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ABSTRACT 

 

Using the plasma oscillation theory of solids, two empirical relations have 

been proposed for the calculation of the ground state properties such as cohesive 

energy (ECoh in kcal/mol.) and bulk modulus (B in GPa) of Magnesium, Calcium, 

Strontium and Barium chalcogenides with NaCl (B1) structure, except MgTe, which 

has the wurtzite structure. We find that ECoh =D(ћωp)0.667 and B=S(ћωp)2, where D and 

S are constants. The numerical values of D and S are 117.73 and 0.276, respectively, 

for these materials. The cohesive energy (ECoh in kcal/mol.) and bulk modulus (B in 

GPa) of Magnesium, Calcium, Strontium and Barium chalcogenides exhibit a linear 

relationship when plotted on a log-log scale against the plasmon energy ћωp (in eV), 

but falls on a straight line. We have applied the proposed empirical relations on rock-

salt (RS) structured binary solids and found a better agreement with the experimental 

data as compared to the values reported by earlier researchers. 
 

PACS Nos: 71.15.Nc, 71.20.Nr, 78.55.Et. 
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1.  INTRODUCTION 

 

In recent year increasing attention has been given towards the study of the 

chalcogenides of Magnesium, Calcium, Strontium and Barium of crystallize in the rock-salt 

NaCl (B1) structure except MgTe, which has the wurtzite structure, and are very exciting 

materials due to their great technological importance which range from catalysis to micro-
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electronics. II-VI group chalcogenides (MgO, MgS, MgSe, CaO, CaS, CaSe, CaTe, SrO, SrS, 

SrSe, SrTe, BaO, BaS, BaSe & BaTe) have attracted increasing interest due to their potential 

applications in light emitting diodes (LEDs) and laser diodes (LDs). Alkaline earth 

chalcogenides are technologically important materials with many applications ranging from 

catalysis to microelectronics and in the area of luminescent and magneto-optical devices1-6. 

Alkaline earth chalcogenides compound form a closed-shell ionic system crystallizing in the 

NaCl-structure at normal conditions. Under high pressure, prior to metallization, they undergo 

a first order structural phase transition to CsCl-structure7. Semiconductor alloys, which are 

solid solutions of two or more semiconducting elements, have important technological 

applications; especially in the manufacture of electronic and opto-electronic devices8. Opto-

electronic properties of semiconductors alloys are essential in the design and analysis of 

devices mentioned above, the electronic energy levels, refractive index and the optical 

dielectric constants of the material of interest have to be known as a function of composition 

and wavelength. A phenomenon of interest in these compounds is metallization, which occurs 

after first order phase transition by increasing the pressure further studies reveal that the 

lowering of the d-like conduction band relative to the p-like valence band results in band 

overlap under high pressure, which is the common reason of  metallization of these compounds 

[9]. Most of the theoretical approaches predict that the metallization phenomenon through band 

overlap by using by using different methods of ab-initio calculations such as linearized 

augmented plane wave (LAPW) method by Wei and Krakauer10 for Barium chalcogenides, 

augmented-spherical wave method within local density approximation (LDA-ASW) by 

Carlsson and Wilkins11 for BaS, BaSe and BaTe, tight binding linear muffin tin orbital 

(LMTO) by Kaplana et al.12. Madu and Onwuagba13 have studied the electronic and structural 

properties of MgS, CaS, SrS and BaS using first principal Full Potential Linearized Augmented 

Plane Wave (FP-LAPW) method. 
 

A considerable amount of experimental and theoretical work has been done during the 

last few years on the cohesive energy and bulk modulus of these semiconductors and 

insulators. A modern computational method has made it possible to study the structural, 

mechanical and optical properties of a wide variety of molecules and solids in great detail.  

There are however, instances where this level of detail either cannot be easily attained because 

of the complexity of the system or is not needed, as when studying broad trends in the behavior 

of a large set of the systems. Empirical concepts such as valence, empirical radii, electro-

negativity, ionicity and plasmon energy are then useful14,15. These concepts are directly 

associated with the character of the chemical bond and thus provide means for explaining and 

classifying many basic properties of molecules and solids. We therefore feel, it would be of 

interest to give an alternative explanation for bulk-modulus and cohesive energies of II-VI 

group tetrahedral coordinated semiconductors with rock-salt structure. In this paper we 

propose a method based on a plasma oscillation theory of solids for the calculation of ground 

state properties such as cohesive energy and bulk-modulus of these compound semiconductors. 

It is now well established that the plasmon energy of a metal changes16,17, when it undergoes a 

chemical combination and form a compound. A plasmon is a collective excitation of the 
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conduction electrons in a metal with energy ћωp, which depends on the density of electrons in 

conduction band. This is due to the fact that the plasmon energy depends on the density of 

electrons in the conduction band and effective number of valence electrons, which changes, 

when a metal forms a compound. In the past few years, a number of theoretical calculation 

based on empirical relations have become an essential part of material research. Because ab-

initio calculations are complex and required significant effort, the number of publications of 

empirical calculations has increased exponentially every year. The empirical relations have 

become widely recognized as the method of choice for computational solid state studies, in 

modern high-speed computer techniques, they allow research to investigate many structural 

elastic, physical and electronic properties of materials only by computation or simulation 

instead of many metal and semiconductor materials have been studied by empirical 

calculations18-21.  

Many researchers22-28 have developed various theories and calculate the micro-

hardness, heat of formation, bulk modulus, cohesive energy, lattice parameter, average energy 

gap, ionic gap, ionicity, for alkaline earth chalcogenides. In the previous work29,30, we have 

studied the electronic, optical and mechanical properties such as average energy gap, ionic 

gap, ionicity, electronic polarizability, bulk-modulus, cohesive energy, microhardness and 

static dielectric constants for binary compound semiconductors using the modified Phillips and 

Van Vechten’s (PVV) dielectric theory of solids. Recently, author31-34 presented empirical 

relations for the bulk modulus and cohesive energy of II-VI and III-V group binary solids with 

zinc-blende structure. In many cases empirical relations do not give highly accurate results for 

each specific material, but they still can be very useful. In particular, the simplicity of empirical 

relation allows a broader class of researchers to calculate useful properties, and often trend 

become more evident. Therefore, we thought it would be of interest to give two empirical 

expressions for some ground state properties such as cohesive energy and bulk modulus of 

Magnesium, Calcium, Strontium and Barium chalcogenides in rock salt structure.  

 

2. THEORY, RESULTS AND DISCUSSION 
 

A metallic crystal may be described as an assembly of immediate positive ion cores 

and conduction electrons that are nearly free to move over the whole of the crystal. The 

condition of charge neutrality is maintained because of the balance struck between the negative 

charge on electrons in the conduction band and an equal concentration of positive charge on 

ion cores. Thus a metal serves as a good example of plasma. A random motion may be a 

momentary fluctuation in the equilibrium position of an electron, caused by the average 

electrostatic field of all other electrons. The position fluctuation would create a charge 

imbalance in the region of that electron, as a result of which other electrons would rush into 

that region in order to restore the condition of charge neutrality. At any finite temperature, 

electrons being very light particles move with fairly large speed relative to ions which we 

consider to be at rest. The electrons rushing into the region of the electron that suffered a 

fluctuation in its equilibrium position are unable to stop at the desired positions and overshoot 

their mark on account of the large kinetic energy which by the way represents the total energy 
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there. As soon as the energy goes totally electrostatic, electrons turn around and attempt again 

to approach the wanted locations in the region of the misbehaving electron. The repetition of 

this process constitutes the collective oscillatory motion. The energy of a quantum of plasma 

oscillations of the valence electrons in both metal and compound is given by the relation36- 

          ћωp = 28.8 (Neff.d/M)1/2                 (1) 

where Neff- is the no. of effective electrons taking part in the plasma oscillations, d- the density 

and M- the molecular weight. Equation (1) is valid for free electrons but it is also applicable 

for semiconductors and insulators, upto a first approximation. Philipp and Ehrenreich37 and 

Raether38 have shown that the plasmon energy for semiconductors and insulators is given by- 

      ћωpd = ћωp / (1-δε0)1/2                       (2) 

where 0 is a very small correction term to the free-electron plasmon energy ћωp and can be 

neglected to a first approximation. Philipp and Ehrenreich37 have shown that the calculated 

values of ћωp and ћωpd are in fair agreement with their observed values of plasma energy in 

dielectrics. It has also been pointed out by Kittel39 that the plasmon oscillations in dielectrics 

are physically the same as in metals. Presently, Srivastava40-42 has studied electronic properties 

for rock-salt, CsCl, diamond and zinc-blende structured solids in term of plasmon energy ћωp 

(in eV) by the following relation-                               

                   d = K (ћωp)-s                     (3)                                            

Where d is the nearest-neighbor distance between atoms A and B in A0 and K & S are numerical 

constants which depends upon the structure of the compounds semiconductor. In this paper we 

extend the calculation of the cohesive energy and bulk modulus reported earlier in case of 

rock-salt structured solids. The values obtained for these parameters are in better agreement 

with the values reported by earlier researchers. 

  

2.1  Cohesive Energy 

 

Agrawal et al.,43 have used Vander Waal’s coefficients to calculate the cohesive 

energy per mole for II-VI group chalcogenides with rock-salt structure. The cohesive energy 

of an ionic crystal can be expressed as-   

        MRCcE                         (4) 

where Фc, ФR and ФM are the potential terms due to electrostatic energy, repulsive potential 

and the three body potential respectively.  

Aresti et al.,44 have studied the cohesive energy of zinc blende solids and proposed an 

empirical relation for cohesive energy in term of nearest-neighbor distance (d) as follows-    

)}(/)(1){,()( IVEIERdBIVEE CohCohCohCoh          (5) 

Where Ecoh (IV) is cohesive energy of purely covalent crystals and B (d, R) is new parameter 

depending on the d and R.  
 

dBdRkIVERdB Coh /)()()(),(   

)4/exp()( 5.0ZCRk         
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Where C is constant, which depends the rows and Z =Z (A) + Z (B), atomic number of the 

atom A and B. Presently,45-52 much type of theoretical approach have been reported to 

determine the value of the cohesive energy of the solid state compounds. H Schlosser28,49 has 

studied the cohesive energy trends in the rock-salt structure in term nearest-neighbor distance 

using the following relation as-  

               ECoh = Const/d                           (6) 

Recently, Verma et al.,49 has studied the cohesive energy of rock-salt and zinc blende 

structured binary solids and proposed an empirical relation for cohesive energy in term of 

product of ionic charge and the nearest neighbor distance (d) as follows-  

                ECoh = Const (Z1Z2)Ad-S              (7) 

where A & S are numerical constant, which depends on the structure of solids. To get better 

agreement with experimental and theoretical data for rock-salt type crystal structure 

compounds. Using the plasma oscillations theory of solids50-52, Schlosser H. relation (6) may 

be extended to-    

                ECoh = D(ћωp)0.667                          (8) 

Where D is constant which depending upon the crystal structure and ћωp is the plasma energy 

of the materials. The constant D has values 117.73 for II-VI group binary solids in rock salt 

structure.  

 

2.2.  Bulk-modulus 
 

The bulk-modulus defines its resistance to volume change when compressed. Both 

experimental and theoretical results suggest that the bulk modulus is a critical single material 

property to indicate hardness. Presently,45-47,54 many theoretical approaches have been reported 

to determine the value of the bulk modulus of solid state compounds. Cohen55 predicted that 

the zero-pressure isothermal bulk-modulus B in term of nearest neighbor distance d (in A0) for 

rock-salt type crystal structure compounds might be expressed as-  

          B = Const /d3                         (9) 

The relation of bulk-modulus and geometrical properties of diamond and zinc-blend (ZB) has 

previously been investigated by Cohen55 and Lam et al.,56. Lam et al., deduced an analytic 

relation of bulk moduli to lattice parameters within the local-density formalism and the pseudo-

potential approach56-  

    B = 1971 d-3.5 – 408 (∆Z)2 d-4                      (10) 

Where ∆Z = 1 and 2 for III-V and II-VI semiconductors. To get better agreement with 

experimental data as compared to the theoretical values for alkaline earth chalcogenides, we 

may extend the relation (9) in term of plasma energy in the following form-   

                B = S(ћωp)2                                      (11)                                       

Where S is the constant and has values 0.276 for II-VI group of binary compounds 

semiconductor in rock salt structure. A detailed discussion of cohesive energy and bulk 

modulus for these compounds semiconductor has been given elsewhere28, 49-53,55-58 and will not 

be presented here. Using Eqns. (8) & (11), cohesive energy and bulk modulus for alkaline earth 

chalcogenides have been calculated. The results are presented in Table-1.The calculated values 
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are in good agreement with the experimental data as compared to the theoretical values 

reported by earlier researchers13, 27,59-66. We have plotted between log B versus log (ћωp) and 

log ECoh versus log (ћωp) for Magnesium, Calcium, Strontium and Barium chalcogenides; 

which are presented in figures 1–2. From these figures, it is quite obvious that the bulk modulus 

and cohesive energy trends in the compounds increase with increasing the plasma energy of 

these materials and lies on the straight line. Thus, it is possible to predict the order of bulk 

modulus and cohesive energies of semiconducting compounds from their plasmon energies. 
 

Table -1: The present calculated values of cohesive energy and bulk modulus of Magnesium, 

Calcium, Strontium and Barium chalcogenides  
 

 

II-VI 

Solids 

 

ћωp 

Eq. (1) 

Cohesive Energy (Ecoh in Kcal/mole) Bulk modulus (B in GPa) 

Calc. 

Eq. (8) 

Expt. 

[27] 

Theo. 

[27]  

Calc. 

Eq. (11) 

Expt. 

[13, 64-66] 

Theo. 

[59-63]  

MgO 24.27 988 932 1002 162.57 165 162 

MgS 18.28 818 896 816 92.22 52.20 74.20 

MgSe 16.45 762 780 726 74.68 47.0 64.70 

CaO 19.61 857 839 871 106.13 111 114 

CaS 15.16 722 764 715 63.43 64 65.20 

CaSe 14.11 688 726 664 54.94 51 56.20 

CaTe 13.89 680 679 616 53.24 42 39.60 

SrO 17.35 790 796 811 83.08 89 86 

SrS 14.32 695 720 652 56.59 58 46.90 

SrSe 13.21 658 693 625 48.16 --- --- 

SrTe 12.20 624 667 587 41.07 40 36 

BaO 15.73 740 786 756 68.29 72.20 68.03 

BaS 12.90 648 679 632 45.92 39.42 44.80 

BaSe 12.32 628 660 589 41.89 43.4 40 

BaTe 11.33 594 629 553 35.42 29.4 35.68 
 

  
Fig. -1. Plot of Cohesive energy versus plasmon  Fig.2: Plot of Bulk modulus versus plasmon 

energy of alkaline earth chalcogenides  energy of alkaline earth chalcogenides 

 

3. CONCLUSIONS 

 

In the proposed models, calculations are simple, fast and more accurate; in regards of 

the application point of view it can be highly dependent. The only information needed 

calculating cohesive energy and bulk modulus by proposed approach is Plasmon energy and 
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evaluated values are in good agreement with experimental data as compared to empirical 

relations proposed by previous researchers [28, 50-54]. We come to the conclusion that 

Plasmon energy of any compound is key parameter for calculating the optical, electronic and 

mechanical properties. It is natural to say that this model can easily be extending to complex 

crystals for which the work is in progress and will be appearing in forthcoming paper. 
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