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We have investigated the structural, electronic and magnetic properties of substitutional
iron and manganese transition metal impurities in wurtzite ZnFeMnS by employing the ab-
initio method. Calculations were performed by using the full potential linearized
augmented plane wave (FPLAPW) method within the framework of spin-polarized density
functional theory (DFT). The electronic exchange correlation energy is described by
generalized gradient approximation GGA and GGA+U (where U is the Hubbard
correction). The GGA+U method is applied to iron 3d states. We have calculated the
lattice parameters, bulk modulus, the first pressure derivative of the bulk modulus and the
cohesive energies. The calculated densities of states presented in this study identify the
half-metallic behavior of ZnFeMnS when we use the GGA+U scheme with spin up
channels metallic and spin down ones semiconducting. The half-metallicity depends
strongly on the value of Hubbard coefficient U until the critical value of 8 eV.
Furthermore, we have calculated optical properties, and found interesting results.
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1. Introduction

Recently, diluted magnetic semiconductors (DMSs) have gained much attention due to the
possibility of having magnetic properties. The DMS are 111-V, II-VI, 1I-1V or IV-VI alloys in
which cations are randomly substituted by the magnetic ions from the series of transition metals
(such as Cr, Mn, Fe, Co or Ni). Research into diluted magnetic semiconductors (DMSSs) has been
motivated due to the opportunity of manipulating the electron spin in semiconducting devices as
the base for the applications of spintronics [1, 2], which is the potential second-generation
electronics, that focuses on the transmission of both charge and spin of electrons [3, 4]. It has
additional extensive application foreground than microelectronics (the first generation electronics
that only studies charges of electrons). More recently, there has been increasing interest in the
spintronic materials, especially the half-metallic ferromagnets (HMFs) which have a 100% spin-
polarization at the Fermi level. The concept of a HMF was introduced by de Groot et al. [5]. So
far, there have been so many researches, both theoretically and experimentally, to find new half-
metallic ferromagnets. Some of the materials that are approved to be half-metal theoretically or
experimentally are Heusler compounds [6- 12], ferromagnetic metallic oxides [13-19], dilute
magnetic semiconductors [20- 26] and zincblende transition-metal pnictides and chalcogenides
[27- 31].
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Zinc Sulphide (ZnS) is an important 11-VI compound semiconductor with potential
applications in electronics and optoelectronics because of its wide direct band gap (3.7 V). It has
attracted great attention for its potential applications in electronics and optoelectronics [32- 36].
Many researches indicate that room temperature DMS could be achieved in ZnS by using proper
dopants, such as Fe [37], Co [38] and Cu [39, 40]. Moreover, studies found that codoping (doping
host simultaneously with two different TM impurities) is another effective route to achieve
ferromagnetism. Computations within the density-functional theory (DFT) have been proven as a
powerful method to understand the structural, magnetic, optical and electronic properties of
semiconductors. However, calculations based on DFT that employ a local spin density
approximation (LSDA) or a generalized gradient approximation (GGA) for the exchange and
correlation potentials do not described adequately the electronic and magnetic structure of
materials that contain 3d or 4f states. Furthermore, these schemes, generally underestimate the
band gap values of semiconductors and insulators in relation to experimental values [41]. Among
the methods proposed, the method yielding accurate electronic structure, magnetic properties, and
band gaps is LSDA+U or GGA+U [42], where U is on-site Coulomb interaction and is applied to
the correlated and localized 3d or 4f electrons in the transition and rare-earth metal compounds.

In a recent study, we have found that ternary ZnMnS may be an unsuitable material for
applications in spintronics [43], so in the present work, we have performed first principle
calculations on the structural, electronic, magnetic and optical structure of Fe/Mn co-doped
wurtzite ZnS using the generalized gradient approximation (GGA) plus optimized effective
Hubbard parameter U (GGA+U) within the framework of density functional theory (DFT), to
search for half-metallic ferromagnets based ZnS and compare the obtained results with those
calculated by using standard GGA.

2. Calculation

Electronic structure calculations were performed using the self-consistent full-potential
linearized augmented plane wave (FPLAPW) method [44] implemented in WIEN2K code [45, 46]
within the density functional theory (DFT). The Perdewe Burkee Ernzerhof generalized gradient
approximation (GGA) [47] was used for the exchange correlation correction. In this method the
space is divided into non-overlapping muffin-tin (MT) spheres separated by an interstitial region.
We have used a structure of 32 atoms, where two atoms Zn are substituted by one atom Fe and one
atom Mn for the quaternary compound. The basis functions are expanded into spherical harmonic
functions inside the muffin-tin sphere and Fourier series in the interstitial region. The convergence
of the basis set was controlled by a cutoff parameter Ry Knax =7.5 Where Ry, is the smallest of the
MT sphere radii and K. is the largest reciprocal lattice vector used in the plane wave expansion.
The cutoff energy, which defines the separation of valence and core states, was chosen as -7 Ry. In
these calculations, we neglected the effect of spin orbit coupling. For the Brillouin zone (BZ)
integration, the tetrahedron method with a 74 special k points in the irreducible wedge (200 k-
points in the full BZ which corresponds to a mesh of 7*7*3) was used to construct the charge
density in each self-consistency step.

3. Results and discussions
3.1 Structural properties

In the supercell used, two Zn atoms are replaced with one Mn and one Fe atom. We
considered four possible configurations with different spatial position of TM atoms, named
configuration |, configuration Il, configuration Il and configuration IV. After relaxation, the
geometry changed very little due to the small difference in atomic radius of the transition metal
atoms and Zn atom. The optimized structures are plotted in Fig. 1(a), (b), (c) and (d). In
configurations | and |1, the FM state is lower in energy than the AFM state. Our calculations give
positive values of the total energy difference AE=AEarm-Ery; thus, ZnFeMnS is stable in the FM
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phase for the two cases cited. Also the formation energy E: was calculated, when the distance of
the two TM atoms was smaller than 4 A in configuration I, the magnetic coupling between the Mn
and Fe atoms is long-ranged (table. 01), for this configuration (ground state), we have plotted in
Fig. 02 the total energy of quaternary ZnFeMnS as a function of the unit cell volume using GGA.

Fig.1: Side-view of Fe/Mn codoped ZnS. The green, purple, red, and blue balls represent
S, Zn, Fe, and Mn atoms, respectively. (a) Configuration (1), (b) Configuration (I1), (c)
Configuration (I11) and (d) Configuration (1V).

Tablel. Distance between Mn and Fe atoms (dy_re in A{) and energy difference (AE in eV)
of the Mn/Fe codoped ZnS for the four configurations.

Configuration Ore-mn AE
I 3.86 2.95
I 6.33 1.10
1] 7.40 -0.35
v 11.16 -0.12

The calculated lattice constants (a and c), bulk modulus (B), the pressure derivative of
bulk modulus (B,), for ZnFeMnS using standard GGA and GGA+U, are obtained according to
Murnaghan’s equation of state [48] and by fitting the total energy versus volume. The results
obtained are summarized in Table 2. For GGA+U calculation, four different values of U are used
(4, 6, 8 and 10 eV). The cohesive energies of this compound displayed also in Table 2 are
calculated from the difference between the total atomic energies of Zn, S, Fe and Mn atoms and
the minimum energy of bulk compound.
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Fig.2: The total energy of quaternary ZnFeMnS as a function of the unit cell volume for:
both configurations Ferromagnetic (FM) and Anti-Ferromagnetic (AFM) phases using
GGA in configuration (1).

Table2. Calculated resultants: equilibrium lattice parameters: a(A), c¢ (4), bulk modulus B
(GPa), its pressure derivative (Bo), cohesive energy (eV) and the band gap E4 (eV)of
Fe/Mn codoped ZnS obtained with GGA and GGA+U.

a c B By C, Eeon

GGA 3.8379 | 6.3315 67.93 4.84 0.78 -7.13
U=4eV | 3.8430 | 6.3399 64.83 4.86 1.11 -6.95
U=6eV | 3.8488 | 6.349 60.49 3.78 2.01 -6.89
U=8eV | 3.8500 | 6.3515 61.14 421 2.22 -6.83
U=10eV | 3.8524 | 6.3555 63.50 4.96 2.22 -6.78

The calculated a, ¢, B, and B, using GGA+U depend on the U values. To reveal the
dependence, the calculated a, ¢, B and the band gap Eg, as a function of U is shown in Fig. 03. We
can notice that the calculated lattice parameters; a and ¢ of ZnFeMnS by GGA+U, increase as U
increases, but the cohesive energy E.qn decreases. However, the calculated bulk modulus B shows
a different trend. It, at first, decreases as U increases. Once the U reaches a critical value (8 eV),
the calculated B increases. For the same value of U, the band gap remains constant. It is important
to notice that there are no data available in the literature for possible comparison.
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Fig.3. Calculated lattice parameters a and c, the bulk modulus B and
the band gap Eg, as a function of U.

3.2 Electronic and magnetic properties

In order to understand clearly the electronic structure and magnetic properties of
guaternary ZnFeMnS with wurtzite structure, its total and partial density of states (DOS) are given
in Figs. 4 and 5 at their respective equilibrium lattice parameters. We can see from Fig. 4 (a), that
majority spin electrons exhibit semiconducting nature, whereas minority spin electrons show
metallic behavior, which keeps a fully spin-polarization of the states at the Fermi level. The total
DOS around the Fermi level comes mainly from the Fe d and the S p electrons. However, from the
density of states, we can see that, the states around Fermi level are isolated and the valence band
and conduction one, are well separated, consequently, we can consider that the GGAIs not enough
to reproduce the half metallic behaviour on this compound. This is why, we have introduced the
GGA+U approach, which properly describes the localization nature of d electrons and shows an
energy gap comparable to the experimental data. The spin-dependent densities of states (DOSSs) of
ZnFeMnS are presented in Fig. 4(b, c, d and e). It shows a half metallic behavior with the majority
of spin is metallic, whereas the minority spin is semiconducting for the four values of U.
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Fig.4. Total density of States of ZnFeMnS using GGA and GGA+U. Fermi level is set to zero.

The partial density of states (PDOS) using GGA+U was calculated to understand the spin
polarization of Mn and Fe codoped zinc sulfide. For demonstration, the PDOS of this compound is
shown in Fig. 4 (b, c, d and e) and reveals interesting remarks. It illustrates that the peak near
Fermi level in Fig. 4(a) which was due to the Fe d orbitals, is shifted to negative energies and
enters in the valence band, and as U increases, it becomes less important until it begins to
disappear completely after the critical value of 8eV. The valence band crosses the Fermi level,
resulting in p-type conductivity and the states responsible for this crossing are Mn d with a very
little contribution of anion p states. For U= 4 eV, we can notice also that electronic bands shown in
the lower part of conduction band in electronic structure are mainly formed by a significant
hybridization between Fe d and Mn d electrons. However, as U increases, this hybridization
decreases and the Fe d bands are pushed up to higher energies. The overall nature of ZnFeMnS is
half-metallic, which is much appreciated for spintronic applications as diluted magnetic
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semiconductors, and the electronic structure of this compound is very sensitive to on-site Coulomb
interaction U.
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Fig.5:Partial density of States of ZnFeMnS using GGA. Fermi level is set to zero.

The calculated total and local magnetic moments per TM atom within the muffin-tin
spheres as well as in the interstitial sites for ZnFeMnS are given in Table 3. Due to unoccupied
TM 3d states, permanent local magnetic moments are produced in these materials. The results
show that the total magnetic moments generally come from the TM ions with a little contribution
of Zn and S sites whose magnetic moments are parallel to the TM ions. It can be seen from Fig. 05
that there is hybridization between S p states and the TM 3d states and this p—d hybridization
decreases the total magnetic moments of the TM atoms from its free space charge value and
generates a small local magnetic moments on the non-magnetic Zn and S atoms. The calculated
total magnetic moment of ZnFeMnS compound is still 9 ug, for GGA and GGA+U, and Hubbard
coefficient doesn’t affect g, however as U increases, the interstitial magnetic moment decreases
and iron magnetic moment increases which maintains p; invariable. The calculated integer
magnetic moment of the ZnFeMnS compound, which indicates stability of half-metallic behavior,
follows the Slater-Pauling rule. According to the Slater-Pauling rule [49], the total magnetic
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moment of the system is expressed as Mt = Zt-24, where Zt is the number of valence electrons,
(Zn, Fe, Mn, and S atoms have twelve, eight, seven and six valence electrons, respectively).

Table3.Calculated Magnetic Moments for several sites of the Fe/Mn codoped
ZnS with: GGA and GGA+U Approximations.

Hinterstitial HFe HUMn Hzn HUs Kot
GGA 151 3.13 3.86 0.01 0.05 9
U= 4eV 1.48 3.33 3.86 0.01 0.03 9
U= 6eV 1.39 3.42 3.87 0.01 0.03 9
U= 8eV 1.35 3.49 3.86 0.01 0.03 9
U= 10eV 131 3.56 3.86 0.01 0.03 9

During the past years, numerous theoretical studies have been proposed to clarify the
mechanism for ferromagnetism in diluted magnetic semiconductors. Here, we suppose p—d
hybridization mechanism. According to Zener's p—d hybridization mechanism [50, 51], as the
dopant adds partially occupied states into the gap of the host semiconductor, the FM state is
reached by energy gain from band broadening. At the same time, due to the strong hybridizations
between the Mn and its neighbouring anions S, the neighbouring anions are spin-polarized and
coupled ferromagnetically with manganese.

3.3 Optical properties

The dielectric function ¢ (w) of an anisotropic material is a complex, symmetric, second-
order tensor. The imaginary part ¢, (w) of the dielectric tensor is directly related to the optical
absorption spectrum of the material, and it can be computed from knowledge of the electronic
band structure of a solid.

Direct calculations of the imaginary part &, (w) of the dielectric function are accessible in
Wien2k code by evaluating the matrix elements of the electric dipole operator between the
occupied and unoccupied electronic states in the valence band (VB), and in the conduction band
(CB), respectively. The real and imaginary parts of the dielectric function &, (w) and & (w);
respectively, are then obtained from the Kramers—Kronig transform. The knowledge of the real
and imaginary parts of dielectric function permits the calculation of the other optical coefficients,
like the reflectivity, the refractive index, the absorption coefficient and the energy loss.

The calculated absorption coefficients for ZnFeMnS as a function of the incident radiation
energy, by the GGA and GGA+U approaches, are shown in Fig. 6. The absorption is characterized
by many broad absorption bands above the absorption threshold, which can be interpreted on the
basis of the total DOS (Fig. 3 and 4) and interband transitions. For GGA and from the figure, we
can notice the existence of an important peak in the region of low energies. This peak is generated
by the presence of iron impurities according to the DOS. After the introduction of U Hubbard
coefficient we can see a drastic change in optical absorption spectrum. Strong light absorption
occurs in visible spectrum. For U=4eV, the absorption is increased and blue-shifted, also the peak
in low frequencies has disappear for the different values of U. From the absorption spectra and the
PDOS (Fig. 5), the enhanced visible light absorption of ZnFeMnS is attributed to the creation of
impurity states in the band gap. With increasing U, we can see that optical absorption decreases
again and is red-shifted compared to U=4eV, after the critical value of U=8eV, the curves, remain
unchanged, so we can conclude that after a certain value, Hubbard coefficient does not affect
optical properties but they are enhanced comparing to GGA.

The maximum value of absorption coefficient for GGA is 201, 7*10* cm™, 235. 3*10* cm’
! for U=4eV, 217. 7*10* cm™ for U=6 eV and 209. 6*10* cm™ for U= 8 and 10 eV. The results
obtained confirm that ZnFeMnS has significant absorption in large range of photon energies, and
consequently, it is suitable for device applications in the major parts of the spectrum and may be
used as material for photovoltaic cell and photo-catalyst.
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Fig.6.Absorption coefficient of ZnMnS and ZnFeMnS.

In Fig. 7 we plot the reflectivities of quaternary ZnFeMnS from the infrared spectral
region to the ultraviolet. We find the same trend found in the absorption. For the GGA, we see that
the reflectivity is very close to 43 % in the infrared, due to the peak caused by the absorption peak
which we have related to Fe impurities. The maximum of reflectivity occurs in the energy range 5
- 17 eV and arises from inter-band transition. For GGA+U the minimum of reflectivity occurs in
the energy range 1- 5 eV and is probably due to the collective plasma resonance. The depth of the
plasma resonance can be determined by the imaginary part of the dielectric function [52]. It is also
found that the shapes of the four curves for are very similar, and from the critical value of U=8eV,
the curves are superposed. The peaks of reflectivity curve are shifted to higher energy side
comparing to the GGA.
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Fig.7. Frequency dependent reflectivity of ZnFeMnS.

The calculated refractive index of ZnFeMnS using GGA and GGA+U is presented in Fig.
8. A broad spectrum over a wide energy and frequency is noted. We can notice the same trend as
for the other optical properties studied before. It is clear from the figure that the refractive index of
the material is blue-shifted with the increase of U coefficient. For GGA, a maximum can be
observed in the form of a bump in the spectrum at a particular energy. For GGA and GGA+U, and
at intermediate energies a few bumps appear and then the curves vanish at higher energies.
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4. Conclusions

In summary, the structural, electronic, magnetic and optical properties of Mn/Fe codoped
ZnS were studied in terms of first-principle calculation within GGA+U and GGA approximations
for the exchange and correlation potential. We found a shifting majority as well as minority Fe d
bands away from Fermi level when GGA + U is used, leading to a better representation for the
DOS at the Fermi level. Electronic structures indicate that ZnFeMnS is p-type half-metallic FM
semiconductor at equilibrium lattice constants, with a magnetic moment of 9 ug withp—d
hybridization mechanism is responsible for the ferromagnetism. The magnetic moment mainly
comes from partially filled d orbitals of Fe and Mn. The origin of half-metallicity is due to the
appearance of Mn d and S p bands near the Fermi level.The electronic structure and structural
peoperties of this compound are very sensitive to on-site Coulomb interaction U. The half-
metallicity of ZnFeMnS and the large positive value of total energy difference (AE), make this
compound as a good candidate for spintronic applications. Furthermore, we have computed the
reflectivity, the absorption coefficient and the refractive index of ZnFeMnS in a wide spectral
range. For GGA+U the absorption is increased and blue-shifted comparing to the GGA, also the
peak in low frequencies (in GGA) has disappear for the different values of U and for all optical
properties studied. The compound has significant absorption in large range of photon energies, and
consequently, it is appropriate for device applications in the major parts of the spectrum (visible
and ultraviolet).
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