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Abstract

In the present work, we report first principles calculations of the near-neighbor distance (bond length) and the average
energy gap using the pseudopotential plane wave method, in the framework of the density functional theory (DFT)
within the local density approximation (LDA) and the Hartwigzen-Goedecker-Hutter (HGH) scheme for the
pseudopotential of Boron- Bismuth compound in its structure zincblende phase.

The refractive index, the plasmon energy, the force constants, the lattice energy, the homopolar and heteropolar
energies, the ionicity, the linear optical susceptibility, the hardness, the dielectric constants, the Debye temperature and
the melting temperature are then predicted by mean of some simple emperical formulas. The results obtained are
analyzed and compared with the available theoretical data of the literature
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1. Introduction

Many A"'BY semiconductor compounds crystallize usually in the cubic zincblende (B3) structure. In the cubic
zincblende structure, the atoms are tetrahedrally bonded to four nearest-neighbors usually through covalent bonds [1].
Some important remarkable differences between the physical properties of conventional 111-V and the heavier bismuth
I11-V compounds were noticed recently in the work of Zaoui et al [2].

The electronic behavior of Boron-bismuth (BBi) in its zincblende phase was studied by Madouri et al [3], using the full
potential linearized augmented plane wave (FPLAPW) method and as implemented in the WIEN2k code [4]. Under
hydrostatic pressure, the low pressure phase of crystalline material is destabilized and structural phase transition occurs.
Unfortunately, to the best of our knowledge, there are very little results [5-7] on the phase transition pressure for (B3)
BBi compound. The phase transition from the zincblende (B3) to Rock-salt (B1) phase appears between 24.5GPa [5]
and 34GPa [7].

In the present work, we report first principles calculations of the bond length and the average energy gap using the
pseudopotential plane wave method, in the framework of the density functional theory (DFT) within the local density
approximation (LDA).

The refractive index, the plasmon energy, the force constants, the lattice energy, the homopolar and heteropolar
energies, the ionicity, the linear optical susceptibility, the hardness, the dielectric constants, the Debye temperature and
finally the melting temperature of (B3) BBi compound are obtained by using only a simple emperical formulas. Our
results of different parameters obtained are analyzed and compared with the available data of the literature.

2. Computational methods

First-principles calculations were implemented through the ABINIT code [9]. ABINIT code computer is a common
project of the Université Catholique de Louvain, Corning Incorporated and other contributors. The exchange-correlation
functions were treated within the local density approximation (LDA) using the Teter and Pade parameterization [10].
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The Hartwigzen-Goedecker-Hutter (HGH) scheme [11] was employed for the pseudopotential. A plane-wave basis set
was used to solve the Kohn-Sham equations in the pseudopotential implementation of the DFT-LDA.

The Brillouin zone integrations were replaced by discrete summations over a special set of k-points using the standard
k-point technique of Monkhorst and Pack [12], where the k-point mesh used is (6 x 6 x 6). The plane-wave energy
cutoff to expand the wave functions is set to 90Hartree. Careful convergence tests show that with these parameters
relative energy converged to better than 10 Hartree.

3. Results and discussions

3.1. Refractive index, plasmon energy, force constants and lattice energy

The simple definition of the refractive index of a transparent optical medium is the ratio of the velocity of light in
vacuum on the phase velocity vy, of the transparent optical medium. It can be also calculated from the relative

permittivity ¢ and the relative permeability x of the optical mediumn =e. . The evaluation of refractive indices of a

semiconductor is of considerable importance for the fabrication of devices in optoelectronic applications.

Reddy et al. [13] and Kumar and Singh [14] frequent attempts have been made to understand the some physical
properties of A" BY' and A"'BY groups of semiconductors.

Reddy et al. [13] have proposed a relationship between a several physical parameters and the refractive index for the
A"B' and A"'BY groups of semiconductors. Kumar and Singh [14] gave a relationship between an energy gap Eg and
the refractive index n for some mixed materials. There are various empirical and semi-empirical rules and expressions
that relate n to Ey. The refractive index of (B3) BBi can be estimated by using the following formula [14].

c (1)
Where: n is the refractive index, Eq is the average energy gap (in eV), K and C are the constants, they are equal
respectively: 3.3668 and -0.32234.

In Moss’ rule, the refractive index n and the average energy gap E, are related by n4Eg = K = constant (= 100eV). In the
Hervé-Vandamme relationship [15]

N’ =1+ [A;/ (Eg+ A)]? (2

Where: A;and A, are constants (A; = 13.6eV and A, = 3.4eV).
Anani et al [16] reported that, the refractive index of a semiconductor is totally dependent on its bandgap, and they have
proposed a linear relation between the refractive-index and the band gap energy E,, it is given by the following formula:

n=(17-Eg)/5 3)

The values of refractive index n of this compound obtained from the relations of equations (2) and (3) and the value
0.73eV of the average energy gap obtained initially from first principles calculations are equal to: 3.441 and 3.254
respectively, they are relatively lower than the value of 4.39 obtained by Yalcin et al [17].

The refractive index versus the plasmon energy (hiw), the force constants (o and ) and the lattice energy (U) for some
groups A" BY' and A"'BY semiconductors can be given by the following empirical relations [13]:

hop (8V) = Ky exp (Kzn) 4)
a (N/m) = Kz exp (K4n) (5)
B (N/m) =0.28 (1-f) a (6)
U (kcal/mol) = Ks+ Kgexp (K;n) — Kgexp (Kgn) @)

The relevant values of the different constants Ky, Ky, Ks, Ka, Ks, Kg, K7, Kg and Kq for A"'BY group semiconductors are
respectively: 47.924, -0.3546, 286.3, -0.6028, 421.224, 616.88, -0.1779, 86.771 and -0.3558[13].

The results obtained of the plasmon energy, force constants and lattice energy is given in table 1. Unfortunately, to the
best of our knowledge, there are no data available on these parameters for this compound.

S K Gorai and P Mahto [18] have proposed two simple empirical relations to estimate the lattice energy for some binary
semiconductors of A'BY", A"BY' and A"'BY groups using the plasmon energy and the bond length. They have observed
that the ionic A"™BY compound semiconductors exhibit the highest values of lattice energy, and the A' BY" alkali
halides, being the most ionic, have low values of lattice energy. The A" BY' compound semiconductors have the
intermediate values of both ionicity and lattice energy [18].
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Table 1: Some Physical Parameters of (B3) BBi Compound. ® Using n = 3.441, ® Using n = 3.254.

Parameter Value
ha, (€V) 14.146° 15.115°
o (N/m) 35.974% 40.267°
B (N/m) 6.124° 6.855°
U (kcal/mol) 730.18° 739.74°

The plasmon energy, versus the bond length d for some groups 111-V semiconductor materials, can be given by the
following relation [19].

d (A) = C (ho,) ™ (8)

The relevant value of the constant C for A"'BY groups is: 15.30 [19]. Reciprocally to the formula of Eq. (8), we can
obtain approximately the following expression:

hoy, = (C/d) 32 ©)

The results for: the plasmon energy obtained from the relation of equation (9) by using the bond length d (2.3357A)
obtained initially from first principles calculations is equal to: 16.765eV. This value is generally in agreement with the
previous results (14.146eV and 15.115eV) obtained from the application of Eq. (4).

The ionicity f; of a semiconductor is one of the most fundamental and important physical factors, it can be defined from
several models. For example, in the model of Phillips and Van Vechten, the evaluation of the ionicity is based on the
dielectric properties of the material. In this model, for tetrahedrally coordinated semiconductors (diamond and
zincblende crystal structures), the chemical bonding is considered to be the sum of covalent and ionic contributions [19].
The values of the ionicity obtained by the model of Phillips and Van Vechten are differing somewhat from those
proposed by Pauling, which are based on the thermochemistry properties of solids [19].

3.2. Homopolar and heteropolar energies, dielectric constant and optical susceptibility

Recently, Gorai Sanjay Kumar [20] has proposed a relationship between the plasmon energy (hw,) and the homopolar
energy (E;,) for some binary tetrahedral (A"B"' and A"'BY) semiconductors and ionic (A'AY") compounds. He found
that log(E) varied linearly with the variation of log(fimp), and he has used the values of the plasmon energy and the
electronegativity difference between bonding atoms of compounds to predict the homopolar energy gap (Ey) and the
total energy gap (Eg) of these materials.

The plasmon energy can be also given as function of some others parameters: homopolar energy gap (E;), heteropolar
energy gap (E), ionicity (f;) and static dielectric constant (gq) by the following relations [21].

E, =Ky (h@,)* (10)
Ec= Ky exp [Kis (h(’)p)] (11)
fi= Ky - Kys (hap) (12)
g0 = Kyg - Ki7 (hoop) (13)

The relevant values of the different constants Ky, Ku, Kip, Kis, Kia, Kis, Kig and Ky; for A"BY groups are
respectively: 0.0509, 1.6192, 0.5093, 0.1199, 0.1809, -0.0126, 24.9501 and 0.9350.

The results for: homopolar energy gap (Ey), heteropolar energy gap (E.), ionicity (f;) and static dielectric constant (),
obtained from the relations of equations (13), (14), (15), (16) and the value (16.765eV) of the plasmon energy are
respectively: 4.890eV, 3.799eV, 0.392 and 9.275.

Recently, Verma et al. [22] proposed a simple linear relation between the inverse of the high-frequency and static
dielectric constants and the product of ionic charges (ZaZc) of the anion and the cation and the average atomic number
(Zav) of constituent atoms of A"-B"' and A""'-BY semiconductor groups, it is given by the following formula:

e = 1/ [A-S (ZaZc Zav) **] (14)

Where: ¢ indicates either ¢, or &,.

The values of the constants A and S are respectively: 0.19308 + 0.01024 and 0.00126 + 1.53552x10™ for the high-
frequency dielectric constants &, and 0.12954 + 0.00281 and 6.79659 x10™ +4.21458 x10™ for the static dielectric
constants g, [22]. Using eq. (14), the values of ¢,, and g, are respectively: 5.376 and 7.954. This later value of the static
dielectric constants g, is very lower than the value (9.275) obtained by using the formula of the eq. (13).

The values of high-frequency dielectric constant are very lower than the previously calculated data (19.27) obtained
by Yalcin et al [17] and the value (14.49) of Bouamama et al [23].

For linear optical materials at lower light-intensity levels, the macroscopic polarization P induced by light propagating
in the medium is proportional to the electric field E, they are related by the following formula:
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P = eaE (15)

Where: y; is the linear optical susceptibility and g is the optical dielectric constant of free space.
In recent years, Yadav et al. [24] proposed the following relation for the calculation of optical susceptibility y for 11-VI
and I11-V group binary semiconductors.

%= Kag (hop) ™% (16)

The relevant value of the constant Ky, for A"'BY groups is: 27.77[24].
Using eq. (16) and the value (16.765eV) of the Plasmon energy, the value of optical susceptibility is equal to 0.653.
Unfortunately, there is no data available in the literature on this parameter for BBi compound.

3.3. Hardness, Debye temperature and melting temperature

The hardness is one of the most fundamental physical properties of semiconductor compounds; it’s understood as the
extent to which a given solid resists both elastic and plastic deformations [25]. In experiment, its numerical value is
obtained by the application of a charge (pressing an indenter) into the surface of a solid material and measuring the size
or dimensions of the impression. The reproducible relationship of a load to the area of indentation is a measure of
hardness, such as found in Vickers, or Knoop hardness testers [24]. Gao et al [26] have given a simple emperical
formula to calculate the hardness of an overly covalent crystal using the following expression [25].

973 -1.191f,
e

H(GPa) = 350/(N,,) i7/q%5 (17)

Where Ne (Ne= 32/a,°) is the electron density expressed in the number of valence electrons per cubic angstrom, a is the
lattice constant parameter (a, -4d/+f3 ), d is the bond length in angstroms, and f; is the ionicity of the chemical bond in a
crystal scaled by Phillips [27].

The result of the hardness obtained from the relation of equation (17) by using the bond length d (2.3357A) and the
ionicity (0.392) is equal to: 9.11GPa. This value is very near than the value (8.9GPa) obtained by Gao et al [26] for the
GaP compound. Unfortunately, to the best of our knowledge, there are no data available in the literature on these
parameters for BBi compound.

Recently, Kumar et al. [28] proposed a linear relation between the Debye temperature (6p) and the plasmon energy
(hop); it is given by the following formula:

0p = -Kig + Ky (hop) (18)

The values of the constants Ky, and Ky, are respectively: 800.88 and 77.48 for A""BY semiconductors [28]. Using eq.
(18) and the value (15.115eV) of the Plasmon, the value of 8 have been calculated, listed in table 2 and compared with
the available theoretical data [5, 6, 29, 30]. It can also be seen, that our calculated value of the Debye temperature is in
good agreement with the earlier calculations; its deviation is about 5% from the value calculated by Delig6z et al [6].
Another linear relation between the Debye temperature and the melting temperature T,,, was proposed, it is given by the
following formula [28]:

Tm =(9D +K21)/ Koo (19)

The values of the constants K,; and Ky, are respectively: 153.40 and 0.354 for A"-BY semiconductors. The obtained
value of T,, for (B3) BBi compound at equilibrium lattice parameter have been listed in table 2 and compared with the
available theoretical data [6], [29] and [30].

Table 2: Debye Temperature and Melting Temperature of (B3) BBi In Comparison With the Available Theoretical Values [5, 6, 29, 30].

Parameter Our work Other works
0p (K) 370. 23 331.56 [5]GGA 352.56 [6] 324.11[29] 324.806 [30]
Tm(K) 1479.18 1522 + 300 [6] 1467 [29] 1312.866[30]

Using eq (19), the value of T, for (B3) BBi compound at equilibrium lattice parameter have been calculated, the result
obtained is estimated at 1479.18K. This value is in excellent agreement with the previous calculations data; it deviates
from the value 1522 + 300K of the others [6] and from the value 1467K of the others [29] with about 2.81% and 0.83%
respectively.

4. Conclusion

The near-neighbor distance (bond length) and the average energy gap at zero-pressure of zincblende (B3) phase of BBi
compound are initially calculated, then they are used to predict some others optoelectronic and thermal properties .

The refractive index, the plasmon energy, the force constants, the lattice energy, the homopolar and heteropolar
energies, the ionicity, the linear optical susceptibility, the hardness and the dielectric constant are predicted.
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Unfortunately, to the best of our knowledge, there is no data available in the literature on the majority of these
parameters for the BBi compound. Future experimental work or other theoretical calculations will contribute for the
validating of our calculated result of these parameters. The Debye temperature and the melting temperature of this
material are obtained; they are in general in good agreement with the other theoretical results of the literature.
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