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A B S T R A C T

We have investigated the structural, mechanical, lattice dynamics, electronic, optical and thermal properties of 
Ti2PTe2 chalcogenide using density functional theory for the first time. The optimized unit cell parameters show 
excellent agreement with experimental values. The stability of Ti2PTe2 is confirmed by thermodynamic, me
chanical, and dynamical stability criteria. The material exhibits softness, machinability, and brittleness, making 
it suitable for applications requiring ease of fabrication and damage tolerance. The compound is elastically and 
optically anisotropic. Its electronic properties reveal a metallic nature, characterized by a mix of covalent, ionic, 
and metallic bonding. Its ultra-low thermal conductivity suggests Ti2PTe2 is a promising candidate for thermal 
barrier coatings (TBCs). Additionally, its strong UV absorption makes it useful for UV detectors, anti-reflective 
coatings, and protection against photo-disintegration. With a high static refractive index and impressive 
reflectivity, Ti2PTe2 also holds potential for advanced display technologies and solar heating reduction. We 
believe this study will inspire further research, expanding the material’s application potential beyond traditional 
boundaries.

1. Introduction

Chalcogenide crystals stand out as a distinctive class of materials, 
fundamentally different from traditional semiconductors or metallic 
alloys. With a tunable bandgap spanning from 0.0 to 3.5 eV, these 
covalently bonded materials can exist in both amorphous and crystalline 
forms, offering flexibility in design and functionality [1]. In recent years, 
transition metal chalcogenides have garnered significant interest from 
chemists and materials scientists due to their excellent physical and 
chemical properties. These crystalline materials, consisting of a chal
cogen anion and at least one electropositive metal element, are 
renowned for their appealing electrical characteristics [2]. Notably, they 
exhibit fascinating phenomena such as charge density wave behaviour, 
superconductivity, intercalation reactions, and the potential for surface 
modification using advanced scanning probe microscopy techniques [3, 
4]. This versatility translates into a broad spectrum of applications, from 
solar cells and hydrogen evolution to photocatalytic degradation and 
lithium-ion batteries [5]. The excellent stability and optoelectronic 
properties of chalcogenides make them a critical component in 
advancing these technologies, solidifying their role as a key material in 
the future of science and engineering.

Ternary metal chalcogenides have emerged as a promising class of 
metal chalcogenides, primarily due to their low production costs and the 
abundance of key raw materials [6]. Binary metal chalcogenide like 
FeS2, Sb2S3, CoS, Cu2S, NiS, ZnS, Bi2S3, and CdS are widely used for their 
thermoelectric properties, low cost, and reduced toxicity [7]. Recently, 
compounds such as Sb2S3, Sb2Se3, Bi2Te3, Sb2Te3, SnS, SnSe, CdSe, 
CdTe, ZnSe, and ZnTe have garnered attention for their expanding roles 
in electrical, optical, switching, photovoltaic, and solar cell applications, 
highlighting their versatility and growing significance in advanced 
technologies [8–10]. Of particular interest are tellurium-based chalco
pyrite ternary compounds, which boast remarkable optical properties, 
including transparency in the infrared region and high nonlinear 
sensitivity [11]. These materials, such as Al2ZnTe4, CuIn3Te5, CuIn3Se5, 
CuGa3Te5 and ZnIn2Te4, have proven to be pivotal in enhancing solar 
cell efficiency [11]. Ternary metal chalcogenides (TMCs) have also 
attracted considerable interest among researchers due to their unique 
features, which are not achievable with binary chalcogenides. For 
example, Cu2SnS3 and Cu2SnSe3 have emerged as promising materials 
for high-efficiency solar cells [12,13]. Furthermore, ternary transition 
metal have emerged as promising candidates for counter electrodes 
(CEs) in various technologies, showcasing impressive device 
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performances. Notable examples include NiCo2S4 [14], MMoS4 (M = Co, 
Ni) [15], Cu3SnS4 [16], and CuInS2 [17]. Among these, CoIn2S4 and 
NiIn2S4 have demonstrated significant potential in photocatalysis, op
toelectronics, light modulation, and photodetection [18,19]. Despite 
their promise, these materials have been scarcely explored in the context 
of dye-sensitized solar cells (DSSCs). Metal-ion batteries (MIBs) are 
widely used in devices from electronics to grid storage, with the search 
for high-performance anode materials highlighting two-dimensional 
(2D) materials due to their excellent electrochemical activity [20,21]. 
Baoxin et al. showed that Ti2PTe2 monolayers hold potential as anode 
materials for sodium-ion batteries (SIBs) [22]. Motivated by these ad
vances, we turn our focus to Ti2PTe2, a novel chalcogenide predicted to 
exhibit fascinating properties. Despite the promising characteristics of 
many tellurium-based ternary transition metal, Ti2PTe2 remains largely 
unexplored of various property. This oversight presents a significant 
research opportunity, especially given the critical role that structural, 
elastic and mechanical, lattice dynamics, electronic, optical and thermal 
properties play in determining a material’s suitability for technological 
applications. Understanding the mechanical properties of Ti2PTe2, such 
as its elastic constants and moduli, are essential for assessing its practical 
usability in various engineering applications. Additionally, investigating 
the band structure of Ti2PTe2 will provide insights into its electronic 
properties, such as conductivity and the nature of its electronic states, 
which are crucial for applications in electronics and energy storage. The 
optical properties of Ti2PTe2, including dielectric constants, absorptiv
ity, reflectivity, refractivity, loss function, and optical conductivity, are 
crucial for determining its potential in optoelectronic devices like sen
sors, light modulators, and solar cells. Our motivation to study Ti2PTe2 
stems from the need to fill this critical research gap and unlock the 
material’s full potential. By systematically investigating these properties 
using DFT methods, we aim to provide a comprehensive understanding 
of Ti2PTe2, paving the way for its future application in cutting-edge 
technologies. This research is not only a step forward in the basic un
derstanding of chalcogenide phases but also holds immense promise for 
practical innovations in fields ranging from electronics to energy storage 
and beyond.

2. Methodology

2.1. Computational details

The structural, mechanical, lattice dynamics, electronic and thermal 
properties of the newly chalcogenide phase, Ti2PTe2, were meticulously 
investigated using first-principles calculations within the framework of 
density functional theory (DFT). For these calculations, we employed 
the generalized gradient approximation (GGA) with the Per
dew–Burke–Ernzerhof (PBE) [23] functional to account for exchange 
and correlation effects. All computations were performed using the 
cambridge serial total energy package (CASTEP) code [24,25]. Specif
ically, the Te - 5 s25p4, P - 3 s23p5, and Ti - 3 s23p63d24 s2 electronic 
orbitals were included in the pseudopotential calculations. A finely 
tuned 18×18×2 k-point mesh [26] was chosen to enhance the accuracy 
of the electronic structure calculations. Additionally, an energy cut-off 
of 500 eV was applied to ensure precise computational results. Struc
tural optimizations were rigorously conducted, with convergence 
criteria set to a force threshold of less than 2 meV/Å on each atom, a 
total energy difference within 10 μeV/atom, a maximum ionic 
displacement of 1 mÅ, a maximum ionic force of 0.03 eV/Å, and a 
maximum stress of 0.05 GPa. To determine the elastic constants, the 
stress-strain method was applied, with stringent convergence criteria: a 
total energy difference of less than 2.0 μeV/atom, a maximum ionic 
Hellmann–Feynman force below 6.0 meV/Å, and a maximum ionic 
displacement not exceeding 0.2 mÅ. The lattice dynamic properties of 
Ti2PTe2, encompassing phonon dispersion and density of states, were 
computed using 9×9×1 supercell with a 5.0 Å cut-off radius, employing 
the finite displacement method for precise and reliable results.

2.2. Stability calculations

The thermodynamic stability of Ti2PTe2 was rigorously assessed by 
calculating its formation enthalpy (ΔHf ), which was determined using 
the equation [27]: 

ΔEf (Ti2PTe2)fu =
Etot(Ti2PTe2)fu − 2Es(Ti) − Es(P) − 2Es(Te)

N
(1) 

where, Etot(Ti2PTe2)fu is the total energy of Ti2PTe2 per formula unit and 
Es(Ti),Es(P) and Es(Te) denote the total energy of single atomic elements 
of Ti, P and Te atoms, respectively and N is the number of atoms per 
formula unit.

Additionally, the cohesive energy (Ecoh) was calculated to further 
evaluate the thermodynamic stability of the structure, using the 
following expression [28]: 

Ecoh = −
Etot − [nTiE(Ti) + nPE(P) + nSE(Te)]

nTi + nP + nTe
(2) 

Here, Etot represents the total energy of the E(Ti), E(P) and E(Te) 
correspond to the energies of free Ti, P, and Te atoms, respectively. The 
terms nTi, nP, and nTe denote the number of Ti, P, and Te atoms within the 
unit cell. A higher cohesive energy signifies greater structural stability.

2.3. Mechanical properties calculations

For hexagonal crystals, the elastic tensor is characterized by five 
independent constants: C11, C12, C13, C33, and C44. The mechanical 
stability of the crystal is evaluated using Cauchy-Born criteria, which 
involve the following conditions [29]: 

C11 − |C12| > 0                                                                                  
(
C11 + C12

)
C33 − 2C2

13 > 0 

C 44 > 0                                                                                        (3)

To determine the mechanical properties, we first calculate the bulk 
and shear moduli using the Voigt–Reuss–Hill (VRH) estimation [30,31]. 
For hexagonal crystals, the Voigt (BV) and Reuss (BR) bulk moduli are 
given by: 

BV = (2C11 + 2C12 + C33 + 4C13)/9
and BR = C2/M

}

(4) 

where, M = C11 +C12 +2C33 − 4C13 and C2 = (C11 +C12)C33 −

2C2
13.

For shear moduli, the Voigt (GV) and Reuss (GR) moduli are: 

GV = ( M + 3C11 − 3C12 + 12C44 + 6C66)/30

andGR = 15
/[

18BV

C2 +
6

(C11 − C12)
+

6
C44

+
3

C66

]

⎫
⎪⎬

⎪⎭
(5) 

The Hill averaging approach is used to determine the average bulk 
and shear moduli [32]: 

B = BH = (BR + Bv)/2
andG = GH = (GR + Gv)/2

}

(6) 

Using the calculated bulk and shear moduli, we derive Young’s 
modulus (Y) and Poisson’s ratio (ν) with the following relations [32]: 

Y =
9GB

3B + G

andν =
3B − 2G

2(3B + G)

⎫
⎪⎪⎬

⎪⎪⎭

(7) 

Hardness parameters are computed using [33,34]: 
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HChen = 2

[(
G
B

)2

G

]0.585

− 3

andHMiao = HV =
(1 − 2ν)Y
6(1 + ν)

⎫
⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

(8) 

The Vickers hardness formula, incorporating both Mulliken bond 
population analysis and metallic bonding corrections, is expressed as 
[35]: 

Hμ
v = 740 (Pμ − Pμʹ

)(νμ
b

)− 5
3 (9) 

where Pμ is the Mulliken bond overlap population of the μ-type bond, Pμʹ 

= nfree/V is the metallic population and is estimated from the volume of 
the unit cell V and the number of free electrons in a unit cell is nfree =
∫ EF

EP
N(E)dE, vμ

b is the volume of μ-type bond, which is determined by the 
bond length dμ. The number of bonds Nμ

b of μ- type per unit volume can 

be written as vμ
b = (dμ)

3
/
∑

v

[
(dμ)

3Nμ
b

]
.

The total Vickers hardness for a crystal is given as the geometric 
average of all bond types: 

Hv =

[
∏μ (

Hμ
v
)nμ

]1/
∑

nμ

(10) 

Fracture toughness (KIC) is predicted using the empirical model by 
Niu et al. [36]: 

KIC = α0
− 1/2V0

1/6[ξ(ν)Y]3/2 (11) 

where α0 is an enhancement factor (8840 GPa for covalent and ionic 
crystals), and ξ(ν) is a dimensionless parameter [37]: 

ξ(ν) = 1 − 13.7ν + 48.6ν2

1 − 15.2ν + 70.2ν2 − 81.5ν3 (12) 

Elastic anisotropy factors are calculated to evaluate the stiffness 
constants’ impact on the crystal’s anisotropy [38]: 

1. A1 = 4C44
C11+C33 − 2C13 

for {100} shear planes between [011] and [010] 
directions

2. A2 = 4C55
C22+C33 − 2C23 

for {010} shear planes between [101] and [001] 
directions

3. A3 = 4C66
C11+C22 − 2C12 

for {001} shear planes between [110] and [010] 
directions

In an isotropic crystal, all Ai (i = 1–3) values would be equal to 1.

2.4. Lattice dynamic calculations

The Debye temperature is calculated using Boltzmann’s constant 
(kB), Planck’s constant (h), and number of atoms per unit cell (n), and 
optimized volume V0 by the relation [39]: 

ΘD =
h
kB

[
3n

4πV0

]1/3

va (13) 

The average sound velocity (va) is determined by [39]: 

va =

[
1
3

(
2

vt
3 +

1
vl

3

)]− 1/3

(14) 

The longitudinal (vl) and transverse (vt) sound velocities are derived 
using Navier’s equation [39], which incorporates the material’s shear 
modulus (G), bulk modulus (B), and density (ρ): 

vl =

(
3B + 4G

3ρ

)1
2

andvt =

(
G
ρ

)1/2

⎫
⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

(15) 

The melting temperature (Tm) of the materials is estimated using an 
empirical formula based on their elastic constants [40]: 

Tm = 354K+

(
4.5K
GPa

)(
2C11 + C33

3

)

± 300 K (16) 

This relationship provides a practical means of predicting Tm from 
the elastic properties of the material.

The lattice thermal conductivity (κph) is calculated using Slack’s 
formula, which incorporates several material-specific parameters [41]: 

κph = A(γ)
MavθD

3δ
γ2n2/3T

(17) 

Here, Mav is the average atomic mass (in kg/mol), δ is the cubic root 
of the average atomic volume, n is the number of atoms per unit cell, T is 
the absolute temperature, γ is the Grüneisen parameter derived from 
Poisson’s ratio (v), and A is a factor (in W-mol/kg/m2/K3) dependent on 
γ. The Grüneisen parameter, γ, which addresses phonon-phonon inter
action anharmonicity, can be calculated as [42]: 

γ =

9
(

v2
l −

4
3v

2
t

)

2
(
v2

l − 2v2
t

) =
3(1 + v)
2(2 − 3v)

(18) 

The coefficient A(γ) in Slack’s model is determined by Julian’s 
equation [43]: 

A(γ) =
5.720 × 107 × 0.849

2 × (1 − 0.514/γ + 0.228/γ2)
(19) 

The minimum thermal conductivity (kmin) is evaluated using Clark’s 
formula [44], which offers insight into the material’s behaviour at low 
temperatures: 

kmin = kBvaΛmin = kBva

(
M

nρNA

)− 2/3

(20) 

where, Λmin is the phonon mean free path, M is the molecular mass, ρ is 
the density of the crystal, and NA is Avogadro’s constant.

2.5. Optical constant calculations

To understand the interaction of materials with light, we extract key 
optical parameters from the complex dielectric function, given by: 

ε(ω) = ε1(ω)+ ⅈε2(ω) (21) 

Here, the real part ε1(ω) corresponds to the degree of polarization, 
while the imaginary part ε2(ω) is associated with the material’s ab
sorption of radiation.

The real part ε1(ω) can be computed using the Kramers–Kronig 
relation [45]: 

ε1(ω) = 1+
2
π P

∫ ∞

0

ωʹε2(ωʹ)
ω 2́ − ω2 dωʹ (22) 

where P denotes the principal value of the integral. This relationship 
provides insight into the material’s polarization response.

The imaginary part ε2(ω) can be derived from the momentum matrix 
elements by considering electronic transitions between occupied and 
unoccupied states [46]: 
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ε2(ω) =
2e2π
Ωε0

∑

k, v ,c

⃒
⃒ѱc

k

⃒
⃒u.r

⃒
⃒ѱv

k

⃒
⃒2δ

(
Ec

k − Ev
k − E

)
(23) 

where u represents the polarization of the incident electric field, e is the 
electronic charge, and Ω is the unit cell volume. The functions ѱv

k and ѱc
k 

denote the wave functions of the valence and conduction bands at 
wavevector k, respectively.

The refractive index, n(ω), quantifying the bending of light within 
the material, is computed using [47,48]: 

n(ω) =
[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2
1(ω) + ε2

2(ω)
√

+ ε1(ω)
]1/2/ ̅̅̅

2
√

(24) 

The absorption coefficient, α(ω), indicating the rate at which light 
diminishes as it penetrates the material, is calculated by [47,48]: 

α(ω) =
̅̅̅
2

√
ω
[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε2
1(ω) + ε2

2(ω)
√

− ε1(ω)
]1/2

(25) 

Optical conductivity, σ(ω), describes the material’s capacity to 
conduct electrons under varying photon energies and is given by [47, 
48]: 

σ(ω) = ωε2

4π (26) 

Reflectivity, R(ω), measures the fraction of incident light reflected 
off the material’s surface, and is determined by [47,48]: 

R(ω) =
⃒
⃒
⃒
⃒
(ε(ω)

1/2
− 1

)

(ε(ω)1/2
+ 1)

⃒
⃒
⃒
⃒

2

(27) 

Finally, the loss function, L(ω), describing the energy loss experi
enced by fast electrons traversing the material, is expressed as [49]: 

L(ω) =
ε2(ω)

ε2
1(ω) + ε2

2(ω)
(28) 

3. Outcomes and analysis

3.1. Crystal structure and stability

Motivated by the intriguing electronic, optical, and mechanical 
properties of tellurium-based chalcogenides, we focus on the Ti2PTe2 
compound, due to its potential for advanced applications such as metal- 
ion batteries and photovoltaics [22]. Ti2PTe2 crystallizes in a hexagonal 
R3m space group (No. 166), as illustrated in Fig. 1. Prior to determining 
lattice constants, atomic positions were optimized via total energy and 
force minimization using Broyden’s method [50,51] (see Table 1), 

ensuring precise structural analysis. Table 1 presents a GGA-optimized 
atomic positions to theoretical values for each element. By calculating 
total energy across various volumes and applying the Murnaghan 
equation of state [52], we determined the unit cell’s lattice parameters 
at the lowest energy. Following geometric relaxation, the physical 
properties of Ti2PTe2 were computed, with relaxed cell parameters 
compared to previous experimental results [53]. The close agreement 
between our calculated lattice parameters and existing data confirms the 
reliability and accuracy of our study (see Table 2). In Ti2PTe2, the Te-Ti 
bond length is 2.79 Å, while the P-Ti bond length is 2.48 Å. The P-Ti 
bond is stronger compared to the Te-Ti bond (see Table 6). This differ
ence is influenced by the atomic radius of the elements involved. As the 
atomic radius increases, it expands the atomic volume, impacting crystal 
packing and bond strength within the lattice.

As Ti2PTe2 chalcogenide has yet to be experimentally synthesized 
[54], assessing its stability is crucial before exploring its properties and 
potential applications. The thermodynamic stability of Ti2PTe2 was 
assessed using formation enthalpy (ΔHf ), cohesive energy (Ecoh), and 
ground state energy (E). The results are summarized in Table 2. The 
negative values for formation enthalpy, cohesive energy, and ground 
state energy indicate strong thermodynamic stability for Ti2PTe2. This 
stability supports its potential for further study.

3.2. Elastic and mechanical properties

Elastic properties are of paramount importance for understanding 
the mechanical behavior of materials, particularly in assessing their 
response to stress, deformation, and recovery. These properties are 
critical for unveiling insights into the binding characteristics between 
atomic planes, the nature of anisotropy in bonding, and the overall 
structural stability. Key elastic parameters like stiffness, strength, elastic 
moduli, hardness, ductility/brittleness, and machinability offer a 
comprehensive understanding of how materials perform under me
chanical stress. In the case of Ti2PTe2 chalcogenide, we explore these 
elastic characteristics to reveal its mechanical behavior for the first time. 
In hexagonal chalcogenide crystals, the unique structure determines the 
number of independent elastic constants, with five key constants (C11, 
C12, C13, C33, and C44) playing a crucial role in defining the mechanical 
properties. The mechanical stability of such materials is evaluated using 
the Born stability criteria, as detailed in Eq. 3. Our study, as presented in 
Table 3, includes a comprehensive analysis of Ti2PTe2 alongside with 
other ternary tellurium-based chalcogenide compounds. The calculated 
elastic constants for Ti2PTe2 satisfy the Born stability criteria, confirm
ing its mechanical stability. Notably, while there is a lack of experi
mental or theoretical data for elastic constants of Ti2PTe2, a comparison 
with reported data for other ternary tellurium-based chalcogenides [55, 
56] shows a good agreement which highlights the reliability and accu
racy of our computational approach (see Fig. 2(a)). According to Fig. 2
(a), Ti2PTe2 exhibits higher stiffness along the a-axis (C11) and greater 
softness along the c-axis (C33), compared to other chalcogenides. Its 
lower shear resistance (C44) offers a balance of rigidity and flexibility, 
making it promising for advanced applications.

Again, Table 3 reveals that the estimated values of C11 and C33 are 
significantly higher than the other elastic constants, suggesting that 
Ti2PTe2 is more resistant to uniaxial stress along both the a (ϵ11) and c 
(ϵ33) axes. Notably, the larger value of C11 compared to C33, indicates 
that the c-axis is more compressible than the a-axis. The lower value of 
C44, essential for the shear modulus, suggests that Ti2PTe2 may undergo 
shear deformation more easily than uniaxial compression. The differ
ence between C11 and C33 highlights the material’s elastic anisotropy, 
with a larger difference indicating greater anisotropy. Additionally, C12 
and C13 represent off-diagonal shear components, further affecting the 
mechanical behavior of Ti2PTe2 by influencing stress distribution along 
the crystallographic axes. The relationship C12 + C11> C33 implies that 
the bonding strength and tensile elastic modulus in the (001) plane 
surpass those along the c-axis. The tetragonal shear modulus, Ct =Fig. 1. Schematic representation unit cell structure of Ti2PTe2 chalcogenide.
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C11 − C12
2 , reflects a material’s dynamical stability [57,58]. Large positive 

values of Ct (Ct= 46.94 GPa) indicate strong stability and a high sound 
velocity for transverse waves.

The Kleinman parameter (ζ) is a key measure of a crystal’s stability, 
reflecting its response to internal strain. Defined by the formula [59] ζ =

C11+8C12
7C11+2C12

, this dimensionless parameter typically ranges from 0 to 1. A 
value near 0 indicates that the crystal’s resistance to external stresses is 
primarily driven by bond bending, while a value near 1 suggests 
stretching or contracting is the dominant factor. For Ti2PTe2, the 
calculated Kleinman parameter of 0.44 suggests a balanced interplay 
between bond bending and stretching, highlighting its structural 
adaptability.

The elastic moduli of Ti2PTe2, key indicators of its macroscopic 
mechanical properties, were calculated from the estimated elastic con
stants and are summarized in Table 3. Using the Voigt-Reuss-Hill (VRH) 
approximation [30,31] (see Eqs. 4–7 from Section 2.3), we determined 
these values for the hexagonal crystal structure. Notably, no experi
mental or theoretical data on the elastic moduli of Ti2PTe2 currently 
exist. However, our computed moduli closely align with values reported 
for other ternary tellurium-based chalcogenides [55,56], as shown in 

Fig. 2(b). However, Ti2PTe2 exhibits excellent mechanical properties 
among the listed compounds in Table 3, demonstrating notable strength 
and stiffness.

The bulk and shear moduli are crucial for assessing a material’s 
mechanical performance. The bulk modulus (B) is a key indicator of the 
strength of inter-atomic bonds and a material’s ability to resist changes 
in volume, encapsulating its resistance to compression and deformation. 
A high bulk modulus signifies robust inter-atomic bonding, translating 
to enhanced durability against both volume and plastic deformation. 
Ti2PTe2, as shown in Fig. 2(b), exhibits a notably higher bulk modulus 
compared to other materials in Table 3, underscoring its greater resis
tance to compression and making it suitable candidate for industrial 
applications. The trend of the calculated bulk modulus follows the order: 
Ti2PTe2> CuInTe2> Cu2SnTe3> AgInTe2> LiGaTe2, positioning Ti2PTe2 
as the least compressible material in this group. This suggests that 
Ti2PTe2, with its stiffer lattice, is more resistant to volume deformation 
than its counterparts. Furthermore, its larger bulk modulus, especially 
when compared to other chalcogenide phases in Table 3, points to the 
greater strength of the chemical bonds within the Ti2PTe2 structure. 
Similarly, the shear modulus (G) serves as a critical metric for assessing a 
material’s ability to resist plastic deformation, essentially measuring its 
capacity to withstand shape changes. This property is closely tied to both 
the material’s hardness and the elastic constant C44. A higher shear 
modulus signifies a stiffer, harder material, while a lower value indicates 
softness and greater susceptibility to deformation. In the case of Ti2PTe2, 
its shear modulus is higher than that of other materials listed in Table 3
(Ti2PTe2> CuInTe2> Cu2SnTe3> AgInTe2> LiGaTe2), showcasing its 
greater hardness and resistance to deformation. Furthermore, the fact 
that B>G for Ti2PTe2 reveals that its mechanical stability is more 
dependent on its resistance to shear than to compression. This reinforces 
its suitability for advanced engineering applications where resilience to 

Table 1 
The crystallographic data for Ti2PTe2 structure: detailed coordinates (x, y, z) and equivalent positions (Neq) employed in computational analysis.

Structure Space group Formula unit Equivalent sites Neq Wyckoff notations (x, y, z)

Ti2PTe2 R3m (no. 166) 3 Ti 6 c (0, 0, 0.37975)
P 3 a (0, 0, 0)
S 6 c (0, 0, 0.77669)

Table 2 
The comprehensive overview of lattice dimensions (a, c, and V in Å, Å, and Å3) 
and stability indicators (ΔHf , Ecoh, and E in eV/atom, eV/atom, and eV) of 
Ti2PTe2 structure.

Structure Lattice dimensions Stability indicators Ref.

a c V ΔHf Ecoh E

Ti2PTe2 3.64 29.94 343.84 − 1.11 − 6.02 − 11844.1 This 
work

3.64 28.49 - - - - [53]

Table 3 
The single crystal elastic constants (Cij in GPa) and polycrystalline elastic moduli (B, G, Y in GPa) for Ti2PTe2 with other available value.

Compounds C11 C33 C44 C12 C13 B G Y Ref.

Ti2PTe2 131.45 44.23 20.73 37.61 27.25 47.47 27.47 69.09 This work
LiGaTe2 38.60 39.70 18.90 17.60 22.80 26.93 13.10 33.82 [55]
AgInTe2 48.07 47.94 20.22 31.16 31.71 36.76 14.00 37.28 [56]
CuInTe2 65.32 56.60 40.94 37.86 35.74 43.21 25.64 64.22 [56]
Cu2SnTe3 74.73 56.34 26.64 22.48 31.29 42.16 19.21 50.04 [56]

Fig. 2. The comparison of Ti2PTe2’s elastic properties (constants and moduli) with different chalcogenides.
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both stress and deformation is essential, positioning Ti2PTe2 as appli
cable material for cutting-edge technologies.

In materials science, the relationship between the bulk modulus (B) 
and the shear modulus (G) helps reveal the nature of the chemical 
bonding within a material. For covalent materials, the typical relation is 
G ≈ 1.1B, reflecting strong directional bonds, while for ionic materials, 
the ratio is generally G ≈ 0.6B, highlighting more non-directional 
bonding[60]. In the case of Ti2PTe2, the calculated ratio of G/B =
0.578 (using the Voigt, Reuss, and Hill averaging methods) closely aligns 
with the ratio expected for ionic materials. This suggests that ionic 
bonding plays a dominant role in the structural stability of Ti2PTe2 
under ambient conditions.

Young’s modulus (Y) is crucial for predicting how a material behaves 
under tensile force, as it directly relates to stiffness. A higher Y indicates 
greater resistance to deformation, suggesting a stiffer and more covalent 
material. Additionally, Young’s modulus (Y) is inversely related to 
thermal shock resistance (R), making it a critical factor in determining 
material durability. The thermal shock resistance can be calculated 
using the formula[61,62] R = σb(1− v)

αY , where σb is strength and α is the 
thermal expansion coefficient. A lower Young’s modulus (Y) leads to 
improved thermal shock resistance, assuming material strength remains 
consistent. This makes a low Y advantageous for applications requiring 
high resistance to rapid temperature changes. The Young’s modulus of 
Ti2PTe2 (69.09 GPa) is significantly lower compared to other MAB 
phases, such as Mo2AlB2 (312 GPa), M2AB2 (Where M = Hf, Zr; A=Ga, 
Ge) (250–292 GPa), and Cr2AlB2 (397 GPa)[63–65]. This lower Y value 
suggests that Ti2PTe2 could offer excellent thermal shock resistance 
compared to other MAB materials, provided its strength is 
well-controlled. With its notably low Young’s modulus, Ti2PTe2 dem
onstrates excellent potential for enhanced thermal shock resistance. This 
makes it a strong candidate for applications such as thermal barrier 
coatings.

The lattice thermal conductivity (kph) is strongly linked to Young’s 
modulus (Y) (kph ≈

̅̅̅̅
Y

√
) because both properties are influenced by the 

material’s atomic bonding and structure[66,67]. Materials with a high 
Young’s modulus typically have strong atomic bonds, which can lead to 
higher phonon velocities. Phonons, which are the primary carriers of 
heat in non-metallic solids, propagate more efficiently in materials with 
stiffer atomic structures, resulting in higher lattice thermal conductivity. 
Conversely, materials with a lower Y value tend to have weaker atomic 
bonds, leading to lower phonon velocities and increased phonon scat
tering. This reduces the efficiency of heat transfer, lowering the lattice 
thermal conductivity. Therefore, a lower Y not only improves thermal 
shock resistance but can also contribute to a reduction in thermal con
ductivity, which is advantageous for applications like thermal barrier 
coatings, where minimizing heat transfer is important.

The mechanical properties of materials are crucial in determining 
their suitability for various applications, with brittleness and ductility 
playing key roles in material performance. Poisson’s ratio (ν) and Pugh’s 
ratio (G/B) are widely used to assess these traits. According to Frant
sevich et al. [68], materials with ν < 0.26 are classified as brittle, while 
those with ν > 0.26 are ductile. For Ti2PTe2, the calculated Poisson’s 
ratio is 0.25, which places it in the brittle category. Similarly, Pugh’s 
ratio [69] (G/B) indicates ductility if the value below 0.571; otherwise, 
the material is brittle. The calculated G/B ratio of 0.578 for Ti2PTe2 
confirms that this material is brittle. In comparison, the well-known 
brittle ceramic materials SiC (G/B: 0.85)[70] and ZrC (G/B: 0.76)[71]
demonstrate significantly higher resistance to shear deformation. Even 
the damage-tolerant layered ternary carbides and nitrides, such as 
Ti3SiC2 (G/B: 0.65) and Hf3AlN (G/B: 0.67)[72], which are recognized 
for their robustness, exhibit higher Pugh’s ratios. In contrast, Ti2PTe2 
has a notably lower G/B ratio, underscoring its reduced shear resistance 
and intrinsic brittleness. This brittleness could be a manageable trait, 
emphasizing the importance of aligning material properties with specific 
design needs.

Poisson’s ratio (ν) provides valuable insights into the nature of 
interatomic forces and chemical bonding in solids. If ν falls within the 
range of 0.25–0.50, it typically indicates that central forces dominate the 
interatomic interactions[73]. For Ti2PTe2, with a Poisson’s ratio of 0.25, 
it suggests that the material’s phases are primarily governed by effective 
central forces. Additionally, Poisson’s ratio helps predict the type of 
chemical bonding. A material with ν = 1.0 is considered fully covalent, 
while ν = 0.33 suggests metallic bonding[74]. Since the Poisson’s ratio 
of Ti2PTe2 is 0.25, it indicates that the material exhibits a blend of co
valent and metallic bonding characteristics. This mixture enhances the 
versatility of Ti2PTe2, potentially contributing to a balance between 
structural rigidity and electronic properties, which makes it suitable for 
a range of applications where such dual properties are desired.

The hardness of a material, while not directly measured by its elastic 
moduli, can often be predicted by understanding key factors like the 
bulk modulus (B), shear modulus (G), and Young’s modulus (Y). These 
moduli provide insight into how a material resists various types of 
deformation. Hardness, a vital property for resisting permanent defor
mation, is crucial for industrial applications like optoelectronics, mi
croelectronics, and heavy-duty products. Hard materials (hardness >
10 GPa) are ideal for cutting tools and wear-resistant coatings, while 
softer materials (hardness < 10 GPa) are more suited for machinable 
and damage-tolerant purposes [75]. The calculated hardness values for 
Ti2PTe2, using Chen’s (4.32 GPa) and Miao’s (4.61 GPa) formulas, 
indicate it falls into the soft material category. This softness suggests 
Ti2PTe2 is highly machinable and suitable for applications requiring 
ease of fabrication and damage tolerance, making it an excellent 
candidate for industrial uses where such characteristics are desirable. 
The machinability of materials can be assessed using the bulk modulus 
(B) and shear constant (C44), where a higher B/C44 ratio indicates better 
lubrication, reduced friction, and increased plasticity. Ti2PTe2, with its 
high bulk modulus and low shear resistance, demonstrates excellent 
machinability, making it ideal for applications requiring easy processing 
and enhanced deformation capabilities.

In this study, we delve into the elastic anisotropy of Ti2PTe2, key to 
understanding its performance under diverse conditions. Elastic 
anisotropy plays a crucial role in defining the mechanical behavior of 
materials, affecting processes such as plastic deformation, crack propa
gation, and stress tolerance[76]. Looking back at the crystal structure 
[Fig. 1], it is evident that the atomic arrangements along the a(b) and c 
directions differ significantly. This variation in atomic positioning re
sults in distinct bond strengths along these directions. For instance, the 
bond strength in the a(b) direction is represented by C11, while that in 
the c direction is denoted by C33. The inequality C11 ∕= C33 highlights this 
anisotropy, reflecting the non-uniform distribution of mechanical 
properties across different crystallographic axes. Various experimental 
and theoretical metrics have been developed to estimate elastic anisot
ropy in crystals. Four widely used methods include shear anisotropy 
factors, the universal anisotropy index, linear compressibility co
efficients, and 3D representations[77]. To assess Ti2PTe2’s elastic 
anisotropy, these techniques were applied, offering a comprehensive 
understanding of its directional mechanical properties and the degree of 
anisotropy.

One of the key tools used to measure this anisotropy is the shear 
anisotropic factor, which quantifies how mechanical properties, partic
ularly shear modulus, vary in different crystallographic planes. For 
Ti2PTe2, our calculations of the shear anisotropy factors offer important 
insights into its directional mechanical properties. The shear anisotropic 
factor consists of three components: A1, A2, and A3, corresponding to the 
{100}, {010}, and {001} crystallographic planes, respectively. These 
indices help evaluate how the material resists shear stress in these spe
cific directions. In an isotropic material, where the properties are uni
form in all directions, these factors would equal 1. However, for Ti2PTe2, 
the values of A1 and A2 deviate from unity (refer to Table 4), indicating 
significant anisotropy in these planes. This means the shear modulus, 
and thus the material’s resistance to deformation, varies depending on 
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the direction of the applied stress. Such anisotropy impacts how Ti2PTe2 
behaves under mechanical loads, potentially influencing its ability to 
withstand plastic deformation and crack growth along these planes. The 
fact that A3 = 1 suggests isotropic behavior in the {001} plane, indi
cating that the material exhibits uniform mechanical properties in this 
direction. This balanced behavior in the {001} plane could contribute to 
predictable performance in applications where stresses are applied 
perpendicular to this plane.

The universal anisotropy index (AU = BV
BR
+ 5 GV

GR
− 6 ≥ 0), introduced 

by Ranganathan and Ostoja-Starzewsky [78], offers a comprehensive 
measure of a crystal’s elastic anisotropy A value of zero represents 
perfect isotropy, while positive values reflect increasing anisotropy. For 
Ti2PTe2, the calculated AU value of 2.33 highlights significant anisot
ropy, confirming its distinct elastic behavior. This indicates that the 
mechanical response of Ti2PTe2 varies substantially depending on the 
direction of the applied stress. The AU anisotropy parameter not only 
confirms the anisotropic nature of Ti2PTe2 but also provides valuable 
insights into its mechanical stability and directional behavior under 
stress. This understanding allows for more informed material design and 
optimization, ensuring reliable performance in advanced engineering 
applications where mechanical anisotropy can be both a challenge and 
an opportunity for enhanced performance.

In hexagonal crystals like Ti2PTe2, anisotropy can be quantified by 
the linear compressibility coefficients [79], expressed as kc/ka (kc/ka =
C11+C12 − 2C13

C33 − C13
). Here, kc and ka represent the compressibility along the c- 

and a-axis, respectively. Values of kc/ka less than 1 indicate smaller 
compressibility along the c-axis compared to the a-axis, and vice versa. 
However, the calculated ratio of 6.75 for Ti2PTe2 reveals the 
compressibility is significantly higher along the c-axis, highlighting a 
pronounced anisotropy in its mechanical behavior. This pronounced 
anisotropy means that under stress, Ti2PTe2 will deform much more 
readily in the c-direction, which can affect its mechanical stability and 
deformation behavior under load. Understanding this behavior is crucial 
for designing components where directional strength and stress distri
bution are essential. Similar anisotropic trends have been reported in 
other MAX and MAB phases[80–82].

We also investigated the directional anisotropy of Ti2PTe2 in terms of 
Young’s modulus (Y), shear modulus (G), linear compressibility (β), and 
Poisson’s ratio (v) using the ELATE software [83]. ELATE, an 
open-source tool, provides 2D and 3D visualizations of elastic anisot
ropy, enabling direct insight into these mechanical properties. Isotropic 
materials display uniform, circular 2D and spherical 3D representations, 
whereas deviations indicate anisotropy. The 2D projections of Ti2PTe2’s 
elastic properties (Y, β, G, and ν) in the xy, xz, and yz planes (see Fig. 3
(a-d)) clearly demonstrate its anisotropic nature. The greater the devi
ation from a perfect round shape in these plots, the higher the level of 
anisotropy in the respective plane, highlighting the material’s elastic 
behavior.

To analyze the mechanical anisotropy of Ti2PTe2, we further 
computed the maximum and minimum values of Y, β G, and v using the 
ELATE code, as detailed in Table 5. These calculations confirm that 
Ti2PTe2 exhibits significant anisotropy across all elastic properties. 
Additionally, the anisotropy AX for each modulus X is defined as: 

AX =

{
Xmax/Xmin if sign (Xmax) = sign (Xmax)

∞ otherwise 

As shown in Table 5, Ti2PTe2 exhibits notable anisotropy in Y and β, 
while the shear modulus (AG = 3.2) shows the lowest anisotropy, 

indicating more uniform shear resistance. Poisson’s ratio, with Aν = ∞, 
reflects the most pronounced directional dependence.

3.3. Vickers hardness and Mulliken bond population

Hardness, a crucial property of solids, indicates their resistance to 
deformation, indentation, and wear. In this study, we assessed the 
bonding characteristics of Ti2PTe2 by calculating its Vickers hardness 
using Mulliken bond population analysis (see Eqs. 9 and 10 in Section 
2.3). Due to the delocalization of metallic bonding, a direct correlation 
between hardness and metallic bonds is not typically observed. How
ever, Gao et al. [35] adapted this methodology to account for com
pounds with partial metallic bonding. The Vickers hardness of Ti2PTe2 is 
calculated as 2.96 GPa (see  Table 6), which is consistent with the range 
of MAX phase compounds (2–8 GPa) [84]. This value suggests that 
Ti2PTe2 is soft and easily machinable, making it a promising material for 
applications requiring such properties. The relatively low hardness of 
Ti2PTe2 compared to other materials like Hf2InB2 (3.91 GPa), Hf2SnB2 
(4.41 GPa), and Ti2InB2 (4.05 GPa), highlights its softness and 
machinability[80,81]. This characteristic makes Ti2PTe2 suitable for 
specific applications that benefit from its ability to be easily processed 
and shaped without causing significant wear to tools or equipment. The 
Mulliken bond population data, as presented in Table 6, highlight the 
bond overlap populations and bond lengths for Ti2PTe2. Positive bond 
overlap values signify bonding interactions, while negative values 
reflect antibonding interactions [85]. For hexagonal Ti2PTe2, both types 
of interactions are present, with the P–Ti bond displaying bonding 
characteristics and the Te–Ti bond exhibiting an antibonding nature. 
This coexistence of bonding and antibonding interactions in Ti2PTe2 
further elucidates its mechanical behavior, supporting its classification 
as a soft material with good machinability.

3.4. Lattice dynamics

3.4.1. Phonon dispersion
To confirm the dynamical stability of Ti2PTe2, we investigated its 

phonon dispersion and phonon density of states (PHDOS). The phonon 
dispersion, illustrated in Fig. 4, shows only positive phonon frequencies 
across the entire Brillouin zone, affirming the compound’s dynamical 
stability. Additionally, the zero-phonon frequency observed at the 
Γ-point (zone center) further supports this stability. The phonon spec
trum of hexagonal Ti2PTe2 consists of 15 branches, as its crystal struc
ture contains five atoms per unit cell. These branches include three 
acoustic modes (represented by pink lines) and twelve optical modes 
(shown in green). The dispersion curves reveal that the acoustic modes, 
which occur at lower frequencies, are dominated by the oscillation of the 
heavier Te atoms. Meanwhile, the higher-frequency optical modes arise 
from the vibrations of lighter atoms, such as Ti and P. The PHDOS 
analysis highlights this distribution of vibrational modes, showing that 
the lower branches are driven by the motion of Te atoms, while the 
optical branches are primarily due to the vibrations of Ti and P atoms. 
The phonon density of states (DOS) in Fig. 4 reveals distinct, separated 
bands, allowing us to examine the vibrational contributions of Ti, P, and 
Te atoms. At lower frequencies, the acoustic modes are primarily 
influenced by the oscillations of the heavier Te atoms, with minimal 
contributions from Ti and P. This dominance of Te is particularly evident 
in the low-frequency optical modes, where the cyan peaks in the DOS 
plot highlight Te’s significant role. In contrast, the higher-frequency 
optical modes are driven by the vibrations of lighter atoms, like Ti 

Table 4 
The calculated values of brittleness indicators (G/B and v), hardness (HChen and HMiao in GPa), machinability index (μM), and elastic anisotropy (A1, A2, and A3) of 
Ti2PTe2.

Compound ν G/B HChen HMiao μM A1 A2 A3 kc/ka Ref.

Ti2PTe2 0.25 0.578 4.32 4.61 1.73 0.68 0.68 1.00 6.75 This work
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Fig. 3. Directional anisotropy (2D and 3D) of (a) Young’s modulus (b) compressibility (c) shear modulus and (d) Poisson’s ratio for Ti2PTe2.

Table 5 
The calculated minimum, maximum limits, and anisotropy coefficients (Y in GPa), (β in TPa–1), (G in GPa) and ν of Ti2PTe2.

Structure Y β G ν

Ymin Ymax AY βmin βmax Aβ Gmin Gmax AG νmin νmax Aν

Ti2PTe2 35.4 120.4 3.4 2.8 19.1 6.7 16.0 51.5 3.2 − 0.01 0.73 ∞

Table 6 
Calculated Mulliken bond overlap population Pμ with bond number Nμ, bond length (dμ in Å), metallic population Pμ’, volume of μ-type bond (vμ

b in Å3), bond hardness 
(Hμ

v in GPa) and Vickers hardness (Hv in GPa) of Ti2PTe2.

Compound Bond Nμ Pμ dμ Pμ’ vμ
b Hμ

v Hv Ref.

Ti2PTe2 P-Ti 6 0.88 2.48 0.006 23.64 3.32 2.96 This work
Te-Ti 6 − 0.37 2.79 0.006 33.66 2.64
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and P.
In solids, heat is mainly carried by phonons, especially by acoustic 

phonons (low-frequency vibrations) because they propagate through the 
lattice, carrying energy over longer distances. Optical phonons, how
ever, have shorter wavelengths and tend to be more localized. Due to 
their high energy and limited ability to propagate through the lattice, 
they contribute little to heat transport compared to acoustic phonons. 
The key interaction between these two types of phonons has a profound 
impact on thermal conductivity. When acoustic phonons, responsible for 
efficient heat conduction, encounter optical phonons, they scatter. This 
scattering disrupts the flow of heat, as acoustic phonons lose their mo
mentum and ability to transport energy effectively. As a result, the 
material’s overall thermal conductivity is significantly reduced. 
Furthermore, the optical modes are highly dispersive (refer to Fig. 4), 
contributing negligibly to heat conduction, as their interactions promote 
phonon scattering. The greatest contribution to the acoustic branch is 
attributed to Te atoms, whose heavier mass slows down phonon prop
agation and reduces thermal conductivity further. This phonon 
behavior, characterized by the interplay between optical and acoustic 
modes, emphasizes the role of Te in minimizing thermal conductivity, 
positioning Ti2PTe2 as a promising candidate for applications requiring 
effective thermal insulation. The behavior observed in this material is 
analogous to M2C carbides (M = Tc, Ru, Rh, Pd, Re, Os, Ir, Pt), where 
similar phonon interactions lead to decreased thermal conductivity[86].

3.4.2. Debye temperature
The Debye temperature (ΘD) is a key parameter for understanding 

the thermal, mechanical, and vibrational properties of crystalline solids. 
It represents the temperature at which a crystal’s highest normal mode 
of vibration occurs, and influences critical properties such as thermal 
conductivity, specific heat, and bonding strength. Materials with higher 
ΘD typically display lower atomic masses and exhibit reduced melting 
points. As shown in Table 7, the Debye temperature of Ti2PTe2, calcu
lated using the Anderson method [39], is 266.0 K, indicating a relatively 
soft material with limited thermal conductivity. This value falls within 
the general range of 200–400 K reported for most crystals [87], aligning 
with expectations for Ti2PTe2. Moreover, ΘD is often correlated with 
hardness, with higher values implying stronger bonding and greater 
resistance to deformation. While no prior data exists for Ti2PTe2 in the 
literature, these results provide essential insights into its physical 
characteristics and could serve as valuable benchmarks for future 
studies on similar compounds. The Debye temperature of Ti2PTe2 (ΘD =

26 K) is much lower compared to other MAB phases, such as Zr2InB2 
(ΘD = 516 K), Zr2TlB2 (ΘD = 433 K), Hf2SnB2 (ΘD = 447K), Ti2InB2 (ΘD 

= 633 K), and Hf2InB2 (ΘD = 431 K)[80,81]. This implies that the bond 
strength in Ti2PTe2 is weaker, leading to lower phonon propagation 
efficiency and consequently lower lattice thermal conductivity. The low 
ΘD value for Ti2PTe2 suggests that its ability to conduct heat through 
lattice vibrations is significantly reduced compared to other materials 
with higher Debye temperatures, which could be advantageous for ap
plications requiring thermal insulation.

3.4.3. Melting temperature
The melting temperature (Tm) is a crucial indicator of a material’s 

thermal stability and purity, marking the transition from solid to liquid. 
The melting temperature (Tm) of Ti2PTe2, calculated to be approxi
mately 815 K (with an uncertainty of ±300 K), is moderate rather than 
particularly high. This moderate melting point indicates that while 
Ti2PTe2 offers some thermal stability, it may not be suitable for extreme 
high-temperature environments but can still perform well in applica
tions that require intermediate levels of thermal endurance. A higher Tm 
reflects stronger interatomic forces and greater chemical stability, key 
for materials used in thermally demanding environments. The moderate 
Tm suggests that the interatomic forces in Ti2PTe2 are strong enough to 
ensure stability under reasonably high temperatures, but not as robust as 
in materials with much higher melting points. This makes Ti2PTe2 
suitable for applications that need balanced thermal and mechanical 
resilience but don’t require extreme heat resistance. The correlation 
between melting temperature and mechanical properties, like Young’s 
modulus, also supports the idea that Ti2PTe2 has a solid structural 
framework. This balance of moderate thermal stability and reliable 
mechanical strength makes Ti2PTe2 versatile for a variety of industrial 
uses, particularly in applications that don’t demand ultra-high- 
temperature endurance.

3.4.4. Minimum thermal conductivity
The minimum thermal conductivity (kmin) is critical for materials 

used in high-temperature applications, such as thermoelectrics and 
thermal barrier coatings (TBCs). Clark’s theory suggests that materials 
reach a minimum thermal conductivity at elevated temperatures, mak
ing them ideal candidates for TBCs [88]. This minimum represents the 
theoretical lower limit where phonons are entirely uncoupled, crucial 
for high-temperature performance. In our study, the calculated kmin for 
Ti2PTe2 is 0.49 W/m-K, significantly below the benchmark value of 
1.25 W/m-K [89]. The low minimum thermal conductivity (0.49 W. 
m− 1.K− 1) predicted for Ti2PTe2 and proved in many compounds like 
Cu2S1/3Se1/3Te1/3 (0.49 W.m− 1.K− 1)[90], W/Al2O3 (0.6 W.m− 1.K− 1)
[91], and UT2Si2 (T = Ru, Rh, and Pd) (0.63–0.73 W.m− 1.K− 1)[92], 
demonstrates its potential as an effective thermal insulator. According to 
Clarke’s model[44], the minimum thermal conductivity is strongly 
influenced by the mean atomic weight (M) and the number of atoms per 
molecule (n), expressed as M/n in Eq. (20). Ti2PTe2’s relatively high 
mean atomic weight of 76.38 amu/atom significantly contributes to its 
low thermal conductivity. This heavy atomic mass, combined with 
moderate ΘD, results in slower heat transfer, making Ti2PTe2 an effec
tive thermal insulator and a promising material for thermal barrier 
coatings (TBCs).

3.4.5. Lattice thermal conductivity
Lattice thermal conductivity (κph) is a key property of solids, espe

cially for materials used in high-temperature environments. It arises 
primarily from phonon contributions across all frequencies. For Ti2PTe2, 
the room-temperature lattice thermal conductivity is 3.03 WK⁻1m⁻1, as 

Fig. 4. The phonon dispersion curve for Ti2PTe2 chalcogenide.

Table 7 
The calculated density (ρ in g/cm3), velocities (vt, vl, va in ms− 1), Debye temperature (ΘD in K), melting temperature (Tm in K), lattice and minimum thermal con
ductivities (κph, kmin in W/m-K), thermal expansion coefficient (α× 10− 5 in K− 1), and heat capacity per unit volume (ρCP× 105 in J/m3.K).

Compound ρ Vt Vl Va ΘD Tm kph kmin α ρCP Ref.

Ti2PTe2 5.53 2229 6755 2536 266 815 3.17 0.49 5.82 1.43 This work
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listed in Table 7, with its temperature dependence shown in Fig. 5. The 
Debye temperature of 266 K indicates that all vibrational modes are 
activated above this temperature, making phonon contributions domi
nant. From 100–800 K, the lattice conductivity gradually decreases as 
temperature increases, with electronic contributions being negligible. 
Comparing Ti2PTe2 with other materials like Ba2ZrS4, which has a κph 

value of 3.43 WK⁻1m⁻1 and Ba2HfS4 with κph of 3.12 WK⁻1m⁻1, it is clear 
that the thermal conductivities and Debye temperatures of these mate
rials are in close agreement[93]. For example, Ba2ZrS4 has a Debye 
temperature of 285.8 K, and Ba2HfS4 has 268.7 K[93], both similar to 
the Debye temperature of Ti2PTe2 at 266 K. These closely values suggest 
that all these materials share a common phonon-driven mechanism for 
heat transport. Additionally, the minimum thermal conductivity (kmin) 
values for Ba2ZrS4 and Ba2HfS4 (0.45 WK⁻1m⁻1 and 0.42 WK⁻1m⁻1, 
respectively) [93] also align with Ti2PTe2 ’s behavior, where thermal 
conductivity reaches a minimum at high temperatures due to increased 
anharmonic scattering. The correlation between lattice thermal con
ductivity and Debye temperature highlights that, for materials like 
Ti2PTe2, phonon modes play the dominant role in heat transport, 
particularly above the Debye temperature. Every vibrational mode be
comes active at this threshold, meaning that thermal management in 
such materials is predominantly governed by how these phonons behave 
across different temperatures.

3.4.6. Thermal expansion coefficient and heat capacity
The thermal expansion coefficient [67] (α =

(
1.6 × 10− 3)/G)) plays 

a vital role in understanding how materials behave under varying 
thermal conditions, influencing properties such as specific heat, thermal 
conductivity, band gap energy, and electron effective mass. For Ti2PTe2, 
the thermal expansion coefficient, presented in Table 7, helps assess its 
suitability for various high-temperature applications.

Nahar et al. reported α values for SnTaS2 (4.86 × 10⁻5 K⁻1) and TaX (X 
= P, As) with α values of 1.42 × 10⁻5 K⁻1 and 1.74 × 10⁻5 K⁻1, respec
tively, both used as TBC materials[67,94]. The calculated thermal 
expansion coefficient for Ti2PTe2 shows good agreement with these 
materials, indicating that Ti2PTe2 possesses thermal properties compa
rable to known TBC materials, enhancing its potential for similar ap
plications. Heat capacity, another essential material property, is closely 
linked to thermodynamic behavior and affects a solid’s mechanical, 
electrical, and optical characteristics. The heat capacity per unit volume, 
ρCP, is expressed as 3kB/Ω, where Ω is the atomic volume [67]. Higher 
heat capacity typically results in improved thermal conductivity and 
reduced thermal diffusivity. For Ti2PTe2, the calculated value of ρCP 
further underscores its thermal performance.

3.5. Electronic behavior

The electronic properties of Ti2PTe2, such as energy band dispersions 
and density of states (DOS), are crucial for understanding its optical and 
charge transport behavior. Using the GGA-PBE approximation, the band 
structures of Ti2PTe2 were calculated over an energy range of 
− 4.0–4.0 eV, with the Fermi level (EF) marked as a dotted line at 0 eV, as 
illustrated in Fig. 6(a). This Kohn-Sham electronic band structure was 
obtained by plotting eigen energies (E) as a function of wavevector (k) 
within the first Brillouin zone (BZ). The BZ paths explored in these DFT 
computations connect high-symmetry points: Γ (0, 0, 0), A (0, 0, 0.5), H 
(-0.333, 0.667, 0.5), K (-0.333, 0.667, 0), Γ (0, 0, 0), M (0, 0.5, 0), and L 
(0, 0.5, 0.5). The electronic band structure of Ti2PTe2 reveals striking 
anisotropic properties, with several bands crossing the Fermi level along 
the Γ-M and L-H directions, confirming its metallic nature. In contrast, 
no band crossings are observed along the Γ-A, H-K, and M-L directions, 
highlighting significant directional differences in transport properties. 
This anisotropy is driven by strong hybridization between Ti-3d and Te- 
5p orbitals, with less contributions from P-3p states. In the band struc
ture, energy dispersion refers to how the energy of electrons changes 
with their momentum (wavevector). High energy dispersion allows 
electrons or holes to gain energy easily and enhances conductivity, while 
low energy dispersion means less energy change with momentum, 
leading to reduced carrier mobility. For Ti2PTe2, the band structure 
reveals direction-dependent electrical conductivity due to variations in 
energy dispersion along different crystallographic paths. Specifically, 
the band paths along the c-direction (Γ-A, H-K, and M-L) exhibit a lower 
degree of energy dispersion compared to the paths in the ab-plane (A-H, 
K-Γ, Γ-M, and L-H). This lower dispersion along the c-axis leads to a 
higher effective mass for charge carriers moving in that direction, which 
results in lower electrical conductivity along the c-axis compared to the 
ab-plane. Thus, the anisotropic electrical conductivity of Ti2PTe2 is 
characterized by much lower conductivity along the c-axis than in the 
basal planes (ab-plane). This anisotropy is a direct consequence of the 
crystal’s electronic band structure, making it important to consider for 
applications that rely on directional electrical properties. Similar 
anisotropic transport has been observed in different nanolaminated 
structures [95–97], like Ti2AlC, where resistivity along the c-axis is 
significantly higher than in polycrystalline bulk [98]. This significant 
difference in carrier mobility underscores the highly anisotropic nature 
of Ti2PTe2, where transport properties are strongly direction-dependent, 
offering unique potential for tailored electronic applications.

To explore the electronic properties of the Ti2PTe2 chalcogenide 
phase, we performed calculations of the total and partial density of 
states (DOS), as shown in Fig. 6(b). The DOS analysis reveals that 
Ti2PTe2 exhibits metallic behavior, evidenced by the notable DOS value 
of approximately 7.26 states/eV at the Fermi level (EF). A higher DOS at 
EF is often linked to improved conductivity, as it increases the number of 
available electronic states for transitions under an applied electric field. 
Focusing on the Brillouin zone’s Γ point, we observe that the valence 

Fig. 5. The estimated lattice thermal conductivity of Ti2PTe2 as a function of 
temperature. Fig. 6. Band structure of Ti2PTe2 with partial and total density of states.
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band near the Fermi level along the Γ direction is steeper than in other 
directions. This steepness suggests that holes have a smaller effective 
mass along this path, which is confirmed by the Fermi velocity [97] (vF 

=
̅̅̅̅̅̅̅̅̅̅̅̅̅
EF/m∗

√
) at EF. Here, vF represents the velocity of charge carriers, and 

m∗ is their effective mass. A steeper band curvature leads to lower 
effective mass, enhancing both the Fermi velocity and the material’s 
conductive properties. As a result, the material exhibits greater effi
ciency in charge and heat transport, making it an excellent candidate for 
advanced electronic applications.

Metallicity (fm) offers a compelling insight into a material’s elec
tronic properties, indicating the proportion of thermally excited elec
trons (nm) compared to the total valence electrons (ne). This ratio is 
given by [97,99]

fm =
nm

ne
=

kBT × N(EF)

ne
=

0.026 × N(EF)

ne
(29) 

At room temperature (around 300 K), 0.026 eV represents the ther
mal energy. The calculated fm value of 2.7×10− 3 shows that only about 
0.27 % of the total valence electrons in Ti2PTe2 are thermally excited. 
This small fm highlights the presence of a high density of states (DOS) at 
the Fermi level, a key trait of metallic behavior. Even though the ma
terial shows metallic characteristics, only a tiny fraction of electrons are 
thermally excited at room temperature. A similar trend is observed in M2 
GaC (M = Zr, Hf) structures [97].

A key feature of Ti2PTe2 is the presence of a valley or pseudogap in 
the total density of states (TDOS) near the Fermi level, which contributes 
to the material’s electrical stability [100,101]. Pseudogap, located be
tween bonding and antibonding states, play a vital role in distinguishing 
these states. The pseudogap energy (EP) lies to the right from the Fermi 
level, which indicates that the electrons above EP become delocalized. 
This delocalization signifies the transition to metallic behavior, 
enhancing the material’s conductive properties. From the analysis of 
Fig. 6(b), it becomes clear that the valence band of Ti2PTe2 is predom
inantly shaped by the contributions from Ti-3d and Te-5p orbitals, with 
a less contribution from the P-3p orbital. Meanwhile, the transport 
properties are also largely influenced by the Ti-3d and Te-5p orbitals.

To further understand the bonding characteristics of Ti2PTe2 chal
cogenides, Fig. 7 showcases the electron density distribution map along 
the (111) crystallographic plane. This map reveals the bonding nature 
between atoms, with color scales indicating charge intensity: blue for 
high electron density and red for low. Covalent bonds are identified by 
concentrated charges between atoms, while ionic bonds are suggested 
by a balance of positive and negative charges at atomic sites. Fig. 7

reveals a strong accumulation of charges around the Ti atoms, indicating 
significant electron density and suggesting robust covalent bonding 
between Ti and both Te or P atoms in Ti2PTe2. This is due to the strong 
hybridization between Ti-3d states and Te/P-5p/3p states. The lack of 
overlap in electron distributions between P and Te atoms points to an 
ionic nature in the P-Te bond. Additionally, the high charge concen
tration around Ti atoms suggests metallic bonding, contributing to the 
material’s conductivity. Thus, Ti2PTe2 exhibits a fascinating combina
tion of covalent, ionic, and metallic bonding.

3.6. Optical properties

The optical properties of the metallic chalcogenide Ti2PTe2 have 
attracted great interest due to their promising applications in various 
technologies. This section emphasizes key optical features, including the 
real and imaginary parts of the dielectric function, absorption, optical 
conductivity, reflectivity, refractive index, and loss function, as illus
trated in Fig. 8(a-h). These properties, calculated across a photon energy 
range from 0 to 25 eV, reveal unique insights into the material’s 
behavior. Polarization vectors along the [100] and [001] directions 
were examined, shedding light on the optical and electronic anisotropy. 
Both intra-band and inter-band transitions contribute to the dielectric 
functions of this metallic system, necessitating an empirical Drude 
model for accurate analysis [102,103]. In our study, we utilized a Drude 
damping factor of 0.05 eV and a plasma frequency of 6 eV for Ti2PTe2, 
offering further understanding of its optical characteristics and behavior 
under different electric field polarizations.

The real part of the dielectric function, ε1(ω), along the [100] and 
[001] directions for Ti2PTe2 is shown in Fig. 8(a), reflecting the mate
rial’s polarizability. Notably, Ti2PTe2 exhibits prominent peaks in the 
low energy region, suggesting a low charge recombination rate, which 
enhances its potential in solar applications. In solar cells, low recombi
nation rates are essential because they enhance the likelihood that 
generated charge carriers will be collected at the electrodes rather than 
recombining and dissipating energy. The optical reflectivity and ab
sorption coefficient are strongly influenced by this real component. In 
the low energy range, ε1(ω) crosses zero from negative values, con
firming the metallic nature of Ti2PTe2. The large negative values further 
underscore its Drude-like behavior, characteristic of metals. Across the 
energy spectrum, both polarization directions display similar features, 
except within the 1.46–2.59 eV range. A subtle difference in the in
tensity of a peak at 1.83 eV in ε1(ω) indicates slight anisotropy in the 
optical properties at low photon energies.

The imaginary part of the dielectric function, ε2(ω), is another key 
factor in determining a crystal’s optical properties, reflecting inter-band 
transitions between the valence and conduction bands. Fig. 8(b) illus
trates ε2(ω) for two photon polarizations, where it approaches zero from 
above, reaffirming again the metallic nature of Ti2PTe2. The first peaks 
observed at 2.08 eV arise from orbital electron transitions, specifically 
between Ti-3d and Te-5p or P-3s orbitals, from the highest valence to the 
lowest conduction bands. Intra-band transitions cause low-energy 
peaks, while higher-energy peaks stem from inter-band transitions. 
Beyond 17 eV, both ε1(ω) and ε2(ω) show similar behavior, further 
highlighting the material’s complex optical characteristics and its po
tential for advanced technological applications.

The refractive index n(ω) plays a crucial role in designing advanced 
electronic devices. For Ti2PTe2, the static refractive index n(0) is 
remarkably high (~168) in both polarization orientations, making it 
suitable for enhancing display quality in devices like LCDs and quantum 
dot TVs. In the visible region, the refractive index sharply rises due to 
intra-band electron transitions, reaching a peak of 3.36 at 1.96 eV (see 
Fig. 8(c)). Beyond this point, n(ω) decreases continuously and exhibits 
slight anisotropy up to 25 eV, highlighting its versatile optical 
properties.

The extinction coefficient k(ω) measures absorption loss as electro
magnetic radiation travels through a medium. Fig. 8(d) presents the 

Fig. 7. Charge density maps for Ti2PTe2 along the (111) plane, highlighting 
electron distribution.
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extinction coefficient of Ti2PTe2 for two polarizations, revealing slight 
anisotropy between 1.12 and 13.36 eV. The trend in k(ω) closely par
allels that of ε2(ω), highlighting its role in measuring the absorption of 
incident radiation.

Reflectivity R(ω) measures the fraction of energy from a wave re
flected off a material’s surface. Fig. 8(e) presents the optical reflectivity 
of Ti2PTe2, where both polarizations exhibit similar reflectivity spectra, 
starting at approximately 0.99. The reflectivity increases significantly in 
both the moderate infrared and ultraviolet regions. In the visible light 
range (~1.67–3.10 eV), reflectivity ranges from 51 % to 55 % along the 
[100] direction and 47–50 % along the [001] direction. This prevents 
excessive heat buildup in solar cells, which can degrade efficiency. By 
reflecting unwanted infrared and ultraviolet radiation, Ti2PTe2 helps 
maintain lower operating temperatures, allowing solar cells to perform 
optimally, especially in hot climates. It has been predicted that materials 
like Hf2AB2 (A = In, Sn), M3PbC2 (M = Zr, Hf), Ti3SiC2 and Ti4AlN3 with 
reflectivity above 44 % can effectively reduce solar heating[102,104, 
105]. In this context, Ti2PTe2 meets this criterion with its consistent 
reflectivity exceeding 44 %, making it a strong candidate for use in solar 
heat-reducing coatings. Additionally, the material is expected to appear 
metallic gray due to its nearly uniform reflectivity in the visible spec
trum. The reflectivity spectra also reveal slight anisotropy across the 
photon energy range.

The absorption coefficient (α) quantifies how much electromagnetic 
energy is absorbed by a material as light propagates through it. For 
Ti2PTe2, the absorption spectra, shown in Fig. 8(f), begin at zero photon 
energy, reflecting its metallic nature. When Ti2PTe2 absorbs photons, it 
generates electron-hole pairs. Due to its metallic character, the material 
can efficiently transport these charge carriers, ensuring they reach the 
electrodes with minimal recombination losses. The ability to generate 
and collect these carriers effectively leads to improved performance in 
solar cells. As photon energy increases, the absorption rises, reaching its 
peak in the ultraviolet (UV) region for bot h [100] and [001] polariza
tions. This highlights Ti2PTe2 as a highly efficient material for absorbing 
UV light. The absorption reaches a maximum of 30×104 cm− 1 at 9.03 eV 
in the [001] direction and 29×104 cm− 1 at 9.24 eV in the [100]

direction. After the peak, the absorption coefficient decreases as photon 
energy continues to rise. The stronger absorption in the UV region 
suggests potential applications in UV detectors, anti-reflective coatings, 
and materials for protecting sensitive systems from photo-disintegration 
or photo-oxidation. Additionally, the absorption spectra exhibit slight 
anisotropy across nearly the entire photon energy range, making 
Ti2PTe2 a versatile material for advanced optical technologies.

Optical conductivity σ(ω) describes how a material responds to an 
alternating electric field at optical frequencies. It is a measure of how 
effectively the material conducts electric currents when exposed to light 
or other forms of electromagnetic radiation, typically in the visible, 
infrared, or ultraviolet range. When an alternating electric field (such as 
light) interacts with a material, it excites the charge carriers (primarily 
electrons). These excited electrons oscillate in response to the alter
nating field. Optical conductivity quantifies how easily these oscillating 
electrons can move through the material, which is analogous to how the 
material conducts electricity under a direct electric field (DC conduc
tivity) but at much higher frequencies. In the case of Ti2PTe2, the optical 
conductivity graph in Fig. 8(g) shows significant peaks at photon en
ergies of 2.89 eV and 7.98 eV for the [100] and [001] directions, 
respectively. These peaks indicate that Ti2PTe2 exhibits high electrical 
conductivity when photons at these energy levels interact with the 
material. Essentially, light at these energies excites the electrons in 
Ti2PTe2, enabling them to move more freely and generate strong elec
trical currents. This high optical conductivity signifies that the material 
can effectively conduct electricity when interacting with light of specific 
energies. Additionally, Ti2PTe2 displays anisotropy, meaning that its 
optical conductivity varies based on the direction of the applied electric 
field. The differing conductivity between the [100] and [001] crystal
lographic directions indicates that the material responds differently to 
light depending on the direction of the incoming field. This directional 
behavior is particularly useful in applications like solar cells, where the 
material’s orientation can be optimized to maximize electrical perfor
mance and efficiency.

The energy loss function L(ω) reflects the energy lost by fast electrons 
as they traverse through a material. As depicted in Fig. 8(h), Ti2PTe2 

Fig. 8. The energy dependent (a) real part of dielectric function, (b) imaginary part of dielectric function, (c) refractive index, (d) extinction coefficient, (e) 
reflectivity, (f) absorption coefficient, (g) optical conductivity, and (h) loss function of Ti2PTe2 along [100] and [001] polarization directions.
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shows no peaks between 0–16 eV, attributed to the high values of ε2(ω). 
However, significant peaks appear between 16–23 eV, indicating 
plasma oscillations. These peaks correspond to the material’s bulk 
plasma frequency, which occurs when ε1(ω) reaches zero and ε2(ω) 
approaches minimal values. At this point, the material transitions from 
metallic to dielectric behavior. For Ti2PTe2, bulk plasma frequencies are 
observed at 20.1 and 19.8 eV along the [100] and [001] directions, 
respectively. Beyond these frequencies, the material exhibits trans
parency, evidenced by sharp declines in reflectivity and absorption.

3.7. Thermal properties

We investigated the thermodynamic properties of Ti2PTe2 using the 
Gibbs2 program within the quasi-harmonic approximation[106], 
calculated at zero pressure in the 0–800 K temperature range. This range 
ensures that the quasi-harmonic model remains valid, with the results 
shown in Fig. 9(a-f). Key properties include internal energy (U), 
Helmholtz free energy (H), entropy (S), heat capacities (CV and CP), 
thermal expansion coefficient (αv), and Debye temperature (θD), all 
derived using the wien2k code.

The calculated internal energy (U) and Helmholtz free energy (H) of 
Ti2PTe2, as shown in Fig. 9(a), exhibit typical temperature-dependent 
behavior for solids. At temperatures below 100 K, both U and H are 
close to zero. As the temperature rises above 100 K, the free energy (H) 
gradually decreases—a common trend in solids as they move toward 
states of lower energy. In contrast, the internal energy (U) increases 
steadily with temperature, reflecting the typical rise in thermal energy 
within the material.

As shown in Fig. 9(b), the entropy (S) increases with temperature 
due to the heightened thermal agitation, causing greater disorder within 
the system. This rise in entropy is expected as thermal disturbances 
create more random motion among atoms. As the temperature continues 
to increase, this disorder grows, pushing the system toward higher en
tropy states, in line with natural processes. Ultimately, the interplay of 
decreasing free energy and increasing entropy mirrors the inherent drive 
of systems to find equilibrium at elevated temperatures.

Figs. 9(c) and 9(d) highlight the temperature dependence of the 
specific heats, CV and CP, for Ti2PTe2 between 0 and 800 K. At low 
temperatures, both CV and CP rise sharply due to the exponential 

increase in phonon modes, as described by the Debye T3-law. This rapid 
increase reflects the material’s sensitivity to thermal excitation at lower 
temperatures. As temperature continues to rise, phonon thermal soft
ening occurs, gradually slowing the rate of increase in specific heat. In 
higher temperature regimes, CV and CP approach the classical Dulong- 
Petit limit (3nNAkB), a well-established behavior for most solids. This 
limit suggests that the anharmonic effects influencing specific heat 
become less significant as temperature rises. The specific heat’s 
convergence toward the Dulong-Petit limit indicates that, at higher 
temperatures, the phonon modes in Ti2PTe2 behave in a manner 
consistent with classical predictions, with less deviation due to thermal 
vibrations. At temperatures below 300 K, CV follows a T3 relationship, 
typical for solids with low thermal excitation. However, above 300 K, 
the heat capacity behavior stabilizes, signifying a transition toward the 
Dulong-Petit limit as the number of excited phonons saturates. This 
behavior highlights the balance between anharmonicity at lower tem
peratures and classical predictions at higher temperatures, reflecting 
Ti2PTe2’s sophisticated thermal response.

The thermal expansion coefficient (αv) of Ti2PTe2, as shown in Fig. 9
(e), reflects the material’s response to temperature changes, primarily 
due to anharmonicity in the lattice dynamics. This anharmonicity causes 
atoms to vibrate more intensely as temperature rises, leading to an 
expansion of the material. The αv increases rapidly at temperatures 
below 100 K, where the anharmonic effects are most pronounced. 
However, as temperature surpasses 200 K, the rate of increase slows 
down and eventually saturates. At 300 K, Ti2PTe2 exhibits a αv value of 
11.48 × 10⁻5 K⁻¹, which is relatively moderate. This lower αv is influ
enced by the material’s bulk modulus, where a stiffer structure (higher 
bulk modulus) usually correlates with lower thermal expansion. 
Ti2PTe2’s moderate expansion properties suggest it has good thermal 
stability, making it ideal for applications where minimal thermal 
distortion is crucial.

The Debye temperature (θD) is an important parameter that reflects 
the vibrational properties of a material’s atomic lattice. It is closely 
related to the maximum vibrational frequency (or phonon energy) that 
atoms in the material can experience. As seen in Fig. 9(f), the Debye 
temperature for Ti2PTe2 decreases as the temperature rises. This trend 
occurs because increasing temperature provides more thermal energy to 

Fig. 9. The temperature-dependent thermodynamic characteristics of Ti2PTe2: (a) internal energy (U) and Helmholtz free energy (F), (b) entropy (S), (c) constant 
volume heat capacity (CV), (d) constant pressure heat capacity (CP), (e) thermal expansion coefficient (αv), and (f) Debye temperature (θD).
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the atomic lattice, leading to enhanced atomic vibrations. As tempera
ture rises, these vibrations disrupt the material’s interatomic bonds, 
effectively softening them. This softening lowers the vibrational fre
quencies of the phonons, which in turn reduces the Debye temperature. 
A similar trend has been observed in materials like Hf2AB2 (A = In, Sn)
[81].

To the best of our knowledge, this work is the first to examine all 
thermal properties for Ti2PTe2 chalcogenide. We therefore anticipate 
that our results will be a useful direction for future research.

4. Conclusion

In this study, we explore the structural, mechanical, lattice dynam
ical, electronic, optical and thermal properties of Ti2PTe2 using first- 
principles calculations for the first time. Our findings reveal that 
Ti2PTe2’s lattice parameters are in excellent agreement with experi
mental data. The stability of Ti2PTe2 has been confirmed across ther
modynamic, mechanical, and dynamical aspects. The material’s Vickers 
hardness, along with Chenn and Miao values, reveals its soft nature, 
while its Poisson’s ratio and Pugh’s ratio indicate brittleness. Ti2PTe2 
demonstrates remarkable mechanical characteristics, with its stability 
more influenced by shear than compression (B > G), making it an 
excellent candidate for advanced engineering applications. The high 
Young’s modulus (Y) further underscores its stiffness and effective 
thermal conductivity, making it ideal for heat management solutions. 
The fracture toughness of 0.30 MPa⋅m1/2 is moderate when compared 
with other chalcogenide, and the brittleness index suggests a relatively 
brittle nature. Ti2PTe2 also demonstrates pronounced mechanical 
anisotropy, vividly depicted through 2D and 3D visualizations that 
reveal clear deviations from uniform shapes. It’s thermal conductivity of 
0.49 W/m-K, well below reference value 1.25 W/m-K, is ideal for TBCs. 
The Debye temperature of 266 K confirms dominant phonon contribu
tions to its thermal behavior, reinforcing its potential for effective 
thermal insulation. The electronic band structure and density of states 
confirm Ti2PTe2’s metallic behavior. This is primarily driven by Ti-3d 
and Te-5p orbitals. Notably, conductivity is higher along the c-axis 
than in the basal plane due to pronounced anisotropy. The steep valence 
band near the Fermi level in the Γ direction implies a lower effective 
mass and a higher Fermi velocity, thus optimizing the efficiency of 
charge and heat transport. The electronic charge density distribution 
reveals that Ti2PTe2 exhibits a combination of ionic, covalent, and 
metallic bonding. Its high static refractive index (~168) and impressive 
reflectivity (51 %-55 % along [100] and 47 %-50 % along [001]) make 
it suitable for advanced display technologies and solar heating reduc
tion. Furthermore, Ti2PTe2’s strong UV absorption highlights its po
tential for UV applications and anti-reflective coatings. The metallic 
nature of Ti2PTe2 is crucial for its potential in solar cell applications. Its 
high electrical conductivity, low charge recombination rates, effective 
light interaction, and strong absorption capabilities make it a promising 
candidate for enhancing solar energy conversion efficiency. Addition
ally, the thermal properties reveal that the specific heat follows the 
Debye T3 power-law at low temperatures. At high temperatures (T >
300 K), anharmonic effects are suppressed, and CV approaches the 
Dulong-Petit limit. We believe that this study will inspire further 
exploration and development, driving innovation and expanding the use 
of these materials beyond traditional boundaries.
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[58] J. Pokluda, M. Černý, Mojmír Šob, Y. Umeno, Ab initio calculations of mechanical 
properties: Methods and applications, Prog. Mater. Sci. 73 (2015) 127–158.

[59] Leonard Kleinman, Deformation potentials in silicon. I. Uniaxial strain, Phys. Rev. 
128 (6) (1962) 2614.

[60] Gao Qing-He, Xu Zhi-Jun, Tang Ling, Zuo Xianjun, Jia Guozhu, Du An, 
Linghu Rong-Feng, Guo Yun-Dong, Yang Ze-Jin, Evidence of the stability of 
Mo2TiAlC2 from first principles calculations and its thermodynamical and optical 
properties, Comput. Mater. Sci. 118 (2016) 77–86.

[61] Y.W. Bao, X.H. Wang, H.B. Zhang, Y.C. Zhou, Thermal shock behavior of Ti3AlC2 
from between 200◦ C and 1300◦ C, J. Eur. Ceram. Soc. 25 (14) (2005) 
3367–3374.

[62] Yanchun Zhou, Huimin Xiang, Fuzhi Dai, Zhihai Feng, “M2YSi (M= Rh, Ir): 
Theoretically predicted damage-tolerant MAX phase-like layered silicides.”, 
J. Am. Ceram. Soc. 101 (1) (2018) 365–375.

[63] Yanchun Zhou, Huimin Xiang, Haiming Zhang, Fu-Zhi Dai, Theoretical prediction 
on the stability, electronic structure, room and elevated temperature properties of 
a new MAB phase Mo2AlB2, J. Mater. Sci. Technol. 35 (12) (2019) 2926–2934.

[64] Md. Nasir Uddin, A.K.M.Naim Ishtiaq, Shariful Islam, Md. Rasel Rana, Md. 
Ashraf Ali, Karimul Hoque, Prediction of new 212 M2AB2 borides as a promising 
candidate for future engineering: DFT calculations, Mater. Today Commun. 39 
(2024) 108536.

[65] Xiao-Hong Li, Hong-Ling Cui, Rui-Zhou Zhang, Structural, optical, and thermal 
properties of MAX-phase Cr 2 AlB 2, Front. Phys. 13 (2018) 1–9.

[66] Woochul Kim, Strategies for engineering phonon transport in thermoelectrics, 
J. Mater. Chem. C. 3 (40) (2015) 10336–10348.

[67] M.I. Naher, S.H. Naqib, An ab-initio study on structural, elastic, electronic, 
bonding, thermal, and optical properties of topological Weyl semimetal Ta X (X=
P, As), Sci. Rep. 11 (1) (2021) 5592.

[68] Frantsevich, Ivan Nikitich. “Elastic constants and elastic moduli of metals and 
insulators.” Reference book (1982).

[69] S.F. Pugh, XCII. Relations between the elastic moduli and the plastic properties of 
polycrystalline pure metals, Lond., Edinb., Dublin Philos. Mag. J. Sci. 45 (367) 
(1954) 823–843.

[70] W.R.L. Lambrecht, B. Segall, Michael Methfessel, M. Van Schilfgaarde, Calculated 
elastic constants and deformation potentials of cubic SiC, Phys. Rev. B 44 (8) 
(1991) 3685.

[71] Zhigang Wu, Xiao-Jia Chen, Viktor V. Struzhkin, Ronald E. Cohen, Trends in 
elasticity and electronic structure of transition-metal nitrides and carbides from 
first principles, Phys. Rev. B—Condens. Matter Mater. Phys. 71 (21) (2005) 
214103.

[72] Fangzhi Li, Bin Liu, Jingyang Wang, Yanchun Zhou, Hf3AlN: a novel layered 
ternary ceramic with excellent damage tolerance, J. Am. Ceram. Soc. 93 (1) 
(2010) 228–234.

[73] Orson L. Anderson, Harold H. Demarest Jr., Elastic constants of the central force 
model for cubic structures: Polycrystalline aggregates and instabilities, 
J. Geophys. Res. 76 (5) (1971) 1349–1369.

[74] Andreas Savin, Heinz-J.ürgen Flad, J.ürgen Flad, Heinzwerner Preuss, 
Hans Georg von Schnering, Zur Bindung in Carbosilanen, Angew. Chem. 104 (2) 
(1992) 185–186.

[75] C. Donnet, A. Erdemir, Solid lubricant coatings: recent developments and future 
trends, Tribology Lett. 17 (3) (2004) 389–397.

[76] Hassel Ledbetter, Albert Migliori, A general elastic-anisotropy measure, J. Appl. 
Phys. 100 (6) (2006).

[77] A. Gherriche, A. Bouhemadou, Y. Al-Douri, S. Bin-Omran, R. Khenata, M.A. Hadi, 
Ab initio exploration of the structural, elastic, electronic and optical properties of 
a new layered perovskite-type oxyfluoride: CsSrNb2O6F, Mater. Sci. Semicond. 
Process. 131 (2021) 105890.

[78] Shivakumar I. Ranganathan, Martin Ostoja-Starzewski, Universal elastic 
anisotropy index, Phys. Rev. Lett. 101 (5) (2008) 055504.

[79] M.A. Hadi, New ternary nanolaminated carbide Mo2Ga2C: A first-principles 
comparison with the MAX phase counterpart Mo2GaC, Comput. Mater. Sci. 117 
(2016) 422–427.

[80] M.A. Ali, M.M. Hossain, M.M. Uddin, A.K.M.A. Islam, S.H. Naqib, Understanding 
the improvement of thermo-mechanical and optical properties of 212 MAX phase 
borides Zr2AB2 (A= In, Tl), J. Mater. Res. Technol. 15 (2021) 2227–2241.

[81] M.A. Ali, M.M. Hossain, M.M. Uddin, A.K.M.A. Islam, D. Jana, S.H. Naqib, DFT 
insights into new B-containing 212 MAX phases: Hf2AB2 (A= In, Sn), J. Alloy. 
Compd. 860 (2021) 158408.

[82] M.A. Ali, Md. Mukter Hossain, A.K.M.A. Islam, S.H. Naqib, Ternary boride 
Hf3PB4: insights into the physical properties of the hardest possible boride MAX 
phase, J. Alloy. Compd. 857 (2021) 158264.

M.H. Mia et al.                                                                                                                                                                                                                                  Next Materials 7 (2025) 100434 

15 

http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref19
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref19
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref20
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref20
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref20
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref22
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref22
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref22
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref23
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref23
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref23
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref23
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref24
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref24
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref25
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref25
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref25
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref26
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref26
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref26
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref26
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref27
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref27
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref28
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref28
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref28
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref29
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref29
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref30
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref30
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref30
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref31
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref31
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref31
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref32
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref32
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref32
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref33
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref33
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref33
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref34
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref34
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref35
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref35
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref36
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref36
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref36
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref37
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref37
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref38
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref38
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref39
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref39
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref39
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref40
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref40
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref40
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref41
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref41
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref42
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref42
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref43
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref44
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref44
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref44
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref45
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref45
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref45
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref45
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref46
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref46
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref46
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref47
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref47
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref47
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref47
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref48
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref48
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref49
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref49
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref50
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref50
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref51
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref51
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref51
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref52
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref52
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref53
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref53
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref53
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref54
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref54
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref54
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref55
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref55
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref56
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref56
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref57
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref57
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref58
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref58
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref58
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref58
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref59
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref59
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref59
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref60
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref60
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref60
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref61
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref61
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref61
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref62
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref62
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref62
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref62
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref63
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref63
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref64
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref64
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref65
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref65
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref65
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref66
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref66
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref66
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref67
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref67
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref67
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref68
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref68
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref68
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref68
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref69
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref69
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref69
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref70
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref70
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref70
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref71
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref71
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref71
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref72
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref72
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref73
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref73
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref74
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref74
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref74
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref74
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref75
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref75
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref76
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref76
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref76
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref77
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref77
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref77
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref78
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref78
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref78
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref79
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref79
http://refhub.elsevier.com/S2949-8228(24)00332-0/sbref79


[83] Romain Gaillac, Pluton Pullumbi, François-Xavier Coudert, ELATE: an open- 
source online application for analysis and visualization of elastic tensors, J. Phys.: 
Condens. Matter 28 (27) (2016) 275201.

[84] Md Roknuzzaman, M.A. Hadi, M.A. Ali, M.M. Hossain, N. Jahan, M.M. Uddin, J. 
A. Alarco, Ken Ostrikov, First hafnium-based MAX phase in the 312 family, 
Hf3AlC2: a first-principles study, J. Alloy. Compd. 727 (2017) 616–626.

[85] Arpon Chakraborty, M.N.H. Liton, M.S.I. Sarker, M.M. Rahman, M.K.R. Khan, 
A comprehensive DFT evaluation of catalytic and optoelectronic properties of 
BaTiO3 polymorphs, Phys. B: Condens. Matter 648 (2023) 414418.

[86] Dmitry Vladimirovich Suetin, Igor Rolenovich Shein, Electronic Structure, 
Mechanical and Dynamical Stability of Hexagonal Subcarbides M 2C (M= Tc, Ru, 
Rh, Pd, Re, Os, Ir, and Pt): Ab Initio Calculations, Phys. Solid State 60 (2018) 
213–224.

[87] Orson L. Anderson, A simplified method for calculating the Debye temperature 
from elastic constants, J. Phys. Chem. Solids 24 (7) (1963) 909–917.

[88] David R. Clarke, Simon R. Phillpot, Thermal barrier coating materials, Mater. 
Today 8 (6) (2005) 22–29.

[89] Yuchen Liu, Valentino R. Cooper, Banghui Wang, Huimin Xiang, Qian Li, 
Yanfeng Gao, Jiong Yang, Yanchun Zhou, Bin Liu, Discovery of AB O3 Perovskites 
as Thermal Barrier Coatings through High-Throughput First Principles 
Calculations, Mater. Res. Lett. 7 (4) (2019) 145–151.

[90] Kunpeng Zhao, Chenxi Zhu, Pengfei Qiu, Anders B. Blichfeld, Espen Eikeland, 
Dudi Ren, Bo.B. Iversen, Fangfang Xu, Xun Shi, Lidong Chen, High thermoelectric 
performance and low thermal conductivity in Cu2− yS1/3Se1/3Te1/3 liquid-like 
materials with nanoscale mosaic structures, Nano Energy 42 (2017) 43–50.

[91] Edward Dechaumphai, Dylan Lu, Jimmy J. Kan, Jaeyun Moon, Eric E. Fullerton, 
Zhaowei Liu, Renkun Chen, Ultralow thermal conductivity of multilayers with 
highly dissimilar debye temperatures, Nano Lett. 14 (5) (2014) 2448–2455.

[92] Rahman, Md. Atikur, Mst Asma Khatun, Md. Hasan Mia, Mst Zugrufa, and Ahmad 
Irfan. “First-Principles Calculations to Investigate the Structural, Mechanical, 
Electronic, Optical and Thermal Properties of Disilicides Materials UT2Si2 (T=
Ru, Rh, and Pd).” physica status solidi (b): 2400230.

[93] Mst A. Khatun, M.H. Mia, M.A. Hossain, F. Parvin, A.K.M.A. Islam, The Optical 
and thermoelectric properties of layer structured Ba2XS4 (X= Zr, Hf) for energy 
harvesting applications, J. Phys. Chem. Solids (2024) 112381.

[94] M.I. Naher, M. Mahamudujjaman, A. Tasnim, R.S. Islam, S.H. Naqib, AbstAb- 
initio insights into the elastic, bonding, phonon, optoelectronic and 
thermophysical properties of SnTaS2, Solid State Sci. 131 (2022) 106947.
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