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Abstract The structural, elastic, electronic and optical

properties of Zn1-xMgxSe ternary mixed crystals are

investigated by utilizing the first-principles plane-wave

pseudopotential method within the LDA approximations.

Some basic physical properties, such as lattice constant,

bulk modulus, second-order elastic constants (Cij), Shear

modulus, Young’s modulus, Poison’s ratio, Lamé constants

and the electronic band structures, are calculated. We have,

also, predicted the optical properties such as dielectric

functions, refractive index and energy loss function of

these ternary mixed crystals. Our results agree well with

the available data in the literature.

Introduction

There is a continuing interest in wide gap II–VI ternary and

quaternary alloys for their optoelectronic applications

[1–6]. These materials are used to fabricate X-ray and c-ray

detectors [2, 3]. Due to their direct and rather large gap

character, ZnSe based semiconductors have been proposed

a variety of new materials for optoelectronics. The use-

fulness of the Zn1-xMgxSe type of mixed crystals stems

from the possibility of tuning of band gap energies and

lattice constants by adjusting the content of particular

elements [4].

Zn1-xMgxSe have been studied experimentally and the-

oretically recently and in the past decades. Firszt et al [1, 7]

have investigated photoluminescence characteristics as a

function of temperature for Zn1-xMgxSe (0 \ x \ 0.63)

grown by the high pressure Bridgman method. Derkowska

et al [4–6] have studied experimentally the linear/non-linear

optical properties of Zn1-xMgxSe. Varshney et al [8] have

analyzed the elastic properties and phase transition pressure

in diluted magnetic semiconductors Zn1-xMgxSe (x =

0.016, 0.026 and 0.053) by using a three-body potential

interactions. Benkabou et al [9] have studied the composition

dependence of the positron annihilation in Zn1-xMgxSe by

using the pseudopotential method.

As far as we know, there are no systematic theoretical stud-

ies on the structural elastic, electronic and optical properties of

Zn1-xMgxSe mixed crystals in the concerning literature. An

accurate description of these properties, as well as for guiding

the successful design and fabrication of optoelectronic devices

[10], plays a significant role in determining some material

properties such as interatomic forces, phase transition, trans-

port coefficients and electron–photon interactions.

In this work, we have aimed to provide some additional

information to existing data on the physical properties of

Zn1-xMgxSe mixed crystals by using the first-principles

plane-wave pseudopotential method. Particularly, we

focused on the composition-dependence of elastic and

optical properties of Zn1-xMgxSe. The layout of this paper

is as follows: the method of calculation is given in ‘Method

of calculation’ section. The results and overall conclusion

are presented and discussed in ‘Results and discission’ and

‘Summary and conclusion’ sections, respectively.

We have also presented the composition-dependence of

elastic properties and our other results on the structural and
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elastic properties for Zn1-xMgxSe mixed crystals. The

obtained results are compared with the previous theoretical

calculations and available experimental findings.

Method of calculation

The calculations have been performed by using the plane-

wave pseudopotential approach to the density–functional

theory (DFT) by Cambridge Sequential Total Energy

Package (CASTEP) code [11]. The electronic wave func-

tions were obtained by using a density-mixing minimiza-

tion method for the self consistent field (SCF) calculation,

and the structures were relaxed by using the Broyden,

Fletcher, Goldfarb and Shannon (BFGS) method [12]. It

solves the quantum mechanical equation for the electrons

within density functional approach in the local-density

approximation (LDA). For LDA, the exchange-correlation

functional of Ceperley and Adler [13] as parameterized by

Perdew and Zunger [14] was used.

The tolerances for geometry optimization were set as the

difference in total energy being within 5 9 10-6 eV/atom,

the maximum ionic Hellmann–Feynman force within

0.01 eV/Å, the maximum ionic displacement within

5 9 10-4 Å, and the maximum stress within 0.02 GPa.

The interactions between electrons and core ions are sim-

ulated with separable Troullier–Martins [15] norm-con-

serving pseudopotentials. The wave functions are expanded

in the plane waves up to a kinetic-energy cutoff of 660 eV.

In this paper, the k-points of 6 9 6 9 4 for x = 0.5 and

4 9 4 9 4 for the other composition x, which are in the

Monkhorst and Pack scheme, are used.

Results and discussion

Structural and electronic properties

The calculated most possible crystal structures and bond

lengths for Zn1-xMgxSe are given in Table 1 and Fig. 1.

The results for ZnSe and MgSe are completely compatible

with the literature [16–19]. There is no other study except

for the values of x = 0 and x = 1. Therefore, a comparison

cannot be made for x = 0.25, 0.50 and 0.75. When the

composition x increases, the bond lengths increases due to

the increasing of the cell volume.

Table 2 shows the calculated lattice constants, cell

volumes and bulk modulus for each x of Zn1-xMgxSe along

with the other experimental and theoretical values [9, 16,

17, 20–25]. The lattice parameters are found as 5.69, 5.75,

4.10, 5.87, 5.93 Å for Zn1-xMgxSe compounds (x = 0,

0.25, 0.5, 0.75, 1), respectively. The calculated lattice

constants are higher (about 1%) for ZnSe compound than

the other theoretical findings in [9, 17, 20, 24] and for

MgSe compound than the other theoretical findings in

[9, 17, 20–22] and smaller (about 1 %) for ZnSe compound

than theoretical finding in [24] and for MgSe compound

than theoretical finding in [23, 25]. Our lattice constants are

1% higher for ZnSe and MgSe than the experimental value

of [16, 22]. These small differences may come from dif-

ferent density functional based electronic structure method.

The MgSe has the largest lattice constant (5.93 Å), and

Zn0.5Mg0.5Se has the smallest (4.4 Å) one for Zn1-xMgxSe.

In the present case, the calculated bulk modulus for

x = 0, 0.25, 0.5, 0.75 and 1 are 68.81, 61.84, 56.76, 52.64

and 49.47 GPa for Zn1-xMgxSe, respectively. The bulk

modulus versus composition x (0, 0.25, 0.5, 0.75, and 1)

plot is shown in Fig. 2. To see the expected deviation from

Vegard’s law, for bulk modulus, we have used the fol-

lowing relation:

BðZn1�xMgxSeÞ ¼ ð1� xÞBZnSe þ xBMgSe � bxð1� xÞ
ð1Þ

where the quadratic term b represents the disordered

parameter (bowing). It can be seen that the bulk modulus

of these alloys decreases with the increasing of the com-

position x. The deviation from Vegard’s law, which may

also stem from the lattice mismatch between ZnSe and

CaSe compounds, is found to be 16.34 GPa for these

alloys. The calculated data suggest that the sequence of the

compressibility from low to high is: ZnSe \ Zn0.75Mg0.25

Se \ Zn0.5Mg0.5 Se \ Zn0.25Mg0.75Se \ MgSe. For these

Table 1 Bond lenght of Zn1-xMgxSe

Structure Reference Zn–Se (Å) Se–Mg (Å)

ZnSe Zinc-blende

(F 43m)

Present 2.466

Theorya 2.593

Theoryb 2.463

Expt.c 2.454

Expt.d 2.454

Zn0.75Mg0.25Se Sulvanite

(P43m)

Present 2.486 2.564

Zn0.5Mg0.5Se Tetragonal

(P 4m2)

Present 2.481 2.556

Zn0.25Mg0.75Se Sulvanite

(P43m)

Present 2.475 2.546

MgSe Zinc-blende

(F 43m)

Present 2.569

Theorya 2.473

Theoryb 2.543

Expt.d 2.550

a Reference [19]
b Reference [17]
c Reference [18]
d Reference [16]
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configurations, the largest value of bulk modulus

(65.86 GPa) obtained for ZnSe implies that it is a relatively

less compressible compound.

We have predicted the band structures for Zn1-x

MgxSe along the high symmetry directions in the first

Brillouin zone from the calculated equilibrium lattice

constant. Figure 3 shows the band structures and corre-

sponding electronic density of state (DOS) for all com-

positions studied. All these materials have a direct band

gap along the C direction, and the obtained results are

listed in Table 3 with the some other theoretical and

experimental values [16, 17, 21–23, 26, 27]. The band

profiles and band gap values are in good agreement with

the earlier theoretical works for ZnSe and MgSe. When

we applied the empirical scissors operator, our results are

consistent with the experimental values of [28]. When

the x values (x = 0, 0.25, 0.5, 0.75) increased, the

energy band gap increases as shown in Fig. 4. Also, the

lowest valence bands occur at -12.86, -12.46, -12.10,

-11.70 and -11.30 eV for Zn1-xMgxSe compounds

(x = 0, 0.25, 0.5, 0.75, 1). The results show that the

lowest value of valence band (-12.86 eV), correspond-

ing to x = 0, belongs to ZnSe, and the other lowest one

(-11.30 eV), corresponding to x = 1, belongs to MgSe.

Namely, the value of the valence band width has similar

trend with the energy band gap. The calculated energy-

gap values, EC�C
g , at different concentrations are fitted to

do second-order polynomial equation

EC�C
g ¼ 1:33þ 0:76xþ 0:55x2 ð2Þ

as shown in Fig. 4. From this equation, one can easily

reproduce the energy-gap value of the end point

compounds ZnSe and CaSe. These calculated energy-gap

values of the studied alloys are also compared with those

obtained using empirical electronegativity expression

EZn1�xMgxSe
g ¼ ð1� xÞEZnSe

g þ xEMgSe
g � Dvxð1� xÞ ð3Þ

where Dv represents the electronegativity difference

between Zn and Mg cations 1.65 and 1, respectively. The

results of Eqs. 2, 3 are plotted as a function of composition

x in Fig. 4. The results derived from the electronegativity

considerations in Fig. 4, significantly, deviate from the

fitted equation, probably due to the cations Zn and Mg

belong to the different groups in the periodic table.

Unfortunately, to compare with the present values, other

theoretical or experimental data are not available yet,

except the end-point compound ZnSe.

Elastic properties

The elastic constants of solids provide a link between the

mechanical and dynamical behaviour of crystals, and give

important information concerning the nature of the forces

operating in solids. In particular, they provide information

on the stability and stiffness of materials, and their ab initio

calculation requires precise methods. Since the forces and

Fig. 1 Crystal structures and

bond lenght of Zn1-xMgxSe

(x = 0, 0.25, 0.5, 0.75, 1.0)
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the elastic constants are functions of the first-order and

second-order derivatives of the potentials, their calculation

will provide a further check on the accuracy of the calcu-

lation of forces in solids. The second-order elastic con-

stants (Cij) are calculated by using the ‘volume-conserving’

technique [29, 30] and the results are given in Table 4.

For a stable tetragonal structure, the six independent

elastic constants Cij (C11, C12, C13, C33, C44 and C66)

should satisfy the well known Born–Huang criteria

for stability [36] C11 [ 0, C33 [ 0, C44 [ 0, C66 [ 0,

(C11 - C12)[0, (C11 ? C33 - 2C13)[0, [2(C11 ? C12) ?

C33 ? 4C13] [ 0 while for cubic crystals, the three inde-

pendent elastic constants Cij (C11, C12, C44) satisfy

inequalities, (C11 - C12) [ 0, C11 [ 0, C44 [ 0, (C11 ?

2C12) [ 0 [37].

Our results for elastic constants in Table 4 obey these

stability conditions for each composition for considered

Zn1-xMgxSe compounds.

In Fig. 5, the elastic constants, C11, C12, C44, are shown,

corresponding the x values. It can be seen that elastic

constants of these alloys decrease, almost linear, with

increase of the composition x. The values of C13, C33 and

C66 are only available for Zn0.5Mg0.5Se, and they are not

shown in Fig. 5.

Shear modulus (G), Poisson’s ratio (m), Young’s modulus

(E) and Lamé constants (k, l), which are the most interesting

elastic properties for applications, are often measured for

polycrystalline materials when investigating their hardness.

In Table 5, we list the calculated Shear modulus, Poisson’s

ratio, Young’s modulus and Lamé constants along with the

other theoretical values. These quantities are calculated

based on the relations given in [38].

The t = 0.25 and 0.5 are the lower limit and upper limit

for central force solids, respectively [39]. Our t value is

about 0.40 which indicates that the interatomic forces in

the Zn1-xMgxSe are predominantly central forces. It is seen

from Table 5 that while the calculated Shear modulus and

Young’s modulus decrease on going from higher to lower

composition x, the Poisson’s ratio increases. The calculated

Young’s modulus for ZnSe is higher than that for the other

Table 2 Lattice constants, cell

volume, bulk modulus of

Zn1-xMgxSe

a Reference [20]
b Reference [9]
c Reference [23]
d Reference [17]
e Reference [24]
f Reference [22]
g Reference [16]
h Reference [25]
i Reference [21]

Structure Reference a0 (Å) b0 (Å) c0 (Å) V (Å3) B (GPa)

ZnSe Zinc-blende (F 43m) Present 5.69 184.70 65.86

Theorya 5.61 75.20

Theoryb 5.67

Theoryc 5.74 56.80

Theoryd 5.68 63.90

Theorye 5.62 71.82

Expt.f 5.66

Expt.g 5.66

Zn0.75Mg0.25Se Sulvanite (P43m) Present 5.75 190.65 61.84

Zn0.5Mg0.5Se Tetragonal (P 4m2) Present 4.10 4.10 5.84 98.27 56.76

Zn0.25Mg0.75Se Sulvanite (P43m) Present 5.87 202.78 52.64

MgSe Zinc-blende (F 43m) Present 5.93 208.89 49.47

Theorya 5.89 55.20

Theoryb 5.89

Theoryc 6.00 45.10

Theoryd 5.87 47.00

Theoryh 5.97 47.80

Theoryi 5.92 49.00

Expt.f 5.89

Expt.g 5.89

Fig. 2 Bulk modulus of Zn1-xMgxSe versus composition x
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compounds with Mg. So, it is more stiffer alloy according

to other ones.

According to criterion in Ref [40], a material is brittle

(ductility) if the B/G ratio is less (high) than 1.75. In the

present case, the value of the B/G is higher than 1.75 for

the studied alloys, and hence, the present alloys will behave

in a ductility manner.

Optical properties

To study the optical behaviour of Zn1-xMgxSe, we use the

dielectric function e(x) to describe the linear response of

the system to electromagnetic radiation, which relates to

the interaction of photons with electrons [41].The real

(e1(x)) and imaginary part (e2(x)) of the dielectric

Fig. 3 Calculated band

structures and DOS of

Zn1-xMgxSe versus

composition x. The position

of the Fermi level (EF) is

at 0 eV

Table 3 The calculated energy

band gaps of Zn1-xMgxSe

a Reference [23]
b Reference [17]
c Reference [27]
d Reference [21]
e Reference [26]
f Reference [16]
g Reference [22]

Structure Reference Eg (eV)

ZnSe Zinc-blende (F 43m) Present 1.33

Theorya 1.11

Theoryb 1.79

Theoryc 2.38

Expt.d 2.72

Expt.f 2.69

Zn0.75Mg0.25Se Sulvanite (P43m) Present 1.57

Zn0.5Mg0.5Se Tetragonal (P 4m2) Present 1.87

Zn0.25Mg0.75Se Sulvanite (P43m) Present 2.19

MgSe Zinc-blende (F 43m) Present 2.66

Theorya 2.49

Theoryb 2.81

Theoryc 2.82

Theoryd 2.40

Theorye 2.47

Expt.f 3.59

Expt.g 3.59
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functions are calculated as in our recent works [42–44] by

using the usual Kramers–Kronig relationship in Ref [45].

These functions are displayed in Fig. 6 in the range of

0–24 eV, where the blue lines and red lines represent the

real part e1(x) and imaginary part e2(x), respectively.

The main peaks of the real part of Zn1-xMgxSe arise at

3.71, 3.78, 3.82, 4.43, 4.88 eV respectively. The same

peaks reduce due to the interband transition and approach

to the minimum at about 6 eV for each composition x.

For each composition x (0, 0.25, 0.50, 0.75, 1.0) of

Zn1-xMgxSe, dielectric constant, e1(0), are found to be

6.50, 5.91, 5.59, 4.87,4.38. For the imaginary part of the

dielectric function for the same Zn1-xMgxSe, the absorp-

tion starts at about 1.33, 1.57, 1.87,2.19, 2.66 eV, respec-

tively. The prominent peaks occur at about 6.37, 6.68, 6.98,

6.91, 6.94 eV for Zn1-xMgxSe, respectively. Our peak

values are consistent with the values of Refs. [27, 46] for

ZnSe and MgSe.

The dispersion curves of refractive index are plotted in

Fig. 7 for each composition x; and the refractive indices,

n(0), for Zn1-xMgxSe are found as 2.54, 2.42, 2.35, 2.20

and 2.09, respectively. The extinction coefficient, (k(w)),

for each x are estimated as 1.46, 1.41, 1.78, 2.25, 2.45,

respectively.

Finally, from the real and imaginary parts of the com-

plex dielectric response function, the electron energy-loss

function can be easily obtained. It is the imaginary part of

the reciprocal of the complex dielectric function, and our

results are displayed in Fig. 8. This function has a main

peak so-called Plasmon frequency for each composition

x at 15.96, 15.50, 17.66, 14.53, 13.96 eV, respectively. The

composition-dependence of the Plasmon frequency does

Fig. 4 Band gap energies of Zn1-xMgxSe versus composition x
Fig. 5 Elastic constant of Zn1-xMgxSe versus composition x

Table 4 The calculated elastic

constants (in GPa) Zn1-xMgxSe

a Reference [31]
b Reference [34]
c Reference [24]
d Reference [16]
e Reference [33]
f Reference [27]
g Reference [32]
h Reference [35]

Structure Reference C11 C12 C13 C33 C44 C66

ZnSe Zinc-blende (F 43m) Present 88.33 54.62 47.21

Theorya 81.00 48.88 44.10

Theoryb 85.90 44.20 41.90

Theoryc 94.00 61.00 64.00

Theoryd 85.20 51.70 –

Zn0.75Mg0.25Se Sulvanite (P43m) Present 80.92 52.30 34.07

Zn0.5Mg0.5Se Tetragonal (P 4m2) Present 72.16 48.53 49.36 71.98 28.57 28.42

Zn0.25Mg0.75Se Sulvanite (P43m) Present 66.39 45.76 28.40

MgSe Zinc-blende (F 43m) Present 60.00 42.84 23.22

Theorye 118.00 42.00 56.40

Theoryf 63.22 43.86 44.76

Theoryg 56.00 44.20 5.59

Theoryg 63.10 61.80 6.92

Theoryh 56.30 48.70 –
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not show a regular changing. However, it is seen that the

highest-value is found for x = 0.5 (P 42m structure) of

Zn1-xMgxSe compounds.

Summary and conclusion

In this work, we have presented structural, elastic, elec-

tronic and optical properties of the Zn1-xMgxSe ternary

mixed crystals by using the first principles calculations

based on the plane-wave pseudopotential method within

the LDA approximation. Specifically, the lattice constants,

bulk modulus, the pressure derivative of bulk modulus,

energy band gap, zero-pressure elastic constants and their

related quantities, such as Young’s modulus, Shear mod-

ulus, Poisson’s ratio and Lamé constants are calculated.

The MgSe has the largest lattice constant (5.93 Å),

and Zn0.5Mg0.5Se has the smallest (4.10 Å) one for

Zn1-xMgxSe. The bond distances and the cell volumes

show similar trend for same compositions. ZnSe has the

lowest compressibility and it may be a less compressible

compound. The composition dependence of the lattice

constant and bulk modulus are found almost, to be linear.

The elastic constants satisfy the traditional mechanical

stability conditions for all considered structures. For all

Table 5 The calculated Poisson’s ratio (m), Young’s modulus (E), Shear modulus (G), Lamé constants (k, l) for Zn1-xMgxSe

Structure Reference G (GPa) E (GPa) t k (GPa) l (GPa)

ZnSe Zinc-blende (F 43m) Present 31.25 46.58 0.38 6.08 47.21

Theorya 28.90 75.70 – – –

Zn0.75Mg0.25Se Sulvanite (P43m) Present 24.05 39.85 0.39 12.77 34.07

Zn0.5Mg0.5Se Tetragonal (P 4m2) Present 21.66 32.67 0.38 15.06 28.52

Zn0.25Mg0.75Se Sulvanite (P43m) Present 18.93 29.04 0.41 9.58 28.40

MgSe Zinc-blende (F43m) Present 15.58 24.31 0.41 13.55 23.22

a Reference [41]

Fig. 6 The real and imaginary part of dielectric function (Color

figure online)

Fig. 7 Refractive index, n, and extinction coefficient, k
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compositions (x) these compounds are characterized as a

direct band gap material along the C direction. The con-

sidered optical properties are consistent with the available

experimental and the theoretical findings.
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