
 
Copyright ©Salah Daoud. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted 

use, distribution, and reproduction in any medium, provided the original work is properly cited. 
 

 

International Journal of Physical Research, 8 (1) (2020) 8-13 
 

International Journal of Physical Research 
 

Website: www.sciencepubco.com/index.php/IJPR  

 

Research paper  

 

 

 

Structural and elastic properties, Vickers hardness and  

Debye temperature of (B1) BP: DFT study 
 

Salah Daoud* 

 
Laboratory of Materials and Electronic Systems (LMSE), Faculty of Sciences and Technology, Mohamed Elbachir El Ibrahimi Bordj 

Bou Arreridj University, 34000 Bordj Bou Arreridj, Algeria 

*Corresponding author E-mail:salah_daoud07@yahoo.fr 

 

 

Abstract 
 

A theoretical study of the structural parameters and elastic constants of boron phosphide (BP) compound with cubic rocksalt structure 

has been carried out using ab-initio density functional theory (DFT) and density functional perturbation theory (DFPT) calculations 

based on the plane-wave and pseudopotential (PW-PP) approach. Elastic anisotropy factors, Cauchy pressure, inverted Pugh’s ratio, ag-

gregate mechanical moduli (shear modulus, Young's modulus and Poisson's ratio), Vickers hardness HV, elastic wave velocity as well as 

the Debye temperature θD and the melting point have been also calculated. Our obtained results are in general in good agreement with 

other data of the literature. The deviation between our obtained value (4.225 Å) of the lattice constant and the theoretical value (4.282 Å) 

of the literature is around 1.33%, while that between our obtained value (169.7 GPa) of the bulk modulus and the theoretical one (171 

GPa) is only around 0.77%. The calculated values of HV and θD were found at around 30.5 GPa and 1254 K (1314.4 K), respectively. 
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1. Introduction 

Recently, group III-V semiconducting compounds have attracted a great deal of attention [1–13] anticipating fabrication of important 

electronic devices [1]. Among III-V semiconducting compounds, boron phosphide (BP) is classified as a refractory material. Electroni-

cally, boron phosphide has resemblance with silicon carbide (SiC) semiconducting compound. Like boron arsenide (BAs) and boron 

antimonide (BSb) semiconducting materials, BP shows also a strong covalent nature and exhibits an unusual behavior due to small core 

and absence of p electrons in the core of boron atom compared to some other III–V semiconducting compounds [1]. 

El Haj Hassan et al. [2] have studied the structural parameters, the elastic constants and electronic properties of cubic zinc-blende boron 

based compounds (including BP semiconducting material) using the full-potential augmented plane-wave (FP-LAPW) method. They are 

also investigated the elastic constants of cubic rock-salt phase of BN, BP, BAs and BSb binary materials. In addition, they discussed the 

bonding parameter in terms of charge density, which suggests that the bonding of BP, BAs and BSb are less ionic than in other 

zincblende compounds (BN, GaN, AlN…etc). They found also that BP semiconducting material transforms from the zinc-blende (B3) 

phase to rock-salt (B1) one at pressure 128 GPa; while Arbouche et al. [5] found that the first order transition is from B3 phase to NiAs 

at pressure of around 133.26 GPa. 

Varshney et al. [9] have investigated the structural phase transition under high pressure, elastic constants and thermodynamical properties 

of some III–V (BN, BP, and BAs) semiconducting compounds in cubic zincblende and rock-salt phases by formulating an effective inter-

ionic interaction potential. They found that BP transforms from the (B3) structure to (B1) phase at pressure of 160 GPa, while the pres-

sure of the transformation in BAs was found at around 110 GPa. 

More recently, in our previous work [13], the structural parameters and the elastic constants of cubic rock-salt phase BP material were 

investigated using plane wave-pseudopotential (PW-PP) approach in the framework of the density functional theory (DFT) and the densi-

ty functional perturbation theory (DFPT) with the generalized gradient approximation (GGA). We are also investigated the sound veloci-

ty, the Debye temperature as well as the melting temperature. 

Elastic constants of materials are fundamental and indispensable to describe their mechanical properties. They are used to determine 

several aggregate mechanical moduli, especially: the bulk modulus B, Young’s modulus E, shear modulus G, Poisson’s ratio ν, elastic 

anisotropy factor, and Cauchy pressure of materials. These aggregate mechanical moduli are usually used also to investigate the elastic 

wave speed, the Debye temperature and sometimes the melting point. It is very obvious that the elastic constants play an important role 

in determining the strength of the materials [14]. Furthermore, Pugh [15] has introduced the ratio between the shear modulus and the 

bulk modulus (G/B) to distinguish the ductile/brittle behaviors of aggregate polycrystalline pure metals. A high (low) G/B value is corre-

lated with the brittleness (ductility) of the pure metals. 

In the present work, we compute the structural parameters, the elastic constants and some other physical quantities of B1-BP material 

using the PP-PW approach with the local density approximation (LDA) in the framework of the DFT and the DFPT. 

http://creativecommons.org/licenses/by/3.0/
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2. Computational method 

The structural parameters and the elastic constants calculated here were carried out using ABINIT computer code [16]. This software is 

based on the PP-PW approach in the framework of the DFT and the DFPT. The Troullier-Martins type pseudopotentials [17], which have 

been generated thanks to the FHI98PP code [18] were used to describe the interactions between the valence electrons and the nuclei and 

core electrons, while the exchange-correlation energy term was evaluated using the local density approximation (LDA) [19]. The total 

energy Etot was found converged near the energy cutoff of 80 Hartree (figure 1(a)). The Brillouin zone was sampled by 12x12x12 (corre-

sponding to 280 nkpt, as shown in figure 1(b)) Monkhorst and Pack mesh of k-points [20]. Careful convergence tests show that with 

these two optimal values, the relative energy is converged to better than 10−6 Hartree. 
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Fig. 1: Scatter Plot of Data, Plus Exponential Fitted Straight Line of Etot versus Energy Cutoff and Number of K-Points of BP Compound with B1 Phase. 

3. Results and discussions 

3. 1. Equilibrium structural parameters 

To obtain the static properties of boron phosphide (BP) in cubic rock-salt (B1) phase, we calculated the total energies at about eight dif-

ferent volumes and fitted them with an equation of state. The obtained total energies of boron phosphide in (B1) phase are plotted for 

different Wigner-Seitz volumes in figure 2. The choice of the equation of state, in particular the Murnaghan or Birch equations does not 

change the calculated structural properties within the desired accuracy [21]. Therefore, only Murnaghan's equation of state is usually 

employed; it is expressed as follow [6]: 
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Where B0 is the bulk modulus (considering as the resistance to fracture) given at P = 0, V0 is the equilibrium cell volume, E (V0) is the 

energy corresponding to equilibrium cell volume, and B0′ is the pressure derivative of the bulk modulus. 
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Fig. 2: Total Energy Variation with the Unit Cell Volume of Rock-Salt (B1) Phase of BP Compound. 

 

The obtained equilibrium values of a0, B0, and B0′ are given in Table 1, and compared with other theoretical data [4], [5], [8] and [13]. In 

general, our calculated values of a0, B0 and B0′ are agreed with other theoretical data [4], [5], [8] and [13]. The deviation between our 

calculation (169.7GPa) of B0 and the theoretical one (171 GPa) reported by El Haj Hassan et al. [2] is only about 0.77%. It can be seen 

that our value (3.82) of B0′ is slightly higher than the previous theoretical results 3.32 (3.6) and 3.58 reported by Meradji et al. [4], and 

Arbouche et al. [8], respectively, and slightly lower than our previous value 4.64. So our present value (3.82) of B0′ is localized between 

these different theoretical data.  
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Table 1: Equilibrium Lattice Constant A0, Bulk Modulus B0, and Its Pressure Derivatives B0′of BP With Rock-Salt Structure, Compared to Other Theo-

retical Data of the Literature., a LDA, b GGA, c PP-PW, d LMTO 

Parameter

 

a0 (Å) B0 (GPa) B0′ 

This work 4.225 169.7 3.82 

Ref. [4]a 4.268 177 3.32 

Ref. [4]b 4.332 161 3.60 
Ref. [5] b 4.32 177.2 3.58 

Ref. [8]c 4.30 152 - 

Ref. [8]d 4.27 176 - 
Ref. [13] b 4.282 148.4 4.64 

 

There are several different ways to estimate the melting point Tm of material. For materials with cubic structure (cubic primitive (cP), 

cubic close packed (CCP), face-centered cubic (FCC),…etc), the melting point Tm correlates with the bulk modulus B as follow [22]: 

Tm= 607 + 9.3B, where the bulk modulus B is expressed in GPa, while the melting point Tm is expressed in K. Replacing our value 

(169.7 GPa) of the bulk modulus B in the previous expression, the melting point Tm of B1-BP was theoretically estimated at around 

2185.2 K, which is slightly lower than the theoretical value 2482 ± 300 K obtained from the elastic constant C11 reported in our previous 

work [13].  

In the following part, we therefore concentrate on the bulk modulus, and the normalized volume (Vp/V0) of B1-BP under pressure. The 

bulk modulus B is defined as the derivative of pressure P with respect to volume V, it is given by the following expressions [21] 

 

( ) ( ) ( )22 // VEVVPVPB =−= (2) 

 

Usually under the application of large hydrostatic pressure, the concept of the nonlinear terms in elastic properties is used, but for many 

technological applications, it is sufficient to consider only the linear terms, the bulk modulus can be approximately given as follow [21] 

:B (P)≈ B0 + B0′P. So, the pressure dependence of the bulk modulus B of BP in B1 phase, it is given by the following expression: B (P) = 

169.7 + 3.82P. The variations of the bulk modulus B (P) of B1-BP compound versus the pressure P are plotted in figure 3. 
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Fig. 3: Bulk Modulus Variation with the Hydrostatic Pressure of BP Compound with Rock-Salt Phase. 

 

Under compression, several models were proposed to relate the pressure and the volume (P-V) data. First one the third-order Vinet EOS, 

which is expressed as follow [13]  

 

P = 3B0 (
1−fV

fV
2 ) exp [

3

2
(B′

0 − 1)(1 − fV)](3) 

 

WhereB0is the bulk modulus, B0′ is the pressure derivative of the bulk modulus,fV is expressed as follow: fV = √V/V0
3

, V0is the volume 

at zero-pressure (the equilibrium volume), and V is the volume at pressure P, respectively.  

The changes of the pressure P can be obtained through the volumes using to the following expression [6]  
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Reciprocally to Eq. (4), the normalized volume (Vp/V0) can be written as a function of pressure P as follow: 

 

V/V0 = (1 +  (B′
0/B0)P)−1/B′

0(5) 

 

Replacing our obtained values of the equilibrium volume V0, the bulk modulus B0 and the pressure derivative of the bulk modulus B0′ in 

Eq. (5), the values of the normalized volume (Vp/V0) versus pressure P are calculated. Aiming to compare the compressibility behavior, a 

comparison of the results obtained here, along with the theoretical ones reported by Arbouche et al. [5], and our previous work [13] using 

the GGA are plotted in Fig. 4. From curves of figure 4, we observe clearly that Vp/V0 of BP compound with rock-salt phase decreases 

with increasing of pressure. It is started with the value 1 at zero pressure, and it reaches the value of around 0.734 at 100 GPa, which is 

slightly higher than the theoretical ones 0.704 and 0.716 reported by Arbouche et al. [5], and our previous work [13], respectively. 
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Fig. 4: Normalized Volume (Vp/V0) Versus Pressure for BP Compound with Rock-Salt Phase. 

3.2. Elastic constants and related parameters 

The elastic constants of materials are of interest, because they give information on the nature of the binding forces in solids. They are 

also used to predict some thermal properties of solids (such as the Debye temperature θD and the melting temperature Tm).For crystals 

with cubic structures, only three elastic constants are distinguished (C11, C12 and C44) [23-27]. The elastic constants were obtained here 

using the DFPT. For more detail on the calculation of the elastic constants using the DFPT, please see for example our previous works 

[13], [26]. The obtained values of C11, C12 and C44 for BP material with B1 phase are given in Table 2, and compared with other theoreti-

cal data [2] and [13]. For a three-dimensional cubic solid the stability conditions can be expressed in terms of the elastic stiffness coeffi-

cients of the substance as: C11 + 2C12> 0 C44> 0, C11− C12> 0 [28]. The elastic constants at zero pressure of BP material with B1 phase 

obey these mechanical stability conditions, including that C11 must be higher than C12.  

It is observed that our obtained values of C11 and C44 are slightly higher than the previous theoretical results reported by El Haj Hassan et 

al. [2], and Daoud [13], while our obtained value of C12 is slightly lower than the previous theoretical results reported in Refs. [2], [13]. 

Except the data reported in Refs. [2], [13], to the best of my knowledge, there are no other data available in the literature on the elastic 

constants for BP compound with B1 phase. In cubic crystals, the bulk modulus B and the isotropic shear modulus G are expressed as a 

function of the elastic constants Cij as follows [26]:  

 

B = [(C11+2C12)/3], and G = (GV+ GR)/2, where GV = (C11- C12+ 3C44)/5, and (5/GR) = [(4/(C11-C12)) + (3/C44)](6) 

 

Our calculated values of B and G are given in Table 2, along with other theoretical data [2], and [13]. In cubic crystals, the elastic anisot-

ropy factor S and the Zener anisotropy factor A are usually used to describe the degree of the elastic anisotropy in materials [27]. They 

are given as a function of the elastic constants Cij as follows [27] 

 

S = [1/(C11- C12)]- [1/(2C44)], and A = [2C44/(C11- C12)] = C44/C’(7) 

 

Where C’ = (C11- C12)/2 is the tetragonal shear modulus.  

Our calculated values of C’, S and A of single crystal BP with B1 phase are: 190.5 GPa, 0.09 x 10-2 GPa-1 and 1.54, respectively. Our 

calculated values of S and A are given in Table 2. The calculated S and A indicate that BP with B1 phase is elastically anisotropic. To the 

best of our knowledge, there are no other data available in the literature on the S and A for single crystal BP with B1 phase.  

The Cauchy pressure Cp (Cp = C12 - C44) and the inverted Pugh’s ratio (k-1= B/G, where B is the bulk modulus and G is the isotropic shear 

modulus) are two indicators of ductility of materials, they are often used to evaluate the ductile-brittle nature of materials. The negative 

value of Cp implies the brittle manner of a compound, while the positive value of Cp implies the ductile behavior. In other hand,material 

having small inverted Pugh’s ratio implies its tendency to the brittleness, while for large inverted Pugh’s inverted; the material tends to 

be ductile [27]. The Cauchy pressure Cp and inverted Pugh’s ratio (k-1= B/G) of BP with B1 phase are estimated at around -248 GPa and 

0.70, respectively. They are also summarized in Table 2. The values of the Cauchy pressure and the B/G ratio show a brittle manner for 

the BP with B1 phase. 

The Young modulus E and the Poisson's ratio σ are usually expressed as function of the bulk modulus B and the isotropic shear modulus 

G as follow [13]: E = 9BG/(3B + G), and σ = (3B - 2G)/(6B + 2G). Our calculated values of E and σ of BP aggregate polycrystalline 

material are 502.14 GPa and 0.02, respectively. They are also summarized in Table 2, along the results obtained in Ref. [13]. 

 
Table 2:Elastic Constants Cij (in GPa), Bulk Modulus B (in GPa), Shear Modulus G (in GPa), Tetragonal Shear Modulus C’ (in GPa), Inverted Pugh’s 

Ratio (B/G), Young’s Modulus E (in GPa), Elastic Anisotropy Factor S (in 10-2 GPa-1), Zener Anisotropy Factor A, Cauchy Pressure Cp (in GPa), and 

Poisson's Ratio σ of Boron Phosphide with Rock-Salt Structure, Compared to Other Theoretical Data [2], [13] 

Parameter

 

C11 C12 C44 B G C’ B/G E S A Cp σ 

This work 427 46 294 173 247.06 190.5 0.70 502.14 0.09 1.54 -248 0.02 

Ref. [2] 341 86 248 171 - - - - - - - - 

Ref. [13] 326.4 68.2 274.9 154.25 202.97 - - 423.26 - - - - 

 

There is considerable interest in the effect of mechanical stresses resulting from crystal growth and device processing on the behavior 

and reliability of semiconductor devices [29]. The direction dependence of the single crystal Young’s modulus E can also used to de-

scribe the elastic anisotropy of our material of interest, it can be obtained using the following formula [27, 30], 
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Where α, β, and γ in Eq. (8) denote the direction cosines of the tensile stress direction, sij are the elastic compliance constants, and β1 is 

functional of sij, it is expressed as follow [30]:β1 = (2s11 - 2s12 - s44). The elastic compliance constants s11, s22, and s44 are related to the 

elastic stiffness constants C11, C22, and C44 as follow [29, 31]: 

 

s11= (C11 + C12)/(( C11 - C12)x(C11 + 2C12)), s12= - C12/(( C11 - C12)x(C11 + 2C12)), ands44= 1/C44(9) 

 

The numerical values of sij and β1 of B1-BP are: s11 = 0.00239 GPa−1, s12 = -0.00023 GPa−1, s44 = 0.0034 GPa−1, and β1 = 0.00185 GPa−1, 

respectively. The maximum and minima values of E (Emax and Emin) are strongly depend to the value of β1. If β1> 0, the maximum and 

minima values of E are expressed as: Emax = 3/(s11 + 2s12 + s44), and Emin = 1/s11. The details of the present procedure can be found in Ref. 

[27]. The estimated values Emax and Emin of the Young’s modulus are equal to: 563.05 and 418.05 GPa, respectively. The result of 

Emax/Emin ratio obtained in this work for BP with rock-salt structure is around 1.35.  

The Vickers hardness HV measurement is one of the most techniques used in to characterize the solids [27]. The hardness is very sensi-

tive to structure, dislocations and other defects existing in the solids. As mentioned in Ref. [27], many attempts have been made to corre-

late hardness with other physical properties for a wide range of materials. Through the empirical formula, the Vickers hardness HV and 

the Young modulus E are related by [32]: HV = 0. 0607E. Replacing our obtained value (502.14GPa) of E in this formula, the calculated 

value of the Vickers hardness HV of rock-salt BP is found at around 30.5 GPa. This value of HV is in excellent agreement with the exper-

imental Knoop microhardness values 32 GPa and Vickers hardness 31 GPa of cubic-zincblende phase reported by Adachi [29], and Bra-

zhkin et al. [33], respectively. Unfortunately, to the best of our knowledge, there are no data available in the literature on HV for BP com-

pound with B1 structure. 

3.3. Sound velocity and Debye temperature 

In this section of the present research, we therefore concentrate on the sound velocity speeds and the Debye temperature θD of B1-BP. 

Usually, after predicting the elastic constants of several solids, it is possible to calculate some other related parameters such as elastic 

wave speed, melting point, and Debye temperature. This later is not only a direct characterization of atomic force but also closely related 

to the atomic interaction potential energy [34].Two types of sound waves in anisotropic materials were distinguished, longitudinal and 

shear (transverse) waves. These two types of sound waves can be obtained if the elastic constants and crystal density of a solid are known 

[23]. The longitudinal vl, transverse vt, and average vm sound velocities of BP compound with B1 structure are also calculated, the details 

of calculation are described in our previous work [26]. At low temperature, the Debye temperature θD, can be obtained from the sound 

velocities. For materials with cubic-zincblende phase (valuable also for materials with cubic rock-salt phase), the Debye temperature θD, 

can be obtained from the lattice parameter a (in Å) and the average sound velocity vm (in km/s) using the following equation [26]:  

 

θD≈ (595.467)vm /a(10)

 
 

The calculated values of vl, vt, vm and θD of BP compound with B1 structure are found at around 11.684, 8.194 8.895 km/s, and 1254 K, 

respectively. The calculated values of vl, vt, vm and θD are slightly higher than the values 10.965, 7.579, 8.244 km/s, and 1147 K, respec-

tively reported in our previous work [13]. In the cubic system, a semi-empirical expression related the Debye temperature and the elastic 

constants of crystal has been established by Blackman [35], it is given as follow: 
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Where: kB is the Boltzmann constant (kB = 1.38062 x 10-23 J.K-1), h is the Planck's constant (h = 6.62617 x 10-34 J.s), n is the number of 

atoms in unit cell of volume va and ρ is the crystal density. The calculated values of the Debye temperature of BP compound with B1 

structure was found at around 1314.4 K. This value of θD is slightly higher than the values 1254 and 1147 K obtained from Eq. (10) and 

reported in our previous work [13], respectively.  

Another empirical formula was applied successfully by Siethoff [36], it is given by the following expression: 

 

( )( ) ( ) ( )1/21/3

4411

1/2

12114444

1-1/6

sD CC-CC-CCCaMnCθ 3/2/ 12 += − (12) 

 

Here Cs is a constant (Cs = (26.05 ± 0.81) K (m kg N-1)1/2), n is the number of atoms in the unit cell, a is the lattice parameter, and M is 

the atomic weight of the element (for compounds, M is the weighted arithmetical average of the masses of the species).  

Based on the formula of Eq. (12), the calculated value of ΘD was estimated at about 1310.2 K, it is excellent agreement with the value 

1314.4 K obtained from Blackman’s formula [35], the deviation between these two values is only around 0.32%. Except the results re-

ported in our previous work [13], to the best of my knowledge, there are no other data available in the literature on the sound velocity and 

the Debye temperature for BP compound with B1 structure. 

4. Conclusion 

In the present work, we employed the PW-PP approach in the framework of the DFT and the DFPT to investigate the structural parame-

ters and elastic constants of cubic rock-salt BP compound. The structural parameters values obtained in this work are in general agreed 

well with other theoretical data of the literature. The isotropic shear modulus, the elastic anisotropy factor, the Zener factor, the inverted 

Pugh’s ratio, the Cauchy pressure, the Young’s modulus, the Poisson's ratio, the Vickers hardness, the elastic wave speeds as well as the 

Debye temperature θD of our material of interest were also predicted. The calculated elastic anisotropy factor and the Zener anisotropy 

factor indicate that (B1) BP compound is elastically anisotropic. The values of the ratio B/G and the Cauchy pressure show a brittle man-

ner for cubic rock-salt BP compound. The values of the elastic wave speeds and the Debye temperature obtained in this work are slightly 

higher the values reported in our previous work [13] using the GGA.  
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