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87\Abstract  

In order to probe the band gap engineering to tune optical properties in YAuPb1-xSix (x = 0, 0.25, 

0.50, 0.75 and 1) alloys, we used all electron full-potential linearized augmented plane wave (FP-

LAPW+lo) method within the frame work of the density functional theory. The optimized 

structural parameters were in good agreement with other theoretical and experimental results. 

The calculated results of elastic constant satisfy the condition for mechanical stability at each 

composition for cubic symmetry. In addition, the study of elastic parameters are summarized for 

the calculation bulk modulus, Young’s modulus, shear modulus, Kleinman parameters, Poisson’s 

ratio and Lame’s co-efficient. To predict the brittle (ductile) nature of this composition, the 

Cauchy pressure, Poisson’s ratio and B/G ratio were also calculated. Using modified Becke and 

Johnson GGA, the band gap values of each composition were computed precisely. Further, it 

was observed that for 0.25 < x < 0.75, band gap structure revealed a direct band gap 

configuration. In order to analyze the electronic structure of each composition, the total and 

partial densities of states have been investigated in detail. Furthermore, the investigation of 
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optical parameters in terms of dielectric functions revealed the potential of these alloys for 

optoelectronic devices.  

1. Introduction 

In the past couple of decades, a new emerging field in condense matter physics is the 

topological insulators which are based on the realization of spin orbit coupling in electronic 

materials. In this field, half metallic materials gained much attention because their electrons with 

spin direction are metallic whereas the electrons in other directions are insulator/semiconductor. 

After the discovery of half metallic characteristics in NiMnSb by Groot et al. [1] by first 

principles, these properties were revealed in many other alloys later on. Such materials show the 

exotic metallic characteristics [2]. They display distinct quantum states along the edges and on 

the surface where electron can travel without any energy dissipation [3-5]. The topological 

phases of the materials can be studied by different methods. Among the different methods, Fu 

and Kane suggested the parity approach to probe the topological phase of the material [6]. 

However, this approach works only for materials having inversion symmetry. Bulk band 

structure is the key feature to calculate the topological in-variance [7]. The band splitting at Γ 

symmetry point caused by the variation in topological order is actually take place due to the band 

inversion. Some materials are there, which are normally insulators but when they are exposed to 

high pressure they show metallic like behavior.  

Heusler alloys are mainly divided into two types namely full Heusler and half Heusler. Full 

Heusler alloys having general formula X2YZ with space group F_43m and have four 

interpenetrating cubic sublattices [8]. Half Heusler alloys are the ternary material with general 

formula XYZ where X and Y are usually occupied by the transition elements while Z site by 

some heavy metal. The structure of half Heustler can be considered as a hybrid structure. In 

cubic symmetry they crystallize out as zinc blend structure [9]. These compounds gained much 

attention because of their variety of crystal structure, optical and transport properties [10]. 

Recently, researchers working in different groups used different packages to study the electronic 

band structures of YAuPb to check its potential for topological applications [11-13]. In addition 

to this, Singh et al [14] investigated the thermoelectric response of the same composition using 

Quantum Espresso code and noticed the zero band gap of this semiconductor. However, Kandpal 

et al. [15] probed the structural parameters like lattice constant and bulk modulus and observed 

that this composition is quite stable.  



This comprehensive literature on end compounds provide enough motivation to investigate the 

topological phase of half Heusler alloys and thus present work comprises the theoretical 

investigation of elastic, electronic and optical properties of Si substituted YAuPb alloys. These 

alloys have potential for optoelectronic devices which highlighted the novelty of this work. 

2. Computational details 

Certain lapses of distance do not let the correlations of random alloys accurate in periodic 

structure. For its solution, the construction of super-cell is extremely necessary. On the other 

hand, as the number of atoms in super-cell increases, the first-principles calculations turn to be 

more expensive. However, physical features largely depend on the microscopic length and local 

randomness to which the size of super-cell does not affect Zunger et al. [16]. This fact proposes 

the construction of special quasi-random structure (SQS) super-cells [17]. In order to find out the 

physical properties of YAuPb1-xSix alloy by utilizing the compositions x = 0.25, 0.5 and 0.75 

respectively as shown in Fig. 1.  

 The smallest SQS (Fig. 1) has been used in our calculations, which particularly reduces the 

computational times. 

 

Fig. 1. Prototype of YAuPb1-xSix alloys. Y is with brown, Pb is with red, Au is with yellow, and 

Si is with green colors.   



Full-potential linear-augmented-plane-wave (FP-LAPW) method of DFT, with WIEN2k code 

[18], was employed for the calculations of the optical properties and electronic structure of 

YAuPb1-xSix alloys. The electronic exchange–correlation for structural optimization was set by 

Wu-Cohen Generalized Gradient Approximation (WC-GGA) whereas the self-consistent field 

energy tolerance is set to 10-4 Ryd [19]. It is reported that WC-GGA is for structural and 

electronic properties of materials [20]. The modified Becke–Johnson approximation (mBJ) [21] 

functional was brought into use for the improvement in the routine wise underestimation of the 

band gap by standard DFT functional in particular with the calculation of optical and electronic 

properties. A plane wave with cutoff K max×RMT = 8 was utilized in converging of energy 

eigenvalues whereas the potentials and wave function were expanded in the interstitial regions as 

spherical harmonic, in the FP-LAPW calculations. Here, in plane wave expansion, Kmax is the 

magnitude of the largest K vector whereas the smallest muffin-tin (MT) sphere radius is RMT. 

The taken radius of MT sphere (RMT) with the value of 2.5 a.u. is each for Si, Pb, Au, and Y 

respectively. However, within the atomic spheres, the selected value of angular momentum was 

maximum (lmax = 10) for wave function expansion. There was a Fourier expansion up to Gmax = 

18 in the charge density. Here the largest vector in the Fourier expansion is G max. While in the 

irreducible part of the Brillouin zone, 12×12 ×12 k-mesh was used to affect the Brillouin zone 

integration for the purpose of energy computations. For better convergence, both the number of 

k-points and the MT radius were varied with the selection of the value that yielded true 

convergence of minimum total energy. Cubic-elastic software implemented in WIEN2k [18] was 

employed to calculate the elastic constants of YAuPb1-xSix compounds in our study. Three 

independent elastic constants C11, C12 and C44 are possessed by a cubic lattice. After the their 

computations, these constants are further employed for the evaluation of the mechanical 

properties of YAuPb1-xSix such as anisotropy constant (A), Kleinman parameter (ζ), Poisson’s 

ratio (ν), Cauchy pressure (C ̋), Young’s modulus (Y), and shear modulus (GH ), using standard 

relations. 

3. Results and discussion 

3.1. Structural properties 

The structural investigations of YAuPb1-xSix alloys have been carried out by WC-GGA. The total 

energy optimization is done in terms of unit cell volume as mentioned in some recent reports [22, 

23]. The energy optimization plots are shown in Fig. 2. The optimized lattice parameters and 



bulk modulus are summarized in Table 1. In all these calculated values, the results of YAuPb and 

YAuSi were very close to experimental values. It is due to fact that WC-GGA approach produces 

lattice parameters in between the underestimated (calculated by LDA) and overestimated 

(calculated by GGA) results.  

Fig. 2. Calculated total energy as a function of unit cell volume for YAuPb1-xSix alloys at x = 0,  

0.25, 0.50 and 0.75. 

 

 

 

 

 

 

 



Table 1: Calculated structural parameters for YAuPb1-xSix alloys compared with experimental 

and other theoretical calculations. 

Composition 

 

X 

Lattice constant a (Å) Bulk modulud B (GPa) 

GGA Other 

calculations 

Exp. GGA Other 

calculations 

Exp. 

0 6.748 6.737b, 6.73c, 

6.842d 

6.728a 78.939 84.18b, 70.6d 

 

- 

0.25 6.673   86.113   

0.50 6.589   90.698   

0.75 6.495   96.457   

1 6.399 6.380b  102.012 102.78b  

Ref. [24]a, Ref. [25]b, Ref. [26]c, Ref. [27]d,  

 

Fig. 3 (a & b) shows the variation of lattice parameter and bulk modulus with substitution 

contents (x). The lattice parameter decreased linearly with substitution of Si (see Fig. 3(a)) at the 

place of Pb in accordance with the Vegard’s law [28,29]. In contrast to lattice parameters, bulk 

modulus exposed the opposite trend, which revealed that with increase of Si contents, the alloy 

under study became more compressible.  

 



 

Fig. 3. Composition dependence of (a) lattice constant and (b) bulk modulus for YAuPb1-xSix 

alloys. The solid line is WC-GGA and doted lines is Vegard’s law fitting. 

 

3.2 Elastic and Mechanical properties 

The calculation of mechanical properties of any material provides useful information regarding 

the nature and strength of binding between nearest atoms, compressibility and anisotropy of the 

material [30, 31]. The elastic constant C11 determine the stiffness and C12 and C44 determine 

shape related elastic constant. The calculated second order elastic constant for YAuPb1-xSix 

alloys are listed in Table 2. These calculated results revealed the condition for mechanical 

stability for cubic symmetry, i.e. C11 + 2C12> 0, C11 - C12> 0, C11> 0, C44> 0 and C12<B<C11, 

thus these composition are mechanical stable against elastic deformation [32, 33]. 

 

Table 2: Calculated second order elastic constants (SOECs) in GPa for YAuPb1-xSix alloys. 

 C11 C12 C44 C11-C12 B=(C11+2C12)/3 

YAuPb 103.820  69.821 12.513  26.434 85.971  

YAuPb0.75Si0.25 121.542 77.386 57.060 51.721 87.052 

YAuPb0.50Si0.50 130.922 70.092 66.945 60.83 90.367 

YAuPb0.25Si0.75 136.375 75.625 73.136 70.75 95.888 

YAuSi 158.021 77.281 80.634 80.74 104.164 

 

From these parameters one can determine strength, stability, thermo-elastic stress and toughness 

of the material. The calculated values of shear modulus (GH), Young’s modulus (Y), B/G ratio, 

Cauchy pressure (C′′), Poisson’s ratio (ν), Kleinman’s parameter (ζ), anisotropy factor (A) and 

shear constant (C ́) are listed in Table 3. The materials response towards shear strain is 

determined from the shear modulus which is calculated from the Voigt shear modulus (GV) and 

Reuss shear modulus (GR) by the following relations [34-37]:  

 𝐺𝑣 = 15 (3𝐶44 + 𝐶11 − 𝐶22)     (1)  

 

  𝐺𝑅 = 5(𝐶11−𝐶22)𝐶444𝐶4+3(𝐶11−𝐶22)                (2) 



 

Where shear modulus is the arithmetic means of GV and GR: 

i.e. 𝐺𝐻 = 𝐺𝑣+𝐺𝑅2        (3) 

 

The high value of shear modulus (61.08 GPa) for YAuSi as compared with YAuPb (12.79) 

shows its high resistance towards plastic deformation. All other compositions have relatively 

smaller value of shear modulus which indicates their less resistive nature towards permanent 

change in their shape. The stiffness of any material is calculated in terms of Young’s modulus 

which can be calculated as  𝑌 = 9𝐵𝐺𝑣3𝐵+𝐺𝑣        (4) 

Greater the value of Y, the stiffer is the material. Table 3 comprising the values of Y for all 

compositions convinces that YAuSi is stiffer comparatively. The brittle/ductile nature can be 

calculated from the ratio of bulk modulus to shear modulus (B/G) as proposed by Pugh [38]. 

This ratio serves as basic criteria to distinguish brittle substances from the ductile. If B/G < 1.75, 

material behavior is brittle otherwise its response is ductile towards external pressure. The 

calculated values of B/G confirmed the brittle nature of YAuSi. An alternate approach to 

determine the brittle or ductile nature of material is the Cauchy’s pressure which is the difference 

of pressure between C12 and C44 i.e. C′′ = C12 – C44. Pettifor proposed that the sign (±) of C′ is 

responsible for brittle and ductile nature of the material [39]. If the sign of C′′ is negative, 

material is brittle otherwise ductile. From the calculated values of C′ listed in table 3, it is again 

clear that all compositions are brittle in nature. With the help of C′ values, the bonding nature of 

the material can also be probed. The bonding present inside the compound is ionic if C′ is 

positive while the negative value of C′ is attributed to the covalent nature of chemical bond 

present in the material. The most powerful tool in this regard is the Poisson’s ratio, which 

provide the same information and can be calculated as  𝜈 = 3𝐵−𝑌6𝐵 = 12− 𝑌6𝐵      (5) 

The upper and lower limits of this ratio are 0.5 and -1.0. At the upper bound, the volume of the 

material remain unchanged upon increase in pressure while at the lower bound, the shape of the 

material remained unchanged. Frantsevish, et al. [40] used this ratio to distinguish the brittle and 



ductile materials. They proposed the material is brittle, if the value of ν is less than 0.33 

otherwise it is ductile [32]. Since for all YAuPb1-xSix alloys the calculated values are less that 

0.33 which is another confirmation of brittle nature of the materials. In addition to this, Poisson’s 

ratio also gives an idea about the compressibility of the material. The material is more 

compressible if ν→0 [41]. Since the value of ν varies from 1-0.2, which shows that these alloys 

are stable against the deformation force.  

When a stress force is applied, the unfixed positions of cation and anion sub-lattices are usually 

determined using Kleinman’s parameter (ζ). The lowest value of ζ (i.e. 0) indicates that material 

has high resistance against bond angle distortion and bond bending as well while the high value 

of ζ (i.e. 1) leads to high bond strechability [42-44]. Using elastic constants, the value of ζ can be 

calculated as  𝜁 = 𝐶11+8𝐶227𝐶11−2𝐶22      (6) 

The bond stretching in YAuPb1-xSix alloys is evident from the calculated values of ζ summarized 

in Table 3. The mircocracks in the material are detected from the anisotropy of the material 

which can be calculated as  𝐴 = 2𝐶44𝐶11−𝐶22      (7) 

The value of A for isotropic material comes out to be 1. The deviation of value of A from unity 

indicates that these alloys are isotropic in nature and show different properties in different 

directions. Other mechanical parameters include Lame’s constants (λ, μ) which determine the 

hardness of the material. These parameters can be calculated in terms of Young’s modulus and 

Poisson’s ratio 𝜆 = 𝑌𝜈(1+𝜈)(1−2𝜈)     (8) 𝜇 = 𝑌2(1+𝜈)      (9) 

Here λ and μ determine the compressibility and shear stiffness of the material [45]. The valus of 

these Lame’s constants are listed in table 3. This table interestingly revealed that the second 

Lame’s constant is same as that of Voigt’s shear modulus (Gv). However, for isotropic materials,  

λ = μ = C ́ and μ = C ́. Since the alloys under study are highly anisotropic, thus they do not 

satisfy the isotropic condition i.e. λ = C12 and μ = C ́. Tetragonal shear modulus is a necessary 

criterion to determine the mechanical stability and can be calculated as  𝐶′ = 𝐶11−𝐶122       (10) 



The positive values of shear modulus confirmed the mechanical stability of these alloys.  

 

Table 3: The calculated value of Voigt’s shear modulus Gv , Reuss’s shear modulus GR , Hill’s 

shear modulus GH , B/G ratio, Cauchy Pressure (C’’), Poisson’s ratio (v), Kleinman Parameter 

(ζ), Anisotropy constant (A), Lames Coefficient (λ and μ), and Shear Constant (C’). 
 YAuPb YAuPb0.75Si0.25 YAuPb0.50Si0.50 YAuPb0.25Si0.75 YAuSi 

Gv 12.794 44.580 52.333 56.031 64.528 

GR 12.785 38.486 45.220 46.788 57.638 

GH 12.79 41.533 48.776 51.410 61.083 

Y 36.574 114.241 131.596 140.687 160.460 

B/G 6.73943 2.096 1.852 1.864 1.70576 

C’’ 64.873  12.761 3.147 2.489 -3.353 

v 0.429 0.281 0.257 0.255 0.243 

ζ  1.263 0.956 0.891 0.922 0.815 

A 0.946 2.206 2.201 2.407 1.997 

λ 77.667 57.341 55.48 58.520 61.175 

µ  12.794 44.580 52.333 56.031 64.528 

C’ 13.217 25.860 30.415 30.375 40.37 

 

3.2. Electronic properties 

The thorough understanding of band gap structure provides useful information regarding the 

potential of different materials optoelectronic devices. Using WC-GGA and modified becke- 

johnson approximation (mBJ), band structure of YAuPb1-xSix alloys is calculated, it was 

observed that band gap values are in good agreement with results calculated other theoretical and 

experimental. Same results were observed using computationally expensive software i.e. GW or 

hybrid functional methods [46]. The calculated band structure using mBJ + WGGA are shown in 

Fig. 4 and calculated values of band gap are listed in Table 3. These structures clearly shows that 



valley of conduction band and peak of valence band lie at the same Γ-point of the Brillouin zone 

which confirmed the direct band gap semiconducting nature of these alloys.  

Table 3: Band gaps for YAuPb1-xSix alloys along Г-Г symmetry points with WC-GGA and mBJ 

function. 

Composition Band gap energy (eV)  

GGA mBJ Exp. Other calculations  

YAuPb 0 0 0[24]
 0[27]

  

YAuPb0.75Si0.25 0.108 0.277    

YAuPb0.50Si0.50 0.249 0.417    

YAuPb0.25Si0.75 0.250 0.422    

YAuSi 0.282 0.455    

 

The comparison of band gap values calculated using different codes indicated that these values 

are higher when mBJLDA is used as compared with WC-GGA code. This indicates the 

improvement of band gap structure as compared with those estimated using LDA and GGA [46, 

47]. It is important to note that the effect of size of supercell on the band structure was also 

studied. We also calculated band structure using larger (32-atoms) ZB supercells, to probe the 

effect of larger number of neighboring atoms on the electronic properties of these alloys. It is 

observed that due to the decrease of symmetry, band gap structure show a noticeable difference 

with unchanged nature of direct band gap. 



Fig. 4. Electronic band structures plot computed using the (a) GGA (WC) and (b) mBJ 

functional for YAuPb1-xSix alloys at x=0, 0.25, 0.50, 0.75 and 1. 

 

The total and partial density of stated (DOS) were also plotted to have better insight of electronic 

properties. The participation of partial and total DOS in VB and CD are identical and their 

results are plotted in Fig. 5. The total DOS (TDOS) and partial DOS (PDOS) of the under study 

alloys for various Si contents have been plotted here. From these plots it is obvious that d-states 

of Y splits into t2g and eg which are plotted with p-states of Pb, Si and Au. It is noticeable that 

end members have significantly different energy band gaps. It is observed that p-states of Pb and 

Si along with p-d states of Au form the valence band while d-states of Y are responsible for the 

formation of conduction bands. In this ternary alloy, p and d stated of Au occupy the bottom of 

valence band on the other hand d state of Y (t2g and eg) form the top and bottom of conduction 

band accordingly. However, all compositions revealed the direct band gap configuration in under 

study alloys. 



Fig.5. TDOS of YAuPb1-xSix alloys 

 

3.3. Optical properties 

To check the potential of any material for optical activity we usually examine its electronic 

transition at high symmetry points in the Brillouin zone from filled energy level to unfilled 

energy level. The interaction of any physical system with electromagnetic field can be studied 

with the help of dielectric function. The degree of polarization caused by the electromagnetic 

waves inside the materials play important role in its optical response. The complex dielectric 

response is a useful tool to check its optical properties. The real and imaginary parts of dielectric 

constant can be calculated using the following equations [48, 49]: 

𝜀𝑟𝑒𝑎𝑙(𝜔) = 1 + 𝜒 + 𝑁𝑒2𝜀0𝑚0 𝜔02−𝜔2(𝜔02−𝜔2)2+(𝛾𝜔)2    (11) 

𝜀𝑖𝑚𝑎𝑔𝑖𝑛𝑎𝑟𝑦(𝜔) = 𝑒2ℎ𝜋𝑚2𝜔2∑∫ [|𝑀𝑐,𝑣(𝑘)|2𝛿[𝜔𝑐,𝑣(𝑘) − 𝜔]] 𝑑3𝑘  (12) 



Here, εreal(ω) and εimag(ω) are the real and imaginary parts of complex dielectric constant, Mc,v(k) 

shows the moment which is associated with jumping of electron from VB to CB, and ωc,v(k) = 

Eck – Evk gives the transition energy. The real part determines the energy dispersion due to the 

incident part while the imaginary part indicates the energy absorbed by the material. The 

calculated values of real and imaginary parts of the dielectric constants are listed in table 4. 

Table 4: Calculated optical parameters for YAuPb1-xSix alloys with mBJ functional.  

     Critical points values 

 Eg (eV) n(0) Ԑ1(0) R(0) Ԑ2 K A  σ 

YAuPb 0 5.12 27.4 0.450 1.39 0.132 1.82 2.54 

YAuPb0.75Si0.25 0.277 4.97 24.75 0.439 0.768 0.077 0.010 1.406 

YAuPb0.50Si0.50 0.417 4.64 21.54 0.414 0.503 0.054 0.007 0.922 

YAuPb0.25Si0.75 0.422 4.41 19.46 0.393 0.393 0.044 0.006 0.719 

YAuSi 0.455 4.19 17.62 0.374 0.316 0.037 0.005 0.578 

Fig.6. The calculated (a) complex refractive index, (b) absorption coefficient, (c) Optical 

conductivity, and (d) reflectivity of YAuPb1-xSix at x = 0, 0.25, 0.50, 0.75 and 1. 

 



It is observed that with the increase of Si contents in YAuPb, the peaks shifts towards lower 

photon energy and become sharper as well. The value of εreal(ω) for YAuPb remained positive up 

to 15.30 eV with peaks appeared at 1.7eV, 6.9eV, 12.86eVand15.01eV. However, for YAuSi, 

only two peaks appeared at 2.91 eV and 4.21 eV and the value of εreal(ω) remained positive up to 

4.70 eV. For intermediate compositions it remained positive up to 10.91eV, 6.19eV, 5.54eV for 

x=0.25, 0.50, 0.75, respectively. For YAuPb0.75Si0.25 and YAuPb, two deep absorption valleys 

were observed in between 0.52 eV to 10.79 eV and 0.96 eV - 15.3 eV respectively. Since the 

value of εreal(ω) changes between its maximum and minimum value from where we get an idea 

about the propagation and damping of electromagnetic waves. The positive value of εreal(ω) (>0) 

indicates the photon propagation while its negative value confirms the damping of 

electromagnetic waves inside the material. However, when εreal(ω) = 0, longitudinally polarized 

waves are generated. For zero frequency, it turns out to be the static dielectric constant whose 

value is summarized in the table 4 for different concentrations. It is observes that the value of 

static dielectric constant depends upon the energy band gap and can be calculated using Penn 

model [50] 

𝜀𝑟𝑒𝑎𝑙(𝜔) = 1 + (ℏ𝜔𝑝𝐸𝑔 )2      (13) 

Here, ωp and Eg are the plasma frequency and band gap energy, respectively. Using this equation 

for the given εreal(0), ωp and Eg can be calculated. The calculated values of Eg listed in Table 4 

shows that it increased with increase of Si contents and found maximum for YAuSi. The peak 

present in εreal(ω) spectra shifted towards lower energy region with increase of Si contents. When 

it becomes unity, the material shows the metallic nature.  

The optical and electronic role of the material can also be probed using Refractive index 

measurements. It plays a very crucial role in many practical applications such as wave guides, 

solar cell and detectors [51]. In semiconductor physics, there are some empirical relations, which 

determine the relation between refractive index and energy bandgap [52, 53]. These two 

parameters are further used to derive many other parameters. The refractive index n(0) of studied 

alloys lie within 4 ≤ x ≤ 5.12 and are shown in Fig. 6(a).  The value of n(ω) is energy dependent 

which become maximum in around 1.5 eV and first minimum at 3 eV. Fig. 6(a) shows the plot of 

extinction coefficient k(ω) versus energy. The maxima of k(ω) is associated with zero of εreal (ω). 



The other optical parameters like reflectivity (R), absorption coefficient α(ω) and optical 

conductivity σ(ω) are also plotted in Fig. 6. The computed values of all these parameters are 

summarized in Table 4. 

4. Conclusions 

The structural, electronic and optical properties of YAuPb1-xSix ternary alloys were calculated 

using first principles approach. The effect of doping concentrations on the lattice parameter, bulk 

modulus, band gap energy, refractive index and dielectric constant was studied. A significant 

deviation from Vegard’s law was observed in lattice parameter and bulk modulus calculation. 

The results of mechanical analysis revealed that these compounds have less compressibility and 

possess high elastic stability against deforming force. The calculated values of Pugh’s ratio, 

Cauchy pressure and Poisson’s ratio confirmed the brittle nature of these ternary alloys. 

Electronic properties calculated using mBj WC-GGA functional of DFT found more close to 

experimental results. All these compositions revealed a direct band gap structure expect YAuSi. 

Complex dielectric analysis in terms of critical point structure gives symmetrical optical 

transition in these ternary alloys.  

 

 

Acknowledgment 

The authors would like to thank IT department of National Center for Physics (NCP), Islamabad 

for supplying computational resources. The author (A. Dahshan) extends his appreciation to the 

Deanship of Scientific Research at King Khalid University for funding this work through 

research groups program under grant number (RGP.2/89/42). The author (P. Ahmed) also  

extends his appreciation to the higher education comission of Pakistan (HEC) for providing 

funds for our research work under the National Research program for Universities (NRPU) 

project No. 10928. 

 

 

References 

1. H. Lin, L.A. Wray, Y. Xia, S. Jia, R.J. Cava, A. Bansil, M.Z. Hasan, Nat. Mater. 9 (2010) 
546. 



2. Z. Nourbakhsh, J. Alloys Compd. 549 (2013) 51. 
3. M.Z. Hasan, C.L. Kane, Rev. Mod. Phys. 82 (2010) 3045. 
4. X.-L. Qi, S.-C. Zhang, Rev. Mod. Phys. 83 (2011) 1057. 
5. Z. Zhu, Y. Cheng, U. Schwingenschlögl, Phys. Rev.B 85 (2012) 235401. 
6. L. Fu, C.L. Kane, Phys. Rev.B 76 (2007) 045302. 
7. J. E. Moore, Nat. Phys. 5 (2009) 378. 
8. Y. Li, C. B. Jiang, T. Liang, Y. Ma, and H. Xu, Scripta Materialia 48 (2003) 1255. 
9. W. Feng, D. Xiao, Y. Zhang, Y. Yao, Phys. Rev.B 82 (2010) 235121. 
10. D. Rabin, T. Kyratsi,  D. Fuks, Y. Gelbstein,, Phys. Chem. Chem. Phys. 22 (2020) 1566. 

11. W. Al-Sawai, H. Lin, R. Markiewicz, L. Wray, Y. Xia, S.-Y. Xu, M. Hasan, and A. 
Bansil, Phys. Rev.B 82 (2010) 125208. 

12. F. Tran, P. Blaha, Phys. Rev. Lett. 102 (2009) 226401. 
13. H. Lin, L.A. Wray, Y. Xia, S. Xu, S. Jia, R.J. Cava, A. Bansil, M.Z. Hasan, Nat. Mater. 9 

(2010) 546. 

14. R. Kaur, K-H. Kim,A. Deep, Appl. Surf. Sci. 396 (2017) 1303.  

15. H.C. Kandpal, C. Felser, R. Seshadri, J. Phys. D: Appl. Phys. 39 (2006) 776. 
16. A. Zunger, S.-H. Wei, L.G. Feireira, J.E. Bernard, Phys. Rev. Lett. 65 (1990) 353. 

17. C. Jiang, C. Wolverton, J. Sofo, L.-Q. Chen, Z.-K. Liu, Phys. Rev.B 69 (2004) 214202. 

18. P. Blaha, K. Schwarz, G.K.H. Madsen, D. Hvasnicka, J. Luitz, WIEN2k, An Augmented 

Plane Wave + Local Orbitals Program for Calculating Crystal Properties, Karlheinz 

Schwarz, Techn. Universit Wien, Austria, 2001. 

19. Z. Wu, R.E. Cohen, Phys. Rev.B 73 (2006) 235116. 

20. N.A. Noor, N. Ikram, S. Ali, S. Nazir, S.M. Alay-e-Abbas, A. Shaukat, J. Alloys Compd. 

507 (2010) 356. 

21. A. D. Becke, E.R. Johnson, J. Chem. Phys. 124 (2006) 221101. 

22. J.S. Almeida, R. Ahuja, Appl. Phys. Lett. 89 (2006) 061913. 

23. N.A. Noor, W. Tahir, Fatima Aslam, A. Shaukat, PhysicaB 407 (2012) 943. 

24. R. Marazza, D. Rossi, R. Ferro, J. Less-Common Met. 138 (1988) 189. 
25. A Lekhal, F. Z. Benkhelifa, S.Mecabih, B Abbar and B. Bouhafs, Bull. Mater. Sci. 39 

(2016) 195. 

26. Marazza R, Rossi D, Ferro R, J. Less-Common. Met. 138 (1988) 138 189 

27. Hem Chandra Kandpal, Claudia Felser, Ram  Seshadri, Journal of Physics D: Applied 

Physics, 39, 2006. 

28. L.Vegard, Zeitschrift für Physik5 (1921) 17. 

https://en.wikipedia.org/wiki/Lars_Vegard
https://en.wikipedia.org/wiki/Lars_Vegard
https://en.wikipedia.org/wiki/Lars_Vegard
https://en.wikipedia.org/wiki/Lars_Vegard


29. Denton, A.R.; Ashcroft, N.W.  Phys. Rev. A. 43 (1991) 3161. 

30. Singh D, Pandey DK, Singh DK,Yadav RR,  Applied Acoustics 72 (2011) 737. 

31. Kaurav N, Kuo YK, Joshi G, Choudhary KK , Varshney D High-pressure structural 

phase transition and elastic properties of yttrium pnictides. High Pressure Research 28 

(2008) 651. 

32. Wallace DC, Thermodynamics of Crystals. John Wiley Sons, New York (1972). 

33. Born M, Huang K, Dynamical Theory of Crystal Lattices. Clarendon,Oxford (1954). 

34. Yadav R,Singh D, Behaviour of ultrasonic attenuation in intermetallics. Intermetallics, 9 

(2001) 189. 

35. Hill R,The Elastic Behaviour of a Crystalline Aggregate. Proc Phys Soc Lond A 

65(1952) 349. 

36. Voigt W Uber die Beziehung zwischen den beiden Elasticitätsconstanten isotroper 

Körper. Ann Phys 38(1889)  573. 

37. Reuss A, Angew Z, Berechnung der Fliessgrenze von Mischkristallen auf Grund der 

Plastizitätsbedingung für Einkristalle. Math Phys 9 (1929) 49. 

38. Pugh SF, XCII. Relations between the elastic moduli and the plastic properties of 

polycrystalline pure metals. Philos Mag 45 (1954) 823. 

39. Pettifor DG, Theoretical predictions of structure and related properties of intermetallics. 

Mater Sci Technol 8 (1992)345. 

40. Frantsevich IN, Voronov FF, Bokuta SA, Elastic Constants and ElasticModuli of Metals 

and Insulators, Handbook, ed. By Frantsevich IN, Naukova Dumka, Kiev, (1983)60. 

41. Greaves GN, Greer AL, Lakes RS, Rouxel T, Poisson's ratio and modern materials. Nat 

Mater 10 (2011) 823. 

42. Kim K, Lambrecht WRL, Segal B, Electronic structure of GaN with strain and phonon 

distortions. Phys Rev B 50 (1994) 1502. 

43. Kleinman L, Deformation Potentials in Silicon. I. Uniaxial Strain. Phys Rev 128 (1962) 

2614. 

44. Harrison WA, Electronic Structure and Properties of Solids. Dover New York (1989). 

45. Mayer B, Anton H, Bott E, Methfessel M, Sticht J, Intermetallics 11(2003) 23. 

46. D.J. Singh, Phys. Rev. B 82 (2010) 205102. 

47. F. Tran, P. Blaha, K. Schwarz, J. Phys. Condens. Matter 19 (2007) 196208. 

https://en.wikipedia.org/wiki/Physical_Review_A
https://en.wikipedia.org/wiki/Physical_Review_A


48. C. Ambrosch-Draxl, J.O. Sofo, Comput. Phys. Commun. 175 (2006) 1. 

49. F. Wooten, Optical Properties of Solids, Academic Press, New York, 1972. 

50. D.R. Penn, Phys. Rev. 128 (1962) 2093. 

51. N.M. Ravindra, P. Ganapathy, J. Choi, Infrared Phys. Technol. 50 (2007) 21. 

52. V.P. Gupta, N.M. Ravindra, Phys. Stat. Sol. B 10 (1980) 715. 

53. N.M. Ravindra, S. Auluck, V.K. Srivastava, Phys. Stat. Sol. B 93 (2003) 155. 

 


