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ABSTRACT

The quest for a hard superconducting material with engineappgcations has

been going on for some time. Among the hard superconducting materials is Niobium
Nitride which superconducts at 17 K. Niobium nitride has excellent mechanical
properties required for engineering applications and therefore has beecubefo
research in the recent past. It has four structural polymorphs, that is, b1, b4, b81 and
bh. Current research that has been done on this material has been skewed towards b1
and b81 leaving out the other two. In this work, Investigation basing enh fir
principles on structural, electronic and magnetic properties for bl, b4, b81 and bh
polymorphs was carried out. Comparison of the structural, electronic and magnetic
propeties of the four polymorphs will help to assess the suitability of each
polymorph for superconducting applications. In this work, calculations were
performed using density functional formalism as implemented in the Quantum
ESPRESSO computer code with the excharweelation functional in the local
density approximation. Ultrasoft pseambtentials was used to describe the eleetron

ion interactions. Initially, the optimized lattice parameters were obtained by fitting
the total energy versus volume data to the Murnaghan equation of state. The
structure was then relaxed until all the comgrais of force on each atom was less
than 10° Ry per a.uThe investigation reveals that b81 is the most stable with the
least energy vs volume per formula unit. Phase transition is observed when pressure
is exerted on the structures, with b81 transitingbd and bl to bh. The four
polymorphs have negative enthalpy indicating their possibility in synthesis. The
density of states, band structures and charge density confirm that the polymorphs are
metallic, good conductors, bonding is covalent and metaliey are all found to be
norrmagnetic at zero KComparativelyph stands out with the best qualities for
superconductivity applications like making of superconducting wires, motors,
magnetic recorders, Infi@ed sensors and radio frequency superconducting
accelerator cavities.

Vi
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Research on Superconducting hard materials (solid) like NbN has elicited interest
from researchers in material science, seti@te physics and condensed matter
physics both experimentally and theoretically. Niobium nitride polymorphs are some
of nitrides materials that have been found to superconduct in solid state. Their
excellent mechanical properties, that is, low compressibility, high hardness and high
shear rigidity, makes them good candidates in electronic engineering, high pressure
devices, motor stems, and carbemanotube junctions. They are also used as hard
coating material, IR (infrared) sensor and in superconducting quantum interference
devices. Coating material made from this compound (NbN) is characterized by high

hardness especially in heganal phases (Holest al,, 2010).

Niobium nitride occurs in four polymorphs, that is; wurtzite (b4), ¥yge (bh),

rock salt (b1l) and the NiAg/pe (b81). The rock salt (b1) which has been widely
studied among the four is cubic in structure (FCC); whereésbh and b81 have
hexagonal trigonal P structures. Recent past theoretical calculations by first principle
computational study shows that the Niobium Nitride hexagonal trigonal p structures
exhibits high hardness and low total energy compared to tiie one: rocksalt bl

(Zou et al., 2016). The remarkable mechanical property of hardness of NbN
hexagonal trigonal p superconductor makes them good candidates for engineering

applications in motor system, carboanotube and high pressure devices.



Superconductivity was di scovered by Ka
phenomenon where a conductor conducts dc current with zero resistance. The
temperature at which a material starts to superconducts is referred to as transition
temperature J and each ntarial that superconducts has a unique Niobium

nitride is a low T superconductor with the highest superconducting at 17K. The
materi al has received more attention bec

for engineering applications

Computatimal techniques based on time dependent Schrédinger equation in DFT
and as implemented in QUANTUM ESPRESSO code has been key in the recent
times in predicting the properties of materials by calculation. The code uses the

exchange correlation energy funciadslike LDA, GGA etc in its calculation.

1.2 Statement of the Problem

Niobium nitride rock salt (b1) and NiAype b81 structures have been studied more
extensively than the other two polymorphs: wurtzite (b4) andtyp€ (bh). In the

past studies resedrers have done selective study of the four polymorphs. For
instance, in one study on superconductivity; b81 is studied, whereas, in another b1,
b81 and bh is discussed in light of thermodynamic property and another looks at
b81, bl and bh in light of strtweal, mechanical and electronic properties by first
principles. Most of the above studies were pressure induced but this study is done at
ambient pressure. Consequently, there has not been a comparative study of the four
polymorphs in view of structuraklectronic and magnetic properties in order to
obtain a polymorph best suited forpguconductivity applications. To utilizéhis

hard superconducting material, it is essential to get the structural, electronic and
magnetic properties of all the other polgrphs. In this research, a thorough study of

the structural, electronic and magnetic properties of NbN is done for all the
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polymorphs, the best suited polymorph for superconductivity applications
determined These physical properties are able to offeredoegly detailed

information for understanding other complex features of the material.

1.3 Objectives

1.3.1 The main objective
To investigate the structural, electronic and magnetic properties of Niobium Nitride

polymorphs.

1.3.2 Specific objectives

I.  Todetermine the structural properties of Niobium Nitride polymorphs.

II.  To determine the electronic properties of Niobium Nitride polymorphs.
lll.  To determine the magnetic properties of Niobium Nitride polymorphs.
1.4 Justification
Niobium Nitride polymorphs werehosen for this research because of their good
mechanical properties, that is; high incompressibility and they are ductile and
therefore, can be drawn into wires. The four polymorphs of NbN were studied by
looking at structural, electronic and magnetic @ntips consistently since other
studies have tended to study one or two of the four polymorphs. In this resdarch,
initio techniques are used to calculate the properties as implemented in QUANTUM
ESPRESSO code usingotal Density Approximationas an exclange correlation
functional. Local densityApproximationis chosen because it is easily available, cost
effective and has good predictability factor in relation to the experimental values.
The knowledge of structural, electronic and magnetic propertigseophases of
NbN will be very important to researchers for further research in unraveling

superconductivity and other properties of NbN.



1.5 Significance

Niobium nitride is currently the focus of materials research as a hard
superconducting material. Ehistudy is important because the material has shown
metallic properties and hence can be applied in making wires, motors and radio
frequency superconducting accelerator cavities and-infead s ensor s beca
ductile unlike other superconducting mad¢sie.g cuprates that are brittle making

them lack the applicability aspect.

1.6 Scope of the study
In this research, théocus will be on ab-initio calculation of structural, electronic

and magnetic properties of NobN polymorphs.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction
In this chapter, light will be shade on structural, electronic and magnetic properties
of Niobium Nitride. In addition, its mechanical properties and superconductivity will

also be discussed.

2.2 Structural properties of NbN

ltdéds a 4d transition met al Nitride with
The polymorph: bl is referred to as rocksalt, b4 is Wurtzite, b81 is NiAs type and bh
is WC-type. Among the four, bl has a Face Centered Cubic structure (FCC) while
b4, b81 and bh taking hexagonal trigonal P structure. The space group offl is F
3m, b4 has space group B63m¢ b81 has space group B&/mmcand lastly bh has
space group oP-6m2 (Jainet al, 2013). According to (Zhaet al, 2010) who
investigated b, b81 and bh with respect to their structural, mechanical and
electronic properties using CASTEP code based on DFT and-EBEEAexchange
correlation functional, noted that the three had negative enthalpies at ambient
pressure. The negative enthalpies shbat the polymorphs can be synthesized
easily by experiment. The calculated formation enthalpy for NbN was found to be
larger by 22% in comparison to other theoretical values. In their analysis of the three
polymorphs with reference to total energy agairdtme, showed W&ype to be

more stable with least total energy per unit volume followed by fype and
NaCktype. The three polymorphs were also investigated by (Wdng., 2011)

using CASTEP code based on DFT and GBRBE exchange correlation funmtial,
looking at pressurenduced structural transition and thermodynamic properties of
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NbN and effect of metallic bonding on its hardness. They noted a pressure induced
structural transition of Na@ype to WGCtype at 200.64Gpa at T=0K. Their

calculated attice parameters are as shown in the table 2.1 below.

Table 2.1: Optimized lattice parameters of NaCl, NiAs and byQ(Wang et al.,
2011)

Structure a(A) c(A)
NacCl 4.408

NiAs 2.975 5.549
WC 2.874 2.874

A plot of total energy versus volume per atom by (lvashchestkal, 2010)
confirmed that the hexagonal phases CW to be the most stable at various pressures.
From the above two studies, b4 (Wurtzite) was left out. Moreover, in their
calculations of lattie dynamic properties, they discovered soft phonon modes at the
M points in NiAs structure indicating instability. This research is intents to do a

thorough consistent comparative study of the four polymorphs of NbN.

2.3 Electronic properties of NbN

The ekctronic properties of materials, fundamentaldepends on theiBand
structure graphsDensity of stées (DOS)and charge density maps. These three
depends on electronic valence configuration of Nb and N. In terms of orbitals Nb
and N has a configuratioof 4d* 5s* and 2* 2p® respectively. The £of N do not

take partin bonding because they are tightly bound by the nucleus; localized. But
the d of Nb and the p of N participate in bonding and can result to any hybrid orbital
with a coordination number higher than four (Hoktcal, 2010). The calculated
electronic bad structures of NaCl, CW and NiAs by (lvashcher&oal, 2010)

exhibit three main bands. The lower energy band originating frorasMrbitals

6



followed by d-p band mostly associated by Nband Np states. Thel-p states of

NaCl does not split but CW ardiAs types splits into subands related to the (Nb
dNp)d and-NNMb) d bonds. This therefore, me
has a direct effect on the bonding. The superior mechanical property (hardness) of
wWC, Ni As and NaCIl| ndinmatates tbetveeen fthe coretallp b o
orbitals and the metal orbitals thatintenselyresists the shear strains (Zetal,

2015). In reference to TDOS and PDOS as calculated by €Zaili, 2016) it was

noted that the NaCl and NiAs were metallic withraté Dos at the Fermi level for
NaCl. The pseudogap was also noted above/below the Fermi level indicating
covalent and ionic bonds between Nb and N. The covalent like bonding is due to
hybridization. From the resolved DOS WC structure shows strong hzéiwin

both under zero pressure and high pressure (Waaly 2011). They also noted that

the pseudayap separated the conduction band from the valence band.

2.4 Magnetic properties of NbN

Magnetism of a material is a result of the sum of spins andabrbégnetic moment

of electrons. Theneanelectron spin per atom is magnetic moment which is used to
characterize the magnetism of a material. In a case where the total electron spin per
state is zero (there are two electrons per state having spin up and down and therefore
couple) then the materil is said to be diamagneti c. |
(there is one electron per state) and all are oriented in the same direction the material
has a magneti c moment of one, thexrefore
ferromagnetic is a matal with electrons spins alternating in direction and its

magnetic moment summing to zero (Statlal, 2009).

Diamagnetism has been observed in NbN by sweeping the field from zegg to H

is noted that the temperature dependence @firHboth the bik and micresized
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crystal indicate that the ddfor micro-sized crystal is greater and diverge to zero at
T. = 8.7K. This is because the miesized is more thinner than the bulk one
therefore vortices cannot penetrate it easily in parallel magnetis fi@llu et al,
2017). In addition, research has shown NbN N to have metallic behaviour
butdoesnadt have maig sparup channelldsesynametsiceto gpih e

down channel as shown by (Mora et al., 2018)

2.5 Mechanical properties

Mechanical poperties are important especially when the material is being looked at
for engineering application, where hardness and ductility are key. Niobium Nitride
being part of the transition metaitrides has excellent mechanical properties; high
hardness. Foample the bh (W&ype) has low compressibility, high shear rigidity
and high hardness (Zoet al, 2016), (Stampfiet al, 2001), (Bullet al, 2004),
(Soignar@t al, 2007), (Cheret al, 2005). The maximum hardness values are
observed in hexagonal NbNolgmorphs; b4, bh and b81 (Holest al, 2010).
Research that has been done on the 4d transition metal mononitrides from yttrium
Nitride to Cadmium Nitride that is; (Yttrium, Zirconium, Niobium, Molybdenum,
Technetium, Ruthenium, Rhodium, Palladium, Sihand Cadmium) on the
Structural, electronic and mechanical properties with consideration of thetyp¢C

(bh), rocksalt (b1l) and NiAg/pe (b81) structures using CASTEP code based on
DFT and GGAPBE exchange correlation functional. They discovered tleatabk

salt phase was stable in YN, ZrN, AgN and CdN, while NiAs phase was stable in
MoN, TcN, RuN, RhN and PdN; whereas, Wpe was stable in NbN (Zhaat al,
2010) . Focusing on Niobium Nitride al one
Wurtzite p4) is left out from Zhao and company research; where b1, b81 and bh had

Bulk modulus of 312Gpa, 307Gpa and 316Gpa respectively. From the data, the

8



Bulk modulus was higher in bh than in b1l and b81. This therefore means that bh is
harder than the other twmolymorph of NbN, though all have high hardness. Other

than looking at bulk moduli to predict the hardness of a material, the Debye
temperature can also be used to predict the same. The higher the Debye temperature
the harder the material (Zhat al, 2010), the Debye temperature of b1, b81 and bh

are 639K, 708K and 754K respectively. This implies that bh is the hardest of the
three. The hardness is attributed to the insertion of Nitrogen in the metallic matrix.

This results to formation of covalent bondgking the metal atoms less free to

move and hence high hardness (#bal. , 2015) . ltdos clear fr
research that out of the four polymorphs of NbN only three were investigated. It is

therefore, difficult to report with finality on athe four polymorphs of NbN

2.6 Superconductivity in NbN

Superconductivity is a phenomenon where a material conducts dc current without
resistance below its Tt was discovered by Kammerlingh Onnes in 1911. Since
then there has been unrelenting researchhis field for a room temperature
superconductor. For example, Hydrogen Sulphide has been discovered to
superconduct at 203.5K under high pressure (Eeteal, 2015). Also, in recent
times, Yttriumbased Hydrogen Clathrate is superconducting at roompdgature,

303K at 400Gpa (Heikt al, 2019). Unfortunately the two cannot be applied in
engineering because they lack the good mechanical properties (hardness) and
ductility that NbN is well endowed with. Niobiumitnde has receivedsubstantial
consideréion in the recent years due to its notable hardness, electronic and
superconductivity in some of its polymorphs that has been researched onetBabu
al., 2019). Under the transitiemetal nitrides that is; Zirconium Nitride, Hafnium

Nitride and Niobium Nitride (rocksalt), it has been reported that Niobium nitride has



the highest transition temperature at 17.3K followed by Zirconium Nitride at 10K
and Hahium Nitride at 8.8K. When b1l and bh are compared on the basis of,the T
b1l which is cubic is found to have highef @f 17.3K while bh has 11.6K. The
difference in the Jis alluded to the fact that, there exists a weak bonding in the Nb

N network for bhthan in bl (Zowetal., 2016). The high Jin b1l is associated with

the strong phonocelectron interaction in its lattice. According to (Zeual, 2015),

the transition temperature of b81 increase when subjected to pressure up to 20 Gpa.
The pressure reates thesizeDOS at the Fermi level reducing the electedectron
parameter which has a direct consequence oi®bifice the NbN polymorphs have
been proven to superconduct at low fhey are applied in carbon nanotube
junctions, Radio frequency supercocting accelerator cavities and hot electron
photodetectors (Benvenati al, 1993), (Lindgrenet al, 1998), (Kasumast al,

1999). Therefore, the knowledge on the physical properties of NbN is important for
a variety of scientific and technological arldatronic engineering applications. It is

also observed that superconductivity and mechanical property of a material largely
depends on electronic property of the material (Meeretasti, 2013), (Jhet al,

1999). Unfortunately research on superconditgtimn NbN has been selective, with

b1l and bh being studied more than the other two polymorphs. This research sought
to determine the best material among the four polymorphs of NbN for application in
superconductivity by studying the structural, electraamd magnetic properties of

the four polymorphs.

In recent times, research has shown thatsThighly related to the ground state
energy from which energy, heat capacity and entropy are determined as shown by
(Rapandcet al, 2016) in their research usittige diagonalized-# Hamiltonian to

work out the thermodynamic properties of highstliperconductors. They noted that
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the energy of the system reduced to zero as T=0K. This is very true, because
superconductivity is a supéluid state, wherea buildupin temperature increases the

energy of the system (Ulloa, 2019).

The intense research in cuprates is connected to their relatively high Tc. However,
cuprates lack the applicability in engineering because they are brittle. This has
caused a shift in researdpecifically for the search of a material with the right
mechanical properties for application and superconducting at room temperature.
Some of the prospects for applicability are lanthanum superhydride, ametallic
hydrogen superconducting at 260K at ayvligh pressure (Somayazulu et al.,
2019). Nevertheless, lanthanum superhydride is known to be soft malleable and
ductile and oxidizes easily in aiDfozdowt al, 2019. Additionally, NbN has
allured many researchers due to its excellent mechanical riropetually it is
irreproachable when it comes to mechanical properties with high incompressibility

compared to cuprates which have higtbiit brittle.
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CHAPTER THREE

THEORETICAL BACKGROUND

3.0 Introduction

In this chapter Density Function@heory is discussed with reference to many body
systems, Hohenbefigohn theorem, Koht$ham equations, exchange correlation
functionals, Kpoints, plane wave basis set and how to truncate a plane wave

expansion and lastly pseudopotentials.

3.1 Many body sysems

At the atomic level, it is quantum mechanics that provide the means to evaluate the
ultimate properties of matter. Therefore, properties like optical, electrical and
magnetic of a material can be found from the primary interactions between ions and

electrons at the ground state.

The most intricate puzzle of condensed matter physics is the study of complex
systems with many atoms and electrons and the various interaction between
them.These systems can be illustrated using the-itidependent and nen

relativistic Schrodinger equation as shown below in equation (3.1).

HHr; Ry (r;R)* Ey (r;R) 3.1

(%]
Where, H is the Hamiltonian of the systeny, is the wavefunctionr ® {r}

representing the electron coordinatés! {R} representing the nuclei coordinates

and E represents the total energy of the system and is also the eigenvalue of the

Schrédinger equation. It is given as;

12



= . P> .. P . & . 7€ . ZZ
rnPriRP)ra—+ L+ - =+ 1=
R PHRRD A onr8 oy ra T A TR AR R

3.2

Where, mis the electron mass? are the electron momentd), is the nuclei mass

with momentum P, and the atomic number being, (Mohammed, 2016).The

Hamiltonian in equation (3.2) is summarised as;

s

rn-|+|(
SThe

+E +\E, +\E, 3.3

+

The first term on the right represents the electron kinetic energy operator; the second
is the nuclei kinetic energy operator, théd is the nuclei potential operator acting

on electrons while the fourth one is the electetectron interaction operator and the

last one is the nucleusicleus repulsion operator. The above results to large
numbers of degrees of interactions thaflig8*®); making the problem very intricate

and it does not take care of double counting therefore necessitating Born
Oppenheimer approximations. It therefore requires an approximation to simplify the
problem as proposed by (Kol al, 1965) and (Hohenbewgt al, 1964). One of

the approximations applied, is the Babppenheimer approximation also known as
adiabatic approximation. It considers the movement of electrons to be at a higher
speed (quantum particles), and the ions beinghrheavier will seem to be at rest
(classical particles) when compared to the electrons (Boat, 1927). Therefore,

the electrons and the ions can be studied separately. The wave function of the system
is expressed as the product of a function deisgithe electrons and that describing

the ions.
y(,R)=f(r,R)*(R) 3.4
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In consideration of equation 3.4, equation 3.2 takes the following form.

e P . R . & . ze& ., 22, 9
Rl + - + w(r,R)=E(R)(r.R
Gon 8o, B A R AR Ry R TERYER)

3.5

In this case, the problem has been simplified into electrons amcddwever the

10%® degree of freedom remains a problem. From quantum mech¥hids, treated
as a constantV,, as external potential but stilV,, is complex since the

wavefunction of all the electrons depends on the coordinates of all electrons,
therefore, they cannot be worked out singly. This complexity needs other tools to

perform the calculation. One of these tools enBityFunctionalTheory,

3.2 Density Functional Theory (DFT)

Density functional theory is a ground state theory which emphasizes on the charge
density as the relevant physical dépsiMartin, 2004). It has succesm
computingcalculating properties of many body systems in comskd matter.
Currently there are many ahitio codes that are applied in Density Functional
Theory calculations; for example VASP, QUANTUM ESPRESSO, CASTE,
ABINIT among others (Ahmed, 2015). In this research Quantum Espresso is
applied which usepseudoptentials andhe planewavebasis set§Giannozziet al,

2009). The next is a brief review on development aspectseokiy Functional

Theory
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3.2.1 KohnrHohenberg Theorems

It is based on two theories that can be applied to interacting electron system

subjected to external potential fiélbe”(r). Theorem 1 begins as follows;

Theorem I. In a case where electrons are interacting in an external potential field
V®(r) there is an agreement between a Hamiltonian with external potefitifi)
and the ground state densinyo(r) to an Eigen value which is the energy

(Hohenberget al, 1964)

Proof |: The proof proceedsy reductio da absurdurfreduction to absurdity). If a
many body system is subjected to two different external potential fig]tfsand
V,>* with Hamiltonian I-’iv_ill-’iv_i2 and ground state wavefunctions,y , associated
with each potential respectively it will give rise to two unique enerdigEt,.
Further we assume that the wavefunctions have the same ground statengléﬂ)sity
Since the Hamiltonial=l|=:l is related to the ground state wavefunctjop and with
reference to the related variational principle, no wavefungti@an have an energy
that is less than the energy of the wave funcigrwith respect to its Hamiltonian
;.

This gives;

E1:<J/1||'E—:1b’1><<»"2||'%b’2> 3.6

Assuming a nofdegenerate ground state, the above inequality holds strictly. The
last term on the right hand sidé equation 3.6can beexpressed as equation 3.7

shown below (Martin, 2004)
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<J/2||E1|)/2>:<)/2||E2|y2>+<y2||-$1- |'E2|)/2>, 3.7
= &, + e (r)- v () )

Also; E, =(y,|HE|y,) <, |HEly,). 3.8

And, considering the second term in equation (3.6) we have;

<)/1|FE2|J/1> =<J/1|F'E|)/1>+<)/1|F'E2 - |'E_:1|J/1> 3.9
= E + () - v )l (r).

Should be noted that the wavefunctignsandy , in the equations above, restitts

the same ground state densigﬁf). When equations 3.7 and 3.9 are added together

we get;
E +E,<E,+E 3.10

The energiesE, and E, represents the ground state energies correspondihﬁ to

and I-Ez respectively. Equation 3.10 is a contradiction. This isabsethere can

never be two diffrent external potentials yielding the same groundstate electron

density. Therefore,the ground state density corresponds -ttrene with
Hamiltonian and the external potential fie‘{de“(r)to a constantEberharet al,

2011).

Theorem II: The total energyE[n] in terms of the densityi(r) can be expressed as
a functional that is effective for any other external potential VI&dr).

Considering an exterh@otential field Ve"‘(r), the precise ground state energy of
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the system will be the overall minimum value of this functional, and the density
n(r) that minimizes the functional is the correct ground state dem;,i(y)

(Hohenberget al, 1964).

Proof Il: As verified in the first theorem, (proof 1), external potentiath the
Hamiltonian is distinctivelygovernebly the ground state density. The Hamiltonian
also determines the ground state wavefunction. Therefore, the systems properties

can uniquely be determined iif(r) is specified. Subsequently, each property can be

a functional oh(r) and all summed up to total energy as shown below.

E[n] =T[n]+ E™ [n]+ iy **(r)n(r) 3.11

=F[n]+ /iy (r)n(r),

The first two terms on the right of the equal sign is the kinetic energy and the
interaction energy between the electrons respectively. The two can be summarised
into a functional F[n] which has the kinetic and potential energies of attting
electron system. Subsequently if the kinetic and potential energies are a function of
charge density, therF[n] is a general functional (Martin, 2004). Tracking the
argument in theorem I, then, if a system with ground state denﬁt;) and a

Hamiltonian I-'Elin the presence of an external potential field and a definite wave

function y/; will result to a ground state energy of;

E, =E(n)={.|Mly.) 3.12a
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If a different ground state density a)(r)corresponding to different wavefunction

¥ , is considered. Considering the variation principle, another dengit))will not

basically give a higher energy

E, = E[n1] = <J/1||E1b’1> < <»V2||E1|J’2> =g 3.12b

Given the functional of the systeﬁﬂ[n] was known, therefore, by reducing the total
energy with regard to the density functio(r), we obtain the precise ground state

energy and density.

Kohn-Hohenberg supported the being of a general functioﬁ&h] without
decisively getting it, becaus&[n] an approximation inherent ifF[n] has large
errors, therefore the exact value of the functional is not known. This could have been
the only loophole for doubts on the practicality of DFT; however, Kohn and Sham
introduced another method in 1965 that eliminated the large errors in theifiahc

(Martin, 2004) and (Kohet al, 1965)

3.2.2 KohrSham equations
In their derivations, supposed that the density of interacting system is the same as

that of noninteracting system; for the same system (Kehal, 1965). Considering

a system of0 interacting electrons, its energy equation wiIII-Ee:T +W+V,
where, the first term on the right is the kinetic energy term, the second is the
interaction term with the external potential field and the last one is the electron
electroninteraction. For the same kind of system but with-mtaracting electrons

N, its Hamiltonian will be:HE=T" +W" . The KohaSham potentiall~ represents

the effective potential of a single electron. Taftective potential field of a single
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electron consists of the exchange correlation potevifialexternal potential and the

Hartree potential. The first potential (exchange correlation potential) is a function of
the density of chargat the ground state that obeys the Pauli Exclusion Principle.
Under K-S postulates, the density of the auxiliary system is given by the sum of the

square of the orbitals.

. OTup
n(r)=n(r) = &l7() 3.13
f,is the single particle state of the nuonteracting reference system. By KeBham

method for interacting system, the ground state energy functional can be rewritten

as,
E*S[n] = T[n]+ E*[n] + E"*"*qn] + E*[n] 3.14

The first term on the right of the equal sign is the peteleniparticle kinetic
energy, the second is the external energy due to the nuclei or any other external
fields, the third one represents the coulomb interaction of the electron density

interacting with the single electron and the last one is inherait thfe many body

effects of the exchange and correlation energy. Keham energy EKS[n]) IS

reduced with respect to the constant of orthonorrr{dh}y Applying chain rule on

the functional derivatives, with all termseing functionals of the ground state

density exceprl , which is a functional of the orbitals. We get;

By _ dT  8E,  CEe, 6y 0d(r)
aflr) df(r) elr) o) alr)udf

=ef, 3.15

We can now write equation 3.12 as,
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Equation 3.15 above is a miigtld equation of nofinteracting system. Such kinds of

system equations can be solved out iteratively.

3.3 Exchange and Correlation Functionals
Equationsof Kohn-Shamare exact in principle; however, the Exchai@m@relation

function is unknown and therefore approximated in practice. In most systems, the

contribution of E* to the total energy is the smallest, yet it is 100% responsible for

atomization energy (bonding between atoms/molecules). It has two parts, the

exchange energfg” and the correlation energg®. The E* is guided by the
Pauli Exclusion Principle which holds that two electrons with the same spin cannot

have same energy. The exchange part is larger than the correlation part, and can be
calculated exactly using Hartr®ck method. TheE® part is due to the correlation
and the exact value of this term is uncertain (Ahmed, 2015). EquatioivV3-1&nd

E*“contain the exchange and correlation effects for a system of electrons. But the
second one ishe most important in the KoHBham approach, on which Density

Functional Theory calculations accuracy depends. The exchange correlation energy
E*¢ [n] is dependent on the ground state density. The energy exchange correlation

has several approximation discussed below.

3.3.1 Local Density Approximation (LDA)
It was the first simplest approximation of Exchange Correlation enddy) to be
used, and was put forward by Kohn and Sham in 1965. In LDA, thenttgy

density of the inhomogeneous system with dens(ty) is locally approximated by

the XGenergy density of an electron gas with density= n(r). It is therefore,
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assumed that the electrons at the ground state behaved like a homogeneous gas. In
LDA the E*“is integrated over all space with the assumption that the exchange

correlation energy density is equivalent to that of a system with uniform electron gas

at each point (Sholl, 2009) and(Kohtal., 1965).
£ [(nr)] = e (n(r ) 3.7

Where €°™ s the exchange correlation energy for an electron in a uniform electron

gas. This exchange correlation energy can be determined accurately at any density
n(r), by applying the approximate version of the Green function Monte Carlo

methods (Ceperleyet al, 1980). local Density Approximation is famous in
underestimatinghe band gap by 40% (Perdetval, 1981) and (Perdew, 1985) and
predicts wrongly the magnetmroperty of iron (Perdew, 1985), (Sholl, 2004) and

(Rinkeetal., 2005).

3.3.2 Generalized Gradient Approximation (GGA)

It is a commonly used exchangerrelation energy approximation. It was proposed
by Perdew and Wang in 1991t uses the density arlde density gradient in order to
approximate the exchange correlation (Ahmed, 2015). GGA has evident
improvement over LDA (Martin, 2004). It simplifies equation 2.15 of LDA, which

is then defined as;

ES[n] = fji°re(n,Bn) 3.18

C

It is good in predicting molecular geometries, magnetic properties of 3D transitions
metals and determination of ground state energies (Heldhah 2017). However,

it has the following limitations; computationally it is expensive than LDA. Some of
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the examples of GGA are; B88 by Burke, PW91 by Perdew and Wang and PBE by

Perdew, Burke and Enzernof.

3.4 k-points

It is one of the key building blocks within DFT calculation. A summation over k
points is used to determine many quantities of condensed meélterkpoints
allows the tracing and reconstruction of the wavefuncjidn). They are used in
sampling the first brillouin zone (1BZ), which defines the Wigner Seitz cell of the
reciprocal lattice (Shokt al, 2009). The uniformly spad MonkhorstPack kpoint

grid technique is a common approach used to sample 1BZ (Mongthalst 1976).

The Monkhorstpack grids are in three dimension and denotetlas} Ny * N,

where, N, specify the size of the grid in different directions. The denser the k

points si ze sel ected t he heavi er t he
computationally expensive parameter. According to computational principles k
points should be selected in imtie numbers, however, due to computational cost
only finite grids are selected then a convergence is done to get the balance between

the computational cost and accuracy (Mohammad, 2016).

3.5 Plane wave basis sets

In solving equation 3.16, the Kolemamequation, its wavefunctiopr is expanded

in the basis set of;

J/i(r): a o fj(r)7
i 3.19a

Where the first term under the summatiGnis the weight of the plane wave, the

second ternf (r) is the basis function and the size of the basibljs Many basis
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functions exist and the following are the common examples; plane waves, localized

set. The localized set is made of the Gaussian and mixed basis sets. The Plane waves
basi s set all ows easy <calcul ations of 0
depend on atomic positions and involve the Fast Fourier Transform (FFT) that can
rapidly transform the plane waves frorrspace to lspace and back. This is

important when daling with the Bloch wavefunctions for periodic system like

solids. These are the reasons why plane waves are commonly used. The Bloch wave

functions for a periodic system is as shown below.

Vi (r)=€“u.r) 3.19bThe
amplitude factor of the way wi t h it s cf)lk(r)o erlitesdi driotuyr i&eg tr
1 iG.r
u(r)==4c,.Gé 3.20
Wi

The reciprocal lattice vector i& and the lattice volume i8/. Substituting equation
3.20 intoequation 3.19b, gives as the Bloch state of the plane wave expansion in a

periodic system as shown below in equation 3.21.
1 j(K+G).r
y)==3ac,.Gé 3.21
Wig

3.5.1 How to truncate the plane wave expansiorgtiutnergy (Ecut)

The function of the latticgeriodicity is expanded in forms of plane waves that
include reciprocal vectofs. But, in equation 3.21 the summation overis very

long and requires a long time to compute. This requires the determination of correct

point to end the summation. Therefore, in practice, the truncation takes place at the

value |K +G|. This value is expressed in energy units arfdlibws the condition

23



>?|K +G|2 . . . —
2—¢ E.. Cutoff energy in DFT calculations is a significant factor;
m
therefore, picking the right converged -@ft energy value with respect to total
energy for a given system is of great importance. Therefore theutatigmal effort

is reduced without affecting accuracy and prevents artifact of unit cell orientation on

numerical results (Mohammad, 2016).

3.5.2 Pseudopotentials

The coulombic potential of the nuclei on the electrons in a system leads to
computational hches, particularly when the plane waves are used as basis set in
expanding the wavefunction. The solution to this problem is separating the atom into
core and valence electrons. Wavefunctions of core electrons are sharply peaked
close to the nucleus whilthe wavefunctions of the valence electrons wiggles more
due to their orthogonality to the core. Thus, they normally need higher Fourier
components that is, higher eoff energy. This hitch is overcome by the use of
pseudopotential approximation. In pdepotantial approximation, the atoms that
makeup the chemical system are altered through elimination of the core electrons
degrees of freedom and the valance electrons are then described by the pseudo
wavefunctions, that are fairly smooth in comparisoth®real wavefunctions in the

core region, (Troullieret al, 1991). Pseudopotential methods are advantageous
because they use the plane wave basis set unlike the full potential methods (Phillips
et al, 1959). The pseudwavefunctions being smooth with the strongly related
numbers of orbitals considerably reduce the computational cost (ldutier2010).

The most common pseudopotentials are, Ultra Soft, Projected Augmented Wave

(PAW), and Normconseving types of pseudopotentials (Kresteal, 1999). In this
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study Ultrasoft pseudopotentials is used because it requires substantially loff cut

energy than alternatives.
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CHAPTER FOUR

COMPUTATIONAL METHODS

4.0 Introduction

In this work, the structural, electronic and magnetic properties of NbN polymorphs
has been calculated using density functional theory as implemented in the
QUANTUM ESPRESSO computer code (Gianneti al, 2009). It uses the
pseudopotential approach whiallows it to calculate many material properties. It is
multi-purpose, multplatform software foab-initio calculation of periodic and nen
periodic condensed matter. Thedal Density Approximationas parameterized by
Perdew and Zunger (Perdeet al, 1981) was considered for the exchange
correlation energy functional due to its low cost avdilability. Theion-electron
interactions arelescribed using Ultraoft pseudopotentials. To sample the brillouin
zone, kmesh pointdensities were used as p#re MonkhorstPack scheme

(Monkhorstet al, 1976).

To calculate the ground state density, Quantum ESPRESSO uses -heratele
cycle to solve the KohSSham functional in equation 3.16. The Kefiham
equations are solved interactively to sahsisteny. Fig:4.0 illustrates the scheme

of the selfconsistent calculatioof the Kohnsham equations.
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Fig: 4.0 Flow of calculations in theel-consistent solutions of Kok8ham

equationgWoodset al, 2019)
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4.1 Optimization of k-points and Plane Wave Energy cubff.

4.1.1 kpoints

The kmesh points were optimized using the experimental lattice parameters shown
in Table: 4.1 of NbN polymorphs and setting the kineticaftd energy was at 70Ry

for all the polymorphs then generated by the mbaokst pack scheme. For NbN
polymorphs; blthe kmesh is integrated over unshifted mesh to a dense one of (10x
10 x 10), while bh and b81 therkesh is integrated over shifted to a dense one of
(10 x 10 x 10) and b4 the mesh is integrated from unshifted to a dense one of (7 x 7
x 7). The dense ash was required since transition metals are known to require large
k-points grids (Sholkt al, 2009). For each polymorph, the values of total energy
and kpoints are plotted and the stablg@dints are noted at unshifted (9x9x9) for
b1, shifted (9 x 9 8) and (9 x 9 x 6) for bh and b81 respectively and unshifted (5 x
5 x 3) for b4 as shown in the figures 6&2d in the appendices of Total Energy Vs
k-points where the graph becomes monotonic. When calculafuinks the atoms

are fixed to set a fixe#d-grid. The optimized 4points were used for all calculation

to ensure accuracy in this research.

Table 4.1: Experimental lattice parameters

NbN phase a(Ry) c (Ry) References

bl 8.2751 Wanget al, 2010
b4 6.0471 3.118 Holecet al,, 2010
b81 5.609 10.486 Ogotet al., 1995
bh 5.533 5.272 Ogotet al, 1995
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4.1.2 Plane wave energy enif optimization

The convergedpoints for b1, bh, b81 and b4 are used to calculate the kinetic cut
off energy for each polymorph. Kinetic eotf energy of 70Ry wassed for all the
polymorphs. Charge density eoff energy of 560Ry (energy coff x 8) was used

for all polymorphs. The optimized values of kinetic-otft energy and ¥points are

used to calculate the bulk properties of the polymorphs of NbN.

The Ecutfor b1, b4, b81 and bh was set at 70 Ry as from graphs$&8dan the

appendices, while the charge densityafiitwas set at 560RYy.

The kpoints and Ecut are key in optimization of structures, for they set the

boundary within which the structure exdssthe DOS is also arrived at by integrating

the kpoint along the high symmetry points to get the electronic property. This DOS
can also be symmetrically be optimized to get spin up and spin down that determines

the magnetic property.

4.2 The Structural properties of Niobium Nitride polymorphs.

The structural optimization was done using the convergpdirs for all the four
polymorphs of NbN and there optimized kinetic energyattitnd charge density
cut-off of 70Ry and 560Ryn that oder The latticeparameters argottenby fitting

the total energy versus volume data to the Murnaghan equation of state. The volume
is determined through the grep! command whose output file is fitted on the

Murnaghan equation of state (Tyuteeshal, 2006) and (Murnagn, 1944).

Bj

BV ¢ & V.5 a,a 2
E, (V)= Yog+598 - 1+C 41
o) (B - 1}28‘% VIR TG



. . B,V, : : _ :
Where the integration consta@} = - B°—°1 V, is the theoretical equilibrium unit
i-

cell volume, B, is isothermal bulk modulus anBj is the derivative of isothermal

bulk modulus. Theseorrectparametersare attunedo make E, (V) coincide with

EvaclV)

The atomic positions were then optimized by performing a relax calculation such
that the components obice on each atom are less tha@*Ry. The lattice
constants are calculated by fitting the Total energy and optimized volume on the
murnaghan equation of state. The structures are optimized until the energy and the

forces are weltonverged. The optimized structures are as shown in fig 4.21.

The output file also comprises of formation enthalpy and pressure which are plotted

and discussed in chapter 5 Fig: 5.12 and 5.13
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R mu-.

bh

b81

Fig: 4.21 b1 unit cell, b4X2x2 supercell, b812x2 supercell and bhx2x2

supercell. Nb atoms are grey and N atoms are blue in colour.
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4.3 Determination of the electronic properties of Niobium Nitride polymorphs.
Computationof the eleatonic properties is based ailectronic densityof states,

band structure and the charge densitthe material under research

Band Structures

The electronic band structures was calculated by integrating-fioénts along a

high symmetry path of 0 XWLUOK bflamd bilb1l and

respectively in thedspace as shown in fig: 4.3a and 4.3b

Fig: 4.3a High symmetry points used for b1 FCC structure in this study

(setyawastal., 2010)

32



HEX path: T-M-K-T"-A-L-H-A|L-M|K-H

[Setyawan & Curtarolo, DOI: 10.1016/j.commatsci.2010.05.010]

Fig: 4.3b High symmetry points used for b4, b81 and bh Hexagonal structhre

study (setyawaet al, 2010).

The results of calculation of band structures were plotted as shown in fig: 5.21a

5.21d.
Density of states

The DOSis one of the basic quantities used to describe the electronic state of a
material. In DFT plane wave calculatimrthe DOS is expressed in wave functions
of the form expik.r). The electrons associated with plane waves of this form have

3 2
energy= % . Therefore, the electronic DOS can tesolvedby integrating the

resulting electronic density in thedpace. That is the-ggrid sampled for b1, b4, b81

and bh of NbN polymorphsThe DOS helps to determine the concentration of
electrons at the Fermi level and the size of the gap between valencerxnd
conduction band if any. The band gap between the valence band and the conduction

band is used to classify the material whether it is a-semluctor or an insulator.

Charge Density
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The calculation of charge density proceeded by making a&aesistencalculation

file for each polymorph (NbN.scf.in). Then a post processing program pp.x was run
in the form of (input=NbN.pp_rho.in, output= NbN.pp_rho.out) in order to extract a
2D cut of charge density. To plot the charge density maps, plotrho.x pregram
invoked (with input file as NbN.plotrho.in and output file as NbN.plotrho.out) to

give a postscript file (NbN.rho.ps).

4.4 Determination of the magnetic properties of Niobium Nitride.

Magnetic property like Meissner effect is also an important factateiermining
superconductivity of a material. Meissner effect is a magnetic characteristic where a
superconducting material repulses magnetic flux from its interior whenréached

or below T.. This means the material below @xhibit perfect diamagnism. Also
superconductivity can babolishedby applying magnetic field on a superconductor
above the critical field value H It therefore means that the transition to
superconductivity can be indicated by the critical field other than the transition
temperature. To determine diamagnetism Spin polarized DFT are performed using
planewave basis set implemented in the quam ESPRESSO package with LDA
being the exchange correlation functional and ultcdt pseudopotential for the four
polymorphs NbN. Theotal absolute magnetization would be achieved using self
consistent functional calculation as the integral of magnetization in the cell and the
integral of the absolute value of the magnetization. @diarization electron spiat

the Fermi level is defirieby the following expression;

P:h_'(EF)' /7®(EF)
h-(E.)+h®(E;)’ 4.2
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Where # - (E;) and #®(E.) are the spin dependent déres of states at Fermi

level for the majority and mority spins in that ordern this study, the calculation

of magnetic property is done at zero K.
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CHAPTER FIVE

RESULTS AND DISCUSSION

5.0 Introduction

In this chapter, results collected are reported and discussed comparatively across the
four polymorphs. The generated structural properties are discussed followed by the
evaluated electronic properties and lastly the magnetic properties of Niobium Nitride

polymorphs.

5.1 The Obtained Structural properties of Niobium Nitride polymorphs for

superconductivity applications.

5.1.1 Optimized Lattice Parameters

The structural properties help in understanding the compound solid properties from
the microscopic poinof view. The optimized lattice parameters and cell volume for
the four polymorphs are listed in table 5.1 shown below. For bl lattice paraaneter

is less than the experimental value, while the theoretical value calculated by Zhao is
greater. This can balluded to the exchange correlation functional used. Zhao and
company used GGARBE whereas; in this research LDA was used. It therefore
proofs the fact that LDA underestimates the volume while GGA over estimates the

volume.

In b4, there is a large deviatian lattice parametea and c. for instance, lattice
parametera by the theoretical work of Holec and company using GRBE as
exchange correlation functional and the present work calculated using LDA
overestimata and underestimates The disparity ixonnected to the cuff energy

set: that is, 952eV for the present work and 450eV by Holec and company.
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For b81, the deviation from experimental value is below plus or minus 4%. It is
clear from the table that there is a close agreement with the b#wmetical and
experimental values. Lastly in bh the deviation in lattice parameters is below

+5.01% and abovdl.61%.

The lattice parameters are used to determine the volume of the structures. The
volume also determines the charge density which ha&ext consequence on

electronic and magnetic property.
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Table 5.1: Optimized lattice parameters

b1l (NaCl)
Property Present Experimental theory Deviation %
work value

a (a.u) 8.2596 8.2751 8.3337 -0.19
Volume 140.8695
(a.u)®
References (Chenet al,, 2005) (Zhao et al.,

2010)

b4 (Wurtzite)

a(a.u) 6.226 6.047 6.198 +2.96
c(a.u) 10.209 18.855 17.683 -45.85
cla 1.6397 3.118 2.853 -47.41
Volume 342.7065
(a.u)®
References (Holecet al, 2010) (Holecet al,

2010)

b81 (NiAs)

a(a.u) 5.823 5.609 5.580 +3.81
c(a.u) 10.517 10.486 10.376 +0.295
cla 1.8061 1.869 1.8595 -3.37
Volume 308.8081 279.7879
(a.u)®
References (Oguet al, 1995) (Wanget al,

2011)

bh (WC-type)

a(a.u) 5.444 5.533 5.575 -1.61
c(a.u) 5.448 5.272 5.424 +3.33
cla 1.0007 0.953 0.9729 +5.01
Volume 139.8263 145.9914
(a.u)®
References (Oguet al, 1995) (Wanget al,

2011

5.1.2 Total energy vs Volume per unit formula

Before plotting, the Total Energy and corresponding volumes are divided by the

number of atom per unit cell to get the Total energy and volume per formula unit.

For instance, bl and bh has two atoms per unit cell while b81 and b4 have four
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atoms per unite@l. The point of concern is the turning points of each graph, the
lower the turning point, the lower the energy per volume per unit formula.
Therefore, according to Fig:5.1.1, b81 was found to be more stable than the other
three polymorphs, since it haket lowest total energy per formula unit according to
the graph of total energy versus volume as shown in fig. 5.11 below. It is also clear;
wurtzite b4 (hexagonal) has the highest energy volume formula unit. The graph also,
showed that the energies of ttecksalt b1l (cubic) and W.§/pe, Bh (hexagonal)

were closer to that of NiAg/pe, b81 (hexagonal), as confirmed by (Waagal,

2011). The polymorph with the lowest energy per volume per unit formula is the

most stable structure.
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Fig: 5.11 Total Energys Volume per formula unit for NoN polymorphs

Superconductivity is a low energy phenomenon. Therefore it would probably occur

in polymorphs with low energy per volume per unit formula
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5.1.3 Variation of Enthalpy of formation as a function of Pressure
The pot of enthalpy of formation versus pressure helps to indicate the transition of
structures from one form to the other within the family. It also helps to show the

pressure at which the structures can occur.

According to this research, Pressurducedstructural phase transition from bh to

bl occurred at1.51961GPa and from b81 to b4 it took place2at7402Gpa using
QUANTUM ESPRESSO code and Local Density Approximation (LDA) exchange
correlation functional as shown in Fig:5.12. However, (Wahal, 2011) who
investigated pressure induced structural transition of NbN, specifically looking at
b1, b81 and bh, indicated a phase transition between bl to bh at 200.64Gpa using
Cambridge Serial Total Energy Package (CASTEP) with PeRlkeErnzerhof

form of Generalized Gradient Approximation (GGA) as the exchange correlation
functional. The difference in the pressure of the structural transition from bl to bh
could be due to two reasons. First and foremost, in this researaff entergy was

set at 70R\952.40eV), whereas, (Wargg al, 2011) had set their coff energy at
450eV which is less than a half of the value in this research. Thdfaartergy is a

basic quantity that is important in determining ground state properties and it has a
direct impat on the outcome of pressure induced structural transition. According to
(Syrivasta&t al, 2011) the large deviation is due to the type of interactions taken into
consideration during calculation. Another factor is the exchange -correlation
functional thatwas used. For this research, LDA was employed which assumes
uniform electron density in the ground state. On the other side, GGA was used as an
exchange correlation functional and works with slowly varying electron density at

the ground state, thus thdfdrence in the outcome of transition pressure.
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Fig: 5.12 Enthalpy as a function of Pressure at T=0K

The four polymorphs are observed to have negative enthalpy with b81 having the
least followed b4, bl and bh a278.908 Ry,-278.277 Ry,-139.419 Ry ad -
139.244 Ry respectively. Therefore, energetically, b81 is more stable followed by
b4, bl and bh. Since the enthalpies of the four are negative, it means they can be

synthesized at ambient conditions.

According to (Rapandoet al, 2016), superconductty is a low energy
phenomenon and will probably manifest in structures that have low enthalpy. In
addition, (Rapandet al, 2014) alluded that total ground state energy (Enthalpy) of
a superconducting system is directly related to thefThe system. fierefore, the

lower the ground state energy the smaller the energy gap which is a function of
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superconductivity. They formulated an equation that could give energy of the system

at any particular temperature; that is,

L4+ 3
E=(J+4t)e %7,
Where, J is the spin transfer integral,
constant and T is the temperature of the system. Also, as shown by the Helmholtz
free energy per unit volume equation F= TUS. Where F is the Helmholtz free
energy, Uis the total internal energy (enthalpy) including interaction of charges,
coulombic attraction and repulsion and magnetic interactions that is, magnetic
coupling and spin pairing. The two equations correspond to what is referred to as
bonding enthalpy. Tsithe temperature of the system while S is the entropy of the
system (Marouchkine, 2004) . Therefore
with the lowest enthalpy will give the lowest Helmholtz free energy that is required
for superconductivity. Accordg to the graphs of enthalpy as a function of pressure
shown in fig: 5.12 and 5.13, b81 has the lowest enthalpy followed by b4, b1l and bh.
It follows that, b81 has the lowest enthalpy therefore, the best candidate for

superconductivity.
5.2 Determined Eletronic Properties of Niobium Nitride polymorphs.

5.2.1 Evaluated Band structures and Density of States

Figure 5.21&.21d below clearly shows the calculated density of states and band
structures for b1, b4, b81 and bh. The four graphs of DOS confirneplaeation of

N-s states from the other states. For bl, the ates lie at approximatehib to-

18) eV, while, b4 is at-15 t0-16) eV, b81 {14 to-16) eV and bh is at{4 t0-16)

eV, with their width differing approximately by 1.0eV. The peak ef Bkate in b4 is
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highest compared to the other three polymorphs. These statey @N not
participate in bonding because they are strongly held by the core of the atom. The
other states, mainly, 44 and Nbd occupy €9 to 5) eV for bl,6 to-7) eV and {2

to 11) eV for b4, {9 to 12) eV for b81 andq to 12) eV for bh. The Fermi level for

b1, b4, b81 and bh is 20.85 eV, 16.33 eV, 18.03 eV and 19.97eV respectively as
generated by system. There is a sharp depression (pseudogap) above the Fermi level
of b4 and below b81, in bh the pseudogap lies at the Fermi level whereas, in bl there
is no pseudogap. In all the DOS graphs the densities at the-légghis norzero.

This means, the polymorphs are all metals and good conductors of electric current
due tothe free electrons in the valence band. Finally, it is worth noting that the DOS

at the Fermi level is highest in b4 followed by b81, bl then lastly bh.

Energy (eV)

OS5 {arb.units)

Fig: 5.21a Band structures and DOS for bl
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Fig: 5.21c Band structures and DOS for b81
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Fig: 5.21d Band structures and DOS for bh

The fig 5.22a to 5.22d of charge density maps corresponds to NbN polymorphs; bl
rocksalt, b4 wurtzite, b81 NiAs and MC-type. Looking at the individual elements

that make up NbN, Nb has a valence of 13 and N has 5. Therefore Nb has more
charge density states than N. This is clearly seen from the maps with Nb atoms
having more contours around them than N. For b1l anddichtve 2 atoms per unit

cell, their maps present a dark spot (N atom) that is surrounded by bright patches
with many contours (Nb atom) directed towards N vacancy sites (Etheidgk

1995), indicating NEN bonding in the cubic and hexagonal structuse covalent.

On the other hand, b81 and bh with 4 atoms per unit cell present dark contoured
patch (Nb atom) with two or no bright spot (N atom). In this case the maps present
Nb-Nb metallic bonds indicating hexagonal hybridization where more d stkees ta
part in bonding lowering the total energy (Holketical, 2010). This is a sign that

superconductivity in b81 and bh structures is-&wade with the most favourable
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structure being b81 which has the lowest energy. Where bright spots are seen, one
of the Nb pulls the N forming covalent bond Mb The bonding in the last two is
affected by the pseudogap that is seen at the below the Fermi level in b81 and at the

Fermi level of bh separating bonding and dranding states.

5.2.2 Determined charge densitynaps
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Fig: 5.22a Charge Density for bl
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Fig: 5.22b Charge Density for b4

Fig: 5.22c¢c Charge Density for b81
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Fig: 5.22d Charge Density for bh

According to (Zou et al, 2016) the DOS has a direct consequence in
superconductivity. From the graphs of DOS, a pseudogap is observed at the Fermi
level of bh and above/below the Fermi level of b4 and b81 respectively. This results

to strong hybridizations among the Md and N2p orbitals causing covalent/ionic

bonding. The pseudogap is also referred to as energy gap that appears on either side

of a superconductors Fermi level and it is an important factor in superconductivity
(Munasiaet al, 2019). The decrease of densitystidtes at the Fermi level (at the dip
Apseudogapo) deeerleeacstersont hreepell sctveon nt er

(coulomb pseudopotential) which is strongly related to the superconducting

transition temperature Tc eéntZto%ﬁ\lé—EtF—)al.,
1+N(E;)
where, NEp) i's the density at t he Fer mi | eve

McMillan formula to compute Tc. This means that the larger the pseudogap (the

smaller the DOS at Fermi level), the smaller the eleettentron interaction
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parameter e&* and the higher the Tc. Whi
DOS at Fermi level) the higher the elece®n ect r on i nteracti on
the lower the Tc. Since DOS graphs display a high density at the Fermnldéel
followed by b81, bl then bh, therefore, bh stands out as the best among the four for

superconductivity applications.

5.3 Determined Magnetic property of Niobium Nitride polymorphs for
superconductivity applications.

According to figures 5.35.34, the magnetic moment of all the polymorphs are
found to be zero, since the sum of spin up and spin down of electrons in their states

is zero indicating that the polymorphs are (diamagneticmagnetic. According to

table: 5.2 bel ow bhthaw the leastaange bfhreaetgy for&8hkir a n d

DOS.

Table: 5.2 DOS and Energy range

NbN DOS Range (arb Units) Energy Range (eV)

bl -2.01 2.0 3.07 25.0
b4 -6.07 6.0 01 25.0

b81 -2.5-2.5 2.07 30.0
bh -2.01 2.0 4.01 30.0

According to (Marouchkine2004) a superconductor reveals diamagnetism with

total magnetic moment of zero inside the material. The diamagnetism helps the
material to expel out magnetic fields from within when it attains temperatures below
T. by developing a dc current on its surface that gives rise to a magnetic field that
cancels the external magnetic fields. This is what is referred to as Meissner effect.

Meissner effect is what reveals levitation, an effect exhibited by a superconductor
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where a magnet is able to float on a superconductor. This happens because in
superconductivity state the material is able to expel all the magnetic flux applied to
it causing the magnet to float. As stated by (Antorgtilal, 2019), a plot of total

and summed Density of States vs energy foiBE4CuQ revealed diamagnetism in

the superconductor. They furthermore, pointed out that it is possible for a metal to
become a superconductor in its Aroagnetic (zero magnetic moment) state at a
suitably low temperate (Transition temperature;jTalso supported by (Shimizt

al., 2001). Therefore, in reference to the above results, the four polymorphs of NbN
have good indicators of being superconductors since they are diamagnetic. But bl
and b4 stands out with leastnge of energy for DOS at 3 to 25 eV and 0 to 25 eV

respectively.
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Fig: 5.31 A graph of b1 summed spin up and down of electrons in their states
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Under the structural property, the faquolymorphs of NbN had negative enthalpies
meaning they are easily synthesized at ambient conditions. Among the four
polymorphs, b81 turned out to be most stable structure with the least total energy
and enthalpy of formation.

According to the electronic pperty, the four polymorphs were found to be metallic
and good conductors of electricity due to fmamo density of states at the Fermi
level. Among the four polymorphs bh had the least DOS at the Fermi level.

The four polymorphs were found to be diamagnett zero K which helps in
electronelectron pairing enhancing superconductivity. The b1l had superior qualities
with the least range of energy for DOS.

Overall, bh stands out as the best for superconductivity application, since it has the
least DOS at thEermi level, it is second best in structural and magnetic property.

6.2 Recommendations

The structures were optimized using LDA and Murnaghan equation of state under
Quantum Espresso. An extension to this work could be done using other improved

exchange arrelation functional.

The band structures, DOS and charge density maps were optimized by LDA. An
improved functional or LDA+U can be engaged for improvement of the results
realized here. Also, the properties can optimized with variation of pressure to

as@rtain any change.
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The magnetic property was based on optimized summed up spin up and down of the
electrons in their states. To better this work, the compound could be looked at by
singling out the contributions of each element electrons spins to the ticagne

property and also using higher exchange correlation functional
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APPENDICES

Appendix 1 : Cell dimension for NbN Polymorphs
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Appendix 2: k-points graphs for NbN polymorphs
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Appendix 3: E-cut graphs for NbN polymorphs
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Fig: 6.3c A graph of Total Energy vsdut for b81

Fig: 6.3d A graph of Total Energy vsdtt for bh
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