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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 valu
Tn =159.31 K.
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1. Introduction great interest in their experimental analysis and theoretical
development. Monoatomic crystals whose leader and first
Condensed matter physics and scientific materials play an inepresentative are silicon place in the first rank of these semi-
creasingly important role in technological applications whichconductors [19]. In fact, silicon is represented as an excellent
will only increase in many areas [1-6]. candidate for various applications. Itis synthesized with very
Before materials (solids) are used in industry, the qualityhigh purity, and then extended later to binary compounds of
of their structural, electronic, mechanical, and optical propihe same lineage of the type GaAs with a structure known as
erties must be ensured [7]. The physical properties of a soliginc Blende [20].
are closely related to the behavior of the electrons that consti- The race to integrate silicon-based microelectronics is
tute it [8-10]. The main goal of condensed matter theory is tqjriven by economic reasons, and it must now reach its lim-
solve the problem of the electronic structure of solids [11,12]jts [21]. In recent years, alternative solutions to silicon mi-
Electronic structure theory is useful both for understanding:roelectronics have appeared. Various semiconductor com-
and interpreting experimental results, and for serving as @ounds are attracting a lot of interest, starting with wide band
means of prediction [13-15]. For a fundamental understandgap semiconductors (GaN, AIN, SiC, ZnTe, ZnO, Diamond,
ing of electronic structure and materials, theorists have deetc.) which have been studied for several years in an absolute
veloped methods based on semi-empirical models [16]. SucBompetitive technological context [22].
models often include many parameters that can be adjusted Zinc Telluride is a prototype II-VI semiconductor mate-

to the expenment:_all data. o _rial with a direct gap o£.26 eV [23]. It is usually a p-type
Other more rigorous and sophisticated computationakemjconductor. It has a Blende structure like most compound
methods called ab initio, based on the fundamental quantui§emiconductor materials. In recent years, these semiconduc-
theory that use only the atomic constants as input parametefgys have attracted a lot of attention due to the direct band
for the solution of the Sclkdinger equation [17, 18]. gap energy and the property of emitting light at room tem-
These methods have become a basic tool for the studyerature. In addition, as the power of computers increases,
of structural, electronic, mechanical, and optical propertiest is easier to calculate the properties of materials, which
of molecules and materials. They are also a tool of choiceyre structural, electronic, and optical solids with great accu-
for the study of certain effects that are difficult or impossi- racy. These compounds are suitable for many technological
ble to determine experimentally, as well as, for the predictiompplications, such as solid-state laser devices, photovoltaic
of new materials because they have sometimes been able devices, solar cells, remote control systems, thin films, tran-
replace very expensive or even unfeasible laboratory experkistors, detectors, imaging systems, etc [24-26]. The wave-
ments. length of the emitted radiation depends essentially on the
The classification of materials depends on the desired agsap width of the material used. In the case of visible light-
plication. We mainly rely on semiconductors for using opto-emitting diodes, the gap width must be between 1.8 eV and
electronic or photovoltaic applications, which have arouse®.6 eV [27]. Moreover, some other recent works using DFT
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method have been subject of equiatomic quaternary Heusler . il
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- AN
ties of TM (Ti, V)-doped zinc-blende ZnO [30]. 687443200 |-
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- 66744.3600 |
plied to derive the magnetic properties according to the ISing  ss7as700 | i
model. o

-68744.3800 . L - .
1300 1350 1400 1450 1500 1550 1600 1650 1700 1750

Volume [a.u 3]

-68744.3000

-68744.3300

Energy [Ry]

-68744 3400

2. CryStal structure and method FIGURE 2. Optimization of the lattice constant of ZnTe com-

To calculate the structural, electronic, optical, and magneti®2und:
properties of ZnTe, we used the Wien2K package [31, 32]initial input while minimizing the total energy concerning the
The Kohn-Sham equation system is solved using the full po- P 9 gy 9

tential linearized extended plane wave (FP-LAPW) [33]. volume o_f the unit cell [27]. The resul_ts obtained from the to-
: . . tal energies are presented as a function of the unit cell volume
ZnTe crystallized in the Zinc-Blende crystal structure

(see Fig. 1). and belongs to the space group F43m (No.21é?r the ZnTe compound (see 'Fig. 2). The calculated equilib-
with lattice constants = b = ¢ = 6.101 A [34]. The com- fium lattice constant of ZnTe is 6.2053A1
pound ZnTe consists of two sub-arrays face-centered cubic
sub-lattice shifted one concerning the other of a quarter of th8.2.  Electronic properties
large diagonal of the cube. The first sub-lattice is occupied
by the cations of column Il (Zn) while the other is occupied To determine the electronic band structures for ZnTe, the con-
by the anions of column VI (Te) [27]. 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
3.1. Structural properties Wien2K code.

We know that the energy gap is defined as the difference
To study the structural properties of the cubic compounchetween the maximum of the valence band and the minimum
ZnTe, we calculated the total energy as a function of unit celbf the conduction band with the maximum of the valence
volume around the equilibrium cell volume to determine theband and the minimum of the conduction band located at the
structural lattice constants using GGA approximation. The

3. Results and discussion

values of the experimental lattice parameters are used as the 80 3 / 7, /
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FIGURE 1. Blende structure ZnTe. 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.
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FIGURE 5. Absorption spectrum of ZnTe as a function of photon energy eV.

symmetry pointl". Its mean direct gap at the high symme- tio methods implemented in the Wien2k code using the GGA
try pointsI'-I" whose value i2.16 eV. According to the band approximation.

structure, we have a gap energy = 2.16 eV andwe can  The optical responses of the ZnTe phase are calculated
see that the valence band is closer to the Fermi energy whidfar photon energies up to 13 eV. Figure 5 shows the real and
implies that we have a p-type semiconductor. imaginary parts of the dielectric (absorption) function of the

To study the total and partial density of ZnTe states, weZnTe compound.
have plotted the obtained results in Fig. 4a) and b). The den- From the spectrum of the real pait(w) one can see that
sity of states of the material [Fig. 4a) and b)] shows that thehe real part changes slowly with the increase of the energy
contribution of the p orbital of the Te anion is dominant nearto reach in the ultraviolet region a maximum value equal to
the valence band maximum with a very small contribution7.2 eV,while the positive values of the real part represent the
from the two s and p orbitals of the Zn cation. From the propagation of light inside the material.
curve, we can see that the up spins are symmetrical with the  The spectrum of the imaginary part(w) shows a first
down SpinS which ImpIIeS that this material is non'magnetic.peak located at 4.8 ev, followed by three distinguished lo-
Then, ZnTe is a semiconductor (no overlap between theated at 6.5 eV, 9.5 eV, and 11.8 eV, respectively. Using the
valence and conduction band) because it has a gap energyledind structure and the density of state started with the para-
about 1 eV. 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
3.3. Optical properties for ZnTe to the Zn-4s, 3d, and Te-5s, 5p states of the lower part of the
conduction band along tHéI" direction.
In this section, we will present the optical properties of ZnTe  The second and third peaks are produced primarily from
namely absorption, reflectivity, and refraction using ab ini-the direct (-I") and indirect['- L; I'- X) transition of valence
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FIGURE 6. Reflectivity curve of ZnTe as a function of photon en-
ergy eV.
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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

FIGURE 7. Refraction curve of ZnTe as a function of photon en- Fermi energy. And the band structure of the down spins has

ergy eV.

a semiconductor behavior of type n because we have a more
important value of the energy of gap arouay = 1.72 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 teal3 eV). It is interesting

to note that the imaginary part remains zero below the energ
2.1 eV (the infrared-visible range). This reflects the absenc:
of interactions between the medium and the incident photons

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

We can see from Fig. 7 that the refractive index has ar
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 abou
3.5 eV. This high value ofi(w) tells us that ZnTe behaves an
opaque material for this incident electromagnetic wave. At

high energy (more than 25 eV) the refractive index stabilizesFicure 9. Band structures of ZnMnTe for Spin-up and Spin-down.
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non-zero temperature values. Such simulations were per-
64 s formed with the Metropolis algorithm [35-37]. The Hamil-
s tonian governing the system under study is given by:

z N k
H=-J SiSj — A SiSt— h S, Q)
0 '\&NA S varg T — - sz; ; zz:

PDos(States/eV)

] W where the notatiorfij) represents the spin of the first near-
44 ‘ est neighbor. J is the magnetic exchange coupling in-
teraction between the Mn-Mn atoms. The parametirs
-6 . . .
U and h are the crystalline and external magnetic fields, re-
5 z 5 7 T T spectively. The spin moment of Mh ions is S = 3/2.
Energy(eV) This means that the Si variables in E@) fake the values
{+3/2;+1/2; —1/2; —3/2}.
FIGURE 10. Partial density of states of ZnMnTe. The J-exchange coupling interaction of the ZnTe com-
pound is studied by first-principal calculationsZat= 0 K
" — using Eq.2):
0 e _ E(antif) — E(ferro)
=53 J= S27 ’ (2)
&1 where EF (ferro), andE' (anti) are the energies of the ferro-
] magnetic and antiferromagnetic phases, respectiveh: 6
is the number of nearest neighbor ions, (see Fig. 8) The value
obtained is/ = —2.18 meV, see Table |. The crystal field is
expressed as:
-10 4 Fa
8T S ©
=3 2 0 2 4 6 where the magnetic anisotropic enetfy is equal to the en-
Energy(eV) ergy difference between t2g and eg the energy positions of
the orbitals.

The magnetic properties of compound ZnMnTe are stud-
and its nature is a direct gap. Also, we have the minimum ofed using Monte Carlo calculations based on the Metropolis
the conduction band closer to the Fermi level which confirmsalgorithm. Cyclic constraints imposed on the lattice were
the n-type of this semiconductor. forced and configurations were generated by successively

From Fig. 10 in the energy region of the valence and coniraversing the lattice and performing single-spin flip exper-
duction band, the 3d orbitals of the Mn atom are denser thaiments. Also, we choose a random spin in the system and
the orbits of the other atoms because this orbital is resporsonsider its inverse. Then it is important to calculate the en-
sible for the magnetism of the material considered. As forergy variation between the two states from the Hamilton ex-
Fig. 11, we can observe that we have a magnetic behavior b@ression [Eq. T)]. If the energy difference is negative, the
cause we don’'t have symmetry between the up spins and trepin-flip is accepted. Otherwise, if the energy variation is
down spins. And we see that the gap between the valence apsitive, the spin changes if the randomly chosen number are
conduction bands is equal fo, = 1.72 eV. less than the Boltzmann probability=## .

We compare these results with the one obtained before The following results present the variations of magne-
doping and we notice that the gap is decreased because @#ation (M), susceptibility(x), specific hea(C,) as well
doping with the magnetic atom Mn which explains the metal-Binder Cumulani{Uy). For the different sizes, 8, 16, and
lic behavior that we found. 32. At spin round configuration, we perforinx 10* Monte

So, after these results and the results obtained in the barfgarlo steps and discard the fifst« 10° configurations gen-
structure, we can say that the compound ZnMnTe is semierated. First, for each iteration, we start by calculating the
metallic. internal energy per site given by E4)( The energy, magne-
tization, magnetic susceptibility, heat energy, and the Binder
Cumulant have been respectively computed by using the fol-

TDos(States/eV)
o
1

FIGURE 11. Total density of states of ZnMnTe.

4. Monte Carlo simulations lowing equations:
In this part, we applied Monte Carlo simulations (MCS) to E— iH 4)
study the magnetic properties of the ZnMnTe compound for N’
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spinsisN = L x L x L. T is the absolute temperature.

To study the magnetic properties of the ZnMnTe com-
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FIGURE 14. The thermal variation of specific heat for different
sizes for the material ZnMnTe.

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-
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FIGURE 12. The thermal variation of the magnetization for differ-

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

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

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

The results of the variation of magnetization with temper-
ature for the different sizes of the systéim = 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 temperattfe= 6.1 J/ Kz (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-

Rev. Mex. Fis69 051004



STRUCTURAL, ELECTRONIC, AND MAGNETIC PROPERTIES OF ZNTE DOPED WITH TRANSITION METAL MN

ation according to the temperature is represented in Fig. 18. Conclusion

for various sizes; We can see that the peaks correspond to the

critical temperature are increased with the size, as well adn this article, we applied ab initio calculations using the

the specific heat is absent until the temperature reaches the&SA approximation to simulate the structural, electronic,

values, then it starts to diverge near the critical temperaturedptical, and the magnetic properties of the compound ZnTe.

and after that the decrease tends to 3 value with increasingrough the Use of the GGA approximation, we notice that
temperature. the ZnTe band structure has semiconductor character since

A more numerically efficient method is the determina- there is no band overlap between the valence and conduc-

tion of the Binder Cumulant “cumulant of order four”. From tion band, and there is also a noticeable_g?@p: 2.16 ev
Fig. 15 we can confirm that: we change the size of the sysPetween them. Then, we took the material ZnTe and doped
tem all the points meet at the same point which is the poin

{t with a transition metal Mn to have the magnetization in
of transition (Critical Temperature- Neel Temperature). 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-
TABLE |. Calculated ferromagnetic, antiferromagnetic, total ener- hound (magnetization, specific heat, and susceptibility). The
gies, and coupling exchange interaction by ab initio calculation. findings attained by Monte Carlo simulations display that the
ZnMnTe material goes through an antiferromagnetic phase
to the paramagnetic phase at the Neel Temperatyre=
159.31 K.

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

—1835843.054 —1835843.113 —0.0589 —-2.18
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