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eusler alloys RbTaSi and RbTaGe:
potential candidates for desirable thermoelectric
and spintronic applications

Nisar Ahmad Ganie, Shabir A. Mir * and Dinesh C. Gupta

Heusler alloys have drawn the interest of researchers due to their possible technical significances and

multifunctional use. Herein, a thorough theoretical analysis using “density functional theory (DFT)” is

performed to investigate the general physical features of RbTaSi and RbTaGe alloys. The “generalised

gradient approximation (GGA)” and “Tran–Blaha modified Becke–Johnson (TB-mBJ) potential” has been

incorporated to model the electronic structures of RbTaSi and RbTaGe. The structural optimization

results signify that these materials are stable in the ferromagnetic phase with a cubic F�43m structure,

which is supported by the computed elastic parameters. In addition, cohesive energy and microhardness

signify strong bonding. The spin-polarisation bands and density of states indicate the half-metallic nature

of these materials. These materials have spin magnetic moment 2mB, thereby emphasizing the use of

these alloys for spintronic applications. Transport and thermodynamic properties have been calculated,

and their temperature dependence is illustrated. The behavior of transport coefficients with temperature

futher implies the presence of half-metallic nature.
Introduction

Global energy crises have surely heightened research interest
in the development of clean energies and novel electro-
chemical energy storage systems.1–6 On one side, fossil fuels
are currently on the verge of disappearing as a result of
extreme exploitation, while both global energy demand and
consumption are still rising. Moreover, a signicant amount
of energy is dissipated due to the low efficiency of current
state-of-the-art devices.7 Thermoelectric devices have the
ability to reconvert dissipated thermal energy to a useable
form. The goal and critical needs are to improve the effec-
tiveness of thermoelectric devices. This can be achieved by
synthesizing or modelling materials with valuable applica-
tions, particularly in transforming squandered heat into
a useable form of energy.8,9 The search for such novel mate-
rials and the tunability of their properties creates signicant
momentum in unlocking various applications. Besides ther-
moelectrics, the current progress in electronics which
combines spin magnetic characteristics with conventional
electronic devices, has pushed half-metallic ferromagnets to
the forefront.10 The half-metallic magnetic metals depict
semiconducting band structure in one spin state while the
other spin-state band structure is metallic. Thus, these
materials exhibit 100% spin polarization around the Fermi
level.
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Heusler alloys offer a great prospect of achieving such
performances and possess potential technological applica-
bility.11,12 In the past three decades, a huge number of Heusler
alloys have been shown to depict half-metallic
characteristics.13–15 Their tunability in electronic structure,
spin coupling phenomena, charge distributions, and subse-
quent multidimensional and multifunctional properties have
drawn the interest of researchers worldwide. The ternary half
Heusler alloys (XYZ), including MnCrP,16 Ti0.5Zr0.5NiSn,17 CrZSi
(Z = Sc, Ti),18 LiMnZ (Z = N, P, Si),19 XCrZ (X = Li, K, Rb, Cs; Z =

S, Se, Te),20 TaXY (X= Ru, Rh; X= Sb, Bi, Sn, and Pb)21 andmany
others possess some novel properties, including good optical
absorbance, high gure of merit, and half-metallicity. Recently,
half-Heusler compounds with 8 valence electrons, due to their
compatible electronic structure and thermal stability, are
regarded as prospective materials for spintronic applications.22

Motivated by the aforementioned characteristics and multi-
dimensional applications, cubic half-metallic RbTaZ (Z: Si,
Ge) Heusler alloys have been selected in the present work. There
are no detailed results regarding the mechanical characteris-
tics, thermodynamic and transport properties of these alloys;
therefore, our results would pose their future applications in
energy harvesting and spintronic technologies.

The setup of the paper is: in the “Computational details”
section, a brief report of the process and computational
parameters is provided. In the “Results and discussion” section,
the results are described and thoroughly explored. In the
“Conclusion section”, the main ndings are summarized.
RSC Adv., 2023, 13, 7087–7101 | 7087
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Computational details

Using Wien2k,23 a full potential linearized augmented plane
wave based soware, the ground state properties of RbTaSi and
RbTaGe have been investigated. Perdew–Burke–Ernzerhof form
of GGA24 has been adopted as an exchange–correlation func-
tional to estimate the energies and determine equilibrium
geometries. To ensure no charge leakage from the muffin tin
spheres and to achieve better energy convergence, non-
overlapping muffin-tin radii were used. The energy and charge
convergence constraints are set to 10−4 e and 10−4 Ry, respec-
tively. The parameters RMTKMAX and lmax are set to 7 and 10,
respectively, which controls the size of the basis set. The tetra-
hedral method,25 along with a dense k-mesh of 4000 k-points
within the Monkhorst and Pack convention, is used. In order to
have accurate electronic properties (e.g., band gaps and
Table 1 Atomic occupancy in different half Heusler structures

Arrangement Rb Ta Z

Y1 4a 4b 4c
Y2 4b 4c 4a
Y3 4c 4a 4b

Fig. 1 Representation of structures in Y1, Y2, and Y3 phases. Red – Rb,

7088 | RSC Adv., 2023, 13, 7087–7101
magnetic moments), modied Becke–Johnson potential (mBJ)26

has been implemented with GGA. Gibbs2 code, which is based
on quasi-harmonic approximation, has been used to invigilate
the thermodynamic properties,27 while transport characteristics
are obtained using the BoltzTrap code.28 Structural optimiza-
tion data is used as input for determining the thermodynamic
properties, while transport properties are obtained from band
distribution around the Fermi level (EF). Because the estimation
of thermoelectric properties is highly dependent on the elec-
tronic structure, a precise forecast of the electronic band gap is
necessary. So, GGA + mBJ results and 105 k-points are used to
deliver transport properties.
Results and discussion
Structural properties

Conventional cubic half Heusler unit cell has three inter-
penetrating face-centered cubic (fcc) sub-lattices, which
together form a crystal structure with F�43m (#216) symmetry. It
is possible to generate the three inequivalent atomic structures
Y1, Y2, and Y3 by permuting the constituents X, Y, and Z over
the Wyckoff locations 4a (0,0,0), 4b (1/2,1/2,1/2), and 4c (1/4,1/
4,1/4). The difference in conguration is self-explained in
Table 1. The structures of the three phases are depicted in Fig. 1.
blue-Ta, and green-Ge/Si.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Calculated total energy as a function of unit cell volume of Y1, Y2, and Y3 configurations of (a) RbTaSi and (b) RbTaGe, respectively.

Fig. 3 Total energy vs. volume in ferromagnetic (FM), antiferromagnetic (AFM), and non-magnetic (NM) phases of (a) RbTaSi and (b) RbTaGe
compounds.
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The half Heusler alloys RbTaZ have a non-metal p-block
element Si and Ge at the Z position. Structural optimization
has been carried out to predict the stable structural congura-
tion of RbTaSi and RbTaGe compounds out of all three
arrangements (Y1, Y2, Y3). The structure was optimised by
tting the total energy as a function of volume using the Birch–
Murnaghan equation of state.29,30 From the optimization plots
demonstrated in Fig. 2, it is clear that RbTaSi and RbTaGe are
the most stable Y1 phase. In the Y1 phase, further a stable
magnetic conguration is determined. The ferromagnetic states
owe comparatively more negative energy and thus are the most
stable states, as shown in Fig. 3. The relaxed parameters
determined at the optimum volume of the ferromagnetic states
are given in Table 2. The obtained values of lattice constants are
compatible with already reported values in the literature.22 The
Table 2 Lattice parameter a0 (Å), V (volume in (a.u.)3), B (bulk modulus in
RbTaSi and (b) RbTaGe in FM phase

Alloys a0 V

RbTaSi 6.88; 6.89 (ref. 22) 551.20
RbTaGe 7.00; 6.99 (ref. 22) 578.96

© 2023 The Author(s). Published by the Royal Society of Chemistry
observed increment in lattice parameter from RbTiSi to RbTiGe
is related to the increase in the atomic radius of the elements.

Further, the cohesive energy (Ec) is also determined using
relation;21

Ec ¼ E0 � xERb � yETa � zEZ

xþ yþ z

Here, E0 represent the total optimized energy, ERb, ETa and EZ
are energies of isolated Rb, Ta, and Z atoms, respectively. While
x, y, and z are the number of Rb, Ta, and Z constituents in
a conventional unit cell, respectively. Ec measures the difference
between the optimized energy and the energy of its constituent
atoms.31 The cohesive energy characterizes the strength of
bonds. The calculated values of Ec are presented in Table 2. The
overall results indicate that these materials are stable and
constituents are strongly held.
GPa), B′ (dB/dP), E0 (total energy in Ry), and cohesive energy (Ec in eV)

B B′ E0 (Ry) Ec

42.75 4.40 −37794.910463 5.51
39.34 4.67 −41413.045816 4.45

RSC Adv., 2023, 13, 7087–7101 | 7089
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Fig. 4 Band structure of (a) RbTaSi and (b) RbTaGe alloys through GGA approximation (Fermi level is set at 0 eV).
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Electronic and magnetic properties

First, we calculated the spin-polarized band structure along the
high symmetry directions of the Brillouin zone using the GGA
approximation. The results reported in Fig. 4 make it evident
that there exist several energy states at the Fermi level (EF) in the
spin-up channel, indicating that the relevant state has
a metallic characteristic while the Fermi level is unoccupied in
the opposite spin channel, demonstrating indirect band prole.
The band gaps of RbTaSi and RbTaGe along K–X symmetric
points are 0.58 eV and 0.66 eV, respectively, resulting in the
overall half-metallic characteristics of these alloys. However,
GGA typically underestimates the energy gap of semi-
conductors, notably in systems with d-electrons. Keeping this in
7090 | RSC Adv., 2023, 13, 7087–7101
view and to overcome this uncertainty, we have employed the
mBJ scheme to obtain a more precise band structure. The band
structures obtained from the mBJ method are proled in Fig. 5.
The band gap in the semiconducting channel expands by add-
ing the mBJ potential in GGA. The new values are 1.33 eV and
1.39 eV for RbTaSi and RbTaGe, respectively. The obtained
values of band gaps are consistent with the reported values.22

However, the bands at the Fermi level of spin up states do not
shi, thereby validating the half-metallicity in these alloys.

The half-metallic composition in these alloys is further
explored via calculation of the total, atomic, and individual
density of states (DOS) around EF, as shown in Fig. 6 and 7. It is
clear from the total atomic DOS in the spin up state that there is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Spin polarized band structure of (a) RbTaSi (b) RbTaGe alloys via mBJ method.
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adequate DOS at the Fermi level, which is strong evidence of
metallic nature in the relevant state. While in the spin down
state, there is a splitting of energy levels at the Fermi level,
resulting in a gap at the Fermi level. There are no energy states
at the Fermi level, suggesting semiconducting nature. Also,
from Fig. 7, in spin up channel, all the atoms have their
contribution to DOS at the Fermi level (tantalum has the
majority contribution), but in spin down state, neither
conduction nor valence band touches the Fermi level due to the
splitting of energy states. So, atomic and total DOS also signify
half-metallicity in these alloys.

The half-metallic nature can be understood more from the
partial density of states (pDOS), as shown in Fig. 8. The origin of
gaps in half-Heusler alloys mostly came from d–d hybridization
© 2023 The Author(s). Published by the Royal Society of Chemistry
among the transition elements. The RbTaZ (Z = Si, Ge) alloys
under investigation have only one transitionmetal atom (Ta), so
the gap originates via d–d hybridization happening via the p-
orbitals of Z. The constituents can be thought to be in
Rb+1Ta+3Z−4 oxidation states. Among the constituents, Rb is the
most electropositive, transferring its s-electron to the Z
constituent. The outer shell electronic conguration of Z aer
accepting the electron from Rb becomes 4s24p3. The Y and Z
atoms are positioned in such a way that they form a ZnS-type
lattice with Y at the centre of the tetrahedron. The d-state of
Ta has 5-fold degenerate d-orbitals; dxy, dyz, dzx lie in between
the axis and dx2−y2, dz2 lie on the axis. The Z-atom acts as
a ligand, approaches along the cubic axes, lis the degeneracy
of d-orbitals. The d-state splits into dxy, dyz, dxz referred as d-t2g
RSC Adv., 2023, 13, 7087–7101 | 7091
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Fig. 6 Calculated total density of states for (a) RbTaSi and (b) RbTaGe by GGA and mBJ (Fermi level is set at 0 eV).

Fig. 7 Atomic density of states (DOS) at equilibrium lattice constant of (a) RbTaSi and (b) RbTaGe.
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states and dx2−y2, dz2 labelled as d-eg states. In a tetrahedral
environment of ligands, d-t2g states are at higher energy
compared to the d-eg states.32 The p-states of ligands do side-
wise hybridization with t2g and direct with eg-state. In this
way, d–d hybridization happens via the p-orbitals of the ligand.
The bonding dt2g–p–deg states have their contribution at the
Fermi level, as illustrated in Fig. 8. The non-bonding dt2g–p–deg
states give DOS peaks above the Fermi level. In the Rb+1Ta+3Z−4

oxidation state, Ta has two unpaired electrons that partially ll
hybridized bonding d–d orbitals in the spin up channel, thereby
giving rise to metallic nature. The pDOS further claries that in
the minority spin channel, valence band minima are consti-
tuted by dt2g–p–deg hybridized states. Lack of unpaired elec-
trons in spin down channels results in semiconducting nature.
This also leads to 100% spin polarization of materials at the
Fermi level.
7092 | RSC Adv., 2023, 13, 7087–7101
The magnetic properties were examined only aer these
materials had indeed been found to be stable in the ferromag-
netic phase via proper optimization in different magnetic
states. Half-metallic alloys possess an integer value of the
magnetic moment. As both alloys have 2mB magnetic moment,
these follow the Slater–Pauling rule.22 Ta element contributes
the most to the magnetization, with a small impact from the Rb
and Z (Si, Ge) atoms. In the Rb+1Ta+3Z−4 oxidation state, only Ta
exhibits two unpaired electrons, thereby giving rise to 2mB
magnetic moment. From the pDOS displayed in the Fig. 8, the
highest peak corresponds to d-eg, and d-t2g state of Ta at the
Fermi level gives ferromagnetic character to alloys. We have
further plotted susceptibility (c) vs. temperature, as shown in
Fig. 9. The output data c from the BoltzTrap code is used to plot
the graph. The curves indicate the presence of ferromagnetic
nature.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Partial density of states (pDOS) at equilibrium lattice constant for (a) RbTaSi and (b) RbTaGe. The Fermi level is set at zero energy.

Fig. 9 Variation in the molar susceptibility (c) and inverse of susceptibility (c−1) with the temperature.
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Charge density and chemical bonding

Charge distribution predicts the bonding behaviour between
constituents. Covalent bonds are generated by electron sharing,
which is achievable if the orbitals overlap to a certain extent to
form hybrid (molecular) orbitals. As a result, there will always be
a non-zero charge in inter-atomic distances. While there is an
entire charge transfer in the case of ionic bonding leaving
interstitial space free from charge density.33 Fig. 10 depicts
charge density maps for RbTaSi and RbTaGe along (110) planes.
There is a large accumulation of charge between Ta and Z (Si,
Ge) with dumbbell shape type charge distribution, indicating
covalent bonding between Ta and Z. The bonding electrons
between Ta and Z are contributed solely by Ta. The charge
density around Rb atom is spherical for both alloys, as depicted
from the charge density plot. Z is more electronegative and is
the nearest neighbour to Rb, leading to ionic bonding between
Rb and Z.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Elastic properties

Elastic properties of a material are closely associated with many
diverse solid-state properties.34 From elastic properties, we can
determine the mechanical stability, bonding feature between the
neighbouring atomic planes, and the anisotropic nature of
bonding in a compound.35 For the determination of these elastic
constants, the energy-strain relation36 is followed i.e., elastic
constants are determined by distorting the equilibrium cubic
structure at constant volume constraint. This is accomplished by
applying minor strains to the optimized structure and evaluating
the change in the total energy, from which the second-order
elastic constants (Cij) and elastic moduli are calculated. Because
these alloys have cubic symmetry, only C11, C12, and C44 are
required to investigate mechanical integrity. C11 denotes length
exibility, while C12 andC44 reect shape elasticity. The transverse
strain on material causes it to alter shape; C12 represents resis-
tance to transverse expansion, whereas C44 represents resistance
RSC Adv., 2023, 13, 7087–7101 | 7093

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00146f


Fig. 10 Charge density plots along [110] plane of RbTaSi and RbTaGe.
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to shear deformation. For the cubic structure, if the elastic
constants are positive and satisfy Born–Huang (BH) stability
criteria C11 > 0, C14 > 0, C12 < B < C11, C11− C12 > 0, C11 + 2C12 > 0,
then the material is mechanically stable.37 The Cij values obtained
are provided in Table 3, and it is evident that RbTaSi and RbTaGe
satisfy all the conditions and hence are mechanically stable. The
mechanical behaviour of the alloy is further elucidated by deter-
mining different parameters. The average shear modulus is an
indicator of reversible deformation resistance to shear stress and
represents plastic deformation resistance. As a result, the hard-
ness of a material can be determined more precisely by
computing the shearmodulusG and bulkmodulus (B). The B and
G moduli are determined through Hill's approximation,38 which
is the average of Voigt's and Reuss's values of B andG. In this way,
the moduli for the cubic structure are dened as:

GV ¼ 1

5ðC11 � C12 þ 3C44Þ ; GR ¼ 5ðC11 � C12ÞC44

4C44 þ 3ðC11 � C12Þ ; G

¼ 1

2
ðGV þ GRÞ

B ¼ 1

5ðC11 þ C12Þ ¼ BV ¼ BR
Table 3 Elastic parameters at 0 K and 0 GPaa

Alloy C11 C12 C44 B GV GR

RbTaSi 80.63 24.62 21.37 43.29 24.02 23.60
RbTaGe 68.12 24.95 16.43 39.02 18.49 18.16

a Cij's, B, GV, GR, G, Y, CP, and H are in units of GPa while B/G, A, and v a

7094 | RSC Adv., 2023, 13, 7087–7101
Young's modulus (Y) and Poisson's ratio (n) are related to the
bulk modulus B and the shear modulus G by the following
equations;39

Y ¼ 9BG

3Bþ G
and v ¼ ð3B� 2GÞ

2ð3Bþ GÞ
With these elastic parameters in hand, the ductile and brittle
behaviour can be estimated. Poisson's ratio (v),39 Pugh's ratio (B/
G),40 and Cauchy pressure (CP = C12 − C44)41 are all essential
criteria in determining whether a solid is ductile or brittle. The
key value of v to distinguish between brittle and ductile mate-
rials is 0.26. Above this, materials are expected to be ductile,
while materials with n < 0.26 are considered to be brittle.
According to the Pugh criterion, B/G ratio could be used as
a metric to quantify whether a material has a ductile or brittle
character. The key value separating ductile from brittle material
is 1.75. Specically, when B/G > 1.75, the material is ductile, and
when B/G < 1.75, the material is brittle. If C12 > C44 i.e., CP is
positive, and the alloy is ductile and possesses central bonding.
The measured value of v, B/G, and CP conrms the ductile
character of these alloys.

Another important parameter that has an important impli-
cation in industrial science to detect micro-cracks in materials
is the anisotropy factor (A).42
G Y B/G CP A V H

23.81 60.36 1.81 3.25 0.76 0.27 9.36
18.32 47.57 2.14 8.52 0.76 0.29 7.21

re dimensionless quantities.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00146f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 7
/2

9/
20

25
 1

2:
40

:3
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
A ¼ 2C44

C11 � C12

It demonstrates the directional dependence of physical
qualities, whether they have the same value in all directions
(isotropic) or not (anisotropic). For A = 1, a material is entirely
isotropic and anisotropic for any value less or larger than unity.
The greater a system's divergence from unity, the greater the
degree of anisotropy. The obtained value of A shows the alloys
are anisotropic. The microhardness (H) test is used to deter-
mine themechanical strength of solids.H can be related to both
bulk and shear moduli to indicate an alloy's strength. However,
for covalent and ionic materials, shear modulus (GV) is proven
to be a stronger predictor of hardness than bulk modulus.43 The
microhardness can be calculated using the expression H =

0.39GV. The calculated value of H for RbTaSi and RbTaGe alloys
are 9.36 GPa and 7.21 GPa.

The Debye temperature is an important thermo-elastic
characteristic that indicates the temperature at which collec-
tive oscillatory behaviour changes to individual thermal vibra-
tion. The Debye temperature44 can be calculated by the
following relation

qD ¼ h

kB

�
3nNAr

4pM

�1
3

vm
Table 4 Calculated density (r in g m−3), transverse, longitudinal, and
average sound velocities (vt, vl, and vm inm s−1), Debye temperature (qD
in K) and melting temperature (Tm in K)

Alloys r vt vl vm qD Tm

RbTaSi 4500 2300 4080 2570 222 1029.52
RbTaGe 4920 1920 3600 2146 189 955.58

Fig. 11 Graphical variation of volume with temperature at different pres

© 2023 The Author(s). Published by the Royal Society of Chemistry
where ‘h’ is Planck's constant, ‘kB’ is Boltzmann's constant, ‘NA’

is Avogadro's number, ‘r’ is mass per unit volume (density), ‘M’

is molecular weight, and ‘vm’ is mean sound velocity, the mean
sound velocity vm is obtained, as depicted in Table 4, using
mean longitudinal ‘vl’ and transverse ‘vt’ velocities.

vm ¼
�
1

3

�
2

vt3
þ 1

vl3

���1
3

vt and vl can be determined from Navier's equation

vt ¼
ffiffiffiffi
G

r

s
; vl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3r

s

The melting temperature is very important in predicting
the stability of material over a wider range of temperatures. It
is calculated by the following relation; Tm (K) = {553 + 5.11(C11)
± 300}.
Thermodynamic properties

In order to understand the behaviour of RbTaSi and RbTaGe
with increasing temperature and pressure, thermodynamic
properties like thermal expansion (a), specic heat (Cv), Gru-
neisen parameter (g), and entropy (S) are studied using quasi-
harmonic model.27,45

Fig. 11 clearly shows that volume does not alter appreciably
with temperature. However, as the pressure rises, the volume of
the alloys shrinks dramatically. Moreover, large variations in
volume are evident at low pressures, and virtually minor varia-
tions can be seen at high pressures. So, pressure has a consid-
erable inuence on material volume. Variation in thermal
expansion coefficient (a) is presented in Fig. 12 for RbTaSi and
RbTaGe. a is proportional to an increase in the mean amplitude
of oscillating atoms. a is related to numerous thermal proper-
ties, including melting point, specic heat, and also explains
sures for (a) RbTaSi and (b) RbTaGe.

RSC Adv., 2023, 13, 7087–7101 | 7095
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Fig. 12 Graphical variation of thermal expansion coefficient with temperature at different pressures for (a) RbTaSi (b) RbTaGe.
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the strength of atomic bonds, which characterises a material's
thermal shock behaviour. Materials with high a demonstrate
low thermoelastic strength. As is evident from the graph,
a grows dramatically at low temperatures up to 150 K for RbTaSi
and 130 K for RbTaGe and approaches saturation at high
temperatures. Furthermore, as the temperature rises, it signif-
icantly drops, owing to an increase in bond energy. At zero
pressure and 300 K, the thermal expansion is low for RbTaSi
and RbTaGe being 4.12 × 10−5 K−1 and 3.6 × 10−5 K−1.

The heat capacity at xed volume (CV) is characterized as
a substance's ability to absorb heat and increase its tempera-
ture. As a result of heat, intake atomic vibrations rise. The heat
capacity approaches zero at around T ∼ 0 K and exhibits
temperature dependency with the rise in temperature. The
variations in CV were calculated as a function of temperature at
some xed pressures, as shown in Fig. 13. Obviously, the CV

increases strongly up to 150 K, aer which it increases
Fig. 13 Behaviour of specific heat with temperature at different pressur

7096 | RSC Adv., 2023, 13, 7087–7101
incredibly slowly for both alloys. At high temps, CV tends to
a threshold limit referred to as the Dulong–Petit limit,46 indi-
cating that thermal energy stimulates all phononmodes. Fig. 13
clearly shows that at low temperatures, CV is proportional to T3.
Also, as seen in the graph, pressure and temperature have
opposing effects on CV, with temperature having a greater
impact than pressure. The computed CV values for RbTaSi and
RbTaGe at zero pressure and 300 K are 71.6 J mol−1 K−1 and
70.90 J mol−1 K−1, respectively.

Fig. 14 illustrates the temperature's impact on the Grüneisen
parameter (g) at elevated stress, demonstrating a drastic fall with
rising stress but a moderate increase with increasing tempera-
ture. Like other dynamic properties, an increase in temperature
and pressure have opposite effects, but the pressure effect
outweighs the temperature inuence. The Gruneisen parameter
for RbTaSi and RbTaGe is 2.19 and 2.05, respectively, at 0 K and
0 GPa and declines to 1.89 and 1.82 at 0 K and 15 GPa pressure.
es (a) RbTaSi (b) RbTaGe.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Variation of Gruneisen parameter with temperature at different pressures (a) RbTaSi (b) RbTaGe.

Fig. 15 Graphical variation of entropy with temperature at different pressures of (a) RbTaSi and (b) RbTaGe.
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Entropy (S) is a measure of chaos and randomness in
a system, and it can be used to accurately forecast the physical
state of the system. At 0 K, the entropy is zero for all pressure
values, as shown in Fig. 15. S increases exponentially with
temperature while decreasing moderately with the application
of pressure. As pressure increased, volume decreased, thereby
constituents being concentrated in a smaller space and being
less spread out. Entropy is calculated to be 96.611 J mol−1 K−1 at
room temperature and 0 GPa pressure for RbTaSi and 105.43 J
mol−1 K−1 for RbTaGe. This shi in entropy is due to a rise in
the vibrational motion of the atoms when the temperature rises,
resulting in an increase in the system's internal energy. Finally,
there is no discontinuity in the entropy curve, indicating that
the material maintains a single phase over the given range of
temperature.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Thermoelectric properties

Thermoelectric coefficients are calculated by BoltzTraP code
that works on semi-classical Boltzmann theory.28,47 The Boltz-
mann equation is solved under the constraint of constant
relaxation time with a dense mesh of 100 000 k-points to obtain
thermoelectric coefficients.
Electrical conductivity

It is a characteristic feature of materials that quanties the
current carrying ability. Mathematical, s = nem, where ‘s is the
electrical conductivity coefficient, ‘n’ is the number of
carriers’, ‘e’ is the charge on electron’, and ‘m’ is the mobility of
carriers. Both n and m depend on temperature and can be
determined from experiments through resistivity and Hall
coefficient determination.48 Each material is associated with
RSC Adv., 2023, 13, 7087–7101 | 7097

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra00146f


Fig. 16 Graphical variation of electrical conductivity with temperature (a) RbTaSi (b) RbTaGe.
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some impurities that can act as a barrier to the ow of electric
current and scatter the electrons inside the materials.49 The
graphical illustration of s vs. T at the chemical potential (in
the vicinity of Fermi level) is depicted in Fig. 16. In the spin-up
channel, s declines from 19.20 × 1019 U m−1 s−1 and 17.86
×1019 Um−1 s−1 to 17.26 × 1019 Um−1 s−1 and 16.58 × 1019 U
m−1 s−1 as the temperature rises from 100 K to 800 K for
RbTaSi and RbTaGe, respectively. This decreasing conduc-
tivity with increasing temperature depicts the metallic nature
of alloys in the spin up channel, thereby consistent with band
structure. In the spin down channel, the conductivity shows
no change up to ∼400 K for both alloys. The conductivity
shows a sharp increase from 0.0146 × 1019 (0.00461 × 1019) U
m−1 s−1 at 400 K to 0.25 × 1019 (0.16 × 1019) U m−1 s−1 at 800
K for RbTaSi and RbTaGe, respectively, indicating the semi-
conducting nature in respective channels. The total conduc-
tivity is the sum of the conductivities of two spin channels.
The conductivity of a metallic channel is much larger than
that of a semiconducting channel. Therefore, its behaviour
would control the nature of total conductivity.
Fig. 17 Variation of Seebeck coefficient in spin up and spin down states

7098 | RSC Adv., 2023, 13, 7087–7101
Seebeck coefficient

The temperature-led variations in Seebeck coefficient (S) are
plotted in Fig. 17. The graph clearly indicates that the absolute
value of S in the spin-up channel increases from 10 mV K−1 and
12 mV K−1 at 100 K to 56 mV K−1 and 58 mV K−1 at 800 K for Si and
Ge-based alloys, respectively. In the spin-down channel, it
decreases from 1490 mV K−1 and 1950 mV K−1 at 100 K to 363 mV
K−1 and 402 mV K−1 at 800 K, correspondingly for RbTaSi and
RbTaGe alloys. The S-value in the semiconducting channel is
larger for RbTaGe. This is due to a larger bandgap in the spin
minority channel of RbTaGe than RbTaSi. The negative sign of S
in the spin up channel indicates electron carriers whilst the
positive sign in the spin-down channel species holes as
majority charge carriers. Further, the Stot value is calculated
with the help of the relation given below – two current model.50

Stot ¼ s
0 ð[ÞSð[Þ þ s

0 ðYÞSðYÞ
s

0 ð[Þ þ s
0 ðYÞ

The behaviour of Stot with temperature is given in Fig. 18.
The graph reveals that there is a linear negative change with
(a) RbTaSi and (b) RbTaGe.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Variation of total Seebeck coefficient with temperature for
RbTaSi and RbTaGe.

Fig. 20 Behaviour of total power factor with temperature for RbTaSi
and RbTaGe.
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temperature, indicating that the spin-up channel is domi-
nating. Thus, in half-metallic materials, the transport prop-
erties are more dominated by the metallic channel. The
absolute value of Stot gradually increases as the temperature
rises, increasing from 12.42 mV K−1 and 10.74 mV K−1 at 100 K
to 54.03 and 49.97 mV K−1 at 800 K for RbTaSi and RbTaGe,
respectively.
Electronic thermal conductivity

The temperature-led variations in electronic thermal conduc-
tivity (ke) of both the spin channels are shown in Fig. 19. For the
spin-up channel, the thermal conductivity increases linearly
with an increase in temperature, increasing from 0.23 × 1015 W
m−1 K−1 s−1 and 0.22 × 1015 W m−1 K−1 s−1 at 50 K to 2.73 ×

1015 W m−1 K−1 s−1 and 2.78 × 1015 W m−1 K−1 s−1 at 800 K for
RbTaSi and RbTaGe, respectively. For the spin-down channel, it
increases from 0.016 × 1015 W m−1 K−1 s−1 and 0.032 × 1015 U
Fig. 19 Variation of thermal conductivity with temperature (a) RbTaSi (b

© 2023 The Author(s). Published by the Royal Society of Chemistry
m−1 s−1 at 450 K to 0.35 × 1015 W m−1 K−1 s−1 and 0.26 × 1015

U m−1 s−1 at 800 K for RbTaSi and RbTaGe, respectively. The
higher value of the thermal conductivity in the spin-up channel
than the spin-down channel is due to the metallic nature of the
spin-up state.
Power factor

Power factor (PF= Stot
2s) determines the utility of any materials

for thermopower generation. PF enables us to comprehend the
utmost efficiency that a material can have in relation to the
supplied input. The power factor is dependent on both the
Seebeck coefficient and conductivity. So, both S and s should
have reasonable values in order to achieve a high-power factor.
The power factor of the alloys increases as the temperature
rises, as depicted in Fig. 20. This is due to the fact that Stot at
lower temperatures is very low even though conductivity is high,
generating a very low (∼0) power factor. However, conductivity
decreases marginally with increasing temperature but Stot
increases; therefore Stot

2s turns out to be substantial towards
higher temperatures. The PF increases from 9.15 (8.38) 1010 W
) RbTaGe.

RSC Adv., 2023, 13, 7087–7101 | 7099
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m−1 K−2 s−1 at 200 K to 43.76 (48.90) 1010 W m−1 K−2 s−1 for Si
and Ge-based alloys respectively. The increasing nature of PF in
both alloys hints that these could be used for high-temperature
thermoelectric applications.
Conclusion

The investigation of RbTaSi and RbTaGe using density func-
tional theory by incorporating the functionals, namely GGA and
GGA + mBJ, has been summed up. Both GGA and GGA + mBJ
schemes show half-metallic character for the alloys. The
majority spin channel turns out to be metallic and the minority
spin channel as semiconductor. The half-metallic nature origi-
nates due to deg–dt2g hybridization happening via p-orbitals of
the Z-constituent. Both alloys have 2mB magnetic moment with
the utmost contribution from Ta-d electrons. These materials
are mechanically stable, demonstrating good elastic and
mechanical durability. Moreover, the cohesive energies portray
that constituents of RbTaSi and RbTaGe are strongly bounded.
The computed thermodynamic parameters ensure thermody-
namic stability. The temperature-led variations in transport
coefficients, including Seebeck coefficients and conductivities,
certify the presence of the half-metallic nature. The increasing
nature of PF in both alloys hints that these could be used for
high-temperature thermoelectric applications. Thereby, the
overall features of these materials render them suitable in solid-
state device applications such as thermoelectric and
spintronics.
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