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Structural phase transition and high pressure elastic
behavior of BX (X= Sb, Bi) compounds
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With the use of three-body potential model, the stability of high pressure structure, the zinc-blend structure, for the
BX(X=Sb,Bi) compounds are investigated. We present the calculated pressure for the phase transformation and compare
them with other’s thereortical data due to the unavaibility of experimental data. The equation of state curves for both B3
(zB) and B1(RS) structures obtained are in fairly good agreement with the other’s results. Also the second order elastic
constants (SOEC), thermodynamic properties and sound velocities are obtained. Further, the variation of SOEC,

thermodynamic properties and sound velocity with pressures are obtained and compared with others.
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1. Introduction

The covalent boron compounds have drawn much
attention for their structural, electronic and optical
applications. In particular, they have potential of
application in optoelectronics because of extreme physical
properties like low ionicity, small band-gap, short bond
length, mechanical strength and melting point [1-2]. At
ambient conditions, BX(X=Sb, Bi) compounds crystallize
in zinc-blend (ZB) structure having space-group 216/F-
43m. Wang et.al [3] used first principle plane-wave
pseudopotential calculations and reported that the boron
phases have quite different behavior in both their elastic
and structural properties from the other III-V compounds.
Zaoui et.al [4] have given the possible reason for
fundamental differences between Boron compounds and
other ITI-V materials that it can be apparent from the band
structures and charge density calculations. H. Meradzi [5]
applied a first- principle total energy calculation and
studied Boron compounds BX (X=P,As,Sb).There have
been a number of efforts by theoretical workers but there
is a little work has been done on experimental front. High
pressure properties have been discussed by Wentzcouvitch
et.al [6-8] by using local density approximation (LDA)
within density functional theory and the pseudo potential
method. Recently Ferhat et.al [9-11] also reported that the
zinc-blend is the ground state of BBi. They have studied
structural and electronic properties of BBi.

The elastic constants of Boron compounds have been
calculated by Deligoz et.al [1-2], Wang et.al [3], Meradzi
et.al [5] and Ferhat et.al [9-11] by using ab initio methods
and volume conserving technique. Delogoz et.al [1-2]
estimated elastic constants (C;;, Ci, and C,4) at high
pressure (B1) and low pressure phase (B3). Other elastic
properties like Zener anisotropy factor, Pisson ratio and
Young’s modulus having technological applications have
also been calculated by Wang et.al [3] and Delogoz et al

[1-2]. Besides these attempes phenomenological models
[12-15] have been found successful in similar structures in
B3 and B1 structures. But most of the earlier efforts for
these properties were based on two body potentials. The
limitation of two-body potential model lies in their
incapability to justify cauchy violation in ionic crystals.
Cauchy violation was explained by Lowdin [12, 13] and
Lundquist [14] in terms of three-boy interactions which is
originated from the non rigidity of ions resulting in
transferred/exchange of charges between adjacent ions
[15].

Looking at the interesting properties of BSb and BBi
and the fact that no study has been done using three-body
interactions potential (TBIP) approach, we thought it
pertinent to apply TBIP approach to study BSb and BBi.
The importance of this model lies in its simplicity and its
applicability becomes more important where a wealth of
experimental data is not available. The importance of
three-body interactions in potential model to improve
result has also been emphasized by others like Sims et al
[16], Froyen and Cohen [17], Zhang and Cohen [18] and
Chelikowsky [19]. The present model includes the long-
range Coulombic, three-body interaction, short range
overlap repulsive interaction operative up to second
neighbour ions within Hafemeister and Flygare approach
[20]. This model has successfully been used in some alkali
metal hydrides [21], halides [22-23] and transition metal
compounds [24] for their structural stability and electronic
properties. The rest of the paper is organized as follows
section 2 presents a brief description of the present
potential model and method of computation. Section 3
presents the calculated results with discussion, section 4
represents conclusion.
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2. Potential model

The application of pressure causes an increase in the
overlap of adjacent ions in a crystal and hence charge
transfer takes place between the overlapping electron
shells. The transferred charges interact with all other ions
of the lattice via Coulomb’s law and gives rise to many-
body interactions. The most significant part of which is
three-body interaction [15]. The increased charge-transfer
effects, thus obtained, lead to an obvious necessity of their
inclusion in the high-pressure study of materials.

In general, the BX compounds transform from B3 to
B1 structure under pressure. Thermodynamically, a phase
transition is said to occur when the changes in structural
details of the phase are caused by the variation of free
energy. The stability of particular structure is decided by
the minimum of the Gibbs energy, which is given as

G=U+PV-TS (1)

where U is the lattice energy, which at OK corresponds to
cohesive energy, S is the vibrational entropy at absolute
temperature, pressure P and volume V. The Gibbs free
energy for the Zinc-blend (B;, real) and Rack-salt (B,
hypothetical ) structures are given by

Gpg3(r)=Ugs(r)+PVp;3 2
Gpi(r")=Up (") +PVp, 3)
with V g3 ( =3.08 r*) and Vp; (=2.001%) as unit cell
volumes for B; and B; phases, respectively. The first

term in (2) and (3) are lattice energies for B; and B,
structures and they are expressed as

72 22
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+608, [explr; —1;)/ pl+60B;[explr; — 1)/ o]
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with ay and o’y as the Madelung constants for ZB
and RS structures, respectively. B (ij =1,2) are the
pauling coefficients defined as ;=1 + (Zi/n;) +(Zi/n;)
with Z; (Z; ) and n; (n; ) are the valence and the
number of electrons in the outermost orbit. Ze is the
ionic  charge, k(k’) the structural factor for B3(BIl)
structure, b (p) are the hardness (range) parameters, r(r’)
are the nearest neighbour separation for ZB (RS)
structure, f(r) is the three-body force parameter
expressed as f(r) = foexp(-r/p) and r; (rj) are the ionic
radii of ions i (j). These lattice energies consist of

long range Coulomb energy (first term ), three-body
interactions corresponding to the nearest neighbour
separation r (r’) (second term ), energy due to the
overlap repulsion represented by Hafemeister and
Flygare ( HF) type potential and extended up to the
second neighbour ions (third, fourth and fifth terms).

3. Results and discussion

The TBP described above for the ZB and RS phases
contains three model parameters namely the range,
hardness and three body force parameters (p, b, f(r)). Their
values have been calculated from the equilibrium
condition, first and second space derivatives of cohesive
energy U such as,

B, + B, =-1.261Z[Z +8f ()] (6)
du
— =0 )
dr r=ro0
and
2
d'v =9kr,B (®)

The input data and the model parameters are given in
Table 1. The stable phase is always associated with
minimum energy. While estimating the structural phase
transition of BX compounds, we have followed the
technique of minimization of Ug; (r) and Ug; (r’) at
different pressure in order to obtain inter ionic separation r
and r’ for B; and B, phases respectively associated with
minimum energies.

Table 1
Solids — BSb BBi
Input data
a(A) 5.21[21] 5.415[18]
B (A) 110[2] 99.30[1]
Model
parameters
b (10%°1) 2.12 7.0684
p(A) 0.360 0.480
f(r) -0.0152 0.0422

We have evaluated the corresponding Gg; (r) and
Ggi(r)) and their respective differences A G=Gg;3(r)-Gg,
(r).The factor A G is important- as it varies with pressure.
The pressure corresponding to AG approaching zero is the
phase transition pressure (P;). At zero pressure, the B;
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crystal phase is thermodynamically and mechanically
stable, while the B, is not.
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Fig. 1. Phase transition from ZB to RS structure

Beyond phase transition pressure AG  becomes
negative as the phase B; become thermodynamically and
mechanically stable.

Eventually, at a pressure higher than phase transition
pressure, the Bj; phase becomes thermodynamically
unstable while the B; phase remains stable up to the
greatest pressure studied.

Fig.1 shows the Gibbs free energy difference (A G)
for the B; and B, phases plotted as function of pressure
P).

Table 2

Solids Phase transition Volume
Pressure (GPa) collapse
BSb
Present 67 0.0415
Theory[1] 59 0.0983
Theory[25] 53
Theory[26] 68
Theory[27] 216
BBi
Present 34 0.112
Theory[1] 31.74 0.066

The phase transition pressure so obtained is presented
in Table 2 and compared with the other theoretical results
[1, 25-27]. Figl shows the phase transition from ZB to
Rack-salt structure in BSb and BBi at 67 and 34 GPa, this
is closed to the other theoretical results [1, 26]. The values
of relative volume change associated with various
compressions have been computed by using the TBI

potential model. Deduced the pressure dependent radii r
for both the structures (B; and B;) have been used to
compute the relative volume change and are plotted
against the pressure (P) as shown in Fig. 2(a) and 2(b) for
BSb and BBi. Relative volumes plotted against pressure
for BX compounds have been compared with other’s
results [1, 26] in Fig. 2(a) and 2(b). Present results are
shown by thick solid lines for B; and B; phases with
earlier theoretical data [1-2] (thick and thin broken lines
for B; and B, phases). The magnitudes of the discontinuity
in volume collapse at the transition pressure have been
obtained from the phase diagram and the values are listed
in Table 2 and compared with only the earlier theoretical
results due to the unavaibility of experimental results.
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Fig. 2(b). Volume collapse of BBi compound

Elastic constants define the properties of material that
undergo stress, deform and then recover after the returns to
its original shape. These constants are important in solids
because they are related to various fundamental solid-state
phenomena such as interatomic bonding, equation of state
and phonon spectra. Elastic properties are also linked
thermodynamically with specific heat, Debye temperature,
thermal expansion and Gruneisen parameter. The
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important knowledge of elastic constants is essential for
many applications related to the mechanical properties
such as load deflection, sound velocities, and thermo
elastic stress. The expressions for the second order elastic
constants are as follows: [28]

02477 Z(Z +8f(r) + 2B 9
C, = (e*/4a") 3
A, + B, s

+ 2t B s g043 azt ()

1 10
S 2.6458 Z(Z +8f(r) + M= 4BL (10)
Cp, = (e?/4a") 3
+7A1_45E‘Z +5.8243 azf '(r)
~0.1232(Z +8f(r))+%+ (11)
Cu =(e’/4a") %— V /3(~7.53912 Z(Z + 8 f(r))
+ A - B,
Where
-7.53912Z(Z +8f(r))+ A —-B
v/3 7.53912Z(Z +8f(r))+ A - B,

T 3.141Z(Z +8f(r) + A +2B, + 21.765azZf ()

The calculated elastic constants (C;;, Cj,, and C44),
bulk modulus (B) in ZB phase for BX compounds are
reported in Table 3. These values are comparable with
those obtained by Delogoz et al [1-2] and others [ 3, 5 and
26]. We notice that our calculated C;; and Cy, values are in
reasonable agreement with those of other works and C;; is
in better agreement with others [3, 26, and 5].

Table 3.
Ref. C11(GPa) Ci2(GPa)  Cyy(GPa)
BSb (pres.) 218.25 60.35 88.0
Theo.[2] 193.53 68.42 104.12
Theo.[3] 205.0 62.5 112.10
Theo.[26] 192 58.5 105
Theo.[5] 223 62.0 140
Theo.[5] 207(GGA) 47 105
BBi (pres.) 197.78 85.87 105.9
Theo.[3] 160.2 51.5 87.4
Theo.[10] 163.8 28.3 86.3
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Fig. 3(b). Variation of elastic moduli with pressure for BBi

Also we have studied the effect of pressure on the
elastic properties. In Fig. 3(a) and 3(b), we present the
variation of the elastic constants and bulk modulus of BX
compounds with respect to the variation of pressure (P). It
is clearly seen that the elastic constants C;;, Cyp, Cy44 and
bulk modulus increase when the pressure is increased and
we can notice a linear dependence in all curves in the
considered range of pressures. Our results in variation of
elastic constants and bulk modulus with pressure are
agreed well with the others result [1-2]. It is found that Cy;
varies largely under the effect of pressure as compared
with the variation in the C;, and C44.The elastic constant
Cy; represents elasticity in length and C;, and Cy4 are
related to the elasticity in shape. A transverse strain causes
a change in shape without a change in volume. Therefore,
C,, and Cyy are less sensitive of pressure as compared with
C11.
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Through the elastic constants, we can obtained the
Zener anisotropy parameter (A), young modulus(Y), and
poisson ratio (v) and shear modulus (S) which are most
interesting for applications and they are calculated by
using the following equations. [1]

Ag e (1
11 ~12
Y Z—G9G3BB (13)
+
1 [B_iGj
VZE —1 (14)
(B+Gj
3
S = C11 ;012 (15)

where G=(Gy+Gg)/2 is the isotropic shear modulus, Gy is
Voigt’s shear modulus corresponding to the upper bound
of G wvalues and Gy is Reuss’s shear modulus
corresponding to the lower bound of G values. These shear
modulus are written as

Gy=(C11-C12+3Cu4)/5 (16)
S/GR:4/ (C]l-C12)+3/C44 (17)

Table 4 summarizes all numerical values of the Zener
anisotropy factor (A), young modulus(Y) and poisson ratio
(v) and shear modulus (S) obtained from the above
Equation (12-17). After this, we have been obtained the
Zener anisotropy factor (A) young modulus(Y), poisson
ratio (v) and shear modulus (S) at various pressures for the
BX compounds. Fig. 4(a) and 4(b) shows the variation of
anisotropy factor (A) and poisson ratio (v) for the BSb and
BBi compounds and fig. 5(a) and 5(b) represents the
variation of young modulus(Y) and shear modulus (S)
with pressures. These are compared with the Deligoz’s
results [1, 2]. There is some deviation in variation of
anisotropy factor for BX compounds with others [1, 2].
We have also calculated the longitudinal (v)), transverse
(vy) and average wave velocities (v,,) and compared them
with others [2, 24, 1]. Fig. 6(a) shows behavior of pressure
dependence of these calculated velocities up to 70 GPa for
BSb along with other’s results [2]. For BBi fig.6 (b) shows
the pressure dependence of these calculated sound
velocities up to 35 GPa and the trend in BBi is same as
BSb.

Table 4
Solids A v Y(GPa)
S(GPa)
BSb
pres. 1.11 0.20 202.622 78.95
theo.[2] | 1.664  0.163 221.81 62.55
theo.[3] | 1.573  0.234 175.8 71.3
BBi
pres. 1.87 0.22 201.37 55
theo.[1] | 1.840 0.211 171.99 48.57
theo.[3] | 1.608 0.243 135.10 54.30
Table 5
Solids vi (m. /s.) Ve (m. /s.) Vi (M. /s.)
BSb
pres. 7068.60 4323.68 4777.60
theo.[2] 6170.5 3911.22 4302.35
BBi
pres. 6187.6 3676.5990 4015912
theo. [1] | 4563.58 2841.25 3131.204
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Fig 4 (a). Young and Shear modulus of BSh.
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Fig. 5(a). Anisotropy factor and Poisson ratio of BSb.
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Fig. 5 (b). Anisotropy factor and Poisson ratio of BBi.
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Fig 6(a). Sound velocities of BSb.

The calculated sound velocities having the same trend
with others. The upper thick square (near to v, ) is the
value of average elastic waves and lower thick square
(near to vt ) is the value of transverse elastic waves
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Fig. 6 (b). Sound velocities of BBI.

4. Conclusions

Our work gives a comprehensive study of structural,
elastic and thermodynamic properties of BX compounds.
To our knowledge, there is no study available with TBIP
model for these properties for BX compounds. It is evident
from Fig. 1 and Table 2 that our computed phase transition
pressure for BSb and BBi are 67 and 34 GPa which are in
comparable range with others reported data (53-216 GPa)
and (31-34GPa). Also from Fig. 2 and Table 1, we find
that there is a volume discontinuity at phase transition
pressure showing the occurrence of first order phase
transition in there compounds. Looking at the Table 3 and
Fig. 3(a, b), we find that the trend of elastic constants
follow the same as reported by others. Here, we can see
that C;; is most affected by pressure and C,4 is least
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affected by pressure. Cy; is affected more with increasing
pressure as compared to C;, and Cyy, As we know that Cy;
represents elasticity in length and longitudinal strain
causes a change in C;;. However remaining two elastic
constants C, and Cyy are related to shape. The values of
Young modulus and shear modulus have also been
computed at zero pressure as well as with different
pressure and they are presented in Table 4 and Fig. 4(a, b)
and they are compared with Deligoz et al [1,2].The results
of phase transition pressure, elastic constants and
thermodynamic properties are compared with Deligoz et al
[1,2], where we find a good agreement. The calculated
values of Cy;, C;; ,C44 and B are in agreement with other
theoretical values. The sound velocities v,, v, and v,, are
also obtained, first time by this model and compared with
Deligoz et al [1, 2]. Looking at the overall results we can
say that the present results are in comparable range with
available theoretical results. Finally, we have found that
the TBIP model used in present work describes well the
Phase transition, elastic properties and thermodynamic
properties of BX compounds. This led us to state that it is
also suitable to new properties in several different
experimental conditions.
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