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ABSTRACT 

We present the results of structural, electronic and mechanical properties of boron arsenide doped with 

nitrogen using density functional theory. The computations were carried out by means of FP-LAPW as 

implemented in Wien2k code. The exchange and correlation was treated by PPE-GGA method. We found that 

BAs.25N.75 could serve as a potential superhard material as it has Vicker’s microhardness value of 40GPa. We have 

discussed the mechanical properties of this alloy combination for the first time and found there is a good agreement 

of structural parameter with the available experimental and theoretical literature. 
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1. INTRODUCTION 

In a recent few decades there has been a lot of attention to develop the superhard material that surpass the 

hardness of diamond. The c-BN is the only second hardest known material. Materials having shorter bond length, 

high bond strength and covalent nature of bonding exhibit high hardness. The superhard materials are applicable 

in polishing tools, abrasives, cutting tools and wear-resistant coating. In general, B, C and N are the ideal dopant 

to enhance the mechanical properties of the compound. There has been a lot of work published in recent years on 

boron rich materials like BC2N, cBN, wBN, B4C, BP, BC, OsB2 and ReB2 exhibiting excellent mechanical 

properties. In our previous study, we found that when nitrogen is doped in boron phosphide its hardness could be 

enhanced more than 40 GPa. So this prompts us to study the effect of nitrogen in boron arsenide. The structural 

parameters are already studied by El Haj Hassan et al. To the best of our knowledge the mechanical properties of 

BAsxN1-x alloy combination has not yet been reported.  

2. COMPUTATIONAL DETAILS  

          The present computations are carried out by means of FP-LAPW method as implemented in Wien2k code 

based on density functional theory. The exchange and correlation effect is treated with PBE-GGA scheme. The 

plane wave cut-off of RMTKMax = 7 has been used, where RMT is the smallest muffin tin sphere radius and kmax is 

being the largest k vector in the plane wave expansion. The RMT of B, P and N are 1.3 a.u, 1.61 a.u and 1.5 a.u 

respectively and are used to minimize the charge leakage and energy. Boron arsenide belongs to the space group 

216 – F4̅ 3m and the position of ‘B’ atom is (0, 0, 0) and ‘As’ atom is (0.25, 0.25, 0.25). K-sampling has been done 

to identify the consistency in total energy and 10 × 10 × 10 k – points has been chosen in the present calculation. 

The self-consistent calculations have been carried out till the difference in the total energy and charge did not 

exceed 0.0001 mRy and 0.001e respectively. Volume optimization is done for each of the alloy combination where 

the initial structure file is generated with experimental lattice parameter reported by. Then a supercell of size 2×2×2 

is generated for each of BP1-xNx alloy combination. Volume optimization and fitting in Birch-Murnaghan equation 

of states gives the optimized lattice parameters for each of  

BP1-xNx alloys. Elast package has been applied to each of BAs1-xNx combination in order to find the respective 

stiffness coefficients namely C11, C12 and C44.  

3. RESULTS AND DISCUSSION 

The band structures and charge density plots of BAs.75N.25, BAs.5N.5 and BAs.25N.75 ternary alloys are 

plotted and are shown in fig. 1(a-c) & 2(a-c).The calculated optimized lattice parameter (aopt), Poisson’s ratio (σ), 

Pugh’s ratio (G/B), Cauchy pressure (C12-C44) and Vicker’s microhardness (HV)value for each of BAsxN1-x 

combination are shown in table 1. 

Fig..1(a-c) Band structures 
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Fig.2 (a-c) Charge density plots of BAs.75N.25, BAs.5N.5 and BAs.25N.75 ternary alloys respectivel 

Table.1. Optimized lattice parameter, hardness, Poisson’s & Pugh’s ratio and Cauchy pressurefor each of 

BAsxN1-x combination. 

BAsxN1-x aopt (Å) HV (Gpa) σ G/B C12-C44 

BAs 4.8076(present), 4.777(exp), 

4.814, 4.81 

31 (present), 

26 

0.12 1.02 -99 

BAs.75N.25 4.6239(present), 4.624 29 0.14 0.95 -92 

BAs.5N.5 4.3775(present), 4.381 34 0.13 0.97 -117 

BAs.25N.75 4.0596, 4.0617 40 0.14 0.95 -145 

BN 3.6270(present) 

3.615(exp), 3.626 

62(present), 64.5, 

63(exp) 

0.12 1.01 -264 

 The analysis of table 1 and graphs reveal that (i) The optimized lattice parameters 

agree very well with that of the existing literature. (ii) Bulk modulus value increases as one move from BAs - 

BAs0.75N0.25 - BAs0.5N0.5 - BAs0.25N0.75 - BN. (iii) In BAs.75N.25 combination, the valence band maximum (VBmax)and 

conduction band minimum (CBmin) are just touch the Fermi energy level and hence it could be metallic.  

 

                   
Fig. 3. (a & b) Various elastic constants of BAsxN1-x alloys for various concentration of nitrogen 
 Where as in BAs0.5N0.5 - BAs0.25N0.75 combination VBmax and CBmin do not cross the EF and hence they lie 

in semiconductor nature. (vi) Covalent nature of BP0.75N0.25,BP0.5N0.5 andBP0.25N0.75 alloys is revealed in their 

respective charge density plots as there are uniformly distributed directional charge density contours that encloses 

B-As-N in fig.2(a & c); whereas in fig.2(b) directional contours are in two layers namely B-As-B…and B-N-B. 

 The calculated elastic constants namely C11, C12, C44, bulk (B), shear (GH) & Young’s modulus (E), Zener 

anisotropy factor (A), Kleinmann parameter (ξ), Cauchy (Ca) and Born (Bo) ratio and B/C44 ratio of BAs1-xNx  alloys 

are presented in fig. 3 and 4. The complete set of three independent elastic constants of cubic system C11, C12 and 

C44 are obtained and they satisfied the required Born’s stability criteria, namely C11> 0, C44> 0, (C11-C12) > 0 [13].  

The linear variation of these Hill elastic stiffness coefficients with the percentage of N stating that C11,C12 and 

C44varies linearly with the increase in the concentration of N. 

 When Young’s modulus (E) is higher for the given material, it is found to be more stiffer. The measure of 

resistance to the reversible deformation under the applied shearing stress gives shear modulus which plays a 

dominant role in predicting the hardness of the material. Hence for the present alloy combinations (table 1), one 

could state that both stiffness and hardness increases from BAs - BAs0.75N0.25 - BAs0.5N0.5 - BAs0.25N0.75 - BN alloys. 

 The ductile-brittle nature of the material could be estimated based on Cauchy pressure (C12-C44), Pugh’s 

criteria (G/B) and Poisson’s ratio (σ) values of the given material.The material is brittle when the Cauchy pressure 
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is negative for directional bonding.  For thepresent BAs1-xNx alloys, Cauchy’s pressure values are 

negative.According to Pugh’s criterion, the material behaves in a brittle manner if the ratio of G/B is > 0.57. For 

the present ternary alloys, this G/B ratio is much greater than 0.57. Hence they are of brittle nature. Poisson’s ratio 

(σ) is an elastic coefficient that provides an insight into the chemical bonding of atoms regarding the variatons of 

bond angle and bond length. When σ < 0.26, the material behaves in a brittle manner, otherwise it is ductile. The 

present ternary alloy combination, one can find that σ values (table 1) are lesser than 0.26 Hence the proposed 

ternary alloys are of brittle nature.   

 The ratio of the bulk modulus to C44 predict the measure of plasticity. Larger values posses excellent 

lubricating properties. Comparatively, this ratio ranges from 0.87 to 0.89 (table 2) in the present ternary alloy 

system which indicates that they may not serve as good lubricants.The Zener anisotropy factor (A),Kleinman 

internal displacement parameter(ξ), Cauchy (Ca) and Born (Bo) ratio for the cubic crystals is calcualted using the 

formula, 

A = 
2𝐶44

𝐶11−𝐶12
, ξ =  

𝐶11+8𝐶12

7 𝐶11+2𝐶12
, Ca = 

𝐶11

𝐶44
  and Bo = 

(𝐶11+𝐶12)2

4𝐶11(𝐶11−𝐶44)
 

 For the present BP1-xNx alloys, values of A range from 1.61 - 1.57 - 1.51 (table 1) which clearly indicates 

that these ternary alloys are of anisotropic nature and the degree of stiffness will vary along the (111) body 

diagonals. The klienmann parameter of ξ =0 indicates no internal displacement and ξ =1 indicates the existence of 

internal displacement alone. For the present ternary alloy combinations of BP1-xNx, ξvalues range from 0.42-0.4-

0.41 shows that the existence of very minute internal displacement. From fig. 3(b), one can find that the Cauchy 

ratio increases from BAs0.75N0.25 - BAs0.5N0.5 - BAs0.25N0.75 ternary alloys where as Born ratio decreases for the 

same order.  

 Like density and refractory index, hardness is a intrinsic property of the given crystal. It is a property of a 

material that enables it to resist plastic deformation/ bending/ scratching/ abrasion/ cutting.R A F de Reaumur [2] 

developed the method of evaluating hardness in the year 1772. The Vicker’s microhardness is calculated by using 

formula [2, 17],HV = 0.92 K1.137 G0.708, where K = G / B. The calculated Vicker’s micro hardness are presented and 

compared with available experimental and theoretical hardness values in table 1 . The hardness value ranges from 

29 GPa, 34 GPa and 40 GPa respectively for BAs.75N.25, BAs.5N.5 and BAs.25N.75 alloys. Since the hardness for the 

BAs.25N.75 is 40 GPa, the alloy could be identified as superhard materials. 

4. CONCLUSION 

 Systematic band structure calculations are carried out on BAs by doping with nitrogen.As far as the doping 

is considered, the ab-initio calculations are carried out for the following alloy combinations namely BAs.75N.25, 

BAs.5N.5 & BAs.25N.75 of which BAs.25N.75 could be superhard based on the Vicker’s micro hardness value that is 

40 GPa. Both stiffness and hardness increases from BAs - BAs0.75N0.25 - BAs0.5N0.5 - BAs0.25N0.75 - BN. The analysis 

of G/B, Poisson’s ratio and Cauchy’ s pressure on BAs.75N.25, BAs.5N.5 & BAs.25N.75 alloysshow that they are brittle 

in nature. The BAs.75N.25 alloy could be a conductor as the VBmaxand CBminare just touches the Fermi level. The 

BAs.5N.5 & BAs.25N.75 alloys have direct band gap whereas their parent compounds BP and BN have indirect band 

gap. 
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