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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 faétét/{), merit figure 7)), electronic thermal
conductivity ¢./7), electrical conductivity€/7) 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 factoP) shows a strong temperature dependence, reaching a maximundvakigép'! W/mK?2s at 900 K. The
calculated thermal conductivity of the latticer() reveals a significant temperature-dependent reduction, improving the merit thermoelectric
figure (ZT). Incorporating spin-orbit coupling (SOC) further improv&$' by optimizing the electronic transport properties.
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1. Introduction oretical limits for the power factor and achieve record-high
ZT values in the temperature range, 300-873 K [15].
Advanced materials with unique electronic, thermoelectric ~Moreover, electron-acoustic phonon interactions can be
and optical properties have garnered an increasing attentigirected toward high mobility through symmetry-protected
for their applications in energy conversion, optical commu-orbital interactions, and this regime enables large power fac-
nication technologies [1,2] and thermoelectric devices [3]tors in half-Heusler, significantly exceeding the maximum
The ternary half-Heusler alloys (XYZ) exhibit several novel measured values [7]. The efficiency of thermoelectric (TE)
properties, including good optical absorbance [4,5], high fig-device depends on its electrical and thermal transport prop-
ure of merit [6-8], half-metallicity and potential for spin- erties, quantified by the dimensionless figure of mgfit,=
tronic applications [9-12]. These alloys are a promising(S2cT)/(ke + k1) = (S?0T)/k, whereS represents See-
class of non-toxic, relatively abundant and low-cost thermobeck coefficient,s is electrical conductivity and: is total
electric (TE) materials, meeting the criteria for economicallythermal conductivity, which is the sum of electroni¢. and
viable and environmentally friendly solutions [13]. Half- lattice («; ) contributions, all are evaluated at absolute tem-
Heusler alloys stand out as highly promising [13] thermo-perature ). A material’s power factor, determined by the
electric materials for waste heat recovery at medium to higtgombination of its electrical conductivity and Seebeck coef-
temperatures. Significant research has been devoted to thdfigient, indicates how effectively it can generate electricity
compounds, largely due to their remarkable thermoelectrisvhen exposed to temperature gradients.
properties [14]. In these structures, minimizing point defects Many half-Heusler (HH) alloys have been identified as
can substantially enhance performance by reducing electropromising candidates for thermoelectric applications due to
acoustic phonon interactions, which help approach the thetheir favourable electronic and thermal properties. Addition-
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ally, a selected few is strongly recommended for further in-erator applications by analysing its power factor is investi-
vestigation [6]. A comprehensive computational analysis ofgated. This study is the first comprehensive investigation of
TE compounds and doped TE alloys, NRTi,FeSb has re- the structural properties, lattice stability, thermoelectric char-
vealed that the figure of merit reaches a maximum valueacteristics and the impact of spin-orbit coupling (SOC) in
ZT = 0.86 at temperature~ 1000 K and relatively high RbLaGe half-Heusler alloy. Rb is specifically selected for
carrier densitiesy 10°! cm~3, closely matching experimen- this study due to its unique atomic properties, including a
tal results [16]. Furthermore, highT (= 1, at 873 K) is  larger ionic radius and lower electronegativity, which is ex-
observed for Zy_,Nb,NiSn (z = 0.03), attributed to the pected to significantly influence alloy stability and electronic
synergistic enhancement of the power factor coupled with &ehavior. Furthermore, the absence of prior research on Rb-
reduction in thermal conductivity [17]. By engineering point based half-Heusler alloys underscores the novelty and sig-
defects in Ni.55Tag.40 Tig.o5F€Sb, a power factor of 78W nificance of this work, which addresses a notable gap in the
cm~! K—2 is achieved, which is close to close to the theoreti-existing literature. The manuscript is organized as follows;
cal prediction for the NbFeSb single crystal [15]. To enhanceSec. 2 details the computational method, Sec. 3 represents the
Z'T through a drastic reduction in thermal conductivity, Roglresults and discussion, and Sec. 4 outlines the conclusions.
etal. [18,19] have investigated the influence of severe plastic

deformation through high-pressure torsion. 8-electron halfz Computational method

Heusler alloys represents another class Zar close to 1.
The ZT' of half-Heusler materials is approximatelyin the  The structural and electronic characteristics of the half-
temperature rangg00 — 1000 K [3,20,21]. Investigations  Heysler alloy RbLaGe are examined using density functional
of the CoTiSi and CoHfSi half-Heusler alloy [22,23] have theory (DFT) with the generalized gradient approximation
demonstrated their potential for thermoelectric applications(gGa) [28]. The exchange-correlation energy is described
revealing a stable structure, indirect band gaps, and enhancgding the Perdew-Burke-Ernzerhof (PBE) functional within
Seebeck voltage, particularly for p-type doping. These findihe generalized gradient approximation (GGA) [29]. Addi-
ings highlight the importance of doping strategies and electionally, the modified Becke-Johnson (mBJ) potential [30-33]
tronic structure tuning to achieve superior thermoelectric peris employed to achieve a more accurate estimation of the band
formance. Experimental studies have demonstrated that inyap and band structure. Due to the semi-empirical nature of
corporating metallic phase nanoscale inclusions as dopanifie mBJ potential, the lattice parameter was optimized first
and adjusting the valence electron count can significantly,sing GGA. This optimized parameter is used in subsequent
enhance the Seebeck coefficient [23]. Vikramal. [24]  calculations to determine the band structure [30].

have calculated’T" = 1.37 for RbPBa an&’T" = 1.56 for The WIEN2k package, based on the Full Potential-
AgPMg. Cifitci et al. [25] have demonstrated that KScX | inearized Augmented Plane Wave (FP-LAPW), is utilized
(with X=C and Ge) half-Heusler are considered thermoelecfyy the optimization process [34]. The maximum angular
trically efficient materials, with performance 1.5 times higher momentum quantum number for the expansion of wave func-
than Bi,Te, at room temperature. Cherchabal. [26] have  tjons inside the atomic spheres is set,fg, = 10. The pa-
researched KLaX (X= C, Si, Ge, and Sn) half-Heusler comyameterR ;1 k. = 9 is used, whereR,r is the smallest
pounds and observed high thermopower values. Includingtomic sphere radius within the unit cell, ahg. is plane-

the spin-orbit coupling (SOC) in the calculations increasesyaye cutoff. Additionally, the Fourier expansion of charge
the flatness of valence band from X = Si to Sn. However, thgjensity is truncate af\,.. = 14Ry'/2. These calculations

bandgap energies are affected by SOC, which is suspected jge performed using7 x 17 x 17 Monkhorst-Pack mesh for
cause a downshift in the fundamental bandgap [27]. the Brillouin zone sampling [31].

It is important to note that magnetism, even in non-  During the self-consistency cycles, we have employed
magnetic materials, can significantly influence the electronian energy convergence criterion, 0.00001 Ry and charge
structure. This arises from interactions such as spin-orbigonvergence threshold, 0.0001 e. The semiclassical Boltz-
coupling and exchange interactions, which can affect the ermann transport theory [35], as implemented in the BoltzTrap
ergy levels of electrons and their spin dynamics. Consecode [36], which is used to calculate the thermal transport
quently, defining a spin quantization axis is a crucial for ac-properties. The Seebeck coefficiei) (electrical conductiv-
curate calculations, not only in magnetic materials but also inty (), electronic thermal conductivity<() and power fac-
systems where the magnetic moments are not aligned (nofor (PF) are among the key transport properties that need to
collinear magnetism). be computed as function of temperature, chemical potential

This work explores the structural, dynamical, electronicand carrier concentration. For these computations, a dense
and thermoelectric properties of RbLaGe, a novel half-43 x 43 x 43 k-point grid is generated using the Monkhorst-
Heusler within the group I-lI-IV. It is aimed to assess the Pack method. The phonon dispersion curves are obtained us-
feasibility of synthesizing this material experimentally to ing the Phonopy code [37], which utilizes a real-space in-
demonstrate its structural and dynamical stability. Addi-teratomic force constant matrix derived from the computed
tionally, its potential as a candidate for thermoelectric gendynamical matrices on a coargex 5 x 5 g-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 colRubidium, Lanthanum, and Germanium, respectively. Our
pling (SOC) effect is expected to be significant in this ma-calculated formation energy of RbLaGe is -1.26 eV. This neg-
terial. Therefore, we have employed the second-variationative value indicates that the material potentially synthesiz-
method to include SOC in our calculations [38]. able experimentally and energetically stable. To further as-

sess the structural stability and its experimental formation,

3. Results and discussions the cohesive energy. is calculated using the following [45]:

RbLaG RbLaG Rb L G
3.1. Phase stability and lattice dynamical properties B = B0 (B + B2+ B, (2)

Half-Heusler alloys exhibit three distinct configuratioms;  where E, represents the energy of isolated atom. For the
( and~. All crystallize in the face-cantered cubic (fcc) struc- RbLaGe half-Heusler alloy, the calculated cohesive energy
ture with space group, F43m {N216). In thea-phase of (E¢ ) is —7.36 eV. A negativeE value further suggests
RbLaGe, Rb, La, and Ge occupy the 4a (0,0,0), 4b (1/2structural stability. Both the formation enthalpy and cohe-
1/2,1/2), and 4c (1/4,1/4,1/4) Wyckoff positions, respectively.sive energy calculations confirm the phase’s structural stabil-
Theg and~y phases are formed by exchanging the occupatioiity, indicating its potential for experimental synthesis under
sites of Rb and Ge, and La and Ge, respectively. #pbase ambient conditions. Importantly, our calculated equilibrium
is predicted to be the most stable ground state among,the  parameters, including the bulk modulus and lattice constant
and~y phases as illustrated in Fig. 1. To isolate and investigatare not available in the existing literature.

the intrinsic structural and electronic properties, all calcula-  Furthermore, the RbLaGe half-Heusler alloy’s dynamic
tions are performed within the non-magnetic (NM) frame- stability is confirmed through phonon dispersion calculations
work, excluding the influence of magnetism. This approachusing Phonopy code [37]. Figure 2 depicts the phonon disper-
provides a suitable baseline for understanding the fundamesion curves along high-symmefty- X - K —T'—L— X —-W

tal characteristics of RbLaGe half-Heusler alloy.

The energy-volume&Z (V') curves for the RbLaGe half- I
Heusler alloy are fitted using Murnaghan’s equation of state i | -""“"""— —L : "‘_‘
[39]. This fitting procedure yielded key equilibrium parame- ' i
ters, including the bulk modulug3)), its pressure derivative
(B’), equilibrium total energyK;ot), and ground-state lattice
parameterdy). The calculated values afe¢ = 24.98 GPa,

B’ = 3.415, Eyo = —369327.244 eV for the primitive cell,
anda, = 7.69 A.

The phase stability of RbLaGe HH alloy is investigated
by calculating its cohesive and formation energies. The for-
mation energy A H¢), a critical parameter for predicting the
feasibility of experimental synthesis, is computed as [40-44]: 0

100 -+

Frequency (cm-1)
o
(=13

AHRbLaGe: ERbLaGei ERb ELa EGe 1 i 3
for tot (Bt + Egt + Et), (1) = i = i

where ERP-3Cerepresents the total energy of RbLaGe alloy, Ficure 2. Phonon dispersion curves of RbLaGe half-Heusler al-
while ERP, EL2 and ESE denote the ground state energies of loy.
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Without SOC -.-.-.=. With SOC

in the first Brillouin zone. The absence of any imaginary s:—=
phonon frequencies in these curves confirms the dynamicsta |~
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 andz
strong dispersion [46]. The high acoustic frequency, found at £ |
directiorl’, is approximately 2.64 THz (88.17 cmh) , which |
is agreed with other half-Heusler alloys, which typically ex-
hibit acoustic frequencies around 100 th{47]. The opti-

cal phonon branches exhibit a minimum frequency, 2.46 THz
(81.16 cnT!) along the direction X-K in Brillouin zone, re- % + T XWX g ¢ & & 8w u

| A . A A DOS (states/eV)
sulting in an overlap with the acoustic branches. This feature ) )
(?GURE 3. Self-consistent band structure a) and density of states

La Rb Ge Tot
S T T T

d-La
2 P-Ge

p-Rb.

|sf ﬁgﬁurgble”for t()anhancmtg thetthermc;]electrlc p(itrfolrmanc ) for RbLaGe using GGA+mBJ: comparison without SOC (solid
o] aGe alloy by promoting strong phonon scattering an ine) and with SOC (dashed line).

consequently reducing the thermal conductivity [48] as re-
ported for RbYSn [27]. These findings, along with the ab-thermopower, as observed in Li-based half-Heusler alloys (X
sence of imaginary frequencies, confirm the dynamical sta= | j; v = Sc, Be; Z = Si, Ge, Bi, Sb, As) [49]. As depicted

bility of the RbLaGe alloy. in Fig. 3, the significant impact of SOC is evident in the band
) ) structure, particularly near the VBM and CBM, where pro-
3.2.  Electronic properties nounced band splitting is observed. To elucidate the impact

. : of SOC on the conduction band, we have calculated the spin-
The electronic properties of the RbLaGe half-Heusler alloyorbi'[splitting at the Fermi level. This significant parameter is

are investigated using the modified Becke-Jhonson eXChangﬁiund to be approximately 0.01 eV, which is expected to re-

correlation potential, both with and without spin-orbit cou- . . . .
. . . ._duce the fundamental bandgap. This observation aligns with
pling (SOC). To account for the influence of spin, SOC ISthe findings of Hoakt al. [27], who have reported a sim-

included in the calculations of magnetic configuration withilar decreasing in the bandgap of RbYSn from 0.892 eV to
magnetization aligned along the direction [011], which is0 825 eV due to influence of SOC '

found to be the lowest-energy state as given in Table |. To gain deeper insight into the electronic structure of

This explains for the reported magnetization, which arise%%bLaGe alloy, we have calculated its density of states (DOS),

from SOC effects rather than spin polarization, as no ferroi cluding the total DOS (TDOS) and partial DOS(PDOS)
magnetic state is presented. The electronic band structurea ing the mBJ potential, as shown in Fig. 3. The figure ”'_

the RbLaGe half-Heusler alloy is illustrated in Fig. 3, with theI strates that the valence band top near the Fermi lavg) (

Fermi level set to zero zone, the band structure is compute . -
. N o IS characterized by two distinct groups of sharp peaks. The
along the high symmetry, direction WL-X-W-Kwithinthe g, group, located closer to the VBM, primarily originates

first Brillouin zone. Figure 3 reveals that RbLaGe exhibits rom the strong hybridization between the p-orbitals of Ge
dwect_bgndgap at the point X, W'_th a value, 0.55 eV. When nd d-orbitals of La. The second group of peaks, slightly
SOC is included, the bandgap slightly decreases to 0.51 e ower in energy, originates from the same orbitals. A sim-
These results align well with previous theoretical studies OMar trend has b’een observed in other system [50]. On the

I—Il-llb\\/gatlf-_:ﬁzuslerlaII_oysf[th].b d struct culated conduction side, the bottom of conduction band (CB), just
etaiied analysis of the band structure, calcuiate usélboveEF, is split into two sub-bands, both predominantly

ing mBJ potential, reveals a Iogalized flatness near the p_Oirgttributed to La atoms. The higher sub-band is dominated by
X at both the valence band maximum (VBM) and conductlona strong f-orbital contribution, while the lower sub-band pri-

band minimum (CBM). Additionally, the VBM exhibits two- marily consists of d-orbitals. Notably, an inverse relationship

fold fd ?é:]zneracy alongl E—X.hFu(rjt_hermorﬁ: (_:FEMﬂeXhibitS between the f- and d-orbital contributions has been observed
two-fold degeneracy along the directionIL- The flatness, in KLaGe alloy [51].

associated with this degeneracy, along with the resulting large
effective masses of charge carriers, is expected to enhancg3 Thermoelectric properties

The rigid band approximation, as implemented in the Boltz-
TABLE |. RbLaGe alloy's total energy (meV) with varying magne- TraP code, is used to calculate the thermoelectric properties
tization directions ([001] used as reference). of RbLaGe, including the Seebeck coefficierst),( power
Magnetization direction factor (PF) and thermal conductivity<). These calcula-
[001] [010] [100] [110] [101] [011] [111] tions are performed within the'framework of sem|-cla§§|cal
Boltzmann theory [52]. For this purpose, we have utilized
000 -757 -7.57 -7.78 095 092 -266  \onkhorst-Pack k-point grid of3 x 43 x 43.

Rev. Mex. Fis72 020502
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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 relaxaticas the Fermi level approaches the band edge [53]. In the case
time approximation (CRTA), which is a widely used method of RbLaGe alloy, the inclusion of SOC results a slight reduc-
in computational studies to estimate the Seebeck coefficiention in the value,S, a behaviour that contrasts with observa-
electrical conductivity and electronic thermal conductivity. tions reported for the RbYGe half-Heusler alloy [45].
However, it is important to note that this approach assumes a Figure 4b) illustrates the variation of the Seebeck coef-
fixed relaxation time for charge carriers, independent of temficient (S) as function of chemical potential:(— Er) for
perature, doping level or scattering mechanisms. While thishe RbLaGe alloy at 300 K and 900 K, within the range,
simplification provides a useful framework for understand-—0.6 eV to 1.2 eV. Two distinct peaks in the Seebeck coeffi-
ing the relative trends in thermoelectric performance, it doegient are observed; one in the n-type region and another in p-
not capture the complex dependencies of relaxation time otype region. At 300 K, the peak values near Fermi level reach
various material-specific factors such as phonon-electron int242,,V/K and —1244 pVIK for p-type and n-type doping,
teractions, defect scattering and carrier concentrations. respectively. As temperature increases from 300 K to 900 K,

To, accurately, evaluate the relaxation time, detailed studa significant reduction in the maximum absolute valtids
ies involving first-principles calculations of scattering ratesevident. Specifically, at 900 K, the maximum Seebeck co-
or experimental measurements are required. These factoefficient values decrease to 455(-35b6)/(K) for n(p)-type
can significantly influence the absolute values of the calcudoping. These finding align with prior calculations for I-
lated thermoelectric properties and figure of merif(). As  llI-1V half-Heusler systems, demonstrating a similar trend in
such, the results presented in this study should be interpretéde Seebeck coefficient, as reported by Hetaal. [27] for
in the context of CRTA, which provides insights into the RbYSn. Additionally, S values for RbLaGe at room temper-
material’s potential thermoelectric performance but does noature are higher than those reported by Beghbed [54] for
account for these complex dependencies. We acknowledgebScSn.
this limitation and emphasize that studies incorporating re- Figures 5 and 6 depict the variations in RbLaGe'’s elec-
laxation time calculations or experimental validation wouldtrical conductivity ¢/7) and electronic thermal conductiv-
be necessary to provide a more comprehensive evaluation @f (x./7) as functions of carrier concentration and chemi-
the thermoelectric properties of the material. cal potential at 300 K and 900 K, respectively. As shown in

Figure 4 illustrates the variation of Seebeck coefficientFig. 5a),0/7 increases linearly up to 0.8 e/uc for hole con-
(S) with chemical potential and carrier concentration at tem-centration and -0.8 e/uc for electron concentration, beyond
peratures, 300 K and 900 K, spanning a range frontt eV~ which the rate of increasing diminishes sharply. Addition-
to 1.6 eV. The Seebeck coefficient exhibits two prominentally, it is evident thatr /T decreases as temperature rises. It
peaks; one in the negative region near the CBM and anotheppears that SOC has a negligible effect on p-doping in the
in positive region near VBM. This suggests that both hole andRbLaGe HH alloy. However, in the case of n-doping, SOC
electron charge carriers can contribute to charge transport. leads to a reduction ia/7. This decreasing can be attributed

As illustrated in Fig. 4a), the Seebeck coefficiesi} (lis-  to the significant influence of SOC on the conduction band,
plays high values at lower doping concentrations but dimin-particularly the increasing in the effective mass of electrons.
ishes as the doping level increases. In contrast, elevating thhis trend contrasts with the findings reported by Hoat et al.
temperature improves the thermal performance of RbLaGg7] for RbYSn HH alloy. As shown in Fig. 5b)y/7 val-
alloy, highlighting its potential as a key factor in optimizing ues in the electron carrier region are consistently higher than
thermoelectric efficiency. For optimal thermoelectric perfor-those in hole carrier region, suggesting that n-doping is more
mance, the Seebeck coefficief) fetains a substantial value advantageous for enhancing the thermoelectric performance

Rev. Mex. Fis72 020502
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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.
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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 isobserved. Within the considered chemical potential range,
no significant change is observed when SOC is included ir-0.3 eV to 0.9 eV, small values of. /T are observed, with
the calculations. Without SOC, the largest valuessgf  two distinct maxima in the n-type (p-type) regions. At 300 K,
expected for n-type doping ai8.84 x 10! (2ms)~! and  the maxima aré.13(2.95) x 10'* (W/mK s), while at 900 K,
17.06 x 1019 (Qms)~! at temperatures, 300 K and 900 K, they are 2.0522.78) x 10'* (W/mKs). The resultings. /7
respectively. values arel0 x 10'* (W/Kms) and19.1 x 104 (W/Kms)
Thermal conductivity £) consists of two primary con- at 300 K and 900 K, respectively. These values are slightly
tributions; the electronic park() and lattice vibration part lower than those reported by Hoettal. [27] for RbYSn in
(k). The BoltzTraP code specifically calculates the electhe n-region when SOC is excluded.
tronic components{, /7). Figure 6 demonstrates a strongcor-  The thermoelectric power factoP{’) is a crucial param-
relation between electrical conductivity {r) and electronic  eter in optimizing thermoelectric materials, as it reflects the
thermal conductivity£. /7), consistent with the Wiedemann- balance between the electrical conductivity &nd Seebeck
Franz law [55]. This law is expressed as: coefficient () as expressed in the following:

k=0-L-T, (3) PF = §%. (4)

where L is Lorenz number. To achieve high thermoelec-Figure 7a) illustrates the dependence of the power factor
tric efficiency, it is a crucial to minimize the total thermal (PF/7) on the carrier concentration of RbLaGe at 300 K and
conductivity. Figure 6a) illustrates the influence of tempera-900 K. Table Il displays the power factaP¢'/7) values cor-
ture and doping concentration ap/7. When electron dop- responding to optimal doping levels. The results reveal that
ing is present, the inclusion of SOC reduces this parametethe PF/r values are consistently higher in the hole concen-
whereas for hole doping, there is no significant change isration range(.1 — 0.4 (e/uc) compared to the electron con-

Rev. Mex. Fis72 020502
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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.

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 elevateBF' 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].

TABLE Il. Maximum values of Seebeck coefficient 8AK); elec-
tric conductivity o (10'°/Q ms), electrical thermal conductivity
k/T (10'* W/msK), and power facto®F (10'? W/mK?s) of
RbLaGe HH compound at temperatures 300 K and 900 K.

n-type \ p-type o -
S oir  njr PFr S  ojr /s PFr . The power faqtqr of the investigated material increases
significantly with rising temperature. The mBJ potential pre-
mBJ at 300 K dicts the highest power factdr,84 x 10'* (W/mK?2s) for p-
1244 18.84 134 253 1242 359 101 3.2 type doping at a hole concentration, 0.196 (e/uc) or a chem-
mBJ+SOC at 300 K ical potential,—0.05 eV. In contrast, the maximum PF for
1244 1884 131 237 1242 359 88 32 Mtypedopingis predicted to 8 x 10" (W/mK?s) atan
electron concentration of;0.16 (e/uc) or a chemical poten-
mBJ at 900 K tial, 0.73 eV.
355 17.06 304 28 455 249 249 99 When SOC is included, the maximuiF/r value is
mBJ+SOC at 900 K found to be9.9 x 10" (W/K?ms) in the p-type doping
333 1638 2809 219 455 176 186 99 regime,corresponding to ahole concentration, 0.2 (e/uc) and

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 wel

established in thermoelectric research.

The comparison demonstrates that RbLaGe exhibits a

a chemical potentiak-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-

I_cantly with rising temperature, making RbLaGe a promising

candidate for high temperature thermoelectric applications.
The thermoelectric performance of RbLaGe, character-

significantly higher power factor than both FeVAs and FeVPIzed by the figure of merit4T), depends on the interplay

at 300 K. Notably, RbLaGe achieves a maximum p-type

power factor of3.2 x 102 (W/mK2s) at 900 K, which is

substantially greater than the values reported for FeVAs and

FeVP, which are approximately.35 x 1012 (W/mK?s) for
both p-type and n-type at 300 K. This suggests that RbLaGe

holds considerable promise for high-temperature thermoeled=igure 8 shows the temperature-dependentobtained us-
tric applications, potentially offering a competitive advan-ing the Slack model [61], for the studied half-Heusler alloy,
tage over these established half-Heusler materials. Furtheboth with and without spin-orbit coupling (SOC). The re-

between lattice thermal conductivity, and electronic trans-
port properties:.. The figure of merit is defined as:

S?2.0-T

ZT = .
Ke + K[,

®)

more, the inclusion of SOC does not significantly alter thesults indicate a significant reduction iy, with an increas-
power factor for RbLaGe, underscoring the robustness of iting temperature, attributed to enhanced phonon-phonon scat-
intrinsic thermoelectric performance across different computering at elevated temperatures. It is important to highlight
tational models. that ourZT calculations incorporate both electronic and lat-
Figure 7b) shows the calculate®lF/r as function of tice thermal conductivity contributions, ensuring a compre-
cemical potentialg— F'r) for the RbLaGe HH alloy at 300 K hensive evaluation of thermoelectric performance. While the
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FIGURE 8. Lattice Thermal Conductivity {,) of RbLaGe as

a function of temperature, with and without spin-orbit coupling

(SOC).

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

constant relaxation time approximation (CRTA) is a simpli- ) .
fication, it remains a widely used approach in thermoelectri@t 900 K. The power factor is generally higher for p-type

studies to capture trends and relative improvements in trangt 900 K, particularly when SOC effects are included, sug-
port properties. The presented results clearly demonstrate ti§€Sting a more favourable thermoelectric performance under

role of SOC and carrier type in enhancing thermoelectric effhese conditions.
ficiency, reinforcing the significance of optimizing both elec-
tronic and lattice contributions for improved performance.

Figure 9 presents the calculat&d” for both p-type and 4. Conclusions
n-type materials as a function of temperature, incorporat-
ing the k, values from Fig. 8. For these calculations, anlin this study, we have investigated the thermoelectric, elec-
estimated constant relaxation time of 10 fs is used, a typtronic and structural properties of RbLaGe, a rare-earth-
ical approximation for such studies [62-64]. SOC consis-based intermetallic alloy, using the FP-LAPW method. Our
tently enhanceg& T for both carrier types, which is attributed findings have demonstrated that RbLaGe crystallizes in a
to SOC-induced changes in the electronic band structuréhalf-Heusler structure, particularly in its — phase, which
such as reduced carrier effective mass or altered scatterinqiderpins its distinctive physical characteristics. The nega-
mechanisms, boosting the Seebeck coefficient and electriive formation energy suggests that the alloy is thermodynam-
cal conductivity. Additionally, the p-type materials exhibit ically stable and experimentally feasible to synthesize. Elec-
higher ZT values than n-type materials, likely due to moretronic structure calculations indicate that RbLaGe exhibits
favourable carrier transport properties and higher Seebegiromising characteristics, positioning it a potential candidate
coefficients under SOC. for electronic and energy-related applications. Additionally,

In summary, the reduction iny, as shown in Fig. 8 is a our in-depth analysis of thermoelectric properties of RbLaGe
critical for achieving highZT values, as it minimizes ther- has revealed several advantageous features, further under-
mal losses. The inclusion of SOC increases not @iyjbut  scoring its potential for practical use. The alloy exhibits a
also enhances the electronic transport properties, leading togh-power factor, especially in the n-type doping regime.
improvedZTVvalues, as demonstrated in Fig. 9. The using ofThe inclusion of spin-orbit coupling has a significant impact
a constant relaxation time, 10 fs HiI" calculation is a sim-  on the electronic structure and transport properties, with par-
plifying assumption, but it effectively highlights the influence ticularly pronounced effects observed in the p-type regime.
of SOC and carrier type on thermoelectric performance.  The improvement in the thermoelectric power factor for n-

The key thermoelectric parameters of RbLaGe at 300 Kype doping is primarily due to advantageous band structure
and 900 K are summarized in Table Il. The Seebeck coeffinear the conduction band minimum. The thermoelectric per-
cient (5), electrical conductivity €/tau), electronic thermal formance of RbLaGe depends on both lattice and electronic
conductivity .7) and power factor PF/7) are listed for properties. While<;, decreases with temperature, benefiting
both n-type and p-type doping, with and without the inclu- ZT, p-type and n-type variants exhibit different electronic
sion of spin-orbit coupling (SOC). Notably, the n-type con- behaviours influenced by spin-orbit coupling. These findings
figuration exhibits significantly higher Seebeck coefficientsunderscore the potential for further optimization through ad-
than p-type at both temperatures, with a substantial decreagastments in carrier concentration and introduction of addi-
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tional dopants, which could lead to even greater thermoeled=thical Approvals
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