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With the help of structural parameters and elastic constants obtained previously in our work (S. Daoud, N.
Boiud, N. Lebga, J. Optoelectron. Adv. Mater. 16, 207 (2014)), different empirical formulae were successfully
used to investigate: equation of state, the isotropic shear modulus, the Young modulus, the Cauchy ratio, the
Born ratio, the Poisson ratio, the Pugh ratio, the Kleinman parameter, and the converse piezoelectric coefficient of
the aggregate AIP material with cubic zinc-blende structure under pressure up to experimental pressure of phase
transition (9.5 GPa). In addition, the Debye temperature at equilibrium volume was predicted, the result obtained
is in excellent agreement compared to the experimental ones, the deviation is less than 1.4%.
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1. Introduction

To provide a more comprehensive understanding of 11—
VI and ITI-V tetrahedrally coordinated semiconductors,
which have many applications, especially in the field of
linear and nonlinear optics, solar energy conversion, light-
emitting diodes, laser diodes and integrated optical de-
vices [1]. In recent years many researches [1-15] have
been carried out on phase transition, structural parame-
ters, and other physical properties of these materials.

Using pseudopotential plane wave approach in the
framework of density functional theory (DFT) method,
Aouadi et al. [3] have studied structural, elastic, elec-
tronic and dynamical properties in both zinc-blende and
nickel-arsenide (B8) phases of aluminum phosphide ma-
terial. They found that all the elastic constants increase
with application of pressure, whereas, both, the Born ef-
fective charges and the high frequency dielectric constant
decrease with increase of hydrostatic pressure.

The structural parameters and electronic properties
under pressure effect of AIP material in cubic zinc-blende
phase have been studied by Jappor et al. [4], they used a
semiempirical method, and they found that their calcu-
lated results are in good agreement with the experimen-
tal data. They conclude also the possibility of using their
model in qualitative study of some other materials.

To investigate elastic properties, sound velocity and
the Debye temperatures in zinc-blende III-P (BP, AlP,
GaP and InP) compounds under pressure effect, Bouhe-
madou et al. [5] have used the full-potential augmented
plane wave plus local orbitals (FP-APW + lo) method.
They have found a linear dependence of the bulk modulus
and elastic constants versus applied pressure.

Under the effect of external pressure, the cubic zinc-
blende phase of AIP compound transforms to the nickel-
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arsenic (NiAs) phase at about 9.5+5 GPa [6]. Ameri
et al. [7] used an ab initio calculation in the framework
of the density functional theory to study the effect of
aluminum concentration on some physical properties of
Al,In;_,P alloy.

To provide a more comprehensive understanding of
AIP material, some interesting mechanical and thermal
properties under pressure have been calculated and ana-
lyzed. The equation of state (EOS), the isotropic shear
modulus, the Young modulus, the Cauchy ratio, the Born
ratio, the Kleinman parameter, the Poisson ratio, the
Pugh ratio, and the converse piezoelectric coefficient up
to experimental pressure of phase transition (9.5 GPa) of
the aggregate material are predicted.

2. Theoretical, results and discussions
2.1. Equation of state

The understanding of EOS plays a very important role
in both experimental and theoretical high pressure phase
transition investigations of materials, because the study
of EOS allows scientists to know more information on
the nature of solid state theories and helps us to de-
termine the values of several thermodynamic parame-
ters [16]. Therefore, to study the structural parameters
under pressure, the Vinet equation of state is usually
used. The Vinet [17, 18] form of EOS was given by fol-
lowing expression [16-18]:

InH =1InBy + 1.5(By — 1)(1 — X). (1)
Here X = (V,)Y/3, and V,, = V,,/V} is the normalized
volume, where V), is the volume at a value of no null

pressure P, and V) is the volume at zero-pressure. The
function H is given as follows [16-18]:

H = PX?/3(1 - X). (2)
The universal EOS curve of AIP tetrahedrally coordi-
nated semiconductor was depicted in Fig. 1. As observed
in Fig. 1, a linear correlation between InH and (1 — X)
is established. As far as we know, there is no data avail-
able in the literature on the universal EOS curve for this
semiconductor.
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Fig. 1. Universal EOS of cubic zinc-blende AIP semi-
conductor expressed in the Vinet form.

2.2. Mechanical properties

2.2.1. Isotropic shear modulus, the Pugh ratio and the
Poisson ratio

It should be noted that the elastic properties of semi-
conductors play a very important role in physics of solid
state matter, because they are linked directly with many
other physical quantities, especially: the heat capacity,
the Debye temperature, the thermal expansion, and the
Griineisen parameter [19]. In some times, the semicon-
ductor compounds are studied as aggregate polycrys-
talline materials, so the mean values of different quan-
tities are usually used. The isotropic shear modulus G is
an average of two limits, named the Voigt modulus Gv,
and the Reuss modulus Gg, it is expressed as [5]:

G = (Gv +Gr)/2. (3)
For cubic crystals, these two quantities are related di-

rectly to the second order elastic stiffness constants Cj;;
these two quantities are given as [8]:

Gy = (Cll —Chia + 3044)/5, (4&)
Gr = [5(C11 — C12)Cu4] / [4C44 + 3(C11 — Ch2)] - (4D)

From the formula of Egs. (4), it is important to note
that the aggregate Voigt shear modulus Gy is more in-
fluenced by the sheared elastic constant Clyy; whereas the
aggregate Reuss shear modulus Gy is influenced almost
equally by the sheared elastic quantity (Cy; — C2) and
Clyy, respectively. The evaluated isotropic shear modulus
G, the Voigt modulus Gy and the Reuss modulus Gy at
zero-pressure are: 50.04, 45.08 and 47.56 GPa, respec-
tively. We observe that our calculated isotropic shear
modulus is relatively lower than the previous theoretical
data (59.1 GPa) reported in Ref. [5]. It is acknowledged
also that the isotropic shear modulus G is used some-
times to give information about the Vickers hardness Huv,
where G and Hv are varied in direct proportional man-
ner. Therefore, a higher value of G indicates a higher
value of Hv and vice versa. Figure 2 shows the vari-

ations of isotropic shear modulus G, the Voigt modulus
Gv and the Reuss modulus Gg with hydrostatic pressure
for tetrahedrally coordinated AIP material. We observe
a quadratic dependence in all curves. All these three
quantities of interest decrease monotonically with rais-
ing pressure.
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Fig. 2. Isotropic shear modulus, Voigt modulus and
Reuss modulus of B3 AlP versus pressure.

Three analytical relations for the pressure depen-
dence isotropic shear modulus G, the Voigt modulus Gy
and the Reuss modulus Gy are given by the following
quadratic fit, i.e.:

Gv =50.04 + 11.01 x 107%p — 3.18 x 107 %p?,  (5a)
Gr = 45.08 — 14.83 x 107%p — 1.66 x 10~ 2p*,  (5b)

G = 47.56 — 1.90 x 10™%p — 2.42 x 10~ ?p*. (5¢)
Our obtained results regarding the pressure derivatives
at zero pressure namely: 0Gvy /0P, 0Ggr /0P and 0G /0P
of AIP semiconductor are: 0.11, —0.14, and —0.02, respec-
tively. Unfortunately, to the best of our knowledge, there
are no data available in the literature on the pressure
derivatives of G, Gy, and GR for this semiconductor.

The ductility and brittleness are two probable char-
acteristics of semiconductor materials, which are related
directly to the elastic constants [13]. Pugh [20] proposed
a ratio to study the nature of the mechanical behavior
in materials, it is named Pugh’s ratio which is the rap-
port between the bulk modulus B and the isotropic shear
modulus G. The value 1.75 is considered as limit to sep-
arate the ductile and the brittle domains. A high value
of B/G indicates tendency of material for ductility be-
havior, while a low value of B/G indicates its tendency
for brittleness behavior. At zero pressure, the ratio B/G
of AIP is equal to 1.89, it is more than 1.75; this result
suggests that this compound is prone to ductile behavior.
It is observed that our value (1.89) of B/G is relatively
higher than the previous theoretical value (1.54) reported
by Varshney et al. [21]. The reason of this big difference is
perhaps due to the different formulae used to predict the
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values of the shear modulus G, where the average value
between the Voigt modulus Gy and the Reuss modulus
GR is used here, while only Gy was used in the work of
Varshney et al. [21].

Another elastic quantity which was also proposed to
study the nature of mechanical behavior of material, is
the Poisson ratio o, it is related to the bulk modulus B
and the isotropic shear modulus G by the following ex-
pression: o = (3B — 2G)/(6B + 2G) [22]. In Fig. 3, the
Pugh ratio and Poisson ratio are plotted against pressure.
As shown in Fig. 3, we found that both Pugh’s and the
Poisson ratios increase almost linearly with increase of
pressure, indicating that AIP tetrahedrally coordinated
material is prone to ductile manner in the range of pres-
sure 0-9.5 GPa.
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Fig. 3. The Pugh ratio and the Poisson ratio of B3

AIP semiconductor versus pressure.

We observe also that our value at zero pressure of the
Poisson ratio (= 0.27) is relatively higher than the pre-
vious theoretical data (= 0.23) reported by Bouhemadou
et al. [5], and is relatively lower than the previous theo-
retical data (0.335) reported by Wang and Ye [23]; so our
result is localized between these two theoretical values.

2.2.2.  Young modulus, Cauchy and Born ratios, and
Kleinman parameter

We further attempt to determine the functional deriva-
tives as Young modulus F, Cauchy ratio Ca, Born ratio
Bo, and the Kleinman parameter (. The Young modu-
lus F is one of important mechanical parameter; for the
isotropic material (aggregate polycrystalline material), it
can be determined with the help of the following equa-
tion [5]:

E =9BG/(3B+ G). (6)
Contrarily to the Poisson ratio, our calculated value of E
is esteemed at about 121 GPa, it is relatively lower than
the previous theoretical data (145.6 GPa) reported by
Bouhemadou et al. [5], and it is relatively higher than the
previous theoretical data (87.8 GPa) reported by Wang
and Ye [23]. Therefore, our result of Young modulus is
also localized between these two theoretical values. To

predict the variation of the Ca and Bo as function of
pressure up 9.5 GPa of AIP material, the different re-
lationships given in Refs. [24, 25| are used here. The
predicted values of the Young modulus F, Ca and Bo ra-
tios up to 9.5 GPa are reported in Table I, and compared

with available data of the literature [5, 21, 23, 26].

TABLE I

The Young modulus (E), Cauchy ratio (Ca) and Born
ratio (Bo) of AIP in pressure range from 0 to 9.5 GPa.

P [GPa] | E [GPa] Ca Bo
0.00 121.26 1.10 1.09
145.6 [5] | 0.915 [21] 2.67 [21]
87.8 [23] | 1.05 [26] 0.86 [26]
1.46 121.95 1.17 1.09
3.17 122.38 1.25 1.10
4.87 122.43 1.34 1.10
6.50 121.78 1.42 1.11
9.50 120.01 1.58 1.10

At zero pressure, our calculated values of Ca and Bo
are esteemed at about 1.10 and 1.09, respectively. Our
value (1.10) of the Cauchy ratio Ca is in good agreement
with the result (1.05) reported by Adachi [26], the devi-
ation is less than 5%. Our value (1.09) of the Born ratio
(Bo) is relatively higher than the previous one (0.86) re-
ported by Adachi [26], and is relatively lower than the
result (2.67) of Varshney et al. [21]. It is important to
note that the value 2.67 of Bo reported by Varshney et
al. [21] is incorrect. Thus it is perhaps due to the incor-
rect formula used by Varshney et al. [21] to esteem this
quantity. By using the numerical values: 225, 130, and
142 GPa of the elastic constants C1, C1s, and Cyy re-
spectively used by Varshney et al. [21], the correct value
of the Bo is 1.69 which is much lower than the incorrect
value (2.67). Our result of Bo is also localized between
these two values (0.86 and 1.69) of the literature.

It is very important to note that our values (& 1.1) of
Bo are almost invariable as a function of the pressure.
This behavior was also observed in the case of the binary
GaAs and AlAs and the ternary Al,Ga;_,As semicon-
ducting materials [27], where the value of about 1.1 was
also found, and it was found almost invariable as a func-
tion of the concentration. Since the Bo is correlated with
the bond ionicity in II-VI, III-V, and I-VII semicon-
ducting compounds [28], we can clearly observe that the
measured ionicities of AIP and GaAs are also almost the
same (0.307 for AIP and 0.310 for GaAs) [28]. For AIP
semiconductor in its zinc-blende structure, the internal
strain parameter (named also the Kleinman parameter)
and the elastic constants are related by the following ex-
pression [5]:

¢ = (C11 +8C12)/(7C11 +2C12). (7)
In Fig. 4, the internal strain parameter ( is plotted versus
pressure. As shown in Fig. 4, we found that ( increases
quadratically with increase of pressure up to 9.5 GPa. It
is to be noted that a low value of ( signifies a large resis-
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tance against bond bending or bond angle distortion and
high value of ¢ means a small resistance against bond
bending or bond angle distortion in solid [29].
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Fig. 4. Internal strain parameter of B3 AlP semicon-
ductor versus pressure up to 9.5 GPa.

The internal strain parameter ( begins with a value
of 0.64 at zero pressure, and it reaches a value about
0.73 at 9.5 GPa. We observe that our calculated value
(0.64) of ¢ at zero-pressure is in excellent agreement with
the previous theoretical data (0.631) obtained by Bouhe-
madou et al. [5], the deviation between the two values is
only about 1.4%. It is important to note that the inter-
nal strain parameter ¢ of AIP tetrahedrally coordinated
material is also reported by Wang and Ye [23]; the devia-
tion between our calculated value (0.64) ¢ and the value
(0.64) obtained by Wang and Ye [23] is about 6%.

2.8. Piezoelectric coefficient

In the case of B3 structure, the piezoelectric tensors
in both direct and converse piezoelectric effects contain
only one constant. In first one, this constant is usually
called eq4, whereas in the second one it is called dy4 [30].
The converse piezoelectric coeflicient dy4 is related to the
elastic constant Cy4, and the direct piezoelectric coeffi-
cient ey4 by the following formula [31]:

dia = e14/Cua. (8)
Attempting to predict the effect of hydrostatic pressure
on the converse piezoelectric coefficient di4 of AIP tetra-
hedrally coordinated compound, the different results are
presented in Fig. 5. As shown in Fig. 5 the converse
piezoelectric coefficient increases gradually with pressure,
where it begins with a value of 0.8 pm/V at zero pressure,
and it reaches a value of about 4.7 pm/V at 9.5 GPa.
However, to the best of our knowledge, no theoretical
or experimental data of the converse piezoelectric coeffi-
cient dy4 of AIP compound have appeared anywhere in
literature. So, future experimental works or other the-
oretical calculations will contribute for the validating of
our calculated results of this quantity.
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Fig. 5. Converse piezoelectric coefficient d14 of B3 AIP
semiconductor versus applied pressure.

2.4. Debye temperature

The Debye temperature of solids can be obtained from
the elastic constants and one from the specific heat mea-
surements [32]. For several materials with cubic struc-
ture, the Debye temperature 8p can be obtained from
the elastic constants C;; by means of the following for-
mula [33]:

3 1/2
b 8771 <k> (M) (Cll - C12) /

X (C11 + Cha + 2C44) 2 (Cua) /2, 9)
where h is the Planck constant, &k is the Boltzmann con-
stant, n is the number of atoms in unit cell of volume v,,
and g is the density.

The predicted value of the Debye temperature is re-
ported in Table II, and compared with available data of
the literature [5, 34, 35].

TABLE II

The Debye temperature of AlP, in comparison of our
value with available theoretical [5, 34] and experimen-
tal [35] data.

our other
Op [K] | 596 | 603 [5]; from 479 to 673 [34]; 588 [35] exp.

It is seen that our calculated equilibrium Debye tem-
perature Op of AIP tetrahedrally coordinated is in
very good agreement with the previously calculated
data [5, 34] and experimental value reported in Ref. [35].
The value 596 K obtained by us deviates from the ex-
perimental value 588 K reported in Ref. [35] with only
about 1.36%. The value 596 K obtained by us deviates
from the theoretical one 603 K reported by Bouhemadou
et al. [5] with only about 1.16%.
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3. Conclusion

Using different empirical formulae, the mechanical be-
havior, piezoelectric coefficient, and Debye temperature
of aluminum phosphide material under pressure up to ex-
perimental pressure of phase transition (9.5 GPa) were
determined. All these quantities are predicted with the
help of the structural parameters and elastic constants
obtained by using first-principle calculations published
previously in our paper [11]. The isotropic shear mod-
ulus, the Young modulus, the Cauchy ratio, the Born
ratio, the Poisson ratio, the Pugh ratio, the Kleinman
parameter and the converse piezoelectric coefficient of
the aggregate AIP material are investigated. The Debye
temperature is also successfully predicted and analyzed,
where the deviation between our result (596 K) and the
experimental one (588 K) is only about 1.36%.

At zero pressure, our results are in good agreement
with the experimental and other theoretical results. On
the basis of the analysis of Pugh’s and the Poisson ratios,
the AIP material behaves as ductile manner.
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