Open Access Article. Published on 13 February 2025. Downloaded on 12/11/2025 9:25:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 4874

alloys

First-principles investigation of thermoelectric
performance in KMnZ (Z = Sn, Pb) half-Heusler
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In this study, we performed an in-depth analysis of the structure stability, elasto-mechanical properties,
thermophysical characteristics, and thermoelectric behavior of the KMnZ half-Heusler alloy using density
functional theory (DFT) implemented through the WIEN2k simulation package. We examined the
structural stability across phase types |, I, and Il by optimizing their energy configurations. Our results

demonstrate that the compound achieves optimal stability in the spin-polarized state of phase type II.

Subsequently, we employ density functional perturbation theory (DFPT) to forecast the dynamic behavior
of these structured systems. The electronic band structure analysis, conducted using the local spin
density approximation (LDA), Perdew—Burke Generalized Gradient Approximation (PBE-GGA), and Tran—
Blaha modified Becke—Johnson (TB-mBJ) schemes, reveals that the Heusler alloy exhibits half-metallic

properties. Additionally, the calculated second-order elastic parameters confirm the material's ductile
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nature. To evaluate the thermodynamic and thermoelectric stability under various temperature and

pressure conditions, we utilized the Quasi-Harmonic Debye model. The computed magnetic moment is
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1. Introduction

In recent years, spintronic materials have garnered significant
global attention due to their broad applicability across various
advanced devices."™ As a rapidly evolving field, spintronics
canters on the manipulation of electron spin properties to
facilitate high-speed information processing and enhanced
data storage capabilities.® The integration of spintronic tech-
nology is increasingly becoming vital to the development of
modern solid-state devices, which exploit both the spin and
charge carrier mobility.*® Among the forefront of these tech-
nologies is the integration of spin injection and single-electron
spin sources, which has emerged as a critical area of research.
Spin-polarized charge carriers are fundamental to the
advancement of contemporary spintronic devices.'*** Heusler
compounds, distinguished by their superior spin-polarized
characteristics,""” have established themselves as leading
candidates in this domain, enabling the creation of novel
devices. The spin-polarized nature of these materials is essen-
tial for the efficient processing of large data sets and reliable
information storage, underscoring their importance in the
ongoing evolution of spintronic technologies.'®>" Heusler
compounds are distinguished by their spin-dependent elec-
tronic properties, most notably their half-metallic behavior.
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consistent with the Slater-Pauling rule. These findings indicate that the KMnZ half-Heusler alloy is
a promising candidate for applications in spintronics and thermoelectrics.

This unique characteristic is defined by the material's metallic
conduction in one spin channel (either spin-up or spin-down)
while acting as a semiconductor in the opposite spin channel,
resulting in 100% spin polarization.”** The extent of this spin
polarization is typically determined by analyzing the density of
states at the Fermi level (EF) for both spin channels.*

Thermoelectricity (TE) represents a cutting-edge technology
that harnesses the thermoelectric effect to convert heat into
electric current and vice versa, providing an environmentally
friendly energy solution. TE technology is particularly effective
in capturing and repurposing waste heat from sources such as
automobiles, refineries, and various industrial processes,
thereby playing a crucial role in efforts to achieve zero carbon
emissions. Heusler compounds have emerged as promising
candidates for thermoelectric applications due to their cost-
efficiency, ease of synthesis, environmental compatibility, and
stable crystal structures. These characteristics position them at
the forefront of thermoelectric materials research. Heusler
compounds are generally categorized into three primary types
based on their structural stoichiometry: half-Heusler (HH), full-
Heusler (FH), and quaternary Heusler (QH) compounds.

Over the years, a substantial body of research, encompassing
both theoretical and experimental approaches, has focused on
unravelling the spintronic and thermoelectric properties of
Heusler compounds.>*~° These materials have garnered signif-
icant attention due to their versatile electronic and magnetic
characteristics, which are highly tunable through
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compositional and structural modifications. The pioneering
work by Groot et al.** marked a critical milestone in this field by
experimentally confirming the half-metallic behavior of the
NiMnSb half-Heusler compound. This discovery laid the foun-
dation for subsequent investigations into similar materials.
Shortly after, Fe,TiSb and Fe,TiAs were reported as half-metallic
full Heusler compounds, further expanding the scope of
research in this domain.** The exploration of half-metallicity
continued with Luo and colleagues, who conducted extensive
theoretical studies on a series of full Heusler compounds,
including Mn,FeGa, Mn,FeAl, Mn,FeGe, and Mn,FeSe.** These
studies provided deeper insights into the electronic structures
and magnetic properties of these materials, highlighting their
potential for spintronic applications. Among the broad spec-
trum of Heusler compounds, half-Heusler alloys have emerged
as a particularly promising class of materials, distinguished by
their unique structural attributes and exceptional performance
in various applications.? Transitioning from full Heusler (FH)
to half-Heusler (HH) compounds introduces a shift in structural
composition and chemical flexibility. Half-Heusler compounds
typically adopt the formula XYZ, where X and Y are metallic
atoms, often selected from transition metals or the alkaline
earth metal family, while Z is typically an element from the sp-
block. This structural configuration results in a C;}, crystal
structure, characterized by three interpenetrating face-centered
cubic (FCC) lattices. The key distinction between half-Heusler
and full Heusler compounds lies in the presence of a vacant
site within the lattice of half-Heuslers, which significantly
influences their electronic and magnetic properties. This
structural feature not only differentiates them from their full
Heusler counterparts but also contributes to their distinct
physical properties, making them highly suitable for spintronic
and thermoelectric applications.

With the multifaceted growth in spintronic applications,
half-Heusler (HH) alloys have emerged as a versatile class of
materials, offering significant potential for both spintronic and
thermoelectric applications. Numerous HH alloys have been
reported in the literature, including XCrSb (X = Fe, Ni),** KCrZ
(z = Si, Ge),*® KCrZ (Z = S, Se, Te),”” NaZrZ (Z = P, Sb, As),*®
LiMnZ (Z = N, Si, P),** RhCrZ (Z = Ge, Si),* PtXBi (X = Co, Fe,
Mn, Ni),** IrCrZ (Z = Ge, Sn, As, Sb),”* and VCoSb.** These
compounds are distinguished by their ability to achieve 100%
spin polarization, classifying them as half-metallic ferromag-
nets (HMFs).** HMFs are particularly valued for their wide-
ranging applications in spintronic technologies, including
spin injection,* magnetic tunnel junctions (MT]Js),* spin valve
devices,” tunnelling magnetoresistance (TMR),** magnetic
random-access memory (MRAM),* and permanent magnets.*
The appeal of HH alloys lies in their unique electronic struc-
tures, which enable them to exhibit half-metallic behavior,
where one spin channel is metallic while the other is insulating.
This characteristic makes them ideal candidates for spintronic
devices that rely on high spin polarization. Despite the
considerable progress made in identifying and synthesizing HH
alloys with desirable properties, the ongoing quest for new half-
metallic materials remains critical to advancing the efficiency
and performance of spintronic and thermoelectric devices.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In particular, potassium (K)-based half-Heusler compounds
have attracted attention due to their structural robustness and
potential to exhibit half-metallic ferromagnetism. These mate-
rials offer a promising avenue for the fabrication of next-
generation spintronic and thermoelectric devices. Their ability
to maintain structural integrity while delivering high spin
polarization and favorable thermoelectric properties positions
them as strong candidates for further research and develop-
ment. The exploration of these K-based HH compounds could
lead to significant breakthroughs in the design and optimiza-
tion of materials for advanced technological applications,
reinforcing their role as a cornerstone in the evolution of
spintronic and thermoelectric device technologies.

This research aims to provide a detailed analysis of the
physical properties of KMnZ (Z = Sn, Pb) half-Heusler
compounds, employing density functional theory (DFT) models
integrated with the WIEN2k simulation package. The study
emphasizes a multifaceted exploration of these compounds,
including structural phase stability, half-metallic ferromagne-
tism (HMF), mechanical stability, magnetic properties, and
thermodynamic behavior. The research objectives include
determining the most stable magnetic configuration, evaluating
half-metallic ferromagnetism, calculating second-order elastic
constants, magnetic moments, and Curie temperatures, as well
as investigating electronic properties using the PBE-GGA
approximation within the DFT framework. Furthermore, the
thermodynamic performance of the KMnZ compounds under
varying temperature and pressure conditions will be rigorously
analyzed using the BoltzTraP code and quasi-harmonic Debye
approximation. This work seeks to deliver a comprehensive
computational assessment of the fundamental properties of
these half-Heusler compounds, with a particular focus on their
potential applications in sustainable spintronics, electronics,
thermoelectrics, and other emerging technologies.

2. Computational parameters and
convergence criteria

In this study, density functional theory (DFT) was employed to
conduct a comprehensive investigation into the structural
stability, half-metallic behavior, magnetic properties, and
thermodynamic response of the alkaline earth metal-based
half-Heusler compound KMnZ. DFT, recognized for its preci-
sion and accuracy, was implemented using the full-potential
linearized augmented plane wave (FP-LAPW) basis set within
the WIEN2k simulation package.”’* To analyze phonon
dispersions and evaluate dynamical stability, we utilized density
functional perturbation theory (DFPT) within the Quantum
Espresso simulation framework.** Electron-electron interac-
tions were managed through the generalized gradient approxi-
mation with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation potential.>® For a more detailed analysis of the
electronic structure, the modified Becke-Johnson (mB]J) poten-
tial”” was utilized. Structural stability and magnetic properties
of KMnZ were rigorously examined. The simulations involved
partitioning the KMnZ unit cell into two distinct regions: the
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muffin-tin sphere and the interstitial space. The muffin-tin
approximation, a well-established method for estimating elec-
tron energy states within the crystal lattice, was applied with
muffin-tin radii (Ryr) of 2.28, 2.31, 2.34, and 2.25 for K, Mn, Sn,
and Pb atoms, respectively. Outside the muffin-tin spheres,
electron wave functions were represented by plane waves with
a cutoff defined as Ryr X Kmax = 7, where K., denotes the
reciprocal lattice vector. A fixed energy of —7.0 Ry was used to
differentiate between core and valence electrons, and self-
consistent field (SCF) convergence was achieved with a preci-
sion of 107> Ry. The Brillouin zone was sampled using the
Monkhorst-Pack technique® with a (14 x 14 X 14) k-point
mesh. The elastic parameters of KMnZ were analyzed using the
IRElast module within the WIEN2k package, and thermody-
namic properties were investigated using the BoltzTrap2 code®
with the classical Boltzmann approximation.

3. Result and discussions

In this section, we present a detailed analysis of the distinctive
properties exhibited by KMnZ half-Heusler compounds, (Z =
Sn, Pb).

3.1 Crystal structure and optimised lattice parameter

To accurately predict the properties of any material, a thorough
understanding of its crystal structure is essential, as the
arrangement of atoms within a crystal lattice fundamentally
influences its physical, electronic, and mechanical properties.

Table 1 Wyckoff positions in three atomic configurations of KMnZ
(Z = Sn, Pb) half Heusler alloys

Alloys  Phase K Mn Z = Sn, Pb
KMnZ Typel (0.25,0.25,0.25) (0.50,0.50,0.50) (0,0,0)
Type 2 (0,0,0) (0.25,0.25,0.25)  (0.50,0.50,0.50)
Type 3 (0.50,0.50,0.50)  (0,0,0) (0.25,0.25,0.25)
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Half-Heusler compounds, such as KMnZ, are particularly
notable for their C;p-type crystal structure, which can stabilize
in three distinct atomic configurations. These configurations
are crucial because they dictate the material's behavior under
various conditions, including temperature, pressure, and
magnetic fields. The C,p-type structure of these half-Heusler
compounds consists of three interpenetrating face-centered
cubic (FCC) sublattices, where each sublattice is occupied by
different atomic species. The three possible configurations,
each defined by specific atomic coordinates and Wyckoff posi-
tions, represent different ways in which the constituent atoms
(K, Mn, Sn and Pb) can be arranged within the crystal lattice.
These variations in atomic positioning not only impact the
stability of the crystal structure but also influence the electronic
band structure, magnetic properties, and elastic characteristics
of the material. Understanding these configurations allows
researchers to predict and tailor the material's properties for
specific applications, such as in spintronics, thermoelectrics,
and other advanced technologies.

The specific Wyckoff positions for these three configurations
of the KMnZ half-Heusler compound are detailed in Table 1,
providing a precise map of atomic locations within the lattice
represented in Fig. 1, which is critical for further computational
and experimental analysis.

The structure stability of the proposed half-Heusler (HH)
compound is contingent upon its atomic arrangement within
the crystal lattice. Consequently, identifying the most energet-
ically favorable phase among the existing configurations is
imperative. Our computational analysis and Fig. 2 reveals that
the type I structure of KMnZ HH exhibits the lowest energy
relative to types II and III. Subsequently, we determined that
KMnZ with the F43m (#216) space group is more stable in the
spin-polarized (SP) phase than in the non-magnetic (NM) phase
as reported in Fig. 3. The antiferromagnetic (AFM) configura-
tion of the KMnZ Heusler alloy was thoroughly analyzed to
better understand its magnetic and structural properties. As
part of this investigation, the relationship between the unit cell

Fig.1 Crystallographic structures of the KMnZ (Z = Sn, Pb) half-Heusler alloys, illustrating three distinct phase configurations: type |, type Il, and

type Il respectively.
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Fig. 3 Optimized energy—volume curve for the spin-polarized cubic KMnZ (Z = Sn, Pb) half-Heusler alloys in the spin-polarised (SP) and non-

magnetic (NM) configuration.

volume and the total energy for the AFM state was calculated
and graphically represented, as shown in Fig. 4. This plot
provides crucial insights into the stability of the material in its
antiferromagnetic phase, indicating how energy varies with
changes in lattice volume. To ascertain the equilibrium lattice
parameters and minimum energy for cubic KMnZ with the
stable type-I crystal structure, we employed the Murnaghan
equation of state,*® as expressed in equation for volume opti-
mization in the SP phase:

VO)B" y 1

1
E(V) = Ey+ ByVo |—— (22 L
V) 0 OOB(B'I>(V BV, B -1

© 2025 The Author(s). Published by the Royal Society of Chemistry

Here, E, denotes the minimum total energy, V, represents the
unit cell volume at zero pressure, By is the bulk modulus, and B’
is the derivative of the bulk modulus. As presented in Table 2,
the calculated lattice constant (a,) for KMnSn and KMnPb HH
at the given symmetry, obtained using GGA, is 7.14 A and 7.28 A.
The remaining parameters V,, By, and B’ are reported for the
first time for KMnZ (Z = Sn, Pb) HH alloys. A comprehensive
energy minimization analysis was conducted to identify the
most energetically favorable magnetic configuration for the
KMnZ half-Heusler compounds. By calculating the volume-
energy relationship, we determined that the spin-polarized
(SP) state in phase II is energetically superior to the non-

RSC Adv, 2025, 15, 4874-4891 | 4877
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Fig. 4 Optimized energy—volume curve for the spin-polarized cubic KMnZ (Z = Sn, Pb) half-Heusler alloys in the anti-spin-polarised (anti-

ferromagnetic AFM) configuration.

Table 2 Calculated structural parameters for the half Heusler KMnZ
determined in three distinct types and in both magnetic phase, spin
polarized (SP), non-magnetic (NM), and antiferromagnetic (AFM)
phases, including lattice constant (a in A), volume (V in a.u.), bulk
modulus (B in GPa) and energy (Eg in Ry)

’

Alloys Phase a 4 B B, Eq

KMnSn Type I 7.49 542.43 27.80 4.37 —15879.57
Type 11 7.14 614.07 24.45 4.99 —15879.69
Type III 7.35 554.62 26.73 4.74 —15879.66
NM 6.69 507.18 38.99 4.57 —15879.54
AFM 7.23 635.47 40.58 4.69 —15879.67

KMnPb Type I 7.58 739.65 23.98 4.72 —45378.63
Type II 7.28 651.94 25.97 5.17 —45378.73
Type III 7.48 707.06 29.57 5.03 —45378.71
NM 7.12 711.56 29.12 5.31 —45378.56
AFM 7.35 706.78 28.92 5.12 —45378.64

magnetic (NM) and antiferromagnetic (AFM) state. The energy-
volume data were fitted to the Murnaghan equation of state, as
depicted in equation. The lattice constants for all three states
were computed within the scope of this investigation.

3.1.1 Cohesive energy. The analyses were conducted to
evaluate the stability of the compounds using specific rela-
tionships developed for this purpose. Cohesive energy (Econ) is
defined as:

KMnZ K Mn 4
Ecoh = Etotal - (Eatom + Eatom + Ealom)

Cohesive energy represents the amount of energy necessary
to separate the KMnZ (Z = Sn, Pb) crystal into its individual
atoms, providing an indication of the material's bonding
strength. From the data in Table 3, it is evident that all cohesive
energy values are positive. This suggests that the bonds in both

4878 | RSC Adv, 2025, 15, 4874-4891

Table 3 Calculated values for cohesive energy (Econ in €V per atom),
formation energy (Ego, in €V per atom), and enthalpy (AH in eV) for
KMnSn and KMnPb HH alloys

Alloys Econ Exor AH
KMnSn 2.38 —0.64 —4.59
KMnPb 2.76 —0.43 —-3.87

alloys are sufficiently robust to maintain the integrity of their
atomic structures, emphasizing their structural stability. In
summary, the positive cohesive energy values confirm the
strong molecular structure and the cohesive forces that hold the
atoms together in the KMnZ compounds.

3.1.2 Formation energy. Furthermore, the formation
energy of the KMnZ (Z = Sn, Pb) alloys was calculated to further
validate their structural stability, using the following equation:

KMnZ K Mn z
Epor = Eigtal . — (Evuie + Epuik + Ebuik)

The formation energy, represented as AEg,, quantifies the
difference between the total energy of a crystal Epyie” and the
summed energies of its elemental components Ey, Epalk, and
Efuax under standard conditions of 300 K temperature and
0 GPa pressure. A negative formation energy value indicates that
the compound is thermodynamically stable. As shown in
Table 3, both compounds exhibit negative formation energy
values, demonstrating their potential for experimental
synthesis. This highlights their favorable energetic properties
and supports the possibility of synthesizing these materials
under standard laboratory conditions.

3.1.3 Enthalpy. The cohesive energy observed in these
compounds highlights the significant strength of interatomic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bonds, providing further evidence of the chemical stability of
KMnSn and KMnPb. This stability reflects the strong bonding
interactions among the constituent atoms. To thoroughly eval-
uate the stability of these compounds, the enthalpy of forma-
tion (AH) is analyzed, calculated using the following equation:

AH = ETotal — aEA — bEB — dEx

In this equation, Er, represents the total energy of the KMnSn
and KMnPb compounds, while E,, Eg, and Ex, denote the
individual atomic energies of K, Mn, Sn, and Pb, respectively.
The computed enthalpy values for KMnSn and KMnPb are
—4.59 eV and —3.87 eV, respectively. These negative values of
formation energy provide clear evidence of the thermodynamic
stability of these compounds. A comprehensive summary of the
calculated energies, including cohesive, formation, and
enthalpy energies, is presented in Table 3.

3.1.4 Phonon dispersion. Analyzing the complex dynamics,
thermodynamic properties, and vibrational characteristics of
crystalline solids requires a thorough investigation of phonon
dispersion. In this study, we employ Density Functional Pertur-
bation Theory (DFPT) within the pseudopotential framework of
Quantum Espresso to evaluate the dynamical stability of the half-
Heusler alloys KMnSn and KMnPb in their primitive unit cells as
reported in Fig. 5. Dynamical stability is indicated by the pres-
ence of three acoustic phonon branches exhibiting zero
frequency at the I'-point, while optical phonons exhibit non-zero
frequencies. The three acoustic branches consist of one longi-
tudinal acoustic (LA) mode and two transverse acoustic (TA)
modes, accompanied by 3N - 3 optical modes in a unit cell
containing N atoms.*® Our analysis delves into the nine phonon
branches arising from the interactions of the constituent atoms,
tracing their evolution along the high-symmetry directions of the
irreducible Brillouin zone. Of these, three branches intersect at
the I'-point and are classified as acoustic, while the remaining six
are identified as optical modes. The lower-frequency branches
primarily result from the vibrations of heavier atoms, whereas

|KMnSnI

Frequency (THz)

W L r X W K T

View Article Online
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the higher-frequency optical branches are attributed to lighter
atoms. Factor group theory further categorizes the optical modes
into Raman-active, infrared-active, or silent, depending on their
frequency ranges. The absence of negative or imaginary
frequencies in the phonon band structure confirms the dynam-
ical stability of the investigated systems.

3.2 Mechanical and elastic properties

Elastic and mechanical properties of a material are character-
ized by its elastic parameters, which quantify the relationship
between stress and strain. These parameters determine the
material's deformation under external forces and its subse-
quent return to its original state. For assessing mechanical
stability, elastic constants are crucial, particularly at optimized
conditions. The mechanical attributes of solids, which underlie
their practical applications, are directly linked to these elastic
constants.” Given that the KMnZ half-Heusler is stable in the
cubic type II symmetry, we calculated the values of three inde-
pendent elastic parameters: Cyq, Cip, and Cyy. C1; measures
longitudinal expansion, while C;, measures transverse defor-
mation. To ensure mechanical stability, these independent
elastic constants must satisfy the Born stability criteria for cubic
symmetry, which are as follows:

Cii +2C2>0;C;y — C12>0; C12>0; Cpy > 0and Cyy > 0.

As shown in Table 4, the KMnZ half-Heusler compound
unequivocally satisfies the Born stability criteria, thereby con-
firming its robust mechanical stability. Furthermore, the table
presents other pertinent parameters, including the shear
modulus (G) and bulk modulus (B), which respectively charac-
terize compressibility and stiffness. The resistance to plastic
deformation, a measure of the opposing force to fracture, can be
quantified by the G and B parameters. These values are calcu-
lated using the following equations:

7"

w &~

Frequency (THz)

W L r X W K r

Fig. 5 Phonon dispersion curves were calculated for KMnSn and KMnPb along the high-symmetry direction of their respective Brillouin zones.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Computed values of elastic parameters (Cyy, Cio, Caq, Cp, E, B,
G in GPa), Pugh's ratio (B/G), Poisson's ratio (a), Anisotropy factor (A),
sound velocities, and Debye temperature (0p in K)

Parameters KMnSn KMnPb
Cn 32.39 41.94
Cis 21.44 17.65
Cus 2.02 9.17
B 25.09 25.74
Gy 3.40 10.36
Gr 2.70 10.16
G 3.05 10.26
E 8.79 27.17
Cp 19.42 8.48
B/G 8.22 2.50
o 0.44 0.32
A 0.36 0.75
Vi(ms™) 3.16 10.07
Vi(ms™ 1.02 5.14
Vi (m s™Y) 1.16 5.76
0o 121.18 232
B— Ci +2Cp
3
G- Gy + Gr
2

The subscripts R and V in above equation denote the Reuss
and Voigt bounds, respectively. The values of G and By can be
determined using the equations below:

5(Cii — C)Cu

Gr =
R 4Cu +3(C) — Cpa)
Gy — Ci— C152 + 3Cys

Table 4 summarizes the calculated values of these elastic
parameters. The calculated results not only confirm the
mechanical stability of the KMnZ compound but also provide
valuable insights into its resistance to deformation and its
potential applications in various structural and engineering
contexts. The bulk modulus (B) value derived from above bulk
modulus eqn, as presented in Table 4, is consistent with the
values obtained through our calculations. Young's modulus (E),
which defines the material's stiffness and is the ratio of stress to
strain, was determined using the following relationship:

9BG
3B+ G

E=

This relation connects the bulk modulus (B) and shear
modulus (G) to provide insight into the material's elastic
properties. To evaluate the material's brittleness or ductility, the
Cauchy pressure (Cp) is a crucial factor. The Cauchy pressure is
calculated using the following relation:
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CP = Cll - C12

In this context, C;, and C4, are elastic constants. If the calcu-
lated Cauchy pressure is positive, the material is considered
ductile, meaning it can undergo significant plastic deformation
before fracture. Conversely, a positive Cauchy pressure suggests
that the material is ductile and prone to fracture under stress
without significant deformation. Our findings reveal that the
KMnZ half-Heusler compound has a positive Cauchy pressure,
confirming its ductile nature. Additionally, the Pugh ratio (B/G)
is another critical parameter for assessing ductility versus brit-
tleness. This ratio is calculated by dividing the bulk modulus (B)
by the shear modulus (G). Generally, a Pugh ratio less than 1.75
indicates a brittle material, while a ratio greater than 1.75
suggests ductility. The computed Pugh ratio for the KMnZ HH
compound, as shown in Table 4, further confirms its brittle-
ness. The Poisson's ratio (¢) is another important parameter
that helps determine the compressibility of a material. This
ratio, which is defined as the positive ratio of transverse to axial
strain, also sheds light on the nature of bonding forces within
the material. It is calculated using the following formula:

_ 3B-26G
77 2(3B+G)

A higher Poisson's ratio typically indicates a material that is
more compressible and has more ductile behavior. However, for
the KMnZ alloy, the Poisson's ratio suggests that the material is
relatively incompressible, supporting the conclusion that it is
mechanically stable and ductile. From the exploration of these
elastic properties, it can be concluded that the KMnZ HH alloy
exhibits brittleness and incompressibility, characteristics that
affirm its mechanical stability. These properties are essential for
the practical use of the alloy, particularly in applications
requiring high structural integrity under stress. Given the
growing interest in half-Heusler (HH) alloys for potential spin-
tronic applications, a thorough understanding of their
mechanical stability is crucial during the device fabrication
process.

The Debye temperature (p) is a fundamental property of
solid materials, representing the temperature at which the
vibrational energy of atoms within the material equals their
thermal energy. It is calculated using the average sound

velocity (vy,)*
0 7ﬁ 3n (pNa .
Pk lan\ M Yin

where % is Planck’s constant, k is Boltzmann's constant,  is the
number of atoms per formula unit, V is the unit cell volume,
and vy, is the average sound velocity calculated as:

1/2 1\
szg(ﬁ‘f’ﬁ)

Utilizing Navier's equation*' and the calculated bulk and
shear moduli, we determined the longitudinal velocity (v;) and
shear velocity (vs). The resulting values are tabulated in Table 4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The Debye temperatures for KMnSn and KMnPb alloys were
found to be 121.18 K and 232 K, respectively. When a material's
Debye temperature exceeds room temperature, it signifies that
the vibrational energy of its constituent atoms surpasses its
thermal energy.

Another significant physical property is the anisotropic
factor (A4), which characterizes the nature of bonding in
different crystallographic directions and is defined by:

2Cu
A= —7=
Ci—Cn

A value of A = 1 indicates an isotropic crystal, while values
less than one suggest elastic anisotropy. The computed data in
Table 4 reveals that both half-Heusler compounds exhibit
anisotropic behavior.

3.3 Electronic properties

To investigate the electronic properties of half-Heusler alloys
KMnZ (Z = Sn, Pb), we calculated spin-polarized electronic band
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structures at the equilibrium lattice constant in the ferromag-
netic (FM) phase. These calculations, performed along the high-
symmetry directions of the first Brillouin zone (BZ), used LDA,
GGA-PBE, and TB-mB]J, approximations at 0 K and 0 GPa. The
spin-resolved band structures (BS) and density of states (DOS),
shown in Fig. 6-10, provide essential insights into the electronic
behavior. These results reveal how spin-up and spin-down
states contribute to the electronic structure, highlighting the
material's half-metallic and semiconducting characteristics.
Such findings are crucial for spintronic applications, where
controlling spin-polarized currents is key.

3.3.1 Band structure (BS). To understand the electronic
behavior of KMnZ (Z = Sn, Pb) half-Heusler (HH) alloys, it is
essential to analyze both the band structure and density of
states (DOS). The band gap (Eg) derived from these analyses
plays a crucial role in determining the thermoelectric properties
of these materials. We have meticulously studied the band gap
using three computational schemes: LDA, GGA-PBE, and
TB-mB]J. Fig. 6-8 presents the electronic structure for the spin-
up configuration, showing that all three methods consistently
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Fig. 6 Spin polarised band structure for KMnSn and KMnPb in LDA approximation.
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© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 4874-4891 | 4881


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00220f

Open Access Article. Published on 13 February 2025. Downloaded on 12/11/2025 9:25:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

\V/ A

DAY, §

1

1

1

[}
s

AR =AY

\
iy

TN

L HHEL

XWKW L T

L

X WK

Energy (eV)
o & A L o o & o
1

W L T

View Article Online

Paper

mBJ

:v%f N v'\/v

X xg A
?Bé 2 '--.f%. E,
Ly /ﬁ-h" K
‘ \T el e
W L T XWKW L T X WK

Fig. 8 Spin polarised band structure for KMnSn and KMnPb in mBJ approximation.

24
22
20 4
18
16

—
S N A~
P PR |

DOS (states/eV)

———
1 2 3 4 5 6 7
Energy (eV)

O S mmmmmmm——————

4 3 -2 -1 0 1 2
Energy (eV)

Fig. 9 Spin-polarized TDOS of KMnZ (Z = Sn, Pb) HH alloys by LDA, GGA, and mBJ approximation.

reveal a metallic nature for the spin-up channel. This metallic
behavior arises from the overlap between the valence and
conduction bands at the Fermi level (Eg). In contrast, Fig. 6-8
demonstrates that the spin-down configuration exhibits a sem-
iconducting nature due to a distinct band gap separating the
valence and conduction bands. The conduction band reaches
its minimum at the (X) symmetry point, while the valence band
reaches its maximum at the Gamma (I') point, confirming an
indirect band gap (E) for the alloys. For KMnSn, the band gap
values are 0.56 eV, 0.73 eV, and 1.10 eV in the LDA, GGA-PBE,
and mB] schemes, respectively. Similarly, for KMnPb, the
band gap values are 0.56 eV, 0.72 eV, and 1.24 eV. These results
suggest that the semiconducting nature in the spin-down
channel could significantly impact the thermoelectric
response, as the presence of a band gap enhances carrier
mobility and energy conversion efficiency.

4882 | RSC Adv, 2025, 15, 4874-4891

3.3.2 Density of states. The Total Density of States (DOS)
and Partial Density of States (PDOS) for KMnZ alloys (Z = Sn,
Pb) were rigorously computed and are presented in Fig. 9 and 10
to provide a comprehensive understanding of their electronic
structure. Fig. 9 illustrates the total DOS for KMnSn and KMnPb
using the LDA, GGA, and mB]J exchange-correlation approxi-
mations, highlighting variations across different methodolo-
gies. Fig. 10 focuses on the PDOS under the mBJ potential,
offering a detailed analysis of the orbital contributions. The
results reveal that the spin-up (majority) channel in both alloys
exhibits a finite band gap, indicative of metallic behavior in this
channel. Conversely, the spin-down (minority) channel shows
a clear band gap with the Fermi level positioned within it,
confirming the semiconducting nature of this state and
affirming the half-metallic (HM) characteristics of KMnSn and
KMnPb. The observed 100% spin polarization is attributed to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Spin-polarized PDOS of KMnZ (Z = Sn, Pb) HH alloys by mBJ approximation.

this distinctive electronic configuration, aligning with HM
behavior where only one spin channel contributes to conduc-
tion. The bonding and anti-bonding states within the DOS and
PDOS plots further elucidate the electronic structure: in the
minority spin channel, the bonding states predominantly derive
from the p-orbitals of the Sn and Pb atoms, contributing
significantly to the electronic states near the Fermi level. In
contrast, the bonding region in the majority spin channel is
primarily influenced by the Mn d-orbitals, which play a crucial
role in band formation and band gap development. The Mn d-
orbitals hybridization with p-orbitals of Sn and Pb atoms is
essential for understanding the origin of the band gap observed
in these half-metallic systems. This hybridization and the
subsequent electron distribution demonstrate the intricate
interplay between transition metal d-states and main group
element p-states, underpinning the electronic and magnetic
properties that define KMnSn and KMnPb as half-metallic
materials.

3.4 Magnetic properties

According to the Galanakis model** the spin magnetic moment
of half-Heusler compounds is defined as the difference between
the occupied energy bands corresponding to the up and down
spin states. This relationship is particularly pertinent for
ternary 1:1:1 half-Heusler compounds characterized by a Cyp

© 2025 The Author(s). Published by the Royal Society of Chemistry

crystal structure, such as the prototype Cu,MnAl. Kubler was
notably the first to establish the Slater-Pauling 18-electron rule,
which articulates that the total magnetic moment (M) is given
by the equation:

MTot =8 - ZTot

In these half-Heusler materials, the C;, structure is defined by
the presence of three atoms per unit cell, and the Slater-Pauling
rule is instrumental in predicting their magnetic characteris-
tics. Here, M, represents the total spin magnetic moment,
while Z indicates the total number of valence electrons within
the system. This rule is crucial as it dictates that the number of
occupied states in the spin bands is fixed at 18. In our present
study focusing on ternary 1:1:1 half-Heusler alloys, we have
determined a total magnetic moment (Mr,,) of approximately 4
uB. Our findings are summarized in Table 5, which outlines the
total magnetic moment alongside contributions from atomic
resolved and interstitial magnetic moments specific to the
compounds KMnZ (Z = Sn, Pb). Significantly, our analysis
reveals that the predominant contributions to the total
magnetic moment arise from the manganese (Mn) atom in
these half-Heusler compounds. This observation underscores
the critical influence of the Mn atom in shaping the magnetic
properties of the material, aligning well with the predictions
made by the Slater-Pauling rule.

RSC Adv, 2025, 15, 4874-4891 | 4883
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Table 5 The magnetic moments of atomic, total magnetic moment,
interstitial magnetic moments (all in uB) and band gap (in eV) are
investigated for the KMnZ (Z = Sn, Pb) HH alloys in three different
methods

Alloys Methods K Mn Sn/Pb Int. Total Band gap

KMnSn LDA 0.05 3.79 -0.10 0.17 3.91 0.55
GGA 0.05 391 -0.13 0.15 3.98 0.72
mB]J 0.04 4.06 —0.19 0.08 4.00 1.09

KMnPb LDA 0.01 4.11 -0.14 0.01 4.00 0.56
GGA 0.01 4.21 -0.17 -0.05 4.00 0.73
mB]J 0.01 4.33 -0.20 -0.13 3.99 1.25

3.5 Curie temperature

AE
The Curie temperature (Tc = 37) for the alloys KCrSi and
B

KCrGe was determined using a well-established equation
derived from the Heisenberg model,.** In this context, AE
represents the energy difference between Eyxy (the total energy
of the nonmagnetic state) and Egy (the total energy of the
ferromagnetic state). This parameter captures the energy gap
associated with the stability of magnetic ordering in the mate-
rial. The calculation also incorporates the Boltzmann constant
(Kg), which connects the energy to the thermal properties of the
system. The parameter AE is a fundamental quantity that
reflects the minimum energy barrier required for a system to
transition between states, such as magnetic phases or other
physical transformations. This energy difference provides
significant insights into the thermodynamic stability and
kinetic feasibility of these transitions. Specifically, it quantifies
the degree of stability of the ferromagnetic state relative to the
nonmagnetic state. At the Curie temperature (7¢), the thermal
energy in the material becomes comparable to AE, enabling the
disruption of the ferromagnetic spin alignment. This marks
a critical point where the material undergoes a phase transition
from a ferromagnetic to a paramagnetic state. Consequently, AE
plays a central role in determining the Curie temperature and,
by extension, the thermal stability of the magnetic ordering. It
defines the threshold energy at which magnetic interactions are
overcome by thermal agitation, providing an essential param-
eter for evaluating the magnetic behavior of the material under
varying thermal conditions. The Curie temperature not only
indicates the temperature at which a material loses its magnetic
ordering but also serves as a benchmark for the thermal
stability of ferromagnetic phases. For the alloys studied, the
predicted values of T are 814.89 K for KMnSn and 821.42 K for
KMnPb. These results highlight the robustness of the ferro-
magnetic state in these materials and emphasize the influence
of AE on their magnetic and thermal properties. Furthermore,
this analysis underscores the significance of understanding the
interplay between the energy states of a material and its
magnetic behavior. The ability to estimate 7 from first prin-
ciples, using the Heisenberg model and energy state calcula-
tions, offers a reliable framework for predicting and analyzing
the performance of magnetic materials in applications
requiring thermal stability, such as spintronics and
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thermoelectric devices. By correlating AE with T, this approach
provides valuable insights into the material's ability to maintain
ferromagnetic order under varying temperature conditions.

3.6 Thermodynamics properties

The calculation of thermodynamic properties is essential for
understanding the behavior of materials under conditions of
pressure and temperature that differ from their standard state.
This enables the prediction of thermal, mechanical, and
chemical stability across a range of environments. Theoretical
modeling of these properties provides critical insights, serving
as key indicators for assessing the potential industrial scal-
ability of such compounds. In this study, the quasi-harmonic
Debye model, as implemented in the Gibbs2 program,* is
employed to predict the thermodynamic behavior of Heusler
KMnZ (Z: Sn and Pb) alloys as a function of temperature. The
properties are evaluated over a temperature range of 0-900 K
and at pressures of 0, 5, 10, and 15 GPa, within the framework of
the GGA approximation.

The heat capacity at constant volume (C,) is a fundamental
thermodynamic property that measures a material's ability to
absorb heat without experiencing changes in volume. This
property is deeply linked to the vibrational behavior of a mate-
rial's atomic structure, influencing its thermal, mechanical, and
electronic characteristics. A thorough understanding of these
vibrational properties is essential for optimizing materials used
in a wide range of applications, including thermoelectric
devices, superconductors, and high-temperature technologies.
Fig. 11(a) illustrates the evolution of Cy with temperature for
KMnSn and KMnPb alloys, highlighting key trends in their
thermal responses. At temperatures below 300 K, Cy exhibits
a strong dependence on both temperature and pressure,
following a T relationship in accordance with the Debye T*
law.>” This behavior, typical of low-temperature crystalline
solids, suggests that the heat capacity is primarily governed by
acoustic phonon vibrations. As temperature rises above 300 K,
Cy increases more slowly, approaching the Dulong-Petit limit,*®
which represents the maximum possible contribution of atomic
vibrations to heat capacity at high temperatures. Furthermore,
an inverse relationship between Cy and pressure is observed at
constant temperatures, indicating that increasing pressure
reduces the material's ability to absorb thermal energy. This
suggests that pressure restricts atomic vibrations, diminishing
the overall heat capacity. The results also indicate that
temperature has a more significant influence on Cy than pres-
sure, highlighting the dominant role of thermal excitations in
determining a material's thermal behavior. Understanding
these interactions is crucial for predicting the performance of
KMnSn and KMnPb alloys under various operational conditions
in industrial applications.

The variation of the bulk modulus (B) with temperature
exhibits a nearly identical trend for both KMnSn and KMnPb
alloys, as depicted in Fig. 11(b). The data consistently show that
B decreases linearly with increasing temperature, a pattern
observed across all applied pressure conditions. This linear
reduction indicates that the material becomes more

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Specific heat as a function of temperature for different pressure values for KMnZ (Z = Sn, Pb). (b) Bulk modulus as a function of
temperature for different pressure values for KMnZ (Z = Sn, Pb). (c) Thermal expansion coefficient as a function of temperature for different
pressure values for KMnZ (Z = Sn, Pb). (d) Thermal expansion coefficient as a function of temperature for different pressure values for KMnZ (Z =
Sin, Pb).
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compressible as temperature rises, a behavior typically associ-
ated with thermal expansion and the weakening of atomic
bonds at elevated temperatures. Moreover, the results demon-
strate that at any specific temperature, the bulk modulus
increases proportionally with pressure, signifying reduced
compressibility as pressure rises. This suggests that higher
pressures enhance the material's resistance to deformation by
reinforcing atomic cohesion, while increasing temperature has
the opposite effect, making the material more compressible.
The contrasting influence of temperature and pressure on the
bulk modulus underscores their opposing roles in shaping the
material's mechanical properties—pressure strengthens atomic
interactions, whereas temperature diminishes them. The values
of the bulk modulus at 0 K and 0 GPa closely match those ob-
tained from the Birch-Murnaghan equation of state and are
consistent with those derived from the elastic constants. This
alignment confirms the accuracy of the theoretical modeling
employed in the study, reinforcing confidence in the calculated
mechanical properties. The findings highlight the significance
of comprehending the combined effects of temperature and
pressure when assessing the mechanical stability and
compressibility of these alloys, which is crucial for their
potential industrial and technological applications.

The thermal expansion coefficient («) characterizes how
a material's dimensions respond to temperature fluctuations,
providing critical insight into its structural stability under
thermal stress. Fig. 11(c) illustrates the variation of « as
a function of temperature and pressure for the half-Heusler
(HH) alloys KMnZ (Z = Sn, Pb) within a temperature range of
0 to 1000 K and pressure levels of 0, 5, 10, and 15 GPa. The data
show that at lower temperatures, particularly below 300 K,
a increases sharply as temperature rises, indicating rapid
dimensional expansion driven by intensified atomic vibrations
as thermal energy accumulates. As the temperature exceeds 300
K, the rate of increase in o« becomes more gradual, suggesting
that the material approaches a thermal equilibrium where
expansion is less pronounced. This behavior is characteristic of
many solids, as the thermal expansion rate tends to stabilize at
higher temperatures once atomic vibrations reach a maximum
amplitude. The shift from rapid to moderate growth in « reflects
the material's nuanced response to temperature changes across
different thermal regimes, with the lower range displaying more
dynamic expansion behavior. Additionally, at constant
temperatures, « exhibits a linear decrease as pressure increases,
highlighting an inverse relationship between thermal expan-
sion and pressure. This suggests that increasing pressure
suppresses atomic vibrations, thereby limiting the material's
capacity to expand under thermal stress. The reduction in
o with rising pressure underscores the stabilizing effect of
compressive forces on material dimensions. Understanding the
combined impact of temperature and pressure on « is crucial
for predicting the behavior of KMnSn and KMnPb alloys in
applications requiring high-dimensional stability across varied
operational environments.

The Griineisen parameter (y) is a key thermodynamic
quantity that provides critical insight into the behavior of
phonon frequencies in response to variations in crystal volume.
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It is instrumental in assessing the anharmonic properties of
a material, as it directly correlates with the degree of anhar-
monicity inherent in the system. Specifically, vy serves to
quantify how phonons—quanta of lattice vibrations—are
influenced by changes in both temperature and pressure. In
this work, the dependence of the Griineisen parameter on
temperature and pressure is illustrated in Fig. 11(d). At lower
temperatures, the alloys exhibit an exponentially decreasing
trend in v, indicating a significant sensitivity of phonon
frequencies to anharmonic effects as temperature increases
from low values. This decline in y suggests that as temperature
rises, anharmonic interactions grow stronger, leading to
a reduction in phonon stability. However, at higher tempera-
tures, the Griineisen parameter plateaus, reflecting a stabiliza-
tion of anharmonicity where further increases in temperature
have little to no impact on phonon behavior. Conversely, the
influence of pressure on the Griineisen parameter is markedly
subdued. As depicted in Fig. 11(d), v shows minimal variation
under increasing pressure, suggesting that pressure has
a negligible effect on the phonon dynamics of these alloys when
compared to temperature. This contrast highlights the domi-
nance of thermal effects over pressure in governing the anhar-
monic behavior of the material. Thus, the temperature effect far
outweighs the pressure effect, indicating that thermal expan-
sion and vibrational properties are more strongly governed by
temperature variations.

3.7 Thermoelectric properties

Utilizing the WIEN2k software and the BoltzTrap code, we
conducted a comprehensive analysis of the thermoelectric
properties of KMnZ (Z = Sn, Pb) compounds. BoltzTrap enabled
the accurate calculation of the Seebeck coefficient (S), electrical
conductivity (o), power factor (PF), thermal conductivity (x), and
figure of merit (Z7), for both spin-up and spin-down channels
over a temperature range of 50 K to 900 K. To ensure compu-
tational accuracy, a dense k-mesh grid of 50 x 50 x 50 was
employed in conjunction with the mBJ approximation. This
rigorous approach provides a solid foundation for under-
standing the thermoelectric performance of these alloys and
their potential applications.

3.7.1 Seeback coefficient (S). The Seebeck coefficient,
a crucial parameter for thermoelectric materials, quantifies
their ability to generate an electromotive force in response to
a temperature gradient, it is calculated by the following
equation:

This property is intimately linked to the material's electronic
structure near the Fermi level. As depicted in Fig. 12(a), KMnZ
(z = Sn, Pb) alloys exhibit a pronounced positive Seebeck
coefficient in the spin-up state at room temperature, charac-
teristic of p-type semiconductors. Specifically, KMnSn and
KMnPb display Seebeck coefficients of 163.20 uv K ' and
159.09 v K, respectively. Conversely, the spin-down channel

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Variation of the Seebeck coefficient with temperature for KMnZ (Z = Sn, Pb) half-Heusler alloys in both spin channels. (b) Variation of
the electrical conductivity with temperature for KMnZ (Z = Sn, Pb) half-Heusler alloys in both spin channels. (c) Variation of the thermal
conductivity (k) with temperature for KMnZ (Z = Sn, Pb) half-Heusler alloys. (d) Variation of the Power factor (PF) and figure of merit (ZT) with
temperature for KMnZ (Z = Sn, Pb) half-Heusler alloys.
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of these alloys demonstrates a decreasing Seebeck coefficient
with increasing temperature, indicative of semiconductor
behavior. At room temperature, KMnSn and KMnPb in the spin-
down state exhibit Seebeck coefficients of 396.17 pv K * and
452.76 uvV K ', respectively. These findings underscore the
distinct thermoelectric properties of these alloys and their
potential for applications in energy and
management.

3.7.2 Electrical conductivity (¢/7). Fig. 12(b) illustrates the
temperature-dependent variation of electrical conductivity per
relaxation time (¢/7) for KMnZ (Z = Sn, Pb) alloys. In the spin-up
state, the electrical conductivity exhibits a negative temperature
coefficient, characteristic of metallic behavior. This implies that
as the temperature increases, the electrical conductivity
decreases. This trend is consistent with the metallic nature of
the spin-up channel, as evidenced by the band structure and
density of states calculations. At room temperature, KMnSn and
KMnPb possess electrical conductivities of approximately 5.36
x 10*° and 5.65 x 10°° Q7' m~" s, respectively. These values
suggest that the spin-up channel of these alloys exhibits rela-
tively high electrical conductivity at room temperature.
Conversely, the spin-down channel demonstrates a positive
temperature coefficient, indicative of semiconducting behavior,
as anticipated by band structure and density of states calcula-
tions. This means that the electrical conductivity increases with
increasing temperature, which is a typical characteristic of
semiconductors. The electrical conductivities of KMnSn and
KMnPb in the spin-down state at room temperature are
approximately 0.73 x 10*® and 1.27 x 10*° Q' m™' s,
respectively. These values highlight the significant difference in
electrical conductivity between the spin-up and spin-down
channels of these alloys. The spin-down channel of KMnSn
exhibits a relatively high electrical conductivity at room
temperature, while the spin-down channel of KMnPb exhibits
a very low electrical conductivity. Overall, the electrical
conductivity of KMnZ (Z = Sn, Pb) alloys is highly anisotropic,
with the spin-up channel exhibiting metallic behavior and the
spin-down channel exhibiting semiconducting behavior. These
findings underscore the distinct electronic transport properties
of these alloys and their potential for diverse applications.

3.7.3 Thermal conductivity (k). Thermal conductivity (k)
measures a material's ability to transfer heat energy. This
transfer is primarily driven by the continuous motion of atoms,
which can involve rotational, translational, and vibrational
motions. These atomic vibrations generate thermal energy
through various mechanisms, such as electron-phonon inter-
actions and the vibration of atoms at specific frequencies. Both
electronic and lattice vibrations contribute to the overall
thermal conductivity, which can be expressed as the sum of the
electronic thermal conductivity (Keiectronic) and the lattice
thermal conductivity (kjauwice)- Materials with high electrical
conductivity are generally good thermal conductors due to the
efficient movement of electrons. The lattice thermal conduc-
tivity can be estimated using the Slacks equation, which takes
into account the properties of the material's crystal structure
and atomic vibrations. As shown in Fig. 12(c), the electronic
thermal conductivity («.) of KMnSn and KMnPb increases with
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temperature. This means that these materials become more
efficient at conducting heat through the movement of electrons
as the temperature rises. At 300 K, the electronic thermal
conductivity (k.) of KMnSn and KMnPb are 1.55 W mK ' and
3.42 W mK ™, respectively. In this section, we investigate the
thermoelectric properties of the materials under study by
analyzing their lattice thermal conductivity (k). Understanding
lattice thermal conductivity is essential for assessing a mate-
rial's efficiency in heat conduction, as it is influenced by atomic
vibrations and electrical conductivity, both of which signifi-
cantly affect thermoelectric performance. The lattice thermal
conductivity (k) of both half-Heusler materials demonstrates
an exponential decrease with increasing temperature, indi-
cating that the materials’ ability to conduct heat through atomic
lattice vibrations diminishes rapidly at higher temperatures. At
300 K, the calculated lattice thermal conductivities of KMnSn
and KMnPb are 3.73 W mK ™" and 3.22 W mK ', respectively. At
900 K, these values decrease to 1.14 W mK ' for KMnSn and
0.97 W mK ™" for KMnPb.

To achieve reduced thermal conductivity, we employ Slack's
model, which emphasizes the critical role of acoustic phonon
modes in heat transport in semiconductors.** Slack's model is
mathematically represented as:*

~ AMOp V'3
ki = VBT

In this equation, A stands as a constant with a precise value of
3.04 x 10”5, M signifies the average molar mass, 0, denotes the
Debye temperature, V represents the average volume, y pertains
to the Griineisen parameter, n indicates the number of atoms
within the primitive unit cell (where n = 3 for half-Heuslers and
4 for full/quaternary Heuslers), and T denotes the
temperature.

3.7.4 Power factor (PF). The power factor (PF) is a key
metric for evaluating the efficiency of thermoelectric materials.
It represents the ability of a material to generate power from
a given temperature difference. A higher power factor indicates
that a material can more effectively convert thermal energy into
electrical energy. As depicted in Fig. 12(d), the power factor of
KMnZ (Z = Sn, Pb) alloys increases with temperature, suggest-
ing that their thermoelectric efficiency improves as the
temperature rises. This is a promising trend, as it indicates that
these materials can be effectively used in applications where
high temperatures are encountered, such as waste heat recovery
and power generation. The power factor is calculated by
considering the contributions of both the Seebeck coefficient
and electrical conductivity. The recorded power factors of
KMnSn and KMnPb at room temperature are 31.27 W mK > and
32.97 W mK 2, respectively. And the value of power factor at 900
Kis128.11 W mK > and 132.90 W mK > for KMnSn and KMnPb
respectively. These values demonstrate the competitive ther-
moelectric performance of these alloys. In particular, the power
factor of KMnPb is relatively high, suggesting that it may be
a promising candidate for thermoelectric applications. The
increasing trend in power factor with temperature is a positive
sign for the future of these materials. It suggests that they can
be further optimized for thermoelectric applications by

n =
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operating them at higher temperatures. Additionally, further
research and development may lead to improvements in the
power factor of these materials, making them even more
attractive for practical use.

3.7.5 Figure of merit (ZT). The figure of merit (Z7) is the
most important metric for evaluating the thermoelectric effi-
ciency of a material. A high ZT value, ideally close to unity, is
essential for a thermoelectric power generator (TEG) to achieve
optimal performance. The ZT values of KMnZ (Z = Sn, Pb) alloys
at various temperatures are shown in Fig. 12(d). These results
demonstrate that KMnZ alloys are promising candidates for
thermoelectric applications. As illustrated in Fig. 10(d), the ZT
values of KMnSn and KMnPb increase with temperature. This is
a positive trend, as it indicates that the thermoelectric efficiency
of these alloys improves at higher temperatures. At 900 K, the ZT
values of KMnSn and KMnPb are 0.70 and 0.76, respectively.
These values are particularly noteworthy, as they approach unity,
which is the ideal ZT value for a thermoelectric material. The high
ZT values of KMnSn and KMnPb highlight their potential for use
in thermoelectric power generation. These alloys can effectively
convert waste heat into electricity, which can be used to power
various devices and systems. Further research and development
may lead to even higher ZT values for these materials, making
them even more attractive for practical applications.

4. Conclusion

In this work, we employ the FP-LAPW method within the density
functional theory (DFT) framework to conduct an in-depth
analysis of the half-Heusler (HH) alloys KMnZ (Z = Sn, Pb).
Our results identify the type II configuration as the most ener-
getically favorable, with these alloys exhibiting half-metallic
ferromagnetic (HM-FM) characteristics and band gaps of
1.09 eV for KMnSn and 1.25 eV for KMnPb. The half-metallic
nature and complete spin polarization, as evidenced by DOS
and band structure analyses, underscore their suitability for
spintronic applications. The calculated total magnetic
moments (MM) of the KMnZ alloys align closely with estab-
lished theoretical values, validating the accuracy of our
approach. Mechanical property assessments confirm the alloys’
stability and ductility, making them viable for engineering and
industrial purposes. Furthermore, transport property evalua-
tions indicate a ZT value of 1, highlighting their potential for
thermoelectric applications, specifically in converting waste
heat to electricity. Thermal stability analyses also confirm their
robustness under extreme conditions, supporting their appli-
cability in practical scenarios. Collectively, these findings posi-
tion HH KMnZ alloys as promising materials for advanced
technological applications, particularly in spintronic hetero-
structures, energy harvesting, and other next-generation
devices, given their comprehensive electronic, mechanical,
and thermal attributes.
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