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ABSTRACT 

 

 

In this work, we explore the topological quantum phase transitions in Yttrium 

Phosphide (YP) under varying hydrostatic pressures using first-principles calculations 

based on density functional theory and the Green’s function approach. At ambient 

conditions, YP crystallizes in a rock-salt cubic structure and exhibits metallic 

character. To examine the pressure-driven behaviour, we studied its structural, 

mechanical, dynamical, electronic, and topological properties at ambient as well as 

applied hydrostatic pressure. The compound is found to be both mechanically and 

dynamically stable, as confirmed by its elastic constants and phonon dispersion curves. 

A pressure-induced structural phase transition is observed at 63.6 GPa, accompanied 

by a discontinuity in enthalpy and volume, suggesting a transition from the cubic to a 

tetragonal structure. The band structure analysis reveals a band inversion near the 

Fermi level under increasing pressure, a signature of non-trivial topological behaviour. 

To confirm this transition, we calculated the ℤ₂ invariant through the evolution of 

Wannier charge centers, which confirms a topological phase transition at high pressure. 

These findings provide valuable insight into the pressure-tuneable topological 

properties of monopnictide materials and highlight YP as a promising candidate for 

future quantum material applications. 
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CHAPTER 1                                                            

INTRODUCTION  
 
 

Topology has emerged as a unifying paradigm in condensed matter physics, providing 

a deep tool for the understanding and classification of quantum phases of matter. Starting from 

the original ideas brought forth by the Hall Effect and its quantum analogue, the discipline has 

broadened to encompass topologically nontrivial phases such as the quantum spin Hall effect, 

topological insulators, and topological semimetals in general. Such phases are not defined by 

traditional mechanisms of symmetry breaking but by global topological invariants that control 

topologically robust surface and edge states. Of interest are ℤ₂ topological semimetals, which 

sit at the phase boundary between topological insulators and trivial metals with gapless bulk 

states yet still possessing nontrivial topological characteristics. These developments have 

profoundly redefined the science of electronic materials and hold out promising opportunities 

for future applications in spintronics and quantum computing. 

The journey began with the discovery of the Hall effect by Edwin Hall in 1879 [1], which 

demonstrated the development of a transverse voltage in a conductor subjected to a magnetic 

field. This phenomenon laid the groundwork for understanding charge transport in materials. 

The field advanced significantly with the discovery of the quantum Hall effect (QHE) in 1980 

by Klaus Von Klitzing, who observed that the Hall conductance becomes quantized under low 

temperatures and strong magnetic fields [2]. This quantization was later understood to be 

governed by topological invariants, specifically Chern numbers, linking the conductance to the 

system's topological properties [3]. Subsequent developments introduced the quantum spin 

Hall (QSH) effect, where spin-polarized edge states are protected by time-reversal symmetry 

(TRS) even without external magnetic fields [4]. This broadened the topological 

characterization of materials and culminated in the discovery of new states like topological 

insulators (TIs) [5–8], topological crystalline insulators (TCIs) [7], and all sorts of topological 

semimetals (TSMs) [9–12], such as Dirac semimetals (DSMs) [12], Weyl semimetals (WSMs) 

[11], and nodal-line semimetals (NLSMs) [13–15]. Of specific concern are ℤ₂ topological 

semimetals, which sit at the borderline between topological insulators and conventional metals. 

These materials have gapless bulk phases with the retention of nontrivial topological properties 

[9,16]. Collectively, these findings greatly improved the landscape of quantum materials and 
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have paved the way to future technologies for spintronics and quantum information science 

[17]. 

1.1.Hall effect 

One of the most important achievements of condensed matter physics in the last thirty years 

has been the establishment of topology as a central framework for describing quantum phases 

of matter. The voyage started in 1879, when Edwin Hall worked with thin metallic conductors. 

He noticed that if an electric current was transmitted through a conductor placed in a 

perpendicular magnetic field, a voltage arose across its sides [1]. This effect, subsequently 

given the name of the Hall Effect, was more than a novelty; it was the first experimental 

window into the behaviour of charge carriers within a material. Measuring this transverse 

voltage, it was then possible to calculate the sign and density of the carriers, exposing the 

profound interaction between electromagnetism and material internal structure. Throughout the 

decades, the Hall Effect was an effective diagnostic instrument, employed extensively in 

research as well as in technology. 

 

Fig. 1.1 Illustration of Hall effects, (a) conventional Hall effect, (b) anomalous Hall effect 

(AHE), (c) spin Hall effect (SHE), (d) quantum Hall effect (QHE), (e) quantum anomalous 

Hall effect (QAHE), (f) quantum spin Hall effect (QSHE) [87]. 

And then, in 1980, a stunning breakthrough would lift this venerable effect to the quantum 

world. Klaus Von Klitzing, during experiments with two-dimensional electron gases at 

extremely low temperatures and powerful magnetic fields, saw something deeply unexpected: 

the Hall resistance [2] was no longer a smooth, continuous function but rather had quantized 
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plateaus. The Hall conductance emerged in exact, integer multiples of e2/h, where e is the 

elementary charge and h is Planck's constant. This was not merely a precision tool; it was a 

window into a new type of order in matter, one not controlled by symmetry-breaking but by 

topology. In contrast to traditional phases of matter based on local order parameters, the 

Quantum Hall State was described in terms of a topological invariant, an integer called the 

Chern number [3]. The topological properties led to edge states that were extremely robust, 

scattering-free from impurities or disorder, ushering in a new paradigm for understanding 

electronic systems. Still, the QHE needed to be accompanied by strong magnetic fields and 

ultra-low temperatures, confining its uses. This set physicists wondering whether analogous 

phenomena were possible under easier conditions. Their answer came with the Spin Hall Effect 

(SHE), hypothesized theoretically and shortly thereafter evidenced experimentally around the 

early 2000s [18]. Unlike its predecessors, the SHE did not depend on applied magnetic fields. 

Rather, it was a consequence of the spin-orbit coupling inherent in some materials, a relativistic 

interaction between an electron's spin and its motion within the crystal lattice. In this effect, 

when current is passed through a material, electrons with opposite spins are deflected in 

opposite directions, piling up at the transverse edges of the sample. Consequently, a clean spin 

current travels without a concomitant charge current. This spin accumulation at the interfaces 

suggested the potential for dissipationless spin transport, an idea that would form the core of 

the field of spintronics [19].  

The discovery that topology might control the spin's behaviour even when there were no 

magnetic fields involved was a deep paradigm shift in our understanding of quantum systems. 

This started as a classical phenomenon of charge deflection but had now matured into a story 

where the connectivity and geometry of quantum states, not local symmetries by themselves, 

controlled the intrinsic properties of materials. This change of outlook predicted that some 

electronic phases could be stabilized not by energy gaps but by more profound mathematical 

principles based on topology. These new ideas hinted at the potential for the existence of totally 

new states of matter, where stable edge or surface phenomena would emerge naturally from the 

material's quantum wavefunction structure. These systems, resilient to local disturbance and 

randomness, held out the promise of overturning and reordering the classical solidifications, 

leading to one of the most thrilling pages of condensed matter physics [20]. 
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1.2. Topology 

Topology is a branch of mathematics concerned with the intrinsic properties of space that do 

not change under continuous stretches, bends, or compressions, provided they are not torn or 

glued. One way to type topological objects is by an integer called the genus (g), which is the 

number of holes or handles in a surface. For example, a sphere is of genus 0, and a torus 

(doughnut) is of genus 1 [21]. Such a system has given rise to the discovery of a new class of 

materials known today as topological materials. These systems possess non-trivial topological 

order in their bulk band structure, which leads to conducting states at their surfaces or edges, 

even though they are insulators or semimetals in the bulk [3]. The presence of such boundary 

states is not accidental but is assured by the topological character of the bulk and is frequently 

stabilized by intrinsic symmetries like time-reversal, particle-hole, or crystalline symmetry [8]. 

Importantly, these surface or edge states have robustness to moderate disorder, impurities, and 

other perturbations and are hence both fundamentally interesting and technologically attractive.  

 

Fig. 1.2 The figure illustrates geometrical objects categorized by their genus, which is a 

topological invariant representing the number of “holes” or handles in a surface. From left to 

right: a sphere (genus 0) has no hole, a torus (genus 1) has one hole, the double torus (genus 2) 

has two holes, and a higher-order surface (genus 3) has three holes [88]. 

Topological materials (TMs) may further be divided on the basis of the type of their topological 

invariants and the protecting symmetries of their surface states. The most established category 

is that of TIs, whose defining characteristic is a bulk band gap with metallic surface states that 

are protected by TRS [4,3]. A closely associated class is that of TCIs, where the surface state 

protection comes from crystalline symmetries like mirror, rotational, or glide symmetries [22]. 

Another important class includes the TSMs, which include DSMs, WSMs and NLSMs. [11-

15]. In such materials, the conduction and valence bands cross at sharp points or lines of 

momentum space to form relativistic quasiparticles and host a variety of exotic transport 

properties. In addition to these, the subject still advances with new discoveries of phases in the 
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forms of topological superconductors, higher-order topological insulators, and symmetry-

enriched topological phases, evidencing the versatility and richness of topology as an 

intellectual paradigm of present-day materials physics [23]. 

 

Fig. 1.3 The figure illustrates the classification of topological materials. TMs are broadly 

categorized into topological insulators, topological crystalline insulators, and topological 

semimetals. TSMs further include Dirac semimetals, Weyl semimetals, and nodal-line 

semimetals, distinguished by their band-crossing features in momentum space. 

1.3. Topological Insulators (TIs) 

The realization of TIs has been one of the greatest advancements in condensed matter physics 

in the 21st century. TIs challenge traditional classification by displaying insulating behaviour 

within the bulk yet possessing stable, conducting states along their edges [5] at the same time. 

This seemingly paradoxical combination of insulating and metallic behaviour comes not from 

symmetry breaking or local order parameters but rather from the topological nature of the 

electronic band states in the momentum space. TIs represent a new kind of quantum matter, 

wherein topological invariants protected by symmetries like TRS led to physical observables 

that are robust against local perturbations [8]. The theoretical basis of topological insulators 

lies in the QHE, where the conductance is quantized and is determined by an integer-valued 

topological invariant, which is called the Chern number. The QHE, however, necessitates 

strong magnetic fields that destroy TRS, restricting its technological applications. The 

theoretical problem, therefore, was to find a system where topologically protected conducting 

states might be present without the necessity of an external magnetic field. This prompted the 
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groundbreaking research of Kane and Mele in 2005, who put forward a theoretical model based 

on graphene with spin-orbit coupling. Their theory predicted a new phase of matter, the 

quantum spin Hall insulator, defined by TRS-protected edge states instead of a magnetic field, 

and by a new topological invariant: the Z2 index [1]. This prediction formed the basis of the 

experimental realization of two-dimensional (2D) topological insulators. Bernevig, Hughes, 

and Zhang in 2006 suggested that HgTe/CdTe quantum wells are capable of achieving such a 

phase when the thickness of the HgTe is above a certain critical value and results in band 

inversion induced by strong spin-orbit interaction [24]. This prediction was experimentally 

verified in 2007 by König et al., who measured quantized edge conductance characteristic of 

topologically protected edge states [25]. The 1D edge channels show spin-momentum locking, 

in which electrons with opposite spins travel in opposite directions, resulting in helical edge 

modes. Backscattering is forbidden by TRS in the absence of magnetic impurities, leading to 

dissipationless edge transport. 

 

Fig. 1.4 The figure shows how edge states can appear at the interface of a topological insulator 

wedged between two trivial insulators. The varying topology in the middle results in "band 

inversions". Bands of equal parity (shown in purple/green here) need to be linked throughout 

the sample, which results in the emergence of conduction channels at the interfaces (in red) 

[89].  

Following the success with two dimensions, the theory for three-dimensional (3D) topological 

insulators was introduced shortly after that. Fu, Kane, and Mele developed the Z2 topological 

class in three dimensions in 2007, identifying a new topological invariant capable of describing 

strong and weak topological phases for bulk materials [26]. The signature of a good 3D 
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topological insulator is the occurrence of gapless Dirac-like surface states that emerge at the 

surface between the TM and a trivial insulator or vacuum. Such surface states are an odd 

number of Dirac cones that are protected against localization and scattering by TRS. 

Experimental synthesis of 3D TIs came in 2008–2009 by discovering topological surface states 

(TSS) of TCI nature in Bi-based compounds, like Bi2Se3 [27], Bi2Te3 [28] and Sb2Te3 [29]. A 

single Dirac cone in the surface electronic spectrum made them perfect for testing topological 

effects. The appearance of such Dirac-like surface states has been visualized successfully by 

means of angle-resolved photoemission spectroscopy (ARPES) [30] with unbelievable 

accuracy, reinforcing theoretical predictions to an amazing precision. Theoretical and 

experimental advances in 2D and 3D TIs have dramatically increased the terrain of quantum 

phases. Topology in 2D topological insulators, for example, quantum spin Hall systems, 

guarantees edge modes in one dimension. These edge states may carry non-dissipative spin 

currents with good implications for low-power spintronics devices. Conversely, 3D TIs host 

2D surface states with linear dispersion and spin-momentum locking that can be potentially 

controlled by magnetism, superconductivity, or an external field. 

1.4. Topological Semimetals (TSMs) 

 

The discovery that the insulators have been classified as ordinary insulators and TIs has 

prompted analog classifications in the metals. Eventually, it came to be understood that the 

metals can also be classified as ordinary metals and topological semimetals TSMs. In the 

TSMs, the bulk energy bands cross each other, and there is an emergence of gapless electronic 

states in the bulk. These gapless properties are frequently secured by some symmetries, 

including crystal symmetries, TRS, or spatial inversion symmetry [31]. TSMs are further 

categorized into different types, such as DSMs, WSMs and NLSMs, as shown in Figure 1.5. 

 
1.4.1. Dirac Semimetals (DSMs) 

 

In DSMs, the conduction and valence bands cross over each other at discrete points in the 

Brillouin zone, referred to as Dirac points, that are four-fold degenerate. The electronic states 

near these points obey the Dirac equation, and the energy bands exhibit a linear dispersion in 

every direction of momentum [32]. Due to this Dirac-like character, DSMs show a variety of 

interesting physical properties, such as very high carrier mobility, high magnetoresistance, 

high carrier density, and very good electrical conductivity [33].  
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Fig. 1.5 Schematic diagram of Weyl semimetals, Dirac semimetals and drumhead state in 

Nodal-line semimetals [90]. 

1.4.2. Weyl semimetals (WSMs) 

From the DSMs by breaking TRS or inversion symmetry, condensed matter physics gets 

WSMs. Dirac points in DSMs are fourfold degenerate. When one of these symmetries is 

violated, every Dirac point splits into a pair of twofold-degenerate Weyl points with opposite 

chirality. In addition to these bulk Weyl points, WSMs have characteristic surface states 

known as Fermi arcs. These arcs start at the surface projections of Weyl points and are used 

to join Weyl nodes of opposite chirality. The Weyl nodes and Fermi arcs together constitute 

the most important signatures of WSM [34]. 

1.4.3. Nodal-Line Semimetals (NLSMs) 

The concept of NLSMs was originally proposed by Burkov and co-workers in 2011. In contrast 

to Weyl or Dirac semimetals, where band crossings are at discrete points, NLSMs have band 

degeneracies that lie along one-dimensional lines in the Brillouin zone [35]. These novel band 

structures constitute a new class of materials. Over the last few years, topological semimetals 

have been a central concern in condensed matter physics. Progress on various fronts has been 

achieved, such as theoretical modelling, novel material synthesis, and exact experimental 

studies. This work has unveiled many materials with topologically nontrivial electronic bands 

and the observation of interesting physical effects. This fast-developing branch shows promise 

for future technology, especially in spintronics and optoelectronics, where TSM might become 

a game-changing factor [36]. 

 

1.4.4. Z2 Topological Semimetals  
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A more subtle and refined class of materials appeared: the Z2 TSM. They were not trivial metals 

or complete topological insulators. Rather, they occupied the phase boundary in between, a 

precarious critical regime where the bulk bands had inverted, as in a topological insulator, but 

hadn't developed a full energy gap [37]. Interestingly, in spite of this gapless spectrum, the 

system still had a non-trivial Z2 index, and with it, most of the surface phenomena characteristic 

of topological order [38]. The simplest way to appreciate their uniqueness is by contrast. In 

traditional semimetals like bismuth, the limited overlap between the conduction and valence 

bands is not protected by symmetry or topological charge; any small perturbation could move 

or annihilate the band contact [39]. In Dirac and Weyl semimetals, crossings are stabilized by 

symmetry and topological charge, but at the price of broken TRS or inversion symmetry [13]. 

Topological insulators, on the other hand, are fully insulating in the bulk but with conducting 

surfaces ensured by topology. But the Z2 TSM occupy a niche of their own, materials with a 

metallic bulk, topology intact, and surface possibly still harbouring robust states, especially on 

some crystal faces [40]. This state typically occurs at the tipping point of a topological phase 

transition. Imagine a material such as ZrTe₅ [41] or HfTe₅ [42], which can be pushed from a 

robust topological insulator to a weak topological insulator, or even to a trivial metal, merely 

by adjusting the temperature, pressure, or chemical surroundings [43]. Here at this crucial 

juncture, when the band gap closes but not the band inversion, the material enters the arena of 

the Z2 TSM [44]. It is here that the topology and the metallicity harmonize, not in opposition 

to each other, but in an exquisitely fine symphony. The fingerprints of such materials are subtle 

but unambiguous. Their bulk electronic structure exhibits band inversion, the characteristic 

signature of topological order, and the points at which the bands meet are not to be easily 

eliminated unless one shatters critical symmetries such as time-reversal or particular crystal 

symmetries [45]. Although there is no full band gap, the surface can still support Dirac-like 

states that are similar to a three-dimensional topological insulator. These can be detected using 

advanced tools like ARPES, where the spin-momentum locking of surface electrons becomes 

a vivid experimental signature [46]. But most compelling of all is the tunability of Z2 TSM. 

Because they exist so precariously at the border between phases, tiny perturbations (a 

modification in lattice constant, a pressure shift, or even a thermal gradient) can tip them toward 

a gapped insulating phase or toward a more metallic regime [43,47]. This makes them perfect 

labs to probe quantum criticality, where the very character of electronic phases changes under 

ongoing transformation. 

1.5. Objective 
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This thesis is aimed at contributing to the ongoing search and characterization of novel 

quantum materials exhibiting non-trivial topological phases. With this motivation, the study is 

structured around the following core objectives: 

 To optimize the crystal structure and calculate the structural phase transition in the rare-

earth material yttrium phosphide.  

 To analyze the mechanical and dynamical stability of the yttrium phosphide compound 

under ambient and applied hydrostatic pressure.   

 To investigate the electronic structure at ambient pressure and obtain the topological 

phase transition with applied hydrostatic pressure. 

 To examine the topological properties, i.e., band inversion, surface state and Fermi arc 

at ambient and applied hydrostatic pressure.  

 To calculate the Z2 topological invariants using parity analysis and evolution of 

Wannier charge centers (WCCs).   

1.6. Summary 

Topology has revolutionized condensed matter physics by unveiling new means for 

categorizing quantum materials according to global properties of their electronic band 

structures. With the QHE, there was quantized conductance and topological invariants. Later, 

the community broadened into topological insulators, those with insulating bulk and surface-

conducting, symmetry-protected states. Subsequent discoveries gave rise to topological 

semimetals such as DSM, WSM and NLSM, in which band crossings in the bulk result in exotic 

surface states such as Fermi arcs. There is a newer class, Z2 TSM, which occurs at critical 

points between topological and trivial phases, with tuneable properties and rich potential for 

quantum technologies. 

 

 

CHAPTER 2                                                             

METHODOLOGY  
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            Topological properties were studied through first-principles calculations within the 

density functional theory. Structure and mechanical stability analyses were carried out with 

VASP based on the PAW method and the GGA for exchange-correlation effects. Electronic 

structures were checked with spin-orbit coupling to uncover potential topological features. 

Symmetry analysis was employed to determine band degeneracies associated with the non-

trivial topology. The Topological invariants were calculated via Wannier charge center 

evolution by employing Wannier90 and WannierTools. The surface state calculations also 

verified the topological phase of the material. This integrated computational approach delivers 

a comprehensive description of the electronic and topological behaviour of the system. 

 

2.1. Introduction  

The study of topological properties was carried out using density functional theory-based first-

principles calculations. The simulations were performed using Vienna Ab Initio Simulation 

Package (VASP) with the projector augmented wave method and generalized gradient 

approximation for exchange-correlation effects [48]. Structural optimization was followed by 

analysis of mechanical stability through the calculation of elastic constants. Electronic 

properties were studied by calculating band structures and density of states. To examine 

topological characteristics, spin-orbit coupling (SOC) was included in band structure 

calculations. Symmetry analysis was performed to understand the role of crystal symmetry in 

band degeneracy and topological behavior. Topological invariants were determined by 

evaluating the evolution of Wannier charge centers using Wannier90 and the Wannier tool 

[49,50]. Surface state calculations were also performed to confirm the non-trivial topological 

phase. All computational tools employed in this study include VASP, Wannier90 and Wannier 

tool. In the following sections, the computational methods and packages are discussed in detail. 

 

2.2. Density Functional Theory (DFT)  

The density functional based method is one of the most popular theoretical methods for 

electronic properties of materials at the atomic level. It is the backbone of contemporary 

computational condensed matter physics and material science. The approach is based on the 

principle that ground-state properties of an interacting many-electron system can be fully 
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specified by its electron density, as opposed to the complicated many-body wave function. The 

basic thought behind this method is the mapping of a complicated many-body problem into an 

easier one by taking recourse to a system of non-interacting electrons that have the same 

electron density as the interacting system in question. This mapping considerably eases the 

computational complexity at the expense of none of the important physics. 

This theoretical concept became feasible with the advent of the Kohn-Sham (KS) formulation, 

which gives a means to solve for the ground-state electron density through the use of self-

consistent field methods. The KS equations are a collection of single-particle equations that are 

simpler to solve numerically. The validity of this approach is highly dependent on the proper 

modelling of the exchange-correlation energy, a phrase that describes the quantum mechanical 

interactions between electrons, such as their mutual repulsion and quantum exchange effects. 

In the KS version of DFT, the many-electron problem of interacting electrons is solved by a set 

of non-interacting electrons defined in terms of the following self-consistent equations: 

[−
ℏ2

2𝑚
∇2  + 𝑉𝑒𝑓𝑓(𝑟)] 𝛹𝑖(𝑟) =  𝜖𝑖𝛹𝑖  (𝑟)                          (2.1) 

 

Here 𝛹𝑖(𝑟) are the KS orbitals,  𝜖𝑖 are the associated eigenvalues and 𝑉𝑒𝑓𝑓(𝑟) is the effective 

potential, given by: 

𝑉𝑒𝑓𝑓(𝑟) =  𝑉𝑒𝑥𝑡(𝑟) +  𝑉𝐻 (𝑟) +  𝑉𝑋𝐶 (𝑟)                             (2.2)     

    

Here 𝑉𝑒𝑥𝑡(𝑟) is external potential, 𝑉𝐻 (𝑟) is the Hartree Potential and 𝑉𝑋𝐶 (𝑟) is the exchange 

correlation potential. The electron density is derived from the Kohn–Sham orbitals as: 

𝑛(𝑟) = ∑ |𝛹𝑖(𝑟)|2𝑜𝑐𝑐
𝑖                                                           (2.3) 

 

These equations are then solved iteratively until self-consistency is established that is, until 

input and output electron densities agree. Over the last few decades, the density functional 

based method has been extremely successful in the prediction of a broad spectrum of material 

properties such as structural stability, electronic band structure, magnetic ordering, and even 

topological features. It is especially useful for the investigation of new materials like 

topological insulators, superconductors, and thermoelectric, where experimental information 

can be scarce or hard to obtain [51]. 
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2.3. Exchange-Correlation Functionals 

The exchange-correlation functional is the key ingredient in DFT. It embodies the combined 

impact of exchange and correlation electron interactions that are two quantum mechanical 

effects that are difficult to represent accurately. As the precise form of this functional is not 

known for the majority of real systems, several approximations have been formulated to render 

DFT computationally useful. The way the electron density and its spatial fluctuation are treated 

in these approximations varies, leading to a range of functionals with different strengths and 

limits. The Local Density Approximation (LDA), Generalized Gradient Approximation 

(GGA), and Hybrid Functionals are the most commonly utilized forms. Each has particular 

uses depending on the kind of system being studied. 

2.3.1. Generalized Gradient Approximation (GGA) 

The GGA is a development beyond LDA in that the electron density at every point and how it 

varies in space are taken into account. This permits GGA functionals to have a more realistic 

description of the behaviour of inhomogeneous electron systems, such that they can be more 

accurately used for molecules, surfaces, and transition metal oxides. GGA fixes many of the 

deficiencies of LDA, making more accurate predictions of lattice parameters, cohesive 

energies, and magnetic properties. The most popular GGA functionals are the Perdew-Burke-

Ernzerhof functionals [52]. GGA is usually regarded as the norm for most solid-state DFT 

calculations because it provides a good balance between accuracy and computational expense. 

2.3.1.1. Perdew–Burke–Ernzerhof (PBE)  

The PBE functional is among the most popular GGA functionals. It is an improvement over 

the LDA since it includes the gradient of the electron density, enabling it to better handle 

inhomogeneities. In this study, PBE was selected for the exchange-correlation potential 

because of its compromise between computational cost and structural and electronic property 

reproduction accuracy. PBE is particularly accurate for the study of semiconductors and 

transition metal compounds, and is used in most conventional DFT codes, such as VASP [48]. 

 

2.3.2. Hybrid Functionals 

 

Hybrid functionals provide even higher accuracy by adding a portion of the exact exchange 
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energy computed from Hartree-Fock theory to the exchange-correlation functional. This 

mixing is able to counter some of the built-in shortcomings of fully local or semi-local 

functionals like LDA and GGA, especially in the description of electronic band gaps. Hybrid 

functionals are particularly good for systems where electronic correlation is important, i.e., in 

strongly correlated materials, organic molecules, and wide band gap semiconductors. Some 

common hybrid functionals are HSE06, which is widely used in solid-state physics [53]. 

Hybrid functionals are more computationally intensive but provide a much better accuracy in 

the prediction of electronic structure and optical properties. 

 

2.4. Computational packages 

 

2.4.1. VASP 

 
The VASP is a tool employed for conducting quantum mechanical calculations. This involves 

the use of PAW, coupled with a plane wave basis set [48]. VASP solves the many-body 

Schrödinger equation approximately by solving the KS equation (in the framework of DFT) or 

by solving the Roothaan equations (in the framework of the Hartree-Fock approach). 

Additionally, certain hybrid functionals that inherit aspects from both the Hartree-Fock 

approach and the DFT are also available [53]. VASP calculates key quantities through a plane 

wave basis: single-electron orbitals, charge density, and local potential. The exchange the 

electrons and ions is either expressed with the help of the PAW method or with the help of 

norm-conserving or ultrasoft pseudopotentials [48]. VASP carries out calculations using 4 

necessary input files, which are  

 INCAR: This file is used to determine what kind of calculation has to be done on the 

investigated system. There are certain tags specified in the INCAR file which we have 

to set to select a certain algorithm and set the parameters.  

 POSCAR: This file gives the details of the system that we study. it consists of the 

atomic positions in the unit cell and the translational vectors. 

 POTCAR: This file consists of the pseudopotential for every single atomic species 

which is present in Mendeleev’s. 

 KPOINTS: This file sets the mapping for the irreducible Brillouin zone in the crystal 

reciprocal lattice structure.  
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2.4.2. Wannier90 

Wannier90 is an open-source tool designed to construct maximally localized Wannier functions 

(MLWFs) from DFT outputs [49]. In this study, it played a crucial role in generating a tight-

binding Hamiltonian that accurately reproduces the ab initio band structure, particularly near 

the Fermi level. The process started with the wannier.win file which defines the projections, 

number of bands, frozen and disentangled energy windows, and other parameters necessary for 

Wannierization. The wannier.eig file provided the band eigenvalues of VASP, while the 

wannier.mmn and wannier.amn files contained matrix elements and projection overlaps, 

respectively. These were necessary for the localization process and the formation of MLWFs. 

The output Wannier functions maintained the symmetry and character of the initial atomic 

orbitals but were spatially localized, which is very important in investigating topological 

properties. 

2.4.3. WannierTools 

WannierTools is a versatile software package employed to investigate the topological 

properties of materials based on tight-binding models extracted from Wannier90 [54]. In this 

paper, WannierTools was used to compute the evolution of Wannier charge centers (WCCs), 

which is a stable approach to test the Z2 topological invariant for time-reversal-invariant 

insulators. The fundamental input to these calculations is the wt.in file that sets a variety of 

computational parameters such as slab setup, ranges of energy, and surface state analysis paths. 

Wannier Tools uses iterative Green's functions to calculate surface spectral functions in semi-

infinite systems and confirm the existence of topologically stable surface states in the form of 

Dirac cones or edge modes. 
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Fig. 2.1 Schematic representation of the DFT-based workflow for topological phases in YP. 

 

2.6. Summary 

The study employed DFT using the VASP code with the PAW method and the PBE form of the 

GGA for exchange-correlation effects. Structural optimization, elastic constants, and electronic 

properties were evaluated, with SOC included to analyze topological features. Wannier90 was 

used to generate maximally localized Wannier functions and construct tight-binding models. 

WannierTools facilitated the computation of Z₂ topological invariants through the evolution of 

Wannier charge centres and surface state analysis. Hybrid functionals were also discussed for 

improved band gap accuracy. The methodology integrates electronic structure analysis and 

topological characterization through VASP, Wannier90, and WannierTools. 

 

 

CHAPTER 3                                     
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STRUCTURAL AND TOPOLOGICAL PHASE TRANSITIONS IN 

YTTRIUM MONOPHOSPHIDE 

 
 

Rare-earth monopnictides with topological properties have received considerable 

attention in the condensed matter physics community. Hybrid density functional theory is 

utilized here to examine the rare-earth semimetal yttrium monophosphide (YP) structural 

stability, electronic properties, and topological phase transitions subjected to hydrostatic 

pressure at ambient conditions. YP is found to stabilize in a stable face-centered cubic (NaCl-

type) crystal structure at ambient conditions, which persists up to a structural phase transition 

around 63.6 GPa. Although YP is a topologically trivial semimetal under zero pressure, there 

is a topological phase transition at approximately 26.5 GPa. The non-trivial topological phase 

formation is verified through the band inversion around the X-point and the development of a 

Dirac cone along the (001) surface. In addition, the ℤ₂ topological invariants, determined via 

both the parity analysis at the time-reversal invariant momenta (TRIM) points and the 

evolution of Wannier charge centers, are equal to (1;000) at 26.5 GPa, confirming the non-

trivial topological character of the phase. 

 

3.1. Introduction 

 

The investigation of topological phenomena has emerged as one of the most important areas of 

research in the field of condensed matter physics in recent years [4, 22, 55]. The TMs have an 

unusual conducting quantum state at the surface/edge but an insulating nature in bulk [4,55]. 

These conducting surface states are doubly protected by TRS as well as inversion symmetry 

(IS) and are robust against impurities and defects [6,7]. SOC plays an important role in TMs 

[4,22,55]. These materials are identified as topologically non-trivial due to the presence of 

TSSs and can be characterized by the ℤ2 topological invariant. These TMs can further divide 

into TIs [6-8], TCIs [7], TSMs [9-12], etc. The TSMs can be categorized into DSMs [12], 

WSMs [11], and NLSMs [13-15], etc., depending upon the symmetry protection and nature of 

TSSs. For example, a DSM can be converted into WSM if either TRS or IS is broken [56]. 

These semimetals have a crossing of the valence band (VB) and the conduction band (CB) at 

some isolated momenta points in the Brillouin zone (BZ) and a clear gap in eigenstates near 

the Fermi energy elsewhere. There exist another class of TSMs known as ℤ2 TSM, which have 

a localized energy band gap in the momentum space and TSS in these materials is protected by 
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TRS as well as IS [57-58]. The ℤ2 topological semimetals have been realized in rare-earth 

monopnictides (RE-M); RE: rare-earth elements and M: pnictide elements [59-63]. Several 

RE-M (RE=Ce, La, Pr, Sm, Gd, Yb; M= Bi, Sb, As, P) have been reported to exhibit 

topologically semimetallic band structures at ambient pressure [59-63]. The ARPES studies of 

CeSb and CeBi semimetals [64-65] and first-principles investigations of CeSb, CeBi, PrSb, 

PrBi, SmBi, and GdBi have been reported the topological phases in these materials [60,65-67].  

It has been observed that the topological phase transition (TPT) can be induced in RE-M 

materials via hydrostatic pressure, without disturbing the charge neutrality and the 

stoichiometry of these materials. The RE-M materials such as LaSb [57], GdSb [68], LaAs 

[58], TmSb [69], YX (X= As, Sb, Bi) [70,71,72], and YbAs [73] have shown the TPT from 

trivial to non-trivial topological phase under the applied hydrostatic pressure. The non-

magnetic YX (X = N, P, As, Sb, Bi) materials also belong to the RE-M family and their 

structural stability has been reported over a large range of hydrostatic pressure [75-78]. These 

materials are semimetallic, and it has been shown that the YAs, YSb and YBi exhibit TPT under 

hydrostatic pressure and epitaxial strain [70,71,72]. Another member of this family, i.e., YP, 

also has a semimetallic nature and structural stability at relatively higher pressure in 

comparison to other members of this family [74-75].    

It has been reported that the rare-earth semimetal family YM (M=N, P, As, Sb, Bi) is stable in 

rocksalt structure throughout a wide hydrostatic pressure range and also have TPT reported in 

YBi, YSb and YAs materials [70-72]. YP has a similar cubic structure, but the radius and 

strength of the SOC of the pnictides increased as we moved from N to Bi.  The present study 

is motivated by the in-line structural behaviour of YP with the other members of this family as 

well as the recent progress of high-pressure synthesis and topological phase studies in materials 

[76-79]. We have examined the structural stability, electronic, and topological properties of this 

material. 

 

3.2. Computational details  

 
We have performed first-principles calculations within the DFT [80-82] framework using PAW 

[82] as implemented in the VASP code [48]. The PAW potentials used for Y and P have nine 

valence electrons (5s1 4p6 4d2) and five valence electrons (3s2 3p3), respectively. To include the 

exchange-correlation energy, the Perdew Burke Ernzerhof (PBE) [52] of GGA functional, 

followed by the hybrid functional (HSE06) [53], was used with the inclusion of SOC in the 

self-consistent field cycle and post-processing. The plane wave cut-off energy and threshold 
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energy convergence were set at 340 eV and 10-6 eV, respectively, for the basis set. The 

Monkhorst-type [83] k-mesh sampling of 7×7×7 was used for the mapping of the BZ. The 

PHONOPY and VASPKIT codes were used to verify the dynamical and mechanical stabilities, 

respectively, of the system [84, 85]. The tight-binding (TB) model, as implemented in the 

Wannier90 [54], was used to calculate the MLWFs. The surface state, WCCs, and Fermi arc 

were calculated using the Green's function approach as employed in the WannierTool code 

[50]. 

 

3.3. Structural properties 

 

The stable NaCl-type (𝐹𝑚3̅𝑚) crystal structure is shown in Figure 1(a), in which Y and P atoms 

have coordinate positions (0, 0, 0) and (0.5, 0.5, 0.5), respectively. Under the applied 

hydrostatic pressure, this NaCl-type structure shows an SPT in the CsCl-type structure, Figure 

3.1(b). Figure 3.1(c) illustrates the truncated octahedron BZ of the NaCl-type crystal structure 

of this material. The computed enthalpy for both structures, expressed as H = E + PV (with E 

representing total energy, V and P denoting volume and pressure, respectively), as a function 

of the applied hydrostatic pressure, is given in Figure 3.2(a). The rocksalt structure, which has 

the lowest enthalpy, is more stable at ambient pressure, whereas the enthalpy has shown a 

gradual increment as we applied the hydrostatic pressure, and the CsCl-type structure becomes 

more stable at SPT pressure (PT), i.e., 63.6 GPa. A comparative analysis of the optimized lattice 

parameters and the SPT pressure with previous reports is shown in Table 3.1.  

 

 Fig. 3.1 The conventional unit cells of the YP in (a) the NaCl-type and (b) the CsCl-type crystal 

structures. (c) The truncated octahedron Brillouin zone (BZ) of YP centered at Γ, with projected 

(001) plane (green colour) along the kz-direction. 

Table 3.1 The optimized lattice parameter and structural phase transition (SPT) pressure of 

YP. 

YP Previous studies Present study  



 
 

 
20 

 

Lattice parameter, a (Å)                      5.6439 [79], 5.683 [75]                                       5.667 

SPT (GPa)                                             63.8 [79], 55.94 [75]                                       63.6 

 

3.4. Stability Analysis  

 

 
 

 
 

      

    

Fig. 3.2 The variation in the (a) enthalpies and (b) relative volume as a function of hydrostatic 

pressure for the NaCl- and the CsCl-type structures. The structural phase transition pressure is 

marked with the arrow. The phonon band structures of YP at (c) ambient pressure and (d) 

structural phase transition pressure.  

 

The change in relative volume as a function of hydrostatic pressure has shown an abrupt change 

in relative volume, which confirms the first-order phase transition at the SPT pressure as 

depicted in Figure 3.2(b). The phonon band structures in Figure 3.2 (c, d) confirm the 

dynamical stability of the NaCl-type structure up to the SPT pressure.  
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Table 3.2 The values of the various elastic properties at applied hydrostatic pressure. 

Hydrostatic 

Pressure (GPa) 

Elastic Properties 

 

0 10 20 30 40 50 60 63.6 

C11 201.59 294.26 380.6 459.07 530.89 590.76 653.43 677.09 

C12 28.57 25.45 24.02 22.28 20.81 20.66 21.69 22.31 

C44 47.85 51.96 53.52 55.05 55.79 54.37 53.64 54.95 

Bulk Modulus 

 B (GPa) 
86.2 115.05 142.88 167.88 190.83 210.69  232.27 240.57 

Young's Modulus 

E (GPa) 
147.66 188.65 220.85 249.19   273.25    288.70   305.83 315.58 

Shear Modulus G 

(GPa) 
60.79 76.89 88.88 99.47 108.32 113.51 119.42 123.14 

 

We have also analyzed the mechanical stability of YP up to the SPT pressure. For cubic 

systems, there are three independent elastic constants of the stiffness tensor, i.e., C11, C12, and 

C44. The Born stability criteria [86] for the mechanical stability of the cubic systems are,  

𝐶11  > 0; 𝐶44  > 0;  𝐶11 −  𝐶12  > 0; 𝐶11 + 2𝐶12  > 0.          (3.1) 

The calculated values of the 𝐶𝑖𝑗 (Table 3.2) under the various hydrostatic pressures, values have 

satisfied equation (3.1), which signifies the mechanical stability of this material at ambient and 

elevated pressure.  

 

 

Fig. 3.3 The variation of the (a) elastic constants, and (b) elastic modulus with applied 

hydrostatic pressure.  

Fig. 3.3(a) shows the variation of 𝐶𝑖𝑗 with the applied hydrostatic pressure, we have observed 

an increase in 𝐶11 that suggests the material is stiffer and more resistant to deformation along 

the a-axis. The other two tensor components, i.e.,  𝐶12 and 𝐶44 have shown very slow decreases 

and increases, respectively, which suggests nearly constant shear deformations in the 
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perpendicular planes. Moreover, the variation of the Bulk Modulus (B), Young's Modulus (E), 

and Shear Modulus (G) (Figure 3 (b)) has confirmed that the material becomes more 

incompressible, harder, and resistant towards deformation, respectively, with the increasing 

applied hydrostatic pressure. Hence, the material exhibits excellent mechanical stability and 

less susceptibility to deformation at ambient at higher pressure.  

 

3.5. Electronic Structure  

 

To examine the topological phase, we have analyzed the electronic properties of YP using the 

GGA-PBE+SOC and HSE06+SOC functionals. A slight non-zero density of states (DOS) at 

the Fermi level (Figure 3.4 (a, b)) and the overlaps between VB and CB at different high 

symmetry points in the bulk band structure (Figure 3.4 (c-f)) signify that YP is a conventional 

semimetal. This observation is in good agreement with the previous reports [34-39]. The 

projected density of states (PDOS) in Figure 3.4 (a, b) and projected band structure shows that 

the d-orbital of Y and p-orbital of P are mainly contributing to the VB and CB, respectively, 

near the Fermi level. The band structures are calculated along the X-Γ-L-X-W high symmetry 

k-path, where X, Γ, and L are the time-reversal invariant momenta (TRIM) points. The value 

of the energy gap at Γ- and L-points evaluated using HSE06 functional (Figure (e, f)) is higher 

than the GGA-PBE (Figure (c, d)) functional. Moreover, since the former is believed to be 

more accurate than the latter, we believe that HSE06 functional predicts the accurate ground 

state of the RE-M materials [76-78]. Therefore, all the further calculations have been performed 

using this functional only. As depicted in Figure 3.4 (g), the absence of band inversion in the 

bulk band structure and Dirac cone in the surface density of state (SDOS) along the (001) plane 

make YP a topologically trivial semimetal at the ambient pressure condition. This nature is 

further confirmed by the isolated electron and hole pockets at  𝛤- and at 𝑀̅-points, as visible in 

Fig. 3.4 (h).  

 

     



 
 

 
23 

 

    

   

         

Fig. 3.4 The projected density of states (PDOS) of the YP using (a) GGA-PBE+SOC and (b) 

HSE06+SOC functionals. The projected bulk band structure of this material using (c, d) GGA-

PBE and (e, f) HSE06 functionals, using without and with SOC, respectively. (g) The 

Surface Density of State (SDOS) and, (h) the Fermi arc at arc energy 0.00 eV along the (001) 

plane. 
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Fig. 3.5 The projected bulk band structure of the material YP (a) without and (b) with SOC at 

26.5 GPa hydrostatic pressure. (c) The Surface Density of State (SDOS) is plotted along the 

(001) plane, where the Dirac cone can be seen and relatively flat surface states (inset). Fermi 

arc at arc energy (d) 0.00 eV and (e) -0.40 eV along the (001) plane. 
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To observe the TPT in this semimetal, we continuously increase the pressure up to 26.4 GPa, 

the energy gap at the Γ- and X-points shows a continuous reduction, but no band inversion is 

observed till this pressure. At 26.5 GPa, the lattice parameter of the materials has reduced to 

5.287 Å and the bulk band structures using HSE06 without and with SOC are shown in Figure 

5 (a, b), respectively. A bulk band inversion appears in the band structure at the X-point as 

shown in Figure 3.5 (b), making YP a topologically non-trivial semimetal. The inverted 

contribution of the d-orbital of Y in VB and the p-orbital of P in CB is observed at this 

hydrostatic. This non-trivial phase is further confirmed by the presence of the Dirac cone 

(Figure 3.5 (c)) at 𝑀̅-point along the (001) plane in SDOS at 26.5 GPa. We have observed that 

the presence of two conducting TSSs at 𝑀̅-point is caused by the projection of two inequivalent 

X-points. A Dirac cone and a relatively flat TSS connected to bulk states have been observed 

at the 𝑀̅-point as shown in the inset of Figure 3.5 (c). The flat TSS lose its conducting nature 

as it moves away from the 𝑀̅-point and disperse into the bulk states having the same orbital 

character. It is evident from the Fermi surface (Figure 3.5 (d)) at 26.5 GPa pressure that there 

is one electron pocket and two hole pockets at 𝛤-point, which corresponds to the kz = 0 and π, 

respectively. At TPT pressure, the relative size of the perpendicular electron pockets at the 𝑀̅-

point is larger than the ambient pressure, and it begins to decrease as Fermi arc energy increases 

in the negative direction, while the size of the hole pockets at 𝛤-point begins to expand. The 

Dirac cone is visible in SDOS at the Fermi arc energy of about -0.40 eV in the bulk band 

inversion point (Figure 3.5 (e)), where the spectral contribution from the TSSs at 𝑀̅-point can 

be seen. These TSS have an elliptical shape and a cross-like shape due to a weakly developed 

continuous link with bulk bands. Additionally, a direct relationship between the TSSs and the 

bulk states is produced by an increase in pressure. The bulk band inversion is directly 

demonstrated by the anisotropic dispersion of the TSSs in YP.  

 

3.6. ℤ2 topological invariants  

 

To further verify the appearance of TPT in YP, we have calculated the ℤ2 topological invariant 

using the product of parities of all the filled bands at the TRIM points. For the bulk material,  

there are four ℤ2 topological invariants. The ℤ2 topological invariant criteria for TIs can also 

be implemented on RE-M semimetals due to the presence of a local energy band gap around 

certain momentum points. There are eight possible TRIM points [5] in the bulk systems, 

represented by the equation, 
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𝐺𝑖= (𝑚1𝑚2𝑚3) =
𝑚1 𝑎1+ 𝑚2 𝑎2+𝑚3𝑎2

2
                              (3.2) 

Where ai (i = 1, 2, 3) are primitive reciprocal lattice vectors and mj have values 0 or 1. The 

adiabatic transformation has changed the sign of parities of the eigenstates in the bulk band 

structure, and hence the values of the four ℤ2 invariants (ν0; ν1ν2ν3) can be computed using the 

following equations given by Kane and Mele criteria [4],  

            (−1)𝜈0 = ∏ 𝛿𝑛1𝑛2𝑛3𝑛𝑗=0,1                              (3.3) 

(−1)𝜈𝑖=1,2,3 = ∏ 𝛿𝑛1𝑛2𝑛3𝑛𝑖=1;𝑛𝑗=0,1                     (3.4) 

Here, δ signifies the product of all the filled bands at a given TRIM point. The value of the first 

ℤ2 invariant (ν0) indicates whether the phase of the system is topologically trivial (ν0 = 0) or 

non-trivial (ν0 = 1). The product of parities of the filled bands at different TRIM points at 

ambient and TPT pressures is depicted in Table 3.3.  

Table 3.3 The product of parities of all filled bands at TRIM points in BZ under ambient and 

exalted pressure values. 

 

Hydrostatic 

Pressure 

No. of band inversions 3X 4 L Γ ℤ2 invariants 

0 GPa No inversion + + + (0:000) 

26.5 GPa One inversion - + + (1:000) 

At the ambient pressure, the product of parities at three X momenta points is positive, whereas 

a switch from positive to the negative value of parities at these points is observed at 26.5 GPa. 

With this switch in the parities at three X momenta points, the first ℤ2 topological invariant (ν0) 

changes its value from 0 to 1 (Table 3.3).  This non-zero value of the first ℤ2 topological 

invariant has verified the TPT pressure.  Moreover, the parties of the three X-points and the 

four L-points remain positive (Table 3.3) at both ambient and elevated pressure, which 

concludes that the remaining topological invariants (using equation 3.4) are (000). 

Another approach to calculating the ℤ2 topological invariants and identification of the 

topological phases of materials is the Wilson loop method [49]. In this method, the ℤ2 

topological invariants have been computed using the evolution of WCCs along six TRIM 

planes, i.e., kj (j = x, y, z) = 0, π. The topological state of the material can be established by 

examining the juncture of Wannier bands with a random reference line along the ki-axis as 

shown in Figure 3.6 (a, b).   
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Fig. 3.6 The evolution of the Wannier charge centers (WCCs) at (a) ambient pressure and (b) 

26.5 GPa pressure. (c) A change of the first ℤ2 topological invariant (v0) in response to rising 

the hydrostatic pressure. 

 

The number of intersections that occur between the reference line and Wannier bands indicates 

𝑧2 value in that TRIM plane and the ℤ2 topological invariants can be calculated as per the 

following equations, 

0 2 1,2,3 2 1,2,3{ ( 0) ( 0.5)}mod2     i iz k z k                                 (3.5) 

                         1,2,3 2( 0.5)   i iz k                                                     (3.6) 

According to Figure 3.6 (a), the reference line has not shown any crossing with the Wannier 

bands in kj (j = x, y, z) = 0, π, and hence the system has a topologically trivial nature with the 

values of the ℤ2 topological invariants (0; 000). At 26.5 GPa, the reference line and the Wannier 
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bands have an odd number of crossings along kj (j = x, y, z) = 0 planes but no crossing is 

observed along kj (j = x, y, z) = π planes as shown in Figure 3.6 (b). Using equations (3.5) and 

(3.6), the Z2 topological invariants can be calculated and have values (1; 000), which has 

established the topologically non-trivial phase in this material at 26.5 GPa. The observation of 

bulk band inversion, the presence of the Dirac cone along the (001) plane and the non-zero 

value of first ℤ2 topological invariant (ν0), have recognized that the rare-earth semimetal YP 

have undergone a TPT at 26.5 GPa of hydrostatic pressure. Figure 3.6 (c) illustrates the 

variation of the first ℤ2 topological invariant (ν0) with the applied pressure. 

3.8. Summary 

 

We have explored the mechanical, structural and dynamical stability, and topological properties 

of rare-earth semimetal YP using density functional theory and Green’s function approach. YP 

has the rocksalt-type stable crystal structure at ambient pressure, and it has been observed that 

a structural phase transition takes (CsCl-type structure) at 63.6 GPa hydrostatic pressure.  The 

dynamical and mechanical stabilities have been verified via the phonon dispersion spectrum 

and elastic constant calculation, respectively, up to the structural phase transition pressure. This 

material is topologically trivial at ambient pressure, and its accurate ground state has been 

predicted with the help of the HSE06 functional. The absence of a Dirac cone in the surface 

density of state along the (001) plane and (0; 000) values of its four ℤ2 topological invariants 

at ambient pressure has also been verified as the topologically trivial phase of this material. At 

26.5 GPa of applied pressure, a topological phase transition from topologically trivial to non-

trivial phase has taken place, and an inverted contribution of the d-orbital of Y valence band 

and p-orbital of P has confirmed the topologically non-trivial phase in this material. The 

presence of a Dirac cone in the surface density of state along the (001) plane has also been 

observed at 26.5 GPa hydrostatic pressure. The change in the values of the ℤ2 topological 

invariants to (1; 000) has been calculated using the product of parities and evolution of Wannier 

charge centers at above mentioned hydrostatic pressure. The comprehensive information from 

this study could be helpful for future experimental studies of topological states in YP. 
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CONCLUSION AND FUTURE SCOPE  
 
 
 

            Based on the detailed analyses and results discussed throughout this thesis, the major 

conclusions are outlined below, along with prospective future research directions that could 

further advance the understanding of pressure-tuned topological phases. 

 

4.1. Conclusion  
 

This dissertation investigates the intriguing and quickly developing field of topological 

quantum materials, particularly their origin based on fundamental physical principles like spin-

orbit coupling, band inversion, and protection by symmetry. Starting with the historical 

establishment of the Hall effects and the paradigm-shifting quantum Hall phenomena, the work 

slowly introduces the theory of topology in condensed matter systems. Conceptual constructs 

like the topological invariants of ℤ₂, Dirac and Weyl quasiparticles, and topological surface 

states are elaborately discussed to establish a firm conceptual background. Topological 

insulators and semimetals are thoroughly classified with emphasis on their distinct electronic 

fingerprints and physical significance. These conceptual underpinnings form the precursor to 

the main research target: first-principles study of pressure-induced topological phase transition 

in rare-earth compounds. The prime objective of this research is the investigation of yttrium 

monophosphide (YP) under hydrostatic pressure, employing hybrid density functional theory 

(DFT) to examine its structural, electronic, and topological evolution. In ambient conditions, 

YP is found to crystallize in a face-centered cubic (NaCl-type) structure and is a topologically 

trivial semimetal. Phonon dispersion and elastic constant calculations validate the dynamical 

and mechanical stability of this phase at high pressures. With increasing pressure, a topological 

phase transition occurs at 26.5 GPa, characterized by band inversion at the X-point and Dirac 

cone formation along the (001) plane. The ℤ₂ invariant, obtained both from parity analysis at 

time-reversal invariant momenta and Wannier charge center evolution, changes from (0;000) 

to (1;000), testifying to the onset of a non-trivial topological phase. Furthermore, the material 

experiences a structure phase transition to another form at 63.6 GPa, again widening knowledge 

on pressure-induced behaviour in rare-earth monopnictides. This work thereby illustrates how 

outside pressure can function as an excellent tuning parameter for generating and governing 

topological behaviours in materials which otherwise remain trivial at usual states. The research 
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enhances the value of computational materials science in being able to foresee new quantum 

states and opens avenues for further experimental validation.  

 

4.2. Future scope 

 

The results of this dissertation provide the foundation for a number of intriguing future research 

directions. One step forward would be experimental confirmation of the theoretically predicted 

topological phase transition in YP under hydrostatic pressure. Methods like ARPES, high-

pressure transport measurements, and X-ray diffraction would verify the band inversion and 

Dirac surface states, linking theoretical predictions to physical reality. Besides YP, the work 

can also be generalized to other rare-earth monopnictides which can show comparable or even 

more intricate topological behaviour under different external conditions of pressure, doping, or 

strain. A comparative study across these materials may show systematic trends and assist in 

determining key parameters that control topological phase transitions. Additionally, the 

inclusion of magnetism or external fields can result in new quantum phases, e.g. Weyl 

semimetals or magnetic topological insulators, thereby enriching research on topological 

materials. In applications, pressure tuneable topological materials show much potential towards 

next-generation electronic and spintronic devices. The existence of stable, non-dissipative 

surface states makes them prime prospects for energy-saving technologies. Further 

investigation into the effects of temperature and thermoelectric properties might also reveal 

their potential in energy conversion and thermal management. This work overall is a solid 

theoretical basis for designing and controlling new topological states and emphasizes pressure 

as a tool of great potency in quantum material engineering. 
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