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In this article, we examine the structure and the electronic, optical, and magnetic properties of ZnTe before and after doping with the transition
metal Mn. The ab initio calculations of this compound were performed using the full potential linearized extended full potential planar
waveform (FP-LAPW) in the context of density functional theory (DFT) implemented in the Wien2K code. The potential for exchange
and correlation was addressed by the generalized gradient approximation (GGA). The electronic properties show that the ZnTe material
exhibits semiconductor behavior before doping. As a result, it becomes semimetal after doping. The findings attained by Monte Carlo
simulations display that the ZnMnTe material goes from an antiferromagnetic phase to the paramagnetic phase at the Neel temperature value
TN = 159.31 K.
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1. Introduction

Condensed matter physics and scientific materials play an in-
creasingly important role in technological applications which
will only increase in many areas [1–6].

Before materials (solids) are used in industry, the quality
of their structural, electronic, mechanical, and optical prop-
erties must be ensured [7]. The physical properties of a solid
are closely related to the behavior of the electrons that consti-
tute it [8–10]. The main goal of condensed matter theory is to
solve the problem of the electronic structure of solids [11,12].
Electronic structure theory is useful both for understanding
and interpreting experimental results, and for serving as a
means of prediction [13–15]. For a fundamental understand-
ing of electronic structure and materials, theorists have de-
veloped methods based on semi-empirical models [16]. Such
models often include many parameters that can be adjusted
to the experimental data.

Other more rigorous and sophisticated computational
methods called ab initio, based on the fundamental quantum
theory that use only the atomic constants as input parameters
for the solution of the Schrödinger equation [17,18].

These methods have become a basic tool for the study
of structural, electronic, mechanical, and optical properties
of molecules and materials. They are also a tool of choice
for the study of certain effects that are difficult or impossi-
ble to determine experimentally, as well as, for the prediction
of new materials because they have sometimes been able to
replace very expensive or even unfeasible laboratory experi-
ments.

The classification of materials depends on the desired ap-
plication. We mainly rely on semiconductors for using opto-
electronic or photovoltaic applications, which have aroused

great interest in their experimental analysis and theoretical
development. Monoatomic crystals whose leader and first
representative are silicon place in the first rank of these semi-
conductors [19]. In fact, silicon is represented as an excellent
candidate for various applications. It is synthesized with very
high purity, and then extended later to binary compounds of
the same lineage of the type GaAs with a structure known as
Zinc Blende [20].

The race to integrate silicon-based microelectronics is
driven by economic reasons, and it must now reach its lim-
its [21]. In recent years, alternative solutions to silicon mi-
croelectronics have appeared. Various semiconductor com-
pounds are attracting a lot of interest, starting with wide band
gap semiconductors (GaN, AlN, SiC, ZnTe, ZnO, Diamond,
etc.) which have been studied for several years in an absolute
competitive technological context [22].

Zinc Telluride is a prototype II-VI semiconductor mate-
rial with a direct gap of2.26 eV [23]. It is usually a p-type
semiconductor. It has a Blende structure like most compound
semiconductor materials. In recent years, these semiconduc-
tors have attracted a lot of attention due to the direct band
gap energy and the property of emitting light at room tem-
perature. In addition, as the power of computers increases,
it is easier to calculate the properties of materials, which
are structural, electronic, and optical solids with great accu-
racy. These compounds are suitable for many technological
applications, such as solid-state laser devices, photovoltaic
devices, solar cells, remote control systems, thin films, tran-
sistors, detectors, imaging systems, etc [24–26]. The wave-
length of the emitted radiation depends essentially on the
Gap width of the material used. In the case of visible light-
emitting diodes, the gap width must be between 1.8 eV and
2.6 eV [27]. Moreover, some other recent works using DFT
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method have been subject of equiatomic quaternary Heusler
alloys ZnCdXMn (X=Pd, Ni or Pt [28], Ab-initio calcula-
tions for the electronic and magnetic properties of Cr doped
ZnTe [29], and Ab initio calculations of the magnetic proper-
ties of TM (Ti, V)-doped zinc-blende ZnO [30].

In this work, we use two methods; The Full Potential Lin-
earized Augmented Plane Wave (FP-LAPW) method with
GGA approximation and Monte Carlo simulations to study
the structural, magnetic, and electronic properties of ZnTe
and ZnMnTe. Additionally, Monte Carlo simulations are ap-
plied to derive the magnetic properties according to the Ising
model.

2. Crystal structure and method

To calculate the structural, electronic, optical, and magnetic
properties of ZnTe, we used the Wien2K package [31, 32].
The Kohn-Sham equation system is solved using the full po-
tential linearized extended plane wave (FP-LAPW) [33].

ZnTe crystallized in the Zinc-Blende crystal structure
(see Fig. 1). and belongs to the space group F43m (No.216)
with lattice constantsa = b = c = 6.101 Å [34]. The com-
pound ZnTe consists of two sub-arrays face-centered cubic
sub-lattice shifted one concerning the other of a quarter of the
large diagonal of the cube. The first sub-lattice is occupied
by the cations of column II (Zn) while the other is occupied
by the anions of column VI (Te) [27].

3. Results and discussion

3.1. Structural properties

To study the structural properties of the cubic compound
ZnTe, we calculated the total energy as a function of unit cell
volume around the equilibrium cell volume to determine the
structural lattice constants using GGA approximation. The
values of the experimental lattice parameters are used as the

FIGURE 1. Blende structure ZnTe.

FIGURE 2. Optimization of the lattice constanta of ZnTe com-
pound.

initial input while minimizing the total energy concerning the
volume of the unit cell [27]. The results obtained from the to-
tal energies are presented as a function of the unit cell volume
for the ZnTe compound (see Fig. 2). The calculated equilib-
rium lattice constant of ZnTe is 6.205371Å.

3.2. Electronic properties

To determine the electronic band structures for ZnTe, the con-
duction band (CB) and the valence band (VB) calculated in
directions of high symmetry of the first Brillouin zone are
given in Fig. 3 when applying the correction of Tran and
Blaha modified Becke-Johnson (TB-mBJ) approach using the
Wien2K code.

We know that the energy gap is defined as the difference
between the maximum of the valence band and the minimum
of the conduction band with the maximum of the valence
band and the minimum of the conduction band located at the

FIGURE 3. Band structures of ZnTe.
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FIGURE 4. Total and partial density of states of ZnTe. In a) the total DOS. In b) the partial DOS.

FIGURE 5. Absorption spectrum of ZnTe as a function of photon energy eV.

symmetry pointΓ. Its mean direct gap at the high symme-
try pointsΓ-Γ whose value is2.16 eV. According to the band
structure, we have a gap energyEg = 2.16 eV and we can
see that the valence band is closer to the Fermi energy which
implies that we have a p-type semiconductor.

To study the total and partial density of ZnTe states, we
have plotted the obtained results in Fig. 4a) and b). The den-
sity of states of the material [Fig. 4a) and b)] shows that the
contribution of the p orbital of the Te anion is dominant near
the valence band maximum with a very small contribution
from the two s and p orbitals of the Zn cation. From the
curve, we can see that the up spins are symmetrical with the
down spins which implies that this material is non-magnetic.

Then, ZnTe is a semiconductor (no overlap between the
valence and conduction band) because it has a gap energy of
about 1 eV.

3.3. Optical properties for ZnTe

In this section, we will present the optical properties of ZnTe
namely absorption, reflectivity, and refraction using ab ini-

tio methods implemented in the Wien2k code using the GGA
approximation.

The optical responses of the ZnTe phase are calculated
for photon energies up to 13 eV. Figure 5 shows the real and
imaginary parts of the dielectric (absorption) function of the
ZnTe compound.

From the spectrum of the real partε1(ω) one can see that
the real part changes slowly with the increase of the energy
to reach in the ultraviolet region a maximum value equal to
7.2 eV,while the positive values of the real part represent the
propagation of light inside the material.

The spectrum of the imaginary partε2(ω) shows a first
peak located at 4.8 eV, followed by three distinguished lo-
cated at 6.5 eV, 9.5 eV, and 11.8 eV, respectively. Using the
band structure and the density of state started with the para-
graph above, we have identified these different peaks. The
first peak generally comes from the direct transition of va-
lence electrons from the Zn-4s, 3d, and Te-5s, 5p states and
to the Zn-4s, 3d, and Te-5s, 5p states of the lower part of the
conduction band along theΓ-Γ direction.

The second and third peaks are produced primarily from
the direct (Γ-Γ) and indirect (Γ- L; Γ- X) transition of valence
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FIGURE 6. Reflectivity curve of ZnTe as a function of photon en-
ergy eV.

FIGURE 7. Refraction curve of ZnTe as a function of photon en-
ergy eV.

electrons to the Zn-(s, d) and Te-(s, p) orbits in the upper part
of the conduction band. The last peak is probably due to elec-
tronic transitions from the Te-4d orbits located in the lower
part of the valence band (11 eV to−13 eV). It is interesting
to note that the imaginary part remains zero below the energy
2.1 eV (the infrared-visible range). This reflects the absence
of interactions between the medium and the incident photons.

Figure 6 shows the reflectivity spectra of ZnTe at zero fre-
quencies, the reflectivity is about 18 %. Then, it increases to
reach maximum values in the Ultra-Violet range.

We can see from Fig. 7 that the refractive index has an
increasing trend of low energy. It changes very little in the
infrared-visible region, then grows rapidly in the ultraviolet
region until it reaches a maximum value equal to 3.51 at about
3.5 eV. This high value ofn(ω) tells us that ZnTe behaves an
opaque material for this incident electromagnetic wave. At
high energy (more than 25 eV) the refractive index stabilizes
towards0.

FIGURE 8. Structure of ZnTe doped with Mn.

3.4. Doping of ZnTe with Mn

In this part, we will take the material ZnTe by doping it with
a transition metal, we use here the element Mn to have the
magnetization in this material.

Figure 8 shows the structure of ZnTe doped by Mn (Zn-
MnTe), so we can see that we have a structure Zinc-Blende,
with the Mn atom occupying the vertexes of the cube and
the Zn atom occupying the centers of faces and the Te atoms
occupying the tetra sites of the cube.

3.5. Electronic properties of ZnMnTe

Figure 9 shows the energy band structures of the ZnMnTe
compounds. The band structure of the up spins has a metal-
lic behavior because the valence band crosses (touches) the
Fermi energy. And the band structure of the down spins has
a semiconductor behavior of type n because we have a more
important value of the energy of gap aroundEg = 1.72 eV,

FIGURE 9. Band structures of ZnMnTe for Spin-up and Spin-down.
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FIGURE 10. Partial density of states of ZnMnTe.

FIGURE 11. Total density of states of ZnMnTe.

and its nature is a direct gap. Also, we have the minimum of
the conduction band closer to the Fermi level which confirms
the n-type of this semiconductor.

From Fig. 10 in the energy region of the valence and con-
duction band, the 3d orbitals of the Mn atom are denser than
the orbits of the other atoms because this orbital is respon-
sible for the magnetism of the material considered. As for
Fig. 11, we can observe that we have a magnetic behavior be-
cause we don’t have symmetry between the up spins and the
down spins. And we see that the gap between the valence and
conduction bands is equal toEg = 1.72 eV.

We compare these results with the one obtained before
doping and we notice that the gap is decreased because of
doping with the magnetic atom Mn which explains the metal-
lic behavior that we found.

So, after these results and the results obtained in the band
structure, we can say that the compound ZnMnTe is semi-
metallic.

4. Monte Carlo simulations

In this part, we applied Monte Carlo simulations (MCS) to
study the magnetic properties of the ZnMnTe compound for

non-zero temperature values. Such simulations were per-
formed with the Metropolis algorithm [35–37]. The Hamil-
tonian governing the system under study is given by:

H = −J

z∑

<ij>

SiSj −∆
N∑

i=1

SiSi− h

k∑

i

Si, (1)

where the notation〈ij〉 represents the spin of the first near-
est neighbor. J is the magnetic exchange coupling in-
teraction between the Mn-Mn atoms. The parameters∆
and h are the crystalline and external magnetic fields, re-
spectively.The spin moment of Mn2+ ions is S = 3/2.
This means that the Si variables in Eq. (1) take the values
{+3/2;+1/2;−1/2;−3/2}.

The J-exchange coupling interaction of the ZnTe com-
pound is studied by first-principal calculations atT = 0 K
using Eq. (2):

J =
E( antif )− E( ferro )

S2Z
, (2)

whereE (ferro), andE (anti) are the energies of the ferro-
magnetic and antiferromagnetic phases, respectively.Z = 6
is the number of nearest neighbor ions, (see Fig. 8) The value
obtained isJ = −2.18 meV, see Table I. The crystal field is
expressed as:

∆ =
Ea∑
(Si)2

, (3)

where the magnetic anisotropic energyEa is equal to the en-
ergy difference between t2g and eg the energy positions of
the orbitals.

The magnetic properties of compound ZnMnTe are stud-
ied using Monte Carlo calculations based on the Metropolis
algorithm. Cyclic constraints imposed on the lattice were
forced and configurations were generated by successively
traversing the lattice and performing single-spin flip exper-
iments. Also, we choose a random spin in the system and
consider its inverse. Then it is important to calculate the en-
ergy variation between the two states from the Hamilton ex-
pression [Eq. (1)]. If the energy difference is negative, the
spin-flip is accepted. Otherwise, if the energy variation is
positive, the spin changes if the randomly chosen number are
less than the Boltzmann probability:e−βH .

The following results present the variations of magne-
tization (M), susceptibility(χ), specific heat(Cv) as well
Binder Cumulant(UL). For the different sizes4, 8, 16, and
32. At spin round configuration, we perform2 × 104 Monte
Carlo steps and discard the first5 × 103 configurations gen-
erated. First, for each iteration, we start by calculating the
internal energy per site given by Eq. (4). The energy, magne-
tization, magnetic susceptibility, heat energy, and the Binder
Cumulant have been respectively computed by using the fol-
lowing equations:

E =
1
N

H, (4)
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M =
1
N

N∑

i

|Si|, (5)

χ =
1

KB ∗ T

(〈
M2

〉− 〈M〉2) , (6)

Cv =
1

KB ∗ T 2

(〈
E2

〉− 〈E〉2) , (7)

UL = 1−
〈
M4

〉
l

3 〈M2〉2l
, (8)

wherekB is the Boltzmann constant. The total number of
spins isN = L× L× L. T is the absolute temperature.

To study the magnetic properties of the ZnMnTe com-
pound, we performed Monte Carlo simulations using the
Metropolis approach. We record the behavior of magneti-
zation, susceptibility, and specific heat as a function of tem-
perature, for a fixed value of the magnetic exchange coupling
(J = −2.18 meV) and the crystalline field is negligible be-

FIGURE 12. The thermal variation of the magnetization for differ-
ent sizes of the material ZnMnTe.

FIGURE 13. The thermal variation of susceptibility for different
sizes for the material ZnMnTe.

FIGURE 14. The thermal variation of specific heat for different
sizes for the material ZnMnTe.

FIGURE 15. The thermal variation of Binder Cumulant for the ma-
terial ZnMnTe.

cause it is very small(∆ = 0 meV), with no external mag-
netic field (h = 0) in Figs. 12-15. The three images obtained
show that the material ZnMnTe undergoes a phase transition
at the Neel TemperatureTN = 159.31 K.

The results of the variation of magnetization with temper-
ature for the different sizes of the system(L = 4, 8, 16, and
32 are shown in Fig. 12. We notice a phase change, and when
the temperature increases, the magnetization decreases until
it disappears at a critical temperatureTc = 6.1 J/KB (Neel
Temperature).

We have a first-order transition because the variation of
the magnetization shows a discontinuity at Tc.

The measurement of the susceptibility is based respec-
tively on the fluctuations of themagnetization of the system.
Furthermore, Fig. 13 represents the variation of the suscep-
tibility as a function of temperature. The susceptibility di-
verges in the vicinity of a temperature that indicates the phase
transition; its value tends towards the exact value when we
tend towards the thermodynamic limits.

The specific heat is a quantity that makes it possible to
measure the temperature according to the energy, and its vari-
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ation according to the temperature is represented in Fig. 14
for various sizes; We can see that the peaks correspond to the
critical temperature are increased with the size, as well as,
the specific heat is absent until the temperature reaches the 3
values, then it starts to diverge near the critical temperature,
and after that the decrease tends to 3 value with increasing
temperature.

A more numerically efficient method is the determina-
tion of the Binder Cumulant “cumulant of order four”. From
Fig. 15 we can confirm that: we change the size of the sys-
tem all the points meet at the same point which is the point
of transition (Critical Temperature→ Neel Temperature).

TABLE I. Calculated ferromagnetic, antiferromagnetic, total ener-
gies, and coupling exchange interaction by ab initio calculation.

E (ferro) (eV) E ( antif) eV ) E ( eV ) J (meV)

−1835843.054 −1835843.113 −0.0589 −2.18

5. Conclusion

In this article, we applied ab initio calculations using the
GGA approximation to simulate the structural, electronic,
optical, and the magnetic properties of the compound ZnTe.
Through the Use of the GGA approximation, we notice that
the ZnTe band structure has semiconductor character since
there is no band overlap between the valence and conduc-
tion band, and there is also a noticeable gapEg = 2.16 eV
between them. Then, we took the material ZnTe and doped
it with a transition metal Mn to have the magnetization in
that material and we observe that the latter has gained the
semimetal character. However, we use Monte Carlo simu-
lations to study the magnetic properties of the studied com-
pound (magnetization, specific heat, and susceptibility). The
findings attained by Monte Carlo simulations display that the
ZnMnTe material goes through an antiferromagnetic phase
to the paramagnetic phase at the Neel TemperatureTN =
159.31 K.
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