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Abstract: In this study, we investigate the structural, mechanical, dynamical, electronic, thermodynamic, and 

optical properties of KBaP using density functional theory (DFT) within the plane-wave pseudopotential 

method as implemented in Quantum ESPRESSO. Our structural analysis reveals that the β-phase of the half-

Heusler structure is the most stable, with an equilibrium lattice parameter of 7.36 Å. Mechanical and dynamical 

stability are confirmed through the calculation of elastic constants and phonon dispersion, respectively. 

Electronic properties show that KBaP is a direct bandgap semiconductor with a bandgap of 1.30 eV at the X-X 

point, suggesting potential applications in optoelectronic devices. Additionally, we explore the thermodynamic 

and optical properties, further demonstrating the potential of KBaP in energy-related applications. Our findings 

provide a comprehensive understanding of KBaP, establishing it as a promising material for future technological 

developments.  
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Introduction 

 

Heusler compounds, discovered by Friedrich Heusler in the early 20th century, are recognized for unique 

properties such as the ferromagnetism of Cu₂MnAl, despite comprising non-magnetic elements (Heusler, 1903). 

Over 1000 compounds exist, categorized as full-Heusler and half-Heusler based on valence electron count, with 

applications in solar cells and spintronics (Wederni et al., 2024; Felser & Hirohata, 2015; Hayashi et al., 2020; 

Tavares et al., 2023; Graf et al., 2016). 

 

Full-Heusler (X₂YZ) and half-Heusler (XYZ) compounds crystallize in L2₁ (space group 225, Fm-3m) and C1b 

(space group 216, F-43m) structures, respectively, with the latter containing transition metals at X and Y sites 

and a main group element at Z (Felser & Hirohata, 2016). The electronic properties vary, with 8-valence 

electron systems acting as semiconductors and 18-electron systems exhibiting tunable band gaps (0 to 4 eV) 

based on electronegativity differences. These features have driven significant research in spintronics and 

topological insulators. Certain half-Heusler compounds, like KBaP, are underexplored. DFT studies report a 

lattice parameter of 7.65 Å (Gruhn, 2010) And 7.36 Å (Carrete et al., 2014). Suggesting a foundation for future 

research. (Zhang et al., 2012). Found an indirect band gap of 2.03 eV for KBaP using DFT and the GW 

approximation. 

http://www.isres.org/
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This study explores KBaP, a stable half-Heusler compound notable for its dynamic, mechanical, electronic, 

thermal, and optical properties. Despite previous research, many of its physical characteristics remain 

underexamined, necessitating a thorough investigation. Utilizing advanced techniques such as DFT (Hohenberg 

& Kohn, 1964; Kohn & Sham, 1965). And density functional perturbation theory (DFPT) (Baroni et al., 2001a). 

We analyzed its lattice, elastic, electronic, and optical properties, aiming to enhance understanding of KBaP and 

evaluate its potential for thermoelectric and optoelectronic applications. 

 

 

Computational Methodology 

 

This study employed first-principles calculations using density functional theory (DFT) and the pseudopotential 

plane-wave method in Quantum Espresso (QE) (Giannozzi et al., 2017; Giannozzi et al., 2020; Giannozzi et al., 

2009). The Perdew–Burke–Ernzerhof (PBE) functional was used for exchange-correlation energy (Perdew et al., 

1998) alongside norm-conserving pseudopotentials (Troullier & Martins, 1991). A kinetic energy cut-off of 70 

Ry for wave functions and 700 Ry for charge density was applied with an 8 × 8 × 8 Monkhorst–Pack k-point 

grid (Monkhorst & Pack, 1976). Ionic positions and lattice parameters were optimized using the BFGS 

algorithm (Broyden, 1970). Phonon dispersion and density of states were computed using density functional 

perturbation theory (DFPT) (Baroni et al., 2001b). On a 4 × 4 × 4 q-point mesh. Elastic constants were derived 

using the thermo_pw code (Corso, 2016). And optical properties were calculated with time-dependent density 

functional theory (TDDFT) via the turbo_eels package (Motornyi et al., 2020; Timrov et al., 2015a; Timrov et 

al., 2015b). 

 

 

Results and Discussion 
 

Table 1. Structural, electronic and elastic properties 

Structural and 

electronic 

properties 

 a (A) B 

(GPa) 

B' Eg
d
,Eg

i 

This study 7.36 25.05 4.02 1.30, 1.35 

Other 7.65
a
 7.36

b 
  2.06

c
, 2.03

c
 

Elastic 

properties 

 C11, C12, C44 E(GPa) G (GPa) υ 

This study 48.13, 12 .19, 11.19 34.22 13.54 0.26 
a
(Gruhn, 2010), 

b
(Carrete et al., 2014), 

c
(Zhang et al., 2012) 

 

 

Structural Properties 

 

Half-Heusler XYZ alloys exhibit a C1b structure, classified in space group F–43m (No.: 216), with three 

configurations for X, Y, and Z elements: type-α, type-β, and type-γ. In the type-α phase, X occupies 4c (0.25, 

0.25, 0.25), Y is at 4a (0.0, 0.0, 0.0), and Z at 4b (0.5, 0.5, 0.5). For type-β, X is at 4a, Y at 4b, and Z at 4c, 

while type-γ positions reverse accordingly. Energy minimization revealed the type-β phase as the most stable for 

KBaP, based on the total energy vs. volume curve as shown in Figure 1. The structural parameters, summarized 

in Table 1, were derived from Murnaghan’s equation of state (Murnaghan, 1944), and align with earlier 

theoretical studies. 

 

 

Lattice Dynamical Properties 

 

To assess the dynamical stability of KBaP in its β-phase, we generated the phonon dispersion spectrum along 

high-symmetry directions, as shown in Figure 2. The absence of imaginary modes at high-symmetry k-points 

confirms the material's dynamical stability. This analysis is novel for KBaP. The primitive cell consists of three 

atoms, resulting in nine vibrational branches: three acoustic and six optical modes. Figure 2 illustrates the 

phonon spectrum, revealing three distinct band groups. The acoustic-optical band gap is observed at 25 cm⁻¹ at 

the L point, attributed to variations in atomic masses. 

 

 

Elastic Structure 

 

The analysis of elastic constants is crucial for evaluating the mechanical properties of materials, including 

stability and ductility. For cubic structures, three independent elastic constants C11, C12, and C44 are essential, 
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with our calculated values summarized in Table 2. The Half-Heusler alloys meet the Born-Huang criteria for 

mechanical stability, and C12 being lower than C11 indicates stronger bonding in the 100 direction. Mechanical 

parameters like shear modulus (G), Young's modulus (E), and Poisson's ratio (ν) are estimated from these 

constants, with results compiled in Table 1. The B/G ratio, or Pugh’s ratio, indicates ductility, as values above 

1.75 suggest ductile behavior; our results show KBaP is ductile. Additionally, KBaP displays high rigidity, 

evident from its Young's modulus values. 

 

The analysis of elastic constants is essential for understanding key mechanical properties such as stability, 

hardness, strength, stiffness, and whether materials are brittle or ductile. For cubic structures, only three 

independent elastic constants are relevant: C11, C12, and C44. The values we calculated for these constants, 

summarized in Table 2, show that the three studied Half-Heusler alloys satisfy the Born-Huang criteria for 

mechanical stability, specifically: 

 

(C11 + 2C12)/3 > 0, (C11 − C12)/2 > 0, C44 > 0 and C12 < B < C11 Additionally, the fact that C12 is lower than C11 

implies that bonding strength is greater in the ⟨100⟩ direction than in the ⟨011⟩ direction.  

 

Using the Voigt (V), Reuss (R), and averaged Hill approximations , we can estimate mechanical parameters 

such as bulk modulus B, shear modulus G, Young's modulus E, and Poisson's ratio ν from the results of the 

elastic constants using the following relations. (Reuss,1929;Hill, 1952). 

 

                                                                                                        (1) 

 

                                                                                                   (2) 

 

                                                                                                                                            (3) 

 

                                                                                                                                        (4) 

 

                                                                                                                     (5) 

 

                                                                                                                       (6) 

 

                                                                                                                                                         (7) 

 
The calculated mechanical parameters are presented in Table 1. The assessment of whether a material is brittle 

or ductile is typically conducted using the ratio of bulk modulus (B) to shear modulus (G), known as Pugh's 

ratio. According to this criterion, a B/G ratio greater than 1.75 indicates a ductile material, while a ratio below 

1.75 suggests brittleness. As indicated in Table 1, all calculated B/G ratios for the compound exceed 1.75, 

confirming its ductile nature. Young's modulus (E), an important parameter in industrial applications, is defined 

as the ratio of stress to strain, which reflects the stiffness of the material; higher values of E are associated with 

increased stiffness. For the Half-Heusler alloy KBaP, the Young's modulus is particularly high, showcasing its 

significant rigidity. 

 

 

Electronic Properties 

 

The analysis of electronic band structures is essential for understanding the physical characteristics of solid 

material, which largely account for their optical and transport properties. Figure 3 illustrates the electronic 

structure along high-symmetry directions in k-space, with the Fermi level adjusted to zero. The maximum of the 

valence band and the minimum of the conduction band are located at the X point, indicating semiconductor 

behavior characterized by a direct bandgap. The bandgap energy value (Eg) for KBaP is approximately 1.30 eV. 

Table 1 summarizes the calculated band energie for this alloy alongside other computed values. 

 

 

Optical Properties 
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In this section, we examine the optical properties of KBaP to evaluate its potential for use in optoelectronic 

devices. The optical parameters are derived from the complex dielectric function, ϵ(ω)=ϵ1(ω)+iϵ2(ω) (Pourghazi 

& Dadsetani, 2005) Where the imaginary part ϵ2(ω) represents light absorption, and the real part ϵ1(ω) describes 

the slowing down of light within the material. The dielectric function for the studied structures is illustrated in 

Figure 4. 

 

At first glance, the dielectric functions of KBaP appear quite similar. From Figure 4(a), we observe that the 

static value of the real part ϵ1(0) is approximately 5.75. The inverse relationship between the bandgap Eg and 

ϵ1(0) supports the correlation described by the Penn model (Penn, 1962). 

 

ϵ1(0)=ħω/Eg                                                                                                                                                        (8) 

 

The dielectric functions show a peak at 2.70 eV, located within the visible spectrum. Additionally, the real part 

ϵ1 becomes negative in the energy range of 4 to 11 eV, indicating metallic behavior within this energy range. 

The imaginary part ϵ2, illustrated in Figure 4(b), exhibits a notable peak around 4.05 eV in the visible region, 

followed by a rapid decrease with small peaks also present in the UV range. 

 

Other optical properties, including the refractive index n, extinction coefficient k, reflectivity R, and energy loss 

function L, can be derived from the real and imaginary parts of the dielectric function. The equations for these 

parameters are as follows: 

 

                                                                                                     (9) 

 

                                                                                                   (10) 

 

                                                                                                                                          (11) 

 

                                                                                                                                     (12) 

 

Figure 5(a) shows the refractive indices of the materials under investigation. n(ω) reaches a maximum in the 

visible region, with a maximum of 2.85 eV for KBaP. The zero-frequency refractive index n(0) is 2.40, 

confirming the relationship between the real part and the static refractive index . 

 

Figure 5(b) presents the extinction coefficient as a function of photon energy. The extinction coefficient is 

notably low in the energy ranges below 0.85 eV and above 13.87 eV, indicating minimal light absorption, which 

is advantageous for the material's transparency in these energy ranges. The reflection coefficient R(ω) quantifies 

a material's ability to reflect electromagnetic radiation. The reflectivity graph of KBaP is shown in Figure 5(c), 

where the initial value is 0.17, reaching a peak at 4.20 eV, corresponding to the ultraviolet (UV) region of the 

alloy. Consequently, KBaP exhibit low reflectivity in the infrared and visible ranges while showing high 

reflectivity in the UV range, making them suitable for UV radiation protection. 

 

The energy loss function L(ω) describes the energy lost by a fast electron traveling through a material. Figure 

5(d) illustrates this energy loss function with peak values at 11.72 eV, associated with plasmon excitations. 

Additionally, the absorption coefficient α(ω), a key parameter for understanding light interaction with a 

material, can be expressed as follows (Kocak et al., 2013; Kara-Zaitri et al., 2022): 

 

                                                                                              (13) 

 

c is the speed of light in a vacuum.  

 

Figure 6 illustrates the absorption spectrum variation as a function of the wavelength for KBaP. The proposed 

structure’s absorption spectrum spans from 41.5 to 1000 nm. The main absorption spectrum of the studied alloy 

is located in the UV range, with a maximum recorded at 173 nm. KBaP exhibits the highest absorption with a 

maximum absorption coefficient reaching 130×10
-4

 cm
-1

 at a wavelength of 173 nm. Additionally, the 
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absorption coefficient approaches zero in the near-infrared range. This simulation allows for optimization of the 

material's absorption coefficient. 

 

 
Figure 1. Energy vs Volume 

 

 
Figure 2. Phonon dispersion spectrum for KBaP 

 

  
Figure 3. Band structure for KBaP 

  
Figure 4. The dielectric function for KBaP 
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Figure 5. Optical properties for KBaP 

  
Figure 6. Absorption spectra for KBaP 

 

 

Conclusion  
 

In conclusion, this study offers a comprehensive analysis of the half-Heusler compound KBaP, providing new 

insights into its structural, mechanical, electronic, thermodynamic, and optical properties. Through the 

application of advanced computational techniques, including density functional theory (DFT) and density 

functional perturbation theory (DFPT), the stability of KBaP in its β-phase has been confirmed. The material 

exhibits promising characteristics, such as a direct bandgap of 1.30 eV, dynamic stability, and favorable elastic 

properties, making it a strong candidate for use in thermoelectric and optoelectronic applications. Additionally, 

the calculated optical properties, including the dielectric function and absorption spectra, further highlight the 

material's potential in ultraviolet radiation protection and other high-frequency applications.  This work paves 

the way for future experimental studies and the exploration of KBaP's practical applications in advanced 

technological fields. 
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