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Abstract 

The study shows the minimum and maximum values of Young’s modulus, Poisson’s ratio and shear modulus of compounds RhBiHf, 

RhBiTi and RhBiZr at zero pressure using ELATE software. Anisotropy parameters AG and AU for RhBiTi are slightly greater than 

the respective values of these parameters for RhBiHf and RhBiZr. The ratios of maximum to minimum values of Young’s modulus 

(Emax/Emin), linear compressibility (βmax/βmin), shear modulus (Gmax/Gmin) and Poisson’s ratio (νmax/νmin) for RhBiTi are 1.12, 1.00, 

1.14 and 1.26, respectively. The investigation shows the spatial dependence of Young’s modulus, linear compressibility, Poisson’s 

ratio and shear modulus of compound RhBiTi through polar plots. 
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Introduction 

Half-Heusler compounds have been given attention, as they 

are likely to be promising thermoelectric energy materials 

[1-5]. Half-Heusler compounds are considered suitable 

thermoelectric materials [1-5].  Wei et al. [5] studied the 

properties of compounds RhBiX (X = Hf, Ti and Zr) within 

density functional theory using the WIEN2k Code [6]. 

Carrete et al. [7] and Feng et al. [8] also studied the thermal 

conductivities of these Half-Heusler compounds. Half-

Heusler compounds XYZ exhibit crystal structure with 

space group 𝐹4̅3𝑚 [5, 8-10]. The reported optimized lattice 

constants are 6.406 Å, 6.444 Å and 6.265 Å for RhBiHf, 

RhBiZr and RhBiTi, respectively [5]. As per Wei et al. [5], 

RhBiHf is a direct band gap semiconductor. Compound 

RhBiHf has direct band gap of 0.33 eV [5]. Compound 

RhBiZr is an indirect band gap semiconductor with a band 

gap of 1.06 eV [5]. Thermoelectric parameters (such as 

power factor, Seebeck coefficient, etc.) for compounds 

RhBiX (X=Hf, Ti and Zr) were studied by Wei et al. [5]. At 

300K, reported [5] lattice thermal conductivities of RhBiHf, 

RhBiZr and RhBiTi are 7.71 WmK–1, 10.15 WmK–1 and 

10.60 WmK–1, respectively. By ratio of bulk modulus to 

shear modulus, compounds RhBiX (X = Hf, Ti and Zr) are 

expected to have ductile nature, as predicted by Wei et al. 

[5]. The computation of forces induced by small 

displacements was carried out by Wei et al. [5] using VASP 

software [11-17]. To the best of my knowledge, elastic 

anisotropy of the compounds RhBiHf, RhBiZr and RhBiTi 

has not yet been explored. For the design and fabrication of 

thermoelectric devices, elastic anisotropy plays a key role 

in determining the preferred orientation of the crystals. The 

elastic analysis provides the knowledge of the flexibility 

limit of device material to bend or stretch without losing the 

optimum functionality. The degree of malleability allows 

for thermoelectric devices to be designed from the point of 

view of adaptability for ideal applications. The durability of 

thermoelectric devices may decrease with repeated bending 

or stretching. From the point of view of long-term stability, 

the investigation of the elastic anisotropy of these 

compounds would be beneficial for the design of devices.  

Computational details 

Wei et al. [5] calculated the values of elastic constants C11, 

C12 and C44 of RhBiHf, RhBiTi and RhBiZr using first-

principles methods. Simulations were conducted within 

density functional theory [18-20] using GGA functional 

PBE [21, 22] by Wei et al. [5]. In the present investigation, 

values of elastic constants Cij of compounds RhBiX (X = 

Hf, Ti and Zr) have been taken from the reported work of 

Wei et al. [5]. Using these values of elastic stiffness 

constants [5], the Voigt-Reuss-Hill scheme [23-25] bulk 

modulus, shear modulus and Young’s modulus are  
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Table 1: Using values of elastic constants Cij of compounds RhBiX (X = Hf, Ti and Zr) [5], calculateda values of bulk modulus K (in GPa 

unit), shear modulus G (in GPa unit) and Young’s modulus E (in GPa unit) of compounds RhBiX at zero pressure. 

Compound KV KR KH GV GR GH EV ER EH 

RhBiHf  126.78 126.78 126.78 49.15 48.98 49.06 130.57 130.18 130.37 

RhBiTi 124.90 124.90 124.90 39.20 39.05 39.13 106.47 106.10 106.29 

RhBiZr 122.99 122.99 122.99 51.46 51.41 51.43 135.48 135.37 135.43 

aUsing computational ELATE software [26, 27]. 

Table 2: Using values of elastic constants Cij of compounds RhBiX (X = Hf, Ti and Zr) [5], calculatedb lowest and largest values of Young’s 

modulus E (in GPa unit), linear compressibility β
 
[in 

−1(TPa) unit], Poisson’s ratio ν (unitless) and shear modulus G (in GPa unit) of 

compounds at zero pressure. 

 

 

 

 

 

 

bUsing computational ELATE software [26, 27]. 

Table 3: Using values mentioned in Table 1 and Table 2, elastic anisotropy parameters: ratio of largest to lowest values of Young’s modulus 

E, linear compressibility β, shear modulus G and Poisson’s ratio ν for compounds RhBiX (X = Hf, Ti and Zr). Elastic anisotropy parameters 

AK, AG
 
and AU

 for compounds RhBiX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Spatial variation (polar plot) of Young’s modulus E (in GPa unit) of RhBiTi. 
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Compound 
minG  maxG  minE  maxE  min max= =    min

 max
 

RhBiHf  46.77 52.72 124.95 138.89 2.63 0.293 0.370 

RhBiTi 37.20 42.21 101.52 113.81 2.67 0.319 0.402 

RhBiZr 50.18 53.38 132.52 139.89 2.71 0.298 0.338 

Compound Anisotropy 

max

min

E

E
 max

min




 max

min

G

G
 max

min




 

 

KA  

 

GA  

 

UA  

RhBiHf 1.11 1.00 1.13 1.26 0.00 0.0017 0.0174 

RhBiTi 1.12 1.00 1.14 1.26 0.00 0.0019 0.0192 

RhBiZr 1.06 1.00 1.06 1.13 0.00 0.0005 0.0048 
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Figure 2: Spatial variation (polar plot) of linear compressibility [in 
−1(TPa) unit] of RhBiTi. 

 

Figure 3. Spatial variation of shear modulus (in GPa unit) of RhBiTi using computational ELATE software [26, 27]. 

 

Figure 4. Spatial variation of Poisson’s ratio of RhBiTi using computational ELATE software [26, 27]. 

computed by means of computational ELATE software [26, 

27]. The lowest values of quantities Young’s modulus, 

linear compressibility, Poisson’s ratio and shear modulus of 

compounds RhBiX at zero pressure are also computed using 

computational ELATE software. The largest values of these 

elastic quantities are also computed. Elastic anisotropy 

parameters are calculated for these compounds. The spatial 

dependence of Poisson’s ratio and shear modulus are 

investigated by means of computational ELATE software. 

Results and discussion  

Wei et al. [5] reported elastic stiffness constants C11 = 

181.18 GPa, C12 = 96.76 GPa, and C44 = 37.20 GPa for 

RhBiTi and C11 = 194.16 GPa, C12 = 87.41 GPa, and C44 = 

50.18 GPa for RhBiZr. Elastic stiffness constants are C11 = 

197.07 GPa, C12 = 91.64 GPa, and C44 = 46.77 GPa for 

RhBiHf as calculated by Wei et al. [5]. The bulk modulus 

and shear modulus of compounds RhBiX (X = Hf, Ti and 

Zr) were reported by Wei et al. [5]. The Young’s modulus 

and Poisson’s ratio of these compounds RhBiX were also 

reported [5].  

Table 1 shows the calculated values of quantities bulk 

modulus, shear modulus and Young’s modulus of 

compounds RhBiX (X = Hf, Ti and Zr) at zero pressure as 
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per the Voigt-Reuss-Hill scheme [23-25]. Using elastic 

stiffness constants Cij for RhBiX as reported by Wei et al. 

[5], these elastic moduli (shown in Table 1) are computed 

by means of computational ELATE software [26, 27]. For 

the calculation of elastic anisotropy, Voigt and Reuss elastic 

moduli [23, 24] of compounds RhBiX are calculated in this 

work. The values of quantities bulk modulus, shear modulus 

and Young’s modulus of compounds RhBiX (X = Hf, Ti 

and Zr) as computed by Wei et al. [5] and the respective 

elastic moduli values (KH, GH and EH in Table 1) are almost 

the same. 

All these three compounds have sufficiently high values of 

bulk modulus. It is clear from Table 1 that the values of bulk 

modulus of these compounds are not much different from 

each other. Table 1 shows that compound RhBiTi has the 

lowest value of shear modulus among these compounds. 

There is about 31% difference in the value of shear modulus 

between RhBiZr and RhBiTi. It is evident from Table 1 that 

the value of Young’s modulus is the lowest for RhBiTi 

among these compounds. As per the Voigt-Reuss-Hill 

scheme [23-25], Young’s modulus EH of RhBiTi is 106.29 

GPa. Thus, Table 1 shows the ample mechanical strength of 

these compounds RhBiX.  

In terms of elastic compliance constants (Sij), Young’s 

modulus E along the unit vector li for the cubic crystal may 

be shown as [28].  

( )
1

2 2 2 2 2 2
11 11 12 44 1 2 2 3 1 3

1
2

2
E S S S S l l l l l l

−
  

= − − − + +  
  

    (1)                                                 

 where the direction cosines are denoted by l1, l2 and l3. 

The directional linear compressibility  for cubic crystal 

may be shown as [28]. 

11 122S S = +                                                  (2) 

Using the values of elastic stiffness constants Cij [5], 

computed lowest and largest values of Young’s modulus, 

linear compressibility, Poisson’s ratio and shear modulus of 

compounds RhBiHf, RhBiTi and RhBiZr at zero pressure 

are shown in Table 2. For calculations of these values 

(shown in Table 2), ELATE software [26, 27] is utilized. 

For linear compressibility, there is no variation in its value 

for each compound. Variations in the values of shear 

modulus of RhBiHf, RhBiTi and RhBiZr are 12.7%, 13.5% 

and 6.4%, respectively, concerning their respective 

minimum values. The maximum percentage changes in the 

values of Young’s modulus of compounds RhBiHf, RhBiTi 

and RhBiZr are 11.2%, 12.1% and 5.6%, respectively, with 

reference to their respective minimum values. It is obvious 

that RhBiZr has a lower percentage change in the quantities 

of shear modulus and Young’s modulus in comparison to 

those of RhBiHf and RhBiTi. The variation in the value of 

Poisson’s ratio is nearly 26% each for RhBiHf and RhBiTi, 

whereas it is 13.4% for RhBiZr relative to their respective 

minimum values. 

Table 3 reveals the various elastic anisotropy parameters. 

The ratios of largest to lowest values of Young’s modulus, 

shear modulus and Poisson’s ratio of compounds RhBiX are 

represented in Table 3. 

There are different ways to represent elastic anisotropy. The 

elastic anisotropy parameters (AK and AG) may be 

represented in the following way [29, 30]: 

V R
G

V R

G G
A

G G

−
=

+
                                                                (3) 

V R
K

V R

−
=

+

K K
A

K K
                                                               (4) 

It is evident from Table 3 that the value of the elastic 

anisotropy parameter AK for each compound RhBiX (X = 

Hf, Ti and Zr) is zero. The value of the elastic anisotropy 

parameter AG for compound RhBiZr is lower than those of 

compounds RhBiHf and RhBiTi. 

Ranganathan et al. [31] defined the universal elastic 

anisotropy index (AU) in the following way:  

U V V

R R

5 6= + −
K G

A
K G

                                                       (5) 

The value of AU of compound RhBiZr is 0.0048. The values 

of AU of compounds RhBiHf and RhBiTi are 0.0174 and 

0.0192, respectively. 

Figure 1 shows the spatial variation of Young’s modulus E 

(in GPa unit) of RhBiTi. Spatial variation of linear 

compressibility [in
−1(TPa) unit] of RhBiTi is shown in 

Figure 2. 

The spatial variation of shear modulus (in GPa unit) of 

RhBiTi is illustrated in Figure 3. For the Poisson ratio of 

RhBiTi, spatial variation is represented in Figure 4. For 

plotting, Figure 3 and Figure 4, convention as described by 

Marmier et al. [32] is implemented.  

In order to plot Figure 1 to Figure 4, elastic constants C11, 

C12 and C44 of RhBiTi as reported by Wei et al. [5] are used 

as input parameters. 

Conclusion and Future Prospective 

The present study reveals the elastic anisotropy of 

compounds RhBiX (X = Hf, Ti and Zr). The shear modulus 

of RhBiHf varies from 46.77 GPa to 52.72 GPa. The 

maximum change in values of shear modulus of RhBiHf, 

RhBiTi and RhBiZr are 12.7%, 13.5% and 6.4%, 

respectively, with reference to their respective minimum 
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values. Directional Young’s modulus of RhBiTi varies from 

101.52 GPa to 113.81 GPa. Compound RhBiZr has a lower 

percentage change in Young’s modulus in comparison to 

those of RhBiHf and RhBiTi. The values of the universal 

elastic anisotropy index (AU) for RhBiTi and RhBiZr are 

0.0192 and 0.0048, respectively. From the point of view of 

mechanical stability, the results of the present investigation 

may be utilized for the preferred orientation of crystals for 

the fabrication of devices using these compounds. In this 

calculation, our elastic anisotropy results depend on the 

values of elastic constants. As far as the experimental values 

of the elastic constants of these compounds are concerned, 

to the best of my knowledge, these values are not known. 

The computed elastic constants may vary significantly with 

computed lattice parameters. The calculated elastic 

constants by the first principle method also depend on the 

used exchange-correlation functional. Hence, our elastic 

anisotropy results are also dependent on the used PBE 

functional in the reported work of Wei et al. Nevertheless, 

the low order of values of the universal elastic anisotropy 

index of these compounds clearly indicates that the order of 

elastic anisotropy would be low. Our results may be 

validated by future experimental research. Elastic properties 

of compounds RhBiX (X=Hf, Ti and Zr) with doping of 

appropriate elements may be investigated in future research 

to reveal the possibilities of appropriate utilization of these 

compounds in devices. Future research may shed light on 

investigations of pressure-dependent elastic properties. 
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