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Abstract

Ab initio calculations based on density functional theory have been used to comparatively investigate the electronic and magnetic
properties of two non-magnetic ions (Cu, K)-doped magnesium sulfide. The results obtained indicate that the ferromagnetic
phase is always energetically favorable than the paramagnetic one. It is also found that these ternary alloys are half-metallic
ferromagnets with a total magnetic moment of 1.00 y5 per supercell. The ferromagnetism is induced by hybridization between
Cu 3d and its nearest neighboring S 3p in Cu-doped MgS, while it originates in the spin polarization of the p shell of anions S in
K-doped MgS. Our results make these compounds attractive materials for possible spintronics devices.
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1 Introduction

Diluted magnetic semiconductors (DMSs) have been exten-
sively studied due to their potential applications in the field of
spintronics [1-3]. In particular, half metallic DMSs are
attracting a considerable amount of attention, for which only
one of the two spin channels presents a gap at the Fermi level
(Eg), while the other has a metallic character, leading 100%
carrier spin polarization at Ex. For practical microelectronic
device applications, half metallic (HM) ferromagnets should
exhibit ferromagnetism at room or higher temperatures [4].
During the past years, significant research efforts have been
made toward studying the room temperature ferromagnetism
in transition metal (TM)-doped II-VI and III-V semiconduc-
tors [5—13]. However, the origin of ferromagnetism in these
alloys continues to be a subject of debate. This is because the
TM-doped semiconductors usually suffer from the problems
of the precipitates or secondary phase formation [14, 15]. To
avoid these controversies, many research works have been
focused on investigating the ferromagnetism of the intrinsic
nonmagnetic element-doped semiconductors, such as Cu-
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doped ZnO [16, 17], GaN [18], and AIN [19, 20]. Besides
Cu, other intrinsic nonmagnetic elements, like K, C, and Sr,
can also lead to ferromagnetism in AIN [21], ZnO [22, 23],
and III-V [24], respectively. More interestingly, most of these
studies indicate the possibility of fabricating the room temper-
ature ferromagnets, which provide an opportunity to study
new mechanisms of ferromagnetism and open new ways to
find advanced spintronic materials.

Due to their wide band gaps and low dielectric constants, the
magnesium chalcogenides, MgX (X =S, Se, and Te) have re-
ceived enormous interest from both experimental and theoretical
points of view. These semiconductors can be used in blue and
ultraviolet wavelength optics and high temperature electronics
[25-27]. Among magnesium chalcogenides, magnesium sulfide
(MgS) has a very large band gap, in excess of 4.5 eV, and it is an
excellent barrier material with most other II-VI semiconductors
[28]. MgS exists in abundance in the earth’s crust [29]; it crys-
tallizes in the rock-salt structure as ground state under ambient
pressure [30]. In addition, the zinc blende structure is realized by
means of epitaxial growth over GaAs substrate either by metallo-
organic vapor phase epitaxy (MOVPE) [31, 32] or by molecular
beam epitaxy (MBE) [33]. Although many theoretical and ex-
perimental reports have been carried out for MgS, only few
works have reported on the magnetism of MgS-based DMS.
Liu et al. [34] using pseudopotential method have predicted the
presence of the character half-metallic in C-doped alkaline earth
chalcogenides X4,CY, (X=Mg, Ca, and Sr, Y =0 and S) with
NaCl structure.
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Table 1 Predicted equilibrium

lattice constant a (A), bulk Compounds a(A) B (Gpa) B AE (meV)
modulus B (Gpa), its pressure
derivative for both paramagnetic FM PM FM PM FM PM
(PM) and ferromagnetic (FM)
phases, and total energy Mgo_75Cu0,2SS 5.623 5.620 59.092 59.321 4237 4.363 20.62
difference AE (meV/cell) of Mg, Mg 575CUg.125S 5.667 5.664 56.399 57.754 3.940 3.976 47.85
~xsCu,S and Mg; .K,S MgoosrsCoomsS 5689 5690 55731 55686 4725 4229 5563

Mg 75Ko.25S 6.021 6.020 39.751 40.557 4.652 5.088 72.58

Mg 575Ko0.125S 5.860 5.858 46.238 47.243 4.158 3.683 87.86

Mg 9375K0.0625S 5.782 5.781 51.075 51.045 4.022 4.045 48.51

In the present work, the influence of K and Cu as nonmag-
netic dopants on the half-metallicity and electronic structure of
zinc blende MgS is examined by first principle calculations.
The theoretical analysis of the electronic structures provides
us a clear understanding of the governing mechanisms behind
K and Cu dopant-induced HM ferromagnetism. The paper is
organized as follows. In Section 2, we briefly describe our
method of calculation. Section 3 contains all results and dis-
cussions. Finally, we conclude with a summary in Section 4.

2 Method

To perform the calculations, we have employed the full poten-
tial of linear augmented plane wave method within the density
functional theory (DFT) [35], as implemented in the wien2K
package [36]. We considered different compositions, namely
25%, 12.5%, and 6.25% which correspond to supercell con-
taining 8, 16, and 32 atoms, respectively, for Mg; - .Cu,S and
Mg, - . K.S systems. The generalized gradient approximation
(GGA) proposed by Perdew, Burke, and Ernzerhof (PBE)
[37] is used to treat the exchange and correlation functional.
The basis function was expanded to Ryt Kiax =8, where
Ryt 1s the muffin-tin radius and K., is the maximum modulus
for the reciprocal lattice vectors. The maximum value of partial
waves inside the atomic sphere is 1= 10. Full relativistic ap-
proximation is used for core electrons, and scalar relativistic
approximation is used for valence electrons. Muffin-tin radii

(Rvr) of 2 bohr are chosen for all atoms. Brillouin zone inte-
grations are performed using 5 X 5 x 5 k-points of Monkhorst-
Pack [38] (MP) mesh for the supercell calculations. During
calculations, the atomic coordinates are fully relaxed until max-
imum force on a single atom is less than 2.10 Ry/a.u., and
convergence of energy is set at 10> Ry/cell.

3 Results and Discussions

To explore the ground state properties, we first optimize the
total energy as function of cell volume of studied DMS com-
pounds for both ferromagnetic (FM) and paramagnetic (PM)
phases. The calculated total energies are fitted with
Murnaghan’s equation of state [39]. The optimized lattice pa-
rameter, bulk modulus, its pressure derivative, and total ener-
gy difference AE between PM and FM states at their equilib-
rium lattice constants are tabulated in Table 1. In all cases, the
FM phase is favorable in energy than the corresponding PM
phase.

Table 2 shows the calculated magnetic properties of the
studied alloys at their optimized equilibrium lattice constants
for various concentrations of dopants. For all investigated
compounds, the total magnetic moment is exactly 1.00z.
An integer value of magnetic moment is a characteristic fea-
ture of half-metallic ferromagnetism. The total magnetic mo-
ment m"® in supercell consists mainly of the following three
parts: the m“X, m%, and m™ however, the m™ is found

Table 2 Magnetic moments of the whole supercell, of the Cu/K site, of the nearest neighboring S site, of Mg site, and of interstitial regions

Compounds m™ ) mME(1) m« (115) m®(ug) m (1)
Mgy 75Cug 25S 0.228 0.002 0.400 0.094 1.00
Mgy 575Cug 1255 0.231 0.001 0.394 0.089 1.00
Mgo.9375Cug 06255 0.230 0.001 0.402 0.072 1.00
Mgo.75Ko.25S 0.388 —-0.002 0.016 0.150 1.00
Mg 575Ko.1255 0.381 —0.001 0.020 0.148 1.00
Mg .9375K0.0625S 0.388 0.001 0.013 0.105 1.00
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Fig. 1 The spin-resolved band
structure of MgS doped with

i M c S (Spinu
| Megg 9375CU 0625 S (Spin dn) | ‘ £0.9375C.06255 (Spin up) ‘

6.25% of Cu. The left represents
the minority spin band structure,
and the right represents the
majority spin band structure.
Fermi level is set to 0.0 eV

Energy (eV)

negligible. For x = 0.0625, the magnetic moments are mainly
localized within the Cu/K atom and its four nearest neighbor-
ing S atoms with the m" (m®) is larger (smaller) than that of
the S atoms. The magnetic moments on other S atoms away
from (Cu/K)S, tetrahedron are weak and not listed in Table 2.

As the trends in Mg;_.Y,S (Y = Cu and K) alloys at differ-
ent doping compositions are similar, in the following, we fo-
cus the discussion on the properties of doped ternary
Mgy 9375Y0.0625S systems at the equilibrium lattice parame-
ters. Figures 1 and 2 present the spin-dependent band

Fig. 2 The spin-resolved band l Mg 9375K.0625S (Spin dn) ‘ ‘ Mg 9375K0.06255 (Spin up) ‘

structure of MgS doped with

6.25% of K. The left represents
the minority spin band structure,
and the right represents the
majority spin band structure.
Fermi level is set to 0.0 eV

Energy (eV)
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Fig. 3 (Color online) Total and partial density of states of MgS doped
with 6.25% of Cu. The upper (lower) panel corresponds to the majority
(minority) spin. The dashed vertical line indicates the Fermi level at
0.0eV

structures along the high symmetry directions of the Brillouin
zone for each compound. The band structures of both mate-
rials show half-metallic behavior. The minority spin electrons
exhibit metallic natures, while the majority spin channels dis-
play a band gap of 2.88 eV for MgCuS and 3.13 eV for
MgKS, revealing their semiconducting natures. The carriers
are thus 100% polarized, which is the ideal case for spin in-
jection applications. For MgKS, near the Fermi levels, there is
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Fig. 4 Cu 3d projected partial density of state (PDOS) of MgS doped
with 6.25% of Cu for the majority spin. The solid vertical line denotes the
position of the Fermi level
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Fig. 5 (Color online) Total and partial density of states of MgS doped
with 6.25% of K. The upper (lower) panel corresponds to the majority
(minority) spin. The dashed vertical line indicates the Fermi level at
0.0 eV

a flat (undispersed) band in the whole Brillouin zone for both
spin channels. This flat band is formed mainly from the S 3p
orbitals. For the sake of comparison of magnetism mecha-
nisms in Y-doped MgS DMS, we first analyze the total den-
sity of states (DOS) and partial DOS of Cu and its one nearest
neighboring S for MgCuS. As can been seen in Fig. 3, the
asymmetrical DOS between the spin up and spin down chan-
nels near the Fermi level (E£f) shows the magnetic properties
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Fig. 6 K 3d projected partial density of state (PDOS) of MgS doped with
6.25% of K for the majority spin
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Fig. 7 Partial spin-up valence charge density of Mgy 9375Cug 0625S within
CuS, tetrahedron at I" point in (110) plane. (a) Energy at —2.55 eV and
(b) energy at —0.23 eV

of such doped system. The density of states between —4 and
—0.6 eV is mostly ascribed to the Cu d and S p states with
relatively small contribution of Cu s and Cu p states. States
around Ef arise primarily from the Cu 3d orbitals, hybridized
strongly with S 3p orbitals. The character of dominating states
at and near Er can be elucidated by crystal field theory, in
which the cation d states are split into triply degenerate #,,
and doubly degenerate e, states, whereas the anion p states
transform as #,, representation. The states with the same #,
symmetry for spin up (or spin down) between the anion and
cation can couple with each other forming lower bonding and
higher antibonding states, known as the p-d coupling, while
the e, states cannot bond by symmetry and do not take part in
the hybridization process. The contribution of these symmetry

Fig. 8 Partial spin-up valence charge density of Mg 9375K0.0625S within
KS, tetrahedron at I' point in (110) plane at around —0.18 eV

states toward total spin-up DOS is shown in Fig. 4. Therefore,
the induced S ¢, states can couple only Cu #,, states having the
same symmetry. Consequently, the p-d coupling mechanism
is responsible for the HM ferromagnetism in this compound.

Having discussed the origin of ferromagnetism in MgCus,
we now turn our attention to the MgKS compound. The spin-
resolved total and partial density of state of MgKS are given in
Fig. 5. It reveals that the anionic and cationic states contribute
differently to the majority spin system. The states ranging
from — 1 eV and Ef are mainly composed of S 3p states with
a slight contribution from K 3p and K 3d states. However,
there is a K s peak at —0.52 eV, which is different from
TM-doped MgS [40, 41]. Also, from the DOS, a sharp peak
is found at the top of the valence states. The Fermi level is
located at the peak of minority spin states, i.e., in the gap of the
majority spin states. One can clearly see that the peak of the
DOS can be attributed to the almost dispersionless flat band
shown in Fig. 2. It has been argued by other authors [42, 43]
that the origin of this flat band is an interference effect be-
tween cationic #,-character and anionic p-character and that
the flat band is essential for HM ferromagnetism. In the pres-
ent case, these conditions are fulfilled (Figs. 5 and 6).
However, most #,, states are not occupied and lie at higher
energies, and thus, K d splitting does not play an important
role in FM K-doped MgS. The spin splitting mainly originates
from S p states and is situated close to Ex, which provides the
main magnetic moment, and the hybridization between S p
and K p and K 1,, states leads to the small magnetic moment of
the K atom. This is consistent with the results obtained in NaN
and KN [44] and Sr-doped III-V [24] from first principle
calculations.

The general picture of ferromagnetism that applies to
MgCuS and MgKS systems can also be viewed in the charge
density contour of spin up at the I" point in Fig. 7 and Fig. 8,
respectively. The fully filled majority spin at around — 2.55 eV
are bonding Cu (1,.)-S(p) states, reflecting the covalent p-d
bonding (i.e., the density lobes point toward the nearest neigh-
bors, see Fig. 7a), while the antibonding Cu (f,,)-S(p) states
are close to Ef. (i.e., the density lobes point between the nearest
neighbor atoms, see Fig. 7b). The occupied states of MgKS
close to the Ef are strongly localized around the S atom,
reflecting the weak polarized covalent bonds of S p orbitals
and K electrons.

4 Summary

We have employed the first principle calculation to investigate
the electronic and magnetic properties of Mg, —.Y.S (Y =K,
Cu) alloys for x=10.0625, 0.125 and x = 0.25 in their ordered
zinc blende structure. We found that the structure within fer-
romagnetic configuration is always the stable ground state. All
doped ternary systems exhibit half metallic character with a
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band gap for the majority spin channel and a partially filled
band for the minority spin channel. It was observed that the
total magnetization is 1.00 pz per dopant atom, and it remains
independent on the dopant content. Also, it is revealed by
means of partial DOS that the p-d coupling between cation
and its neighboring anions plays a crucial role in forming the
ferromagnetism Cu-doped MgS, while for K-doped MgS, the
magnetism owns its origin to the spin polarization of S p
states. With no magnetic element in these ternary alloys and
the 100% spin polarization of the carriers, we expect Cu- and
K-doped MgS to be promising half-metallic DMSs free from
magnetic precipitates.
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