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First Principles Investigation of Ferromagnetism for Zn,,Mn,Y(Y =S, Se, Te)
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Abstract: Through first-principles full-potential linear muffin-tin orbital (FP-LMTQO) method within the local density ap-
proximation, we investigate the structural and electronic properties of Zn; ,Mn, Y V1) where Y represent an element of
the Vla column(S, Se and Te) compounds-based diluted magnetic semiconductors (DMS) in the Zinc-blend structure. We
have investigated the lattice parameters and band gap energies. The lattice constants a are found to change linearly for the

Zny xMn,Te and Zn; ,Mn,S alloy.
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INTRODUCTION

Recently, diluted magnetic semiconductors (DMS) have
attracted the attention of the academic and industrial com-
munities, since they can be used in developing spintronics,
integrated optoelectronic devices, and nano-structured quan-
tum devices, because spin-related phenomena as well as car-
rier transport can be manipulated in a well-controlled semi-
conductor system [1-4]. 11-VI compounds show in addition
novel magneto-optical and magneto-transport properties if
the cation is partly substituted by Mn with its half-filled 3d
shell. The interaction between Mn 3d electron and the elec-
tronic states of the host crystal is of special interest [5].

The variation in the relative intensities of the Mn 3d fea-
tures by changing the anion in a compounds series, like Cd;.
«MnY or Zni,Mn,Y (Y =S, Se, Te), is promising to clarify
the amount of p-d hybridization in these alloys.

In this paper, we investigate the magnetism of ZnS, ZnSe
and ZnTe based DMSs based on ab initio electronic structure
calculations in order to have clues about the origin of the
ferromagnetism in DMSs [6-8]. In a 11-VI compound, transi-
tion metal (TM) impurities do not introduce any carriers,
therefore, we can discuss effects of carrier doping separately
from a concentration of TM impurities. In addition to that,
detailed investigation on the feasibility of 1I-VI compound-
based DMS is of great importance from the industrial view
point, because it is easy to dope TM impurities into 11-VI
compounds up to several ten percent [9].

Calculation

The electronic structure calculations of the DMS are per-
formed based on the local density approximation with the
parameterization by Perdew-Wang [10]. For the (FP-LMTO)
calculations, we have used the available computer code
Lmtart [11].

We employ the muffin-tin approximation to describe the
crystal potential, and the wave functions in each Muffin-tin
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sphere are expanded with real spherical harmonics up to
Imax = 6. The k integration over Brillouin zone is performed
using the tetrahedron method [12].

ZnS, ZnSe, and ZnTe have the zinc blende crystal struc-
ture, and their lattice constants are a = 5.4093 A°, a = 5.6676
A °and a =6.089 A°, respectively. Muffin-tin radii are cho-
sen so that they touch with each other

RESULTS AND DISCUSSION
Structural Properties

We first calculated the structural properties of the binary
compounds ZnSe, ZnTe, ZnS and MnTe, MnSe, MnS in the
zincblende structure. As for the semiconductor ternary alloy
in the type B1.xA«C, we have started our FP-LMTO calcula-
tion of the structural properties with the zinc-blende structure
and let the calculation forces to move the atoms to their equi-
librium positions. For divers concentrations x = 0.25, 0.5,
0.75. We perform the structural optimization by calculating
the total energies for different volumes around the equilib-
rium cell volume V, of the binary and their alloy. The calcu-
lated total energies are fitted to the Murnaghan’s equation of
state [13] to determine the ground state properties such as the
equilibrium lattice constant a,, the bulk modulus B and its
pressure derivative B’. The calculated equilibrium parame-
ters (ap, B and B’) are given in Table 1 Our results are com-
pared with the experiment and with the FP-LAPW (method)
results.

Usually, in the treatment of alloys, it is assumed that the
atoms are located at the ideal lattice sites and the lattice con-
stant varies linearly with the composition x according to the
so-called Vegard’s law [14]:

a (axe1xc) = Xaac * (1 - X) agc, (1

where aac and agc are the equilibrium lattice constants of the
binary compounds AC and BC, respectively, and a (AxB1xC)
is the alloy lattice constant. The obtained equilibrium lattice
constant, of the ferromagnetic Zn,,Mn,Y (Y = S, Se, Te)
semi-magnetic semiconductors are given in Table 1.

The equilibrium lattice parameter of the zinc-blende Zn;.
«Mn,Te and Zny,Mn,S. We found a good agreement with
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Table 1. The Calculated Lattice Parameter a, the Bulk Modulus B and its Pressure Derivative B’ for Zn,,Mn,Y(Y =S, Se, Te) and
its Binary Compounds
Zny,Mn,Te Zn;.Mn,Se Zn;,Mn,S
X a B B’ X a B B’ X a B B’
0 6.05 51.11 4.68 0 5.607 66.74 3.85 0 5.334 82.28 441
Exp 6.089° 50.9° 5.04° Exp 5.667% 64.7 477" Exp 5.409 5.432
Theo  6.027° 55.67" 4.9° Theo 5.578' 71.84' 4.599' Theo 5.027"
0.25 5.95 60.82 4.08 0.25 5.53 76.96 3.67 0.25 5.244 95.46 4.29
Exp 6.0428° - - Exp Exp
Theo  6.043" 54.18" 4.11° Theo Theo
0.5 5.85 66 5.85 0.5 541 93.98 16.51 05 5.134 104.34 6.32
Exp 6.225° - - Exp Exp
Theo  6.215' - - Theo Theo
0.75 5.76 89.24 4.13 0.75 5.33 112.33 484 0.75 5.027 141.044 3.73
Exp 6.286° - - Exp Exp
Theo - - - Theo Theo
1 5.65 91.47 5.62 1 5.28 130,83 5.01 1 4.937 184.26 241
Exp 6.337" 37 - Exp Exp
Theo  6.303 50/ - Theo Theo

*Ref [15], ® Ref [16], © Ref [17], ¢ Ref [18], ® "I Ref [19], " ¢ Ref [20], " Ref [21], ¥ Ref [22], ' Ref [23] , ™ Ref [24].

the experiment on the other. We have determined the equi-
librium lattice parameter of the zinc-blende MnY (Y =S, Se,
Te), which is found to be underestimated compared to the
experimental.

The equilibrium lattice constants a shows a linear varia-
tion versus Mn concentration of Zn,.,Mn,S and Zn,.,Mn,Te,
but a small deviation from Vegard’s law is clearly visible for
the Zny.xMn,Se.

There are no results to compare with our values. Thus
finds new values for various concentrations, our result to
take as reference. Fig. (1), show the variation of the calcu-
lated equilibrium lattice constant versus concentration x for
ZnxMn,Y(Y = S, Se, Te). The Mn mole fraction (x) was
determined by using the linear relation: a(x) = -0.4044X +
5.3374 (A°).

Obtained for lattice parameter of Zn; «Mn,S and lattice
parameter for Zn;,Mn,Se vary according to the linear rela-
tion: a(x) = - 0.3416X + 5.6022 (A°).

Fig. (2) shows the variation of the bulk modulus versus
concentration. The bulk modulus grew linearly with the
composition Mn for the Zn;.,Mn,Se.

We observe in Fig. (2) that bulk modulus grew with con-
centration (x) and with the nuclear charge of the element of
the Vla column.

Electronic Properties

The calculated band structure energies of binary com-
pounds as well as their alloy using FP-LMTO method within
LDA approximation exhibit a direct band gap at I" point for
Zn x MnY(Y = Zn, Se, S)with x vary between 0.25 and

0.75, the valence band maximum (VBM) and the conduction
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Fig. (1). Variation of the calculated equilibrium lattice constant
versus concentration x for Zn, ,Mn,Y (Y =S, Se, Te).

band minimum (CBM) occur at the T" and X, respectively.
The important features of the band structure (main band
gaps) are given in Table 2.

As well as the theoretical and experimental ones. It is
clearly seen that the band gap are underestimated in com-
parison with experiment results. This underestimation of the
band gaps is mainly due to the fact that the simple form of
LDA does not take into account the quasiparticle self-energy
correctly [25].
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The carrier induced ferromagnetism by hole doping was
observed in (Zn, Mn) Te [32], and 11-VI based-DMSs have
been of much interest also from the scientific point of view.
Taking these aspects into account, it is important to investi-
gate the carrier induced effects in ZnS, ZnSe and ZnTe based
DMSs.
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Fig. (2). Variation of the calculated bulk modulus versus concentra-
tion x for Zn,,Mn,Y(Y =S, Se, Te).

Table2. Direct ('-T") and Indirect (I'-X) Band Gaps of
BeSe and ZnSe and Their Alloy at Equilibrium Vol-
ume

Zn4xMn,Se
r-r(r-x)
X Present Exp Others
0 1.2(3.5) 2.82° (4.3°) 2.76"2.5°
(4.54"
0.25 1.38
05 0.27(0.24)
0.75 0.29(0.283)
1 3.65(3.2) 2.9°
ZnxMn,S
0 2.16(4.55) 2.71° 2.11(GGA)
0.25 1.186(0.52)
0.5 0.3
0.75 0.285(0.288)
1 45(3.8) 3.4°
Zny.Mn,Te
0 1.041 (2.2) 2.38° 2.19(2.25)°
0.25 1.33 2.42" 2.37
0.5 0.14 2.55! 2.49"
0.75 0.28 2.74' -
1 2.14 3.2" 2.7"

Ref [33], ° Ref [34], © Ref [35], ° Ref [36], ¢ Ref [17], f Ref [37], ¢ Ref [38], " Ref
[39], ' Ref [40], ! Ref [41], “ Ref [42], ' Ref [43], ™ Ref [44], " Ref [45].
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Electron Band Structures and Densities of States

In order to elucidate underlying mechanism of the ferro-
magnetism in 11-VI compound-based DMSs, the density of
states (DOS) is calculated. Figs. (3-5) shows the DOS of
25% TM-doped ZnTe based DMSs in the ferromagnetic
state. It is found that the impurity states appear in the band

gap.
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The spin-polarized band structures of ferromagnetic
ZnMnTe, ZnMnS and ZnMnSe compounds at the calculated
lattice constants are depicted in Figs. (3-5).

The figures show for each compound, the band structures
corresponding to spin up and down alignments. We have
referenced the zero energy at the top of the valence band for
spin up. The bottom of the conduction bands and the top of
the valence bands are at the I" point in the Brillouin zone, it
is well known that the calculations of the local densities of
states (DOS) serve as a qualitative description of the atomic
and orbital origins of the various band states. We illustrate
our calculations of DOS in Figs. (3-5) for ZnMnS and
ZnMnSe, ZnMnTe, respectively. The spin-dependent density
of states (DOS) for the ferromagnetic phase is presented in
Fig. (2, upper panel). The lower panel presents the contribu-
tions to the DOS from the Mn-3d orbitals. We can see that
the upper valence band complex has Mn d and Te p charac-
teristics, which differ widely for spin up and spin down. On
the other hand, there strong contribution of the Mn spin
down states to the valence band. We observe also that the
spin up Mn d band is occupied (Figs. 3c, 4c, 5¢), and can-

tered  at EJ:—3.42eV for ZnMnTe and at

EJ =—-4.15eV for ZnMnSe, and at EJ =—-4.06eV for
ZnMnS whereas the spin down d band is empty (Figs. 3c,
4c) and 5(c)), and centred at Ey = +1.37eV for ZnMnTe and

at E& =+1.5eV for ZnMnSe, and at Eé = +1.57eV for

ZnMnS where E' and E'denote the valence band maxima
(VBM) for spin up and spin down, respectively. The nega-
tive values obtained, for ZnMnTe and for ZnMnSe, and for
ZnMnS indicate that the effective potential for the minority
spin is more attractive than that for the majority spin, as is
usually the case in spin-polarized systems [26]. It has been
shown that ferromagnetic band structure calculations can be
used to estimate the exchange constants Noox and Nof. As-
suming the usual K onto interactions, Noox and Nof are de-
fined as [27]. Where AEc and AEv are the band edge spin
splitting of the valence bands and conduction bands, respec-
tively, and (S) is the average Mn spin. We have calculated
the exchange constant by evaluating the spin splitting of the
conduction and valence bands, which mimics a typical mag-
neto-optical experiment [28].

We summarize in Table 2 our results of AEc, AEv, Noox
and Nog for both ZnMnY (Y =S, Se, Te).

Magnetic Properties

Our calculated total and local magnetic moments as well
as that of the interstitial site are given in Table 3. It is ex-
pected in Mn doped DMSs [29] that: (i) the number of va-
lence minority spin electrons is not changed by the Mn im-
purity and (ii) each Mn impurity adds five additional major-
ity spin states to the valence band. In Table 3 we show that
this description is also valid for ZnMnTe and ZnMnSe and
ZnMnS.

The total magnetic moment of materials ZnMnY (Y = S,
Se, Te) equal =5ug (ug is the Bohr magneton).
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From Table 3 we can see that the p—d hybridization is
found to reduce the local magnetic moment of Mn.

We observed the small local magnetic moments on the
nonmagnetic S, Se, Te and Zn sites.

Table3. Calculated Magnetic Moments (in Bohr Magneton
us of Several Sites and the Total Magnetic Moment
for Each Mn for the Ferromagnetic ZnMnY (Y =S,
Se, Te) with 25%

Site ZnMnTe ZnMnSe ZnMnS
Mn 4.053 3.826 3.8225
Zn 0.0334 0.0422 0.0384
Te 0.0459
Se - 0.0699
S - - 0.0888
Interstitial site 0.671 0.775 0.694
Total ug 5.0029 4.99 4.756
Site ZnMnTe ZnMnSe ZnMnS

AE, 0.13[0.199] 0.57 0.485
AE, -1.05[1.14 7] -1.69 -1.55
Noex This work 0.208 0.912 0.776

exp 0.18° 0.26°

Theo 0.304°
Nop This work -1.68 -2.704 -2.48

exp -1.05° -1.31[x<10.37°

Theo -1.83°

Ref [17],° Ref [30], © Ref [31].

CONCLUSION

We have presented in this paper the structural and elec-
tronic properties and magnetic moments of the ZnMnY
(Y =S, Se, Te), with 25% Mn in the ferromagnetic phase.
For FP-LMTO method within the LSDA approximation for
exchange-correlation potential.

We have calculated the composition dependence of the
lattice constant, bulk modulus, the bulk modulus for alloy
increase with the Mn concentration.

We have also determined the exchange constants Noo
and NoB. The calculations of total and local magnetic mo-
ments have shown that every Mn impurity adds no hole car-
riers to the perfect ZnY(Y =S, Se, Te) crystal, and that the
total magnetic moment is equal to Sug.
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