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Electronic, phonon and thermoelectric properties of RbLaGe
half-Heusler alloy: A DFT study including spin-orbit coupling
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The phonon, electronic and structural properties of the novel RbLaGe half-Heusler alloy are analysed using density functional theory (DFT)
with the generalized gradient approximation (GGA). The semiclassical Boltzmann transport theory under the constant relaxation time approx-
imation is employed specifically to evaluate the thermoelectric properties. The results reveal that RbLaGe is energetically, structurally, and
dynamically stable, suggesting its potential for experimental synthesis. RbLaGe exhibits semiconducting behaviour with a direct bandgap,
0.79 eV. Spin-orbit coupling has a more pronounced effect on the conduction band other than on the valence band, leading to a splitting
of 0.01 eV approximately at point X. Thermoelectric properties, including power factor (PF/τ ), merit figure (ZT ), electronic thermal
conductivity (κe/τ ), electrical conductivity (σ/τ ) and Seebeck coefficient, are analyzed using Boltzmann transport theory within the rigid
band approximation. The results propose that RbLaGe exhibits high thermopower, which is attributed to the flat band near the Fermi level.
Furthermore, the power factor (PF ) shows a strong temperature dependence, reaching a maximum value,9.9× 1011 W/mK2s at 900 K. The
calculated thermal conductivity of the lattice (κL) reveals a significant temperature-dependent reduction, improving the merit thermoelectric
figure (ZT ). Incorporating spin-orbit coupling (SOC) further improvesZT by optimizing the electronic transport properties.
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1. Introduction

Advanced materials with unique electronic, thermoelectric
and optical properties have garnered an increasing attention
for their applications in energy conversion, optical commu-
nication technologies [1,2] and thermoelectric devices [3].
The ternary half-Heusler alloys (XYZ) exhibit several novel
properties, including good optical absorbance [4,5], high fig-
ure of merit [6-8], half-metallicity and potential for spin-
tronic applications [9-12]. These alloys are a promising
class of non-toxic, relatively abundant and low-cost thermo-
electric (TE) materials, meeting the criteria for economically
viable and environmentally friendly solutions [13]. Half-
Heusler alloys stand out as highly promising [13] thermo-
electric materials for waste heat recovery at medium to high
temperatures. Significant research has been devoted to these
compounds, largely due to their remarkable thermoelectric
properties [14]. In these structures, minimizing point defects
can substantially enhance performance by reducing electron-
acoustic phonon interactions, which help approach the the-

oretical limits for the power factor and achieve record-high
ZT values in the temperature range, 300-873 K [15].

Moreover, electron-acoustic phonon interactions can be
directed toward high mobility through symmetry-protected
orbital interactions, and this regime enables large power fac-
tors in half-Heusler, significantly exceeding the maximum
measured values [7]. The efficiency of thermoelectric (TE)
device depends on its electrical and thermal transport prop-
erties, quantified by the dimensionless figure of merit,ZT =
(S2σT )/(κe + κl) = (S2σT )/κ, whereS represents See-
beck coefficient,σ is electrical conductivity andκ is total
thermal conductivity, which is the sum of electronic (κe) and
lattice (κl ) contributions, all are evaluated at absolute tem-
perature (T ). A material’s power factor, determined by the
combination of its electrical conductivity and Seebeck coef-
ficient, indicates how effectively it can generate electricity
when exposed to temperature gradients.

Many half-Heusler (HH) alloys have been identified as
promising candidates for thermoelectric applications due to
their favourable electronic and thermal properties. Addition-
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ally, a selected few is strongly recommended for further in-
vestigation [6]. A comprehensive computational analysis of
TE compounds and doped TE alloys, Nb1−xTixFeSb has re-
vealed that the figure of merit reaches a maximum value,
ZT ≈ 0.86 at temperature,∼ 1000 K and relatively high
carrier densities,∼ 1021 cm−3, closely matching experimen-
tal results [16]. Furthermore, highZT (≈ 1, at 873 K) is
observed for Zr1−xNbxNiSn (x = 0.03), attributed to the
synergistic enhancement of the power factor coupled with a
reduction in thermal conductivity [17]. By engineering point
defects in Nb0.55Ta0.40Ti0.05FeSb, a power factor of 78µW
cm−1 K−2 is achieved, which is close to close to the theoreti-
cal prediction for the NbFeSb single crystal [15]. To enhance
ZT through a drastic reduction in thermal conductivity, Rogl
et al. [18,19] have investigated the influence of severe plastic
deformation through high-pressure torsion. 8-electron half-
Heusler alloys represents another class forZT close to 1.
TheZT of half-Heusler materials is approximately1 in the
temperature range500 − 1000 K [3,20,21]. Investigations
of the CoTiSi and CoHfSi half-Heusler alloy [22,23] have
demonstrated their potential for thermoelectric applications,
revealing a stable structure, indirect band gaps, and enhanced
Seebeck voltage, particularly for p-type doping. These find-
ings highlight the importance of doping strategies and elec-
tronic structure tuning to achieve superior thermoelectric per-
formance. Experimental studies have demonstrated that in-
corporating metallic phase nanoscale inclusions as dopants
and adjusting the valence electron count can significantly
enhance the Seebeck coefficient [23]. Vikramet al. [24]
have calculatedZT = 1.37 for RbPBa andZT = 1.56 for
AgPMg. Cifitci et al. [25] have demonstrated that KScX
(with X=C and Ge) half-Heusler are considered thermoelec-
trically efficient materials, with performance 1.5 times higher
than Bi2Te2 at room temperature. Cherchabet al. [26] have
researched KLaX (X= C, Si, Ge, and Sn) half-Heusler com-
pounds and observed high thermopower values. Including
the spin-orbit coupling (SOC) in the calculations increases
the flatness of valence band from X = Si to Sn. However, the
bandgap energies are affected by SOC, which is suspected to
cause a downshift in the fundamental bandgap [27].

It is important to note that magnetism, even in non-
magnetic materials, can significantly influence the electronic
structure. This arises from interactions such as spin-orbit
coupling and exchange interactions, which can affect the en-
ergy levels of electrons and their spin dynamics. Conse-
quently, defining a spin quantization axis is a crucial for ac-
curate calculations, not only in magnetic materials but also in
systems where the magnetic moments are not aligned (non-
collinear magnetism).

This work explores the structural, dynamical, electronic
and thermoelectric properties of RbLaGe, a novel half-
Heusler within the group I-II-IV. It is aimed to assess the
feasibility of synthesizing this material experimentally to
demonstrate its structural and dynamical stability. Addi-
tionally, its potential as a candidate for thermoelectric gen-

erator applications by analysing its power factor is investi-
gated. This study is the first comprehensive investigation of
the structural properties, lattice stability, thermoelectric char-
acteristics and the impact of spin-orbit coupling (SOC) in
RbLaGe half-Heusler alloy. Rb is specifically selected for
this study due to its unique atomic properties, including a
larger ionic radius and lower electronegativity, which is ex-
pected to significantly influence alloy stability and electronic
behavior. Furthermore, the absence of prior research on Rb-
based half-Heusler alloys underscores the novelty and sig-
nificance of this work, which addresses a notable gap in the
existing literature. The manuscript is organized as follows;
Sec. 2 details the computational method, Sec. 3 represents the
results and discussion, and Sec. 4 outlines the conclusions.

2. Computational method

The structural and electronic characteristics of the half-
Heusler alloy RbLaGe are examined using density functional
theory (DFT) with the generalized gradient approximation
(GGA) [28]. The exchange-correlation energy is described
using the Perdew-Burke-Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA) [29]. Addi-
tionally, the modified Becke-Johnson (mBJ) potential [30-33]
is employed to achieve a more accurate estimation of the band
gap and band structure. Due to the semi-empirical nature of
the mBJ potential, the lattice parameter was optimized first
using GGA. This optimized parameter is used in subsequent
calculations to determine the band structure [30].

The WIEN2k package, based on the Full Potential-
Linearized Augmented Plane Wave (FP-LAPW), is utilized
for the optimization process [34]. The maximum angular
momentum quantum number for the expansion of wave func-
tions inside the atomic spheres is set tolmax = 10. The pa-
rameterRMT kmax = 9 is used, whereRMT is the smallest
atomic sphere radius within the unit cell, andkmax is plane-
wave cutoff. Additionally, the Fourier expansion of charge
density is truncate atGmax = 14Ry1/2. These calculations
are performed using17× 17× 17 Monkhorst-Pack mesh for
the Brillouin zone sampling [31].

During the self-consistency cycles, we have employed
an energy convergence criterion, 0.00001 Ry and charge
convergence threshold, 0.0001 e. The semiclassical Boltz-
mann transport theory [35], as implemented in the BoltzTrap
code [36], which is used to calculate the thermal transport
properties. The Seebeck coefficient (S), electrical conductiv-
ity (σ), electronic thermal conductivity (κe) and power fac-
tor (PF ) are among the key transport properties that need to
be computed as function of temperature, chemical potential
and carrier concentration. For these computations, a dense
43× 43× 43 k-point grid is generated using the Monkhorst-
Pack method. The phonon dispersion curves are obtained us-
ing the Phonopy code [37], which utilizes a real-space in-
teratomic force constant matrix derived from the computed
dynamical matrices on a coarser5× 5× 5 q-point mesh grid.
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FIGURE 1. a) Total energy versus volume of RbLaGe in three phases, b) crystal structure of RbLaGe.

Due to the presence of heavy elements, the spin-orbit cou-
pling (SOC) effect is expected to be significant in this ma-
terial. Therefore, we have employed the second-variational
method to include SOC in our calculations [38].

3. Results and discussions

3.1. Phase stability and lattice dynamical properties

Half-Heusler alloys exhibit three distinct configurations;α,
β andγ. All crystallize in the face-cantered cubic (fcc) struc-
ture with space group, F43m (N◦ 216). In theα-phase of
RbLaGe, Rb, La, and Ge occupy the 4a (0,0,0), 4b (1/2,
1/2,1/2), and 4c (1/4,1/4,1/4) Wyckoff positions, respectively.
Theβ andγ phases are formed by exchanging the occupation
sites of Rb and Ge, and La and Ge, respectively. Theα phase
is predicted to be the most stable ground state among theα, β
andγ phases as illustrated in Fig. 1. To isolate and investigate
the intrinsic structural and electronic properties, all calcula-
tions are performed within the non-magnetic (NM) frame-
work, excluding the influence of magnetism. This approach
provides a suitable baseline for understanding the fundamen-
tal characteristics of RbLaGe half-Heusler alloy.

The energy-volumeE(V ) curves for the RbLaGe half-
Heusler alloy are fitted using Murnaghan’s equation of state
[39]. This fitting procedure yielded key equilibrium parame-
ters, including the bulk modulus (B), its pressure derivative
(B′), equilibrium total energy (Etot), and ground-state lattice
parameter (a0). The calculated values areB = 24.98 GPa,
B′ = 3.415, Etot = −369327.244 eV for the primitive cell,
anda0 = 7.69 Å.

The phase stability of RbLaGe HH alloy is investigated
by calculating its cohesive and formation energies. The for-
mation energy (∆Hf ), a critical parameter for predicting the
feasibility of experimental synthesis, is computed as [40-44]:

∆HRbLaGe
for = ERbLaGe

tot − (
ERb

tot + ELa
tot + EGe

tot

)
, (1)

whereERbLaGe
tot represents the total energy of RbLaGe alloy,

while ERb
tot , ELa

tot andEGe
tot denote the ground state energies of

Rubidium, Lanthanum, and Germanium, respectively. Our
calculated formation energy of RbLaGe is -1.26 eV. This neg-
ative value indicates that the material potentially synthesiz-
able experimentally and energetically stable. To further as-
sess the structural stability and its experimental formation,
the cohesive energyEc is calculated using the following [45]:

ERbLaGe
C = ERbLaGe

tot − (
ERb

a + ELa
a + EGe

a

)
, (2)

whereEa represents the energy of isolated atom. For the
RbLaGe half-Heusler alloy, the calculated cohesive energy
(EC ) is −7.36 eV. A negativeEC value further suggests
structural stability. Both the formation enthalpy and cohe-
sive energy calculations confirm the phase’s structural stabil-
ity, indicating its potential for experimental synthesis under
ambient conditions. Importantly, our calculated equilibrium
parameters, including the bulk modulus and lattice constant
are not available in the existing literature.

Furthermore, the RbLaGe half-Heusler alloy’s dynamic
stability is confirmed through phonon dispersion calculations
using Phonopy code [37]. Figure 2 depicts the phonon disper-
sion curves along high-symmetryΓ−X−K−Γ−L−X−W

FIGURE 2. Phonon dispersion curves of RbLaGe half-Heusler al-
loy.
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in the first Brillouin zone. The absence of any imaginary
phonon frequencies in these curves confirms the dynamic sta-
bility of the RbLaGe alloy. The primitive cell contains three
atoms, which give a rise to nine vibrational modes; three
acoustic modes and six optical modes. Acoustic modes dom-
inate heat transfer because of their high group velocities and
strong dispersion [46]. The high acoustic frequency, found at
directionΓ, is approximately 2.64 THz (88.17 cm−1) , which
is agreed with other half-Heusler alloys, which typically ex-
hibit acoustic frequencies around 100 cm−1 [47]. The opti-
cal phonon branches exhibit a minimum frequency, 2.46 THz
(81.16 cm−1) along the direction X-K in Brillouin zone, re-
sulting in an overlap with the acoustic branches. This feature
is favourable for enhancing the thermoelectric performance
of RbLaGe alloy by promoting strong phonon scattering and
consequently reducing the thermal conductivity [48] as re-
ported for RbYSn [27]. These findings, along with the ab-
sence of imaginary frequencies, confirm the dynamical sta-
bility of the RbLaGe alloy.

3.2. Electronic properties

The electronic properties of the RbLaGe half-Heusler alloy
are investigated using the modified Becke-Jhonson exchange-
correlation potential, both with and without spin-orbit cou-
pling (SOC). To account for the influence of spin, SOC is
included in the calculations of magnetic configuration with
magnetization aligned along the direction [011], which is
found to be the lowest-energy state as given in Table I.

This explains for the reported magnetization, which arises
from SOC effects rather than spin polarization, as no ferro-
magnetic state is presented. The electronic band structure of
the RbLaGe half-Heusler alloy is illustrated in Fig. 3, with the
Fermi level set to zero zone, the band structure is computed
along the high symmetry, direction W-L-Γ-X-W-K within the
first Brillouin zone. Figure 3 reveals that RbLaGe exhibits a
direct bandgap at the point X, with a value, 0.55 eV. When
SOC is included, the bandgap slightly decreases to 0.51 eV.
These results align well with previous theoretical studies on
I-II-IV half-Heusler alloys [26].

A detailed analysis of the band structure, calculated us-
ing mBJ potential, reveals a localized flatness near the point
X at both the valence band maximum (VBM) and conduction
band minimum (CBM). Additionally, the VBM exhibits two-
fold degeneracy along L-Γ-X. Furthermore, CBM exhibits
two-fold degeneracy along the direction L-Γ. The flatness,
associated with this degeneracy, along with the resulting large
effective masses of charge carriers, is expected to enhance

TABLE I. RbLaGe alloy’s total energy (meV) with varying magne-
tization directions ([001] used as reference).

Magnetization direction

[001] [010] [100] [110] [101] [011] [111]

0.00 -7.57 -7.57 -7.73 -0.95 -0.92 -2.66

FIGURE 3. Self-consistent band structure a) and density of states
b) for RbLaGe using GGA+mBJ: comparison without SOC (solid
line) and with SOC (dashed line).

thermopower, as observed in Li-based half-Heusler alloys (X
= Li; Y = Sc, Be; Z = Si, Ge, Bi, Sb, As) [49]. As depicted
in Fig. 3, the significant impact of SOC is evident in the band
structure, particularly near the VBM and CBM, where pro-
nounced band splitting is observed. To elucidate the impact
of SOC on the conduction band, we have calculated the spin-
orbit splitting at the Fermi level. This significant parameter is
found to be approximately 0.01 eV, which is expected to re-
duce the fundamental bandgap. This observation aligns with
the findings of Hoatet al. [27], who have reported a sim-
ilar decreasing in the bandgap of RbYSn from 0.892 eV to
0.825 eV due to influence of SOC.

To gain deeper insight into the electronic structure of
RbLaGe alloy, we have calculated its density of states (DOS),
including the total DOS (TDOS) and partial DOS(PDOS),
using the mBJ potential, as shown in Fig. 3. The figure il-
lustrates that the valence band top near the Fermi level (EF )
is characterized by two distinct groups of sharp peaks. The
first group, located closer to the VBM, primarily originates
from the strong hybridization between the p-orbitals of Ge
and d-orbitals of La. The second group of peaks, slightly
lower in energy, originates from the same orbitals. A sim-
ilar trend has been observed in other system [50]. On the
conduction side, the bottom of conduction band (CB), just
aboveEF , is split into two sub-bands, both predominantly
attributed to La atoms. The higher sub-band is dominated by
a strong f-orbital contribution, while the lower sub-band pri-
marily consists of d-orbitals. Notably, an inverse relationship
between the f- and d-orbital contributions has been observed
in KLaGe alloy [51].

3.3. Thermoelectric properties

The rigid band approximation, as implemented in the Boltz-
TraP code, is used to calculate the thermoelectric properties
of RbLaGe, including the Seebeck coefficient (S), power
factor (PF ) and thermal conductivity (κ). These calcula-
tions are performed within the framework of semi-classical
Boltzmann theory [52]. For this purpose, we have utilized
Monkhorst-Pack k-point grid of43× 43× 43.

Rev. Mex. Fis.72020502
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FIGURE 4. Seebeck coefficient of RbLaGe alloy with and without SOC as function of a) doping concentration and b) chemical potential at
temperatures 300 K and 900 K.

These calculations are based on the constant relaxation
time approximation (CRTA), which is a widely used method
in computational studies to estimate the Seebeck coefficient,
electrical conductivity and electronic thermal conductivity.
However, it is important to note that this approach assumes a
fixed relaxation time for charge carriers, independent of tem-
perature, doping level or scattering mechanisms. While this
simplification provides a useful framework for understand-
ing the relative trends in thermoelectric performance, it does
not capture the complex dependencies of relaxation time on
various material-specific factors such as phonon-electron in-
teractions, defect scattering and carrier concentrations.

To, accurately, evaluate the relaxation time, detailed stud-
ies involving first-principles calculations of scattering rates
or experimental measurements are required. These factors
can significantly influence the absolute values of the calcu-
lated thermoelectric properties and figure of merit (ZT ). As
such, the results presented in this study should be interpreted
in the context of CRTA, which provides insights into the
material’s potential thermoelectric performance but does not
account for these complex dependencies. We acknowledge
this limitation and emphasize that studies incorporating re-
laxation time calculations or experimental validation would
be necessary to provide a more comprehensive evaluation of
the thermoelectric properties of the material.

Figure 4 illustrates the variation of Seebeck coefficient
(S) with chemical potential and carrier concentration at tem-
peratures, 300 K and 900 K, spanning a range from−1.6 eV
to 1.6 eV. The Seebeck coefficient exhibits two prominent
peaks; one in the negative region near the CBM and another
in positive region near VBM. This suggests that both hole and
electron charge carriers can contribute to charge transport.

As illustrated in Fig. 4a), the Seebeck coefficient (S) dis-
plays high values at lower doping concentrations but dimin-
ishes as the doping level increases. In contrast, elevating the
temperature improves the thermal performance of RbLaGe
alloy, highlighting its potential as a key factor in optimizing
thermoelectric efficiency. For optimal thermoelectric perfor-
mance, the Seebeck coefficient (S) retains a substantial value

as the Fermi level approaches the band edge [53]. In the case
of RbLaGe alloy, the inclusion of SOC results a slight reduc-
tion in the value,S, a behaviour that contrasts with observa-
tions reported for the RbYGe half-Heusler alloy [45].

Figure 4b) illustrates the variation of the Seebeck coef-
ficient (S) as function of chemical potential (µ − EF ) for
the RbLaGe alloy at 300 K and 900 K, within the range,
−0.6 eV to 1.2 eV. Two distinct peaks in the Seebeck coeffi-
cient are observed; one in the n-type region and another in p-
type region. At 300 K, the peak values near Fermi level reach
1242µV/K and−1244 µV/K for p-type and n-type doping,
respectively. As temperature increases from 300 K to 900 K,
a significant reduction in the maximum absolute value,S is
evident. Specifically, at 900 K, the maximum Seebeck co-
efficient values decrease to 455(-355) (µV/K) for n(p)-type
doping. These finding align with prior calculations for I-
III-IV half-Heusler systems, demonstrating a similar trend in
the Seebeck coefficient, as reported by Hoatet al. [27] for
RbYSn. Additionally, S values for RbLaGe at room temper-
ature are higher than those reported by Besbeset al. [54] for
RbScSn.

Figures 5 and 6 depict the variations in RbLaGe’s elec-
trical conductivity (σ/τ ) and electronic thermal conductiv-
ity (κe/τ ) as functions of carrier concentration and chemi-
cal potential at 300 K and 900 K, respectively. As shown in
Fig. 5a),σ/τ increases linearly up to 0.8 e/uc for hole con-
centration and -0.8 e/uc for electron concentration, beyond
which the rate of increasing diminishes sharply. Addition-
ally, it is evident thatσ/τ decreases as temperature rises. It
appears that SOC has a negligible effect on p-doping in the
RbLaGe HH alloy. However, in the case of n-doping, SOC
leads to a reduction inσ/τ . This decreasing can be attributed
to the significant influence of SOC on the conduction band,
particularly the increasing in the effective mass of electrons.
This trend contrasts with the findings reported by Hoat et al.
[27] for RbYSn HH alloy. As shown in Fig. 5b),σ/τ val-
ues in the electron carrier region are consistently higher than
those in hole carrier region, suggesting that n-doping is more
advantageous for enhancing the thermoelectric performance
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FIGURE 5. Electrical conductivity of RbLaGe alloy with and without SOC as function of a) doping concentration and b) chemical potential
at temperatures 300 K and 900 K.

FIGURE 6. Electronic thermal conductivity of RbLaGe alloy with and without SOC as function of a) doping concentration and b) chemical
potential at temperatures 300 K and 900 K.

of RbLaGe alloy compared to p-doping. However, there is
no significant change is observed when SOC is included in
the calculations. Without SOC, the largest values ofσ/τ
expected for n-type doping are18.84 × 1019 (Ωms)−1 and
17.06 × 1019 (Ωms)−1 at temperatures, 300 K and 900 K,
respectively.

Thermal conductivity (κ) consists of two primary con-
tributions; the electronic part (κe) and lattice vibration part
(κL). The BoltzTraP code specifically calculates the elec-
tronic component (κe/τ ). Figure 6 demonstrates a strong cor-
relation between electrical conductivity (σ/τ ) and electronic
thermal conductivity (κe/τ ), consistent with the Wiedemann-
Franz law [55]. This law is expressed as:

κ = σ · L · T, (3)

whereL is Lorenz number. To achieve high thermoelec-
tric efficiency, it is a crucial to minimize the total thermal
conductivity. Figure 6a) illustrates the influence of tempera-
ture and doping concentration onκe/τ . When electron dop-
ing is present, the inclusion of SOC reduces this parameter,
whereas for hole doping, there is no significant change is

observed. Within the considered chemical potential range,
−0.3 eV to 0.9 eV, small values ofκe/τ are observed, with
two distinct maxima in the n-type (p-type) regions. At 300 K,
the maxima are9.13(2.95)×1014 (W/mK s), while at 900 K,
they are 2.05(22.78) × 1014 (W/mKs). The resultingκe/τ
values are10 × 1014 (W/Kms) and19.1 × 1014 (W/Kms)
at 300 K and 900 K, respectively. These values are slightly
lower than those reported by Hoatet al. [27] for RbYSn in
the n-region when SOC is excluded.

The thermoelectric power factor (PF ) is a crucial param-
eter in optimizing thermoelectric materials, as it reflects the
balance between the electrical conductivity (σ) and Seebeck
coefficient (S) as expressed in the following:

PF = S2σ. (4)

Figure 7a) illustrates the dependence of the power factor
(PF/τ ) on the carrier concentration of RbLaGe at 300 K and
900 K. Table II displays the power factor (PF/τ ) values cor-
responding to optimal doping levels. The results reveal that
thePF/τ values are consistently higher in the hole concen-
tration range,0.1− 0.4 (e/uc) compared to the electron con-

Rev. Mex. Fis.72020502
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FIGURE 7. Power factor of RbLaGe half-Heusler alloy as function of a) carriers’ concentration and b) chemical potential at temperatures
300 K and 900 K.

TABLE II. Maximum values of Seebeck coefficient S (µV/K); elec-
tric conductivity σ (1019/Ω ms), electrical thermal conductivity
κ/τ (1014 W/msK), and power factorPF (1012 W/mK2s) of
RbLaGe HH compound at temperatures 300 K and 900 K.

n-type p-type

S σ/τ κ/τ PFτ S σ/τ κ/τ PFτ

mBJ at 300 K

1244 18.84 13.4 2.53 1242 3.59 10.1 3.2

mBJ+SOC at 300 K

1244 18.84 13.1 2.37 1242 3.59 8.8 3.2

mBJ at 900 K

355 17.06 30.4 2.8 455 2.49 24.9 9.9

mBJ+SOC at 900 K

333 16.38 28.09 2.19 455 1.76 18.6 9.9

centration range, 0.1-0.3 (e/uc). Additionally, we have com-
pared the maximum power factor (PF) of RbLaGe with that
of Half-Heusler compounds, such as FeVAs and FeVP [56],
which share structural similarities with RbLaGe and are well-
established in thermoelectric research.

The comparison demonstrates that RbLaGe exhibits a
significantly higher power factor than both FeVAs and FeVP
at 300 K. Notably, RbLaGe achieves a maximum p-type
power factor of3.2 × 1012 (W/mK2s) at 900 K, which is
substantially greater than the values reported for FeVAs and
FeVP, which are approximately0.35 × 1012 (W/mK2s) for
both p-type and n-type at 300 K. This suggests that RbLaGe
holds considerable promise for high-temperature thermoelec-
tric applications, potentially offering a competitive advan-
tage over these established half-Heusler materials. Further-
more, the inclusion of SOC does not significantly alter the
power factor for RbLaGe, underscoring the robustness of its
intrinsic thermoelectric performance across different compu-
tational models.

Figure 7b) shows the calculatedPF/τ as function of
cemical potential (µ−EF ) for the RbLaGe HH alloy at 300 K

and 900 K. The plot exhibits two distinct peaks, with the
higher peak corresponding to n-type doping and the other
to p-type doping. The elevatedPF values are attributed
to the behaviour of band structure near to CBM and VBM,
where a rapid increasing in the DOS occurs close to the band
edge [57].

The power factor of the investigated material increases
significantly with rising temperature. The mBJ potential pre-
dicts the highest power factor,9.84 × 1011 (W/mK2s) for p-
type doping at a hole concentration, 0.196 (e/uc) or a chem-
ical potential,−0.05 eV. In contrast, the maximum PF for
n-type doping is predicted to be2.8 × 1011 (W/mK2s) at an
electron concentration of,−0.16 (e/uc) or a chemical poten-
tial, 0.73 eV.

When SOC is included, the maximumPF/τ value is
found to be9.9 × 1011 (W/K2ms) in the p-type doping
regime, corresponding to a hole concentration, 0.2 (e/uc) and
a chemical potential,−0.04 eV. Previous studies [58-60] have
demonstrated that a combination of heavy and light holes is
advantageous for achieving higher PF values in p-type dop-
ing. The power factor under investigation increases signifi-
cantly with rising temperature, making RbLaGe a promising
candidate for high temperature thermoelectric applications.

The thermoelectric performance of RbLaGe, character-
ized by the figure of merit (ZT ), depends on the interplay
between lattice thermal conductivityκL and electronic trans-
port propertiesκe. The figure of merit is defined as:

ZT =
S2 · σ · T
κe + κL

. (5)

Figure 8 shows the temperature-dependentκL, obtained us-
ing the Slack model [61], for the studied half-Heusler alloy,
both with and without spin-orbit coupling (SOC). The re-
sults indicate a significant reduction inκL with an increas-
ing temperature, attributed to enhanced phonon-phonon scat-
tering at elevated temperatures. It is important to highlight
that ourZT calculations incorporate both electronic and lat-
tice thermal conductivity contributions, ensuring a compre-
hensive evaluation of thermoelectric performance. While the
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FIGURE 8. Lattice Thermal Conductivity (κL) of RbLaGe as
a function of temperature, with and without spin-orbit coupling
(SOC).

constant relaxation time approximation (CRTA) is a simpli-
fication, it remains a widely used approach in thermoelectric
studies to capture trends and relative improvements in trans-
port properties. The presented results clearly demonstrate the
role of SOC and carrier type in enhancing thermoelectric ef-
ficiency, reinforcing the significance of optimizing both elec-
tronic and lattice contributions for improved performance.

Figure 9 presents the calculatedZT for both p-type and
n-type materials as a function of temperature, incorporat-
ing the κL values from Fig. 8. For these calculations, an
estimated constant relaxation time of 10 fs is used, a typ-
ical approximation for such studies [62-64]. SOC consis-
tently enhancesZT for both carrier types, which is attributed
to SOC-induced changes in the electronic band structure,
such as reduced carrier effective mass or altered scattering
mechanisms, boosting the Seebeck coefficient and electri-
cal conductivity. Additionally, the p-type materials exhibit
higherZT values than n-type materials, likely due to more
favourable carrier transport properties and higher Seebeck
coefficients under SOC.

In summary, the reduction inκL as shown in Fig. 8 is a
critical for achieving highZT values, as it minimizes ther-
mal losses. The inclusion of SOC increases not onlyκL but
also enhances the electronic transport properties, leading to
improvedZTvalues, as demonstrated in Fig. 9. The using of
a constant relaxation time, 10 fs inZT calculation is a sim-
plifying assumption, but it effectively highlights the influence
of SOC and carrier type on thermoelectric performance.

The key thermoelectric parameters of RbLaGe at 300 K
and 900 K are summarized in Table II. The Seebeck coeffi-
cient (S), electrical conductivity (σ/tau), electronic thermal
conductivity (κeτ ) and power factor (PF/τ ) are listed for
both n-type and p-type doping, with and without the inclu-
sion of spin-orbit coupling (SOC). Notably, the n-type con-
figuration exhibits significantly higher Seebeck coefficients
than p-type at both temperatures, with a substantial decrease

FIGURE 9. Temperature-dependent figure of merit (ZT ) for p-
Type and n-Type RbLaGe with and without spin-orbit coupling
(SOC) Using estimated relaxation time, 10 fs.

at 900 K. The power factor is generally higher for p-type
at 900 K, particularly when SOC effects are included, sug-
gesting a more favourable thermoelectric performance under
these conditions.

4. Conclusions

In this study, we have investigated the thermoelectric, elec-
tronic and structural properties of RbLaGe, a rare-earth-
based intermetallic alloy, using the FP-LAPW method. Our
findings have demonstrated that RbLaGe crystallizes in a
half-Heusler structure, particularly in itsα − phase, which
underpins its distinctive physical characteristics. The nega-
tive formation energy suggests that the alloy is thermodynam-
ically stable and experimentally feasible to synthesize. Elec-
tronic structure calculations indicate that RbLaGe exhibits
promising characteristics, positioning it a potential candidate
for electronic and energy-related applications. Additionally,
our in-depth analysis of thermoelectric properties of RbLaGe
has revealed several advantageous features, further under-
scoring its potential for practical use. The alloy exhibits a
high-power factor, especially in the n-type doping regime.
The inclusion of spin-orbit coupling has a significant impact
on the electronic structure and transport properties, with par-
ticularly pronounced effects observed in the p-type regime.
The improvement in the thermoelectric power factor for n-
type doping is primarily due to advantageous band structure
near the conduction band minimum. The thermoelectric per-
formance of RbLaGe depends on both lattice and electronic
properties. WhileκL decreases with temperature, benefiting
ZT , p-type and n-type variants exhibit different electronic
behaviours influenced by spin-orbit coupling. These findings
underscore the potential for further optimization through ad-
justments in carrier concentration and introduction of addi-
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tional dopants, which could lead to even greater thermoelec-
tric performance.
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