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We present structural, magnetic and optical characteristics of Zn;_,TM,Te (TM = Mn, Fe, Co, Ni and x = 6.25%),
calculated through Wien2k code, by using full potential linearized augmented plane wave (FP-LAPW) technique. The opti-
mization of the crystal structures have been done to compare the ferromagnetic (FM) and antiferromagnetic (AFM) ground
state energies, to elucidate the ferromagnetic phase stability, which further has been verified through the formation and
cohesive energies. Moreover, the estimated Curie temperatures 7; have demonstrated above room temperature ferromag-
netism (RTFM) in Zn; _,TM,Te (TM = Mn, Fe, Co, Ni and x = 6.25%). The calculated electronic properties have depicted
that Mn- and Co-doped ZnTe behave as ferromagnetic semiconductors, while half-metallic ferromagnetic behaviors are
observed in Fe- and Ni-doped ZnTe. The presence of ferromagnetism is also demonstrated to be due to both the p—d and
s—d hybridizations between the host lattice cations and 7M impurities. The calculated band gaps and static real dielectric
constants have been observed to vary according to Penn’s model. The evaluated band gaps lie in near visible and ultraviolet
regions, which make these materials suitable for various important device applications in optoelectronic and spintronic.
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1. Introduction

A wide range of theoretical and experimental reports,
available in the literature, depict huge motivations to explore
interesting materials for versatile device functionalities.!!~10]
The semiconductors belonging to II-VI, III-VI, IV-VI, are ex-
tensively being explored for various applications. Particularly,
the II-VI based DMSs, for example ZnS, ZnSe, and ZnTe,
are considered to be attractive owing to their wide direct band
gaps, which can offer versatile opto-electronic characteristics,
therefore, could be expected to replace the existing silicon-
based devices.!!!"13] ZnTe crystallizes in zinc blende phase
with a cubic lattice constant of 6.103 A,!'®) and the reported
direct band gap is 2.26 eV,[!”] which enables its application
in the devices operable at high temperatures and power lev-
els. ZnTe has attracted huge attention because of its low cost,
large absorption coefficient, and higher solubility to magnetic
impurities without significant structural deteriorations.[!8:1%]

The undoped and doped ZnTe in thin film, nanoparti-
cle, and bulk forms have been fabricated and characterized
with various experimental techniques.>*->3! For example, thin
films of Znj_,Ni,Te (xnj up to 20%), deposited on glass sub-
strate by employing electron beam evaporation, have demon-
strated that with the increasing Ni content, the band gap and
micro strains are reduced, while the grain size is improved,
which depict that Ni impurity ions may induce optical and
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structural modifications.!?®! The nanocrystals of Mn-doped
ZnTe synthesized by hot injection method have shown that
the emission band centered at 620 nm, corresponds to narrow
absorption bands for different crystal sizes, which confirmed
that emission is due to Mn*? substituted ZnTe.[>”] Similarly,
the Co-doped ZnTe prepared by thermal diffusion method has
depicted that Co doping shifts the absorption edge towards the
lower energy, and optical transitions of the electrons to the
dopant induced states are considered to be responsible for the

(281 Another report about Fe-doped

observed absorption lines.
ZnTe (xge = 0.867 and 1.21%) ) crystals grown by Bridgman
technique have shown that from the optical data the values
of the exchange constants Npo and Nyf3 can be qualitatively
realized. The computed exchange constants agree well with
the already reported values.!?°! In spite of a number of exper-
imental reports on optical properties of transition metal (TM)
doped ZnTe, no comprehensive experimental study about the
magnetic and optical properties exists.

The ZnTe has widely been explored by using the den-
sity functional theory (DFT). In a previous report on ZnTe
doped with 25% Fe, Ni, Co, samples have exhibited half-
metallicity due to Fe and Ni doping, while semiconducting
properties are attained due to Co doping.!*°! The results are
found to be consistent with a previous comprehensive theoret-
ical study, in which Cr, Fe and Ni doping in ZnTe results in a
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half-metallic character, while Co and Mn depict semiconduct-
ing behavior.[3!! The half-metallic ferromagnets (HMFMs), in
which one sub-band show metallic nature, while the other sub-
band exhibit insulating behavior, and the semiconducting ma-
terials, in which both sub-bands show insulating behaviors, are
crucial for novel spintronic applications.*3?! Moreover, Mn-
and V-doped ZnTe have also been investigated by Wein2K
package and it observed that for xy, = 12.5%, ground state
stabilizes with antiferromagnetic nature, while reducing Mn
content to xym = 6.25% induces a ferromagnetic ground state,

B0l However, no

which is in agreement with the experiments.
experimental or theoretical study about systematic investiga-
tion of TM-doped ZnTe is available.!33-3¢! The experimentally
determined magnetic characteristics, as well as the theoreti-
cally investigated optical properties are limited in the litera-
ture, particularly, at the low impurity concentrations. 3738

In this study, we report a comprehensive investigation of
structural, electronic, magnetic and optical properties exhib-
ited by Zn;_,TM,Te (TM = Fe, Ni, Co, Mn and x = 6.25%).
In order to get the most accurate electronic band structure and
energy band gap, Eg, that approach experimental values, we
have used modified Becke—Johnson (mBJ) functional. There-
fore, the calculated opto-electronic and magnetic properties
are expected to bear close resemblance to the experimentally
measured behaviors, which enables one to accurately simulate
and explore the fundamental and applied materials’ phenom-
ena, hence, elucidates the precision and worth of the presented
theoretical investigations. The computed Curie temperatures
(T:.) have shown that compounds exhibit above room tempera-
ture ferromagnetism (RTFM). Moreover, the optical properties
of this material system have also been reported and have been
found to be highly sensitive to the structural, electronic and
magnetic properties.

2. Method of calculations

[39-41] can be eluci-

Various novel material characteristics
dated by employing various theoretical methods.*>*4! In the
present study, we have used FP-LAPW method, which is im-
plemented in Wein2K software,!*! to compute the structural
and electronic characteristics of Zn;_,TM,Te (TM = Fe, Ni,
Co, Mn and x = 6.25%). In FP-LAPW technique, the unit
cell is considered to be composed of non-overlapping spheres,
which are separated by the interstitial regions. We have used a
supercell of 32 atoms for the zinc blende ZnTe (space group:
216 (F43m)) with Wyckoff positions of Zn and Te atoms as
(0,0,0) and (0.25,0.25,0.25), respectively. The impurities ad-
dition results in a change in the space group of the host ZnTe
lattice to 111 (P-42m). The generalized gradient approxima-
tion (GGA),*®! as suggested by Wu and Cohen, is employed
to reveal the exchange—correlation (XC) effects. Additionally,
modified Becke and Johnson (mBJ)*”) potential is employed

to determine the most accurate electronic band characteris-
tics, particularly, the band gap, E;, which is consistent with
the experiment. The presented results are computed at the
ground state lattice constants, which are extracted from the
Murnaghan equation of state.

In order to control the plane-wave expansion, the conver-
gence parameter represented as Ryt X Kmax, (RMmT represents
the smallest radius of the MT spheres, while K, indicates the
cutoff for the plane-wave), is taken as 7.0. The maximum val-
ues of the angular momentum, Iy, is taken as 10. To avoid
the charge leakage, the separation between core and valence
states is defined in terms of energy cut-off parameter, which is
adjusted to —6.0 Ry (1 Ry=13.6057 eV). The 1000 k-points
have been used for the sampling the reciprocal space. The
energy convergence up to 0.01 mRy is achieved by a set of
repeated iterations.

3. Results and discussions
3.1. Structural stability

The realization of a stable Zn-based diluted magnetic
semiconductors (DMS) phase is a controversial topic being
widely explored. Sato er al.[*8l have shown that spin glass
phase is present in Zn;_,TM,Te (TM = Fe, Co, and Ni)
DMSs, while antiferromagnetic behavior has been reported
for Mn-doped ZnTe.
phase Zng 97Mng o3 Te has simultaneously exhibited paramag-

Moreover, the nanostructured single

netism, ferromagnetism and superparamagnetism. The ob-
served room temperature ferromagnetism in Zngg7Mng o3 Te
has been reported to be induced by the bound magnetic po-
larons (BMP).!*°! In another study, p-type ferromagnetism is
exhibited due to weakly localized holes in Mn-doped ZnTe,
according to Zener/RKKY interaction.’ In contrast, elec-
tron spin resonance (ESR) and magnetic susceptibility stud-
ies indicated the stability of the paramagnetic state at room
temperature (RT).5!! Therefore, in order to elucidate the ac-
tual stable phase, we have employed the relaxed structure in
the ferromagnetic (FM) as well as in the antiferromagnetic
(AFM) phase, to calculate the ground state energies of TM-
doped ZnTe DMS. The positive AE (AE = Eapm — Epyv) have
indicated a higher FM state stability (see Table 1). Further
confirmation about the FM state is demonstrated through the
formation energy (AH), which has been extracted using the
following equation.>?!

AH = Eto1 (TMZn,,Te,) — [Ery — mEzy —nEte, (1)

where FEro) (TM;Zn, Te,) represent the total ground state
(GS) energy of TM-doped (TM = Mn, Fe, Co, Ni) ZnTe
DMSs, while Etv, Ezn, and ET. are the GS energies of bulk
elements in a unit cell. The subscripts /, m, n, respectively,
represent the number of 7'M, Zn, and Te ions in each unit cell
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volume. The formation energies exhibit negative sign (see Ta-
ble 1) which indicates that energy releases during compound
formation, elucidating stability in FM state. Moreover, the
TM doping causes higher energy release, in contrast to the
experimental value (—28.10 eV) 1331 for ZnTe, as shown in Ta-
ble 1. Hence, TM dopants enhance the phase stability, which
is an additional advantage. The stability of Zn;_,7 M, Te com-
pounds is also confirmed from the cohesive energy (E.on) that
binds the atoms together in the crystal. The E oy, is computed
by employing the following equation

AEon = LEFS® + DESO™ + cEF™ — Etora (TM,ZnpTe,) . (2)

Here Erot (TM,Zn,Te,) is the total ground state energy of
the compound and EF5", EZO™, and EF°™ are the ground
state energies of isolated atoms of TM, Zn, and Te, respec-
tively. The cohesive energy of the pure ZnTe is in close match
with that observed experimentally.!33! The cohesive energies
of TM-doped ZnTe exhibit greater values than their binaries
that again indicate FM state stability. In addition, both the for-
mation and cohesive energies have been observed to increase
from Mn to Ni, because increasing number of electrons in
the d-shell increases binding between nucleus and electrons,
therefore, stability of Zn;_,7M,Te DMSs increases.

Table 1. Enthalpy of formation AH; (eV), ground state energy AE (meV), Curie temperature T, (K), cohesive energy (Ecop), direct exchange splitting
energy A.(d), indirect exchange splitting energy A.(pd), exchange constants (Npa and Npf3), the total magnetic moment per unit cell, magnetic
moment on 7'Ms site, magnetic moment on Te-site, band gap (Eg), half metallic band gap (Guwm), static dielectric constant €; (0), and refractive index

l’l(O) calculated for Zng 93757 My 0625 Te (TM = Mn, Fe, Co, Ni).

Composition Exp. ZnTe ZnMnTe ZnFeTe ZnCoTe ZnNiTe

AHi/eV -28.10* - -94.08 -95.22 —94.19 —94.64
AE/meV - - 4.10 3.72 441 3.10
T./K - - 494 453 417 380
Econ 4.48? 4.55 5.90 5.95 6.04 6.25
(AE rysial) 2.07 1.33 2.92 0.86
A(d) 3.07 2.14 5.33 3.02
Ac(pd) —0.80 -0.79 -0.57 -0.53
Noat -0.217 0.236 -0.256 0.483

Nof -0.874 -0.925 —0.943 -1.086
Total MM 5.00 4.00 3.00 2.00
T M-site 4.245 2.572 2423 1.313
Zn-site 0.254 0.345 0.311 0.232
Te-site 0.122 0.134 0.121 0.251
Eg 2.39° 2.39 2.32 2.37 2.36 2.32
GuMm - - - 0.05 - 0.14
£(0) 7.30¢ 6.70 6.77 7.14 9.00 28.6
n(0) 2.57¢ 2.58 2.62 2.67 3.00 5.41

aRef. [53], PRef. [54], “Ref. [55]

Moreover, Heisenberg model has been employed to es-
timate the Curie temperature of Znj_,TM,Te compounds
by using the expression T, = 2AE /3xKp, where x repre-
sents impurity cation concentration and Kp shows Boltz-
t.156] The estimated T, values for Ni- and Mn-

doped ZnTe, as listed in Table 1, have been observed to ex-

mann constan

hibit highest and lowest T;, respectively. However, all the
Zn;_,TM,Te compounds have shown T, above room temper-
ature (RT), which already has been experimentally confirmed
for Zn;_,Mn,Te (x = 1%).571 Therefore, the studied DMSs
are most suitable for spintronic device applications, which also
indicate that experimental material properties can efficiently
be simulated by employing theoretical methods. 58-60]

3.2. Electronic and magnetic behavior

The modified Becke—Johnson potential (mBJ) along with
generalized gradient approximation (GGA) are utilized to find
the most accurate band structures (BS) as well as the pre-

cise density of states (DOS) in Zn;_,TM,Te (x = 6.25% and
TM = Mn, Fe, Co, Ni) compounds, as presented in Figs. 1
and 2, respectively. The band gap computed for ZnTe is
equal to that observed experimentally,(®!! as is evident in Ta-
ble 1, which confirms the accuracy of the presented calcu-
lations. The Mn- and Co-doped ZnTe have demonstrated a
direct band gap at the I"-point in the spin-up case, while in
the spin-down channel, the states move to lower energy be-
cause of the p—d exchange splitting. Therefore, Fe- and Ni-
doped ZnTe show a band gap around the Ef in the spin-up
case, while in the spin-down case a metallic nature is evident
due to the valence states crossing the Er. Therefore, it is evi-
dent from Figs. 1-2 that the Mn—Co-doped ZnTe compounds
are ferromagnetic semiconductors, while Fe—Ni-doped ZnTe
compounds are half-metallic ferromagnets (HMFM), indicat-
ing a possibility of tuning the transport properties in ZnTe by

varying the nature of dopant.
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Fig. 1. The band structure for both spin-up and spin-down channels plotted for (a) Zngo375Mngps25Te, (b) Zngo375Feq 0625Te, (c)
Zng.9375C00.0625Te, (d) Zng 9375Nig 0625 Te, calculated by employing mBJ-GGA functional.
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Fig. 2. (color online) (a) The total (TDOS) and (b) partial density of states (PDOS) plotted for Zng 93757 My 0625 Te (TM = Mn, Fe, Co, Ni), for both
spin-up and spin-down channels and calculated by employing mBJ-GGA functional.
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The real cause of the appearance of ferromagnetism has
been investigated through the calculated partial density of
states (PDOS), as presented in Fig. 2(b), and it has been found
that ferromagnetism arises due to hybridization between T'M's
3d-states and anion (Te) p-states. The studied compounds
have shown strong p—d exchange interaction within the va-
lence band of ZnTe to induce a p-type carrier induced ferro-
magnetism. The large exchange splitting occurs from Mn to
Ni, which is due to the increasing number of d-electrons (Mn-
3d°, Fe-3d%, Co-3d’, Ni-3d®). Furthermore, the tetrahedral
environment formed by the Te anions produce a crystal field
that is responsible for splitting 3d-states of the TMs into two
states of ey (d2, dxz_yz) and three states of 125 (dxy, dyz, dox).
Only d—ty, states participate in hybridization, while e, states
do not take part. Moreover, the energy difference between eg
and 1y, states expresses the magnitude of the crystal field en-
ergy (Eery = Ep,, — E,,). The direct exchange splitting energy

extracted from the position of TMs 3d-states in both spin-up
and spin-down cases (A, (d) = d* —d") in ZnTe has been ob-
served to have larger magnitude compared to the crystal field
splitting energy (A.(d) > Ecy) and, therefore, confirms the
stability of ferromagnetic state (see Table 1 and Fig. 3).

In addition, during hybridization, the Mn and Co doping
produce deficiency of electrons to induce hole-mediated ferro-
magnetism similar to that observed in GaMnAs, as is already
explained by Zener.!°!! In Fe- and Ni-doped ZnTe, the interac-
tion arising between 3d-state of Fe/Ni impurities and p-states
of host lattice Te anions, causes the appearance of the localized
states within the band gap at Ep, which induce half-metallic
ferromagnetic characteristics. Therefore, the large splitting of
hy states causes the double exchange mechanism that is re-
sponsible for producing ferromagnetism in Fe- and Ni-doped

ZnTe half-metallic semiconductors.
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Fig. 3. (color online) The illustration of p—d repulsion model in Zn;_,Mn,Te. (I) Atomic magnetically polarized energy levels of Mn cation
and host lattice Te anion, (II) exchange splitting of the energy levels Ay(d), (IIT) further splitting of the Mn-3d energy levels due to the crystal
field, (VI) p—d exchange splitting A, (p — d), due to the interaction between Mn-3d and Te-5p energy levels, the shaded area shows host lattice
valence and conduction band. The figure description is followed by the reference.>!

Another parameter about exchange splitting energy is
A:(pd), which is very important because its negative value
shows that the p—d hybridization in the valence band is strong
enough to realize a more attractive spin-down channel. The
p—d repulsion model is used to justify the observed ferromag-
netism, as is presented in Fig. 3, which is followed by the
reference.[%%! The exchange interaction appearing between an-
ion p-states and cation 3d-states is responsible for splitting the
states near the Fermi level Eg, which results in band broaden-

ing effects. In Zn;_,Mn,Te, the 3d-states of Mn split into five

lower energy states 3d§r and five higher energy 3d° states (see
Fig. 3-II). The five 3d1 states further divided into two e and
three 7, energy states. Similarly, 3d° states also split into two
e_ and three ¢_ energy states (see Fig. 3-III). On the other
hand, the SpSstates of Te split into six energy states, three
are lower energy states 3p> (t.), while three 3p* (r_) are at
high energy, as shown in Fig. 3-II from the right side. There-
fore, the repulsion model depicts that A, (d) > Ecrysial, Which
evidences the presence of stable ferromagnetic state, as al-

ready explained above. Finally, the interaction between lower
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(tfr and Spi) and higher energy states (t° and 5p3_) causes
the valence band to create an exchange energy gap (Ax(pd)
in spin-down channel (see Fig. 3-VI). The negative value of
A.(pd) indicates p-type ferromagnetism, which decreases as
TM dopant in ZnTe changes from Mn to Ni (see Table 1).
Moreover, e and e_ do not take part in hybridization as they
are lower in energy, as depicted in Fig. 3-I11.13]

The number of unpaired electrons in 3d-state of TMs con-
tributes to the observed magnetic moment. It is interesting to
observe that Mn?* (34°) has five unpaired electrons (two in
e, state and three in ), Fe*™ (3d®) has four unpaired elec-
trons (one in e, state and three in t5,), Co*™ (3d”) has three
unpaired 5, electrons and Ni** (3d%) has two unpaired 2,
electrons in their outermost shells, which are responsible for
inducing free space magnetic moments./%*! Furthermore, the
strong interaction between p-states of Te and dopant d-states
reduces the free space magnetic moment of TM atoms by gen-
erating a significant amount of magnetic moments on Zn and
Te sites, %] as is depicted in Table 1. The positive sign of
magnetic moment on anion and cation sites represents a ferro-
magnetic coupling.

In addition, the exchange constants, Noo and Npf3 have
also been calculated, which play a significant role in elucidat-
ing the real origin of ferromagnetism in DMSs. The Hamilto-
nian H = —Npfs.S of the system can be retrieved from these
exchange constants, in which f represent the p—d exchange
integral, while S and s are the TM impurity and hole carriers
spin, respectively.[%67] The Nyor and Ny are calculated from

the following relations

A AEy
x(S) x(S)

Here x shows TM ion concentration, (S) is the average value

Noo = and Nyf = (3)

of magnetic moment on TM ion site, AEc = Eé — E(T: and
AEy = E$ — E\T, are the splitting at conduction and valence
band edges, respectively. From Table 1, it is clear that the
Noo and Ny have anti-ferromagnetic coupling for Fe- and
Ni-doped ZnTe compounds. While a ferromagnetic coupling
for Mn- and Co-doped ZnTe compounds has been observed.
The reason behind this anomaly can be explained in terms of
valence and conduction band edge splittings. The kinetic ex-
change splitting at valence band maximum (VBM) results in
large and negative Nyf3, while small and positive Noor appears
at the conduction band minimum (CBM) because of the direct
exchange splitting to generate half metallic ferromagnetic be-
havior. In FM semiconductors, the sign of Ny is strongly in-
fluenced by crystal symmetry and may have higher magnitude
arising due to the quantum confinement. During the splitting
process at CBM, it has been noted that d level lies below the
CBM in the minority spin channel, due to which, the CBM

in the minority and majority channels, respectively, will ener-
getically be moved down and up and that results in negative
Noo. On the other hand, half-metallic ferromagnetic semicon-
ductors have been observed to have the d-levels lying below
the CBM, for both the majority and minority channels. Hence,
d-level is pushed up to the CBM toward high energy in both
minority and majority spin, %8 which causes positive Ny, as
shown by the values presented in Table 1. Using the Heisen-
berg model, the Curie temperatures have also been predicted,
which are 494, 453, 417, and 380 K for Mn-, Fe-, Co-, and Ni-
doped ZnTe, respectively. The decrease in magnetic moment
per magnetic ion from 5 pp to 2 pup by changing dopant from
Mn to Ni causes a reduction in the magnitude of the exchange
interactions and corresponding Tc reduces. Therefore, all the
studied compounds can be used in various magnetic devices
operating above room temperature.

3.3. Optical properties

The wide range of potential applications of Zn-based II—
VIDMSs in the field of optoelectronics indicates that they may
replace the silicon-based semiconductor technology. The cal-
culated complex dielectric constant £(®) = € (®) + i&(®)
can efficiently elucidate the optical responses shown by any
material system. The & (w) is the imaginary part of the com-
plex dielectric function that indicates absorption of light, while
the real part € (@) can be determined by employing the imag-
inary part, by using the Kramer—Kronig relations,!%! which
elucidates the scattering of electromagnetic radiations from
the material surface. For achieving the complete details of
the demonstrated optical properties by Mn-, Fe-, Co-, and Ni-
doped ZnTe, we have plotted the various optical parameters in
the energy range 0-25 eV, as depicted in Fig. 4. The & (o),
which illustrates the quantitative measurement of the polariza-
tion induced in the material due to incident light, can be used
to determine the static part of €; (@), represented as € (0). The
computed & (0), for un-doped ZnTe, closely matched with the
experimental value,P3! as illustrated in Table 1. Moreover,
it is evident in Fig. 4(a) and Table 1, the static value & (0)
calculated from the &;(w) spectra and the band gap of the
studied materials are related exactly according to the Penn’s
model & (0) ~ 1+ (hw,/E,)*.I""! The @, and E, represent
the plasma frequency and the material band gap, respectively.
From Table 1, it can be observed that the studied materials
exhibit a band gap between visible to ultraviolet regions of
the electromagnetic spectrum that confirm the material’s suit-
ability to be employed in various optoelectronic devices. The
value of €(0) increases as the magnetic ions change from
Mn to Ni into ZnTe lattice, because electrons in the transi-
tion metal d-states increases. The €;(®) reaches a peak value
at 4 eV and drops to zero around 5 eV for Mn-, Fe-, Co-, and
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Ni-doped ZnTe. In addition, & (®) depicts negative value be-
tween 5 eV to 15 eV (see Fig. 4(a)), indicating a total reflec-
tion of light from the surface, and as a result, a metallic char-
acteristic arises.[”!! The reason behind the observed metallic

effect may be the zero band gap exhibited by the materials

Zn;_,TM,Te (x =6.25%)

for this particular energy region. Therefore, incompatibility of
the band gap with the incident photon energy causes a com-
plete reflection, because only those electromagnetic radiations
are absorbed, which have energy equal or greater than the ma-

terial band gap.

(b) Zny_,TM,Te (z =6.25%)
4

pure ZnTe

' —
12 X\\_ si(UJ)

n(w) Pbure ZnTe

ok ——
0 2 -
19k \ TM = Mn L TM = Mn
I K 2 M
O —_/\/ S i ,/ — e —
12+ /'\\ TM = Fe
O o
TM = Co

TM = Ni

Photon energy/eV

Photon energy/eV

Fig. 4. (color online) (a) The real € (®) and imaginary part & () of the dielectric constant, (b) refractive index n(®) and extension
coefficient k(@) plotted against incident energy for Zng 93757 Mo os25Te (TM = Mn, Fe, Co, Ni), and calculated by using mBJ-GGA

functional.

The imaginary part & (@) of the complex dielectric con-
stant is a key parameter to decide a suitable material for a suit-
able optoelectronic device. The & (), as plotted in Fig. 4(a),
shows that transition metal doping increases the width of the
absorption region and peaks become less sharp compared to
that for pure ZnTe. The critical values of & () illustrate the
optical band gap of the materials, which is compatible with
the band gap calculated from band structures (see Fig. 1) and,
therefore, confirm the accuracy of our results. It is also evi-
dent in Table 1 that the band gap of TMs-doped alloys is less
than the band gap of the un-doped ZnTe host semiconductor,
which is due to increased number of electrons in the TM d-
shell that reduces the effective distance between the atomic
states. In DMSs, the strong p—d hybridization creates shallow
levels just above the valence band for the realization of p-type
semiconductors and below the conduction band for inducing
n-type semiconductors, which can also contribute to the direct
transitions from VB to the CB. Therefore, the band gap of a
material decreases and a red shift takes place. As shown in
Fig. 4(a), within the energy range 3 eV-8 eV, the large values
of the & () peak intensities confirm that the studied materi-
als have a maximum absorption in the near visible to ultravi-
olet region, which is important for optoelectronic technology.
However, the & (®) in Ni-doped ZnTe alloy is quite differ-
ent between 0 eV-1.5 eV, the & () starts from a higher value
and then reduces to a minimum at higher energy. Similarly,
a small peak in the energy region 0 eV-1.3 eV in Co-doped

ZnTe may arise due to the free charge carriers produced due to
Co doping.[7?

The refractive index n(®) and the extinction coefficient
k() have also been computed and have depicted a behav-
ior similar to & () and &(w), respectively (see Fig. 4).
All four parameters are inter-related through the equations,
n? —k* = g1, and 2nk = &,. The static values of n(0) and &; (0)
are in accordance with the relationship, n(z) = £1(0), as is evi-
dent in Table 1. Moreover, the n(0) for un-doped ZnTe finds

t151 as demonstrated in

an excellent match with the experimen
Table 1. The n(®), which illustrates the propagation and dis-
persion of the constituent wavelengths of light while crossing a
medium, have shown large number of peaks within 4 eV-8 eV
that disappear at higher photon energies. Therefore, the ma-
terials demonstrate the capability to absorb high-energy pho-
tons indicating the transparency of Mn-, Fe-, Co-, Ni-doped
ZnTe alloys to low energy. Moreover, in the energy region
8 eV-25 eV, the value of n(®) becomes fractional, showing
that the group velocity (v = ¢/n, where n and c represent re-
fractive index and speed of light, respectively) is greater than
the speed of light (¢ = Av, where V is the frequency of inci-
dent radiations). Therefore, the group velocity indicates that
the material exhibits a negative domain to demonstrate a non-
linear behavior, where the studied materials can be designed
to act like a superluminal medium in which both permittivity
and permeability due to the plasma resonance frequency be-
come negative. The extinction coefficient k (@) also measures
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the absorption of light similar to & (). Its value is maximum
between 4 eV-8 eV and decreases to zero at the higher elec-
tromagnetic energy. The overall analysis of optical properties
of the studied materials show that they absorb maximum in
the near visible to UV and the critical values of the refractive
indices vary between 2 eV to 5 eV. These two factors make
the studied materials potential candidates for applications in
optoelectronic devices.

4. Conclusion

The structural, magnetic and optical properties of TM =
Mn-, Fe-, Co-, Ni-doped ZnTe DMSs have been studied by
using first principle calculations. The positive energy differ-
ence between AFM and FM states has verified the FM state
stability, compared to the AFM state. The stability in the FM
state has also been confirmed by negative value of enthalpy of
formation and greater values of the cohesive energy for TM-
doped DMSs than the binary un-doped ZnTe host semicon-
ductor. The Curie temperature has also been predicted from
the Heisenberg classical model, which shows above room tem-
perature ferromagnetism (RTFM). It has been shown that the
Mn and Co doping in ZnTe induces ferromagnetic semicon-
ducting nature, while Fe and Ni doping in ZnTe reveals half-
metallic ferromagnetic character. In addition, the ferromag-
netism has also been confirmed from the negative values of
the exchange splitting energy A,(pd) and exchange constant
NoB. The higher value of direct exchange energy A,(d) than
the crystal field energy also evidences the presence of stable
FM states. Moreover, the magnetic moment of TMs has been
found to decrease by inducing small magnetic moments on the
nonmagnetic sites which is due to the strong p—d hybridiza-
tion. The optical properties of TM = Mn-, Fe-, Co-, Ni-doped
ZnTe DMSs have also been calculated to explore potential op-
tical applications. The static value of dielectric constants and
optical band gaps are observed to vary according to the Penn’s
model indicating the accuracy of the presented calculations. It
has been noted from the imaginary part of the dielectric con-
stant that the studied materials are red-shifted with maximum
absorption in the visible as well as in the ultraviolet energy.
Therefore, the studied compounds are the best candidates for
optoelectronic and spintronic devices.
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