnetic proper-
ties. Currently, numerous studies have been con-
ducted in order to investigate DMS based MgS
properties by using experimental and theoretical
methods.

The doping of transition metals on MgS has been
studied and the results indicated that the electronic
and magnetic properties are modified due to the
impurity states.?"*? Similarly, Gous et al.?! demon-
strate that the substitution of Mg by Cr atoms could
tailor MgS to a ferromagnetic half-metal due to the
effective p-d exchange. Recently, Chen et al.??
reported that the properties of MgS can be tailored
by the doping of Ce atom. Furthermore, it has been
predicted that doping of TM such as Mn, Fe, Co and
Niin MgS are very promising approaches to achieve
DMSs based on first-principles theoretical
calculation.??

Although previous reports on MgS based DMS
focused mainly on the behaviors of DMS based MgS
by the doping of transition metal in the zinc-blende
structure, the study on the doping of TM atoms in
rock-salt MgS is rather rare. In this paper, we
extend the magnetic study on ZB structure of MgS
compounds to the more stable rock-salt structure.

Based on our knowledge, there are no experimen-
tal or theoretical works considering the effect of V
on rock-salt MgS, and the V doped MgS in the zinc-
blende phase.

In the present work, we present a comparative
study of the influence of 3d-V substitutional doping
at the Mg site with different concentrations on the
structural, electronic and magnetic properties of
MgS in both the ferromagnetic rock salt structure
where our compounds are stable and the ZB struc-
ture, which is chosen for its great technological
interest within the framework of first-principles
calculations.

The remainder of the paper is organized into
three other sections. “General Parameters” section
contain some elements on DFT theory and the
details of calculates which we have used in this
work. In “Results and Discussion” section, we have
presented all results, which we have obtained with
some discussions related to the structural, elec-
tronic and magnetic properties of Mg-V-S com-
pounds. Finally, we present the conclusion in
“Conclusions” section.

GENERAL PARAMETERS

To get insight into the electronic structure of MgS
doped with transition metal vanadium (V) impurity,
the spin-polarized density functional theory
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SPDFT?* based calculations has been performed
using the full-potential linearized augmented plane
wave (FP-LAPW) method?® as implemented in
WIEN2K ab initio simulation code.?® First, the
generalized gradient approximation as garameter-
ized in 2006 by Wu—Cohen (WC-GGA)?>’ has been
employed to describe the exchange and correlation
energy-functional for the structure optimization.
The latter provide an accurate account of solids with
ground state structural properties.>*?® In addition,
we also apply the Tran-Blaha modified Becke—
Johnson (TB-mBJ)?° exchange potential combined
with the local density approximation (LDA)
approach for the corrected electronic structure and
magnetic properties. The TB-mBdJ functional theory
known to be a successful method to estimate the
band gap of the semiconductor. It yields very
accurate band gap values and calculates band
structure with high accuracy for wide gap insula-
tors, sp-semiconductors and transition metal-based
material 2930

The space group of MgS in a rock-salt structure is
Fm3m (No. 225) where the Mg and S atoms occupies
respectively (0, 0, 0) and (0.5, 0.5, 0.5) positions. On
the other hand, in the zinc-blende structure, this
compound has a F43m (No. 216) space group where
the Mg and S atoms are situated, respectively, in (0,
0, 0) and (0.25, 0.25, 0.25) sites. Concerning the
crystal structures of the ternary compound
Mg,_,V.,S, it is constructed from the unit cell of
RS and ZB structures as a standard eight-atom
supercell (Mg;_,V,S), which corresponds to (1*1*1)
with cubic symmetry. In the unit cell of both RS and
ZB structures, concerning the compounds with,
respectively, 25% and 75% of V doping, we replace
the Mg atoms at the vertex site of supercell and
face-center sites with the V atoms and keeping the
other three Mg atoms and the four S atoms
unchanged. From this configuration, the cubic
structure is obtained for the both structures with
P43m (No. 215) space group for ZB and Pm3m (No.
221) space group for RS. Meanwhile, for 50%, the
crystal becomes a tetragonal structure with P4m2
and P4/mmm (No. 123) space groups for ZB and RS,
respectively.

We constructed the (1*1%2) supercell of 16 atoms
for x = 0.125 of the tetragonal structure with space
group F43m (No. 216) and P4/mmm (No. 123) for ZB
and RS, respectively.

In the present calculations the [Mg]: 3s% 2p®, [V1:
4s® 3d®and [S]: 3s? 3p? states behave as valence
electrons for the Mg, V, and S, respectively. All
energetically lower states are taken as semi-core
and core states. The cutoff energy, which has been
regarded as — 6 Ry, defines the separation of
valence and core states.

In order to achieve convergence for the energy
eigenvalues, the wave functions in the interstitial
region were expanded in the plane-wave with a
cutoff of RyrKpax =8. Inside the muffin-tin
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spheres, the valence wave functions were expanded
up tolnax = 10. The magnitude of the largest vector in
charge density Fourier expansion Gpmax = 16(Ry)Y?
was chosen.

The muffin-tin sphere radii Ry are regarded as
2, 2.27 and 2.2 atomic units (a.u.) for Mg, V and S,
respectively.

Following the Monkhorst—Pack scheme,! the
14*14*14 mesh with 3000 points in the k-space
was employed to perform integrations over the first
Brillouin zone.

Self-consistency is assumed to be achieved when
the total energy difference of the system is
stable within 10* Ry and the electron charge
density converged with an accuracy of 0.0001 e for
the charge density distance between last two iter-
ations of the self-consistent field (SCF) cycles. To
obtain the correct results, all parameters of the
calculations have been checked carefully.

RESULTS AND DISCUSSION
Structural Properties

The structural parameters such as the lattice
parameter (o), the module of compressibility (B)
and its derived first one (B’) once optimized, are
generally used in the calculation of the electronic,
magnetic and other properties of solids.?®

To look for the above-mentioned parameters for
the case of the binary alloy MgS and its ternar
alloys, we use the Birch-Murnaghan equation (1)**
whose principle consists of fitting the latter with
the curve of the total energy as a function of the

volume.
Er (V) =Ey(V)
B()V VO VO B
tzw-p 20 v)+ (7) ‘1]

(1)

From Table I, we remark that for MgS, our results
of the lattice parameter («y) are in good agreement
with the experimental data®® and other theoretical
results.'® 203436 We recall that, for the ternary
Mg,_.V,S alloys, no experimental or theoretical
data were found in the literature to be compared
with the present work.

The reduction of lattice constants with increasing
V concentration in this case means that the ionic
radius of V is smaller than the ionic radius of Mg
atom.

The variation of the energy as a function of the
volume of the Mg;_,V,S alloys when x = 0, 0.125,
0.25, 0.50, 0.75, 1 for ZB and RS structures in
both the ferromagnetic and nonmagnetic phases
were calculated to see which structure and which
phase are the more stable. On the one hand,
results exhibited in Fig. 1 display that the RS and
ZB  structures are more stable in the
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Table I. Equilibrium lattice constant aj, bulk modulus B and its pressure derivatives B’ for Mg;_,V;S alloys
obtained using the WC-GGA

ao (A
Compounds Present Exp Other B (GPa) B’
RS structure
MgS 5.189 5.19%3 5.16%4, 5.18% 77.704 4.088
Mgjg75Vo0.1255 5.162 81.453 4.162
Mg 75Vo.255 5.14 85.747 3.981
Mgy 50Vos0S 5.089 83.514 3.777
Mg 95 Vo755 5.007 87.826 4.335
VS 4.874 65.710 6.530
ZB structure
MgS 5.655 5.66%2 5.64%°, 5.67%° 57.771 4.086
Mg g75Vo0.1255 5.616 59.203 4.183
Mgy 75Vo.255 5.609 61.608 4.232
Mg 50Vos0S 5.637 69.772 3.977
Mgy 95Vo.755 5.443 58.820 4.032
VS 5.310 5.318 87.555 3.102
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Fig. 1. Calculated total energy optimization as a function of volume per cell of (a) MgS, (b) Mgo.e75V0.125S, (€) Mgo.75V0.25S, (d) Mgo.50Vo.50S, (€)
Mgo.25V0.75S and (f) Mgo.oV1.0S for ZB and RS phase in both nonmagnetic and ferromagnetic states. The red and black circles indicate the RS
and ZB structures, respectively.

ferromagnetic phase, and on the other hand, we From the obtained results on the stability of the
see that the ferromagnetic RS structure is more binary MgS, we estimate that they are in good
stable than the ferromagnetic ZB structure for all agreement, when we compared them with other

alloys. theoretical results.?”3®
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Electronic Properties
Electronic Structure

The study of band structure is very important for
any semiconducting material to determine its useful
applications in optoelectronic, thermoelectric, mag-
neto-optic and electromagnetic devices by calcula-
tion of energy band gaps. The electronic proprieties
of MgS in both ZB and RS structures are available
in the literature.?*®” However, the influence of V
impurities on the electronic properties of MgS
semiconductor has not been investigated. The
spin-polarized band structures of Mg;_,V,S alloys
(x = 0.125, 0.25, 0.50, 0.75) in both ZB and RS
structure are calculated at their equilibrium lattice
constants using the mbj-LDA along high symmetry
directions of the first Brillouin zone (BZ) for both
spin-up and spin-down cases are represented in
Figs. 3, 4, 5, 6, 7, 8, 9 and 10, respectively.
Therefore, we have plotted the band structure of
the binary compound (MgS) for both structures, RS
and ZB, in the nonmagnetic phase (Fig. 2). Table II
contains the calculated values of energy gap (&)
and half-metallic gap (Ggym) in both rock-salt and
zinc-blende structures.

From Fig. 2, we see that MgS material is semi-
conducting with an indirect band gap located
between I' and X high-symmetry points for the RS
phase and a direct band gap at I' for the ZB phase.
These results are in good agreement with other
theoretical calculations.?*

For the Mg;_,V,S alloys (x = 0.125, 0.25, 0.50,
0.75), the analysis of band structures for a spin-
down states found that the minima of the conduc-
tion band and the maxima of the valence band take
place at the I' point of the Brillion zone (see in
Figs. 3,4,5,6,7,8,9 and 10). Where the Fermi level
(E) lies in the middle of the VB maxima and the CB
minima in all Mg,_, V.S alloys for the RS structure,
the concentrations x = 0.125, 0.25, 0.50 in the ZB
structure thus present a semiconducting behavior
in the spin-down channel. For the spin-up channel,

(a)Rs-Mgs (b) zB-Mgs

N /\’\/\/\
5 5
S 0 0 E
[ F
e { rl=d =
[l
o ~]
(0]
C
& -5- 5
10+ 104 | L
\\_/—‘ 1
w L T X WK W L T X WK

Fig. 2. The band structure of the binary MgS (x=0) in the
nonmagnetic phase for both (a) RS and (b) ZB structures.
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however, the Ey is situated in the upper part of the
valence band maxima in the RS compounds struc-
ture, which possess a ferromagnetic semiconducting
behavior for these alloys. However, in the case of the
ZB structure, the VB maxima cross the Er, which is
a sign of a half-metallic character for the spin-down
state; an exception is made for the Mg o5Vo.755
compound, which has a metallic nature in both spin
channels.

In our case, the half-metallic gap (Ggy) of all
compounds is created between the conduction band
minimum (CBM) and the Fermi level (0 eV), where
the HM gap (Gum) is defined as the minimum
between the lowest energy of majority-spin and
minority-spin conduction bands with respect to the
Fermi level, and the absolute values of the highest
energy of majority-spin and minority-spin valence
bands,?>*° which describes the minimal energy
necessary to create a hole in the conduction bands
of the minority spin. The values of energy gaps (&)
and HM gap (Gum) are given in Table II.

These results show that E, decreases from x = 0
to 0.75 due to the widening of 3d (V) empty states in
the gap of the minority-spin with increasing con-
centration (x) of vanadium. It should be noted that
the values of E, and Gum given in Table II are for
the spin-down configuration. The wide HM gap is a
good sign of half-metallic ferromagnets.'® There-
fore, the Mg g75V0.1255 with a higher HM gap
(0.892 eV) in ZB structure is predicted to be a
better potential candidate for exploring half-metal-
lic ferromagnetic properties, and it will be used in
the future as a semiconductor in spintronics
applications.

Density of States

After the study of the electronic band structure of
Mg,_, V.S (x =0, 0.125, 0.25, 0.50, 0.75) compounds,
we have plotted the spin-polarized total densities of
states (TDOS) and partial densities of states
(PDOS) in order to consider their electronic struc-
ture in the ferromagnetic rock-salt and in the zinc-
blende phase at their equilibrium lattice parame-
ters. Our results for the contribution of each atom
and orbital in different bands of the electronic band
structure are shown in Figs. 11, 12, 13, 14, 15, 16,
17 and 18.

The non-symmetrical states are noted on the spin-
up and spin-down TDOS curves. Their origin is due
to the strong p-d hybridization between the 3p (S)
and 3d (V) states at Fermi level Ey seen in the spin-
up direction. In RS structure, the hybridization is
observed in the top of valence band, involving the
states located lower than Ef. In the ZB structure,
the hybridization is due to the states existing at Ep
level giving the metallic nature for all Mg; ,V,S
compounds. On the other hand, for the minority-
spin states, TDOS curves show a gap around the
Fermi level for all concentrations of compounds in
RS structure and for x = 0.125, 0.25, and 0.50 in ZB
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Table II. Calculated results of the half-metallic Gum (eV) band gaps, spin-minority band gaps E, (eV),
conduction band edge splitting (AE¢) and valance band edge splitting (AEy) and exchange constants (N;, and
Nop) of each site in Mg;_ V.S alloys obtained using the mbj-LDA

Compounds E; (eV) Gy (eV) AE¢ (eV) AE, (eV) Ny, Nog Material type
RS structure

MgS 4.010 — - - - - S
Mgos75V0.1255 3.514 - — 0.037 — 1.736 — 0.200 — 9.260 MS
Mgo75V0.25S 3.370 - — 0.056 — 1.825 - 0.150 — 4.860 MS
Mgo50Vo50S 2.550 - - 0.397 — 1.938 - 0.530 — 2.580 MS
Mgy 25V 758 2.160 - — 0.667 - 2.120 - 0.593 — 1.884 MS
ZB structure

MgS 5.130 — - - - — S
Mgos75V0.1255 4.844 0.892 1.102 — 3.954 5.877 — 21.14 HM
Mgy 5Vo25S 4.622 0.876 1.068 — 4.359 2.848 - 11.62 HM
Mgo50Vo50S 4.581 0.610 1.468 — 4.056 1.195 — 5.409 HM
Mgy 25V 158 4.129 - 0.984 — 4585 0.875 — 4.075 M

The last column shows the type of the material: S semiconductor, MS magnetic semiconductor, HM half-metal, M metal in both spin
channels.

(a) Spin Down RS-MGj 575V5.1255 (b) Spi (a) Spin Down RS-Mg 50V 505 (b) Spin Up
\ -
N 2 5 5
- 0 < 0 — 0- E
5 3 R=arA
10 10 10 10 -
15 15 15 = | 15 fi |
R T X M I R T X M T R T X M T R r X M I
Fig. 3. Spin polarized band structures for Mgg g75Vo.125S in the RS Fig. 5. Spin polarized band structures for Mgo.s0Vo.50S in the RS
structure, with (a) minority-spin (dn) and (b) majority-spin (up). The structure, with (a) minority-spin (dn) and (b) majority-spin (up). The
Fermi level is set to zero (horizontal line). Fermi level is set to zero (horizontal line).
(a) Spin Down RS-Mg, sV, ,sS (b) Spin Up (a) Spin Down m (b) Spin Up
b |
) X ] N 5_§ § ) ﬁ AN
RNSZAE=SNS 2N %%
s 0 E, 3 0 0 E,
= >
104 10 10 1 10 -
-15 <j < 15 < -15 = —— 15
R T X M T R T X M I R T X M T R T X M I
Fig. 4. Spin polarized band structures for Mg 75V 25S in the RS Fig. 6. Spin polarized band structures for Mgg25Vo 75S in the RS
structure, with (a) minority-spin (dn) and (b) majority-spin (up). The structure, with (a) minority-spin (dn) and (b) majority-spin (up). The

Fermi level is set to zero (horizontal line). Fermi level is set to zero (horizontal line).
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Fig. 7. Spin polarized band structures for Mgg g75V0.125S in the ZB
structure, with (a) minority-spin (dn) and (b) majority-spin (up). The
Fermi level is set to zero (horizontal line).
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(a) Spin Down (b) Spin Up

‘ =
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Fig. 10. Spin polarized band structures for Mgp 25Vo.75S in the ZB
structure, with (a) minority-spin (dn) and (b) majority-spin (up). The
Fermi level is set to zero (horizontal line).

(a) Spin Down 2O Mo1VoosS (b) Spin Up
= N =4,
== =
4%;%& %%
< 0 0 E
> F
5
9]
= e
10 104
15 15
R T X M T R T X M Tr

Fig. 8. Spin polarized band structures for Mgg 75Vo.25S in the ZB
structure, with (a) minority-spin (dn) and (b) majority-spin (up). The
Fermi level is set to zero (horizontal line).
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Fig. 9. Spin polarized band structures for Mgg 50Vo.50Sin the ZB
structure, with (a) minority-spin (dn) and (b) majority-spin (up). The
Fermi level is set to zero (horizontal line).

structure. In summary, we can say that the studied
compounds present the half-metallic ferromagnets
behavior with a spin polarization of 100% at E in

RS-Mgy 475Vo.126S

-+ Total DOS

{|——Total v
Total Mg

—— Total S

—~ J
= 4
Q£
] 8
L \
I 125
7 pin Dn| ;
z
8 1.00 JIspin UP

0.75-] 3s (Mg)
o ] 2p (Mg)

3s (S)
©-507] 3p (S)
b - - 3d-eg (V)

0.25- 3d-t2g (V)

0.00

0.25-

0.50 |

0.75-

1[Spin DN
1.00 = T T T T
-15 -10 -5 o 5 10

Energy (eV)
Fig. 11. Spin-polarized (a) total and (b) partial densities of states of

Mgo.875V0.125S in the RS structure. The Fermi level is set to zero
(vertical dotted line).

7ZB structure and a ferromagnetic semiconductor
behavior in the RS structure. Moreover, for x = 0.75
in ZB structure, the metallic nature is confirmed by
the existence of an electronic state at the Fermi
level in both spin channels.

The V?* cation have the electronic configuration
of [Ar] 3d3. It contributes two electrons to the host
valence band semi-conductors, which contain 3p
states of S. Correspondingly, to the crystal field
theory and Hund’s rule for each concentration, the
PDOS show that the five-fold degenerate 3d (V)
states, which are divided in two parts: the threefold
degenerate low-lying 3d ts, (dxy, dxz, and dyz) and
the twofold generate high lying 3d e, (dz?, dx*-dy?)
symmetry states. This is due to the effect of the
octahedral crystal field formed by surrounding (S)
ligands in RS where the valence configuration of the
vanadium ion is V** (45°3d>-t3,e)) having three



Theoretical Investigation of the Electronic Structure and Magnetic Properties in

3801

Ferromagnetic Rock-Salt and Zinc Blende Structures of 3d (V)-Doped MgS

RS'Mgo 75Vo zss
8
—————— Total DOS . i E
6 —— Total V N iy ) (a)
4 Total Mg {

DOS (states/ev)

Energy (eV)

Fig. 12. Spin-polarized (a) total and (b) partial densities of states
Mgo.75V0.25S in the RS structure. The Fermi level is set to zero
(vertical dotted line).
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Fig. 14. Spin-polarized (a) total and (b) partial densities of states of
Mgo.25V0.75S in the RS structure. The Fermi level is set to zero
(vertical dotted line).
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Fig. 13. Spin-polarized (a) total and (b) partial densities of states
Mgo.50V0.50S in the RS structure. The Fermi level is set to zero
(vertical dotted line).

electrons in majority spin: three in t2g (V) states and
empty eg (V) states.

Where in the ZB structure where the energy of 3d
ey states is lower than the energy of 3d ¢y, states,
the valence configuration of the vanadium ion is
3d?, with three electrons in majority spin, is the
following: two in e (V) states and one electron in 3,
(V). This splitting of V-3d states is due to the
tetrahedral crystal field, formed by the surrounding
S ion, letting the other minority spin states empty.
It explains the origin of the main contribution to the
calculated total magnetic moment value.

In the RS and ZB structures, the majority-spin
states of the Mg(.75V(.255 compound in the valence
bands near E is due mainly to the f5, (V) states
with a very small contribution of the 3p-S states; at
the bottom of the conduction bands, the main
contribution is due to the t5, (V) states and 3p (S)
states, whereas the hybridization between 3p (S)
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Fig. 15. Spin-polarized (a) total and (b) partial densities of states of
Mgo.875V0.125S in the ZB structure. The Fermi level is set to zero
(vertical dotted line).

and e, (V) states is almost missing in the RS
structure. It is known that the 3d (V) partially
occupied states of Vanadium impurities are in the
origin of created ferromagnetism in the Mg;_,V,S
systems. The 3p-S states are centered in the valence
band in the range between — 6.45 (— 6.43) eV and
- 1.74 (- 3.67)eV for Mg0_875V0.125S, — 6.62
(— 646) eVand — 1.76 (— 367) eV for Mg0_75V0'25S,
—6.85 (—6.51)eV and —-1.90 (— 4.06)eV for
Mg0,50V0_5OS and — 6.93 (— 6.86) eV, and — 1.92
(— 4.47) eV for Mg 25V 75S in RS (ZB) structure. In
the highest part of the conduction band up to: 1.68
(1.77) eV, 1.57 (2.15) eV, 0.99 (2.77) eV and 0.92
(3.00) eV for x = 0.125, 0.25, 0.5 and 0.75, respec-
tively, the DOS curves mainly constitute the 3p-S
states and 3s-Mg with a week contribution of V-3d
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in both cases. In the bottom of the valence band, it is
the 3s-S states, which dominate.

Magnetic Properties
Exchange Coupling Constants

Based on the field theory, the expression of
Hamiltonian is*"*%:

H=—Nyps-S 2)

where Ny and f are, respectively, cation content and
expresses p-d exchange, s and S, represent, respec-
tively, free hole and the V impurity spins. These
parameters are used to calculate the total magnetic
moment.

The Ny, and Ny; values, which represent the
exchange constant, are calculated according to

Abdelli, Meddour, Bourouis, and Gous
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Fig. 18. Spin-polarized (a) total and (b) partial densities of states
Mgo.25V0.75S in the ZB structure. The Fermi level is set to zero
(vertical dotted line).

Table III. Calculated total and local magnetic
moments (in pg) for Mg, V.S in both RS and ZB
structure using mbjLDA

Compounds V(i) Mg (ms) S (um) Tot (up)
RS structure

Mgy g5Vo0125S  2.520 0.001 0.016 3.000
Mg 75Vo.255 2.519 0.003 0.019 3.000
Mg 50 Vo508 2.531 0.006 0.040 3.000
Mg 95Vo.755 2.536 0.012 0.051 3.000
ZB structure

Mgys5Vo0125S  2.344 0.008 - 0.003 3.000
Mg, 75Vo.255 2.339 0.008 — 0.007 3.000
Mg 50Vo50S 2.336 0.017 - 0.018 3.000
Mgy 95 Vo755 2.070 0.025 — 0.009 2.593

Egs. 3 and 4 and it results, respectively, from s-d
interaction in the conduction band and the p-d
interaction in the valence band, respectively. These
parameters can be calculated from the band struc-
ture and the magnetic properties by supposing the
usual kondo interaction, which are known as*

AE,
N()m = m (3)
Noy = 557 (4)

where AE, and AE, are the valence and conduction
band edge splitting, respectively, estimated from
the following equations:

AE. = ElCBMin - E(T)BMin (5)

AE, = ElCBMax - ETCBMax (6)

x is the percentage of V in compound and (S) is the
value of one-half of magnetization per V atom.



Theoretical Investigation of the Electronic Structure and Magnetic Properties in 3803
Ferromagnetic Rock-Salt and Zinc Blende Structures of 3d (V)-Doped MgS

Using mbj-LDA approximation, we have calcu-
lated AE., AE,, Ny, and Ny Their values are listed
in Table III. We observe that Ny, and Ny; of the
alloys decrease when the percentage of V increase
confirming the magnetic character of these alloys.

The negative sign of both Noz and Ny, mean that
the double-exchange mechanism exist in the RS
structure compounds because the s-d and p-d inter-
actions are parallel and give an FM character. The
values of Ny in all compounds are more negative
than Ny, meaning that the exchange energy
involves through the spin-down channel. In the ZB
structure, the negative signs of Nz and the positive
signs of Ny, indicate, respectively, the antiferro-
magnetic exchange coupling between the valence
band and the 3d states of V, and the ferromagnetic
exchange coupling between the conduction band
and valence band.

Magnetic Moment

The total magnetic moments My, of Mg;_,V,S
alloys (x = 0.125, 0.25, 0.50 and 0.75) and atomic
magnetic moments on Mg, V and S sites for both RS
and ZB are calculated and listed in Table III. The
obtained values show that total magnetic moment
originates mainly from the atomic impurity V with a
small contribution of Mg and S atoms.

We can also observe that the magnetic moment of
the V atom is reduced. This change observed on V
magnetic moment is created by the p-d hybridiza-
tion between the V-3d and the S-p states. The
reduced magnetic moment is shared between the
nonmagnetic Mg and S sites. The atomic magnetic
moments of V and S have opposite signs in the ZB
structure, meaning that s-p states and V-3d states
interact antiferromagnetically in the valence band.

CONCLUSIONS

We have presented a comparative study of the
effect of vanadium doped magnesium sulfide
Mg1_,V,S) (x = 0.125, 0.25, 0.50 and 0.75) for both
ferromagnetic rock-salt and zinc-blende structures
by means of first-principles calculation using the
Wien2k code.

The following are considered to be the most
important findings of this work:

1. The structural properties results obtained using
the WC-GGA approximation showed that the
RS phase is more stable than ZB phase in all
compounds.

2. The results of structural properties showed that
the equilibrium lattice constant of Mg;_,V,S
compounds decrease with increasing V concen-
tration.

3. The electronic properties calculated using the
equilibrium lattice parameters confirm that our
compounds maintain a semiconducting nature
for all of the Mg;_,V,S alloys (x = 0.125, 0.25,
0.50 and 0.75) in the RS structure and half-

metallic character in the ZB structure, except
for the Mg 25V 75S in ZB structure, which is of
a metallic nature.

4. During the exchange splitting operation, the
exchange constants No, and Ny values are in
opposition signs. This confirms that there is
opposite interaction between the valence and
the conduction states in the ZB phase. However,
in the RS phase the negative sign of both Ny,
and Ny confirms the double-exchange mecha-
nism caused by the s-d and p-d interactions. In
all alloys, we have calculated a small local
magnetic moment on the nonmagnetic Mg and S
sites due to the hybridization between the V-3d
and the S-3p states.

With regard to spintronics applications, V doped
zinc-blende and rock-salt MgS systems show an
interesting feature.

Finally, we can say that diluted magnetic semi-
conductors can be obtained in the MgS binary
compound doped with a large range of concentra-
tions of vanadium.

We think that the present study will can be open
the way for future experimental work, especially in
the spintronics field.
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