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A B S T R A C T

The calculation of the structural, mechanical and thermodynamic properties of the alkali hy-
drides XH (X=K, Rb and Cs) in rock-salt (RS), cesium chloride (CsCl), zinc-blende (ZB) and
wurtzite (WZ) phases are done by using the full-potential linearized augmented plane wave (FP-
LAPW) method within the frame work of the density functional theory (DFT) as implemented in
the WIEN2K code. The Perdew–Burke–Ernzerhof generalized gradient approximation (PBE-GGA)
was used for the exchange-correlation potential.

The elastic constants and their related properties, as well as the thermodynamic properties,
were obtained by using the IRelast package. The calculated elastic constants for the alkali hy-
drides, with the four structures RS, CsCl, ZB and WZ, at ambient pressure are mechanically stable.
The elastic constants and their related properties in the RS structure are changeable with in-
creasing pressure. Elastic constants, bulk modulus, shear modulus (stiffness) and Debye tem-
peratures of these compounds are decreased as going from K to Cs in the periodic table. These
compounds in the RS structure are mechanically stronger at ambient conditions.

1. Introduction

The alkali hydrides compounds XH (X=K, Rb, and Cs) are interesting and have received wide attention due to their wide range of
applications. These compounds are used as a high energy mobile fuel cell, and they can release high energy by fusion [1]. These
compounds attract researchers in different areas due to their simple electronic structure. Furthermore, the fact that alkali hydrides
and complex hydrides have the capacity to store hydrogen [2] is another reason why they are of interest to researchers. The diamond-
anvil-cell study [3] showed that XH compounds crystallize in the rock-salt structure at ambient conditions. For more understanding of
these compounds, the elastic constants and their related mechanical and thermodynamic properties have been computed. Sudha et al.
[4] have used the Vienna package to calculate the elastic constants and their related properties of the alkali hydrides XH (X=Li, Na,
K, Rb, Cs) with the rock-salt and cesium chloride structures. Their calculations for the rock-salt structure are in good agreement with
the experimental data. Gulebaglan et al. [5] have employed the method developed by Morteza Jamal and integrated in the WIEN2K
code [6] to calculate the elastic properties and their related constants for RbH with RS structure and they found it stable at zero
pressure and temperature. Sun et al. [7] have used norm-conserving pseudo-potential with the generalized gradient approximation
(GGA) to compute the elastic constants and their related properties for the NaH with RS and CsCl structures. They found that NaH at
zero temperature and pressure is stable with RS structure, while it is not stable with the CsCl structure (C44< 0). This contradicts the
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results of Sudha et al. [4]. Their results for the CsCl structure were C11= 95.80 GPa, C12=−13.04 GPa and C44=−6.16 GPa. Wen
Yu et al. [8] have used plane wave pseudo-potential density functional theory to calculate the phase transition from the RS to CsCl
and their thermodynamic properties of alkali hydrides LiH and NaH. They conclude from the phonon dispersion curves that the CsCl
phase is unstable at low pressure. To the best of our knowledge, the elastic properties of XH compounds with CsCl, ZB and WZ
structures have not been experimentally investigated. In the present work, we have employed the FP-LAPW method within the frame
work of the density functional theory (DFT) as implemented in the WIEN2K code [6] to estimate the elastic constants and their
related thermal and mechanical properties. The elastic constants of a given material give us a close view of an important feature of
the material which enable us to calculate and assessed some mechanical and thermal properties such as ductility, bulk modulus,
Young's modulus, shear modulus, Poisson's ratio, elastic isotropy and Debye temperature of the material.

This work is constructed as follows: Computational details are presented in Section 2, while the structural properties are presented
in Section 3.1. The elastic properties are discussed in Section 3.2. Sections 3.3 and 3.4 are devoted to the mechanical and thermal
properties, while a conclusion is given in Section 4.

2. Computational details

In fact, the development in theoretical calculations overcomes calculations problems and as a result enabled us to estimate the
elastic constants and their related mechanical and thermodynamic properties using first principles calculations. The elastic constants,
which enable us to determine the response of the material under small strain, are the measurement of the system resistance to an
externally applied deformation (stress).

The full potential linearized augmented plane wave (FP-LAPW) method, implanted in WIEN2k computational package, has been
considered as one of the most accurate DFT approaches, used to calculate the elastic constants and their related properties [9].

The atomic space of the system in LAPW method is divided into two regions: space occupied by atomic spheres often called
Muffin-tin sphere with radius RMT and interstitial region outside the spheres. Plane-wave basis set are used in the interstitial region,
while a linear combination of spherical-harmonic times radial function, along with their first derivatives, are used to form the basis
functions inside the muffin-tin spheres. In order to get sufficient convergence in the above regions, the efficient basis functions in the
unit cell were expanded up to RMT×KMax= 5, where KMax is the largest value of the k-vector used in the plane wave expansion. The
charge density inside the atomic sphere was Fourier expanded up to Gmax= 14 in the WZ structure with a cut-off lmax= 12, whilst
Fourier expanded up to Gmax= 20 in RS, CsCl and ZB structures with a cut-off lmax= 6 for the cubic structures. The iteration process
was repeated until the self-consistent convergence of the calculated total energy of the crystal converged to less than 10−5 Ry/unit
cell. Core and valence states energy were separated from each other by-6.0 Ry. The number of k-points in the full Brillouin zone (FBZ)
was taken 2000 and 3000 k-points for the cubic structure and wurtzite structure which were reduced to 56 and 222 special k-points in
the irreducible Brillouin zone (IBZ), respectively [10].

The elastic constants can be defined by the means of a Taylor expansion of the lattice total energy E (V, δ) for the strained system,
when the system is under a small strain δ, where E (V, δ) is given by:

∑ ∑= − + +∘
= =

δ δ δ δE(V, ) E(V, 0) P(V)ΔV V (C 0 )
i 1

6

j 1

6

ij i j
3

(1)

where E(V, 0), V0 and P(V) are the energy, the volume and the pressure of an unstrained system, respectively. The ΔV is the change in
volume due to the strain and Cij are elastic constants. These energies and strains were fitted to yield the required second-order elastic
constants. The elastic constants of these compounds at zero temperature have been theoretically estimated by using the method
developed by Morteza Jamal and integrated in WIEN2K code [11] as the Relast package.

To the best of our knowledge, there are no theoretical and experimental calculations for the elastic constants and their related
mechanical and thermodynamic properties of the alkali hydrides available in the literature in both ZB and WZ structures, so the
present results can be considered as a predictions study, hoping that they will stimulate some other works on these materials.

3. Results and discussions

3.1. Structural properties

The FP-LAPW method at the level of PBE-GGA approximation [12] has been used to estimate the ground state properties for XH
compounds in cubic (RS, ZB, CsCl) and Wurtzite (WZ) structures. The equilibrium lattice constant (a0), bulk modulus (B) and its first-
order pressure derivative (B′) have been computed using Murnaghan's equation of state (EOS) [13]. The computed data for the lattice
constant (a0), bulk modulus (B) and its first-order pressure derivative (B′) values, at minimum equilibrium volume V0 for XH
compounds, are presented in Tables 1 and 2 with the RS and CsCl phases, respectively. Results from earlier experimental [3,14,15,16]
and theoretical [4,5,17,18] works are also quoted for comparison. It is clearly that present calculations are in good agreement with
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the experimental and other theoretical calculations. Table 3 displays the estimated structural properties for these compounds with ZB
and WZ structures. From these three tables we can see that the lattice constant increases as going from K to Cs in the periodic table,
while the bulk modulus decreases.

3.2. Elastic properties

The optimized lattice constant (a0) has been used to compute the elastic constants at ambient pressure by computing the stress
generated by forcing a small strain to an optimized unit cell. Calculations for strains in the range from −0.003 to 0.003 were carried
out for each distortion. By following the system symmetry, the cubic crystal has three independent elastic constants namely (C11,C12

Table 1
Structural parameters for KH, RbH and CsH in RS structure, along with experimental and other theoretical results.

Compound Structural parameters Present work Experimental work Other theoretical work

KH a0(Å) 5.71 5.70a,b 5.721e, 5.701g

B0(GPa) 13.7 15.6 ± 1.5c 16e

B' 3.79 4.0 ± 0.5c 2.955e

RbH a0(Å) 6.041 6.037b, 6.048a 5.992e, 6.199g, 6.064f

B0(GPa) 11.25 10.0 ± 1.0c 14.1e

B' 3.660 3.9 ± 0.5c 2.840e

CsH a0(Å) 6.346 6.376b, 6.387d,b 6.344e, 6.407g

B0(GPa) 8.95 8.0 ± 0.7d, 7.6 ± 0.8c 12e, 8.8h

B' 3.31 4.0d, 4 ± 0.4c, 4.0a 3.037e

a Ref. [14],
b Ref. [3],
c Ref. [15],
d Ref. [16],
e Ref. [4],
f Ref. [5],
g Ref. [17],
h Ref. [18].

Table 2
Structural parameters for KH, RbH and CsH in CsCl structure, along with experimental and other theoretical results.

Compound Structural parameters Present work Experimental work Other theoretical work

KH a0(Å) 3.48 …………… 3.520c

B0 (GPa) 18.04 28.5 ± 1.5b 20c

B' 3.85 4.0+0.6b 3.007c

RbH a0(Å) 3.71 …………… 3.81c

B0 (GPa) 15.92 18.4 ± 1.1b 14.9c

B' 3.76 3.9+0.5b 2.866c

CsH a0(Å) 3.88 …………… 3.84c

B0 (GPa) 12.40 14.2 ± 1a, 22.3 ± 1.5b 14c

B' 4.51 4 ± 0.2a, 4.8 ± 0.5b 4.675c

a Ref. [15],
b Ref. [16],
c Ref. [5].

Table 3
Structural parameters for KH, RbH and CsH in ZB and WZ, structures.

Structure Compound a0(Å) c0(Å) B (GPa) B′

ZB KH 6.35 – 9.92 3.45
WZ 4.58 6.830 10.25 3.69
ZB RbH 6.67 – 8.41 3.30
WZ 4.73 7.275 8.20 4.00
ZB CsH 7.12 – 6.49 3.60
WZ 5.12 7.799 6.38 3.75
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Table 4
The calculated elastic constants Cij (GPa), bulk modulus (B) in Voigt (V), Reuss (R) and Hill (H) approximations (in GPa) for KH, RbH and CsH in RS
structure in comparison with available theoretical data.

Compound KH RbH CsH

Present work Other theoretical work Present work Other theoretical work Present work Other theoretical work

C11 27.76 31.10a, 26.8b, 32.8c 25.29 26.46a, 24.6b, 28.2c 20.7 25.6a, 22.4b, 20.3c

C12 6.38 8.35a, 6.5b, 8.04c 5.07, 7.93a, 4.6b, 7.11c 3.17 6.761a, 3.2b, 3.1c

C44 13.73 14.47a, 10.6b, 12.9c 8.44 10.97a, 8.2b, 12.5c 8.0 9.74a, 5.8b, 9.1c

BV 13.51 15.6a 11.81 13.97a 9.02 11.98a

BR 13.51 11.81 9.02
BH 13.51 11.81 9.02

a Ref. [4],
b Ref. [17],
c Ref. [18].

Table 5
The calculated elastic constants Cij (GPa), bulk modulus (B) in Voigt (V), Reuss (R) and Hill (H) approximations (in GPa) for KH, RbH and CsH in
CsCl structure in comparison with available theoretical data.

Compound KH RbH CsH
Present work Other theoretical work Present work Other theoretical work Present work Other theoretical work

C11 56.36 51a, 56.66b 52.73 42a 38.21 38a

C12 −4.67 4.5a, −5.53b −2.78 1.4a −1.90 3.2a

C44 0.79 20a, 4.54b 1.67 12a 4.30 6.5a

BV 15.67 15.6a 15.71 14.85a 11.46 13.97a

BR 15.67 15.71 11.46
BH 15.67 15.71 11.46

a Ref. [4],
b Ref. [19].

Table 6
The calculated elastic constants Cij (GPa), bulk modulus (B) in Voigt (V), Reuss (R) and Hill (H) approx-
imations (in GPa) for KH, RbH and CsH in ZB structure.

Compound KH RbH CsH

C11 13.41 15.13 16.2
C12 9.16 7.8 3.5
C44 11.27 8.10 6.1
BV 10.58 10.28 7.77
BR 10.58 10.28 7.77
BH 10.58 10.28 7.77

Table 7
The calculated elastic constants Cij (GPa), bulk modulus (B) in Voigt (V), Reuss (R) and Hill (H) ap-
proximations (in GPa) for KH, RbH and CsH in WZ structure.

Compound KH RbH CsH

C11 16.2 15.3 11.61
C12 7.7 5.8 2.66
C13 9.3 5.1 2.61
C33 19.0 17.9 12.29
C55 4.3 4.6 5.57
BV 11.5 8.9 5.70
BR 11.4 8.9 5.69
BH 11.5 8.9 5.70
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and C44) and the hexagonal has five namely (C11, C12, C13, C33 and C55). These elastic constants are crucial, through their knowledge;
material response to an applied macroscopic stress can be predicted. On the other hand elastic parameters are essential to derive
useful mechanical properties such as brittleness/ductility, stiffness, hardness, shear's modulus (S), Young's modulus (Y), compres-
sibility (β), anisotropic ratio (A) and Poisson's ratio (ν) for useful applications.

The calculated elastic constants and bulk moduli of the alkali hydride XH (X=Rb, K, Cs), together with the other available
theoretical results are displayed in Tables 4, 5, 6 and 7 for the RS, CsCl, ZB and WZ structures, respectively [4,14,18,19]. The
computed elastic constants for XH compounds in the RS structure agree well with previous theoretical results. For the CsCl structure,
although the calculated C12 values are negative for the studied compounds; as in the results of Xinyou et al. [19] for the KH
compound; the results are to some extent consistent with those of Sudha et al. [4] and Xinyou et al. [19].

Elastic constants for XH compounds in the RS, CsCl and WZ structures decreased when going from K to Cs in the periodic table,

Fig. 1. Variation of elastic constants and bulk modulus of KH in RS structure under different pressure.

Fig. 2. Variation of elastic constants and bulk modulus of RbH in RS structure under different pressure.
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meaning they become less mechanically strong. In contrast to the RS, CsCl and WZ structures, C11 in the ZB structure increases when
going from K to Cs in the periodic table.

The Born mechanical stability criteria for cubic structure are given by [20]:
C11> 0; C44> 0; C11+ 2 C12> 0; C11>B>C12, where B is the bulk modulus which can serve as indicator of the resistance of

the material to fracture.
The calculated elastic constants for the alkali hydrides with cubic structures are listed in Tables 4, 5 and 6. It is clear that these

elastic constants satisfy the Born-Huang criteria at ambient pressure for the cubic structures; meaning that they are mechanically
stable. Similarly, for the hexagonal system (WZ) presented in Table 7, the criteria for mechanical stability [21] defined as C11> |C12|,
C55> 0 are also satisfied. Due to the non-availability of theoretical and experimental results for the ZB and WZ phases, we expect that
these estimations can serve as a reference for further research.

Figs. 1, 2 and 3 show the pressure dependence of the elastic constants and bulk moduli for XH compounds with RS structure. It is
noticed that elastic constant C11 and bulk modulus increase with the applied pressure. It is also noticeable that elastic constant C11 is
the most sensitive to pressure than C12, C44 and B. At high pressure C44 for KH and RbH compounds becomes negative, indicating that
these compounds are unstable under high pressure, and the RS structure transforms to CsCl structure.

3.3. Mechanical properties

To estimate the mechanical properties two schemes of approximations are usually used, the Voigt (V) and Reuss (R) approx-
imations [22,23]. The Reuss and Voigt equations denoted the lower and upper limits of the mechanical properties, elastic constants
and their related parameters can be predicted by employing Voigt–Reuss–Hill (VRH) approximation which signifies the arithmetic
mean of Voigt and Reuss [24]. The shear modulus describes the material's response to shear strain [23,24]. Following Hill expres-
sions, Hill shear modulus SH is the arithmetic mean of Voigt and Reuss shear modulus given as:

= +S S S1
2

( )H v R (2)

where the Voigt shear modulus Sv and the Reuss shear modulus SR are given by the following equations:

= − +S C C C1
5

( 3 )v 11 12 44 (3)

=
+

−

−
S

C C
C C
5 (

4 3(R
C

C

44 11 )

44 11 )

12

12 (4)

The Young's modulus (Y) is the ratio of the stress to strain and gives further information about the stiffness of a material, the
greater the value of (Y), the stiffer the material is [24], Y is given by:

Fig. 3. Variation of elastic constants and bulk modulus of CsH in RS structure under different pressure.
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9
( 3 )

H

H (5)

The bulk modulus B is given by Eqs. (6) and (7) for cubic and hexagonal structures, respectively:

= +B C C1
3

( 2 )11 12 (6)

= + + +B C C C C1
9

(2( ) 4 )11 12 13 33 (7)

From Tables 4 to 7, the bulk moduli for these compounds are small, which means that the resistance to the fracture of these
materials is weak. One can see that the bulk modulus decreases as the alkali atomic mass increases in all phases, and the KH
compound is the hardest among the herein studied compounds. The CsCl phase is the hardest because it possesses the most bulk
modulus value. On the other hand this phase structure has the lowest compressibility (β=1/B), while the WZ structure has the
highest. The value of the bulk modulus B computed from the elastic constants agrees to some extent with the results obtained from
Murnaghan's equation.

The elastic anisotropic factor (A) is a fundamental parameter which characterizes the variation in atomic arrangement in different
directions [25,26]. The criterion of the anisotropy of the elastic wave velocity in a crystal is given by the following expression:

Table 8
The calculated Young's modulus (Y) and Shear modulus (S) (in GPa), compressibility (β in GPa−1), B/S ratio, Poisson's ratio (υ), Anisotropic ratio
(A), transverse elastic wave velocity (Vt in m/s), longitudinal elastic wave velocity (Vl in m/s), average wave velocity (Vm in m/s), Debye tem-
perature (ӨD in K) and Vickers hardness (HV) for KH, RbH and CsH compounds in RS structure in comparison with available theoretical data.

Compound KH RbH CsH

Present work Other theoretical work Present work Other theoretical work Present work Other theoretical work

YV 28.69 31a 21.73 25a 19.0 22a

SV 12.5 13a 9.10 10.2a 8.31 9.15a

β(GPa−1) 0.0740 – 0.0846 – 0.1108 –
BV/ SV 1.0808 1.2a 1.2978 1.37a 1.085 1.31a

υV 0.146 0.21a 0.193 0.23a 0.147 0.22a

A 1.284 1.27a 0.834 1.18a 0.912 1.18a

Vt 2938 3039a 1872 1959a 1580 1618a

Vl 4572 4854a 3039 3225a 2458 2634a

Vm 3227 3347a 2065 2165a 1735 1786a

ӨD 337.10 348a 203.15 215a 160.37 167a

HV 5.00 – 2.36 – 3.27 –

a Ref. [4]

Table 9
The calculated Young's modulus (Y) and Shear modulus (S) (in GPa), compressibility (β in GPa−1), B/S ratio, Poisson's ratio (υ), Anisotropic ratio
(A), transverse elastic wave velocity (Vt in m/s), longitudinal elastic wave velocity (Vl in m/s), average wave velocity (Vm in m/s), Debye tem-
perature (ӨD in K) and Vickers hardness (HV) for KH, RbH and CsH compounds in CsCl structure in comparison with available theoretical data.

Compound KH RbH CsH

Present work Other theoretical work Present work Other theoretical work Present work Other theoretical work

YV 29.9 46a 28.9 34a 24.3 26a

SV 12.68 21a 12.1 15a 10.6 11a

β(GPa−1) 0.0638 – 0.0636 – 0.0872 –
BV/ SV 1.014 0.95a 1.298 0.99a 1.081 1.27a

υV 0.181, 0.08a 0.193 0.03a 0.146 0.07a

A 0.025 0.86a 0.060 0.95a 0.214 0.37a–
Vt 2044 – 1563 – 1479 –
Vl 3865 – 2906 – 2427 –
Vm 2285 – 1745 – 1634 –
ӨD 251.1 – 180 – 158 –
HV 3.89 – 3.33 – 4.26 –

a Ref. [4]

R. Jaradat et al. Chinese Journal of Physics 56 (2018) 830–843

836



Table 10
The calculated Young's modulus (Y) and Shear modulus (S) (in GPa), compressibility (β in GPa−1), B/S ratio,
Poisson's ratio (υ), Anisotropic ratio (A), transverse elastic wave velocity (Vt in m/s), longitudinal elastic wave
velocity (Vl in m/s), average wave velocity (Vm in m/s), Debye temperature (ӨD in K) and Vickers hardness (HV)
for KH, RbH and CsH compounds in ZB structure.

Compound KH RbH CsH

YV 18.40 15.70 14.71
SV 7.60 6.30 6.21
β(GPa−1) 0.0945 0.0972 0.1287
BV/ SV 1.3921 1.6317 1.2512
υV 0.209 0.245 0.184
A 5.30 2.21 0.96
Vt 2299 1710 1550
Vl 4069 3004 2492
Vm 2557 1901 1709
ӨD 245.2 171.8 145.2
HV 1.44 0.31 1.47

Table 11
The calculated Young's modulus (Y) and Shear modulus (S) (in GPa), compressibility (β in GPa−1), B/S ratio,
Poisson's ratio (υ), Anisotropic ratio (A), transverse elastic wave velocity (Vt in m/s), longitudinal elastic wave
velocity (Vl in m/s), average wave velocity (Vm in m/s), Debye temperature (ӨD in K) and Vickers hardness (HV)
for KH, RbH and CsH compounds in WZ structure.

Compound KH RbH CsH

YV 11.30 12.60 11.54
SV 4.20 4.97 4.96
BV/ SV 2.7380 1.8029 1.14919
β(GPa−1) 0.0869 0.1123 0.1754
υV 0.336 0.265 0.162
A 1.01 0.97 1.24
Vt 1948 1569 1375
Vl 3915 2783 2169
Vm 2186 1746 1513
ӨD 210 157.8 128.9
Hv −1.39 −0.479 1.33

Fig. 4. Variation of Poisson's ratio with pressure for XH (X=K, Rb and Cs) compounds in RS structure.
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11 12 (8)
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2
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11 33 13 (9)

Material is completely isotropic when A=1, deviation of A from the unity defines the anisotropy and the values smaller or larger
than 1 measure the degree of elastic anisotropy [25,26]. Table 8 displays the anisotropy factor (A) for XH compounds in the RS
structure; CsH is the lowest anisotropy, while KH and RbH are to somewhat far from unity. From Table 9, the three compounds in the
CsCl structure are anisotropy, A for KH and RbH is approximately zero which means they are completely anisotropic but for CsH
A=0.214. Table 10 shows that CsH in the ZB structure is approximately isotropic with A=0.96, on the other hand RbH is ani-
sotropy, while KH is extremely anisotropy. Table 11 displays the elastic properties in the WZ structure, A for KH and RbH is almost
unity, which means that KH and RbH are approximately isotropic, while the CsH is far from the unity. Poisson's ratio ν is an indicator
which can be used for the bond sorting, its value gives an information about the nature of bonding [27]. The Poisson's ratio (v) is
given by;

= −
+

v B S
B S

3 2
2(3 2 )

H

H (10)

For covalently bonded compounds, Poisson ratio value is lower than 0.25, while the value of an ionic compound is nearly 0.25 or
more [28,29]. Another useful way to predict the type of bonding is the sign of Cauchy pressure (Cs), Cauchy pressure Cs= C12eC44

for cubic, while Cs= C12eC55 for wurtzite. The Cauchy pressure of compounds with more dominant ionic (covalent) bonds is positive
(negative) [29]. The calculated Poisson's ratio ν and Cauchy pressure for the alkali compounds are listed in Tables 8 to 11. These
values are in the range from 0.145 to 0.245 with a negative Cs for the cubic phases (RS, CsCl and ZB), they tend to form a covalent
bond in the RS, CsCl and ZB. RbH has the greatest value in the three phases. The variation of Poisson's ratio value versus pressure for
XH compounds in the RS structure is displayed in Fig. 4.

It is seen form this figure that both KH and RbH are going to form ionic bonds at high pressure, tendency to form ionic bond
increases as the pressure increases, while CsH (the heaviest) will form covalent bonds at high pressure. For the WZ structure KH and
RbH have an ionic bonds with Poisson's ratio= 0.336 and 0.265 and positive Cs, while CsH tends to form covalent bond with
Poisson's ratio= 0.162 and negative Cs. Poisson's ratio ν is consistent with prediction using the sign of the Cauchy pressure (Cs). Pugh
[30] has suggested a simple relationship which based on the ratio of the bulk modulus B to shear modulus S. B/S is used to estimate if
the material is brittle or ductile in nature. The critical value which separates ductile from brittle behavior is around 1.75. The
material has a ductile behavior if B/S>1.75, otherwise the material has a brittle nature. From Tables 8, 9, 10 and 11 it is clear that
these compounds represent a brittle nature, which agrees with the small value of the bulk modulus. For cubic structures (RS, CsCl and
ZB) RbH is the least brittle compound, on the other hand these compounds in the WZ structure have the lowest brittleness among all
phases, which increases with Alkali radius increases. Hardness, a macroscopic concept, which describes the material resistant against
the changing volume, can be described by three essential concepts: (i) shear modulus; resistance against reversible deformations (ii)
bulk modulus; the resistance to volume changes, and (iii) Vickers’ hardness. Hardness is better predicted by shear modulus than by
bulk modulus [31]. In recent research, Chen and coworkers have shown that the Vickers’ hardness approach demonstrates hardness
better than shear modulus, Chen's model given by [29]:

⎜ ⎟= ⎛
⎝

⎞
⎠

−H S
B

2 3v
3

2

0.585

(11)

It can be seen from Tables 8, 9, 10 and 11 that the value of shear modulus is smaller than that of the bulk modulus for all the
compounds in all the considered structures. This implies that the shear modulus is the elastic parameter limiting the mechanical
stability of these structures. Tables 8, 9, 10 and 11 show that the KH in RS structure has the most value of Hv(the most hardness), on
the other hand these compounds in the hexagonal system (WZ structure) have the least value of Hv.

Stiffness of the solid is described by resistance to forces of distortion, it's level can be accomplished using the Young's modulus (Y)
value, calculated via stress to strain ratio. According to this definition, the greater the value of Young's modulus (Y) is the stiffer the
material.

The calculated Young's modulus, in Tables 8, 9 and 10 indicate that the stiffness decreases as going from K to Cs in the periodic
table for the cubic structures (RS, ZB and CsCl). The RS structure is the stiffest among all structures, while WZ structure, Table 11, has
the lowest value of stiffness. This means that RS structure of these compounds is the more mechanically stronger among all phases
which concurs with the bulk modulus and Hv values, while WZ structure is the least strong mechanically.

3.4. Thermal properties

With the help of the calculated elastic constants, bulk modulus (B), shear modulus (SH) and Young's modulus (Y), the Debye
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temperature (θD) has been obtained by using the average sound velocity (vm). vm has been approximated using a relation which
involves transverse (vt) and longitudinal (vl) sound velocities. Debye temperature of material can be defines as, the temperature of a
crystal's highest normal mode of vibration, or in other words the highest temperature that can be accomplished as a result of single
normal of vibration. The Debye temperature (θD) is given by:

≡ = ⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

θ h
k

h
k

n
π

N ρ
M

vϑ 3
4D

m

B B

A
m

1/3

(12)

where kB is Boltzmann's constant, h is Plank's constant, n is the number of atoms per formula unit, NA is Avogadro's number, M is the
molecular weight, ρ is the mass density per unit volume, ϑm is the Debye frequency and vm is the average sound velocity. The average
sound velocity vm, longitudinal sound velocity vl and transverse sound velocity vt are given respectively by the following expressions
[32–35].

⎜ ⎟= ⎡

⎣
⎢

⎛
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(13)

=v S ρ/t (14)

= +v B S
ρ
4 /3

l
(15)

Computed values of the elastic constants has been used to calculated transverse, longitudinal and average velocity in addition to

Fig. 5. Variation of Debye temperature with pressure for XH (X=K, Rb and Cs) compounds in RS structure.

Fig. 6. Variation of average wave velocity with pressure for XH (X=K, Rb and Cs) compounds in RS structure.
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Debye temperature as displayed in Tables 8, 9, 10 and 11 for all structures. It is clear that the Debye temperature, transverse velocity,
longitudinal velocity and average velocity decrease monotonically as going from K to Cs in the periodic table for the three compounds
KH, RbH and CsH in all the considered structures, RS, CsCl, ZB and WZ. From the same tables we can see that the RS structure has the
large value of Debye temperature, transverse, longitudinal and average velocity for the three compounds. To return to the previous
shear modulus (S), bulk modulus (B) and sound velocity values, it is clear that it is predominantly the sound velocity which depends
on the estimated values of the shear modulus (S) and bulk modulus (B). As the shear and bulk modulus increase, the sound velocity
increases. Figs. 5 and 6 show the dependence of Debye temperature and average wave velocity on the pressure; Debye temperature
increases as the pressure increases. The view is the same for the average wave velocity; it increases as the pressure increases, but for
KH the average wave velocity begins to decrease above 8 GPa. To the best of our knowledge, no available experimental or theoretical
data are found in the existing literature for these compounds in the ZB and WZ structures. This study will provide reference data for
the experimentalist; in addition it will serve as additional data to the existing theoretical works on these compounds.

3.5. Variation of cohesive energy and energy band gap with pressure

Cohesive energy (Ecoh) is the energy required to break the atomic bonds in the solid and separate atoms which are infinitely far
apart. A positive value of Ecoh represents a stability of the solid, it can be calculated using the expression [36]

Cohesive energy= energy of free atoms - crystal energy

The calculated cohesive energy of XH compounds with RS structure are positive, indicating that these compounds are stables. Ecoh
for KH, RbH and CsH are 4.9 eV, 4.5 eV and 3.9 eV, respectively. In Fig. 7, the cohesive energies of KH, RbH and CsH compounds have
been calculated as a function of pressure from 0 GPa to about 35 GPa. Changing the pressure has led to changes in the charge
distributions and will affect some important parameters including the compounds cohesive energies and energy band gaps. It was
found that, as the pressure increases, the cohesive energy decreases, which mean these compounds become less stable. The obtained
data was fitted with the online quadratic regression calculator program to obtain the cohesive energy-pressure equations for KH, RbH
and CsH, respectively as follows:

= − × + × −PE ( ) 4.9317617 0.03205235 P 3.29 10 PCoh
9 2 (16a)

= − × + × −E P( ) 4.56090014 0.0441808174 P 1.459444 10 PCoh
4 2 (16b)

= − × + × −E (P) 3.964726082 0.03230358 P 1.580257 10 PCoh
3 2 (16c)

Jaradat et al. [37,38] used the density functional theory (DFT) method as implemented in the WIEN2k package to calculate the
electronic structure of XH compounds. They used the PBE-GGA and mBJ-GGA [39] approaches for the exchange energy to calculate
the energy band gap. They found mBJ-GGA gave a more accurate prediction of the energy band gap. In this work we calculate the
energy band gap for XH compounds at different pressures by using both PBE-GGA and mBJ-GGA as seen in Fig. 8. We clearly see that
the energy band gap decreases as the pressure increases. The band gap with mBJ-GGA remains greater than with PBE-GGA as the
pressure increases, however both the PBE-GGA and mBJ-GGA band gap vary in the same way.

Fig. 7. Variation of cohesive energy of KH, RbH and CsH in RS structure under different pressures.
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4. Conclusion

In the present paper, the first-principles calculation is performed to study the elastic, mechanical and thermodynamic properties
of the alkali hydrides compounds XH (X=K, Rb and Cs) in the RS, ZB, CsCl and WZ structures. The optimized lattice constant (a0)
has been used to compute the elastic constants and their related properties. The computed elastic constants for XH compounds in the
RS structure concur with other theoretical results. Elastic constants for XH compounds in the RS, CsCl and WZ structures are de-
creased in going from K to Cs in the periodic table, which means they become less mechanically stronger. The calculated elastic
constants for the alkali hydrides satisfy the Born–Huang criteria; meaning that they are mechanically stable. Elastic constant C11 and
bulk modulus for these compounds in the RS structure increase with the applied pressure; C11 is more sensitive to pressure than C12,
C44 and B. At high pressure C44 for KH and RbH compounds becomes negative, indicating that these compounds are unstable under
high pressure, and the RS structure transforms to CsCl structure. The KH compound is the hardest among the studied compounds. The
Poisson's ratio ν and Cauchy pressure (Cs= C12eC44) for the alkali hydrides compounds range from 0.145 to 0.245 with a negative Cs

for the cubic phases (RS, CsCl and ZB). They tend to form covalent bond in the RS, CsCland ZB. Both KH and RbH will form ionic
bonds at high pressure, while CsH (the heaviest) will form covalent bonds at high pressure. In the WZ structure KH and RbH have an
ionic bonds with positive Cs, while CsH tends to form a covalent bond with negative Cs. From the value of B/S, these compounds
represent a brittle nature, which agrees with the small value of the bulk modulus. KH in RS structure has the highest value of Hv (the
hardest), on the other hand these compounds in the hexagonal system (WZ structure) have the lowest value of Hv.

The calculated Young's modulus indicates that the stiffness decreases as going from K to Cs in the periodic table. The RS structure
is the stiffest among all structures, while WZ structure has the lowest value of stiffness. This means that RS structure of these
compounds is the more mechanically stronger among all phases which are consistent with the bulk modulus and Hv values. Debye
temperature, transverse velocity, longitudinal velocity and average velocity decrease when going from K to Cs in the periodic table
for the three compounds KH, RbH and CsH in all the considered structures. RS structure has the largest value of Debye temperature,
transverse, longitudinal and average velocity of the three compounds. Debye temperature and average wave velocity increase as the
pressure increases, but for KH the average wave velocity goes to decrease above 8 GPa.
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