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Abstract
We report first principles phase transition, elastic properties and electronic structure for cadmium
telluride (CdTe) under induced pressure in the light of density functional theory using the local
density approximation (LDA), generalised gradient approximation (GGA) andmodified Becke–
Johnson (mBJ) potential. The structural phase transition of CdTe from a zinc blende (ZB) to a rock salt
(RS) structure within the LDA calculation is 2.2 GPawhile that withinGGA is found to be at 4 GPa
pressurewith a volume collapse of 20.9%. The elastic constants and parameters (Zener anisotropy
factor, Shearmodulus, Poisson’s ratio, Young’smodulus, Kleinmann parameter andDebye’s
temperature) ofCdTe at different pressures of both the phases have been calculated. The band diagram
of theCdTe ZB structure shows a direct band gap of 1.46 eV as predicted bymBJ calculationwhich
gives better results in close agreementwith experimental results as compared to LDA andGGA. An
increase in the band gap of theCdTe ZBphase is predicted under induced pressurewhile themetallic
nature is retained in theCdTeRS phase.

1. Introduction

The II-VI semiconductor compounds have been extensively studied for several decades [1–3]. The study of the
high pressure properties of these compound semiconductors has been ofmuch scientific interest in recent years
as important information about the electronic and elastic properties of thematerial can be gained by
understanding the strained effects on the bulk compounds [4]. Cadmium telluride (CdTe) is a II-VI compound
semiconductor which is being studied for its application in γ-ray detectors, infraredwindows, solar cells and
other optoelectronic devices [5]. Its high pressure behaviour has attractedmuch attention in recent years. It is
found to occur in zinc blende (ZB) structures andwurtzite structures under ambient conditions and transforms
to a rock salt (RS) structure at high pressures [6].

Ab-initio studies of the structural,mechanical and electronic properties of amaterial have becomemore
precise and systematic due to the development in computer simulations. It helps us to better understand the
properties of solids which are difficult to study experimentally. Generally the theoretical investigation of the
band structure and electronic properties of compound semiconductors are performed using the local density
approximation (LDA), generalised gradient approximation (GGA) andGW [7, 8]. Theoretical calculation
within LDA andGGA approximation underestimates the energy band gap. Themost appropriate tool for
studying the energy band gap is themany perturbation theorywithin theGWapproximation [9] but it is very
expensive. In 2009 an alternativemethod for band gap calculationwas given by Tran andBlah [10]whichwas
equally efficient and computationally cheap. Themodified Becke–Johnson (mBJ)-GGApotential [11]
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minimises the limitation of LDA andGGA and performs the calculation of band gaps precisely similar to the
computationally expensiveGWcalculations.

To date there have been detailed studies on the electronic and elastic properties of CdTe [12–14] but not
much has been done at high pressures. In 1993,McMahon and his group found out that with increasing
pressure, the ZB structure underwent a transition to a cinnabar structure whichwas stable for only a short
pressure interval and later changed to anRS structure on further increasing pressure [15]. Earlier studies also
confirmed the phase transition of CdTe from aZB to anRS structure at 3.8 GPa pressure [16]. In our previous
workwe have reported a detailed study on the pressure induced electronic structure and elastic properties of GaP
[17, 18] andGaAs [19]. The aimof the present work is to performfirst principles calculations for CdTe at
different pressures and study the pressure induced phase transition from the ZB toRS phase aswell as the effects
of pressure in the elastic properties and electronic structures.

2. Computationalmethod

All the calculations reported in this work are performed using the full potential linearized augmented planewave
[20]method under the framework of density functional theory (DFT) [21–23] as implemented in theWIEN2K
code [24]. The exchange correlation interaction effects were treatedwith LDA, the generalized gradient
approximation of the Perdew–Burke–Ernzerhof (PBE–GGA) [25] scheme andGGAwith themodified Becke–
Johnson (mBJ)potential. The use of themBJ potential alongwithGGA in electronic structure calculation keeps
the band gap in close agreementwith the experimental value. In thismethod, the lattice is divided into non-
overlapping spheres (called an atomic ormuffin tin (MT) sphere) surrounding each atomic site and an
interstitial region. Inside theMT region, the potential is a product of radial function and spherical harmonics
and expanded up to order l=10. For the interstitial regions that are outside theMT sphere, the potentials are
expanded in planewaves. In the present study the number of k-points used for the integration part for both the
ZB andRS structure of CdTe is 8000 k-points with 20*20*20 kmeshwhich is reduced to 256 irreducible k-points
inside the Brillion zone including five high symmetry pointsW, L,Γ, X andK.Convergence of the basis set is
obtained at RMTKmax=9.0where Kmax gives us the planewave cut-off. The RMTmin used in the calculation is
2.5. The position of the first and second atom in the ZB structure is taken to be (0, 0, 0) and (0.25, 0.25, 0.25) and
in the RS structure it is (0, 0, 0) and (0.5, 0.5, 0.5) respectively. The states 4d105s2 and 4d105s25p4 are considered
as a valence electron for Cd andTe respectively. The total energy difference used for succeeding iterations is less
than 0.00 001Ryd per formula unit. The elastic constants have been determined using the stress–strainmethod
with a volume conserving technique [26]. Only a small distortion has been considered in our calculation in order
to remainwithin the elastic domain of the crystal.

3. Results and discussion

3.1. Structural and phase transition
Figure 1 shows the plot of total energy as a function of volume of CdTe for both the ZB andRS phasewithin LDA
andGGA for structure optimization. From thefigure, one can see that the ZB structure of CdTe has lower total
energy at the equilibrium volume in both the LDA andGGAmethod thus indicating that the ZB structure is
more stable than theRS structure. The equilibrium structural parameters of the different phases of CdTe are
obtained by fitting into the Birch–Murnaghan equation [27].

The obtained structural parameters are listed in table 1 alongwith other theoretical and experimental data.
In general the present work agrees well with other experimental and theoretical results and hence is used for
further high pressure calculation.

A thermodynamically stable phase is defined as the phase with the lowest Gibb’s free energy at a given
pressure and temperature. In our calculationwe have ignored the entropy contribution as it is basically done at
zero temperature. Therefore the structural phase transition is calculated from the equal enthalpy conditions,
H=E+PV. Infigure 2, the calculated enthalpy curves of the ZB andRS phase have been plotted as a function
of pressure within both (a) LDA and (b)GGA.One can see from the figures that there is a crossing over of the
enthalpy at 2.2 GPa pressure with the LDA calculation and 4.0 GPa pressure with theGGA calculation. It
indicates a phase transition between the two phases. The experimental data available for this phase transition of
CdTe-ZB toCdTe-RS is 3.0 GPa to 3.9 GPa [36–38]. Thuswe observe that the LDAmethod underestimates the
phase transition pressure while theGGAmethod gives a better result than the LDA and is in close agreement
with the experimentally obtained values.

Since the phase transition pressure as determinedwith theGGAmethod gives us a better result we calculate
the volume collapse forGGAonly. Figure 3 shows the normalised volume (Vp/Vo) as a function of pressure. It is
seen that during the phase transition, the normalised volume of the ZB andRS phase is 0.90 and 0.69 respectively
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Figure 1.Total energy as a function of the volume of CdTe for ZB andRS structures within LDA andGGA.

Table 1.Experimental and calculated ground state structural parameters of CdTe.

Zinc blende (ZB) strucutre Rock salt (RS) structure

a0 (A
0) B0 (GPa) B/ a0 (A

0) B0 (GPa) B/

Present work LDA 6.42 47.67 5.05 5.92 63.82 5.01

GGA 6.65 25.28 8.35 6.11 48.24 4.99

Experimental work 6.53a, 6.49b 42g, 45h 6.4g — — —

Other calculation 6.63c, 33.8c, 5.26c, 6.11d, 56.0d, 66.4f 4.3d,

6.62d, 6.58e 39.0d, 36.6e 5.14c, 4.6d 5.94d, 5.9f 5.1i, 4.67j

a Reference [28],
b Reference [29],
c Reference [30],
d Reference [31],
e Reference [32],
f Reference [14],
g Reference [33],
h Reference [34],
i Reference [13],
j Reference [35].

Figure 2.Enthalpy as a function of pressure for the ZB andRS phase of CdTewithin (a) LDA and (b)GGA.
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with a volume reduction of 20.9% indicating that the CdTe-ZB phase ismore compressible than theCdTe-RS
phase. A comparison of the present results of the phase transition and volume collapse within theGGAwith
other experimental and theoretical results is given in table 2. It is observed that the present results of phase
transitionwithinGGA are in good agreementwith other experimental and theoretical results.

3.2. Elastic properties
The elastic constants provide uswith important information about the structural stability, binding
characteristics andmanymechanical properties of amaterial. For a cubic crystal themechanical stability
conditions: (C11+2C12)>0; C11-C12>0; C44>0; C11>0 should be satisfied. In the present study the
elastic constants are calculatedwithin theGGAonly as it has already been shown that it gives us better results
than calculationwithin the LDA. The elastic constants of CdTe-ZB under induced pressure ranging from0 GPa
to 3 GPa pressure and for CdTe-RS at various pressures from5 GPa to 7 GPa pressure are calculated and shown
infigure 4.

Infigure 4, one can clearly see that there is a linear variation in the bulkmodulus aswell as the elastic
constants up to 2 GPa pressure in the ZB phase and 5 GPa to 7 GPa pressure in theRS phase. It is seen that at
around 3 GPa pressure, the stability condition of theCdTe-ZB phase is not satisfied indicating that the structural
transformation fromZB toRS starts at around 3 GPa pressure and is completed at 4 GPa pressure. Since the

Figure 3.Normalised volume versus pressure for ZB andRS structures of CdTewithinGGA.

Table 2.Phase transition pressure and volume collapse of CdTe.

Present calculation Expt. results Theoretical results

Phase transition pressure (Pt) (GPa) 4.0 3.9a, 3.8b, 3.8c, 3.8d 4.0e, 3.9f

Vp/V0 0.90 0.92d 0.93b, 0.90e

Volume collapse (%) 20.9 — 19.0b, 19.0e

a Reference [37],
b Reference [36],
c Reference [38],
d Reference [39],
e Reference [3],
f Reference [31].

Figure 4.Elastic parameters versus pressure for the ZB andRS phase of CdTe.
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stability conditions are not satisfied from3 GPa pressure and structural transition occurs at 4 GPa pressure, we
perform further calculations of the elastic parameters like the Zener anisotropic factor (A), B/G ratio, Poisson’s
ratio (υ), Kleinmann parameter (ζ), Youngsmodulus (Y), andDebye’s temperature (θD) to determine the
mechanical and thermal behaviour of CdTe in both the phases from0 GPa to 2 GPa pressure for theCdTe-ZB
phase and 5 GPa to 7 GPa pressure for theCdTe-RS phase.

The Zener anisotropy factor (A) gives us an insight into the elastic isotropy of amaterial. Amaterial is said to
be elastically isotropic with uniformdeformation along all directions whenA=1. ForA>1, it is stiffest along
<111> body diagonal andwhenA<1, it is stiffest along<100> cube axes. In terms of elastic constants it is
expressed as:

A
C

C C

2
144

11 12

( )=
-

Our calculation shows that for theCdTe-ZB phase, the value ofA decreases from3.60 to 3.46while it
increases from0.09 to 0.25 in the RS phasewith increasing pressure. It indicates that CdTe is not an elastically
isotropicmaterial in the ZB phase; it is stiffest along<111> body diagonal while it is stiffest along<100> cube
axis in the RS phase. The ductility or brittleness of amaterial is determined by the ratio of bulk and shear
modulus, B/Gas proposed by Pugh [40]. If the shearmodulus (G) is lowwe know that it has a low resistance to
shear and hence is ductile, while if amaterial has lowbulkmodulus, itmeans the resistance fracture is low and
hence is brittle.We know that the critical valuewhich separates the ductility and brittleness of amaterial is 1.75.
Amaterial is said to be ductile if B/G>1.75 and brittle if B/G<1.75. In our calculation, wefind that the B/G
ratio for CdTe-ZB ranges from1.93 to 2.15with an increase in pressure which indicates the ductile nature at high
pressure. ForCdTe-RS, it is seen that after the transition pressure, the B/G ratio decreases from4.26 to 3.01with
an increase in pressure but is greater than 1.75.Hencewe can conclude that bothCdTe-ZB andCdTe-RS
maintain their ductile nature even at high pressures. The Zener anisotropy factor andB/G ratio as a function of
pressure are shown infigure 5.

The Poisson’s ratio (υ) of amaterial gives us information about the characteristics of bonding forces. For
covalentmaterials, υ is 0.1, whereas for ionicmaterials, υ=0.25 [41]. It is given by the relation:

B G

B G

1

2

2

3
1

3

2( )
⎜ ⎟

⎜ ⎟

⎛

⎝

⎜⎜⎜⎜

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎞

⎠

⎟⎟⎟⎟
u =

-

+

where

G
G G

2
3V R ( )=

+

is the isotropic shearmodulus,Gv is theVoigt’s shearmodulus andGR is the Reuss’s shearmodulus and can be
expressed as:

G
C C C3

5
4V

11 12 44 ( )=
- +

Figure 5.Elastic parameters (Zener anisotropy factor andB/G ratio) versus pressure for the ZB andRS phase of CdTe.
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and

G C C C

5 4 3
5

R 11 12 44

( )=
-

+

In the present calculation, the value of υ increases from0.27 to 0.30 in the ZBphase and decreases from0.39
to 0.35 in theRS phase indicating higher ionic contribution in intra-atomic bondingwith increasing pressure in
both the phases. The lower and upper limits of υ in central force solids have been reported to be 0.25 and 0.5
respectively [42]. Thus the present result also indicates that inter atomic forces tend to bemore central as
pressure increases.

The relative ease of bond bending against the bond stretching is indicated by ζ (Kleimann parameter) and is
calculated using the relation:

C C

C C

8

7 2
611 12

11 12

( )z =
+
+

It also implies resistance against bond bending or bond angle distortion. In a system,minimizing bond
bending leads to ζ=0 andminimizing bond stretching leads to ζ=1.

In the present study, as the pressure increases, ζ does not varymuch and remains around 0.75 for CdTe-ZB
and 0.41 for CdTe-RS indicating shrinkage in bond-stretching in both phases.

The Young’smodulus (Y) determines the stiffness of amaterial and is given by

Y
GB

G B

9

3
7( )=

+

Also, from the bulkmodulus (B) and the isotropic shearmodulus (G), the longitudinal elastic wave velocity
(vl) and the transverse elastic wave velocity (vt) are calculated as follows:

v
B G3 4

3
8l ( )

r
=

+

v
G

9t ( )
r

=

Now, the average sound velocity (vm) is given by

v
v v

1

3

2 1
10m

t l
3 3

1 3
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-

Using the average sound velocity υm, theDebye’s temperature θD is calculated from the elastic constants data
as given by:

h

k

n N

M
v

3

4
11D

A
m

1 3

( )⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥q

p
r

=

where h is the Plank’s constant, k is the Boltzmann constant,NA is the Avogadro’s number, n is the number of
atoms per formula unit,M is themolecularmass per formula unit, ρ (=M/V) is the density.

In the present calculation for CdTe-ZB, the value ofY increases from44.08 GPa to 54.15 GPawhile inCdTe-
RS it increases from57.65 GPa to 93.84 GPa.Hence CdTe becomes stiffer with an increase in pressure in both
phases. TheDebye’s temperature thus calculated shows variation from181 K to 194 K for the ZB structure while
in the RS phase it is found to increase from209 K to 247 K indicating better thermal conductivity under pressure.

3.3. Electronic structures
Under ambient pressure CdTe crystallizes in the ZB structure and the RS structure is stable at high pressures.We
have therefore studied the electronic structure of CdTe at 0 GPa pressure only for the ZB phase and the
electronic structure of the RS phase is studied only at high pressures. The energy band diagramofCdTe-ZB at
0 GPa pressure calculated using LDA,GGA andmBJ-GGA are shown infigure 6. From thefigure one can see
clearly that the conduction bandminimumand the valance bandmaximumare located at themiddle of the
brillouin zone,Γ point indicating the band gap is a direct band gap.However the band gap calculated using the
LDAmethod andGGAmethod in figure 6 are 0.51 eV and 0.56 eV respectively which are lower than the
experimentally reported 1.44 eV [43]. Thus the LDA andGGAmethod underestimate the energy band gap. The
mBJ-GGA calculation of the band gap infigure 6 shows 1.46 eV that reasonably agrees with the experimentally
reported value of 1.44 eVwith amere difference of about 1.4%.One of the reasons for themere difference is that
the present calculation is performed in the light ofDFT at absolute temperature whereas the reported
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experimental value is at room temperature. Also the gap between the first and second lowest band in the band
diagrams obtained using the three approximations is found to decrease following the trend
LDA>GGA>mBJ andmore importantly the gap between the lowest band and the valence band increases as
LDA<GGA<mBJ. To better understand the electronic structure of CdTe, the total and partial DOSwithin
the LDA,GGA andmBJ have also been studied and are shown infigure 7. Firstly, within the LDA calculation, the
presence of the two lowest bands is indicatedwith the first lowest bandmainly contributedwith 6.10 eV of
s-state (Te-atom)with little contribution of 1.31 eV from the d-t2g-state (Cd-atom)while the second lowest
band shows a higher contribution of 39.04 eVof the d-eg- state (Cd atom)with 25.27 eVof the d-eg-state (Cd
atom). One interesting fact about the contribution of the statewithin the LDA,GGA andmBJ is that in the first
lowest band, the contribution trend of the s-state (Te atom) follows the trend LDA<GGA<mBJ. Similarly in

Figure 6.Band structure of CdTe-ZB at 0 GPa pressurewithin LDA,GGA andmBJ-GGA.

Figure 7.Total and partial DOS ofCdTe-ZB at 0 GPa pressure within LDA,GGA andmBJ-GGA.
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the second lowest band the contribution trend of the d-eg state (Cd atom) is LDA>GGA>mBJ and for the
d-t2g state (Cd atom) is LDA<GGA<mBJ. The valance band study ofDOSwithin the LDA shows a
contribution of 1.38 eVof the s-state (Cd atom) and 1.28 eVof the s-state (Te atom). GGA calculation shows an
equal contribution of about 1.39 eVof the s-state (Cd atom) and s-state (Te atom) butwithinmBJ the
contribution of the s-state (Te atom) is 1.78 eVwhile that of the s-state (Cd atom) is 1.46. Therefore the overall
contribution trend of the states in the valance bandwithin the threemethods is found as LDA<GGA<mBJ.
Thus the effective results within themBJ calculation are due to the proper treatment of the electronic states.

The energy band diagramofCdTe-ZB at different pressures from1 GPa pressure to 3 GPa is shown in
figures 8(a)–(c) and from5 GPa pressure to 7 GPa of CdTe-RS is also shown infigures 9(a)–(c). The band
diagramunder induced pressure of CdTe-ZB infigure 8 shows that as the pressure increases to 1 GPa, 2 GPa and
3 GPa, the energy gap betweenΓ andX increases to 2.42 eV<2.45 eV<2 .47 eVwhile the gap betweenΓ and
L decreases from3.21 eV>3.18 eV>3.16 eV respectively towards the Fermi level. On the other hand the band
diagramunder pressure 5 GPa, 6 GPa, 7 GPa of CdTe-RS infigures 9(a)–(c) clearly indicates the conduction
band crosses towards the valance band confirming the transition from the direct band gap nature tometallic at
higher pressure.

For detailed analysis on the band structure of CdTe, the total DOS plots for both the ZB andRS structures are
also studied at different pressures. Figures 10 and 11 show the total DOS plots of CdTe-ZB at 1 GPa, 2 GPa and
3 GPa pressure andCdTe-RS at 5 GPa, 6 GPa and 7 GPa pressure. Infigure 10 the contribution of the Te atom
andCd atom in the lowest band and the contribution of theCd atom in the valance band decreases with

Figure 8.Energy band diagramof theCdTe ZB structure at 1 GPa, 2 GPa and 3 GPa pressure.

Figure 9.Energy band diagramof theCdTeRS structure at 5 GPa, 6 GPa and 7 GPa pressure.
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pressure. But at 3 GPa, pressure around the structural transition starts and the contribution of theCd atom in
the lowest band suddenly increases. However in theDOS of CdTe-RS as shown infigure 11, it is clear that there is
crossing over of the conduction band in the valance band indicating ametallic character.

Thus to conclude, the variation of the direct energy band gap of CdTe-ZBwith pressure is shown infigure 12.
It is clearly seen that as the pressure increases the band gap of CdTe-ZB increases linearly. Thismay be due to the
fact that with an increase in pressure the unit cell in the lattice is compressed leading to smaller normalised
volume and larger binding energy whichwould therefore result in an increasing band gapwith increasing
pressure. However in the case of CdTe-RS there is no prominent change in themetallic nature of the band
structure with increasing pressure. Thuswe conclude that the variation in pressure does notmuch affect the
band gap of CdTe-RS and only affects theCdTe-ZB structure.

Figure 10.Total DOSof theCdTe-ZB structure at (a) 1 GPa pressure, (b) 2 GPa pressure and (c) 3 GPa pressure.

Figure 11.Total DOSof theCdTe-RS structure at (a) 5 GPa pressure, (b) 6 GPa pressure and (c) 7 GPa pressure.
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4. Summary and conclusions

The structural properties of CdTe in both the ZB andRS phases are studiedwithin the LDA andGGA. The
structural phase transition of CdTe from the ZB structure to theRS structure within the LDA is found to occur at
2.2 GPa pressure while calculationwithin theGGA shows a phase transition at 4 GPa pressure with a volume
collapse of 20.9%. TheGGA calculation shows close agreementwith other experimental and theoretical results.
The elastic constants for both the structures are calculated at different pressures and found to show a linear
increase with pressure. The elastic parameters such as the Zener anisotropy factor, Shearmodulus, Poisson’s
ratio, Young’smodulus, Kleinmann parameter andDebye’s temperature are also calculated and it is found that
both the ZB andRS phasemaintain their ductile nature even at high pressures. Shrinkage in bond-stretching and
the stiffness of CdTe are observed in both the phases with an increase in pressure while the ZB phase shows a
poor thermal conductivity at high pressures. The band diagramofCdTe-ZB at 0 GPa pressure within the LDA,
GGAunderestimate the band gapwhile themBJmethod shows a direct band gap of 1.46 eV and is found to be in
close agreement with the experimental value. The direct band gaps of CdTe-ZB show a linear increase while the
metallic nature is found to be retained inCdTe-RS under induced pressure. Thuswe conclude that themBJ-
GGA is an efficient theoretical technique for the calculation of band structures andwill be a successful tool for
the engineering of compound semiconductors. The present studywill stimulate experimental studies of high
pressures and shed new light on high pressure applications of optoelectronic devices.
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A detailed first principle study on the structural, elastic, and
electronic properties of indium arsenide (InAs) under induced
pressure
Kh. Kabita, M. Jameson, B.I. Sharma, R.K. Brojen, and R.K. Thapa

Abstract: An ab initio calculation of the structural, elastic, and electronic properties of indium arsenide (InAs) under induced
pressure is investigated using density functional theory with modified Becke–Johnson potential within the generalised gradient
approximation of the Perdew–Burke–Ernzerhof scheme. The lattice parameters are found to be in good agreement with experimental
and other theoretical data. The pressure-induced structural phase transition of InAs zinc blende to rock salt structure is found to occur
at 4.7 GPa pressure with a 17.2% of volume collapse. The elastic properties of both the zinc blende and rock salt structures at different
pressures are studied. The electronic band structures at different pressures for both the structures are investigated using the total and
partial density of states. The energy band gap of the InAs zinc blende phase is increased with increasing pressure while in rock salt the
phase the conduction band crosses towards the valence band and thus shows metallic behaviour.

Key words: density functional theory (DFT), modified Becke–Johnson (mBJ) potential, density of states (DOS), energy band
diagram, elastic properties, phase transition.

Résumé : Nous présentons un calcul ab initio des propriétés structurelles, élastiques et électroniques de l’arséniure d’indium (InAs)
sous pression, à l’aide de la théorie de la fonctionnelle de densité avec un potentiel modifié de Becke–Johnson, à l’intérieur de
l’approximation du gradient généralisé du schéma de Perdew–Burke–Ernzerhof. Nous trouvons que les paramètres du réseau sont en
bon accord avec les données expérimentales et d’autres résultats théoriques. Nous trouvons que la transition de phase de InAs induite
par la pression, de la phase blende de zinc à sel gemme se produit à 4.7 GPa, avec diminution de volume de 17.2 %. Nous étudions les
propriétés élastiques des structures blende de zinc et sel gemme en utilisant les densités d’état, totale et partielle. La bande en énergie
interdite du blende de zinc croît avec l’augmentation de pression, alors que dans la phase sel gemme la bande de conduction traverse
vers la bande de valence et montre ainsi de meilleures propriétés métalliques. [Traduit par la Rédaction]

Mots-clés : théorie de la fonctionnelle de densité, diagramme de la bande d’énergie, densité d’états, propriétés élastiques,
transition de phase.

PACS Nos.: 71.15.Mb, 71.20.-b;71.20.Nr.

1. Introduction
The technological importance of group III–V compound semi-

conductors has increased over the past years because of its elec-
tronic and mechanical properties and has received considerable
interest from experimentalist and theorists [1–3]. To understand,
the structural phase transition of a material and the influence of
band structure parameters on the electronic properties of semi-
conductors, their study under induced pressure is found to be an
effective tool. Also, the study of elastic constants at different pres-
sures plays an important role in mechanical stability, strength,
phase transition, and a material response to various conditions
[4, 5]. One of the interesting phenomena that may occur under
applied pressure is a sudden change in the arrangement of the
atoms (i.e., structural phase transition). Indium arsenide is an
important group III–V compound semiconductor having high
electron mobility and narrow energy band gap. It is widely used in
construction of infrared detectors and diode lasers [6]. It crystal-
lizes in cubic zinc blende (ZB) structure under ambient conditions.
At high pressure it is found to undergo structural phase transition
to rock salt (RS) structure. The pressure-induced phase transition

to metallic state was first reported by Minomura and Drickamer
[7] at 8.46 GPa pressure from high pressure resistivity measure-
ments. Pitt and Vyas [8] in 1973 reported the phase transition from
the ZB to RS through resistivity measurements. In 2014, Wang
et al. [9] also studied its electronic transport properties using the
non-equilibrium Green’s function combined with density functional
theory. Although there have been extensive studies on structural,
mechanical, and electronic properties of InAs, the experimental and
theoretical study of these properties under high pressure is still very
scarce. In our previous study we extensively studied the pressure-
induced structural, mechanical, and electronic properties of GaP [10,
11] and GaAs [12]. The main aim of this work is to present a detailed
study of the behaviour of the elastic and electronic properties of InAs
in ZB and RS phases under pressure.

2. Computational methods
All theoretical calculations of InAs are performed based on the

WIEN2K code [13] using the full potential linearized augmented
plane wave (FP-LAPW) [14] method with modified Becke–Johnson
potential [15] under the framework of density functional theory
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[16–18]. The generalized gradient approximation of the Perdew–
Burke–Ernzerhof scheme [19] is used for treating the exchange
correlation interaction effects. In this method, the lattice is di-
vided into non-overlapping spheres (called atomic or muffin tin
sphere) surrounding each atomic site and an interstitial region.
Inside the muffin tin region, the potential is a product of radial
function and spherical harmonics and is expanded up to order
l = 10. For the interstitial regions that are outside the muffin tin
spheres, the potentials are expanded in plane waves. The number
of k-points used for the integration part is 8000k-points, which is
reduced to 256 irreducible k-points inside the Brillion zone, in-
cluding five high symmetry points W, L, �, X, and K. Convergence
of the basis set is obtained at RMTKmax = 9.0 where Kmax gives us the
plane wave cut-off. The elastic constants have been determined
using the stress–strain method with volume conserving technique
[20]. In our calculation only a small distortion has been considered to
remain within the elastic domain of the crystal.

3. Results and discussion

3.1. Structural properties
The stability structure of InAs is obtained from the ground state

structures of ZB and RS structures of InAs. The energy as a func-
tion of the primitive cell volume of ZB and RS phases is shown in
Fig. 1. From Fig. 1, one can clearly see that the InAs-ZB structure is
more stable than the RS structure. The equilibrium lattice param-
eters of InAs crystal in ZB and RS structures are obtained by fitting
the resultant curve to the Birch–Murnaghan equation [21]. The
calculated structural parameters are compared with other results
[22–27] and are given in Table 1, and the results are found to be in
good agreement with other results and hence are used for further
calculations.

3.2. Phase transition and elastic properties
The pressure-induced phase transition of InAs-ZB to InAs-RS

phase at zero temperature is investigated from the equal enthalpy
conditions, H = E + PV. Figure 2 shows the enthalpy as a function of
pressure of both the InAs-ZB and InAs-RS structures. It is clearly
seen that the phase transition of InAs-ZB to InAs-RS is found to
occur at 4.7 GPa pressure. The normalised volumes (Vp/Vo) of the
crystals in ZB and RS phases are found to be 0.924 and 0.752,
respectively, during the phase transition with a volume collapse
of 17.2% indicating that the ZB phase is more compressible than
the RS phase, as given in Fig. 3. Our calculated results of phase
transition and volume collapse are compared with other experi-
mental and theoretical results [8, 26–29] and are shown in Table 2.
The present calculation of phase transition is found to be small as
compared to the reported experimental results. The reasoning for
the difference may be because the present calculation is done at
absolute zero temperature.

The elastic constants of a material give us important informa-
tion about the nature of the force operating in the solids and are
the basic parameters that are used for studying the elastic prop-
erties of a material. Because the phase transition pressure is
4.7 GPa, elastic constants are calculated for the lattice correspond-
ing to pressure ranging from 0 to 4 GPa of the ZB phase and 5 to
9 GPa of the RS phase. The results for our calculation are shown in
Fig. 4. Our obtained results are found to satisfy the mechanical
stability conditions: (C11 + 2C12) > 0; C11C12 > 0; C44 > 0; C11 > 0 of ZB
and RS structures. Also in Fig. 4, one can clearly see that there is a
linear variation of elastic constants with pressure up to 4 GPa of
ZB phase and 5 to 9 GPa of RS phase, which indicates the stability
of the ZB and RS phases before and after the transition pressure
4.7 GPa.

In light of these observations, the elastic parameters, such as
Zener anisotropic factor (A), Poisson’s ratio (�), Kleinmann param-
eter (�), Young’s modulus (Y), and Debye’s temperature (�D), are
calculated for both the InAs-ZB and InAs-RS phases to determine
the mechanical and thermal behaviour at high pressure from the
relation given by Mayer et al. [30].

The Zener anisotropy factor of a material determines the isot-
ropy of that material. A material is said to be elastically isotropic
with uniform deformation along all directions when A = 1. For

Fig. 1. Total energy as a function of primitive cell volume of InAs in
ZB and RS phases.

Table 1. Lattice constant, a0 (Å); bulk modulus, B (GPa); and pressure
derivative of bulk modulus, B′ of ZB and RS structure of InAs at zero
pressure.

Structure a0 (Å) B0 (GPa) B0
′

ZB Present work 6.18 49.48 4.78
Expt. results 6.058a 59.2±5e 6.8±2e

Theo. results 6.10b, 6.08c 55.51c, 50.4d —
RS Present work 5.74 62.98 4.84

Expt. results 5.5005e, 5.514f 40.6±14e 7.3±1e

Theo. results 5.65c — —
a[21].
b[22].
c[23].
d[24].
e[25].
f[26].

Fig. 2. Enthalpy variation of InAs in ZB and RS structure as a
function of pressure.
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A > 1, it is stiffest along �111� body diagonal and when A < 1, it is
stiffest along �100� cube axes.

In terms of elastic constants it is expressed as

A �
2C44

C11 � C12

(1)

In our calculation, the value of A decreases from 5.35 to 3.37 in
the ZB phase while in the RS phase it increases from 0.18 to 0.2
with pressure. Thus we find that A is stiffest along �111� body
diagonal in the ZB phase and after transition to RS phase it be-
comes stiffest along �100� cube axes. Poisson’s ratio (�) gives us

information about the characteristics of bonding forces. It is given
by the relation

� �
1

2
�B � (2/3)G

B � (1/3)G
� (2)

where

G �
GV � GR

2
(3)

is the isotropic shear modulus, Gv is Voigt’s shear modulus, and GR
is the Reuss’s shear modulus and can be expressed as

GV �
C11 � C12 � 3C44

5
(4)

and

5

GR

�
4

(C11 � C12)
�

3

C44

(5)

Fig. 3. Phase transition between ZB and RS structure of InAs at
4.7 GPa pressure.

Table 2. Phase transition pressure Pt (GPa) and volume collapse of
InAs.

Present
calculation

Expt.
results

Theo.
results

Transition pressure, Pt (GPa) 4.7 7a, 6.9±0.2c 3.9d, 4.0e

Volume collapse (%) 17.2 17.0±0.2a, 18.8b 17.0f

a[25].
b[26].
c[8].
d[28].
e[29].

Fig. 4. Elastic constants (C11, C12, C44) as a function of pressure of
InAs-ZB and InAs-RS phases.

Fig. 5. Elastic parameters (Zener anisotropy factor, Poisson’s ratio,
Kleinmann parameter, and B/G ratio) as a function of pressure of
InAs in (a) ZB phase and (b) RS phase.

Fig. 6. Elastic parameters (Debye’s temperature and Young’s
modulus) as a function of pressure of InAs in (a) ZB phase and (b) RS
phase.
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For covalent materials, the value of Poisson’s ratio (�) is 0.1,
whereas for ionic materials � = 0.25 [31]. The lower and upper
limits of � in central force solids have been reported to be 0.25 and
0.5, respectively [32]. Our results for Poisson’s ratio show that as
pressure increases, the value of � increases from 0.16 to 0.25 in the
ZB phase while it remains around 0.34 in the RS phase indicating
that with increasing pressure the ionic contribution to the inter-
atomic bonding becomes dominant. It also indicates that with in-
creasing pressure interatomic forces tend to be more central.

The relative ease of bond bending against the bond stretching is
indicated by � (Kleimann parameter) and is calculated using the
relation

� �
C11 � 8C12

7C11 � 2C12

(6)

It also implies resistance against bond bending or bond angle
distortion. In a system, minimizing bond bending leads to � = 0
and minimizing bond stretching leads to � = 1.

In the present study, � of the ZB phase is found to vary from
0.77 to 0.69 with pressure while in the RS phase it is found to
increase from 0.31 to 0.34 showing shrinkage in bond stretch-
ing in the ZB phase and shrinkage in bond bending in the RS
phase.

Fig. 7. Energy band diagram of InAs at zero pressure in (a) ZB structure and (b) RS structure.

Fig. 8. DOS of InAs: (a) total DOS of InAs-ZB; (b) In (indium atom) partial DOS in InAs-ZB; (c) As (arsenic atom) partial DOS in InAs-ZB; (d) total
DOS of InAs-RS; (e) In (indium atom) partial DOS in InAs-RS; and (f) As (arsenic atom) partial DOS in InAs-RS.
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The ductile and brittle behaviour of a material can be under-
stood from the ratio of the bulk and shear moduli (B/G) [33]. If
the shear modulus (G) is low we know that the material has a
low resistance to shear and hence is ductile, while if a material
has low bulk modulus, it means the resistance to fracture is low
and hence the material is brittle. We know that the critical
value, which separates the ductility and brittleness of a mate-
rial, is 1.75. A material is said to be ductile if B/G > 1.75 and
brittle if B/G < 1.75. In our calculation, the B/G ratio of InAs-ZB
remains around 0.64 with increase in pressure, which shows
that InAs-ZB retains its brittle nature even at high pressure, but
in the case of InAs-RS it is greater than 1.75 and decreases with
increasing pressure. Hence we conclude that the ZB phase of InAs is
brittle in nature and becomes ductile after it undergoes a struc-
tural phase transition to the RS phase. The elastic parameters as a
function of pressure of both the InAs-ZB and InAs-RS are given in
Fig. 5.

The stiffness of a material is given by Y (Young’s modulus)

Y �
9GB

G � 3B
(7)

Also, from the bulk modulus (B) and the isotropic shear modu-
lus (G), the longitudinal elastic wave velocity (vl) and the trans-
verse elastic wave velocity (vt) are calculated as follows:

vl � �3B � 4G

3	
(8)

vt � �G

	
(9)

Now, the average sound velocity (vm) is given by

vm � � 1

3� 2

vt
3

�
1

vl
3��(�1/3)

(10)

Using the average sound velocity, vm, the Debye temperature �D
is calculated from the elastic constants data as given by

�D �
h

k
�3n

4

�NA	

M
��1/3

vm (11)

where h is Plank’s constant, k is the Boltzmann’s constant, NA is
Avogadro’s number, n is the number of atoms per formula unit,
M is the molecular mass per formula unit, and 	 (= M/V) is the
density.

Our calculated results of Young’s modulus and Debye’s temper-
ature are given in Fig. 6. We find a linear increase in Y from 73.62
to 99.72 GPa in the InAs-ZB phase with increasing pressure while
in the InAs-RS phase the value of Y increases from 73.53 to 97.84 GPa.
Hence InAs becomes more rigid with increasing pressure. The value
of Debye’s temperature is also found to increase from 246 to 290 K
for the InAs-ZB phase and 234 to 268 K in InAs-RS, indicating a stiffer
lattice and better thermal conductivity in both phases.

Fig. 9. Energy band diagram of InAs-ZB structure: (a) 1 GPa pressure; (b) 2 GPa pressure; (c) 3 GPa pressure; and (d) 4 GPa pressure.

Fig. 10. Variation of band gap with pressure of InAs-ZB structure.
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Fig. 11. Energy band diagram of InAs-RS structure: (a) 5 GPa pressure; (b) 6 GPa pressure; (c) 7 GPa pressure; and (d) 9 GPa pressure.

Fig. 12. Total DOS of InAs-ZB under pressure: (a) 1 GPa pressure; (b) 2 GPa pressure; (c) 3 GPa pressure; and (d) 4 GPa pressure.
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3.3. Electronic structure
Figures 7a and 7b show the energy band diagrams of InAs-ZB

and InAs-RS, respectively, at zero pressure. In Fig. 7a, it is observed
that the conduction band minimum and the valance band maxi-
mum are located at the middle of the Brillioun zone, � point.
Therefore InAs-ZB structure is a direct band gap semiconductor
with an energy band gap of 0.35 eV, which is in good agreement
with the experimental value of 0.43 eV [34]. The energy band
diagram of InAs-RS as given in Fig. 7b shows a prominent differ-
ence in the band diagram as compared to that of InAs-ZB. It is
interesting to note that there is a crossover of the conduction
band towards the valence band, thus indicating the metallic na-
ture of InAs-RS structure. In other words, InAs crystallized in RS
structure has a tendency to exhibit metallic nature under high
induced pressure above 4.7 GPa. The total and partial DOS plots of
InAs-ZB and InAs-RS are shown in Figs. 8a–8c and 8d–8f, respec-
tively. From the DOS plots of InAs-ZB, one can see that the lowest
band is mainly contributed by the As-s state. The valance band is
found to be mainly contributed by the In-s state with significant
contribution from the As-p state and In-p state with little contri-
bution from the In-d state. A strong hybridisation is found to
occur between the In and As atoms. In the same pattern, the DOS
plots of InAs-RS indicate that the lowest band is mainly domi-
nated by the As-s state and the valance band is mainly contributed
by As-p and In-p orbitals.

The energy band diagram of InAs-ZB structure under induced
pressures 1, 2, 3, and 4 GPa are shown in Figs. 9a, 9b, 9c, and 9d,
respectively. From these figures, one can observe that there is
increase in the band gap with increasing pressure. Figure 10 shows
the variation in band gap of InAs-ZB with increasing pressure. This

variation could be explained based on DOS diagrams under pres-
sure; the energy eigenvalue corresponding to s, p, and d orbital
lies in the higher region with increasing pressure. In the same
way, energy band diagrams of InAs-RS structure under induced
pressures 5, 6, 7, and 9 GPa are shown in Figs. 11a, 11b, 11c, and 11d,
respectively. Interestingly, it is seen that there is still crossover of
the conduction band towards the valance band under pressure
and thus the metallic nature remains. The total density of states
of InAs-ZB and InAs-RS under induced pressures are shown in
Figs. 12a–12d and Figs. 13a–13d, respectively. In Fig. 12, if one sees it
systematically, it is found that the band separation near the Fermi
line increases with increasing pressure. This is consistent with the
observation for band gap in band structure. Similarly in Fig. 13,
one observes the continuation of band across the Fermi line indi-
cating metallic character, which is the prominent observation in
the band structure of InAs-RS structure. One of the reasons for the
metallic nature is band broadening with increase in pressure and
the overlap of filled valance band and conduction band.

4. Conclusion
The phase transition under induced pressure of InAs–ZB to RS

structure occurs at 4.7 GPa pressure with a volume collapse of
17.2% indicating that the ZB phase is more compressible than the
RS phase. The elastic constants of both the phases are found to
satisfy the stability conditions and undergo a linear variation with
increase in pressure. The elastic parameters are also calculated for
both ZB and RS phases. With increase in pressure, InAs-ZB is stiff-
est along �111� body diagonal while it becomes stiffest along �100�
cube axes in InAs-RS. The ionic contribution to interatomic bond-

Fig. 13. Total DOS of InAs-RS under pressure: (a) 5 GPa pressure; (b) 6 GPa pressure; (c) 7 GPa pressure; and (d) 9 GPa pressure.
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ing is also dominant as the pressure increases. The ZB phase of
InAs is found to be brittle in nature and becomes ductile after it
undergoes a structural phase transition to RS phase. It is also found
that with increasing pressure both InAs-ZB and InAs-RS showed
stiffer lattice and better thermal conductivity. The InAs-ZB phase is
found to be a direct band gap semiconductor with an energy band
gap of 0.35 eV while the InAs-RS phase exhibits metallic properties.
The band gap under induced pressure of InAS-ZB is found to increase,
while in the case of InAs-RS there is crossover of atomic orbitals
across the Fermi level and hence it exhibits a metallic nature. The
total DOS of the InAs-ZB phase shows that the band gap increases
because of the energy eigenvalue corresponding to s, p, and d orbit-
als lies in the higher region with increasing pressure while in the
case of the InAs-RS phase there is a broadening of conduction band
width with increase in pressure resulting in crossover of conduction
orbital towards the valence band. The prominent contribution in the
total DOS near the Fermi level of InAs comes from the atomic In-s
orbital, As-p, and In-p orbitals in both the phases.
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A self-consistent ab-initio investigation on the pressure induced elastic p roperties and electronic structure 

of ZnS in zinc-blende (ZB) and rock-salt (RS) structure is performed using the full potential linearized 
augmented plane wave (FP-LAPW) method with modified Becke-Johnson (mBJ) potential under the 

framework of Density Functional Theory (DFT). A phase transition from the four-fold ZB structure to six-

fold RS structure is found occurring at 17.6 GPa pressure with a volume collapse of 12.8%. The obtained 

results are compared and found to be in consistent with other experimental and theoretical results. The 

elastic constants and elastic parameters are calculated at different pressures. We find a linear dependence 
between the elastic constants and pressure in both ZB and RS structure except in C44 of the RS structure. 

The energy band diagrams of both the structures under induced pressure are also studied. The ZB structure 

is found to be a direct band gap semiconductor while the RS structure is found to be an indirect band gap 

semiconductor.  

Keywords: Density Functional Theory (DFT), Density of states (DOS), Energy band structure, Elastic 

properties, Phase transition. 

      

1. INTRODUCTION 

  In recent years, the interest in study of II-VI com-

pound semiconductors has considerably increased be-

cause of its developments in the field of optoelectronics 

and scientific applicat ions. A number of theoretical and  

experimental studies have been performed for better un-

derstanding of the structural and electronic properties of 

the II-VI compounds [1, 2, 3]. ZnS is a II-VI compound 

semiconductor having wide band gap which is of great 

importance due to its potential applications in many op-

toelectronic devices such as light emitting diodes (LED) 

and laser diodes (LD) [4, 5]. It is found to crystallize in  

zinc-blende (ZB) and wurzite (WZ) structure under am-

bient pressure conditions. In various studies, a phase 

transition from four-fold co -ordinated  

 

 

 

zinc-blende (ZB) to six-fold co-ordinated rock-salt  (RS) 

has been reported at elevated pressure [6, 7, 8].  

The developments in the computer simulat ions have re-

sulted in the ab-initio study of the structural, mechanical 

and electronic properties more systematic and precise. It 

helps us in better understanding and estimation of the 

properties of solids under induced pressure which are 

difficult to study experimentally. The band gap and the 

elastic constants play a fundamental role in understanding 

the electrical, optical and mechanical properties of a ma-

terial. Therefore the study of the band gap and elastic 

constant at various pressures are important for proper 

understanding of these properties. Even though there 

have been many studies on the phase transition and elec-

tronic structure of ZnS, there has been very few study on 

the pressure-induced elastic properties and band structure 

of ZnS. In our previous studies we have presented a de-

tailed study on the structural, electronic and elastic prop-

erties of GaP [9, 10] under induced pressure. The present 
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paper is a continuation of our first principle study of the 

compound semiconductors and a detailed study of the 

electronic structures of ZnS in both the ZB and RS phas-

es under induced-pressure has been presented. The paper 

has been organised as follows. After this introduction, the 

methods used in our calculation are described in section 

2. In section 3 the results of our study are given and dis-

cussed in detailed. The conclusion of our study is given 

in section 4. 

2. COMPUTATIONAL METHOD 

    The first principle study of ZnS calculation is per-

formed  using the first principle full potential linearised 

augmented plane wave (FP-LAPW) [11] method within  

the generalised gradient approximat ion (GGA) of 

Perdew-Burke-Ernzerhof (PBE-GGA) [12] with modified  

Becke-Johnson (mBJ) [13] potential under the framework 

of density functional theory (DFT) [14,15,16]. This  

method is used as it is one of the most accurate methods 

in electronic structure calculation of crystals. In this 

method, the lattice is divided into non-overlapping atom-

ic spheres surrounding each atomic sites and an intersti-

tial region [17]. Inside the muffin tin (MT) region, the 

potential is a product of radial function and spherical 

harmonics and expanded up to order l = 10. For the inter-

stitial reg ions that are outside the muffin t in spheres, the 

potentials are expanded in  plane waves. 8000 k-points are 

used for the integration part which reduces to 256 irre-

ducible k-points inside the Brillouin zone. Convergence 

is obtained at RMTKmax = 9.0 where RMT is the atomic 

sphere radii and Kmax gives the plane wave cut-off. All 

calculations are performed with the equilibrium lattice 

constants which are determined from the plot of the total 

energy against the unit cell volume by fitting to the 

Birch-Murnaghan equation of states [18]. The overall 

calculation is done with WIEN2K [19]. 

3. RESULTS AND DISCUSSION 

3.1. Phase Transition and Elastic  

      Properties 

    The phase transition of a material plays an important 

role in understanding the structural, mechanical and phys-

ical properties of a material under pressure. For determi-

nation of the zero  temperature pressure induced phase 

transition of ZnS-ZB phase to ZnS-RS phase the usual 

condition of equal enthalpies i.e. H=E+PV is used. The 

transition pressure from the ZB phase to the RS phase is 

calculated at the precise point where the enthalpies of the 

two phases are equal. The enthalpy as a function of ener-

gy is shown in figure 1. The phase transition from ZB to  

RS structure is found to occur at 17.6 GPa pressure which  

agrees well with the experimental value of 18.1 GPa 

pressure [20] and other theoretical results of 17.5 GPa  

and 17.4 GPa pressures [21, 22] respectively. There is a 

volume co llapse of 12.8% at the transition pressure indi-

cating ZB phase is more compressible than the RS phase.  

 

     Elasticity describes the response of a compound to a 

very small loading which causes reversible deformation. 

The anisotropic features, binding characteristics and 

structural stability of a material can be determined from 

study of the pressure dependence of elastic constants . For 

a cubic crystal, the mechanical stability conditions are: 

(C11+2C12) > 0; C11C12 > 0; C44 > 0; C11 > 0. The elastic 

constants with increase in pressure for both the structures 

are shown in figure 2. It is found that the mechanical sta-

bility conditions are satisfied when the pressure is below 

the transition pressure in the ZB phase and above the 

transition pressure in the RS structure. 
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Figure 1. Phase transition of  ZnS in zinc blende struc-

ture to rock salt structure. 
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Figure 2. Elastic constants (C11, C12, C44) as a function of 

pressure for ZnS-ZB and  ZnS-RS   structure. 

 

       A linear relat ionship between the elastic constants 

(C11, C12, C44) and pressure can be seen in both the phases 
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except for C44 in RS structure. Also C11 is found to be 

more sensitive to change in pressure than C12 and C44.  

     In the light of these observations, the elastic parame-

ters, Zener anisotropic factor (A), Poisson’s ratio (υ), 

Kleinmann parameter (ζ), Youngs modulus (Y), and De-

bye’s temperature (θD) are calculated to determine the 

mechanical and thermal behaviour ZnS in both the struc-

tures. Figure 3(a), 3(b), 4(a) and 4(b) shows the calculat-

ed elastic parameters of ZnS with variation in pressure 

from 0 to 16 GPa pressure for ZB phase and from 18 GPa 

to 30 GPa pressure for RS phase. Poisson's ratio (υ) gives 

us information about the characteristics of bonding forc-

es. The value of poisson's ratio (υ) is 0.1 fo r covalent 

materia ls, whereas for ionic materials, υ = 0.25 [23].  In 

our calculation, the value of υ varies from 0.28 to 0.32 in  

the ZB phase and from 0.29 to 0.32 in the RS phase indi-

cating higher ionic contribution in intra-atomic bonding 

with increasing pressure. The lower and upper limits for υ 

in central force solids have been reported to be 0.25 and  

0.5 respectively [24]. Thus our values also indicates that, 

inter atomic fo rces tends to be more central as pressure 

increases.  The relative ease of bond bending against the 

bond stretching is indicated by ζ (Kleimann parameter). It  

also implies resistance against bond bending or bond an-

gle distortion.  In a system, minimizing bond bending 

leads to ζ = 0 and min imizing bond stretching leads to ζ 

=1. In the present study, as the pressure increases, ζ for 

the ZB phase is found to vary from 0.76 to 0.85 and 0.47 

to 0.48 for the RS phase, indicating shrinkage in bond-

stretching.  
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Figure 3. Elastic parameters (Poisson’s ratio and 

Kleinmann parameter) as a function of pressure for ZnS 

in (a) ZB phase and (b) RS phase. 

  

     The stiffness of a material is given by Y (Young’s 

modulus). A linear increase in Y with increase in pressure 

is found in both phases of ZnS and hence ZnS becomes 

more rig id with increase in pressure. The value of De-

bye’s temperature is also found to vary from 401K to  

437K for the ZB phase and from 493K to 509K for the 

RS phase indicating stiffer lattice and better thermal con-

ductivity. 
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Figure 4. Elastic parameters (Debye’s temperature and 

Young’s modulus) as a function of pressure for ZnS in 

(a) ZB phase and (b) RS phase. 
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    The ductility or brittleness of a material is determined  

by the ratio between the bulk and shear modulus, B/G as 

proposed by Pugh [25]. A material is found to be brittle  if 

B/G < 1.75 and ductile if B/G > 1.75.  The B/G ratio  of 

our present study varies from 1.91 to 2.45 for ZB phase 

and 2.16 to 2.53 for RS phase with increase in pressure as 

shown in figure 5. Therefore ZnS structure is found to be 

ductile and even with increase in pressure ductility is 

retained. 
 

3.2. Electronic Properties 

 
       The energy band diagram of ZnS- ZB structure at 0 

GPa pressure has been presented in many studies and 

found to be a direct band gap semiconductor. In our study 

we have found out the energy band gap of ZnS at differ-

ent pressures. The variat ion in the energy band gap with  

pressure is shown in figure 6. Figure 7(a), 7(b), 7(c) and  
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7(d) shows the energy band diagram of ZnS- ZB structure 

at different pressures. The direct band gap of ZnS-

structure is found to increase with pressure which is due 

to the fact that the energy eigenvalues corresponding to s, 

p, and d orbital’s lies in the higher region with increasing 

pressure.  

The energy band diagram of ZnS-RS structure at different  

pressures are shown in figure 8(a), 8(b), 8(c) and 8(d). 

The ZnS-RS structure is found to be an indirect band gap 

semiconductor. In this case, variations of band gap under 

pressures are not observed prominently. Thus we con-

clude that the band gap of RS structure of ZnS is not 

much affected by pressure. 
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         Figure 6. Variat ion of energy band gap of  

ZnS-ZB structure with pressure. 

 

Figure 7. Energy band diagram of ZnS-ZB-structure at (a) 4 GPa pressure, (b) 8 GPa pressure, (c) 12 GPa pressure and 

(d) 16 GPa pressure. 

 

Figure 8. Energy band diagram of ZnS-RS-structure at (a) 18 GPa pressure, (b) 22 GPa pressure, (c) 26 GPa pressure and 

(d) 30 GPa pressure. 
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    4. CONCLUSIONS 

 
The phase transition of ZnS-zinc blende phase to rock 

salt phase is found to occur at 17.6 GPa pressure with 

a volume collapse of 12.86% indicating that zinc 

blende structure is more compressible than the rock salt  

structure. The values of elastic constants for both the 

structures are satisfied for mechanical stability condi-

tions. A linear relat ionship between the elastic con-

stants and induced pressures is observed in both the 

phases.  In the electronic structure, the zinc blende 

structure of ZnS is found to be a direct band gap semi-

conductor with a band gap of 3.49 eV at ambient pres-

sure and increases with pressure whereas rock salt 

structure is found as indirect band gap having not much 

variation in band gap with pressure. 
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Abstract: The structural, elastic and electronic properties of indium phosphide in zinc-blende and rock-salt structure

under various pressures are studied using the first principle calculation based on the density functional theory with modified

Becke–Johnson potential. The pressure-induced structural phase transition from zinc blende to rock salt is observed at

9.3 GPa pressure with 16.4 % volume collapse, indicating that zinc-blende structure is more compressible as compared to

rock-salt structure. The elastic constants and elastic parameters such as Zener anisotropic factor, Kleinmann parameter,

Poisson’s ratio, isotropic shear modulus, Young’s modulus and Debye’s temperature under different pressures are obtained

and show a linear relation with pressure. The electronic band structures at different pressures are investigated using the

total and partial density of states. The calculated results are found to be in good agreement with other theoretical and

experimental results.

Keywords: Density functional theory; Energy band diagram; Elastic properties; Phase transition

PACS Nos.: 71.15.Mb; 71.20.-b; 71.20.Nr

1. Introduction

The study of compound semiconductors exhibiting new

crystal phases under pressure has led to an increase interest

in the study of high-pressure behaviour of III–V compound

semiconductors [1, 2]. The studies of structural properties,

phase diagram and high-pressure phases of III–V com-

pounds have aroused considerable scientific interest in the

past decades due to its technological importance. In recent

years many theoretical and experimental studies on the

electronic and structural properties as well as the phase

transition of group III–V compound semiconductors have

been undertaken [3–7]. Indium phosphide (InP) is an im-

portant III–V compound semiconductor, which has been

intensively studied for their technological importance and

has become a very promising material for opto-electronic

devices, solar cells, high-performance computing and

communications [8–10]. The study of the effect of pressure

in materials has recently become of much interest in solid-

state physics. The energy band gap and elastic constants of

a semiconductor play crucial role in the study of material

properties. Therefore, in order to gain better understanding

of material properties, the studies of the changes in the

energy band gap and elastic constants of semiconductor

compounds under externally induced pressure are very

important.

In the literature, the semiconductor-to-metallic phase

transition from zinc-blende (ZB) to rock-salt (RS) structure

of InP is found to occur between 8.5 and 13.3 GPa pres-

sures [11–14]. The phase stability of group III phosphide

has been studied by Arbouche et al. [15], who have found

the phase transition of InP occurring at about 7.35 GPa

pressure. Branicio et al. [16] have studied the high-pressure

phases of InP and found the phase transition from ZB to RS

occurring at 10.2 GPa pressure. Although there have been

many studies on the structural and electronic properties of

InP, the high-pressure study on the electronic structures

and elastic properties of InP is still very rare. The ex-

perimental study of these quantities at high pressure is very
*Corresponding author, E-mail: indraofficial@rediffmail.com
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difficult and therefore, many theoretical calculations are

usually used. GW [17] is a method, which is commonly

used for the calculation of the electronic structures but also

very expensive in terms of computational cost and time of

calculation. For calculation of systems, which are not

complex systems of heavy atom, LDA and GGA methods

are good enough for the electronic structure calculations

but results in underestimation of the band gaps. In our

previous studies, we have extensively studied the pressure-

induced phase transition, structural, electronic and elastic

properties of GaP [18, 19]. In the present paper, we have

performed the pressure-induced phase transition from the

fourfold coordinated ZB structure to sixfold coordinated

RS structure of InP using the full potential linearized

augmented plane wave (FP-LAPW) method with modified

Becke–Johnson (mBJ) potential under the framework of

density functional theory (DFT) with main emphasis on the

study of the variation in elastic constants, elastic pa-

rameters, band gap and density of states (DOS) with in-

creasing pressure.

2. Theoretical and computational method

The calculations of InP are performed using the FP-LAPW

[20] method with mBJ potential [21] under the framework of

DFT [22–24]. The exchange–correlation interaction effects are

treated within the generalized gradient approximation of Per-

dew–Burke–Ernzerhof (PBE-GGA) scheme [25] as imple-

mented in the WIEN2k code [26]. In this method, the lattice is

divided into non-overlapping spheres (called atomic or muffin

tin sphere) surrounding each atomic sites and an interstitial

region. Inside the muffin tin (MT) region, the potential is a

product of radial function and spherical harmonics and ex-

panded up to order of l = 10. For the interstitial regions that

are outside the muffin tin spheres, the potentials are expanded

in planewaves. The number of k-points used for the integration

part is 8000, which is reduced to 256 irreducible k-points in-

side the Brillouin zone including five high-symmetry pointsW,

L, U, X and K. Convergence of the basis set is obtained at

RMTKmax = 9.0, where Kmax gives us the plane-wave cut-off.

The elastic constants have been determined using the stress–

strain method with volume-conserving technique [27]. In our

calculations, only small lattice distortions have been consid-

ered in order to remain within the elastic domain of the crystal.

3. Results and discussion

3.1. Structural properties

The static equilibrium properties of the crystal structure of

ZB and RS of InP are obtained by minimization of the total

energy with respect to the unit cell volumes per molecule

and fitting it to the Birch–Murnaghan equation [28]. The

calculated structural parameters are compared with other

results and are given in Table 1. Our results are found to be

in good agreement with other experimental results of Paul

[29] with lattice constant 5.9 Å and 5.87 Å by Madelung

[30] along with the theoretical results of Mujica and Needs

[31] with lattice constant of 5.94 Å, bulk modulus of

68 GPa and 4.9 derivative of bulk modulus. There are also

other references reporting lattice constants as 5.87 Å,

5.95 Å, bulk modulus as 65.5, 72, 68, 71, 60 GPa and

derivative of bulk modulus as 4.59, 4.67, 4.41 [32–38]. For

the InP-RS structure, there are not much available data on

the structural parameters. Hence, the results of our struc-

tural data for both the ZB and RS structure are used for

further elastic and electronic structure calculations.

3.2. Phase transition and elastic properties

The usual conditions for equal enthalpy, i.e. the pressure at

which, the enthalpy H = E ? PV is same for both the

structures, are used to obtain the zero-temperature pres-

sure-induced phase transition. The ZB–RS phase transition

of InP is found to occur at 9.3 GPa pressure with a volume

collapse of 16.4 %, indicating that the ZB phase is more

compressible than the RS phase. Our calculated results of

phase transition are compared with other experimental re-

sults of 9.5 GPa by Menoni et al. [14], 9.8 GPa pressure by

Mc Mahon [39] and 10.3 GPa transition pressure and 14.9

volume collapse by Madelung [30] and theoretical results

of transition pressure as 7.3, 7.5, 8.5, 10.2, 11.0 GPa and

volume collapse as 18, 15, 17 % by different group of

researchers [15, 16, 40–43] as shown in Table 2. We find

Table 1 Lattice constant ‘a(Å)’, bulk modulus ‘B(GPa)’ and pres-

sure derivative of bulk modulus (B
0
) of ZB and RS structure of InP at

zero pressure

a(Å) B(GPa) B
0

ZB structure

Present work 5.97 60.5 4.64

Expt. results 5.90a,

5.87b
65.5d, 72e 4.59c,

Theoretical

results

5.94b,

5.95c
68b, 71f,

60 g
4.9b, 4.41 g,

4.67 h

RS structure

Present work 5.54 74.78 4.76

Expt. results 5.71b,

5.24b

Theoretical

results

a Ref [30], b Ref [32], c Ref [33], d Ref [34], e Ref [38], f Ref [39],
g Ref [37], h Ref [36]
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that our results are closer to the experimental data than

other theoretical results. Hence, the DFT calculation using

the mBJ potential gives us more accurate results than other

theoretical studies.

The elastic constant plays an important role in the study of

the relationship between crystal structure and bonding. The

mechanical stability condition of a crystal at high pressure

can be understood from the pressure dependence of the

elastic constants. For a cubic crystal, the Born mechanical

stability conditions are as follows: (C11 ? 2C12)[ 0;

C11C12[ 0; C44[ 0; C11[ 0. In the present study, the

elastic constants (C11, C12, C44) are computed using the

volume-conserving technique [27] for a lattice volume

corresponding to pressure ranging from 0 to 8 GPa pressure

for the ZB and 10 GPa pressure to 16 GPa pressure for RS

phase and found to satisfy the stability conditions. The Zener

anisotropic factor (A), Poisson’s ratio (t), Kleinmann pa-

rameter (f), Young’s modulus (Y) and Debye’s temperature

(hD) are important elastic parameters, which determine the

mechanical and thermal behaviour of amaterial. In our study

we have calculated these parameters for both the structures

using the relation given by Mayer et al. [44]. The elastic

isotropy of a material is determined by the Zener anisotropic

factor (A). ForA = 1, thematerial is elastically isotropic and

deform uniformly along all directions of the body. If A[ 1,

it is stiffest along\111[body diagonals and when A\ 1, it

is stiffest along\100[cube axes. It is expressed as:

A ¼ 2C44

C11 � C12

ð1Þ

Kleinmann parameter (f) describes the relative position of

the cation and anion sub-lattices and is given by the

relation:

f ¼ C11 þ 8C12

7C11 þ 2C12

ð2Þ

The Poisson’s ratio (t) provides a sharp criterion for

differentiating the brittleness and ductility in solids. It

gives us the stability of crystal against shear and is

calculated using the relation,

t ¼ 1

2

B� 2=3ð ÞG
Bþ 1=3ð ÞG

� �
ð3Þ

where B is the Bulk modulus and G is the isotropic shear

modulus given by

G ¼ GV þ GR

2
ð4Þ

where Gv is the Voigt’s shear modulus corresponding to the

upper bound of G values and GR is the Reuss’s shear

modulus corresponding to the lower bound of G values. Gv

and GR can be expressed as:

GV ¼ C11 � C12 þ 3C44

5
ð5Þ

GR ¼ 5ðC11 � C12ÞC44

4C44 þ 3ðC11 � C12Þ
ð6Þ

The Young’s modulus is determined to measure the

stiffness of the solid and is given by:

Y ¼ 9GB

Gþ 3B
ð7Þ

Debye’s temperature gives us explicit information about

lattice vibrations and is also an important parameter

determining the thermal characteristics of a material. It is

calculated using the average sound velocity (tm) given by

the relation [45]:

hD ¼ h

k

3n

4p
NAq
M

� �� �1=3
tm ð8Þ

where h is the Plank’s constant, k is the Boltzmann

constant, NA is the Avogadro’s number, n is the number of

atoms per formula unit, M is the molecular mass per

formula unit, q is the density and tm is given by [46]:

tm ¼ 1

3

2

t3t
þ 1

t3l

� �� �� 1=3ð Þ
ð9Þ

where tt and tl are the transverse and longitudinal

velocities, respectively, which are obtained from Navier’s

equation as [47]:

tl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3q

s
ð10Þ

tt ¼
ffiffiffiffi
G

q

s
ð11Þ

The calculated elastic parameters of InP with variation of

pressure from 0 GPa pressure up to 8 GPa of ZB phase and

Table 2 Phase transition pressure ‘Pt(GPa)’ and volume collapse of InP

Present calculation Expt. results Theoretical results

Transition pressure (Pt) (GPa) 9 .3 9.5a, 10.3 ± 0.2b, 9.8c 7.3d, 7.5e, 8.5f, 11.0 g

Volume collapse (%) 16.45 14.9b 18f, 15 g, 17 h

a Ref [14], b Ref [32], c Ref [40], d Ref [15], e Ref [41], f Ref [42], g Ref [43], h Ref [44]
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from 10 to 16 GPa pressure of RS phase are shown in

Figs. 1(a), 1(b) and 2(a), 2(b). A consistent pattern of linear

increase in elastic parameters with increase in pressure can

be observed from these figures. The parameter A (Zener

anisotropic factor) shows a variation from 3.16 to 4.77 and

0.35 to 0.36 with increase in pressure of ZB and RS phase,

respectively, showing the degree of elastic anisotropy. The

degree of directionality of the covalent bonds is given by

the Poisson’s ratio (t). For covalent materials, t = 0.1,

whereas for ionic materials, t = 0.25 [48]. Our calcula-

tions show that with increase in pressure, the value of t
varies from 0.22 to 0.28 of the ZB phase and from 0.32 to

0.33 of the RS phase, showing that with increase in pres-

sure, the ionic contribution to inter-atomic bonding be-

comes dominant. It has been reported [49] that for central

force solids the lower and upper limits for t are 0.25 and

0.5, respectively. Our values also indicate that as pressure

increases, inter-atomic forces tend to be more central. f
(Kleinmann parameter) quantifies internal strain and thus

indicates the relative ease of bond bending against the bond

stretching. It also implies resistance against bond bending

or bond angle distortion. In a system, minimizing bond

bending leads to f = 0 and minimizing bond stretching

leads to f = 1. In the present study, as the pressure

increases, f of the ZB phase is found to vary from 0.59 to

0.77 and 0.41 to 0.42 of the RS phase, indicating the

shrinkage in bond stretching. The larger the value of

Y (Young’s modulus), the stiffer is the material. Our results

show a linear increase in Y with increase in pressure and

hence, InP becomes more rigid with increase in pressure in

both the phases. With increase in pressure, the value of

Debye’s temperature is also found to vary from 326 to

357 K of the ZB phase and from 338 to 363 K of the RS

phase, indicating stiffer lattice and better thermal conduc-

tivity. The empirical malleability measure of a material is

determined by the value of B/G ratio [50]. A material is

found to be brittle if B/G\ 1.75 and ductile if B/G[ 1.75.

The B/G ratio of present study varies from 1.52 to 1.94 of

ZB phase and 2.5 to 2.6 of RS phase with increase in

pressure as shown in Fig. 3. Therefore, InP structure is

found to be brittle and with increase in pressure it tends to

become ductile.

3.3. Electronic structures and density of states

The energy band diagram of the ZB structure of InP at

0 GPa pressure has been reported in many papers and

found to be a direct band gap semiconductor [5, 7, 16]. The
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results of our energy band diagram show a direct energy

band gap of 1.31 eV, which is in good agreement with the

experimental value of 1.42 eV [38] and better than other

LDA results of 0.62 eV and GGA results of 0.85 eV [38],

and in case of InP-RS structure metallic nature is found to

occur. The partial DOS plots of InP-ZB are shown in

Fig. 4(a), 4(b) and for InP-RS structure in Fig. 4(c),

4(d) respectively. In the partial DOS plot of InP-ZB the

three prominent peaks could be seen in valence band. The

first peak from the left is dominated by the P–p state with a

significant contribution from the In-d state. The second

peak is mainly dominated by the In-s state with significant

contribution from the P–p state and small contribution

from the In-p state and In-d state. In case of the RS

structure, the first peak is mainly dominated by the P-s

state with little contribution from the In-d state and

In-p state and the second peak is found to be mainly con-

tributed by the P–p state with a mere contribution from the

In-s state. We therefore find that the highest contribution

towards the total density of states near the Fermi level of

the ZB structure is In-s state and of RS structure is the

P–p state. In our study the energy band gaps of InP at

various pressures have also been calculated. Figure 5(a)–

5(d) show the energy band diagrams of InP-ZB structure at

different pressures. The variation in energy band gap of

InP-ZB with increase in pressure is also shown in Fig. 6.

We find that there is a linear increase in the band gap of

InP-ZB as the pressure increases, which may due to
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presence of the energy eigenvalues corresponding to s,

p and d orbitals in the higher region with increasing pres-

sure. In Fig. 7(a)–7(d), the energy band diagrams under

various pressures of the RS structure are presented and

observed that the crossing over of conduction band towards

the valence band does not change and hence, the metallic

nature is retained even at higher pressures. Our result

concludes that the energy band gap of the RS phase of InP

is not much affected by the variation in pressure.

4. Conclusions

The structural properties of both InP-ZB and InP-RS are

studied and found to be in good agreement with other ex-

perimental and theoretical results. The phase transition

from the ZB structure to RS structure of InP is found to

occur at 9.3 GPa pressure with a volume collapse of

16.45 %, indicating that InP-ZB structure is more com-

pressible than the InP-RS structure. The elastic constants of

InP at various pressures of both the structures are obtained

and the corresponding elastic parameters are calculated. In

both the ZB and RS structures, the values of elastic

Fig. 5 Energy band diagram of InP-ZB structure: (a) 2 GPa pressure, (b) 4 GPa pressure, (c) 6 GPa pressure and (d) 8 GPa pressure
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constants as well as the elastic parameters are found to

have a linear relation with increase in pressure. The Pois-

son’s ratio calculation shows dominance in the ionic con-

tribution to the inter-atomic bonding with increase in

pressure. Shrinkage in bond stretching with increase in

pressure is also found from the study of Kleinmann pa-

rameter. The study of the Debye’s temperature shows

stiffer lattice and better thermal conductivity with pressure.

The InP-ZB structure is found to be a direct band gap

semiconductor with an energy band gap of 1.31 eV, while

the InP-RS structure is found to be metallic. The total

density of states of InP is obtained and we find that in the

ZB structure, In-s state has the highest contribution towards

the total density of states near the Fermi level, whereas in

RS structure, P–p state has the highest contribution. It is

found that in the InP-ZB structure the band gap increases

with increasing pressure, whereas in the InP-RS structure

there is no much variation in band gap with increase in

pressure. Hence, our results conclude that there are sub-

stantial changes in the elastic parameters of both InP-ZB

and InP-RS structures and energy band gap of InP-ZB

phase, but no prominent change is observed in the elec-

tronic structure of InP-RS phase with variation in pressure.
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Abstract—A first principle study on the electronic structures of GaX 
(X=P, As) under induced pressure is performed using the modified-
becke Johnson potential under the framework of Density Functional 
Theory. In the present calculation, GaP undergoes a phase transition 
from B3 to B1 phase at 21.9 GPa pressure with a volume collapse of 
14.11% while GaAs undergoes a transition from B3 to B1 phase at 
10.7 GPa pressure with a volume collapse of 14.2% indicating that 
B3 phase of both the compounds is more compressible than the B1 
phase. The energy band diagram of GaP-B3 phase and GaAs-B3 
phase show an indirect band gap of 2.33eV and a direct band gap of 
1.3eV respectively while B1 phase for both the compounds show 
metallic nature which is in good agreement with other theoretical 
and experimental studies. Under induced pressure the indirect band 
gap of GaP-B3 phase and direct band gap of GaAs-B3 phase 
increases while in the B1 phase, the metallic nature of GaP and 
GaAs is retained and does not vary with pressure.  

1. INTRODUCTION 

The development in the field of optoelectronic devices and 
scientific applications of III-V compound semiconductors has 
led to its extensive study in recent years [1-3]. GaX (X=P, As) 
is a III-V compound semiconductor which is being considered 
of great technological importance due to its potential 
application in many optoelectronic devices such as light 
emitting diodes (LED) and laser diodes (LD)[4,5]. The study 
of the electronic and structural properties helps us in 
characterizing, understanding and predicting the mechanical 
properties of a material. Therefore the variation in the energy 
band gap under induced pressure help us for better 
understanding of these properties under extreme conditions of 
pressure. 

In literature it has been reported that GaP and GaAs 
crystallizes in zinc-blende (B3) structure under ambient 
pressure conditions. In various studies it is reported that when 
pressure is applied the volume decreases and a structural phase 
transition to rock salt (B1) structure is found to occur [6-8].  

The ab-inito study of the structural and electronic properties of 
a material has become more systematic and precise with the 
developments in the computer simulation. It helps us in better 
understanding and estimation of the properties of a material 
under induced pressure which are difficult to study 

experimentally. Even though there have been many studies on 
the phase transition and electronic properties of GaP and 
GaAs, there have been few studies on the effect of pressure on 
the electronic structure of these compounds. The present paper 
is mainly focused on the study of the variation in the energy 
band gap under induced pressure in both B3 and B1 phases 
using the WIEN2K code based on DFT. The paper has been 
organized as follows. After this introduction, the methods used 
in our calculation are described in section 2. In section 3 the 
results of our study are given and discussed in detailed. The 
conclusion of our study is given in section 4. 

2. COMPUTATIONAL METHODS 

The first principle study of GaX(X=P,As) calculation is 
performed using the first principle full potential linearized 
augmented plane wave (FP-LAPW) [9] method within the 
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE-GGA) [10] with modified Becke-Johnson 
(mBJ) [11] potential under the framework of density 
functional theory (DFT) [12-14]. This method is used as it is 
one of the most accurate methods in electronic structure 
calculation of crystals. In this method, the lattice is divided 
into non-overlapping atomic spheres surrounding each atomic 
sites and an interstitial region [15]. Inside the muffin tin (MT) 
region, the potential is a product of radial function and 
spherical harmonics and expanded up to order l = 10. For the 
interstitial regions that are outside the muffin tin spheres, the 
potentials are expanded in plane waves. 8000 k-points are 
used for the integration part which reduces to 256 irreducible 
k-points inside the Brillouin zone. Convergence is obtained at 
RMTKmax = 9.0 where RMT is the atomic sphere radii and Kmax 
gives the plane wave cut-off. The position of the first and 
second atom of the B3 and B1 structures of GaP is taken to be 
(0,0,0), (0.25,0.25,0.25) and (0,0,0), (0.5,0.5,0.5) respectively. 
3d104s24p1, 3s23p3 and 3d104s24p3 states are respectively 
considered as the valence electrons for Ga, P and As 
respectively. All calculations are performed with the 
equilibrium lattice constants which are determined from the 
plot of the total energy against the unit cell volume by fitting 
to the Birch-Murnaghan equation of states [16]. The overall 
calculation is done with WIEN2K [17]. 
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3. RESULTS AND DISCUSSION 

The ground state lattice parameter for GaP and GaAs in both 
B3 and B1 phase are obtained by the structure optimization. A 
series of different lattice constant are used to calculate the 
total energy and the corresponding primitive cell volume. The 
energy versus unit cell volume curves for both GaP and GaAs 
are shown in Fig. 1(a) and Fig. 1(b). We can clearly see that in 
both the figures the B3 phase is more stable than the B1 phase 
which is in good agreement with other theoretical and 
experimental results. 

 

Fig. 1: Total energy verses unit cell volume for  
B3 and B1 phases of (a) GaP and (b) GaAs. 

The phase transition is important for understanding the 
structural, mechanical and physical properties of a material 
under pressure. The phase transformation of four-fold 
coordinated structure (B3) of GaX (X=P, As) to a more denser 
six fold coordinated structure (B1) under pressure is calculated 
using the condition of equal enthalpies i.e. the H=E+PV. The 
structural phase transition from B3 to B1 phase for GaP and 
GaAs are shown in Fig. 2(a) and Fig. 2(b). 

 

Fig. 2: Phase transition from B3 to B1 phase for  
(a) GaP and (b) GaAs. 

We find that the structural phase transition for GaP-B3 to 
GaP-B1 occurs at 21.9 GPa pressure with a volume collapse of 
14.11% while GaAs undergoes a structural phase transition 
from B3 to B1 phase at 10.7 GPa pressure with a volume 

collapse of 14.2% indicating that in both GaP and GaAs, the 
B3 phase is more compressible than the B1 phase. The energy 
band diagram of GaP and GaAs has already been reported in 
many theoretical and experimental studies [18-20]. In the 
present study we find that GaP-B3 phase is an indirect band 
gap semiconductor with a band gap of 2.3eV while GaP-B1 
phase is metallic. Also GaAs-B3 phase is a direct band gap 
semiconductor with a band gap of 1.3eV while GaAs-B1 
phase shows metallic nature. Therefore we find that our results 
for both B1 and B3 phases of GaP and GaAs are in close 
agreement with previous reported data. We have also 
calculated the energy band gap of GaX(X=P, As) at different 
pressures for both B1 phase and B3 phase. 

 

Fig. 3: Energy band diagram of B3-phase of GaAs in (a) 5 GPa 
pressure (b) 10 GPa pressure (c) 15 GPa pressure and  

(d) 20 GPa pressure. 

Fig. 3(a), 3(b), 3(c) and 3(d) shows the energy band diagram 
of B3 phase of GaP at different pressures. One interesting 
thing that we find from the band structure diagrams in Fig. 4 is 
that as the pressure increases to 5 GPa, 10 GPa 15 GPa and 20 
GPa, the gap between the Г-L increases while the gap between 
Г-X decreases towards the fermi level indicating possibilities 
of crossing over of the conduction band towards the valance 
band. The variation in the energy band gap with pressure for 
B3 phase of GaP is also shown in Fig. 6 for clear analysis of 
the changes between Г-X and Г-L with pressure. The energy 
band diagram of B1 phase of GaP at different pressures after 
the phase transition is also shown in Fig. 5(a), 5(b), 5(c) and 
5(d). From the Fig. we can clearly see crossing over of the 
conduction band towards the valance band hence confirming 
the transition from direct band gap nature to metallic at higher 
pressure. 
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 Fig. 4: Variation of Energy band gaps of  
GaP-B3 phase with pressure. 

 

Fig. 5: Energy band diagram of B1-phase of GaP in (a) 23 GPa 
pressure (b) 27 GPa pressure (c) 32 GPa pressure and  

(d) 37 GPa pressure. 

 

Fig. 6: Energy band diagram of B3-phase of GaAs in (a) 2 GPa 
pressure (b) 5 GPa pressure (c) 8 GPa pressure and  

(d) 10 GPa pressure. 

In Fig. 6(a), 6(b), 6(c) and 6(d), the energy band diagrams of 
GaAs-B3 phase at different pressures are given. From the 
figures we find that the gap between the Г point increases as 

the pressure increases but if we closely study the energy band 
diagram we find that the gap at the X point decreases which 
indicates possibility of crossing over at higher pressure as in 
case of GaP. The variation of gap at the Г point and X point 
with increase in pressure is given in Fig. 7. 
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Fig. 7: Variation of Energy band gaps of  
GaAs-B3 phase with pressure. 

 

Fig. 8: Energy band diagram of B1-phase of GaAs in (a) 12 GPa 
pressure (b) 15 GPa pressure (c) 17 GPa pressure and  

(d) 20 GPa pressure. 

Fig. 8(a), 8(b), 8(c) and 8(d) shows the energy band diagram 
of the B1 phase of GaAs. From the Fig. we find that the 
metallic nature is retained even at high pressure without much 
variation. Hence we conclude that the energy band gap of both 
GaP and GaAs in B3 phase is affected by pressure while the 
energy band gaps of B1 phase is not much affected by 
pressure. 

4. CONCLUSIONS 

The structural properties of GaX (X=P, As) in both B3 and B1 
structure are studied and B3 phase is found to be more stable 
than the B1 phase. A structural phase transition from B3 to B1 
is found to occur at 21.9 GPa pressure with a volume collapse 
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of 14.11% in GaP while GaAs undergoes a structural 
transition from B3 to B1 phase at 10.7 GPa pressure with a 
volume collapse of 14.2% indicating that B3 phase of both the 
compounds is more compressible than the B1 phase. The 
energy band diagram shows that GaP-B3 is an indirect band 
gap semiconductor with a band gap of 2.3 eV while GaAs-B3 
is a direct band gap semiconductor with a band gap of 1.3 eV. 
The B1 phase of both the compounds is also found to be 
metallic which are found to be in good agreement with other 
experimental and theoretical studies. The energy band gaps for 
GaP-B3 phase between the Г-L points, increased while the gap 
between the Г-X points decreased under induced pressure. 
Also GaAs-B3 phase showed an increase in gap at the Г point 
and decrease at X point under induced pressure. However the 
metallic behavior of GaP-B1 and GaAs-B1 phase do not show 
any change under induced pressure. Thus we conclude that the 
B3 phase of both GaP and GaAs are affected by pressure 
while the B1 phase is not affected by pressure. 
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Abstract: We have carried out the first-principles calculations to show phase transition of binary compound 

semiconductor Indium Arsenide under induced pressure in the light of density functional theory with the 

generalised gradient approximation of Perdew-Burke-Ernzerhof as exchange correlation potential. The 

calculated lattice parameters are found to be in good agreement with other theoretical and experimental data. 

The pressure induced phase transition from zinc-blende to rock salt structure is found to occur at 4.7 GPa 

pressure with a 17.27% of volume collapse.  
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1. Introduction: 

 

The technological importance of group III-V compound semiconductors have increased over the past years due 

to its electronic and mechanical properties and have received considerable interest from experimentalist and 

theorists. To understand, the structural phase transition of a material and the influence of band structure 

parameters on the electronic properties of semi-conductors, the study under induced pressure is found to be an 

effective tool.  Also the study of elastic constants at different pressure plays an important role in mechanical 

stability, strength, phase transition and a material response to various conditions. One of the interesting 

phenomena that may occur under applied pressure is a sudden change in the arrangement of the atoms i.e. 

structural phase transition. Indium Arsenide (InAs) is an important group III-V compound semiconductor 

having high electron mobility and narrow energy band gap. It is widely used in construction of infrared 

detectors and diode lasers [1]. It crystallizes in cubic zinc-blende (ZB) structure under ambient conditions. At 

high pressure it is found to undergo structural phase transition to rock-salt (RS) structure. The pressure-induced 

phase transition to metallic state was first reported by Minomura and Drickamer at 8.46 GPa pressure from high 

pressure resistivity measurements [2]. Pitt and Vyas reported the phase transition from the Zinc-blende (ZB) to 

Rock-salt (RS) through resistivity measurements [3]. Although there have been extensive studies on structural, 

mechanical and electronic properties of InAs, the experimental and theoretical study of these properties under 

high pressure is still very scarce. The main aim of this work is to present a detailed study of the structural 

changes of InAs in ZB to RS phase under induced pressure. The paper is organised as follows. The theoretical 

and computational method is described in section 2. In section 3, the results and discussion of our study is given 

and our conclusions are summarized in section 4. 

 

2. Theoretical and Computational Method: 

 

All theoretical calculations of InAs is performed based on the WIEN2K code [4] using the full potential 

linearized augmented plane wave (FP-LAPW) [5] method with modified Becke-Johnson (mBJ) potential [6] 

under the framework of Density Functional Theory (DFT) [7,8,9]. The generalized gradient approximation 

(GGA) of Perdew-Burke-Ernzerhof scheme is used for treating the exchange correlation interaction effects [10]. 

In this method, the lattice is divided into non-overlapping spheres (called atomic or muffin tin sphere) 

surrounding each atomic sites and an interstitial region. Inside the muffin tin (MT) region, the potential is a 

product of radial function and spherical harmonics and expanded up to order l = 10. For the interstitial regions 

that are outside the muffin tin spheres, the potentials are expanded in plane waves. The number of k-points used 
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for the integration part is 8000 k-points which is reduced to 256 irreducible k-points inside the Brillion zone 

including five high symmetry points W, L, Г, X and K. Convergence of the basis set is obtained at RMTKmax = 

9.0 where Kmax gives us the plane wave cut-off. 

 

3. Results and Discussion: 

 

The energy as a function of the primitive cell volume for ZB and RS phase is shown in figure 1. From the 

figure, one can clearly see that the InAs-ZB structure is more stable than the RS structure. The equilibrium 

lattice parameters of the InAs crystal in zinc-blende and rock-salt structure is obtained by fitting the resultant 

curve to the Birch-Murnaghan equation [11]. The calculated structural parameters are compared with other 

results [12,13,14,15,16] and are given in table 1. Our results are found to be in good agreement with other 

results and hence are used for further calculations.  
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Figure 1. Total energy as a function of primitive cell volume of InAs in ZB and RS phases. 

 
Table 1. Lattice constants, bulk modulus and pressure derivative of bulk modulus of InAs-ZB and InAs-RS at 

zero pressure. 
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Figure 2. Enthalpy variation of InAs in ZB and RS structures as a function of pressure. 

 

The pressure induced phase transition of InAs-ZB to InAs-RS phase is investigated from a series of ground state 

optimisation at various pressures. After optimisation, the enthalpy, H = E + PV is used to obtain the pressure 

induced phase transition.  Figure 2 shows the enthalpy as a function of pressure of both the InAs-ZB and InAs-

RS structure. It is clearly seen that the phase transition of InAs-ZB structure to InAs-RS structure is found to 

occur at 4.7 GPa pressure.  
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Figure 3. Phase transition between ZB and RS structure of InAs at 4.7 GPa pressure. 

 

Table 2. Phase transition pressure and volume collapse comparisons with other experimental and theoretical 

data: 

 Present calculation Expt. results Theoretical results 

Transition pressure (Pt)  
(GPa) 

4.7 7
a
 , 6.9±0.2

c 
   3.9

d
, 4.0

e
, 6.0

f
, 

Volume collapse (%) 17.2 17.0±0.2
a
, 18.8

b 
   17.0

g
, 24.0

h 

Ref.15
a
, Ref.16

b
, Ref.17

c
, Ref.18

d
, Ref.19

e
, Ref.20

g
, Ref.21

h
  

 

The normalised volume (Vp/Vo) of the crystal in ZB phase and RS phase is also found to be 0.924 and 0.752 

respectively during the phase transition with a volume collapse of 17.2% indicating that ZB phase is more 

compressible than the RS phase as given in figure 3. Our calculated results of phase transition and volume 

collapse are compared with other experimental and theoretical results [17,18,19,20,21] and are shown in table 2. 

We find that our results are closer to the experimental data than other theoretical results.  
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4. Conclusions: 

 

The calculated optimised structural parameter of Indium Arsenide in both zinc-blende and rock salt structure 

phase are compared with other theoretical end experimental results and are found to be in good agreement.  The 

phase transition of InAs-ZB structure to InAs-RS structure under induced pressure is found to occur at 4.7 GPa 

pressure. The normalized volume of the crystal in ZB phase and RS phase is also found to be 0.924 and 0.752 

respectively during the phase transition with a volume collapse of 17.2% indicating that ZB phase is more 

compressible than the RS phase.  
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ABSTRACT: The structural phase transformation under induced pressure of the GaAs- zinc blende (ZB) phase to rock salt (RS) 

phase, elastic properties and electronic structure of the stable (ZB) phase are studied under the framework of the density 
functional theory (DFT). When pressure is increased up to 10.7 GPa, transition from the GaAs-ZB to GaAs-RS structure occurs 
and the dependence of volume decrease of ZB to RS structure at the transition pressure is 14.11%. The elastic parameters 
such as elastic constants C11, C12, C33, Zener anisotropic factor (A), Kleinmann parameter (ζ), Poisson’s ratio (υ), Youngs 
modulus (Y) and  energy band gap of GaAs-ZB structure shows a systematic variation with increase in pressure upto transition 
pressure. The results are found to be in consistent with other experimental and theoretical results. 

KEYWORDS: Density Functional Theory (DFT); Energy band structure; Elastic properties; Phase transition. 

1 INTRODUCTION 

Gallium arsenide (GaAs) is a group III-V binary compound semiconductor utilized in the electronics and 
telecommunications industries and in the military science [1, 2]. Gallium arsenide chips are found in products such as night 
vision telescopes, discrete microwave circuitry, and room temperature lasers. It is superior semiconductors to silicon for 
optoelectronic devices due to its ability to handle signals at higher frequencies, at the same time generate lower noise [3, 4]. 
It is the most technologically important compound semiconductor material which has been intensively investigated in recent 
years. The study of electronic and structural properties helps us to understand, characterize and predict the mechanical 
properties of materials in the surroundings under extreme conditions. This study plays an important role in physical 
condensed matter [5]. With technological development, study of structural properties, phase diagram and high pressure 
phases of GaAs has aroused considerable scientific interest in the past decades. Froyen and Cohen [6] first reported the 
structural phase of GaAs in 1983. The structural transformation in GaAs was also investigated by Besson et al [7] and Weir et 

al [8] using the single-crystal x-ray absorption spectroscopy and elastic neutron scattering. Studies on electronic structures, 
high-pressure properties have been reported by various groups [9-12]. In literature, works on the phase transformation, 
band structure, density of states (DOS) and elastic properties with variation of pressure is still rare. To the best of our 
knowledge none of the papers in open literature has considered the variation of energy band gap and elastic properties from 
the induced pressure perspective and investigated the behavior of the same with the available experimental data. The 
present paper is mainly focused on study of the phase transition from the zinc-blende to rocksalt structure, band structure 



Kh. Kabita, Jameson Maibam, B. Indrajit Sharma, R. K. Brojen Singh, and R. K. Thapa 

 

 

ISSN : 2028-9324 Vol. 8 No. 1, Sep. 2014 383 

 

 

and elastic properties of GaAs with increasing pressure using WEIN2K code based on DFT. This paper is organised as follows: 
Section 2 describes the theoretical and computational method used in this study. The results are discussed in section 3 and 
conclusions are given in section 4. 

2 THEORETICAL AND COMPUTATIONAL METHOD 

The calculation of GaAs has been performed with modified Becke-Johnson (mBJ) [13] exchange potential using full-
potential linearised augmented plane wave (FP-LAPW) method [14] within the framework of density functional theory (DFT) 
[15, 16, 17] with Perdew-Bruke-Ernzerhof-Generalized Gradient Approximation (PBE-GGA) for the exchange correlation 
potential [18] as implemented in the WIEN2K code [19].  Within DFT formalism, the total energy can be expressed as a 
functional of density of electron system, ρ and can be written by the following functional, 

                    E[ρ] = To[ρ] + VH[ρ] +Vxc[ρ] +Vext[ρ]                                     (1) 

where, To[ρ]  is the kinetic energy of a non-interacting electron system, VH[ρ] and VXC[ρ]  are the Hartree and exchange-
correlation contributions to the energy and Vext [ρ] is the energy due to the external potential of the system. Thus the 
corresponding Hamiltonian called the Kohn-Sham Hamiltonian is  
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The exact density  of N electron system can be expressed in ground state by: 
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N

1i
i

rrr φφ∑
=

=   

where the single particle wave functions i(r) are the N lowest energy solutions of the Kohn Sham equation: Ĥksi = ii of 
the N electron system.  

These equations can be solved self consistently in an iterative process. In this method, the lattice is divided into non-
overlapping spheres (called atomic or muffin tin sphere) surrounding each atomic sites and an interstitial region [20]. Inside 
the muffin tin (MT) region, the potential is a product of radial function and spherical harmonics and expanded up to order l = 
10. For the interstitial regions that are outside the muffin tin spheres, the potentials are expanded in plane waves. 8000 k-
points are used for the integration procedure as we find that above 8000 k-points the energy remains same and this 8000 k-
points reduces to 256 irreducible k-points inside the Brillion zone including five high symmetry points W, L, Г, X and K. 
Convergence is obtained at RMTKmax = 9.0 where RMT is the atomic sphere radii and Kmax gives the plane wave cut-off. The 
calculations are performed with the equilibrium lattice constants which are determined from the plot of the total energy 
against the unit cell volume by fitting to the Birch-Murnaghan equation of states [21]. 

3 RESULTS AND DISCUSSION 

3.1 STRUCTURAL PROPERTIES 

The total energy curve as a function of unit cell volume for GaAs in zinc-blende and rocksalt structure is shown in figure 1. 
It is clearly seen that ZB structure of GaAs is more stable than the RS structure which is in good agreement with previous 
results [22, 23, 24]. The obtained zero pressure equilibrium lattice constant (a0) for GaAs-ZB structure is found as 5.74 A

o
. 

This lattice constant corresponding to the optimized structure is slightly larger than experimental values as given in table 1.  It 
has an error of about 1.8% which is quite acceptable under the 2% error and is used for further calculation.  Thus the 
agreement between our result and other available theoretical and experimental data [25, 26, 27, 28, 29, 30] is well good 
indicating that our calculation can proceed for further study. 
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Fig.1.  Energy versus volume for ZB and RS structure of GaAs. 

 

 

Table 1.  Lattice Constants, Bulk Modulus And Pressure Derivative Of Bulk Modulus Of ZB And RS Structure Of Gaas At Zero Pressure. 

Ref
a
[22], Ref[25]

B
, Ref[26]

C
, Ref[27]

D
, Ref[28]

E
, Ref[29]

F
, Ref[23]

G
, Ref[24]

H
, Ref[30]

I
,  

 

3.2 PHASE TRANSITION AND ELASTIC PROPERTIES 

The zero temperature pressure induced phase transition between the GaAs-ZB structure and GaAs-RS structure has been 
determined using the usual condition of equal enthalpies i.e. H = E + PV. The enthalpy as a function of energy is shown in 
figure 2. The phase transition from ZB to RS structure is found to occur at a pressure of 10.7 GPa which is close to the 
experimental values [31, 32] and other theoretical results as shown in table 2. 
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Fig.2. Enthalpy as a function of pressure. 
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Table 2. Transition pressure from ZB to RS in GaAs. 

 ZB-RS Pressure [GPa] 

Present work 10.7 

Ref [7 ] 12±1.5 

Ref [30 ] 10.5 

Ref [ 31] 11.8 

Ref [ 32] 12.3 

 

To understand the volume collapse at the transition, the unit cell volume at different pressures (VP) are normalised by 
dividing with volume at zero pressure (VO). The normalised volume (Vp/Vo) of ZB and RS structure of GaAs at different 
pressure is shown in figure 3. With increase in pressure the relative volume is found to decrease for the two structures. 
During phase transition, the normalised volume of ZB phase is found to be occurring at 0.876 and for RS phase at 0.734. It is 
clearly seen that volume collapse occurs at 14.2% indicating that the ZB phase is more compressible than the RS phase. 
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Fig. 3. Phase transition between ZB and RS structure of GaAs at 10.7 GPa pressure. 

Since the transition pressure occurs at 10.7 GPa, the three independent observable elastic constants are obtained from 0 
to 10 GPa pressure for ZB phase and 12 GPa to 25 GPa pressure for RS phase and is shown in figure 4. Figure 4 shows the 
linear increase in C11, C12, C44 value with increase in pressure for ZB phase. Also these values satisfy the mechanical stability 
conditions: (C11+2C12) > 0; C11C12 > 0; C44 > 0; C11 > 0.  In case of RS phase after transition pressure, even though there is a little 
variation in C44 value with linear increase in C11, C12 values, and the stability conditions are found to be satisfied.  
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Fig. 4.   Elastic constants (C11, C12, C44) as a function of pressure for GaAs-ZB and  GaAs-RS   structure. 
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 In this light of observations, we are confined our calculation for the elastic parameters on ZB structure up to a higher 
pressure of 10 GPa. The Zener anisotropic factor (A), Poisson’s ratio (υ), Kleinmann parameter (ζ), Youngs modulus (Y), and 
Debye’s temperature (θD) are important elastic parameters which determine the mechanical and thermal behaviour of a 
material.  

The Zener anisotropic factor (A), Poisson’s ratio (υ), Kleinmann parameter (ζ), Youngs modulus (Y) are calculated using the 
relation given by Mayer et. al  [33]. The Zener anisotropy factor gives us an insight on the elastic isotropy of the material. For 
an elastically isotropic material, A = 1. If A > 1, it is stiffest along <111> plane body diagonals and when A < 1, it is stiffest 
along <100> cube axes. It is expressed as: 

                                                    
1211

442

CC

C
A

−
=                                                (3) 

Kleinmann parameter describes the relative position of the cation and anion sub-lattices and is given by the relation: 
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The Poisson’s ratio gives us the stability of crystal against shear and provides a sharp criterion for differentiating the 

brittleness and ductility in solids and it is calculated using the relation, 
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The Young’s modulus is determined to measure the stiffness of the solid and is given by: 
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where,  
2

RV GG
G

+=   is the isotropic shear modulus , Gv is the Voigt’s shear modulus corresponding to the upper 

bound of G values, and GR is the Reuss’s shear modulus corresponding to the lower bound of G   values.  Gv and GR can be 
expressed as 
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Debye’s temperature is an important parameter which determines the thermal characteristics of a material. Debye’s 

temperature also gives us explicit information about lattice vibrations. It is calculated using the average sound velocity (υm) 
given by the common relation [34] 
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Where h is the Plank’s constant, k is the Boltzmann constant, NA is the Avogadro’s number, n is the number of atoms per 

formula unit, M is the molecular mass per formula unit, ρ is the density and υm is given by [35] 
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where υt and υl are the transverse and longitudinal velocities respectively, which are obtained from Navier’s equation [36] 

as 
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The calculated elastic parameters for ZB phase with variation of pressure up to 10 GPa are shown in figure 5(a) and figure 

5(b). A consistent pattern of linear increase in elastic parameters with increase in pressure can be observed from these 
figures.  
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Fig. 5a.   Elastic parameters (Zener anisotropic factor, Poisson’s ratio, Kleinmann parameter and B/G ratio) as a function of pressure. 
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Fig. 5b.   Debye’s temperature and Young’s modulus as a function of pressure. 

 
The Kleimann parameter quantifies internal strain and thus indicates the relative ease of bond bending against the bond 

stretching. It also implies resistance against bond bending or bond angle distortion.  In a system, minimizing bond bending 
leads to Kleinmann parameter, ζ = 0 and minimizing bond stretching leads to ζ =1. In the present study, the parameter ζ is 
found to be 0.55 to 0.73 with the variation of pressure, indicating the shrinkage in bond-stretching. Also the value of the 
Zener anisotropic factor varies from 2.17 to 4.23 with increase in pressure showing the degree of elastic anisotropy. The 
empirical malleability measure of a material is determined by the value of B/G [37].  A material is found to be brittle if B/G < 
1.75 and ductile if B/G > 1.75.  B/G value of the present studies varies from 1.26 to 1.74 with increase in pressure and hence 
it is found that GaAs-ZB structure is brittle and with increase in pressure it tends to become ductile. The larger the value of 
Young’s modulus, the stiffer is the material and since the value of Y varies from 114.96 GPa to 149.456 GPa as pressure 
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increases, we find that GaAs-ZB pahse becomes more rigid. Poisson's ratio gives us the degree of directionality of the 
covalent bonds. For covalent materials, υ = 0.1, whereas for ionic materials, υ = 0.25 [38].  Our calculations show that with 
increase in pressure the value of υ varies from 0.18 to 0.25 showing that with increase in pressure the ionic contribution to 
inter atomic bonding becomes dominant. Fu et al [39]

   
reported that for central force solids the lower and upper limits for υ 

are 0.25 and 0.5 respectively. Our values also indicates that as pressure increases, inter atomic forces tends to be more 
central. The value of Debye’s temperature is also found to vary from 354K to 387K suggesting that with increasing pressure 
the Debye’s temperature also increases indicating stiffer lattice and better thermal conductivity. 

3.3 BAND STRUCTURE AND DENSITY OF STATES 

The energy band diagram of GaAs-ZB structure and GaAs-RS structure at zero pressure and zero temperature is calculated 
using mBJ as it gives us more accurate results closer to the experimental values and the results are given in figure 6(a) and 
figure 6(b) respectively. From figure 6(a) we observed that the conduction band minimum as well as the valance band 
maximum is located at the middle of the Brillioun zone, Г point. From these observations we can conclude that the band gap 
of GaAs-ZB structure is direct band gap with an energy band gap of 1.3eV while the experimental value is 1.4 eV. Again from 
figure 6(b) we find that the conduction band crosses the Fermi level and lies within the valance band making the GaAs-RS 
structure metallic in nature. The reason for the metallic nature in the RS structure is due to broadening of the band with 
increase in pressure and overlapping of the filled valance band and conduction band. 

 

Fig. 6a. Band structure of GaAS-ZB structure. 
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Fig. 6b.   Band structure of GaAs-RS structure. 
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Fig. 7a. Total DOS of GaAs -ZB structure. 
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Fig. 7b.  Partial DOS of Ga atom in GaAs-ZB structure. 

-1 0 -5 0 5 1 0 1 5
0 .0

0 .5

1 .0

1 .5
 A s : s
 A s :p
 A s :d

 

 

D
O

S
(s

ta
te

s/
eV

)

E n e rg y (e V )
 

Fig. 7c . Partial density of As atom in GaAs-ZB structure. 
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Fig. 8a. Total DOS of GaAs-RS structure. 
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Fig. 8b.  Partial DOS of Ga atom in GaAs-RS structure. 
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Fig. 8c.   Partial DOS of As atom in GaAs-RS structure. 
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Fig. 9. Variation of energy band gap with pressure in GaAs ZB structure. 
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Figure 7(a,b,c) shows the total and partial DOS of GaAs in ZB phase and figure 8(a,b,c) shows the same in RS phase. From 
the partial DOS as shown in figure 7(b) and figure 7(c), one can observe that the lowest band appears in energy band diagram 
of ZB phase is mainly contributed from s-non metal (As atom) orbital and the valance band is mainly contributed by the s-
metal (Ga atom) orbital and p-non metal (As atom) orbital with little contribution from the p-metal (Ga atom) orbital. The 
contribution of the s, p orbital of metal and non-metal in DOS in the lowest and valence band is found to decrease with 
increase in pressure. Similar behaviour is observed in partial DOS of GaAs-RS structure in figure 8(b) and figure 8(c) as the 
lowest band is mainly contributed by the s-non metal orbital while the valence band is mainly contributed by the p-non metal 
orbital and s- metal orbital with little contribution from the p-metal and d-metal orbital. An important observation in the 
energy band diagram of GaAs-RS structure is the crossing of the conduction band towards valence band and hence results in 
metalic nature. It is interesting to see the variation of band gap with pressure for the direct band gap in GaAs-ZB phase. 
These variations of the energy band gap with increase in pressure is shown in figure 9 and observe that with increase in 
pressure the band gap also increases. The resaon is that the energy eigenvalues corresponding to s, p, and d orbital’s lies in 
the higher region with increasing pressure. 

4 CONCLUSION 

In this paper we present a detailed study of pressure induced structural transformation, elastic properties and electronic 
structure of GaAs. The phase transition from ZB to RS structure is obtained at 10.7 GPa and ZB structure is found to be more 
stable. During the phase transition, the relative volume of ZB structure occurs at 0.876 and the RS structure at 0.734 and 
volume collapses at 14.2% indicating that ZB structure of GaAs is more compressible as compared to RS structure. The 
calculated equilibrium lattice parameter, bulk modulus, pressure derivative of the bulk modulus and elastic constants are 
found to be in good agreement with the other experimental and theoretical studies. The elastic constants satisfy the 
mechanical stability condition from 0 to 10 GPa pressure for ZB structure and 12 GPa to 25 Gpa pressure for RS structure.  
The elastic parameters for the stable GaAs-ZB phase such as Zener anisotropic factor, Kleinmann parameter, Poisson’s ratio 
and Youngs modulus show a systematic variation with increase in pressure up to 10 GPa pressure before transition. The 
GaAs-ZB structure is found to be direct band gap semiconductor of 1.3 eV and the band gap increases with increase in 
pressure. 
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found to be in consistent with other experimental and theoretical results. 
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1. Introduction 

Gallium phosphide is an important III-V 

compound semiconductor which has increasingly 

attracted attention theoretically and experimentally 

and can be used advantageously in a variety of 

technological areas.  It is also considered to be of 

wide-band gap and hence making it a good 

candidate for room-temperature device applications 

such as top junction solar cells and multi junction 

solar cell system. The variation of band gap of GaP 

with pressure is important for the identification of 

some of the luminescent processes and for a better 

understanding of their origin. In recent years the 

study of the structural properties, phase diagram and 

effect of pressure has aroused considerable scientific 

interest.  Two phases of GaP such as zinc-blende 

(ZB) and rock-salt (RS) has been found with phase 

transition taking place under pressure [1]. The ZB to 

RS structure phase transition has been found to 

occur around 18.8 GPa with unstable RS structure 

[2]. Using the density functional theory (DFT) 

Rashid et al. [3] have studied the structural and 

electronic properties of GaP and compared the 

lattice parameters, bulk modulus, pressure derivative 

of the bulk modulus with earlier data. A. Mujica and 

R. J. Needs [4] found that the simple cubic phase of 

GaP should be stable between 14.7 GPa and 20.3 

GPa. The High-pressure properties of the zinc-

blende structure have been determined by Raman 

scattering, ultrasonic measurements, fundamental 

absorption, and refractive-index measurements [5-

7]. Even though GaP has been well known for a long 

time, calculations on the elastic properties and 

pressure variation of GaP are still very rare. In the 

present work, the phase transformation from zinc-

blende to rocksalt structure along with the electronic 

structure, density of states (DOS), change in band 

gap, and variation in mechanical properties is 

studied for better understanding of the 

semiconductor.  

 

2. Computational Method 

The calculation of GaP was performed within the 

framework of density functional theory (DFT) using 

the full potential linearised augmented plane wave 

(FP-LAPW) method [8]. The exchange-correlation 

effects are treated within the generalised gradient 

approximation of Perdew-Burke-Ernzerhof (PBE-

GGA) scheme [9] as implemented in wien2k code 

[8,10,11]. This method is used as it is one of the 

most accurate methods in electronic structure 

calculation of crystals. In this method, the lattice is 

divided into non-overlapping atomic spheres 

surrounding each atomic sites and an interstitial 

region [12]. Inside the muffin tin (MT) region, the 

potential is a product of radial function and spherical 

harmonics and expanded up to order l = 10. For the 

interstitial regions that are outside the muffin tin 

spheres, the potentials are expanded in plane waves. 

8000 k-points are used for the integration part which 

reduces to 256 irreducible k-points inside the 

Brillion zone. Convergence is obtained at RMTKmax 

=9.0 where RMT is the atomic sphere radii and Kmax 

gives the plane wave cut-off.  

 

3. Results and Discussion 

3.1 Structural properties 

The ground state lattice parameter of ZB and RS 

structure of GaP are obtained by optimisation of the 

structures. The total energy and the corresponding 

primitive cell volume are calculated by setting a 

series of different lattice constants for both the 

structures and the energy versus volume curves are 

shown in figure 1. From figure 1 it is clearly seen 
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that the ZB structure of GaP is more stable as 

compared to RS structure which is in good 

agreement with other previous results [1,4]. The zero 

pressure, lattice constant ao, bulk modulus Bo, 

pressure derivative of the bulk modulus Bo
/
 are 

obtained by fitting the calculated energy-volume  

points to the Birch-Murnaghan equation of states 

[13] and the obtained results are listed in table 1. It 

shows that our results are reasonably in agreement 

with the previous reported data [1, 4, 14-16]. 
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Fig. (1)  Energy versus volume for different 

structure of GaP 

 

Table (1) Lattice constants ao, bulk modulus Bo, and 

pressure derivative of bulk modulus Bo
/
 for ZB and 

RS structures of GaP at zero pressure 

 

Structure     
         a0 

(A0) 
      B0 

(GPa) 
        B0

/ 

ZB  
Present    

work 
5.523 77.709  4.347 

 References 

5.411a; 

5.50b; 

5.386c  

90.0a; 

7.21b ; 

86.8c 

 

4.50a;4.88b; 

4.00c 

RS  
Present  
work 

    5.181     88.303 4.84 

 References 
5.165d; 

5.160e 

87.3d;  

87.59e 

3.78d;  

4.54e 

aRef. [4]; bRef. [14]; cRef. [15]; dRef. [1]; eRef. [16]. 

 

3.2 Phase transition and Elastic properties 

For the determination of phase transition 

pressure at zero temperature, the usual condition of 

equal enthalpies i.e. H=E+PV is used. The enthalpy 

as a function of pressure is shown in figure 2. The 

phase transition of GaP from ZB to RS is found to 

occur at 21.9 GPa pressure. The obtained transition 

pressure is found to be in good agreement with other 

experimental and theoretical results which are 

shown in table 2. In figure 3, the normalised volume 

(Vp/Vo) of ZB and RS of GaP at different pressure 

is shown. The relative volume is found to decrease 

as pressure increases for the two structures. During 

the phase transition, Vp/Vo of ZB phase is found to 

occur at 0.8293 and the RS phase at 0.6882. It 

clearly shows that the volume collapses at 14.11% 

indicating that ZB phase of GaP is more 

compressible as compare to RS phase. Hence the 

elastic constants C11, C12, C44 of GaP-ZB structure 

are calculated for the lattice volume corresponding 

to the pressure ranging from 0 GPa to 21.9 using the 

stress-strain method [20]. 
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Fig. (2) Enthalpy as a function of pressure 
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Fig. (3) Phase transition between ZB and RS 

structure of GaP at 21.9 GPa 

 

For computing the elastic constants Cij, the 

volume conserving technique is used [21]. The 

results are shown in figure 4. The results clearly 

show the mechanical stability conditions: 

(C11+2C12)>0; C11C12>0; C44>0 are satisfied and 

hence the stable GaP-ZB  structure can exists up to 

higher pressure of 21.9 GaP. Using the calculated 

elastic constants (C11, C12, C44), the Debye’s 

temperatures of the ZB phase at different pressures 

are obtained.  Form figure 4 and figure 5, it is also 

observed that the elastic constants as well as the 

Debye’s temperature increases with increasing 

pressure. 

 

Table (2) Transition pressure from ZB to RS in GaP 

 

ZB - RS Pressure (GPa) 

Present work 21.9 

Ref.1 21.9 

Ref.17 24±0.3 

Ref.7 22.0 

Ref.18 21.5±0.8 

Ref.19 21.7 
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Fig. (4)  Elastic constants (C11,C12,C44) as a function 

of pressure 
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Fig. (5) Debye’s temperature as a function of 

pressure 

 

 
 

Fig. (6) Energy band diagram of GaP ZB structure at 

zero pressure 

 

3.3 Band structure and Density of states 

The energy band diagram of GaP-ZB at zero 

pressure is shown in figure 6 and the partial DOS of 

Ga and P in GaP-ZB are shown in figure 7 (a) and 7 

(b) respectively. In the band diagram, one can 

observe that the valance band maximum occurs at 

the Γ point and the minimum conduction band 

occurs at L point. Hence GaP-ZB is found to be an 

indirect band gap semiconductor material of 2.3 eV. 

From the partial DOS one can observe that the 

lowest band appears in energy band diagram is 

mainly contributed from s-non metal (P atom) 

orbital and the valance band is mainly contributed 

by the s-metal (Ga- atom) orbital and p-non metal 

orbital with little contribution from the p-metal 

orbital. The contribution of the s, p orbitals of metal 

and non-metal in Density of States (DOS) in the 

lowest and valence band is found to decrease with 

increase in pressure. The variation of band gap of 

GaP-ZB structure under pressure ranging from 0 

GPa to 21.9 GPa is shown in figure 8 and observed 

that there is increase in band gap with increase of 

pressure.  
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Fig. (7) (a) Partial DOS of Ga in GaP, (b) Partial 

DOS of P in GaP 
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Fig. (8)  Pressure versus energy band gap in GaP 

 

4. Conclusion 
In this paper we present a detailed study of 

pressure induced phase transition and electronic 

structure of GaP from ZB to RS structure. The phase 

transition from ZB to RS structure is obtained at 

21.9 GPa and ZB phase is found to be more stable. 

During the phase transition, the relative volume of 

ZB phase is occured at 0.8293 and the RS phase at 
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0.6882 and volume collapses at 14.11% indicating 

that ZB phase of GaP is more compressible as 

compare to RS phase. The calculated equilibrium 

lattice parameter, bulk modulus and pressure 

derivative of the bulk modulus are found to be in 

good agreement with the other experimental and 

theoretical studies. The Debye’s temperature 

calculated from the elastic constants is increased 

with increase in pressure. GaP-ZB phase is found to 

be an indirect band gap semiconductor material of 

2.3eV and band gap increases with increase in 

pressure. The partial DOS shows the main 

contributions from s, p orbital of non metal-P atom 

and p, d orbital of metal-Ga atom in the band 

diagram of GaP. 

 

References 

[1] L. Lui et al., Chinese Physics B, 20(10) (2011) 

106201-106206. 

[2] A. Garcia, and M. L. Cohen, Phys. Rev. B, 47 

(1993) 6751-6754. 

[3] A.R. Rashid et al., Physica B: Condens. Matter, 

403 (2008) 1876-1881. 

[4] A. Mujica and R. J. Needs, Phys. Rev. B, 55 

(1997) 9659-9670. 

[5] J.P. Itie et al., Phys. Rev. B,  40 (1989) 9709–

9714. 

[6] A. Bernard, Weinstein and G.J. Piermarini, Phys. 

Rev. B, 12 (1975) 1172–1186. 

[7] A.J. Miller, G.A. Saunders and Y.K. Yogurtcu, 

Philos. Mag. A, 43 (1981) 1447-1471. 

[8] E. Wimmer et al., Phys. Rev. B, 24 (1981) 864-

875. 

[9] J.P. Perdew, K. Burke and M. Ernzerhof, Phys. 

Rev. Lett., 77 (1996) 3865-3868. 

[10] P. Blaha et al., Techn. Universitat, Wien, 

Austria, ISBN 3-9501031-1-2, (2001). 

[11] S. Cottenier, “Density Functional Theory and 

the family of (L) APW-methods: a step-by-step 

Introduction” (Belgium, Instituut voor Kern-en 

Stralingsfysica, K. U. Leuven., ISBN 90-807215-1-

4, (2002). 

[12] O.K. Andersen, Phys. Rev. B, 12 (1975) 3060-

3083. 

[13] F. Birch, Phys. Rev., 71 (1947) 809-824. 

[14] Y. Al-Douri, and A.H. Reshak, Applied Physics 

A, 104 (2011) 1159-1167.  

[15] S.B. Zhang and M.L. Cohen, Phys. Rev. B, 35 

(1987) 7604-7610. 

[16] L. Sukit et al., Phys. Rev. B, 77 (2008) 195209-

1952015. 

[17] J.P. Pinceaux et al., “High pressure in research 

and industry”, Proc. of the 8
th

 AIRAPT Conf.; 

August 17-22; Institute of  Physical Chemistry, 

University of Uppsala, Sweden, (1981). 

[18] M. Baublitz and A.L Ruoff, J. Appl. Phys. 53 

(1982) 6179-6186. 

[19] J. Sjakste, N. Vast and V. Tyuterev, Phys. Rev. 

Lett.  99 (2007) 236405-236409. 

[20] F Birch, J. Appl. Phys., 9 (1938) 279-288. 

[21] D.C. Wallace, “Thermodynamics of 

Crystals”, Wiley, New York, (1972). 

__________________________________________________________________________________________ 

 

 

 

http://publish.aps.org/search/field/author/J.%20P.%20Itie
http://publish.aps.org/search/field/author/Bernard%20A.%20Weinstein
http://publish.aps.org/search/field/author/G.%20J.%20Piermarini

