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First-principles calculations have been used to study the structural, elastic, electronic, magnetic and
thermal properties of zinc blende Zn1�xVxTe for x¼0, 0.25, 0.50, 0.75 and 1 using the full-potential
linearized augmented plane wave method (FP-LAPW) based on spin-polarized density functional theory
(DFT). The electronic exchange-correlation potential is approached using the spin generalized gradient
approximation (spin-GGA). The structural properties of the Zn1�xVxTe alloys (x¼0, 0.25, 0.50, 0.75 and 1)
are given for the lattice constants and the bulk moduli and their pressure derivatives. The elastic con-
stants C11, C12 and C44 are calculated using numerical first-principles calculations implemented in the
WIEN2k package. An analysis of the band structures and the densities of states reveals that Zn0.50V0.50Te
and Zn0.75V0.25Te exhibit a half-metallic character, while Zn0.25V0.75Te is nearly half-metallic. The band
structure calculations are used to estimate the spin-polarized splitting energies Δx(d) and Δx(pd) pro-
duced by the V(3d)-doped and s(p)–d exchange constants N0α (conduction band) and N0β (valence band).
The p–d hybridization reduces the magnetic moment of V from its atomic charge value of 3mB and creates
small local magnetic moments on the nonmagnetic Zn and Te sites. Finally, we present the thermal effect
on the macroscopic properties of these alloys, such as the thermal expansion coefficient, heat capacity
and Debye temperature, based on the quasi-harmonic Debye model.

& Elsevier B.V. All rights reserved.
1. Introduction

ZnTe is an important II–VI semiconductor that crystallizes in
the zinc blende structure and is an attractive material for the de-
velopment of various recent technologies of solids in optical de-
vice applications, such as visual displays, high-density optical
memories, photodetectors, transparent conductors and solar cells
[1] and other photo-electronic devices such as high-efficiency thin
film transistors and light-emitting diodes [2].

Half-metallic (HM) ferromagnetic and diluted magnetic semi-
conductors (DMS) of II–VI semiconductors being alloyed with
transition metals such as V, Cr, Mn, Fe, Co and Ni have found wide
applications in spintronics due to their potential application and
their exceptional electronic structure [3,4], in which one of the
ata).
two spin channels is metallic and the other is semiconducting or
insulating with a spin-polarized energy gap at the Fermi level. A
diluted magnetic semiconductor (DMS) applies when the fraction
of the doped transition metal cations is very small. The first pre-
diction was made by Groot et al. [5] for the half-Heusler alloys
NiMnSb and PtMnSb. Since then, the half-metallic ferromagnets
have seen a large evolution of theoretical and experimental ap-
plications in spintronics such as the metal oxides Fe3O4 [6] and
CrO2 [7,8], full-Heusler compounds Co2MnSi [9] and Co2FeSi [10],
perovskite alloys La0.7Sr0.3MnO3 [11] and Sr2FeMoO6 [12] and
chalcogenides with the zinc blende structure [13]. Half-metallic
ferromagnets have also been observed in transition-metal-doped
semiconductors, such as Zn1�xCrxSe [14], Al1�xCrxAs [15],
Zn1�xCrxS, Cd1�xCrxS [16] and Cd1�xCrxTe [17] and in diluted
magnetic semiconductors such as Cr-doped BeSe and BeTe [18,19],
Mn-doped GaN and AlSb [20,21], Cr- and Mn-doped AlN, V- and
Cr-doped GeTe and Mn and Cr-doped ZnTe [22–28]. There exists at
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least one experimental application by doping Mn and Cr in ZnTe
[29,30].

The objective of the present work is to investigate the structural,
elastic, electronic structure, magnetic and thermal properties of
V-doped zinc blende ZnTe using the first-principles full potential
linearized augmented plane wave (FP-LAPW) method within the
generalized gradient approximation (PBE-GGA). We observed that for
Fig. 1. Calculated total energy optimization variation versus volume for ZB

Table 1
Calculated equilibrium lattice constant a0 and bulk modulus B and its pressure derivati

Composition Lattice parameter a0 (Å) Bulk mod

x This work Cal. Exp. This work

0.00 6.2208 6.029b 6.089a 44.29
6.183c

0.25 6.2103 — — 46.00
0.50 6.1256 — — 55.09
0.75 6.0872 — — 62.77
1.00 6.0403 6.223d — 68.90

6.271e

a Ref. [53].
b Ref. [54].
c Ref. [55].
d Ref. [56].
e Ref. [57].
x¼0.50, Zn0.5V0.5Te has a half-metallic character, whereas for x¼0.25
and 0.75, Zn0.75V0.25Te and Zn0.25V0.75Te are nearly half-metallic.

The remainder of the paper is organized as follows. Section 2
describes the calculation method. Section 3 presents the results
and a discussion of the structural, elastic, electronic, magnetic and
thermal properties, and finally, Section 4 summarizes the conclu-
sions of this work.
Zn1�xVxSe alloys at (a) x¼0.25, (b) x¼0.50, (c) x¼0.75 and (d) x¼1.

ves B′ for Zn1�xVxTe alloys.

ulus B (GPa) B’

Cal. Exp. This work Cal. Exp.

55.9 b 50.9a 4.78 5.1b 5.04a

43.7 c 6.01c —

— — 4.74 — —

— — 4.85 — —

— — 4.55 — —

— — 4.60 50.3d —

—



Fig. 2. Comparison between the lattice constant and bulk modulus for ZB
Zn1�xVxTe alloys using Vegard′s law as a function of x.
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2. Calculation method

The structural, elastic, electronic, magnetic and thermal prop-
erties of Zn1�xVxTe (x¼0, 0.25, 0.50, 0.75 and 1) were determined
using the first-principles full potential linearized augmented plane
wave method (FP-LAPW) as implemented in the WIEN2k package
[31] within spin-polarized density functional theory (DFT) [32].
The spin-generalized gradient approximation (Spin-GGA) as
parameterized by Perdew et al. [33] was used to describe the ex-
change-correlation potential. The atomic radius (muffin-tin RMT)
was chosen to be 2.34, 2.20 and 2.34 a.u. for Zn, Te and V, re-
spectively. The Zn (4s23d10), Te (5s24d105p4) and V (4s23d3) states
were considered as valence electrons. The RMT�Kmax parameter
was taken as 8 to determine the matrix size, where RMT is the
smallest muffin-tin (MT) sphere radius, and Kmax is the maximum
modulus for the reciprocal lattice vectors K. The integration in the
Brillouin zone (BZ) was performed using 35 special k-points based
on a mesh of 8�8�8 in the first (BZ). The self-consistent iteration
process was repeated until the total energy convergence was less
than 10�4 Ry. The investigations of the thermal effects were per-
formed using the quasi-harmonic Debye model implemented in
the Gibbs program [34] to determine all the thermodynamic
parameters as a function of temperature and pressure, which were
used to determine other macroscopic properties [34–38].

The ZnTe compound has the zinc blende crystal structure
(space group F4̄3 m (No. 216)) with an experimental lattice con-
stant of 6.089 Å [39]. The replacement of Zn atoms by V in ZnTe
creates Zn1�xVxTe alloys. For x¼0.25 and 0.75, V atoms are located
at the apex and the face-center sites of the cubic crystal with space
group P4̄3 m (No. 215), respectively. In the case of x¼0.50, the V
Table 2
Calculated elastic constants Cij (in GPa) for Zn1�xVxTe alloys.

Composition C11 C12

x This work Cal. Exp. This work

0.00 60.43 98b 71.7a 35.72
0.25 63.09 — — 46.55
0.50 63.81 — — 55.41
0.75 65.43 — — 65.25
1.00 67.07 — — 75.06

a Ref. [58].
b Ref. [59].
atoms occupy the four center sites of the unit cell, and thus the
space group is transformed to P4̄m2 (No. 115).
3. Results and discussion

3.1. Structural properties

The empirical Birch-Murnaghan equation of states [40] is em-
ployed to determine the equilibrium lattice parameters by mini-
mizing the total energy depending on the volume of the
Zn1�xVxTe alloys (x¼0, 0.25, 0.50, 0.75 and 1):

= + + +− − −E V a bV cV dV( ) , (1)2/3 4/3 6/3

where V is the volume and a, b, c and d are fitting parameters. The
equilibrium structural parameters consist of the lattice constant
(a0), the bulk modulus (B0) and its pressure derivative (B′) and the
minimum energy (E0). The ferromagnetic GGA-calculations of the
optimized total energy versus the cell volume of the Zn1�xVxTe
alloys (x¼0.25, 0.50, 0.75 and 1) in the B3 phase are shown in
Fig. 1. Table 1 lists the values of the structural equilibrium
parameters such as (a0), (B0) and (B′). We observe that for the
binary ZnTe and VTe compounds, the equilibrium lattice para-
meters are in good agreement with other works available in the
literature. The maximum deviations between these values of the
lattice constants and the experimental/theoretical ones are 2.16%
for ZnTe and 2.93% for VTe. For the ternary alloys Zn1�xVxTe, no
experimental data or theoretical calculations are available in the
literature. Fig. 2 shows the evolution of the lattice constant and the
bulk modulus as a function of the V-doping concentration, where
the lattice constant decreases and the bulk modulus increases with
concentration (x) which proves that V-doping enhance the hard-
ness of the crystal system.
3.2. Elastic properties

The calculations of the elastic moduli of the zinc blende
Zn1�xVxTe alloys for small strains are treated using the Charpin
method that was recently developed and implemented in the
WIEN2k code [31]. The elastic moduli are obtained from the
generalized Hooke′s law, which relates the strains (ε) to the
stresses (s) as follows:
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The independent elastic constants for the cubic system are (C11,
C12 and C44).
C44

Cal. Exp. This work Cal. Exp.

31.8b 40.7a 28.82 23.3b 31.2a

— — 36.77 — —

— — 42.76 — —

— — 49.69 — —

— — 56.64 — —



Table 3
Calculated anisotropy (A), Zener anisotropy ratio (A′) and universal anisotropy (AU) for Zn1�xVxTe alloys.

Composition A A’ AU

x This work Cal. Exp. This work Cal. Exp. This work Cal. Exp.

0.00 0.9785 �0.2b 0.439a 2.3325 0.704b 2.013a 0.9135 0.152b 1.716a

0.25 0.8859 — 4.3258 — — 3.0683 — —

0.50 1.2094 — — 10.222 — — 9.9842 — —

0.75 1.5161 — — 522.94 — — 625.14 — —

1.00 1.8008 — — �14.177 — — — — —

a Ref. [58].
b Ref. [59].
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Fig. 3. Spin-polarized electronic band structure of ZB Zn0.75V0.25Te at the equilibrium lattice parameter.
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Fig. 4. Spin-polarized electronic band structure of ZB Zn0.50V0.50Te at the equilibrium lattice parameter.
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Table 4
Calculated results of the half-metallic EHM (eV) band gaps and spin-minority band
gaps Eg (eV) of each site in Zn1�xVxTe alloys.

Alloy Composition Eg EHM

x This work Cal. Exp. This work Cal. Exp.

Zn0.75V0.25Te 0.25 1.96 — — 0.34 — —

Zn0.50V0.50Te 0.50 2.04 — — 0.30 — —

Zn0.25V0.75Te 0.75 1.96 — — — — —

VTe 1.00 2.74 2.80a — 0.05a — —

a Ref. [60].
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C11 and C12 are estimated by using the first equation of the bulk
modulus

= +B C C( 2 )/3. (3)11 12

And the second equation involves the volume conservation of
the tetragonal strain tensor
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where the expression of the total energy is

δ δ δ δ= − = + − +E E E C C V O( ) ( ) (0) 3( ) ( ), (5)11 12 0
2 3

with V0 representing the volume of the unit cell.
To determine C44, we used the volume conservation of the

monoclinic strain tensor:
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The total energy then becomes
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4
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2 3

The mechanical stability of a cubic crystal is defined by sa-
tisfying the Born stability criteria [41]

>C 0 (8a)44

− | | >C C 0 (8b)11 12

+ >C C2 0. (8c)11 12

Table 2 presents the calculated C11, C12 and C44 for the
Zn1�xVxTe alloys at x¼0, 0.25, 0.50, 0.75, and 1, compared with the
available experimental data. The estimated maximum error of this
work is no larger than 38.34%. The C12 and C44 elastic constants of
the binary ZnTe and VTe compounds are in good agreement with
other experimental and theoretical data; however, for C11 the
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Fig. 5. Spin-polarized electronic band structure of ZB
difference to the values available in the literature is large. For the
ternary Zn1�xVxTe alloys, the present work acts as a good re-
ference for further works. According to the Born stability criteria,
the Zn1�xVxTe compounds are mechanically stable.

The elastic anisotropy is an important parameter to understand
the thermal expansion properties and demonstrate the durability
of the compound [42], which is defined as A¼(2C44 – (C11–C12)
)/C11 [43]. Thus, we estimate the universal elastic anisotropy for
the cubic system defined by Ranganathan and Ostoja-Starzewski
[44]: = × ′ − ′A A A6/5 ( 1/ )U 2, where A′ is the Zener anisotropy
ratio, which is defined as A′¼2C44/(C11–C12). Table 3 summarizes
the values of A, A′ and AU for the Zn1�xVxTe alloys; these alloys are
not anisotropic compounds.

3.3. Electronic properties

3.3.1. Spin-polarized band structure energies
The spin-polarized band structure energies of ternary

Zn1�xVxTe alloys for x¼0.25, 0.50 and 0.75 were calculated using
the PBE-GGA scheme at their equilibrium lattice parameters, as
listed in Table 1. The majority and minority spin (spin-up and spin-
down) band structures along the high symmetry directions of the
first Brillouin zone are depicted in Figs. 3–5 for Zn0.75V0.25Te,
Zn0.50V0.50Te and Zn0.25V0.75Te, respectively, where the bottom of
the conduction band and the top of the valence band are at the
point Γ. According to Figs. 3 and 4 for the Zn0.75V0.25Te and
Zn0.50V0.50Te, in the spin-up case, the energy bands cross the Fermi
level, whereas for the spin-down case the Fermi level lies in the
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Zn0.25V0.75Te at the equilibrium lattice parameter.
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gap which confirms the half-metallic nature of these alloys. Fig. 5
shows the band structure of the Zn0.25V0.75Te alloy; one energy
band crosses the Fermi level for the spin-down case that demon-
strates that this compound has a nearly half-metallic character.
The half-metallic energy gap is defined as the maximum between
the lowest energy of the spin-up and spin-down conduction bands
with respect to the Fermi level and the absolute values of the
highest energy of the spin-up and spin-down valence bands
[45,46]. Table 4 presents the values of the spin-down energy gap
(Eg) and the half-metallic energy gap (EHM) of the Zn0.75V0.25Te and
Zn0.50V0.50Te alloys obtained using the PBE-GGA approximation.
One can remark that (EHM) increases with the concentration of x
from 0.25 to 0.50, but then decreases at x¼0.75. The wider (EHM)
gaps at x¼0.25 and 0.50 predict that high Curie temperature can
be expected in these materials [47].
3.3.2. Density of states
The electronic properties of solids were investigated in further

detail using the useful quantity of the electronic density of states.
The calculations of the total and partial density of states (TDOS and
PDOS, respectively) plots of the Zn1�xVxTe alloys (x¼0.25, 0.50
and 0.75) in the ferromagnetic phase at their equilibrium lattice
parameters are presented in Figs. 6 and 7 for spin-up and spin-
down channels, respectively. Near the Fermi level, the alloys ex-
hibit a large exchange splitting between the majority and minority
spin states. Fig. 6(a) and (b) indicate that the majority spin elec-
trons have a metallic nature for both the Zn0.75V0.25Te and
Zn0.50V0.50Te alloys, whereas a band gap appears around the Fermi
level for the minority spin states which exhibit a semiconducting
behavior. Therefore, Zn0.75V0.25Te and Zn0.50V0.50Te are half-me-
tallic ferromagnetic compounds. The TDOS of Zn0.25V0.75Te is
shown in Fig. 6(c) with only one energy band crossing the Fermi
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Table 5
Calculated conduction and valance band-edge spin-splitting Δx(d) and Δx(pd) and
exchange constants of Zn1�xVxTe alloys for (a) x¼0.25, (b) x¼0.50 and (c) x¼0.75.

Alloy x Δx(d) Δx(pd) N0α N0β

Zn1�xVxTe 0.25 1.442 �1.618 0.682 �3.236
0.50 2.394 �1.738 0.322 �1.738
0.75 2.449 �2.171 �0.141 �1.447

Table 6
Calculated results of the total magnetic moment (Mtot in mB) per formula unit and
local magnetic moments for each concentration for Zn1�xVxTe alloys.

Alloy Zn0.75V0.25Te Zn0.50V0.50Te Zn0.25V0.75Te VTe

MTot 3.005 3.000 2.991 2.544
MV 2.518 2.532 2.291 2.254
MZn 0.043 0.065 0.075 —

MTe �0.033 �0.045 �0.039 �0.063
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level making this compound nearly half-metallic. From the PDOS,
we observe for all three compounds that the energy bands around
-7.75 eV are mainly arising from the Zn d states. In the energy
range from �6.20 eV to �1.61 eV the DOS comes from the Te p
states with small contributions of V 3d, Zn s and p states. Near the
Fermi level, an important hybridization between Se 4p and V 3d
states occurs. The majority spin part between �1.29 eV and
�0.43 eV originates from V t2g states with a small contribution of
V eg states, which is responsible for the strong V t2g-Te p hy-
bridization and weak V eg-Te p hybridization.

For the V 3d states, the Δx(d) exchange splitting is defined as
the difference between the peaks on DOS of the majority-spin and
minority-spin. The Δx(d) of all alloys is listed in Table 5. To describe
the nature of the attraction, we calculate the p-d exchange split-
ting Δx(pd)

Δ = ↓ − ↑pd E E( ) ( ) ( ), (9)x v v

where Ev(↓) and Ev(↑) are the valence band maxima of the
minority spin and majority spin, respectively. The values of Δx(pd)



Fig. 8. The variation of the thermal expansion α (a), heat capacity Cv (b) and Debye
temperature θD (c), versus temperature at zero pressure for ZB Zn1�xVxTe alloys
(x¼0.25, 0.50 and 0.75).
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are negative, confirming that the effective potential is more at-
tractive for the minority spin than for the majority spin [48].

3.4. Magnetic properties

3.4.1. Exchange coupling
Using the spin-polarized electronic structure of the zinc blende

Zn1�xVxTe alloys in the ferromagnetic states we can estimate two
important parameters namely the s–d exchange constant N0α
(conduction band) and the p–d exchange constant N0β (valence
band), where N0 corresponds to the cation concentration. As-
suming the usual Kondo interaction, N0α and N0β can be defined
as [49]

α
Δ

β
Δ

= =N
E

x S
N

E
x S( )

;
( )

,
(10)

c v
0 0

where ΔEc and ΔEv are the conduction and the valence edge
splitting at the Γ- point and x is the concentration of V and (S)
denotes the average magnetization of the V atoms. The obtained
values are summarized in Table 5 and show that N0α has a
negative sign, while N0β is positive, which confirms that the
valence and the conduction states exhibit opposite behavior
according the exchange splitting. Additionally, we indicate that
the decrease of N0α with increasing V concentration is due to the
number of V 3d states being more than that of Te 5p states.

3.4.2. Magnetic moment
Using the PBE-GGA, we calculated the total magnetic moments

(MTot) of the zinc blende Zn1�xVxTe alloys (x¼0.25, 0.50, 0.75 and
1) and the atomic magnetic moments of Zn, V and Te, which are
presented in Table 6. The values of MTot show that the main con-
tribution is due to the V atom with small contributions originating
from the Zn and Te atoms, which exhibits the half-metallic nature
of the compounds. We can also see that the atomic magnetic
moments of V and Te have opposite signs due to the anti-
ferromagnetic interaction between the Te and V valence spins.
Such a behavior was also reported by Ge and Zhang [50]. Ac-
cording to Table 6, the p–d hybridization near the Fermi level
decreases the atomic magnetic moment of the V atom from its
atomic charge value of 3mB and creates small local magnetic mo-
ments on the nonmagnetic Zn and Te sites.

3.5. Thermal properties

To study the thermal effects on certain physical properties in
the crystal, such as the thermal expansion coefficient, specific heat
at constant volume Cv and constant pressure Cp and Debye tem-
perature, we used the Gibbs code based on the quasi-harmonic
Debye model [34].

The calculated thermal expansion coefficient (α) as a function of
temperature at zero pressure is displayed in Fig. 8(a), where we ob-
serve that the thermal expansion coefficient for all the compounds
increases sharply with the increase of temperature up to 100 K. Above
100 K, we observe a weak increase towards a constant value. The
thermal expansion coefficient of the Zn0.75V0.25Te, Zn0.50V0.50Te,
Zn0.25V0.75Te alloys (at room temperature and zero pressure) are
4.09�105, 3.38�105 and 3.24�105 K�1, respectively.

The variation of the specific heat at constant volume Cv versus
temperature at zero pressure of the alloys is shown in Fig. 8(b). At low
temperature, cv increases as T3 [51], whereas at high temperature, cv
increases slowly to tend the Petit and Dulong limit [52]. At room
temperature and zero pressure, the cv values of the Zn0.75V0.25Te,
Zn0.50V0.50Te, Zn0.25V0.75Te compounds are 187.48 J mol�1 K�1,
185.19 J mol�1 K�1 and 181.93 J mol�1 K�1, respectively.

The Debye temperature (θD) is an important parameter char-
acteristic for the thermal properties of solids. It is the temperature
above which the crystal behaves classically, because the thermal
vibrations become more important than the quantum effects.
Fig. 8(c) shows the evolution of θD with temperature. It can be
seen that θD is nearly constant from 0 to 100 K and for TZ100 K,
θD decreases linearly with increasing temperature. The calculated
Debye temperatures (θDs) of the Zn0.75V0.25Te, Zn0.50V0.50Te,
Zn0.25V0.75Te alloys at room temperature and zero pressure are
337.23 K, 369.56 K and 411.98 K, respectively.
4. Conclusions

We have investigated the structural, elastic, electronic, mag-
netic and thermal properties of Zn1�xVxTe alloys (x¼0.25, 0.50
and 0.75) in the B3 phase by employing the FP-LAPW approach
within DFT. Our predictions at the equilibrium lattice parameters
reveal that the Zn0.75V0.25Te and Zn0.50V0.50Te alloys are half-me-
tallic ferromagnetic compounds, whereas the Zn0.25V0.75Te alloy is
nearly half-metallic since only one band crossed the Fermi level
near the Γ point. The elastic properties of the ternary Zn1�xVxTe
alloys are calculated for the first time and should be used as a
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reference for future similar projects. The V 3d states cause the
exchange splitting Δx(d) and Δx(pd) parameters, which are derived
from TDOS and PDOS plots. The negative values of Δx(pd) explain
that the effective potential of the minority spin, which is more
attractive than that of the majority spin. The exchange constants
N0α and N0β were estimated and have values of opposite sign,
which confirms that the valence and conduction states interact in
an opposite manner during the exchange-splitting process. Due to
the strong hybridization between the V t2g and Te 5p states, the
atomic magnetic moment of the V atom is reduced from its atomic
charge of 3μB, and small local magnetic moments are generated on
the nonmagnetic Zn and Te sites. Using the quasi-harmonic Debye
model, the thermal expansion coefficient, lattice heat capacity and
Debye temperature versus temperature were investigated in
detail.
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