The Physical Properties of Vanadium(V)-Rhodium(Rh)-Tellurium(Te), and Vanadium(V)-Ruthenium(Ru)-Antimony(Sb) are Investigated using First-Principles Calculation



Abstract
This work investigated the structural, mechanical, thermodynamic, and phonon characteristics of Vanadium-Rhodium-Tellurium (VRhTe) and Vanadium-Ruthenium-Antimony (VRuSb) compounds by first-principles calculations grounded on density functional theory (DFT). The computations were performed under the generalised gradient approximation (GGA) utilising the Perdew–Burke–Ernzerhof (PBE) functional as processed in the Quantum ESPRESSO software package. The optimised structures indicated that both compounds crystallise in cubic Heusler-type (Fm–3m) symmetry and display thermodynamic stability, as proved by their negative formation energy and absence of structural distortions. The lattice parameter of VRuSb was slightly higher than that of VRhTe owing to the larger atomic radius of Sb. The results revealed that the Pugh's ratio for VRhTe is 11.94, whereas for VRuSb has the value 2.67,  this demonstrates the compounds  VRhTe, and VRuSb are ductile. The Poisson's ratio (ⱱ > 0.3) signifies the metallic bonding characteristics of the materials.  The findings revealed that VRhTe has a higher dynamic heat capacity (Cv) than VRuSb, suggesting that VRhTe is more suitable for use in optoelectronic devices. The thermal conductivity of a substance is been determined by the debye temperature. The materials suggest improved thermal conductivity at the debye temperature. Meanwhile, at high temperature the Dulong and Petit law agrees with the specific heat capacity of the heusler materials and adheres to the T3 rule as the temperature decreases. The heusler compounds reveals phonon dynamical stability as the frequencies and the phonon density of ststes are positives. 
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1. INTRODUCTION
The continuous advancement in materials science and solid-state physics has been greatly driven by the quest to design and discover new compounds with exceptional physical properties suitable for advanced technological applications [1].Transition metals and their intermetallic compounds occupy a special place in this regard because of their diverse electronic structures, mechanical robustness, and catalytic properties. In particular, compounds involving Vanadium (V), Rhodium (Rh), and Ruthenium(Ru) have allure significant awareness due to their relevant thermal stability, corrosion resistance, and wide range of oxidation states, rendering them suitable for applications in electronics, catalysis, energy storage, and thermoelectric devices [2].
Vanadium is known as a 3d transition metals, and for its capacity to form diverse oxidation states and compound, that manifest semiconducting, metallic, and superconducting characteristic. Rhodium is known as a 4d transition metal, it is one of the important nobles metals, essentially due to it uniqueness catalystic effectiveness and chemical passivity. The combination of P-block atoms such as tellurium(Te), and antimony(Sb); these transition metals can form ternary material with captivating electronic configurations, which could be useful compounds for spintronic, or thermoelectric application [4, 5].
Te and Sb frolic important roles in modulating the electronic structure of transition metal materials[6]. Tellurium , an oxigen group, denotes graetly localized P-states that can affect the band gap and conductivity. Additionally, antimony is a element in group 15, which improves thermodynamic performance by altering carrier mobility and DOS close to the fermi level[7, 8]. The combination of V, Rh Ru, Te, and Sb atoms can give birth to a novel materials with amplify electrical conductivity, efficient temperature performance, and mechanical stability.
Irrespective of the relevant of the compounds, limited information on the half heusler alloys (VRhTe, and VRuSb) system. The physical characteristic remain largely understudied experimental and theoretically[9]. The setback linked to the experimental synthesis and characterization of these materials, first principles calculations base on DFT offer an sufficient and reliable means to forecast and examine their rudiment properties from atomic scale interaction [10].
DFT approach has become influential software for investigating noval materials by providing precise information into crystal structure, bonding nature, electronic characterizatic, mechanical stability, and thermodynamic features. By adopting this computational tool, it is possible to forecast and interpret the stability, ductility, and conductivity of the compounds before they are synthesized in the laboratory [11].
Ab-initio density functional theory methodology have become essential techniques in understanding and forecasting the structural, elastic, and lattice constants characteristic of a mterials. This computational method permit reseaerchers to traverse materials that are tough to synthesis or investigate experimentally, providing informations into bonding mechanisms, electronic transitions, and thermodynamic stoutness [12, 13].
Research on transition metal-based intermetallic materials have signify that their heusler properties can be moderated constructively through the replacemnent of different elements, leading to compounds with unique electrical and mechanical characteristic. To be specific vanadium-based compounds have gained neccessary attention due their wide oxidation states, well built bonding features, and capacity to configurate stable structure with both semiconducting and metallic characterizatic [14]. For instants, vanadium tellurides (such as VTe and V2Te3) possesses relevant electronic features, including metallic conduction and magnetoresistance effects, making them possible condidates for thermoelectric and spintronic application [15].
Furthermore, rhodium-containing compounds have been widely studied because of their excellent catalytic and corrosion resistant properties. Rhodium configuration stable alloys and intermetallics with tarnsition and post tarnsition metals, which possess improved thermal and elastic constants stability [16]. Rhodium tellurides and antimonides, such as RhTe and RhSb3, have demonstrated outstanding electrical conductivity and thermal equilibrium, characterizatic that are vital for high temperature thermoelectric components. [17].
Tellerium and antimony are both groups 13 through 18 of the periodic table elements that consequentially impact the structural and electronic features of transition metals materials. Tellerium containing materials often reveal strong spin-orbit couplig effects, minimal band gap, and high electrical conductivity [18]. Due to their high seebeck values and low heat conductivity, antimony-based compounds like CoSb3 and FeSb2 have been extensively studied as thermodynamic materials  [19].
Previous theoretical research on ternary and quaternary compounds remain constrained, although similar materials have been investigated  [20]. Meanwhile [21] reported that Rh-containing Heusler alloys possess outstanding ductility and thermal equilibrium. These outcome forcast that the combination of V, Rh, and groups 13 through 18 of the periodic table elements could yield compounds with advantageous mechanical and elastic constants properties compatable for structural requisition.
The mechanical and thermodynamic characteristic of these materials is equally essential for investigating their compactibility for experimental application. Elastic constant properties gotten from DFT calculations provide details into the stability and ductility of the materials [22]. A high ratio of bulk modulus to shear volume (B/G > 1.75) in the mechanical properties often denote ductility features. Additionally, thermodynamic features like debye temperature, specific heat, and entropy are essential in studying lattice vibrations, and phonon interactions, which influences stability and conductivity of the thermal behavior at high temperature [23].
Irrespective of the numerous literature on binary and ternary intermetallic materials, no comprehensive DFT research has been reported of the half-heusler compounds VRhTe, and VRuSb. Their prospects as metallic and thermoelectric materials remains unvestigated. This project aims to explore the deficiency by providing a thorough theoretical research of their structural, mechanical, thermodynamic, and phonon charateristic using DFT-based first principles approach.

2. MATERIALS AND METHOD

This study employed ab-initio calculation rooted in DFT as contained in Quantum ESPRESSO computational tool [24]. The Generalised Gradient Approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) expression concisely designate the exchange correlation interactions among electrons [25] was applied. The pseudopotential technique was applied to effectively designate the ion-electron interactions. A plane-wave energy cutoff of 600 eV was adopted for all materials to secured the convergence of total energy and forces.
The elastic parameters (C₁₁, C₁₂, and C₄₄) were deduced through stress-strain interconnection during average deformations. The simulated lattice parameters (C₁₁, C₁₂, and C₄₄) were therefore applied to assess the polycrystalline mechanical moduli through the Voigt–Reuss–Hill averaging approach [22]. 
Mechanical balance was substantiated based on Born’s stability criteria for cubic crystals:
	    (1)
The thermodynamic characteristics, including Debye temperature (ΘD), specific heat (Cv), and entropy (S), were computed using the quasi-harmonic Debye model as implanted in the GIBBS2 algorithm [23]. The model examined the vulnerability the dependence of vibrational frequencies on volume, enabling the investigation of temperature-dependent properties under dissimilar pressures.
The Debye temperature (ΘD) was simulated from the average sound velocity, which is predictabe upon elastic moduli, as follows:

	      	    	(2)					
In equation (1), h represents Planck’s constant, kB denotes Boltzmann’s parameter, n signifies the number of atoms per formula unit, Vm marks the atom volume, and ⱱm denote the mean sound velocity derived from longitudinal and transverse elastic wave velocities.
Convergence assessment was carry-out to verify numerical accuracy about plane-wave cut-off energy and k-point mesh density. Energy variation below 1meV/atom were considered acceptable for convergence. Additionally, all findings were ratified using DFT code calculations documented in the literature to verify consistency and reliableness.
This meticulous approach offered a detailed account of the physical (structural, mechanical, thermodynamic, and phonon) properties of the VRhTe and VRuSb compounds at the atomic level.
3. RESULTS AND DISCUSSION
3.1 Structural Features
The optimized lattice parameters and associated equilibrium energies for VRhTe and VRuSb were acquired following complete structural relaxation. The convergence of total energy with respect to the lattice parameters was established through a the fourth Birch–Murnaghan equation of states fit.

Table 1. The simulated equilibrium lattice parameters compounds
	Compound
	Lattice Parameters(a.u)
	Bulk coefficient/modulu(GPa)
	Cohesive Energy(ev/atom)

	VRhTe
	11.61
	147.2
	-3.42

	VRuSb
	11.41
	161.7
	-5.24




The atomic mass of Te(127.6 g/mol) resulted to the moderately larger lattice constant of VrhTe, over VRuSb, since Sb has lesser atomic mass (121.76 g/mol). Consequently, the bulk modulus decreases corresponding to the slight increase in lattice constant, indirectly that VRhTe is moderately more compressible than VRuSb.
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Fig.1a. Structural atomic positions  for VRhTe.                            Fig.1b. Structural atomic positions for VRuSb
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Fig. 2:  A chart of the relationship between energy(Ry), and lattice parameter(a.u), feromagnetic(fm), and non-magnetic(nm) for; (a). VRhTe, and (b). VRuSb.


Both structures in fig. 1 sustained the cubic heusler consistency space group fm-3m with distinguish structural disfurement in the time of optimization. The composite energy against volume curves showed clear average, substantiating the mechanical strenght of both compounds at their appropriate equilibrium  volumes. Furthermore, in Fig.2 (a), feromagnetic chatacteristic has more lower ground state energy, than the nonmagnetic features, which connote stability at fm. Moreover their complement Fig.2 (b) overlapped at both fm and nm state, revealed same ground state energy. 
Formation energies were negative in the computed outcome; agreeing to their thermodynamic balance: ΔEₓ (VRhTe) = –3.42 eV/atom and ΔEₓ (VRuSb) = –5.24 eV/atom. These outcome predict thta both compounds can be synthesized under balance conditions without phase decomposition, making them optimistic candidates for practical application.
3.2 Mechanical Properties
The elastic features (C₁₁, C₁₂, and C₄₄) were simulated from the stress–strain correspondence and used to predict mechanical stability in alignment to Born’s criteria. The computed elastic parameters(in GPa unit)  are summarized in table 2.



Table.2: Elastic Constants (Cij in GPa) and Derived Mechanical parameters 
	Compound
	C₁₁ (GPa)
	C₁₂ (GPa)
	C₄₄ (GPa)
	B
(GPa)
	G
(GPa)
	B/G
	 ⱱ
	A
	Cp

	VRhTe
	130.06
	105.75
	7.78
	113.86
	9.53
	11.94
	0.45
	0.14
	97.97

	VRuSb
	220.89
	115.49
	58.84
	150.62
	56.38
	2.67
	0.33
	1.11
	56.65




The foregone satisfied the conditions C₁₁ > C₁₂, C₄₄ > 0, and C₁₁ + 2C₁₂ > 0, indicating that both compounds possesses mechanical stability. Pugh’s ratio critical value is 1.75, whereas Poisson’s ratio evaluative value is o.3 [26]. The cpmpounds are considered brittle if the B/G ratio is less than 1.75 and it is brittle if the B/G ratio is less than 1.75. The research reveals that the Pugh's ratio for VRhTe is 11.94, and 2.67 was for VRuSb accordingly; indicating the compounds reflects ductility. Consequently, the  Poisson's ratio is less than 0.3; signifying the metallic bonding qualities of the materials. The positive Cauchy’s pressure (Cp) values (+97.97 and +56.65) affirm metallic bonding. Moreover, the positive Cauchy’s pressure(Cp) values +97.97, and +56.65 for VRhTe, and VRuSb respectively, support metallic bonding. The simualted bulk modulus of VRhTe predicts moderately more resistance structure to compression compared to VRuSb, in alignment with its smaller lattice constants. These outcome reveal that both materials possesses mechanical balance under average stress, making them promising for structural and high temperature applications.
3.3 Thermodynamic Properties
The thermodynamic characteristic of half-heusler compounds bestow vital comprehension into their thermal stability, lattice dynamic, and high heat energy for both VRhTe and VRuSb. Some of the thermodynamic parameters such as Debye temperature (ΘD), heat energy (Cv), entropy (S), and linear expansion coefficient (α) were simulated using the quasi-harmonic Debye approximation (QHDA) based on the equilibrium structural data deduced from DFT simulations.
The QHDA approach permit the prediction of temperature and pressure dependent outcome by taking into cognizant the lattice vibrations and their anharmonic contribution donation to free energy. The results are discussed as follows:
3.4 Debye Temperature (ΘD)
The Debye heat energy (ΘD) is a key parameter that harmonize with phonon vibration frequencies, lattice stiffness, and atomic bonding strenght. A higher ΘD often signifies enhance bonding and increased thermal conductivity. The simulated ΘD for VrhTe, and VRuSb at absolute minimum pressure and temperature are 135.77k and 330.90k, respectively. The slightly greater ΘD of VRuSb signifies that it possesses stronger interatomic bonding and stronger lattice rigidity compared to VRhTe. This pattern aligns with their elastic constants, which show that VRuSb has a greater bulk modulus. The findings suggest that VRuSb would be more at higher temperature, and more resistance to thermal agitation.

Table 3. The two half-heusler alloys were assessed based on their average sound velocity(Vavg  in m/s), Debye heat energy(θD), specific heat capacity(Cv), and zero-point energy(E0 in kJ/Nmol).
	Compounds
	Cv(J/Nmol)
	QD(K)
	Eo(KJ/Nmol)
	Vavg(m/s)

	VRhTe
	74.83
	135.77
	3.80
	1216.04

	VRuSb
	74.30
	330.90
	9.28
	2934.57
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Fig.3: (a). Charts that illustrates the link between the temperature(K) and the debye vibrational energy. (b). Illutrates the relationship between temperature (K) and the free energy of debye vibrations. (c). Present Debye entropy, as a function of temperature (K). (d).  Present the correlation between temperature(K) and the Debye heat capacity Cv, all in  (KJ/K(Nmol)) respectively.


Figure 3.(a): The enthalpy of the system is shown by the debye vibrational energy against the temperature graph. As the tempearture rises, enthalpy increases as well, the temperature varies from 0 to 800K. The compound VRuSb posseses a greater enthalpy with temperature variation. A unit of thermodynamic measure of energy is enthalpy. It signifies a system's peak thermal power, which is determined by the aggregate of internal free energy and the pressure-volume work. (b): The debye vibrational free energy for the compounds VRhTe, and VRuSb is shown against temperatue in the plot. The term “free energy” frequently refers to the quality of energy available to carry-out advantageous tasks within a system. Furthermore, free energy is a thermodynamic prospective that depends on the entropy and the inner energy of the system. Consequently, VRuSb has a higher debye vibrational free energy than VRhTe. (c): The chart illustrates debye entropy in relation to temperature. Entropy qunantifies the degree of variability or dispersion in the energy of the atoms or molecules that make up a system. Consequently, energy get more evenly distributed as entropy increases, resulting in a system that is less organized and more chaotic. Furthermore, a notable feature of thermal systems is their dependence on the quantity of matter, which is employed to determined the degree of order in the system. This inherent characteristic of thermodynamic system indicates that the value fluctuates with the amount of material present. There are two possible values for entropy; negative and positive. Consequently, the second law of thermodynamic sates that “a system entropy may only drop if another system entropy increases. (d): The chart present the findings of the investigation of the heat capabilities of VRuSb, and VRhTe. The dynamic heat capacity for VRhTe, is higher than that of VRuSb. Hence, VRhTe is a material that is more suitable for application in optoelectronic devices. Consequently, the material exhibits better thermal transformation at the temperature if its debye heat energy is higher. Therefore, at low temperatures, the specific heat capacity plot for the two materials VRhTe, and VRuSb demostrates adherence to the T3 rule; at higher temperature, it adhere to the law of Dulong and Petit.
3.5 Phonon Properties
The phonon properties of crystalline materials provide crucial insight into their lattice dynamics, thermal stability, and thermodynamic behavior. This work estimated the phonon dispersion curves and related phonon density of states (PHDOS) for VRhTe and VRhSb using density functional theory (DFT) based on optimised structures. The results reveal key information about the dynamical stability and vibrational characteristics of both compounds
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Fig. 4: The phonon dispersion relations and  Phonon Density of States (PDOS)  for VRhTe 
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Fig. 5 a & 5b:  The Phonon Density of States (PDOS) and phonon dispersion relations for VRuSb.

Positive phonon frequencies are present in both compounds over the whole Brillouin zone, with no imaginary modes, predicting their dynamical stability at ambient pressure and zero temperature. 
In both systems, the acoustic phonon branches show smooth dispersion from the Γ-point, indicating strong interatomic bonding and uniform lattice interactions. The optical branches are more pronounced in VRhSb on account of heavier atomic mass of Sb contrast to Te, which causes a downward shift in phonon frequencies and a narrower band gap between acoustic and optical modes.
The phonon dissemination curve is position in the inner symmetry area of 𝛤 − 𝑋 − K − 𝛤 − L − W − 𝑋, as seen in Fig. 4(a). The primeral cells contained three components: V, Rh, and Te. The curves presents 9 vibrational modes; the first 3 are from the acoustic, while the other 6 are from the optical branches. Consequently, the frequencies of the acoustic modes ranges from around 0 and 85 cm⁻¹. The frequencies displaed by the optical branches also ranges from around 75 and 265 cm⁻¹. Therefore, the band gap between the two modes is about 80 cm⁻¹. The lowest optical modes spread from roughly 75 to 150cm-1, and the highest optical modes expand from roughly 230 to 265cm-1. Every modes stand for antom in the unit cell. Also 3 phonon branches often controlled the atom with the highest atomic mass, Te – 127.6g/mol. Simultaneously, the lowest optical mode is predominantly influenced by the lowest atomic mass, specifically V ~ 50.9415 g/mol. Furthermore, VRhTe exhibits no imaginary frequencies throughout the Brillouin zone, thereby confirming its dynamical stability. The seperation of acoustic  from optical branches is a crucial characteristic of half-heusler alloys. Additionally, in Fig.4(b), the PHDOS offers additional insight into which atoms contribute most to the lattice vibrations. The low-frequency region of roughly (0 to 155 cm-1) is primarily influenced by vibrations of Rh, and V. In contrast,  Te atoms play a substantial role in the mid and high frequency modes, specifically between 230 and 265cm-1, attributed to their lighter mass and elevated vibrational frequencies.
The phonon dispersion curve is pinpoint within the symmetry region of 𝛤 − 𝑋 − K − 𝛤 − L − W − 𝑋, as seen in Fig. 5(a). The primordial cells consist of three compnents: V, Ru, and Sb. The curves exhibit 9 vibrational modes, with the first 3 arising from acoustic branches, while the latter 6 represent optical branches. The frequency of the acoustice modes span from approximately 0 to 150cm-1. Meanwhile, the optical branches display frequencies ranging from around 125 to 265cm-1. Additionally, the two optical mode did not present a band gap; there interject through the acoustic path. The lowest optical modes spread through 150cm-1 to 230cm-1, whereas the greater optical modes ranges more or less than 225cm-1 to 265cm-1. Therefore, each mode represent an atom within the unit cell. Given the present of three atoms or elements, namely V, Ru, and Sb; thus  there are three phonon branches. The atom with the highest mass is typically governed by the acoustic branches (e.g. Sb~ 121.76 g/mol). The lowest optical mode is predominantly affected by the lowest optical mass, specifically  V ~ 50.9415 g/mol. Furthermore, VRuSb displays no imaginary frequencies across the acoustic branches are partly distinct from the optical branches. Additionally, in figure 5(a) and (b), phonon anomalies in the density of states for VRhTe, and VRuSb were not observed, indicating a deviation from the expected vibrational spectrum of a material, which often implies strong interactions between electrons and phonon.

4.0 Conclusion
In this study, the structural features, mechanical paramters, thermodynamic, and phonon properties of VRhTe and VRhSb intermetallic compounds were systematically explored. The optimized structures revealed that both compounds crystallize in the cubic Heusler-type (Fm–3m) symmetry and are thermodynamically stable, as rectified by their negative formation energies and absence of structural distortions. The lattice parameter of VRuSb was moderately bigger than that of VRhTe due to the greater atomic radius of Sb. The mechanical features indicates that the Pugh’s ratio for VrhTe is 11.94, and VRuSb is 2.67. Consequently, the outcomes reveals ductility of the two materials. The Poisson’s ratio (ⱱ > 0.3) signifies the metallic bonding characteristic of the materials. The Cuachy’s pressure values obtaine were +97.79 and +56.65 which suggest metallic bonding. The elevated bulk modulus of VrhTe indicates slightly more resistance structure to compression compared to VRuSb, consistent with its smaller lattice constant. These outcome indicate that both materials possesses mechanical robustness under moderates stress, making them appropiate for high temperature or structural applications. Additionall, according to the results, VrhTe has a graeter Cv than VRuSb, making it a more suiatble compounds for optoelectronic appliances. The phonon anomalies in the density of states for VrhTe and VRuSb suggests strong iteractions between electrons and phonons.
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