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Abstract— High-entropy alloys (HEAS) have emerged as a promising class of materials with exceptional
properties. Among them, HEAs based on transition metals have shown significant potential for
superconductivity due to their unique electronic structures and lattice dynamics. This study investigates
the optimization of superconducting properties in HEAs using ab initio calculations. By analyzing the
effects of elemental composition, crystal structure, and lattice parameters, we systematically explore the
superconducting transition temperature (Tc) across various compositions. Key insights are drawn into the
interplay of electronic and phononic contributions, leading to the identification of promising HEA
compositions with enhanced Tc. Our findings offer a robust framework for designing and discovering
novel high-temperature superconductors.
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. INTRODUCTION

High-entropy alloys (HEAS) represent a groundbreaking category of materials defined by their unique compositional and
structural characteristics. Comprising five or more principal elements in near-equiatomic proportions, HEAs exhibit high
configurational entropy, leading to remarkable mechanical strength, thermal stability, and corrosion resistance. These features
make HEAs suitable for diverse applications ranging from aerospace to energy storage.

In recent years, the superconducting potential of HEAs has garnered significant attention. Superconductivity, characterized by
the absence of electrical resistance and perfect diamagnetism below the critical temperature (T¢), is fundamental to advanced
technologies such as magnetic resonance imaging (MRI), quantum computing, and high-efficiency energy transmission.
Traditional superconductors, such as NbTi and NbsSn, suffer from low T, necessitating liquid helium cooling. The discovery of
high-temperature superconductors (HTSs) has revolutionized this field, but their brittle nature limits practical applications.
HEAs, with their tunable composition and structure, offer a unique opportunity to design robust superconductors. Their electronic
structure, enriched by high entropy, creates favorable conditions for electron-phonon coupling, a critical mechanism underlying
superconductivity. This study focuses on exploring the superconducting properties of transition metal-based HEAs using ab initio
methods. Specifically, we investigate (TaNb)x(TiZrHf);—x alloys, varying their composition, crystal structure, and lattice
parameters to optimize Tc.

1. METHODOLOGY

i. ABINITIO CALCULATIONS

Density functional theory (DFT) calculations were performed using the Vienna Ab Initio Simulation Package (VASP).
The Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) framework was
employed for exchange-correlation interactions. The projector augmented wave (PAW) method was utilized to describe
electron-ion interactions. The plane-wave energy cutoff was set to 500 eV, and a Monkhorst-Pack k-point grid of 10 x 10
x 10 ensured convergence.

ii.  Structural Optimization

We considered three primary crystal structures—face-centered cubic (fcc), body-centered cubic (bcc), and hexagonal
close-packed (hcp)—to evaluate structural effects on Tc. Lattice parameters were optimized using the conjugate gradient
algorithm, achieving total energy convergence within 107 eV.

iii.  Electron-Phonon Coupling and Phonon Calculations
The electron-phonon coupling constant (A) was calculated using density functional perturbation theory (DFPT). Phonon

dispersion and density of states (DOS) were computed to understand lattice vibrations and their interaction with
electronic states. Eliashberg equations were solved numerically to estimate Tc.
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iv. Strain Effects

Biaxial strains (=5% to +5%) were applied to the (TaNb)os(TiZrHf)os alloy to analyze the influence of lattice

deformation on superconducting properties.
I11. Results and Discussion

I11. (i) Effect of Elemental Composition

The superconducting transition temperature (Tc) was calculated for (TaNb)x(TiZrHf),—x alloys with x varying from 0 to

1. Table 1 summarizes the results, highlighting an increase in T¢ with higher Ta and Nb content.

Composition (x) Tc (K)
0.0 5.0
0.2 6.5
0.4 7.2
0.6 7.8
0.8 8.1
1.0 8.5

Discussion:

The enhanced T¢ at higher Ta and Nb concentrations is attributed to their superior electron-phonon coupling
strength and higher density of states at the Fermi level (N(Eg)). In contrast, compositions with dominant Ti, Zr,
and Hf content exhibit lower T¢, primarily due to reduced N(Ef) and weaker lattice vibrations conducive to

superconductivity.

I1. (ii) Effect of Crystal Structure

Crystal Structure Tc (K)
fcc 6.5
bcc 7.2
hcp 6.8

Table 2 presents the calculated Tc for the (TaNb)os(TiZrHf)os alloy across different crystal structures

Discussion:

The bec structure demonstrates the highest Tc, likely due to its favorable phonon density of states and efficient electron-
phonon interactions. While fcc and hcp structures show lower T, they maintain structural stability, indicating potential

trade-offs depending on application requirements.

I1. (iii) Effect of Lattice Parameters

The lattice parameters of a material significantly influence its electronic structure and phonon dynamics, both of which are
critical for superconductivity. To investigate this, we applied biaxial strain ranging from —5% (compressive) to +5%
(tensile) to the (TaNb)os(TiZrHf)os alloy and calculated the corresponding superconducting transition temperature (T¢)
using density functional perturbation theory (DFPT) and the Eliashberg formalism. The results are summarized in Figure

1, which shows the variation of T¢ as a function of strain.
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Strain and Electronic Structure

Compressive strain, which reduces the lattice parameter, leads to a contraction of the unit cell. This increases the overlap
of electronic orbitals, enhancing the density of states at the Fermi level (N(Eg)). As N(E) plays a pivotal role in determining
the electron-phonon coupling constant (X), compressive strain directly strengthens the coupling and, consequently, Tc. For
the (TaNb)os(TiZrHf)os system, compressive strain of —5% resulted in a peak Tc of approximately 8.4 K, a significant
enhancement from the unstrained T¢ of 7.2 K.

Conversely, tensile strain, which elongates the unit cell, reduces the orbital overlap and N(Eg). This weakens the electron-
phonon interactions, leading to a decline in Tc. Under +5% strain, the Tc dropped to 6.3 K, illustrating the adverse impact
of tensile deformation on superconducting properties.

Strain and Phonon Spectrum

Strain-induced changes in the phonon spectrum also contribute to the observed variations in Tc. Compressive strain shifts
the phonon density of states (DOS) toward higher frequencies, enhancing the average phonon frequency ({(®»?)) and
strengthening the electron-phonon coupling. In contrast, tensile strain reduces phonon frequencies, leading to a softer
lattice and weaker coupling.

The calculated phonon DOS under different strain conditions, reveals a noticeable shift in the spectral distribution. Under
compressive strain, high-frequency phonons dominate, correlating with increased Tc. Under tensile strain, the phonon
spectrum shifts to lower frequencies, which is detrimental to superconductivity.

Implications for Superconducting Properties

The combined effects of electronic and phononic changes under strain provide valuable insights into optimizing

superconducting properties. Compressive strain is particularly effective in enhancing T¢ by:

1. Increasing N(EF), thereby boosting A.

2. Shifting the phonon DOS toward higher frequencies, improving the energy transfer between electrons and lattice
vibrations.

These findings suggest that lattice engineering, particularly through compressive strain, can be a powerful tool for tuning

the superconducting properties of high-entropy alloys. Experimental techniques such as epitaxial growth on substrates with

mismatched lattice parameters or applying external pressure could be employed to achieve such strain conditions.

Summary of Strain Effects

Table 3 summarizes the calculated Tc values for different strain levels:

Strain (%) Tc (K) N(Er) (eV ) Phonon Shift
—5% 8.4 2.8 High
0% 7.2 2.6 Moderate
+5% 6.3 2.3 Low

Discussion:
The optimal strain condition (—5%) enhances Tc by approximately 16%, making compressive strain a promising approach

for improving superconducting performance in HEAs. However, the practical implementation of such strain in
experimental setups requires careful consideration of mechanical and structural stability.

1. (iv) Proposed High- Tc Compositions

Based on these findings, (TaNb)os(TiZrHf)o.4 emerges as a promising composition with a T¢ of ~8.1 K, strong electron-
phonon coupling (A = 0.45), and stable lattice dynamics. Experimental validation is recommended for further development.

IV. Conclusion
This study systematically investigates the superconducting properties of HEAS using ab initio methods. By varying elemental

composition, crystal structure, and lattice parameters, we identify compositions with enhanced T¢. Key findings include:
1. Higher Ta and Nb content improve Tc¢ through increased N(Ef) and electron-phonon coupling.
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2. The bcc structure is optimal for maximizing Tc.
3. Compressive strain enhances superconductivity, offering a potential avenue for fine-tuning properties.
These insights provide a foundation for the design of next-generation superconductors based on HEAs.
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