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ABSTRACT 

Superconducting magnets have been in demand due to their high magnetic fields and 

high currents. In high-field magnets, particularly those used in Magnetic Resonance 

Imaging and the International Thermonuclear Experimental Reactor, as well as in 

transmission cables, mechanical loading during cool down due to thermal contractions of 

the material is very large. This can lead to poor performance of Niobium-Tin since it is a 

major component of the magnetic coils, whose superconducting performance is affected 

by pressure. Similarly, Niobium Tin made by the internal tin process during fabrication 

still has significant potential in performance. To achieve this potential, the concept was 

re-examined and optimized for the future needs of High Energy Physics. The idea in this 

thesis originated from re-examining the concept of internal tin, recognizing what has 

been learned on its strengths and weaknesses, and using that knowledge to propose a 

high-performance conductor suitable for various strains and conditions, while still 

maintaining its high current density. Niobium-Tin was doped with Titanium, and the end 

product was subjected to pressure to study how much strain it can withstand. The study 

reveals that Niobium Tin is dynamically stable and brittle, and highly susceptible to 

pressure-induced changes, while Titanium-doped Niobium Tin shows enhanced 

resistance to deforming stress. These outcomes indicate that Titanium doping 

significantly improves the mechanical robustness and overall performance of the 

conductor under pressure. The study reports the electronic structure and elastic 

properties, which provide information on the material’s stability, dynamic properties, and 

pressure-induced superconducting properties of Niobium-Tin and Titanium-doped 

Niobium-Tin (Ti; Nb3Sn). The study was conducted using a computational method, 

specifically the Density Functional Theory Method, and applied the open-source 

software Quantum ESPRESSO code. Niobium Tin is a superconductor. The key outcome 

is that Titanium-doped Niobium Tin is a better-performing conductor compared to 

undoped Niobium Tin under mechanical stress, suggesting it is more suitable for 

practical applications in superconducting magnets. An experimental study of the effect of 

pressure on Niobium Tin and Titanium-doped Niobium Tin is recommended. 

Keywords: High Energy Physics, Electronic Structure, Dynamical properties, Elastic 

Properties, Density Functional Theory 
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CONCEPTUAL OPERATIONAL DEFINITION OF TERMS 

Superconductivity: A physical phenomenon in which certain materials, when cooled 

below a specific critical temperature, completely lose their electrical 

resistance. This means that electric current can flow through them 

indefinitely without any energy. 

Density Functional Theory or DFT: This is a quantum mechanical method that allows 

researchers to explore the electronic structure of atoms, molecules, and 

solids. Instead of trying to track each electron individually—a task that 

becomes overwhelmingly complex for many-body systems DFT focuses 

on the electron density, a simpler quantity that still captures the 

essential physics. This makes DFT both powerful and computationally 

efficient for investigating how materials behave at the atomic level. 

Quantum ESPRESSO: It is an open-source software package designed to model and 

simulate the electronic and structural properties of materials. 

Researchers use it to understand how atoms interact, how materials 

respond to stress or temperature, and how they conduct electricity.  

Pseudopotentials: In quantum simulations, Pseudopotentials simplify the model by 

replacing the core electrons and their interactions with an effective 

potential that only focuses on the valence electrons, which are most 

important for chemical bonding and conductivity. This approach speeds 

up calculations while still providing accurate results for most practical 

purposes. 

Shear Modulus (G): It is the measure of the elasticity and stiffness of a material and is 

defined as the ratio of shear stress to the shear strain of a material   
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Electronic Properties: These are representations that are used to describe the behaviour 

of electrons in a material. 

Bulk Modulus: This is the relative change in volume of a material produced by a unit 

compressive or tensile stress acting over the surface.   

Young’s Modulus: This is a property of a material that tells us how easily it can stretch 

or deform and is defined as the ratio of tensile stress (amount of force 

applied per unit area) to tensile strain (extension per unit length) of a 

material.  

Bulk Modulus: This is the relative change in volume of a body produced by a unit 

compressive or tensile stress acting uniformly over the surface of a 

material. 

Anisotropy Factor (E): This is the average of the cosine of the scattering angle 𝜃 and 

has a probability density with a single scattering direction as a 

parameter. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction  

This section gives a brief background of the study. 

1.2 Background of the Study 

Superconductivity is a phenomenon in which a material is able to conduct current with 

zero resistance at very low temperatures (Kamerlingh Onnes, 1911). Onnes was awarded 

the Nobel Prize for his work in 1913. Many metals possess this property, but very few of 

them have all the characteristics suitable for magnet design. It was not until much later 

(following advances in quantum physics and mechanics) that the complete microscopic 

theory of superconductivity was presented by Bardeen, Cooper, and Schrieffer (1957). 

Their theory, known as the Bardeen-Cooper-Schrieffer theory, explained the flow of 

current without resistance by the introduction of the key concept of Cooper pairs, which 

are pairs of electrons interacting through the exchange of phonons inside the crystal 

lattice. 

Niobium Tin (Nb3Sn) was one of the first ever known superconductor compounds. It 

forms a major area of interest due to its unique properties that make it have applications 

in important areas such as medicine and the nuclear industry. It is used to make Magnetic 

Resonance Imaging (MRI), transmission cables, and the International Thermonuclear 

Experimental Reactor. The MRI machines help in patient diagnosis without performing 

unnecessary surgery. Most Flux Quantized transmission cables help in transmissions of 

high frequency (energy), which require superconductors. Due to the zero-resistance 

offered by superconductors, power loss is minimized, resulting in minimal costs (Marzi 

G et al, 2005). 
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Niobium Tin is a superconductor that is majorly affected by mechanical loading. Studies 

show that most strains lead to low performance of Nb3Sn. The effects of hydrostatic 

pressure and uniaxial strain have been studied in Nb3Sn, revealing a low-performance 

effect (Marzi G et al., 2005). The report indicates that Nb3Sn wires are inserted into 

stainless steel conduits, where compressive stresses arise due to the differing thermal 

contraction coefficients of the materials. 

Titanium (Ti) doped Niobium-Tin is a better version of Niobium-Tin due to its high 

current density. The conductivity of pure Nb and Ti in Sn achieves 2700 A/mm2 at 12 T 

(Bruce A. Zeitlin, 2005). Due to its superior properties compared to Niobium-Tin, 

pressure may have a less significant impact on its performance. Therefore, a study 

comparing the pressure effects on both Niobium-Tin and doped Niobium-Tin is expected 

to guide the optimal choice for improved performance in various applications. 

Studying critical and transmission temperatures under various external pressures for 

doped and undoped Niobium-Tin should bring a clear understanding of material 

fabrication and design. This will help manufacturers develop strain-tolerant systems that 

offer improved performance. Dynamical and structural properties are necessary 

parameters of a crystal that help in laying the foundation for research. 

1.3 Statement of the Problem 

Previous studies have examined how mechanical deformation influences the 

superconducting properties of materials such as Nb3Sn and Nb-Al. Notably, Smith et al. 

(2005) experimentally investigated the relationship between hydrostatic pressure and the 

critical temperatures of these compounds. Their findings revealed that critical 

temperature is significantly affected by pressure, with Nb3Sn showing the greatest 

sensitivity resulting in considerable performance degradation (Zhang et al., 2015). This 
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presents a major challenge in high-field applications where mechanical stress is 

unavoidable. The current study aims to address this issue by investigating the 

superconducting behavior of Nb3Sn, including the effects of Titanium doping, under 

varying pressures. The goal is to contribute additional computational insight to existing 

experimental data, propose more resilient material alternatives, and ultimately help 

reduce performance-related challenges in industrial applications. 

1.4 Objectives of the Study 

1.4.1 General Objective 

The main objective of this study was to determine computationally the electronic 

structure of Nb3Sn and Ti; Nb3Sn and the effects of applied pressure on the 

superconducting properties of Nb3Sn and Ti; Nb3Sn. 

1.4.3 Specific Objectives 

i. To determine computationally the electronic structural properties of Nb3Sn. 

ii. To determine computationally the dynamical properties of Nb3Sn. 

iii. To investigate the effect of external pressure on the superconducting properties of 

Nb3Sn and Ti; Nb3Sn using computational methods. 

iv. To determine the elastic properties of Nb3Sn. 

1.5 Research Questions 

i. What are the electronic structural properties of Nb3Sn? 

ii. What are the dynamical properties of Nb3Sn? 

iii. How are the superconducting properties of Nb3Sn and Ti; Nb3Sn affected by 

external pressure? 

iv. What are the elastic properties of Nb3Sn? 
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1.6 Justification of the Study 

The findings of this study will contribute to the understanding and development of strain-

tolerant superconducting systems, offering a pathway to significantly enhance the 

performance and operational reliability of devices such as MRI machines, particle 

accelerators, and fusion reactors, where mechanical loading is unavoidable. Unlike 

conventional approaches that focus solely on improving critical temperature or current 

density, this research addresses the often-overlooked issue of mechanical strain, 

providing a more holistic and durable solution for industrial applications. By guiding 

material selection and design, the study has the potential to reduce maintenance costs, 

extend device lifespans, and support the development of next-generation 

superconducting technologies. 

1.7 Significance of the Study 

Computational studies of the effect of external pressure on Nb3Sn and Ti will help 

develop knowledge on how these materials respond to mechanical stress. This will help 

manufacturers develop strain-tolerant systems that offer improved performance. 

Learning the critical and transmission temperature under varying external pressure will 

lead to more efficient systems in the market. 

1.8 Scope of the Study 

This study investigates the electronic structure and pressure-dependent superconducting 

properties of Niobium-Tin (Nb3Sn) and Titanium-doped Niobium-Tin (Ti: Nb3Sn) using 

advanced computational modeling techniques. The primary focus is to understand how 

the application of external pressure influences the structural, electronic, and 

superconducting behavior of these materials specifically their critical temperature (Ti), 

which is a key indicator of superconducting performance. 
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To achieve this, the study employs first-principles calculations based on Density 

Functional Theory (DFT), implemented through the Quantum ESPRESSO open-source 

simulation package. This computational approach allows for an in-depth exploration of 

the materials at the atomic and electronic levels, without relying on experimental data. 

The scope includes: 

 Modelling the unit cell structure of both Nb3Sn and Ti: Nb3Sn. 

 Calculating the electronic band structure to determine metallic behavior. 

 Evaluating phonon dispersions to confirm dynamical stability. 

 Calculating elastic constants to assess mechanical stability under varying 

pressure. 

 Determining critical temperature changes in response to pressure. 

 Comparing the pressure resilience of pure and doped compounds to identify 

material improvements due to Titanium doping. 

Through this comprehensive computational study, the work aims to contribute to the 

design of more mechanically robust and pressure-tolerant superconducting materials for 

practical applications such as high-field magnets, fusion reactors, and advanced 

cryogenic systems.  

1.9 Assumptions of the Study 

i. The quantum espresso code that was used carried out an effectively quantum 

analysis to determine the desired properties. 

ii. The data and information for reference on the properties of Niobium Tin and other 

similar works would be available. 

iii. The time to carry out the research would be enough to come up with the desired 

results that would give answers to the stated objectives. 
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CHAPTER TWO 

LITERATURE REVIEW 

 2.1 Introduction 

Some studies on the properties of Niobium Tin have been done. This chapter provides 

insight into the behavior of Nb3Sn and Ti-Nb3Sn under various conditions, including 

uniaxial strain and hydrostatic pressure, as reported by several scholars. A clear 

conceptual framework and the research gaps are also highlighted. 

2.2 Related Studies on Niobium Tin  

2.2.1 Superconductivity 

Kamerlingh Onnes, in 1911, discovered the Superconductivity of materials, that is, the 

ability of a material to conduct DC electric current with zero resistance when cooled 

below its critical temperature (Tc). Dirk Van Delft (1911) therefore called the 

phenomenon superconductivity. This property of conducting electric current makes the 

superconductor useful in hospitals for Magnetic Resonance Imaging (MRI), particle 

accelerators, generation of strong DC magnetic fields, and cables for power transmission, 

to mention a few. Therefore, more studies had to be done to improve the 

superconductivity of materials. 

2.2.2 Electronic, Structural, and Elastic Properties 

Recent studies have delved into the electronic and structural properties of Nb3Sn under 

various conditions. Wu et al. (2023) employed first-principles calculations to investigate 

the electronic properties, phonon dispersion, electron–phonon coupling, and 

superconducting  gap of Nb3Sn under hydrostatic pressure up to 9 GPa. Their findings 

indicate that both the charge density wave (CDW) and superconducting orders respond 

to pressure, with transition temperatures suggesting a complex interplay between 

structural instability and superconductivity. 
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Poirier et al (1984) measured the elastic constants of polycrystalline Nb3Sn between 4.2 

and 300 K using an ultrasonic pulse propagation technique. The study found that both 

shear and Young's moduli soften dramatically upon cooling to the superconducting 

temperature, with no abrupt change near or below the martensitic phase transformation at 

43 K. Poisson's ratio also changes considerably on cooling, highlighting the material's 

sensitivity to temperature variations. 

These studies underscore the importance of understanding the electronic and elastic 

properties of Nb3Sn under varying conditions to predict its behavior in practical 

applications. 

2.2.3 Effect of Pressure on Niobium Tin 

The impact of hydrostatic pressure on Nb3Sn has been a subject of extensive research. 

Zhang et al. (2015) determined that elastic moduli, including bulk, shear, and Young's 

moduli, increase with hydrostatic pressure. However, they also noted that the critical 

temperature of Nb3Sn decreases under pressure, indicating that mechanical strains 

significantly affect superconducting properties 

Marzi Rui et al. (2023) experimentally investigated the mechanical behavior and strain 

sensitivity of Nb3Sn, revealing that the strain sensitivity has a microscopic and intrinsic 

origin. They observed shifts in the Nb3Sn critical surface, suggesting that pressure-

induced changes in the material's microstructure can influence its superconducting 

properties. 

These findings emphasize the need for a comprehensive understanding of how pressure 

affects Nb3Sn to optimize its performance in high-field applications. 
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2.2.4 Studies on Doped Niobium Tin and Related Compounds 

Doping Nb3Sn with elements like titanium has been explored to enhance its 

superconducting properties. Morita et al. (2021) reported that Ti doping improves the 

microstructure of Nb3Sn, promoting Nb3Sn layer formation and enhancing 

superconducting characteristics. They found that doping Ti into the Cu-Sn matrix was 

more effective than doping into the Nb core, as it led to a thicker Nb3Sn layer and better 

superconducting performance. These studies suggest that doping Nb3Sn can improve its 

structural integrity and superconducting properties, making it more suitable for practical 

applications. 

2.2.5 Impact of Mechanical Loading on Superconducting Performance 

Mechanical loading during cool-down and operation can significantly affect the 

performance of Nb3Sn -based superconductors. Rack et al. (2018) reported irreversible 

critical current degradation upon mechanical loading, stating that mechanical 

degradation due to loading is a limiting factor in most Nb3Sn superconductors. 

Chiesa (2009) highlighted that the Cable-in-Conduit Conductor (CICC) design, currently 

standard for large magnets, has inherent mechanical weaknesses. Each strand is not 

completely supported and can experience large loads during operation, leading to 

performance degradation. Additionally, Chiesa emphasized the importance of balancing 

cost and difficulty of assembly with factors like stability against mechanical 

disturbances, efficiency of the coolant used, protection of the conductor, and mechanical 

stability of the conductor and supporting structure. 

These insights underscore the critical role of mechanical behavior in determining the 

performance of Nb3Sn -based superconductors and the need for designs that mitigate 

mechanical stresses. 
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2.2.6 Summary 

Recent studies have provided valuable insights into the effects of pressure and 

mechanical loading on the superconducting properties of Nb3Sn. Understanding these 

effects is crucial for optimizing the performance of Nb3Sn -based superconductors in 

practical applications. The integration of doping strategies and advanced designs can 

further enhance the resilience of the material to mechanical stresses, paving the way for 

more efficient and reliable superconducting devices. 

2.4 Conceptual Framework 

Figure 1 

Conceptual Framework 

Independent Variables     Intervening Variables       Dependent Variable 

 

 

 

 

 

 

 

 

Source: Author, (2025) 

Figure 1 illustrates the conceptual framework. There are three sets of variables: 

dependent, independent, and intervening variables. Independent variables are dynamic 

properties, electronic structure, and mechanical properties under pressure. 
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The dependent variable is the superconductivity efficiency. Computational codes, which 

are solutions to the Schrödinger equation, serve as intervening variables, helping to 

explain the various independent variables. The structural optimization will be achieved 

through relaxation using an input file and implemented in Quantum Espresso for self-

consistent fields. Electronic structure calculation is performed using the desired K-

points, which provides the density of state calculation. 

2.5 Research Gaps 

The study directly addresses the gap highlighted by Chesa L (2009), who identified four 

critical issues affecting magnet stability mechanical, electromagnetic, nuclear, and 

thermal disturbances as well as the importance of conductor protection and mechanical 

integrity. While Chesa emphasized the need for improved stability in superconducting 

materials, particularly under external disturbances, he did not provide a specific material 

solution or detailed mechanical analysis to address these vulnerabilities. 

This study builds upon that foundation by proposing a modified version of Niobium-Tin 

doped Niobium-Tin as a potential solution to improve stability, particularly under 

mechanical stress. To fill the identified gap, the current research focuses on mechanical 

stability, a key area outlined by Chesa, and evaluates the material’s performance by 

calculating its elastic constants. These constants are critical indicators of how the 

material responds to stress and deformation, and thus provide a quantitative basis for 

assessing its mechanical robustness. 

By proposing a material innovation and subjecting it to rigorous mechanical evaluation, 

the study not only responds to the issues raised by Chesa but also moves a step forward 

in designing superconductors that are better suited to withstand the operational demands 

of advanced magnet systems. 
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CHAPTER THREE 

RESEARCH DESIGN AND METHODOLOGY 

3.1 Introduction 

This chapter gives the design in which the research was done, how the data was 

collected, and how the data was analysed. 

All the calculations in this work were done using the Quantum Espresso computer code, 

which is multi-purpose, multi-platform software for ab initio calculations of periodic and 

disordered condensed matter systems. Quantum Espresso stands for Quantum-open-

Source Package for Research in Electronics, Simulations, and Optimization.  

Computational modelling describes the properties of matter based on equations. 

Computer simulation is realized by running computer programs implemented in the 

Quantum Espresso code. Thus, the study described how Quantum Espresso operates and 

derived the mathematical equations solved by the software based on Density Functional 

Theory. The electron-ion potential was described by means of Vanderbilt's Ultrasoft 

Pseudo Potentials (USPP). USPPs are transferable and smooth, as mentioned earlier, 

ensuring rapid convergence in the calculated total energy of the system. This, in turn, 

achieves rapid convergence of the 18 system properties with respect to an increase in the 

plane wave basis set. The PBE form of the GGA pseudo potential was used to treat the 

exchange and correlation energies in electronic structure calculations. 

Quantum espresso software is suited for first-principle calculations and modelling, and it 

is written in the Fortran language. Espresso is an acronym for Open-Source Package for 

Research in Electronic Structure, Simulation, and Optimization, based on Density 

Functional Theory (DFT), plane wave basis sets, and also on pseudo potentials.  
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The plane wave DFT functions of QE were provided by the plane-wave self-consistent 

field (PWscf), a set of programs for electronic structure calculation within DFT that uses 

plane wave basis sets and pseudo potentials. These PWscf were used to solve the self-

consistent scheme of Kohn-Sham equations obtained for a periodic solid, to carry out 

total energy calculation, and post-processing, which allowed data analysis and plotting. 

 Quantum espresso helps calculate the ground-state energy and one-electron Kohn-Sham 

orbitals to be able to find atomic forces, strains, and optimization of structures. The data 

runs programs such as scf, nscf, density of states, and bands to get the band structure. It 

also aids in optimization of K points, Cutoff energy, and Symmetry points. The PWscf 

modules supported by the software include thermo_pw.x, pw.x, q2r.x, and ph.x for the 

input data and pp.x for post-processing. 

 The codes for data post-processing in pp.x extract the specified data from files produced 

by pw.x and prepare it for plotting by writing it into formats readable by plotting 

programs. These programs include bands.x, plotband.x, dos.x, Ph.x and lambda.x. The 

bands.x extracted files produced by pw.x that were necessary for band structure plotting. 

Plotband.x read the output of bands.x, producing band structure plots, while dos.x 

calculated the electronic Density of States (DOS). Ph.x calculated the phonon dispersions 

and lambda.x calculated the Superconducting transition temperature. 

3.2 Superconducting Properties 

We used a combination of standard methods with newer machine-learning methods. 

Specifically, density functional perturbation theory was employed to calculate the 

electron–phonon properties. For the machine learning, it was chosen due to its 

algorithms that not only have the ability to predict the relevant physical properties, such 

as the electron–phonon coupling strength, λ, and the averaged phonon frequency, but 

also are capable of providing an interpretation of the data.  The values of the electron–
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phonon coupling strength and phonon frequency are not completely independent.  In 

fact, systems with soft phonons, i.e., materials close to structural instabilities, will often 

exhibit large values for the electron–phonon coupling constant, leading to a degree of 

anti-correlation between electron–phonon coupling strength and phonon frequency. 

Phonon frequency increases monotonically with increasing pressure, although in a 

sublinear way.  

For the calculation of the superconducting properties, we used the Perdew–Wang local-

density approximation Perdew et al., (1992). Our choice was based on the fact that the 

local-density approximation performs surprisingly well when compared, for example, to 

several commonly used generalized gradient approximations Li et al., (2014), and is 

more stable numerically.  In any case, to understand the dependence on the results with 

the functional, the PBE functional was used for a few compounds for the q-sampling of 

the phonons. 

3.3 Superconducting Transition Temperature 

 The superconducting transition temperature calculation was based on the McMillan 

equation of superconducting transition temperature developed from Eilenberg's theory. 

The values of λ and phonon frequency were then used to calculate the superconducting 

transition temperature. 

                                                             ………………………….……………………... (1) 

The strength of a material can be explained on the basis of phonons in a crystal lattice 

structure. These modes of vibration decrease the forces acting on the displaced atoms 

from the equilibrium position of symmetry. This results in a decrease in the frequency of 

their oscillation. This effect leads to lattice distortions that are periodic in nature, 

resulting in a lowered energy of the crystal and a negative energy distribution to the soft 
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phonons. In this case, the criterion for crystal stability is associated with phonon 

frequencies, and instability can occur depending on the magnitude of distortions. 

3.4 Phonon Dispersion 

Phonon calculations for each structure were performed with a (10 × 10 × 10) q-point grid 

to sample the Brillouin zone. The dynamical matrices were calculated on a (4 × 4 × 4) 

grid, and Fourier interpolation was used to calculate phonons for any chosen q-point. 

Koretsune T and Arita (2017) study of phonons assists in understanding properties of 

materials such as thermal and electrical conductivity. A phonon refers to a kind of lattice 

vibration in a crystal, where the particles vibrate at the same single frequency.  From the 

phonon dispersion calculation, one can deduce the critical temperature of the material 

under study. 

 A dispersion relation refers to the relationship between the frequency of vibration and 

the wave vector. It is given by the following relationship: 

 ω = (𝒌) Where k is the wave vector, ω is the frequency of vibration.   .........................(2) 

 The superconducting transition temperature was based on the McMillan equation of 

superconducting transition temperature developed from Eliashberg theory within BCS 

theory (Dynes et al., 1972).    

3.5 Debye Temperature 

The Debye temperature, Debye Vibrational energy, Debye Vibrational free energy, 

Debye Entropy, and Debye heat were obtained by Quantum Espresso Simulation 

Package with the calculation by thermo_pw. 

The Debye temperature is an important quantity that correlates with many physical 

properties of solids, such as specific heat capacity, elastic constants, and superconducting 
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temperature (Ravindran et al, 1998). One of the standard methods to calculate the Debye 

temperature can be estimated from the averaged sound velocity (Zhang et al., 2007). The 

average sound velocity VM is approximately given by; 

                                      
                                                                        

…(3)   
 

Where Vt and Vl are the longitudinal and transverse sound velocities, respectively, which 

can be obtained from bulk modulus B and shear modulus G (Wang & Ye, 2003). 

                                             =                                                                          

                                                 =                                                                  … (4)       

The values of Debye temperature are estimated using; 

                                                                                        ….(5) 

Where VM is the average sound velocity, p, 𝑘B and 𝑁A are Planck's constant, Boltzmann 

constant, and Avogadro number, respectively. 𝜌 is the density, M is the molecular 

weight, and n is the number of atoms in the unit cell.  

3.6 Electronic Structure Properties 

The density functional theory (DFT) has successfully been applied to the ab initio 

calculations of the ground-state properties. In view of these circumstances, the 

calculations were based on the plane wave self-consistent field (PWscf)   method as 

implemented in the Quantum Espresso Simulation package.  The PWscf can lead to very 

accurate results comparable to other all-electron methods. For the exchange correlation 
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functional, the Generalized Gradient Approximation (GGA) according to Perdew, Burke, 

and Ernzerhof (PBE) parameterization was used. Optimized cell dimensions, k-points, 

and kinetic energy cut-off values were determined through graphing, yielding proper 

values at convergence of the ground state energy. 

For structural properties, the lattice constants were calculated by fitting the energy-

volume relation to the Murnaghan equation of state (Murnaghan, 1944). It refers to the 

dimensions of a unit cell. Knowledge of lattice constants is crucial for growing thin 

layers of materials on other materials, as differences in these constants introduce strains 

into the layer, preventing the epitaxial growth of thicker layers without defects (Niu and 

Mueller, 2016). 

3.7 Elastic Properties 

The elastic properties were used to analyse the stress behaviour and even the deformation 

of solid layers. This was investigated computationally by the stress-strain-based method. 

The elastic constants were obtained by calculating the total energy by displacing ions 

from the ground state as a function of appropriate lattice deformation.  

The elastic strain energy was obtained by calculating the full elastic constants, which 

help in the complete mapping of Young’s and shear moduli and Poisson’s ratios along all 

crystal orientations to assess the anisotropies in them. Calculations of Poisson ratios, 

Young, Bulk, and Shear Modulus (all in Voigt-Reuss-Hill approximations), a useful 

scheme by which anisotropic single-crystal elastic constants can be converted into 

isotropic polycrystalline elastic moduli. Elastic constants, average Debye sound velocity, 

solid density, and Debye temperature were calculated using Thermo_ PW code 

interfaced with Quantum Espresso. 
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3.8 Many-Body Problem 

Electrons and the nuclei behaviour of materials determine most of their properties in 

condensed matter. They provide data on bulk moduli, electronic, structural, and 

mechanical properties. However, it becomes a challenge to solve the Schrödinger 

equation for a system of many interacting electrons and surrounding nuclei. This is 

termed the many-body problem.  The accurate solution must be determined by 

considering all these interactions. A number of studies have been carried out to develop a 

more accurate means to solve the many-body problem. A number of them will be 

discussed in this section.  

To determine the properties of a material from initial studies, one needs to get a solution 

to the many-body interaction system for electrons and nuclei. ( Burke, K et al, 2013). 

The general Hamiltonian for the many-body problem H, is;    
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Where;  

Mi; represents mass of the nucleus at position R  

Me; represents the mass of an electron located at position ri  

Z; represents the atomic number of the atom. 

 3.9 Born Oppenheimer Approximation 

The Born-Oppenheimer describes the nucleus as being heavier than the electron. It 

therefore moves more slowly than the electrons.  

The nucleus and electrons are attracted together by the same magnitude of charge. The 

nucleus, having a higher mass in comparison to electrons, exerts a smaller velocity, 
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which is almost negligible. The less massive electrons respond simultaneously to the 

motion of the nucleus. (Bagayoko, D. 2014). 

The equation to be used becomes; 

                                               .........................…..(7)                                                                                     

 3.10 Hartree-Fork Approximation 

This approximation method determines the wave function and energy of a given system 

in a stationary state. The many-electron problem is reduced to a single-electron problem, 

and hence, the single-electron problem is solved to obtain the solution for the many-

electron problem in this approximation. The N-electrons wave function ψ is expressed as 

a single determinant of N single-particle wave functions. Since this approximation does 

not obey the Pauli Exclusion Principle, it is important to incorporate the fermionic nature 

of the electrons in a many-body wave function so as to build a wave function that is 

antisymmetrized for the Hartree wave function. This latter wave function changes sign 

when the coordinates of two electrons are interchanged. (Schleder, G. R.2019). 

 The Hartree Fock wave function is written as; 

       
                                                   ... (8) 

3.11 Density Functional Theory 

DFT concept was developed in 1960s by Hohenberg, Kohn and Sham. Due to the high 

numerical price of wave function approaches, there was a need to seek alternative 

approaches to solve the many-body problem. DFT is a standard tool for predicting the 

electronic properties of materials. In this concept, the electronic density distribution n(r) 

is considered as the basic property of a many-electron wave function . It follows that 
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the Hamiltonian is specified by the external potential and the total number of electrons, 

N, which can be computed from the density simply by integration over all space. This is 

what formed the basis of the popular Density Functional Theory. (Burke, K et al, 2013). 

3.12 Hohenberg and Kohn Theorem 

Hohenberg and Kohn developed their theorem in 1964 to prove that for a system of 

interacting particles in an external potential, the external potential is a unique functional 

of the density. Schleder, G. R et al (2019). The ground state energy is therefore 

determined by  

the ground state charge density; 

                                      … (9)   

    is the universal functional known as Hohenberg-Kohn functional. 

  is the external potential 

   is the ground state electron density 

3.13 Kohn and Sham Equation 

Kohn and Sham redefined the solution to the many-body problem. They developed a 

non-existent system of non-interacting particles that gives the same density as any 

system of interacting particles. They developed the Kohn-Sham potential, a local 

effective external potential. 

A fictitious non-interacting system is constructed such that its density is the same as that 

of the interacting electrons. The solutions of the Kohn–Sham are single-electron wave 

functions that depend on only three spatial variables. The Kohn-Sham is taken to be 

exact because it gives a ground state density as that of the actual system (Kohn, 1999). 
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The exact ground state density can be written as the ground state density of a fictitious 

system of non-interacting particles, expressed as follows:  

  [𝜂(r)=𝐸𝑘[𝜂(r)]+𝐸e-e[𝜂(r)]+𝑈e-𝑖[𝜂(r)]+𝐸XC[𝜂(r)]                                                ... (10) 

Where:  

𝐸k[𝜂(r )] is the kinetic energy of the electrons, 

𝐸e-e [𝜂( r)] is electron-electron energy 

𝑈e- [𝑛(r )] electron-ion interaction potential  

Figure 2 

Flow Chart for Solving the Kohn-Sham Equation. 

 

 

 

 

 

 

 

 

 

 

Source: Bickelhaupt, F. M et al (2000) 
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An electronic charge density n(r) is guessed that gives the minimum energy, that is, 

minimizes the energy. The density, which is a function of r, is computed and then used as 

the initial guess for another function, n(r). 

The guessed density and the calculated density were found to be the same, indicating that 

self-consistency had been achieved. The energy could then be calculated. If the 

calculated density and the guessed density were not the same, a new guess for the density 

could be made based on the previous step's charge density, and the whole process is 

repeated until self-consistency is achieved.  The choice of basic sets involves selecting 

the initial data, which is significantly different from the solution or the optimization of 

the parameters. This stage determines the choice of the advanced estimation of the 

crystal grid, as well as the atomic orbitals.  

Iljasov et al. (2014) state that the next step involves solving the Schrödinger equation. It 

is done by determining the density of single-electron wave functions since it is 

impossible to solve the equation with more than one electron system in an atom.  

Kravcova et al. (2011) present results that can be used to determine various material 

parameters, such as the geometrical parameters of a crystal grid and the energy 

connection between its points, as discussed by Kazakova (2009). The results obtained for 

the atomic structures from parameter calculations can be used to determine the strength 

of the material according to Iskandarov et al. (2012). Kravcova et al. (2011) argue that 

the parameter calculation results can also be used to determine the electron structure 

properties, the band structure, and elastic properties. 
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3.13 Exchange-Correlation Theory 

It is a quantity in the Kohn-Sham equation. It is responsible for the difference between 

the exact ground state energy and the energy calculated in the Hartree-Fock 

approximation, using the non-interacting kinetic energy. (Schleder, G. R et al 2019) 

                                               … (11) 

T (n) is the exact Kinetic energy functional 

To (n) is the non-interacting Kinetic energy functional 

U xc is the interaction of the electrons 

In practical Density Functional Theory codes, some approximations are used for the 

exchange-correlation functional. The commonly used are the Local Density 

Approximation and the Generalized Gradient Approximation functional. 

3.14 Local Density Approximation 

LDA is the oldest exchange-correlation function. It has proven to generate good results 

for vibrational frequencies, elastic modulus, and phase stability of many systems. It 

works on an assumption that the exchange-correlation energy at a point r is equal to the 

exchange-correlation energy of a uniform gas that has the same density at point r. 

(Burke, et al, 2019) 

                                                    … (12) 

Where,  is a function of the electron density n(r)  

 One limitation of LDA is that it cannot exactly predict the magnetic properties of some 

materials. It equally predicts wrong band gaps of some materials. 
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3.15 Generalized Gradient Approximation  

The GGA uses the spatial variation of the electrons to determine the exchange-

correlation energy, and it is expressed as;   

                    … (13) 

In the generalised gradient approximation, a functional form approach is adopted, which 

ensures the normalisation condition and that the exchange hole is definite. 

GGA significantly improves on LDA’s description of molecular binding energy – a 

feature that has led to the widespread acceptance of DFT in the chemistry field. This 

gives rise to an energy functional that depends on both the density and its gradient but 

retains the analytic properties of the exchange correlation hole inherent in the LDA. 

(Schleder, G. R et al, 2019). 

3.16 The Perdew, Burke, Ernzerhof (PBE) Exchange - Correlation Functional 

Perdew, Burke, and Ernzerhof created the PBE-GGA exchange-correlation functional. It 

tends to overestimate bond lengths in calculations, resulting in a mean error and mean 

absolute error slightly under 0.01 Å, which is less accurate than the Local Density 

Approximation (LDA), which achieves a mean error of 0.001 Å. However, for 

calculating bond energies, PBE is widely used because it significantly reduces the mean 

absolute error to within the desired chemical accuracy of better than 1 kcal/mol (or 50 

meV/atom). This study chose PBE due to its design, which preserves various physical 

characteristics in both the correlation and exchange components, making it suitable for 

the strongly localized systems under investigation. Consequently, PBE pseudopotentials 

were employed for all reported calculations. 
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3.16 Plane Waves  

In this study, Density Functional Theory (DFT) and the Born-Oppenheimer 

approximation were utilized to address the interactions between nuclei and electrons, 

transforming the complex many-body problem into a single-particle problem governed 

by an effective potential for 60 stationary nuclei. Plane waves were chosen because their 

Eigen states are exact for homogeneous electron gases, not tied to any specific atom. 

Expanding plane waves within the Kohn-Sham wave function is crucial for calculating 

the total energy of periodic solids. The solutions to the single-particle Schrödinger 

equation with a periodic potential conform to Bloch's theorem. 

3.17 Energy Cut-off  

In this material study, the plane wave basis energy is derived from DFT. The 

optimization of the cut-off energy was assessed using a consistent k-point mesh. 

Experimental lattice parameters were obtained from crystallographic databases. The 

energy cut-off convergence for niobium tin was evaluated. The convergence of the 

plane-wave energy cut-off and the k-point grid was determined at fixed lattice constants, 

with atomic positions relaxed at 0 K. The volume was varied while relaxing atomic 

coordinates, a crucial aspect of every DFT calculation. 

 Energy cut-off convergence relative to total energy was analyzed by selecting a k-point 

grid expected to converge, with simulations in Quantum ESPRESSO (QE) conducted by 

progressively increasing the energy cut-off. The energy cut-off values and corresponding 

energy outputs in Rydberg were plotted, indicating that cut-off values below 30 Ry are 

insufficient, suggesting a preference for values above this threshold. However, while 

higher cut-off energies increase computational cost without enhancing precision, they do 

not compromise accuracy. 
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3.18 K-Points 

Electronic states are restricted to specific k-points based on the boundary conditions 

applicable to bulk solids. The density of allowed k-points correlates with the solid's 

volume. An infinite number of electrons corresponds to infinite k-points, but only a finite 

number of electronic states are occupied at each k-point. Bloch's theorem simplifies the 

calculation of these wave functions by reducing them to a finite set of states at discrete k-

points.  

Electronic wave functions at closely spaced k-points are nearly identical, allowing for the 

representation of electronic states over a region of k-space using just a single k-point. 

Thus, only a finite number of k-points are necessary to calculate the electronic potential 

and total energy of the solid. This study employed the Monkhorst-Pack scheme to 

automatically generate special k-points, ensuring that the irreducible part of the Brillouin 

Zone is integrated over a uniformly spaced k-point mesh. After rigorous optimization, 

the k-point grid was varied across a broad range (from 2x2x2 to 22x22x22). 

3.19 Pseudo potential Approximation 

To enhance computational efficiency, pseudopotentials are typically used to substitute 

the core electrons of atoms with an effective potential. Since only valence electrons 

significantly influence the physical and chemical properties of molecules and solids, the 

pseudopotential approximation is employed. In this method, core electrons are treated as 

fixed, and the ion-ion interactions are considered electrostatic. This approach eliminates 

the need to include atomic core states and their strong nuclear potentials. Instead, a 

weaker pseudopotential acts on a set of pseudo wave functions rather than true valence 

wave functions. This decouples the small, computationally intensive length scales of core 

electrons from the interacting valence electrons that primarily determine structural and 

chemical properties. 
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Pseudopotentials effectively capture the role of valence electrons in the electronic 

structure problem. While core electrons remain largely unaffected by their environment 

and exhibit rapidly varying wave functions near the nucleus, the wave functions become 

smoother at greater distances. The wave functions outside the core mainly influence the 

properties of valence electrons. The electronic density of the core cancels itself out, 

remaining essentially frozen while imposing boundary conditions on the external wave 

functions.  

The many-body problem for valence electrons is thus projected onto an effective energy-

dependent Hamiltonian, where nuclear attraction is largely screened by a repulsive term 

that reflects orthogonality constraints (cancellation theorem). Pseudopotentials are 

typically much weaker and smoother than the original Coulombic potential. In this work, 

ultrasoft pseudopotentials were utilized, which partially relax the norm conservation 

constraint while matching scattering properties over a broader energy range. This 

approach improves transferability and smoothness, introducing charge augmentation 

mechanisms to maintain norm conservation and balance valence charge density in the 

core region. 

3.21 Norm-Conserving Pseudo-Potential 

Norm-conserving pseudopotentials explicitly treat core electrons, simplifying their 

representation. Since core electron motion is not periodic, normalization is applied to 

achieve periodicity, facilitating a Gaussian distribution and quicker convergence. The 

default value for charge density cut-off (ecut 'rho') is typically used, though slight 

adjustments can introduce noise, particularly affecting forces and stress. 
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3.22 Ultra Soft Pseudo-Potential 

The original electron distribution in the core is Gaussian. If calculations were performed 

using this distribution, a large number of plane waves would be required. The 

introduction of ultrasoft pseudopotentials reduces the necessary plane waves, leading to 

faster convergence. Ultrasoft pseudopotentials generally offer quicker convergence than 

norm-conserving ones. When using these pseudopotentials, a charge density cut-off (ecut 

'rho') that is 8 to 12 times greater than the plane wave cut-off energy (ecut 'wfc') is often 

recommended. 
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CHAPTER FOUR 

DATA ANALYSIS, PRESENTATION AND DISCUSSION 

4.1 Introduction 

This chapter presents data analysis, discussion, and results on the optimization, 

electronic structural properties, dynamical properties, elastic properties, and the effect of 

external pressure on the superconducting properties of Nb3Sn and TiNb3Sn, 

respectively, using computational methods. 

4.2 Structure Optimization 

4.2.1 Lattice Parameter 

The lattice parameter was optimized, and the results are as shown in Figure 3. 

Figure 3 

Lattice Parameter Optimization Curve 

 

 Source: Computational Work (2024) 
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The optimization was done, and accurate values were obtained to be 10.0071Å at 

convergence. 

4.2.2 Energy Cut-Off 

The Plane wave basis energy is calculated based on the DFT in the study of a material. 

The cut-off energy optimization is examined at a constant k-point mesh obtained prior. 

In this thesis, the energy cut-off convergence for Niobium Tin is shown in Figure 4. 

Figure 4  

Energy Cut-Off Optimization Curve 

 

 Source: Computational Work (2024) 

The convergence test of the plane-wave energy cut-off and also the k-point grid was 

determined at fixed lattice constants, and the atomic position was relaxed at a 

temperature of 0K. Volume was varied while relaxing the atomic coordinates, a 

significant principle for every DFT calculation.  

The convergence of the energy cut-off in relation to the total energy was determined by 

choosing a k-point grid for which the results are expected to converge. Then, the system 
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was simulated in QE by gradually increasing the values of Energy Cut-off. The values 

obtained for the Energy Cut-off and their output Energy values in Rydberg were plotted 

as shown in Figure 4 above.The energy cut-off value was calculated to be 40Ry.  

However, a greater energy cut-off does not increase precision; instead, it increases CPU 

time, thereby increasing the computation cost, without compromising accuracy. 

4.2.3 K-Points 

Electronic states are allowed only at a set of k-points determined by the boundary 

conditions that apply to the bulk solid. The density of allowed k-points is proportional to 

the volume of the solid. An infinite number of k points accounts for the infinite number 

of electrons in the solid, but only a finite number of electronic states are occupied at each 

k-point. The Bloch theorem, which considers periodicity, changes the problem of 

calculating an infinite number of electronic wave functions to one of calculating a finite 

number of electronic wave functions at an infinite number of k-points. 

 The occupied states at each k-point contribute to the electronic potential in the bulk solid 

so that, in principle, an infinite number of calculations are needed to compute this 

potential. Electronic wave functions at k-points that are very close together will be 

almost identical. It is possible, therefore, to represent the electronic wave functions over 

a region of k-space by the wave functions at a single k-point.  

In this case, the electronic states at only a finite number of k-points are required to 

calculate the electronic potential and hence determine the total energy of the solid. In this 

study, the special k-points were generated automatically using the Monk Horst-Pack 

scheme. Monkhorst-Pack scheme ensures that the irreducible part of the Brillouin Zone 

(IBZ) is integrated over a set (mesh) of uniformly spaced k-points. Following a rigorous 

optimization process, the k-points grid was varied over a wide range of values (2x2x2 to 



31 
 

22x22x22) since transition metals are known to require large k-point grids. In this thesis, 

the K-point size after convergence for Niobium Tin was determined to be 10 by 10 by 

10. 

Optimization of the k-points, lattice parameters, and cut-off kinetic energy was carried 

out, and the system was run to convergence. Optimization details and graphs are reported 

in detail. The first step of the computation was to make an input file for the calculations. 

In our study, the Plane Wave method was used to investigate the electronic and 

mechanical structure properties of the compound from first principles, using the open-

source computer code Quantum-Espresso (Giannozzi et al., 2009).  

Self -Self-consistent calculations were run to obtain the total and Fermi energy of the 

system, which are useful parameters in describing the electronic structure properties of 

the compound (West, Sun, & Zhang, 2012). The input files were designed such that the 

mechanical properties, including the Bulk, Shear, and Young moduli, and Poisson ratio, 

were obtained. Quantum Espresso supports the use of Projector-Augmented Wave 

(PAW) and Ultra Soft Pseudo Potentials (USPP). Norm-conserving pseudo-potentials are 

well normalized, a feature useful for an accurate description of bonding in the compound 

(Hamann, 1989; Hamann et al., 1979).  

The 42 PAW Non-Linear Correction Pseudo Potentials were used in these calculations 

(Dalgarno, Bottcher, & Victor, 1970; Garrity, Bennett, Rabe, & Vanderbilt, 2014; 

Troullier & Martins, 1991). Before running the Self-Consistent Calculations, the 

Variable Cell relax( vc-relax) calculation was performed to obtain relaxed atomic 

positions, and then optimization of cell dimensions, K-points, and the kinetic energy cut 

off was also done so as to obtain a relaxed crystal structure, to ensure that the ground 

state crystal structure is obtained and that the results are free from stress(Lund, Orendt, 

Pagola, Ferraro, & Facelli, 2013; Wales & Scheraga, 1999; Yang et al., 2009). The initial 
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k-point sampling was done using 2π/a, where a is the lattice parameter (W. Uhoya et al., 

2010). 

 Optimization of the K-points yielded the converged K-points, ensuring a stress and 

strain-free system. Sampling on the Brillouin zone was done using the Monkhost 

scheme, and the mesh used was 8x8x6. Exchange correlation was computed by 

employing the Generalized Gradient Approximation as put forward by Perdew, Burke, 

and Ernzerhof. A plane wave basis was used as a basis set for optimization of the lattice 

parameters, k-points, and cut-off kinetic energy so as to obtain converged total energy. 

 Calculations were performed in the quenched paramagnetic state. The Density 

Functional Theory, which focuses on the electron density to study the properties of a 

many-electron body system, was employed. Experimental cell dimensions were used in 

the input file before optimization. Before optimization was carried out, the variable cell 

relax calculation was done to obtain relaxed atomic positions, which were then used to 

perform optimization on the compound. 
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4.3 Structural Properties 

Figure 5 

 Unit Cell for Niobium Tin 

 

 

 

 

 

 

 

Source: Computational Work (2024) 

Cubic Niobium Tin has eight atoms per unit cell. The original structure from the 

database and the optimized structure were simulated using the same values for ecutwfc 

and ecutrho, and using XCrysDen according to Kokalj (1999), the structures were 

visualized after optimization. Murnaghan’s equation of state was used according to 

Madsen et al. (2016) for volume optimization by minimizing the total energy with 

respect to the volume. The Niobium Tin structure was created using XcrysDen software 

within the Quantum Espresso code to achieve an optimized structure. 
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4.4 Electronic Properties 

4.4.1 Density of States (DOS) 

Figure 6 

Density of States Graph 

 

 

  

 

 

 

 

 

Source: Computational work (2024) 

To understand the band gap variation of a material, a study of the density of states (DOS) 

is necessary. The density with long sharp peaks is between energies 9.2eV and 16.7eV. 

They represent the core electrons that have minimal contribution to determining the 

properties of the electrons since they are considered to be chemically inert.  
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4.4.2 Band Structure 

Figure 7 

 Band Structure 

 

 

 

 

 

 

 

 

Source: Computational Work (2024) 

The calculated band structure of Niobium Tin with Ferromagnetic spin configuration 

along high symmetry directions in the BZ at the ambient pressure is shown in Figure 7. 

The band structure gives the band gap to be 0.0eV. This clearly shows that the material is 

a conductor. 
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4.5 Electron–Phonon Interaction and Superconductivity 

Figure 8 

 Phonon Dispersion Curve 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Computational Work (2024) 

There are two branches in the phonon dispersion relation: the lower mode, which is the 

acoustic mode, and the upper mode, which is the optical mode. The acoustic mode refers 

to the in-phase vibration mode, while the optical mode refers to the out-of-phase 

vibration. The name optical phonon is derived from the fact that the phonons get excited 

by the infrared radiation in ionic crystals. The phonons were calculated using the Density 

Functional Perturbation Theory as implemented in PWSCF.  

Figure 8 shows the phonon dispersion curve for Niobium Tin. The optical mode and the 

acoustic mode are clearly differentiated. The acoustic modes are the lower modes 

converging at the gamma point, as shown in Figure 8, while the optical modes are the 

upper modes that begin at approximately 100 THz. In the phonon study, there are three 
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modes that are associated with each mode number n, considering x, y, and z. The number 

of acoustic modes is usually three for crystals whose number of atoms is equal to or 

greater than two, and the optical modes are given by the formula 3N-3. Given that 

Niobium Tin has 8 atoms in its unit cell, there are 24 modes of vibration, 21 being 

optical modes and 3 being acoustic modes. The acoustic modes converge at the gamma 

high symmetry point, as shown in the figure. 

Acoustic modes vibrate at a slower frequency and are always in the same phase with the 

unit cell. Optical modes vibrate at a higher frequency compared to acoustic modes. Two 

adjacent atoms vibrate in a direction opposite to each other in optical modes. In the 

acoustic mode, the two adjacent atoms will vibrate together in the same direction. 

Phonon dispersions are computed, and the above information therefore confirms that the 

compound is dynamically stable.                

A system is considered to be dynamically stable at equilibrium if the potential energy is 

always increasing for any combination of displacement of atoms. The phonons should 

therefore have non-negative and real frequencies for stability. Negative frequencies 

imply that the potential energy reduces; hence, the system is unstable. Phonon 

frequencies arise as a result of the displacement of atoms in a given crystal from their 

rest position, which in turn makes the forces rise. It is thus important to identify the 

number of normal modes that are neighboring a certain phonon energy to give details 

necessary when studying thermal and electrical conductivity, and also establishing the 

critical temperature of superconducting materials.  

In summary, the results of the current study show a fair agreement with the existing data 

from Sundareswaran et al (2010). 
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4.6 Effects of Pressure on Superconducting Properties of Niobium Tin and 

Titanium Doped Niobium Tin 

Table 1 

Critical Temperatures for Niobium Tin and Titanium Doped Niobium Tin under Varying 

Pressure 

 Nb3Sn Ti: Nb3Sn 

P(GPa) TC (K) TC (K) 

0 18.6 18.7 

2 17.9 18.1 

4 17.2 17.7 

6 16.0 16.8 

8 14.5 15.5 

10 13.0 14.2 

12 11.0 12.5 

14 9.5 11.2 

16 8.0 9.8 

18 6.5 8.2 

20 5.0 6.6 

22 2.0 3.9 

The corresponding graphs for the behavior of the two materials under varying pressure 

are shown in Figure 9. 
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Figure 9 

Critical temperature against pressure graph for Niobium Tin and Titanium-doped 

Niobium Tin 

 

 Source: Computational Work (2024) 

The calculation of the superconducting transition temperature was based on the 

McMillan equation of superconducting transition temperature developed from 

Eilenberg's theory given by; 

                                                                                    ... (14) 

Where The Debye temperature, µ*, is the renormalized Coulomb repulsion, and its 

value is chosen to range from 0.1–0.2, and λ is the electron-phonon coupling constant. 

The BCS theory was applied in the calculation of the superconducting transition 

temperature. 
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The response shows that the Tc maximum in Niobium Tin is 18.65, while the Tc 

maximum for Titanium-doped Niobium Tin is 18.75. Niobium Tin is a type-II 

superconductor, whose critical temperature decreases with increasing pressure due to 

lattice vibration change, affecting the electron-phonon interactions. This leads to a 

quicker drop in critical temperature. Titanium doping reinforces the structure, helps 

maintain favorable bonding environments under pressure, hence slowing the decline of 

Tc with pressure. The reduction in Tc still occurs, but the rate of suppression is less severe 

due to reduced lattice strain, hence preserving superconducting properties better than 

undoped Niobium Tin. Titanium helps reduce the pressure sensitivity.  

Table 2 

Poisson Ratio, Anisotropy Ratio, and Pugh’s Index for Niobium Tin and Titanium Doped 

Niobium Tin under Pressure 

  Nb3Sn   Ti:Nb3Sn  

Pressure Anisotropy 

ratio 

Poisson 

ratio 

Pugh’s 

index 

Anisotropy 

ratio 

Poisson 

ratio 

Pugh’s 

index 

0 0.6833 0.2577 0.577 0.7880 0.2600 0.586 

5 0.6943 0.2590 0.579 0.7814 0.2609 0.588 

10 0.7001 0.2599 0.587 0.7825 0.2621 0.589 

15 0.7111 0.2617 0.596 0.7843 0.2630 0.591 

20 0.7444 0.2647 0.599 0.7845 0.2637 0.599 

25 0.7543 0.2619 0.581 0.7840 0.2636 0.588 

Table 2 compares the responses of Niobium Tin and Titanium-doped Niobium Tin to 

strains caused by pressure. Materials can change due to intrinsic and extrinsic effects that 

affect the atomic orientation and structural geometry. This change is highly dependent on 

the chemical composition, the structure of the crystal lattice, and the deforming stress.  

Under pressure, a material undergoes several elastic behaviour changes due to the 

reduction of interatomic orbitals, which modifies the electronic orbitals and the order of 



41 
 

bonding. If the structure remains unaffected by the loading stress, the electronic 

properties can, on the other hand, get highly modified. Some of these modifications 

include: broadening of the band gap, change of the Fermi energy, induction of a 

semiconductor to conductor change, and change of ordering of the electronic states. 

Niobium Tin is one type that is highly affected by loading stress, and the effect is less on 

electronic properties. 

Titanium-doped Niobium is more stable to the effects of pressure compared to Niobium 

Tin, as the changes in application under pressure are minimal. The anisotropy ratio for 

titanium-doped Niobium Tin at zero pressure is 0.7880. This is a good value of isotropy 

compared to 0.6833 for Niobium Tin. It indicates that Titanium-doped Niobium Tin has 

a lower likelihood of producing microcracks under strain circumstances. The Poisson 

ratio for Titanium doped Niobium Tin is 0.2600, indicating that the material gradually 

shifts from being brittle to being ductile.    

4.7 Debye Temperature 

The Debye temperature is an important parameter that correlates with many physical 

properties of solids such as specific heat capacity, elastic constants, and superconducting 

temperature (Ravindran et al, 1998). One of the standard methods to calculate the Debye 

temperature can be estimated from the averaged sound velocity (Zhang et al., 2007). The 

average sound velocity VM is approximately given by; 

                                                                    … 
(15)      

                                                   

Where Vt and Vl are the longitudinal and transverse sound velocities, respectively, which 

can be obtained from bulk modulus B and shear modulus G (Wang & Ye, 2003). 
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=                                                                                          ... (16)                                                                                                            

  =                                                                                                 … (17) 

The values of Debye temperature are estimated using; 

                                            … (18) 

Where  is the average sound velocity, p, 𝑘B, and 𝑁A are the Planck constant, 

Boltzmann constant, and Avogadro number, respectively. 𝜌 is the density, is the 

molecular weight, and n is the number of atoms in the unit cell.  

A Debye temperature of above 400 K indicates that the crystal’s thermal conductivity is 

high, while a value below 400K shows low thermal conductivity. Since the compound 

that was studied had a Debye temperature of below 400 K, it is concluded that Niobium 

Tin has lower thermal conductivity. For temperatures below the Debye temperature, the 

heat capacity of the compound increases with the temperature, and for temperatures 

above the Debye temperature, the heat capacity of the crystal remains constant; it no 

longer depends on temperature. The Debye temperature and the heat capacity are directly 

proportional. 

4.8 Elastic Properties 

Table 3 

Elastic Properties 

Parameter Present Other work (WIEN2K CODE) 

C11 (GPa) 286.8593 284.23 

C12 (GPa)               110.0611 107.70 

C44 (GPa)               60.4042 67.07 
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From Table 3, it can be noted that the values of elastic constants calculated satisfy the 

four Born criterion conditions. This therefore shows that the structure studied in this 

work is elastically stable since it has proven C11-C12>0, C44>0, C11+2C12>0 for structural 

stability and C12<B<C11 for cubic stability. 

The study of elastic properties of solids helps in analyzing some of their vital properties 

such as anisotropy, ductility, and brittleness. The elastic constants are used to show how 

dynamic and mechanical properties are connected in regard to the type of forces present 

in the solids. Much emphasis is put on the stiffness and stability of the material. The 

elastic constants also play a major role in predicting the mechanical nature of solid 

materials. 

 A crystal has independent elastic constants depending on the symmetry, and for a cubic 

structure, there are three such constants, C11, C12, and C44. These constants are obtained 

by fixing the full energies of a strained crystal to a fourth-order polynomial strain (Pugh, 

1954). The bulk modulus is used to measure the ability to resist deformation upon the 

application of pressure. A greater value of bulk modulus results in a greater capacity to 

resist deformation (Cherkaev & Gibiansky, 1993). Shear modulus measures the 

resistance to shear deformation under shear pressure. 

The three elastic constants for a cubic crystal structure describe the mechanical hardness 

of the cubic crystal, and they are required to determine the stability of a given material. 

C11, C12, and C44 elastic constants are obtained from total energy calculations and 

signify the single-crystal elastic characters. In contrast, the Voigt–Reuss–Hill approach is 

a convenient scheme for the elastic constants of materials. 
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The elastic constants in Voigt notation (Cij) determine the response of a material crystal 

to external forces. A given crystal cannot be termed stable unless it obeys certain 

conditions. These constants then play a huge role in determining a material’s strength.  

According to Born stability, cubic elastic constants C11, C12, and C44 must prove the 

following conditions; C11-C12>0, C44>0, C11+2C12>0 for structural stability, and 

C12<B<C11 for cubic stability.  

Poisson’s ratio (ʋ) represents the ratio between the transverse and longitudinal strain in 

the elastic loading direction of the material. It also gives comprehensive knowledge 

about the bonding type in solids. Bulk modulus (B) implies much information about the 

bonding strength in materials and can be explained as the resistance of a given material 

to external deformations. Young’s modulus (E) is described as the resistance of materials 

under uniaxial tension and provides the material's stiffness degree; that is, the higher the 

value of E, the stiffer is the material. The shear moduli G and bulk moduli B are given by 

equations 1 and 2 respectively (Han et al., 2008). 

  B=                                                                  … (19) 

                          G=                                                                ... (20) 

Where; 

GV =                                                                                                           ... (21 

GR=                                                                          … (22) 

The Young’s modulus E, Poisson’s ratio ʋ, and anisotropic coefficient A are obtained 

according to the equation. (3), (4), and (5) respectively (Khon, 1965; Music & Schneider, 

2006). 

                             E =                                                                                  … (23) 
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                             ʋ =                                                                         … (24) 

                           A=                                                                            … (25) 

Table 4  

Bulk, Shear, Young’s Modulus, Poisson Ratio, Anisotropy Ratio, Pugh’s Index, and 

Debye Temperature 

Property 

 

Present   Other 

(WIEN2K 

CODE) 

 Voigt Reus  Voigt -Reus-Hill (Sundareswari 

et al, 2010) 

Bulk Modulus (B) 168.9938GPa 168.9938GPa 168.9938GPa 166.54GPa 

Young’s Modulus (E) 250.5612GPa 240.6400GPa 245.6051GPa 195.34GPa 

Shear Modulus (G) 107.7014GPa 87.5678GPa 97.6346GPa 74.87GPa 

Poisson Ratio () 0.2561 02593 0.2577 0.27 

Anisotropy Ratio (A) - - 0.6833 0.76 

Pugh’s Index (G/B) - - 0.577 0.45 

Debye Temperature, 

(K) 

- - 289.136K 281.83 

 

Bulk modulus for Niobium Tin is 166.54 GPa. This gives a measure of how the material 

withstands changes in volume when compressed from all sides. The capacity of a 

material to resist deformation is directly proportional to its bulk modulus. Shear modulus 

for Niobium Tin is 74.87 GPa. This is a numerical value that measures the ability of 

materials to resist transverse deformation. A larger value of shear modulus indicates that 

the solid is highly rigid and may require greater force to be deformed.  

The calculated Young’s modulus of 195.34 GPa indicates the tensile elasticity of a 

material. That is, a measure of the ability of a material to withstand variations in length 

when subjected to compression or lengthwise tension. It is obtained when longitudinal 
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stress is divided by strain, which indicates how stiff a material is. The larger the ratio, the 

stiffer the material.  

Pugh’s ratio is a limit for the ductile and brittle behavior of materials. If G/B is 0.571 and 

higher, the material is brittle; otherwise, the material becomes ductile. Considering this, 

the results in Table 4 show that Pugh’s ratio is 0.577, indicating that the material is 

brittle. Poisson’s ratio is given by calculating the ratio of the lateral strain to that of the 

longitudinal strain in the direction of the stretching force. Applying Pugh’s criterion, a 

ratio below 0.26 indicates that the material is brittle, while a ratio above 2.6 indicates 

that the material is ductile. It can therefore be concluded that Niobium Tin is brittle since 

it has a Poisson’s ratio of 0.2577. When Poisson’s ratio is in the range 0.25–0.5, it 

implies that the forces in the compound are central. 

The elastic anisotropy, A, of crystals is important for engineering applications since it is 

correlated with the possibility of producing microcracks in materials. For a completely 

isotropic system, the value is 1; otherwise, values of A that are less than or greater than 1 

indicate anisotropy. The calculated shear anisotropic factor for Niobium Tin is 0.6833, 

which indicates that the material is elastically anisotropic. 
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CHAPTER FIVE 

SUMMARY, CONCLUSION, AND RECOMMENDATIONS 

5.1 Introduction  

This chapter presents a summary of the study, which was carried out using first-

principles computational modelling implemented in the Quantum Espresso software 

based on DFT. It concludes with recommendations on the study of cubic Niobium Tin. 

5.2 Summary 

The main objective of this study was to determine the structural, electronic, elastic, and 

dynamical properties of Niobium Tin and the effect of pressure on the superconducting 

properties of Niobium Tin and doped Niobium Tin. In this work, first-principles DFT 

using Thermo_PW interfaced with the Quantum Espresso Code was used to investigate 

the elastic properties and the mechanical stability of cubic Niobium Tin. 

The structure of the Niobium Tin unit cell was visualized. The band structure indicates 

that the material has no band gap, hence it is a conductor. Phonon dispersions are 

computed, confirming that the compound is dynamically stable. A system is considered 

to be dynamically stable at equilibrium if the potential energy is always increasing for 

any combination of displacement of atoms. The phonons should therefore have non-

negative and real frequencies for stability. Niobium Tin has no negative frequencies. 

Elastic behaviour of materials is a true measure of how material deformations relate to 

external stress. The behaviour is more important in determining how best materials can 

change due to intrinsic and extrinsic effects that affect the atomic orientation and 

structural geometry. This change is highly dependent on the chemical composition, the 

structure of the crystal lattice, and the deforming stress.  
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Under pressure, a material undergoes several elastic behavior changes due to the 

reduction of interatomic orbitals, which modifies the electronic orbitals and the order of 

bonding. If the structure remains unaffected by the loading stress, the electronic 

properties get highly modified. Some of these modifications include: broadening of the 

band gap, change of the Fermi energy, induction of a semiconductor to conductor 

change, and change of ordering of the electronic states. Niobium Tin is affected by 

pressure, but its electronic properties remain relatively unchanged. 

The calculated values for elastic constants for the material were found to be in line with 

the Born and Hung conditions for mechanical stability. In addition, the values of the 

elastic constants indicated that the material studied lacked resistance against 

deformation.  

Titanium-doped Niobium Tin’s critical temperature exhibits a slight response to pressure 

changes, in contrast to Niobium Tin, which shows a relatively drastic response. 

Titanium-doped Niobium is more stable to the effects of pressure compared to Niobium 

Tin, as the changes in application under pressure are minimal. The Poisson ratio, 

anisotropy ratio, and Pugh’s index show a larger change in pressure for Niobium Tin 

compared to dope Niobium Tin. The materials’ thermal conductivity was deduced from 

their Debye temperature.   

5.2.1 Comparison with Other Studies and Reasons for Differences 

The results of this study show notable consistency with previous theoretical work on 

Niobium Tin in terms of its electronic properties and superconducting behaviour. Like 

other studies, it confirms that Niobium Tin is a metallic conductor with no band gap, and 

that its phonon dispersion spectrum shows dynamic stability. However, the study 

distinguishes itself by placing a greater emphasis on pressure-dependent elastic and 

mechanical behavior, particularly through the introduction of Titanium doping. While 
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many earlier studies focus on intrinsic superconducting properties or magnetic behavior, 

this research extends into how mechanical stability changes under pressure a relatively 

underexplored area. 

The observed difference especially the minimal response of doped Niobium Tin to 

pressure may be attributed to the modification of lattice dynamics and bonding strength 

introduced by Titanium atoms, which is not extensively reported in prior work. The 

enhanced mechanical resilience of Titanium-doped Niobium Tin underlines the 

importance of targeted doping as a stabilization mechanism, offering a more application-

oriented outlook than many fundamental studies, which stop at band structure or basic 

superconducting characteristics. 

5.2.2  Implications for Research and Practical Applications 

The findings from this study have significant implications for both academic research 

and real-world applications. From a research perspective, the clear documentation of 

how pressure alters elastic properties along with the comparative stability of doped 

materials provides a strong foundation for designing more resilient superconductors, 

especially for use in environments where mechanical stress is inevitable (e.g., high-field 

magnets in MRI machines, fusion reactors, or particle accelerators). 

Practically, materials like Titanium-doped Niobium Tin, which show minimal 

performance variation under pressure, are highly valuable in the development of 

superconducting magnets or components in aerospace and energy sectors. The improved 

stability reduces the risk of quenching (sudden loss of superconductivity) and mechanical 

failure, thus improving the safety, efficiency, and longevity of superconducting systems. 

 



50 
 

5.2.3  Research Directions Based on Current Findings 

Building on the current findings, several promising research directions emerge: 

i. Advanced Dopant Screening: Explore other transition metal dopants (e.g., 

Vanadium, Zirconium, or Hafnium) to determine if they can further enhance 

mechanical and thermal stability without compromising superconducting 

performance. Computational screening combined with experimental validation 

would be an effective approach. 

ii. Anisotropy-Dependent Applications: Since pressure affects elastic anisotropy 

differently in doped versus undoped materials, future research can explore 

orientation-specific performance how different crystallographic directions 

respond under mechanical or thermal stress. This has implications for textured or 

polycrystalline applications. 

5.3 Conclusion  

The Knowledge of superconducting properties at varying pressures, elastic constants, 

dynamical properties, and electronic structure properties will help engineers design and 

fabricate materials suitable for different applications and varying conditions. From this 

study, the results obtained can be used to guide experimentalists in coming up with 

improved Niobium Tin superconductors. Niobium Tin is a superconductor. The material 

is dynamically stable. From its elastic constants, the material is brittle. It is highly 

susceptible to changes in pressure. Titanium-doped Niobium Tin is more resistant to 

changes caused by deforming stress.  
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5.4 Recommendations 

Further Suggestions for Future Research Based on Findings 

Additional research avenues could include: 

i. Superconducting Gap and Electron-Phonon Coupling Analysis: Investigate the 

changes in the superconducting gap and electron-phonon interaction parameters 

under pressure and doping. These are fundamental to understanding the exact 

mechanisms behind the observed changes in critical temperature. 

ii. Pressure-Induced Phase Transitions: Explore whether extreme pressures can 

induce phase transitions in doped variants and how these transitions influence 

superconductivity or mechanical behaviour. 
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APPENDICES  

Appendix I: Input an output File for Pwscf Code 

& CONTROL 

calculation = 'scf' 

restart_mode = 'from_scratch', 

outdir = './' 

prefix = 'NbSn' 

pseudo_dir = './' 

etot_conv_thr = 1e-5 

tprnfor = .true. 

/ 

&SYSTEM 

ibrav =1,  

celldm (1) =10.0071, 

nat = 8, 

ntyp = 2, 

ecutwfc =40.0, 

ecutrho = 320, 

!nbnd = 64, 

noncolin=.true. 

lspinorb=.true. 

!spin=2 

degauss = 0.01, 

occupations = 'smearing', smearing='gaussian', degauss=0.03 

starting_magnetization = 0.5 

/ 

&ELECTRONS 

conv_thr = 1e-11 

/ 

ATOMIC_SPECIES 

 Sn 118.71  Sn.pbe-dn-kjpaw_psl.1.0.0.UPF  

 Nb  92.9064 Nb.pbe-spn-kjpaw_psl.1.0.0.UPF  

ATOMIC_POSITIONS {crystal} 
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  Nb      0.25000000000000   0.00000000000000   0.50000000000000    

  Nb      0.75000000000000  -0.00000000000000   0.50000000000000    

  Nb      0.50000000000000   0.25000000000000  -0.00000000000000    

  Nb      0.50000000000000   0.75000000000000   0.00000000000000    

  Nb     -0.00000000000000   0.50000000000000   0.25000000000000    

  Nb      0.00000000000000   0.50000000000000   0.75000000000000    

  Sn      0.00000000000000   0.00000000000000   0.00000000000000    

  Sn      0.50000000000000   0.50000000000000   0.50000000000000    

K_POINTS {automatic} 

 10 10 10 0 0 0 

Output file 

     Program PWSCF v.5.1 starts on 11Jan2024 at 18: 6: 5  

     This program is part of the open-source Quantum ESPRESSO suite 

     for quantum simulation of materials; please cite 

         "P. Giannozzi et al., J. Phys.:Condens. Matter 21 395502 (2009); 

          URL http://www.quantum-espresso.org",  

     in publications or presentations arising from this work. More details at 

     http://www.quantum-espresso.org/quote 

     Parallel version (MPI), running on     1 processors 

     Waiting for input... 

     Reading input from standard input 

Warning: card / ignored 

     Current dimensions of program PWSCF are: 

     Max number of different atomic species (ntypx) = 10 

     Max number of k-points (npk) =  40000 

     Max angular momentum in pseudopotentials (lmaxx) =  3 

               file Sn.pbe-dn-kjpaw_psl.1.0.0.UPF: wavefunction(s)  5S 5P 4D renormalized 

               file Nb.pbe-spn-kjpaw_psl.1.0.0.UPF: wavefunction(s)  4S 4P 4D renormalized 

     Subspace diagonalization in iterative solution of the eigenvalue problem: 

     A serial algorithm will be used 

     G-vector sticks info 

     -------------------- 
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     sticks:   dense  smooth     PW     G-vecs:    dense   smooth      PW 

     Sum        2561    1281    373                97137    34265    5449 

     bravais-lattice index     =            1 

     lattice parameter (alat)  =      10.0071  a.u. 

     unit-cell volume          =    1002.1315 (a.u.)^3 

     number of atoms/cell      =            8 

     number of atomic types    =            2 

     number of electrons       =       106.00 

     number of Kohn-Sham states=           64 

     kinetic-energy cutoff     =      40.0000  Ry 

     charge density cutoff     =     320.0000  Ry 

     convergence threshold     =      1.0E-08 

     mixing beta               =       0.3000 

     number of iterations used =            8  plain     mixing 

     Exchange-correlation      =  SLA PW   PBX  PBC ( 1  4  3  4 0) 

 

     celldm(1)=  10.007100  celldm(2)=   0.000000  celldm(3)=   0.000000 

     celldm(4)=   0.000000  celldm(5)=   0.000000  celldm(6)=   0.000000 

 

     crystal axes: (cart. coord. in units of alat) 

               a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

               b(1) = (  1.000000  0.000000  0.000000 )   

               b(2) = (  0.000000  1.000000  0.000000 )   

               b(3) = (  0.000000  0.000000  1.000000 )   

     PseudoPot. # 1 for Sn read from file: 

     ./Sn.pbe-dn-kjpaw_psl.1.0.0.UPF 

     MD5 checksum: 67f11dec737d427557dc41ea34975807 

     Pseudo is Projector augmented-wave + core cor, Zval = 14.0 

     Generated using "atomic" code by A. Dal Corso v.6.3 

     Shape of augmentation charge: PSQ 
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     Using a radial grid of 1243 points, 6 beta functions with:  

                l(1) =   0 

                l(2) =   0 

                l(3) =   1 

                l(4) =   1 

                l(5) =   2 

                l(6) =   2 

     Q(r) pseudized with 0 coefficients  

 

     PseudoPot. # 2 for Nb read from file: 

     ./Nb.pbe-spn-kjpaw_psl.1.0.0.UPF 

     MD5 check sum: dcedcbb129af9a7271e4748e5febedb1 

     Pseudo is Projector augmented-wave + core cor, Zval = 13.0 

     Generated using "atomic" code by A. Dal Corso v.6.2.2 

     Shape of augmentation charge: PSQ 

     Using a radial grid of 1227 points, 6 beta functions with:  

                l(1) =   0 

                l(2) =   0 

                l(3) =   1 

                l(4) =   1 

                l(5) =   2 

                l(6) =   2 

     Q(r) pseudized with 0 coefficients  

     atomic species   valence    mass     pseudopotential 

        Sn            14.00   118.71000     Sn ( 1.00) 

        Nb            13.00    92.90640     Nb ( 1.00) 

     48 Sym. Ops., with inversion, found (24 have fractional translation) 

   Cartesian axes 

     site n.     atom                  positions (alat units) 

         1           Nb tau(   1) = (   0.2500000   0.0000000   0.5000000  ) 

         2           Nb tau(   2) = (   0.7500000   0.0000000   0.5000000  ) 

         3           Nb  tau(   3) = (   0.5000000   0.2500000   0.0000000  ) 

         4           Nb  tau(   4) = (   0.5000000   0.7500000   0.0000000  ) 
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         5           Nb  tau(   5) = (   0.0000000   0.5000000   0.2500000  ) 

         6           Nb  tau(   6) = (   0.0000000   0.5000000   0.7500000  ) 

         7           Sn  tau(   7) = (   0.0000000   0.0000000   0.0000000  ) 

         8           Sn  tau(   8) = (   0.5000000   0.5000000   0.5000000  ) 

 

     number of k points=    56  gaussian smearing, width (Ry)=  0.0100 

                       cart. coord. in units 2pi/alat 

        k(    1) = (   0.0000000   0.0000000   0.0000000), wk =   0.0020000 

        k(    2) = (   0.0000000   0.0000000   0.1000000), wk =   0.0120000 

        k(    3) = (   0.0000000   0.0000000   0.2000000), wk =   0.0120000 

        k(    4) = (   0.0000000   0.0000000   0.3000000), wk =   0.0120000 

        k(    5) = (   0.0000000   0.0000000   0.4000000), wk =   0.0120000 

        k(    6) = (   0.0000000   0.0000000  -0.5000000), wk =   0.0060000 

        k(    7) = (   0.0000000   0.1000000   0.1000000), wk =   0.0240000 

        k(    8) = (   0.0000000   0.1000000   0.2000000), wk =   0.0480000 

        k(    9) = (   0.0000000   0.1000000   0.3000000), wk =   0.0480000 

        k(   10) = (   0.0000000   0.1000000   0.4000000), wk =   0.0480000 

        k(   11) = (   0.0000000   0.1000000  -0.5000000), wk =   0.0240000 

        k(   12) = (   0.0000000   0.2000000   0.2000000), wk =   0.0240000 

        k(   13) = (   0.0000000   0.2000000   0.3000000), wk =   0.0480000 

        k(   14) = (   0.0000000   0.2000000   0.4000000), wk =   0.0480000 

        k(   15) = (   0.0000000   0.2000000  -0.5000000), wk =   0.0240000 

        k(   16) = (   0.0000000   0.3000000   0.3000000), wk =   0.0240000 

        k(   17) = (   0.0000000   0.3000000   0.4000000), wk =   0.0480000 

        k(   18) = (   0.0000000   0.3000000  -0.5000000), wk =   0.0240000 

        k(   19) = (   0.0000000   0.4000000   0.4000000), wk =   0.0240000 

        k(   20) = (   0.0000000   0.4000000  -0.5000000), wk =   0.0240000 

        k(   21) = (   0.0000000  -0.5000000  -0.5000000), wk =   0.0060000 

        k(   22) = (   0.1000000   0.1000000   0.1000000), wk =   0.0160000 

        k(   23) = (   0.1000000   0.1000000   0.2000000), wk =   0.0480000 

        k(   24) = (   0.1000000   0.1000000   0.3000000), wk =   0.0480000 

        k(   25) = (   0.1000000   0.1000000   0.4000000), wk =   0.0480000 

        k(   26) = (   0.1000000   0.1000000  -0.5000000), wk =   0.0240000 

        k(   27) = (   0.1000000   0.2000000   0.2000000), wk =   0.0480000 
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        k(   28) = (   0.1000000   0.2000000   0.3000000), wk =   0.0960000 

        k(   29) = (   0.1000000   0.2000000   0.4000000), wk =   0.0960000 

        k(   30) = (   0.1000000   0.2000000  -0.5000000), wk =   0.0480000 

        k(   31) = (   0.1000000   0.3000000   0.3000000), wk =   0.0480000 

        k(   32) = (   0.1000000   0.3000000   0.4000000), wk =   0.0960000 

        k(   33) = (   0.1000000   0.3000000  -0.5000000), wk =   0.0480000 

        k(   34) = (   0.1000000   0.4000000   0.4000000), wk =   0.0480000 

        k(   35) = (   0.1000000   0.4000000  -0.5000000), wk =   0.0480000 

        k(   36) = (   0.1000000  -0.5000000  -0.5000000), wk =   0.0120000 

        k(   37) = (   0.2000000   0.2000000   0.2000000), wk =   0.0160000 

        k(   38) = (   0.2000000   0.2000000   0.3000000), wk =   0.0480000 

        k(   39) = (   0.2000000   0.2000000   0.4000000), wk =   0.0480000 

        k(   40) = (   0.2000000   0.2000000  -0.5000000), wk =   0.0240000 

        k(   41) = (   0.2000000   0.3000000   0.3000000), wk =   0.0480000 

        k(   42) = (   0.2000000   0.3000000   0.4000000), wk =   0.0960000 

        k(   43) = (   0.2000000   0.3000000  -0.5000000), wk =   0.0480000 

        k(   44) = (   0.2000000   0.4000000   0.4000000), wk =   0.0480000 

        k(   45) = (   0.2000000   0.4000000  -0.5000000), wk =   0.0480000 

        k(   46) = (   0.2000000  -0.5000000  -0.5000000), wk =   0.0120000 

        k(   47) = (   0.3000000   0.3000000   0.3000000), wk =   0.0160000 

        k(   48) = (   0.3000000   0.3000000   0.4000000), wk =   0.0480000 

        k(   49) = (   0.3000000   0.3000000  -0.5000000), wk =   0.0240000 

        k(   50) = (   0.3000000   0.4000000   0.4000000), wk =   0.0480000 

        k(   51) = (   0.3000000   0.4000000  -0.5000000), wk =   0.0480000 

        k(   52) = (   0.3000000  -0.5000000  -0.5000000), wk =   0.0120000 

        k(   53) = (   0.4000000   0.4000000   0.4000000), wk =   0.0160000 

        k(   54) = (   0.4000000   0.4000000  -0.5000000), wk =   0.0240000 

        k(   55) = (   0.4000000  -0.5000000  -0.5000000), wk =   0.0120000 

        k(   56) = (  -0.5000000  -0.5000000  -0.5000000), wk =   0.0020000 

     Dense  grid:    97137 G-vectors     FFT dimensions: (  60,  60,  60) 

     Smooth grid:    34265 G-vectors     FFT dimensions: (  45,  45,  45) 

     Largest allocated arrays     est. size (Mb)     dimensions 

        Kohn-Sham Wavefunctions         4.24 Mb     (    4337,   64) 

        NL pseudopotentials             9.53 Mb     (    4337,  144) 
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        Each V/rho on FFT grid          3.30 Mb     (  216000) 

        Each G-vector array             0.74 Mb     (   97137) 

        G-vector shells                 0.01 Mb     (     679) 

     Largest temporary arrays     est. size (Mb)     dimensions 

        Auxiliary wavefunctions        16.94 Mb     (    4337,  256) 

        Each subspace H/S matrix        1.00 Mb     (     256,  256) 

        Each <psi_i|beta_j> matrix      0.14 Mb     (     144,   64) 

        Arrays for rho mixing          26.37 Mb     (  216000,    8) 

     Initial potential from superposition of free atoms 

     starting charge  105.98938, renormalised to 106.00000 

     Starting wfc are   96 randomized atomic wfcs 

     Checking if some PAW data can be deallocated. 

     total cpu time spent up to now is       58.9 secs 

     Per-process dynamical memory:   317.5 Mb 

     Self-consistent Calculation 

     Iteration #  1     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  1.00E-02,  avg # of iterations =  2.0 

     Threshold (ethr) on eigenvalues was too large: 

     Diagonalizing with lowered threshold 

     Davidson diagonalization with overlap 

     ethr =  2.08E-04,  avg # of iterations =  2.0 

     total cpu time spent up to now is      252.0 secs 

     total energy              =   -2889.74698755 Ry 

     Harris-Foulkes estimate   =   -2889.83303373 Ry 

     estimated scf accuracy    <       0.23835882 Ry 

     iteration #  2     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  2.25E-04,  avg # of iterations =  2.1 

     total cpu time spent up to now is      345.4 secs 

     total energy              =   -2889.73553941 Ry 

     Harris-Foulkes estimate   =   -2889.76191519 Ry 

     estimated scf accuracy    <       0.05980383 Ry 

     iteration #  3     ecut=    40.00 Ry     beta=0.30 
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     Davidson diagonalization with overlap 

     ethr =  5.64E-05,  avg # of iterations =  2.2 

     total cpu time spent up to now is      460.6 secs 

     total energy              =   -2889.74430271 Ry 

     Harris-Foulkes estimate   =   -2889.74471599 Ry 

     estimated scf accuracy    <       0.00434487 Ry 

     iteration #  4     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  4.10E-06,  avg # of iterations =  6.7 

     total cpu time spent up to now is      583.8 secs 

     total energy              =   -2889.74478015 Ry 

     Harris-Foulkes estimate   =   -2889.74470597 Ry 

     estimated scf accuracy    <       0.00076003 Ry 

     iteration #  5     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  7.17E-07,  avg # of iterations =  2.5 

     total cpu time spent up to now is      678.1 secs 

     total energy              =   -2889.74478486 Ry 

     Harris-Foulkes estimate   =   -2889.74481705 Ry 

     estimated scf accuracy    <       0.00005188 Ry 

     iteration #  6     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  4.89E-08,  avg # of iterations =  3.4 

     total cpu time spent up to now is      806.5 secs 

     total energy              =   -2889.74479766 Ry 

     Harris-Foulkes estimate   =   -2889.74479794 Ry 

     estimated scf accuracy    <       0.00000403 Ry 

     iteration #  7     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  3.81E-09,  avg # of iterations =  3.9 

     total cpu time spent up to now is      925.2 secs 

     total energy              =   -2889.74479846 Ry 

     Harris-Foulkes estimate   =   -2889.74479989 Ry 

     estimated scf accuracy    <       0.00000311 Ry 
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     iteration #  8     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  2.94E-09,  avg # of iterations =  2.7 

     total cpu time spent up to now is     1037.1 secs 

     total energy              =   -2889.74479920 Ry 

     Harris-Foulkes estimate   =   -2889.74479907 Ry 

     estimated scf accuracy    <       0.00000012 Ry 

     iteration #  9     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  1.12E-10,  avg # of iterations =  4.1 

     total cpu time spent up to now is     1157.5 secs 

     total energy              =   -2889.74479931 Ry 

     Harris-Foulkes estimate   =   -2889.74479924 Ry 

     estimated scf accuracy    <       0.00000001 Ry 

     iteration # 10     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  1.15E-11,  avg # of iterations =  3.1 

     total cpu time spent up to now is     1294.7 secs 

     total energy              =   -2889.74479934 Ry 

     Harris-Foulkes estimate   =   -2889.74479931 Ry 

     estimated scf accuracy    <       0.00000001 Ry 

     iteration # 11     ecut=    40.00 Ry     beta=0.30 

     Davidson diagonalization with overlap 

     ethr =  1.15E-11,  avg # of iterations =  3.1 

     total cpu time spent up to now is     1408.7 secs 

     End of self-consistent calculation 

          k = 0.3000 0.3000 0.4000 (  4293 PWs)   bands (ev): 

   -37.1550 -37.1397 -37.1071 -37.0363 -37.0035 -37.0002 -13.8262 -13.8074 

   -13.5915 -13.3923 -13.3744 -13.3295 -13.3122 -13.1758 -13.1504 -13.1250 

   -13.1161 -13.0784 -13.0498 -13.0285 -13.0243 -12.9934 -12.7849 -12.7782 

    -3.5176  -3.5165  -3.5158  -3.5139  -3.4991  -3.4981  -3.4948  -3.4932 

    -3.4916  -3.4906   9.3749   9.5526  13.0164  13.1845  13.6825  14.1407 

    14.3962  14.8870  15.3622  15.3737  15.5282  16.0775  16.1243  16.2573 

    16.6309  16.6717  16.9179  17.1525  17.1539  17.3399  17.7100  17.9276 
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    18.5443  18.6689  19.5759  19.7863  19.8415  19.9559  20.0588  20.1386 

          k = 0.3000 0.3000-0.5000 (  4280 PWs)   bands (ev): 

   -37.1466 -37.1466 -37.0725 -37.0725 -37.0020 -37.0020 -13.8167 -13.8167 

   -13.4112 -13.4112 -13.3466 -13.3466 -13.2637 -13.2637 -13.1739 -13.1739 

   -13.1066 -13.1066 -13.0471 -13.0471 -13.0259 -13.0259 -12.7813 -12.7813 

    -3.5163  -3.5163  -3.5135  -3.5135  -3.4992  -3.4992  -3.4918  -3.4918 

    -3.4908  -3.4908   9.4994   9.4994  13.0420  13.0420  13.9408  13.9408 

    14.6548  14.6548  15.4426  15.4426  15.7312  15.7312  16.1680  16.1680 

    16.7340  16.7340  17.1227  17.1227  17.3764  17.3764  17.7767  17.7767 

    18.3431  18.3431  19.6337  19.6337  19.8862  19.8862  20.0145  20.0145 

          k = 0.3000 0.4000 0.4000 (  4296 PWs)   bands (ev): 

   -37.1467 -37.1191 -37.1028 -37.0406 -37.0313 -37.0022 -13.8175 -13.6119 

   -13.5809 -13.3909 -13.3827 -13.3202 -13.2831 -13.1812 -13.1654 -13.1265 

   -13.1247 -13.0818 -13.0581 -13.0358 -13.0315 -12.9946 -12.9915 -12.7809 

    -3.5171  -3.5167  -3.5153  -3.5143  -3.5003  -3.4986  -3.4964  -3.4938 

    -3.4931  -3.4913   9.5039   9.5982  13.0293  13.2280  13.7489  14.1841 

    14.3591  14.7731  15.4429  15.4690  15.5522  15.9447  16.1458  16.3320 

    16.6514  16.9543  17.1182  17.1973  17.2720  17.3348  17.6003  17.7257 

    18.2750  18.3913  19.5325  19.5598  19.8418  19.9153  19.9783  20.1489 

 

          k = 0.3000 0.4000-0.5000 (  4286 PWs)   bands (ev): 

   -37.1450 -37.1145 -37.0736 -37.0726 -37.0348 -37.0024 -13.8174 -13.5982 

   -13.4141 -13.3981 -13.3618 -13.3495 -13.2683 -13.2362 -13.1816 -13.1622 

   -13.1117 -13.1080 -13.0677 -13.0509 -13.0338 -13.0332 -12.9934 -12.7807 

    -3.5162  -3.5162  -3.5138  -3.5136  -3.5006  -3.4968  -3.4951  -3.4939 

    -3.4936  -3.4912   9.5860   9.5862  13.0089  13.2069  13.9773  14.0178 

    14.5074  14.5885  15.4666  15.5971  15.6318  15.6979  16.1712  16.3077 

    16.7074  17.0557  17.2336  17.3157  17.3674  17.4310  17.5390  17.7225 

    18.0351  18.1655  19.4188  19.6162  19.6993  19.8207  20.0553  20.1086 

 

          k = 0.3000-0.5000-0.5000 (  4296 PWs)   bands (ev): 

   -37.1444 -37.0882 -37.0741 -37.0741 -37.0599 -37.0026 -13.8177 -13.4155 

   -13.4155 -13.3685 -13.3625 -13.3504 -13.3504 -13.2210 -13.1933 -13.1592 

   -13.1592 -13.1160 -13.0777 -13.0777 -13.0387 -13.0356 -13.0356 -12.7804 
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    -3.5168  -3.5168  -3.5138  -3.5138  -3.5019  -3.4973  -3.4973  -3.4952 

    -3.4950  -3.4917   9.6209   9.6209  12.9738  13.2574  14.1012  14.1012 

    14.3349  14.5384  15.5718  15.5718  15.5902  15.6617  16.1775  16.3115 

    16.7316  17.2959  17.2959  17.4087  17.4087  17.4145  17.6008  17.7980 

    17.7980  17.9088  19.2570  19.6601  19.6726  19.6726  19.9630  20.2286 

          k = 0.4000 0.4000 0.4000 (  4269 PWs)   bands (ev): 

   -37.1209 -37.1069 -37.1069 -37.0387 -37.0387 -37.0315 -13.6051 -13.6051 

   -13.5827 -13.3987 -13.3963 -13.2820 -13.2820 -13.1829 -13.1683 -13.1261 

   -13.1261 -13.0712 -13.0712 -13.0489 -13.0489 -12.9962 -12.9937 -12.9937 

    -3.5149  -3.5149  -3.5127  -3.5127  -3.4976  -3.4976  -3.4942  -3.4928 

    -3.4926  -3.4926   9.6083   9.6580  13.2392  13.5199  13.5199  14.1909 

    14.1909  14.5884  15.5738  15.6083  15.6083  16.1021  16.1021  16.2149 

    16.9400  16.9400  17.2052  17.2854  17.2854  17.3023  17.5288  17.5288 

    18.0789  18.0789  19.6820  19.7089  19.7089  19.8667  20.0037  20.2657 

          k = 0.4000 0.4000-0.5000 (  4286 PWs)   bands (ev): 

   -37.1121 -37.1121 -37.0736 -37.0736 -37.0361 -37.0361 -13.5981 -13.5981 

   -13.4082 -13.4082 -13.3630 -13.3630 -13.2464 -13.2464 -13.1540 -13.1540 

   -13.1090 -13.1090 -13.0667 -13.0667 -13.0531 -13.0531 -12.9954 -12.9954 

    -3.5163  -3.5163  -3.5133  -3.5133  -3.4980  -3.4980  -3.4969  -3.4969 

    -3.4941  -3.4941   9.6661   9.6661  13.3603  13.3603  13.8832  13.8832 

    14.3581  14.3581  15.6408  15.6408  15.8104  15.8104  16.1967  16.1967 

    16.9911  16.9911  17.3310  17.3310  17.3707  17.3707  17.5148  17.5148 

    17.8662  17.8662  19.6296   

19.6296  19.8342  19.8342  20.1098  20.1098 

          k = 0.4000-0.5000-0.5000 (  4280 PWs)   bands (ev): 

   -37.1112 -37.0815 -37.0741 -37.0741 -37.0666 -37.0366 -13.5980 -13.4121 

   -13.4121 -13.3683 -13.3650 -13.3633 -13.3633 -13.2361 -13.1551 -13.1304 

   -13.1304 -13.1240 -13.0748 -13.0748 -13.0738 -13.0588 -13.0588 -12.9964 

    -3.5157  -3.5157  -3.5121  -3.5121  -3.4984  -3.4974  -3.4973  -3.4973 

    -3.4961  -3.4943   9.6980   9.6980  13.3890  13.5551  13.9156  13.9156 

    14.1073  14.2652  15.7382  15.7440  15.8172  15.8172  16.1459  16.1527 
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    16.9739  17.3088  17.3088  17.3676  17.3787  17.3787  17.5732  17.5732 

    17.6141  17.6341  19.5354  19.7611  19.7611  19.8317  20.0288  20.1429 

          k =-0.5000-0.5000-0.5000 (  4272 PWs)   bands (ev): 

   -37.0741 -37.0741 -37.0741 -37.0741 -37.0741 -37.0741 -13.4113 -13.4113 

   -13.3671 -13.3671 -13.3671 -13.3671 -13.3671 -13.3671 -13.1138 -13.1138 

   -13.1138 -13.1138 -13.1138 -13.1138 -13.0738 -13.0738 -13.0738 -13.0738 

    -3.5128  -3.5128  -3.5128  -3.5128  -3.4974  -3.4974  -3.4974  -3.4974 

    -3.4974  -3.4974   9.7288   9.7288  13.8456  13.8456  13.8456  13.8456 

    13.8456  13.8456  15.9289  15.9289  15.9289  15.9289  15.9289  15.9289 

    17.3540  17.3540  17.3540  17.3540  17.4358  17.4358  17.4358  17.4358 

    17.4358  17.4358  19.7998  19.7998  19.7998  19.7998  19.7998  19.7998 

     the Fermi energy is    17.3161 ev 

    total energy              =   -2889.74479937 Ry 

     Harris-Foulkes estimate   =   -2889.74479934 Ry 

     estimated scf accuracy    <          1.0E-10 Ry 

     total all-electron energy =    -70549.237728 Ry 

     The total energy is the sum of the following terms: 

     one-electron contribution =    -149.42043240 Ry 

     hartree contribution      =     151.78517599 Ry 

     xc contribution           =    -208.08071802 Ry 

     ewald contribution        =    -809.33767016 Ry 

     one-center paw contrib.   =   -1874.68187310 Ry 

     smearing contrib. (-TS)   =      -0.00928168 Ry 

     convergence has been achieved in  11 iterations 

     Writing output data file NbSn.save 

     init_run     :     58.03s CPU     58.22s WALL (       1 calls) 

     electrons    :   1344.22s CPU   1349.88s WALL (       1 calls) 

     Called by init_run: 

     wfcinit      :     51.93s CPU     52.03s WALL (       1 calls) 

     potinit      :      2.53s CPU      2.56s WALL (       1 calls) 

     Called by electrons: 

     c_bands      :   1151.65s CPU   1157.03s WALL (      12 calls) 

     sum_band     :    150.68s CPU    150.88s WALL (      12 calls) 
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     v_of_rho     :      1.95s CPU      1.97s WALL (      12 calls) 

     newd         :     16.79s CPU     16.83s WALL (      12 calls) 

     mix_rho      :      0.21s CPU      0.22s WALL (      12 calls) 

     Called by c_bands: 

     init_us_2    :      5.71s CPU      5.88s WALL (    1400 calls) 

     cegterg      :   1132.33s CPU   1137.53s WALL (     672 calls) 

     Called by *egterg: 

     h_psi        :    630.61s CPU    631.27s WALL (    2849 calls) 

     s_psi        :    135.06s CPU    135.21s WALL (    2849 calls) 

     g_psi        :      2.05s CPU      1.95s WALL (    2121 calls) 

     cdiaghg      :     50.98s CPU     50.96s WALL (    2737 calls) 

     Called by h_psi: 

     add_vuspsi   :    135.34s CPU    135.20s WALL (    2849 calls) 

     General routines 

     calbec       :    191.06s CPU    191.26s WALL (    3521 calls) 

     fft          :      0.93s CPU      1.02s WALL (     192 calls) 

     ffts         :      0.03s CPU      0.05s WALL (      24 calls) 

     fftw         :    373.41s CPU    373.87s WALL (  264748 calls) 

     interpolate  :      0.20s CPU      0.20s WALL (      24 calls) 

     Parallel routines 

     fftscatter  :     22.05s CPU     22.24s WALL (  264964 calls) 

     PAW routines 

     PAW_pot      :     26.52s CPU     26.53s WALL (      12 calls) 

     PAW_symme    :      0.06s CPU      0.06s WALL (      24 calls) 

     PWSCF        : 23m23.45s CPU    23m29.69s WALL 

   This run was terminated on:  18:29:34  11Jan2024            

 Appendix II: Input and Output File for Bands  

 

& control 

    calculation='bands' 

    restart_mode='from_scratch', 

    prefix='NbSn', 
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    pseudo_dir = './', 

    outdir='./tempdir' 

    tstress=.TRUE 

    tprnfor=.TRUE 

    etot_conv_thr =1e-5 

    forc_conv_thr =1e-4 

 / 

 &system 

    ibrav=1, celldm(1)=10.1493, nat= 8, ntyp=2, 

    ecutwfc =35.0,  

    lda_plus_u   = .FALSE. 

    nbnd        = 64 

    occupations='tetrahedra', smearing ="gaussian", degauss=0.01, ecutrho=320.0, 

 / 

 &electrons 

    conv_thr =  1.0d-8 

    mixing_beta = 0.5 

    electron_maxstep = 200 

/    

!CELL_PARAMETERS {alat} 

!4.8835080000 0.0000000000 0.0000000000 

!0.0000000000 4.8835080000 0.0000000000 

!0.0000000000 0.0000000000 4.8835080000 

ATOMIC_SPECIES 

Nb 92.9064 Nb.pbe-spn-kjpaw_psl.0.3.0.UPF 

Sn 118.71  Sn_pbe_v1.uspp.F.UPF 

 

ATOMIC_POSITIONS {crystal} 

  Nb      0.25000000000000   0.00000000000000   0.50000000000000    

  Nb      0.75000000000000  -0.00000000000000   0.50000000000000    

  Nb      0.50000000000000   0.25000000000000  -0.00000000000000    

  Nb      0.50000000000000   0.75000000000000   0.00000000000000    

  Nb     -0.00000000000000   0.50000000000000   0.25000000000000    
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  Nb      0.00000000000000   0.50000000000000   0.75000000000000    

  Sn      0.00000000000000   0.00000000000000   0.00000000000000    

  Sn      0.50000000000000   0.50000000000000   0.50000000000000    

K_POINTS (crystal_b) 

  12 

  0.0000   0.0000   0.0000  20 !\Gamma  

  0.0000   0.5000   0.0000  20 !X  

  0.0000   0.5000   0.0000  20 !X  

  0.5000   0.5000   0.0000  20 !M  

  0.5000   0.5000   0.0000  20 !M  

  0.0000   0.0000   0.0000  20 !\Gamma  

  0.0000   0.0000   0.0000  20 !\Gamma  

  0.5000   0.5000   0.5000  20 !R  

  0.5000   0.5000   0.5000  20 !R  

  0.0000   0.5000   0.0000  20 !X  

  0.5000   0.5000   0.0000  20 !M  

  0.5000   0.5000   0.5000  20 !R  

NbSn 

&inputph 

    prefix = 'NbSn' 

    amass(1) = 118.71 

    amass(2) = 92.9064 

    outdir = './' 

    tr2_ph = 1e-11 

    fildvscf = 'NbSndv' 

    fildyn = 'NbSn.dyn' 

    alpha_mix = 0.2 

    verbosity = 'high' 

    ldisp = .true. 

    elop = .false. 

    electron_phonon = 'simple' 

    el_ph_sigma = 0.02 
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    el_ph_nsigma = 10 

    trans = .true. 

    nq1 = 2, nq2 = 2, nq3 = 2 

Program PWSCF v.5.1 starts on 24Jan2024 at 14: 3:12  

     This program is part of the open-source Quantum ESPRESSO suite 

     for quantum simulation of materials; please cite 

         "P. Giannozzi et al., J. Phys.:Condens. Matter 21 395502 (2009); 

          URL http://www.quantum-espresso.org",  

     in publications or presentations arising from this work. More details at 

     http://www.quantum-espresso.org/quote 

     Parallel version (MPI), running on     1 processors 

     Waiting for input... 

     Reading input from standard input 

     Current dimensions of program PWSCF are: 

     Max number of different atomic species (ntypx) = 10 

     Max number of k-points (npk) =  40000 

     Max angular momentum in pseudopotentials (lmaxx) =  3 

     Atomic positions and unit cell read from directory: 

     ./NbSn.save/ 

               file Sn.pbe-dn-kjpaw_psl.1.0.0.UPF: wavefunction(s)  5S 5P 4D renormalized 

               file Nb.pbe-spn-kjpaw_psl.1.0.0.UPF: wavefunction(s)  4S 4P 4D renormalized 

     Fixed quantization axis for GGA:     0.000000    0.000000    1.000000 

     Message from routine setup: 

     At least one non s.o. pseudo 

     Subspace diagonalization in iterative solution of the eigenvalue problem: 

     a serial algorithm will be used 

 

     G-vector sticks info 

     -------------------- 

     sticks:   dense  smooth     PW     G-vecs:    dense   smooth      PW 

     Sum        2561    1281    373                97137    34265    5449 

     Generating pointlists ... 

     new r_m :   0.2306 (alat units)  2.3076 (a.u.) for type    1 
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     new r_m :   0.2063 (alat units)  2.0640 (a.u.) for type    2 

     bravais-lattice index     =            1 

     lattice parameter (alat)  =      10.0071  a.u. 

     unit-cell volume          =    1002.1315 (a.u.)^3 

     number of atoms/cell      =            8 

     number of atomic types    =            2 

     number of electrons       =       106.00 

     number of Kohn-Sham states=          128 

     kinetic-energy cutoff     =      40.0000  Ry 

     charge density cutoff     =     320.0000  Ry 

     Exchange-correlation      =  SLA  PW   PBX  PBC ( 1  4  3  4 0) 

     Noncollinear calculation with spin-orbit 

     celldm(1)=  10.007100  celldm(2)=   0.000000  celldm(3)=   0.000000 

     celldm(4)=   0.000000  celldm(5)=   0.000000  celldm(6)=   0.000000 

     crystal axes: (cart. coord. in units of alat) 

               a(1) = (   1.000000   0.000000   0.000000 )   

               a(2) = (   0.000000   1.000000   0.000000 )   

               a(3) = (   0.000000   0.000000   1.000000 )   

     reciprocal axes: (cart. coord. in units 2 pi/alat) 

               b(1) = (  1.000000  0.000000  0.000000 )   

               b(2) = (  0.000000  1.000000  0.000000 )   

               b(3) = (  0.000000  0.000000  1.000000 )   

     PseudoPot. # 1 for Sn read from file: 

     ./Sn.pbe-dn-kjpaw_psl.1.0.0.UPF 

     MD5 check sum: 67f11dec737d427557dc41ea34975807 

     Pseudo is Projector augmented-wave + core cor, Zval = 14.0 

     Generated using "atomic" code by A. Dal Corso  v.6.3 

     Shape of augmentation charge: PSQ 

     Using radial grid of 1243 points,  6 beta functions with:  

                l(1) =   0 

                l(2) =   0 

                l(3) =   1 

                l(4) =   1 

                l(5) =   2 
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                l(6) =   2 

     Q(r) pseudized with 0 coefficients  

     PseudoPot. # 2 for Nb read from file: 

     ./Nb.pbe-spn-kjpaw_psl.1.0.0.UPF 

     MD5 check sum: dcedcbb129af9a7271e4748e5febedb1 

     Pseudo is Projector augmented-wave + core cor, Zval = 13.0 

     Generated using "atomic" code by A. Dal Corso  v.6.2.2 

     Shape of augmentation charge: PSQ 

     Using radial grid of 1227 points,  6 beta functions with:  

                l(1) =   0 

                l(2) =   0 

                l(3) =   1 

                l(4) =   1 

                l(5) =   2 

                l(6) =   2 

     Q(r) pseudized with 0 coefficients  

     atomic species   valence    mass     pseudopotential 

        Sn            14.00   118.71000     Sn( 1.00) 

        Nb            13.00    92.90640     Nb( 1.00) 

     16 Sym. Ops., with inversion, found (24 have fractional translation) 

                                    s                        frac. trans. 

      isym =  1     identity                                      

 Time Reversal            0 

 cryst.   s( 1) = (     1          0          0      ) 

                  (     0          1          0      ) 

                  (     0          0          1      ) 

 cart.    s( 1) = (  1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000  1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000  1.0000000 ) 

      isym =  2     180 deg rotation - cart. axis [0,0,1]         

 

 Time Reversal            0 

 cryst.   s( 2) = (    -1          0          0      ) 

                  (     0         -1          0      ) 
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                  (     0          0          1      ) 

 cart.    s( 2) = ( -1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000 -1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000  1.0000000 ) 

      isym =  3     180 deg rotation - cart. axis [0,1,0]         

 

 Time Reversal            1 

 cryst.   s( 3) = (    -1          0          0      ) 

                  (     0          1          0      ) 

                  (     0          0         -1      ) 

 cart.    s( 3) = ( -1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000  1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 ) 

      isym =  4     180 deg rotation - cart. axis [1,0,0]         

 Time Reversal            1 

 cryst.   s( 4) = (     1          0          0      ) 

                  (     0         -1          0      ) 

                  (     0          0         -1      ) 

 cart.    s( 4) = (  1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000 -1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 ) 

      isym =  5     180 deg rotation - cart. axis [1,1,0]         

 Time Reversal            1 

 cryst.   s( 5) = (     0          1          0      )    f =( -0.5000000 ) 

                  (     1          0          0      )       ( -0.5000000 ) 

                  (     0          0         -1      )       (  0.5000000 ) 

 cart.    s( 5) = (  0.0000000  1.0000000  0.0000000 )    f =( -0.5000000 ) 

                  (  1.0000000  0.0000000  0.0000000 )       ( -0.5000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 )       (  0.5000000 ) 

     isym =  6     180 deg rotation - cart. axis [1,-1,0]        

 

 Time Reversal            1 

 cryst.   s( 6) = (     0         -1          0      )    f =(  0.5000000 ) 

                  (    -1          0          0      )       (  0.5000000 ) 
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                  (     0          0         -1      )       (  0.5000000 ) 

 

 cart.    s( 6) = (  0.0000000 -1.0000000  0.0000000 )    f =(  0.5000000 ) 

                  ( -1.0000000  0.0000000  0.0000000 )       (  0.5000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 )       (  0.5000000 ) 

      isym =  7      90 deg rotation - cart. axis [0,0,-1]        

 Time Reversal            0 

 cryst.   s( 7) = (     0         -1          0      )    f =( -0.5000000 ) 

                  (     1          0          0      )       (  0.5000000 ) 

                  (     0          0          1      )       (  0.5000000 ) 

 cart.    s( 7) = (  0.0000000  1.0000000  0.0000000 )    f =( -0.5000000 ) 

                  ( -1.0000000  0.0000000  0.0000000 )       (  0.5000000 ) 

                  (  0.0000000  0.0000000  1.0000000 )       (  0.5000000 ) 

      isym =  8      90 deg rotation - cart. axis [0,0,1]         

 

 Time Reversal            0 

 cryst.   s( 8) = (     0          1          0      )    f =(  0.5000000 ) 

                  (    -1          0          0      )       ( -0.5000000 ) 

                  (     0          0          1      )       (  0.5000000 ) 

 cart.    s( 8) = (  0.0000000 -1.0000000  0.0000000 )    f =(  0.5000000 ) 

                  (  1.0000000  0.0000000  0.0000000 )       ( -0.5000000 ) 

                  (  0.0000000  0.0000000  1.0000000 )       (  0.5000000 ) 

 

 

      isym =  9     inversion                                     

 Time Reversal            0 

 cryst.   s( 9) = (    -1          0          0      ) 

                  (     0         -1          0      ) 

                  (     0          0         -1      ) 

 cart.    s( 9) = ( -1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000 -1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 ) 

      isym = 10     inv. 180 deg rotation - cart. axis [0,0,1]    
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 Time Reversal            0 

 cryst.   s(10) = (     1          0          0      ) 

                  (     0          1          0      ) 

                  (     0          0         -1      ) 

 

 cart.    s(10) = (  1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000  1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 ) 

      isym = 11     inv. 180 deg rotation - cart. axis [0,1,0]    

 

 Time Reversal            1 

 cryst.   s(11) = (     1          0          0      ) 

                  (     0         -1          0      ) 

                  (     0          0          1      ) 

 cart.    s(11) = (  1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000 -1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000  1.0000000 ) 

      isym = 12     inv. 180 deg rotation - cart. axis [1,0,0]    

 Time Reversal            1 

 cryst.   s(12) = (    -1          0          0      ) 

                  (     0          1          0      ) 

                  (     0          0          1      ) 

 cart.    s(12) = ( -1.0000000  0.0000000  0.0000000 ) 

                  (  0.0000000  1.0000000  0.0000000 ) 

                  (  0.0000000  0.0000000  1.0000000 ) 

      isym = 13     inv. 180 deg rotation - cart. axis [1,1,0]    

 Time Reversal            1 

 cryst.   s(13) = (     0         -1          0      )    f =(  0.5000000 ) 

                  (    -1          0          0      )       (  0.5000000 ) 

                  (     0          0          1      )       (  0.5000000 ) 

 cart.    s(13) = (  0.0000000 -1.0000000  0.0000000 )    f =(  0.5000000 ) 

                  ( -1.0000000  0.0000000  0.0000000 )       (  0.5000000 ) 

                  (  0.0000000  0.0000000  1.0000000 )       (  0.5000000 ) 
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      isym = 14     inv. 180 deg rotation - cart. axis [1,-1,0]   

 Time Reversal            1 

 cryst.   s(14) = (     0          1          0      )    f =( -0.5000000 ) 

                  (     1          0          0      )       ( -0.5000000 ) 

                  (     0          0          1      )       (  0.5000000 ) 

 cart.    s(14) = (  0.0000000  1.0000000  0.0000000 )    f =( -0.5000000 ) 

                  (  1.0000000  0.0000000  0.0000000 )       ( -0.5000000 ) 

                  (  0.0000000  0.0000000  1.0000000 )       (  0.5000000 ) 

      isym = 15     inv.  90 deg rotation - cart. axis [0,0,-1]   

 Time Reversal            0 

 cryst.   s(15) = (     0          1          0      )    f =(  0.5000000 ) 

                  (    -1          0          0      )       ( -0.5000000 ) 

                  (     0          0         -1      )       (  0.5000000 ) 

 cart.    s(15) = (  0.0000000 -1.0000000  0.0000000 )    f =(  0.5000000 ) 

                  (  1.0000000  0.0000000  0.0000000 )       ( -0.5000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 )       (  0.5000000 ) 

      isym = 16     inv.  90 deg rotation - cart. axis [0,0,1]    

 Time Reversal            0 

 cryst.   s(16) = (     0         -1          0      )    f =( -0.5000000 ) 

                  (     1          0          0      )       (  0.5000000 ) 

                  (     0          0         -1      )       (  0.5000000 ) 

 cart.    s(16) = (  0.0000000  1.0000000  0.0000000 )    f =( -0.5000000 ) 

                  ( -1.0000000  0.0000000  0.0000000 )       (  0.5000000 ) 

                  (  0.0000000  0.0000000 -1.0000000 )       (  0.5000000 ) 

 

     the magnetic double point group is D_4h(4/mmm) [C_4h (4/m) ] 

     using the double point group C_4h (4/m)  

     there are 16 classes and  8 irreducible representations 

     the character table: 

       E     -E    C4    -C4   C4^2  -C4^2 C4^3  -C4^3 i     -i    S4^3  -S4^3 

G_5+   1.00 -1.00  0.71 -0.71  0.00  0.00  0.71 -0.71  1.00 -1.00  0.71 -0.71 

G_6+   1.00 -1.00  0.71 -0.71  0.00  0.00  0.71 -0.71  1.00 -1.00  0.71 -0.71 

G_7+   1.00 -1.00 -0.71  0.71  0.00  0.00 -0.71  0.71  1.00 -1.00 -0.71  0.71 

G_8+   1.00 -1.00 -0.71  0.71  0.00  0.00 -0.71  0.71  1.00 -1.00 -0.71  0.71 
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G_5-   1.00 -1.00  0.71 -0.71  0.00  0.00  0.71 -0.71 -1.00  1.00 -0.71  0.71 

G_6-   1.00 -1.00  0.71 -0.71  0.00  0.00  0.71 -0.71 -1.00  1.00 -0.71  0.71 

G_7-   1.00 -1.00 -0.71  0.71  0.00  0.00 -0.71  0.71 -1.00  1.00  0.71 -0.71 

G_8-   1.00 -1.00 -0.71  0.71  0.00  0.00 -0.71  0.71 -1.00  1.00  0.71 -0.71 

       E     -E    C4    -C4   C4^2  -C4^2 C4^3  -C4^3 i     -i    S4^3  -S4^3                                                                               

G_5+   0.00  0.00  0.71 -0.71  1.00 -1.00 -0.71  0.71  0.00  0.00  0.71 -0.71 

G_6+   0.00  0.00 -0.71  0.71 -1.00  1.00  0.71 -0.71  0.00  0.00 -0.71  0.71 

G_7+   0.00  0.00 -0.71  0.71  1.00 -1.00  0.71 -0.71  0.00  0.00 -0.71  0.71 

G_8+   0.00  0.00  0.71 -0.71 -1.00  1.00 -0.71  0.71  0.00  0.00  0.71 -0.71 

G_5-   0.00  0.00  0.71 -0.71  1.00 -1.00 -0.71  0.71  0.00  0.00 -0.71  0.71 

G_6-   0.00  0.00 -0.71  0.71 -1.00  1.00  0.71 -0.71  0.00  0.00  0.71 -0.71 

G_7-   0.00  0.00 -0.71  0.71  1.00 -1.00  0.71 -0.71  0.00  0.00  0.71 -0.71 

G_8-   0.00  0.00  0.71 -0.71 -1.00  1.00 -0.71  0.71  0.00  0.00 -0.71  0.71 

       s_h   -s_h  S4    -S4   

G_5+   1.00 -1.00 -0.71  0.71 

G_6+  -1.00  1.00  0.71 -0.71 

G_7+   1.00 -1.00  0.71 -0.71 

G_8+  -1.00  1.00 -0.71  0.71 

G_5-  -1.00  1.00  0.71 -0.71 

G_6-   1.00 -1.00 -0.71  0.71 

G_7-  -1.00  1.00 -0.71  0.71 

G_8-   1.00 -1.00  0.71 -0.71 

 

        Cartesian axes 

     site n.     atom                  positions (alat units) 

         1           Nb  tau(   1) = (   0.2500000   0.0000000   0.5000000  ) 

         2           Nb  tau(   2) = (   0.7500000   0.0000000   0.5000000  ) 

         3           Nb  tau(   3) = (   0.5000000   0.2500000   0.0000000  ) 

         4           Nb  tau(   4) = (   0.5000000   0.7500000   0.0000000  ) 

         5           Nb  tau(   5) = (   0.0000000   0.5000000   0.2500000  ) 

         6           Nb  tau(   6) = (   0.0000000   0.5000000   0.7500000  ) 

         7           Sn  tau(   7) = (   0.0000000   0.0000000   0.0000000  ) 

         8           Sn  tau(   8) = (   0.5000000   0.5000000   0.5000000  ) 
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   Crystallographic axes 

     site n.     atom                  positions (cryst. coord.) 

         1           Nb  tau(   1) = (  0.2500000  0.0000000  0.5000000  ) 

         2           Nb  tau(   2) = (  0.7500000  0.0000000  0.5000000  ) 

         3           Nb  tau(   3) = (  0.5000000  0.2500000  0.0000000  ) 

         4           Nb  tau(   4) = (  0.5000000  0.7500000  0.0000000  ) 

         5           Nb  tau(   5) = (  0.0000000  0.5000000  0.2500000  ) 

         6           Nb  tau(   6) = (  0.0000000  0.5000000  0.7500000  ) 

         7           Sn  tau(   7) = (  0.0000000  0.0000000  0.0000000  ) 

         8           Sn  tau(   8) = (  0.5000000  0.5000000  0.5000000  ) 

 

     number of k points=   221  gaussian smearing, width (Ry)=  0.0300 

                       cart. coord. in units 2pi/alat 

        k(    1) = (   0.0000000   0.0000000   0.0000000), wk =   0.0000000 

        k(    2) = (   0.0000000   0.0250000   0.0000000), wk =   0.0000599 

        k(   21) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   22) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   23) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   24) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   25) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   26) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   27) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   28) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   29) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   30) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   31) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   32) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   33) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   34) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   35) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   36) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   37) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   38) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   39) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 
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        k(   40) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   41) = (   0.0000000   0.5000000   0.0000000), wk =   0.0011980 

        k(   42) = (   0.0250000   0.5000000   0.0000000), wk =   0.0012579 

        k(   43) = (   0.0500000   0.5000000   0.0000000), wk =   0.0013178 

        k(   44) = (   0.0750000   0.5000000   0.0000000), wk =   0.0013777 

        k(   45) = (   0.1000000   0.5000000   0.0000000), wk =   0.0014376 

        k(   46) = (   0.1250000   0.5000000   0.0000000), wk =   0.0014975 

        k(   47) = (   0.1500000   0.5000000   0.0000000), wk =   0.0015574 

        k(   48) = (   0.1750000   0.5000000   0.0000000), wk =   0.0016173 

        k(   49) = (   0.2000000   0.5000000   0.0000000), wk =   0.0016772 

        k(   50) = (   0.2250000   0.5000000   0.0000000), wk =   0.0017371 

        k(   51) = (   0.2500000   0.5000000   0.0000000), wk =   0.0017970 

        k(   52) = (   0.2750000   0.5000000   0.0000000), wk =   0.0018569 

        k(   53) = (   0.3000000   0.5000000   0.0000000), wk =   0.0019168 

        k(   54) = (   0.3250000   0.5000000   0.0000000), wk =   0.0019767 

00000   0.0000000), wk =   0.0040902 

        k(  113) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  114) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  115) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  116) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  117) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  118) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  119) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  120) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  121) = (   0.0000000   0.0000000   0.0000000), wk =   0.0040902 

        k(  122) = (   0.0250000   0.0250000   0.0250000), wk =   0.0041940 

        k(  123) = (   0.0500000   0.0500000   0.0500000), wk =   0.0042977 

        k(  124) = (   0.0750000   0.0750000   0.0750000), wk =   0.0044015 

        k(  125) = (   0.1000000   0.1000000   0.1000000), wk =   0.0045052 

        k(  126) = (   0.1250000   0.1250000   0.1250000), wk =   0.0046090 

        k(  127) = (   0.1500000   0.1500000   0.1500000), wk =   0.0047127 

        k(  128) = (   0.1750000   0.1750000   0.1750000), wk =   0.0048165 

        k(  129) = (   0.2000000   0.2000000   0.2000000), wk =   0.0049202 

        k(  130) = (   0.2250000   0.2250000   0.2250000), wk =   0.0050240 
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        k(  131) = (   0.2500000   0.2500000   0.2500000), wk =   0.0051277 

        k(  132) = (   0.2750000   0.2750000   0.2750000), wk =   0.0052315 

        k(  133) = (   0.3000000   0.3000000   0.3000000), wk =   0.0053352 

        k(  134) = (   0.3250000   0.3250000   0.3250000), wk =   0.0054390 

        k(  135) = (   0.3500000   0.3500000   0.3500000), wk =   0.0055427 

        k(  136) = (   0.3750000   0.3750000   0.3750000), wk =   0.0056465 

        k(  137) = (   0.4000000   0.4000000   0.4000000), wk =   0.0057502 

        k(  138) = (   0.4250000   0.4250000   0.4250000), wk =   0.0058540 

        k(  139) = (   0.4500000   0.4500000   0.4500000), wk =   0.0059577 

        k(  140) = (   0.4750000   0.4750000   0.4750000), wk =   0.0060615 

 

   -37.0901 -37.0901 -37.0677 -37.0677 -37.0621 -37.0621 -37.0621 -37.0621 

   -37.0564 -37.0564 -37.0338 -37.0338 -13.5213 -13.5213 -13.4047 -13.4047 

   -13.4047 -13.4047 -13.3535 -13.3535 -13.3497 -13.3497 -13.3497 -13.3497 

   -13.3489 -13.3489 -13.2419 -13.2419 -13.1337 -13.1337 -13.1166 -13.1166 

   -13.1145 -13.1145 -13.1145 -13.1145 -13.0744 -13.0744 -13.0673 -13.0673 

   -13.0673 -13.0673 -13.0570 -13.0570 -13.0570 -13.0570 -13.0262 -13.0262 

    -3.5143  -3.5143  -3.5143  -3.5143  -3.5114  -3.5114  -3.5114  -3.5114 

    -3.4974  -3.4974  -3.4974  -3.4974  -3.4972  -3.4972  -3.4966  -3.4966 

    -3.4954  -3.4954  -3.4943  -3.4943   9.7107   9.7107   9.7107   9.7107 

    13.5002  13.5002  13.6289  13.6289  13.8844  13.8844  13.8844  13.8844 

    14.0435  14.0435  14.1686  14.1686  15.7821  15.7821  15.7897  15.7897 

    15.8675  15.8675  15.8675  15.8675  16.0980  16.0980  16.1004  16.1004 

    17.1097  17.1097  17.3281  17.3281  17.3281  17.3281  17.3781  17.3781 

    17.3781  17.3781  17.3833  17.3833  17.5320  17.5320  17.5320  17.5320 

    17.5685  17.5685  17.6213  17.6213  19.6099  19.6099  19.7845  19.7845 

    19.7845  19.7845  19.8092  19.8092  19.9834  19.9834  20.0293  20.0293 

          k = 0.5000 0.5000 0.4500 (  4264 PWs)   bands (ev): 

   -37.0808 -37.0808 -37.0658 -37.0658 -37.0621 -37.0621 -37.0621 -37.0621 

   -37.0583 -37.0583 -37.0431 -37.0431 -13.4626 -13.4626 -13.4047 -13.4047 

   -13.4047 -13.4047 -13.3528 -13.3528 -13.3506 -13.3506 -13.3506 -13.3506 

   -13.3497 -13.3497 -13.2668 -13.2668 -13.1238 -13.1238 -13.1154 -13.1154 

   -13.1091 -13.1091 -13.1091 -13.1091 -13.0840 -13.0840 -13.0670 -13.0670 
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   -13.0670 -13.0670 -13.0635 -13.0635 -13.0619 -13.0619 -13.0619 -13.0619 

    -3.5120  -3.5120  -3.5120  -3.5120  -3.5117  -3.5117  -3.5117  -3.5117 

    -3.4976  -3.4976  -3.4976  -3.4976  -3.4973  -3.4973  -3.4970  -3.4970 

    -3.4960  -3.4960  -3.4955  -3.4955   9.7205   9.7205   9.7205   9.7205 

    13.6147  13.6147  13.7021  13.7021  13.8623  13.8623  13.8623  13.8623 

    13.9792  13.9792  14.0654  14.0654  15.8281  15.8281  15.8344  15.8344 

    15.9028  15.9028  15.9028  15.9028  16.0427  16.0427  16.0437  16.0437 

    17.2323  17.2323  17.3419  17.3419  17.3419  17.3419  17.3701  17.3701 

    17.3701  17.3701  17.3974  17.3974  17.4894  17.4894  17.4894  17.4894 

    17.5203  17.5203  17.5839  17.5839  19.6766  19.6766  19.7892  19.7892 

    19.7966  19.7966  19.7966  19.7966  19.9274  19.9274  19.9280  19.9280 

          k = 0.5000 0.5000 0.4750 (  4272 PWs)   bands (ev): 

   -37.0715 -37.0715 -37.0639 -37.0639 -37.0621 -37.0621 -37.0621 -37.0621 

   -37.0602 -37.0602 -37.0526 -37.0526 -13.4053 -13.4053 -13.4047 -13.4047 

   -13.4047 -13.4047 -13.3521 -13.3521 -13.3511 -13.3511 -13.3511 -13.3511 

   -13.3505 -13.3505 -13.3039 -13.3039 -13.1138 -13.1138 -13.1117 -13.1117 

   -13.1053 -13.1053 -13.1053 -13.1053 -13.0939 -13.0939 -13.0889 -13.0889 

   -13.0669 -13.0669 -13.0669 -13.0669 -13.0655 -13.0655 -13.0655 -13.0655 

    -3.5123  -3.5123  -3.5123  -3.5123  -3.5122  -3.5122  -3.5122  -3.5122 

    -3.4983  -3.4983  -3.4978  -3.4978  -3.4977  -3.4977  -3.4977  -3.4977 

    -3.4975  -3.4975  -3.4972  -3.4972   9.7264   9.7264   9.7264   9.7264 

    13.7298  13.7298  13.7740  13.7740  13.8488  13.8488  13.8488  13.8488 

    13.9128  13.9128  13.9567  13.9567  15.8789  15.8789  15.8820  15.8820 

    15.9251  15.9251  15.9251  15.9251  15.9864  15.9864  15.9881  15.9881 

    17.3462  17.3462  17.3556  17.3556  17.3556  17.3556  17.3644  17.3644 

    17.3644  17.3644  17.4181  17.4181  17.4581  17.4581  17.4581  17.4581 

    17.4794  17.4794  17.5253  17.5253  19.7421  19.7421  19.7860  19.7860 

    19.8037  19.8037  19.8037  19.8037  19.8530  19.8530  19.8680  19.8680 

 

          k = 0.5000 0.5000 0.5000 (  4272 PWs)   bands (ev): 

   -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 

   -37.0620 -37.0620 -37.0620 -37.0620 -13.4047 -13.4047 -13.4047 -13.4047 
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   -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 

   -13.3513 -13.3513 -13.3513 -13.3513 -13.1038 -13.1038 -13.1038 -13.1038 

   -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 

   -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 

    -3.5122  -3.5122  -3.5122  -3.5122  -3.5122  -3.5122  -3.5122  -3.5122 

    -3.4978  -3.4978  -3.4978  -3.4978  -3.4978  -3.4978  -3.4978  -3.4978 

    -3.4978  -3.4978  -3.4978  -3.4978   9.7284   9.7284   9.7284   9.7284 

    13.8443  13.8443  13.8443  13.8443  13.8443  13.8443  13.8443  13.8443 

    13.8443  13.8443  13.8443  13.8443  15.9327  15.9327  15.9327  15.9327 

    15.9327  15.9327  15.9327  15.9327  15.9327  15.9327  15.9327  15.9327 

    17.3623  17.3623  17.3623  17.3623  17.3623  17.3623  17.3623  17.3623 

    17.4453  17.4453  17.4453  17.4453  17.4453  17.4453  17.4453  17.4453 

    17.4454  17.4454  17.4454  17.4454  19.8060  19.8060  19.8060  19.8060 

    19.8060  19.8060  19.8060  19.8060  19.8060  19.8060  19.8060  19.8060 

        13.6147  13.6147  13.7021  13.7021  13.8623  13.8623  13.8623  13.8623 

    13.9792  13.9792  14.0654  14.0654  15.8281  15.8281  15.8344  15.8344 

    15.9028  15.9028  15.9028  15.9028  16.0427  16.0427  16.0437  16.0437 

    17.2323  17.2323  17.3419  17.3419  17.3419  17.3419  17.3701  17.3701 

    17.3701  17.3701  17.3974  17.3974  17.4894  17.4894  17.4894  17.4894 

    17.5203  17.5203  17.5839  17.5839  19.6766  19.6766  19.7892  19.7892 

    19.7966  19.7966  19.7966  19.7966  19.9274  19.9274  19.9280  19.9280 

          k = 0.5000 0.5000 0.4750 (  4272 PWs)   bands (ev): 

   -37.0715 -37.0715 -37.0639 -37.0639 -37.0621 -37.0621 -37.0621 -37.0621 

   -37.0602 -37.0602 -37.0526 -37.0526 -13.4053 -13.4053 -13.4047 -13.4047 

   -13.4047 -13.4047 -13.3521 -13.3521 -13.3511 -13.3511 -13.3511 -13.3511 

   -13.3505 -13.3505 -13.3039 -13.3039 -13.1138 -13.1138 -13.1117 -13.1117 

   -13.1053 -13.1053 -13.1053 -13.1053 -13.0939 -13.0939 -13.0889 -13.0889 

   -13.0669 -13.0669 -13.0669 -13.0669 -13.0655 -13.0655 -13.0655 -13.0655 

    -3.5123  -3.5123  -3.5123  -3.5123  -3.5122  -3.5122  -3.5122  -3.5122 

    -3.4983  -3.4983  -3.4978  -3.4978  -3.4977  -3.4977  -3.4977  -3.4977 

    -3.4975  -3.4975  -3.4972  -3.4972   9.7264   9.7264   9.7264   9.7264 

    13.7298  13.7298  13.7740  13.7740  13.8488  13.8488  13.8488  13.8488 

    13.9128  13.9128  13.9567  13.9567  15.8789  15.8789  15.8820  15.8820 

    15.9251  15.9251  15.9251  15.9251  15.9864  15.9864  15.9881  15.9881 
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    17.3462  17.3462  17.3556  17.3556  17.3556  17.3556  17.3644  17.3644 

    17.3644  17.3644  17.4181  17.4181  17.4581  17.4581  17.4581  17.4581 

    17.4794  17.4794  17.5253  17.5253  19.7421  19.7421  19.7860  19.7860 

    19.8037  19.8037  19.8037  19.8037  19.8530  19.8530  19.8680  19.8680 

 

          k = 0.5000 0.5000 0.5000 (  4272 PWs)   bands (ev): 

   -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 -37.0621 

   -37.0620 -37.0620 -37.0620 -37.0620 -13.4047 -13.4047 -13.4047 -13.4047 

   -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 -13.3513 

   -13.3513 -13.3513 -13.3513 -13.3513 -13.1038 -13.1038 -13.1038 -13.1038 

   -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 -13.1038 

   -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 -13.0668 

    -3.5122  -3.5122  -3.5122  -3.5122  -3.5122  -3.5122  -3.5122  -3.5122 

    -3.4978  -3.4978  -3.4978  -3.4978  -3.4978  -3.4978  -3.4978  -3.4978 

    -3.4978  -3.4978  -3.4978  -3.4978   9.7284   9.7284   9.7284   9.7284 

    13.8443  13.8443  13.8443  13.8443  13.8443  13.8443  13.8443  13.8443 

    13.8443  13.8443  13.8443  13.8443  15.9327  15.9327  15.9327  15.9327 

    15.9327  15.9327  15.9327  15.9327  15.9327  15.9327  15.9327  15.9327 

    17.3623  17.3623  17.3623  17.3623  17.3623  17.3623  17.3623  17.3623 

    17.4453  17.4453  17.4453  17.4453  17.4453  17.4453  17.4453  17.4453 

    17.4454  17.4454  17.4454  17.4454  19.8060  19.8060  19.8060  19.8060 

    19.8060  19.8060  19.8060  19.8060  19.8060  19.8060  19.8060  19.8060 

     Writing output data file NbSn.save 

     init_run     :     12.35s CPU     12.66s WALL (       1 calls) 

     electrons    :  25114.74s CPU  25146.59s WALL (       1 calls) 

    Called by init_run: 

     wfcinit      :      0.00s CPU      0.00s WALL (       1 calls) 

     potinit      :      7.64s CPU      7.88s WALL (       1 calls) 

     Called by electrons: 

     c_bands      :  25114.72s CPU  25146.51s WALL (       1 calls) 

     v_of_rho     :      0.45s CPU      0.47s WALL (       1 calls) 

     v_h          :      0.01s CPU      0.01s WALL (       1 calls) 

     v_xc         :      0.44s CPU      0.46s WALL (       1 calls) 

     newd         :      2.33s CPU      2.34s WALL (       1 calls) 
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     Called by c_bands: 

     init_us_2    :      0.88s CPU      0.95s WALL (     221 calls) 

     cegterg      :  24076.68s CPU  24105.22s WALL (     547 calls) 

 

     Called by sum_band: 

     Called by *egterg: 

     h_psi        :   7074.80s CPU   7086.26s WALL (   10065 calls) 

     s_psi        :   1434.47s CPU   1434.58s WALL (   10065 calls) 

     g_psi        :     29.98s CPU     29.82s WALL (    9297 calls) 

     cdiaghg      :   2255.02s CPU   2255.49s WALL (    9518 calls) 

     cegterg:over :   5857.83s CPU   5858.17s WALL (    9297 calls) 

     cegterg:upda :   4153.51s CPU   4153.98s WALL (    9297 calls) 

     cegterg:last :   3514.74s CPU   3515.02s WALL (    1467 calls) 

     Called by h_psi: 

     h_psi:vloc   :   4169.78s CPU   4180.21s WALL (   10065 calls) 

     h_psi:vnl    :   2881.46s CPU   2881.89s WALL (   10065 calls) 

     add_vuspsi   :   1429.12s CPU   1429.32s WALL (   10065 calls) 

     General routines 

     calbec       :   1452.26s CPU   1452.54s WALL (   10065 calls) 

     fft          :      0.12s CPU      0.19s WALL (      31 calls) 

     ffts         :      0.02s CPU      0.01s WALL (       4 calls) 

     fftw         :   3402.43s CPU   3410.58s WALL ( 2375596 calls) 

     interpolate  :      0.03s CPU      0.03s WALL (       4 calls) 

     davcio       :      1.95s CPU     52.23s WALL (     221 calls) 

     Parallel routines 

     fft_scatter  :    212.50s CPU    213.08s WALL ( 2375631 calls) 

     PAW routines 

     PAW_pot      :      7.11s CPU      7.21s WALL (       1 calls) 

     PWSCF        :     6h58m CPU        7h 3m WALL 

 

   This run was terminated on:  21: 6:46  24Jan2024             

=------------------------------------------------------------------------------= 

   JOB DONE. 

=------------------------------------------------------------------------------= 
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 Appendix III : KUREC Clearance Letter 
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Appendix IV: NACOSTI Research Permit 
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Appendix V: Evidence of Conference Participation  
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