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Abstract

This thesis focuses on the study of technologically important materials using first-

principles methods, investigating their electronic, magnetic, and topological properties. The

materials studied include Ce-based rare-earth lean permanent magnets, oxide perovskite

heterostructures, and the quasi-one-dimensional compound (TaSe4)3I.

To address the challenges of high cost and limited availability of rare-earth elements,

we predict the magnetic properties of Ce2Fe17−xCoxCN compounds using a combination

of machine learning and density functional theory (DFT). Our analysis identifies potential

candidates with high transition temperatures, large saturation magnetization, and desirable

magnetocrystalline anisotropy, while also assessing their stability through interstitial va-

cancy formation energies.

For oxide perovskite heterostructures, we study LaBO3/SrIrO3 superlattices (B = Mn,

Fe, Co, Ni) to understand the trends in interfacial charge transfer, electronic structure, mag-

netic properties, and topology. Our work reveals that for p-type superlattices, charge is

transferred to the SrIrO3 block in all cases, with the amount of transfer governed by the

strength of B-Ir covalency. In n-type superlattices, the direction of charge transfer de-

pends on the d-orbital occupancy of B. For B = Co and Ni, charge transfers to the LaBO3

layer, leaving SrIrO3 magnetic. In contrast, for B = Mn and Fe, charge transfers to the

SrIrO3 layer, making it non-magnetic. The magnetic SrIrO3 layer exhibits a band struc-

ture with C = 2 double Weyl points, driven by ferromagnetic Ir-Ir exchange and spin-orbit

coupling. This results in a significant intrinsic anomalous Hall conductivity (AHC) for

LaCoO3/SrIrO3 and LaNiO3/SrIrO3. Only p-type LaMnO3/SrIrO3 and LaFeO3/SrIrO3 ex-

hibit AHC, with the latter suppressed due to proximity effects from the antiferromagnetic

LaFeO3 layer.

Finally, we study the quasi-one-dimensional material (TaSe4)3I, identifying a struc-

tural phase transition at T ∼ 145 K from a high-temperature centrosymmetric to a low-

temperature noncentrosymmetric phase. Raman scattering, specific heat, and transport

measurements confirm this transition, while first-principles calculations attribute it to the

hybridization energy gain from off-center displacements of Ta atoms, overcoming elastic

energy costs. At low temperatures, we observed a unique coexistence of superconductiv-

ity (∼2.5 K) and weak ferromagnetism (∼9 K), likely arising from Se dimer vacancies.

Furthermore, these vacancies induce small localized magnetic moments, which contribute

to the unexpected ferromagnetism via the Ruderman-Kittel-Kasuya-Yosida (RKKY) ex-

change mechanism. While the highly localized magnetic moments form on the vacancy-

bearing chains, the vacancy-free chains remain nonmagnetic, though metallic, and sup-



port superconductivity. This leads to an electronic phase separation in the system, with

vacancy-bearing chains acting as the source of magnetism and vacancy-free chains sup-

porting phononic superconductivity due to vacancy-induced metallicity.

Our findings provide valuable insights into these systems, offering a platform to explore

complex ground states arising from disorder, low dimensionality, and unique electronic

structures. The predictions presented here should also guide future experimental efforts to

discover materials with tailored and enhanced properties.

x

Abstract
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1
Introduction

Since the dawn of human existence, materials have played a fundamental role in our progress.

From the elementary tools of the Stone Age to the advanced technologies of today’s Silicon

Age, also known as the Information Age, the development of human civilization has been

closely linked to the development and use of a wide range of materials. The discovery of

new materials has transformed our technologies at every stage of human history. They have

not only shaped our societies, but also driven them forward.

The 18th century was the trans-formative era, driven by the exploitation of coal, iron

and other resources. It brought extraordinary progress. Steam engines, railways reshaped

our society. The 20th was the beginning of the information age, fuelled by the discovery of

silicon for semiconductors, polymers for plastics and rare earths for electronics. They have

revolutionized communications, transport, healthcare and entertainment. We are on the

verge of another materials revolution in the 21st century. From lightweight, high-strength

materials for the aerospace industry to novel bio-materials for regenerative medicine, mate-

rials are at the forefront of sustainability, energy efficiency and human well-being. In short,

materials are not just passive elements, they are the very essence of human creativity and

progress.

Based on macroscopic behaviour and observable properties, materials have been clas-

sified into three main categories: solids, liquids, and gases. Solids are further divided into

two main classes: crystalline and amorphous. Crystalline materials have a highly ordered

atomic arrangement, with atoms and molecules arranged in a regular, repeating pattern

known as a lattice. This long-range order gives rise to characteristic properties such as

sharp melting points, well-defined diffraction patterns and an-isotropic properties. In con-

trast, amorphous materials do not have the long-range order of crystalline structures, but

instead have disordered atomic arrangements.

Materials science, a branch of science, has evolved over time to deal with the synthe-

sis, characterization, understanding, and prediction of materials and their properties. It is a

multidisciplinary approach that combines physics, chemistry, and engineering to improve
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the quality, utility, and cost-effectiveness of materials. This field allows scientists and engi-

neers to explore the fundamental properties of materials while finding ways to design and

optimize them for practical applications. Materials science and technology (MST) operates

at the interface between science and technology, where the boundaries between the two are

often blurred. Although the boundary between the two is sometimes blurred, it is crucial to

understand the fundamental difference between the two. Science, in its broadest sense, is

the study of the fundamental principles that govern the natural world. Technology, on the

other hand, is driven by the practical need to find solutions to the challenges of human adap-

tation to the environment. In essence, science asks questions and seeks answers, whereas

technology addresses problems and provides solutions.

Recently, the concept of designed materials has emerged as a cornerstone of modern

materials science. With the increasing demand for energy and the urgent need for cost-

effective and environmentally friendly solutions, the development of materials with im-

proved performance and sustainability is becoming increasingly important. This requires

a road-map for materials design using computational modelling and simulation. Computer

simulation, particularly ab-initio techniques such as Density Functional Theory (DFT) and

machine learning (ML), has emerged as a powerful tool in the search for next-generation

materials. Researchers can predict and understand the properties of materials with excel-

lent accuracy and efficiency, ranging from semiconductors, rare earth (RE) lean magnets to

superconductors and energy storage materials, complementing experimental investigations.

By integrating computational modelling, simulation and experimental investigation, it is

possible to discover new materials and develop next-generation technologies with major

implications for the advancement of society.

In this thesis, we focus on several technologically important materials and provide un-

derstanding and predictions using physics concepts. The materials studied in this thesis

are:

• Rare-earth lean permanent magnets.

• Perovskite oxide heterostructures.

• Low-dimensional transition metal compounds, specifically the transition metal tetra-

chalcogenides (TaSe4)3I.

Below, we describe the technological applications of these materials:

Rare-Earth Lean Permanent Magnets: The field of permanent magnets has under-

gone a significant evolution over the past six decades, moving from a limited range of

applications to becoming an integral component in a diverse array of consumer goods,

medical devices, and industrial products. Initially employed in niche applications, magnets
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have now become a common component in many household items, though often unnoticed.

The revolution in magnetic materials has been the primary driver of this evolution, result-

ing in a dramatic increase in the number of households owning magnets. Today, they are

primarily used in electromagnetic energy conversion devices, including motors, actuators

and generators, and computer hard-disk drives. This widespread use has led to the aver-

age middle-class family owning hundreds of magnets, a significant increase from just a

few decades ago. Traditional magnets, like SmCo5 and Nd2Fe14B, rely heavily on rare-

earth (RE) elements. Due to the scarcity of RE elements like Nd and Sm, there’s a push

to develop alternatives with lower RE content. Researchers are working to enhance perfor-

mance, lower costs, and discover sustainable substitutes for rare earth elements to ensure

the ongoing advancement of magnet technology. Figure 1.1 presents an estimate of the

distribution of magnet production by market value.

Figure 1.1: Estimated distribution of the global market for permanent magnets, valued at
around $9 billion. The figure is taken from Ref. [1].

Perovskite Oxide Heterostructures:
Perovskite Oxides

Perovskite structure (ABO3) allows compositional flexibility, as we can incorporate differ-

ent elements into the A and B sites, leading to a rich variety of materials with tailored prop-

erties. The transition metals in the perovskite compounds exhibit multiple oxidation states,

which in turn influence the properties of the materials. One of the most important proper-

ties of perovskite compounds is their ability to exhibit ferroelectricity. For example, BaTiO3

(barium titanate) has a spontaneous electrical polarization that can be controlled by an ex-

ternal electric field, leading to applications in memory devices, capacitors and piezoelectric

sensors. Perovskite materials also exhibit all possible magnetic orders, including ferro-

magnetism, antiferromagnetism and ferrimagnetism. For example, LaMnO3 (lanthanum

manganite) exhibits colossal magnetoresistance, a phenomenon where the electrical resis-

tance of the material changes with the external magnetic field, leading to applications in

magnetic sensors and data storage devices. Another aspect of these types of materials is
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their potential for high temperature superconductivity. In particular, copper-based (cuprate)

perovskites exhibit zero electrical resistance below a certain critical temperature, leading to

applications in magnetic levitation, MRI machines and efficient power transmission. There

are also some organic-inorganic hybrid perovskites, such as methylammonium lead iodide

(MAPbI3), which are revolutionizing solar cell technology due to their high absorption co-

efficients and tunable band gaps, leading to sustainable energy solutions. In addition, we

can now design heterostructures with different perovskite layers by stacking them to create

the interface with novel properties. These heterostructures can exhibit enhanced functional-

ities such as charge transfer, strain effects, orbital reconstruction and topological properties.

They are now at the forefront of research in electronics, spintronics and quantum comput-

ing.

Oxide Heterostructures

Herbert Kroemer’s Nobel address, “The interface is the device,” [2] is particularly relevant

to correlated oxides as well. Controlling the interface is crucial for these materials, whether

in terms of atomic structure, magnetism, orbital states, or potential gradients. Transition

metal oxides (TMOs) exhibit a variety of electronic orders, including charge, spin, and

orbital orders. At interfaces, these orders interact through processes like charge transfer,

hybridization, and spin/orbital exchange, leading to unique emergent properties. Potential

research outcomes for oxide interfaces include:

• Mottronics: Electronic functions emerging from the Mott transition, such as the

metal-insulator transition in correlated-electron systems. This can lead to resistive

switching memory functions for applications like resistance random-access memory

(ReRAM) [3].

• Orbitronics: Controlling the orbital state of d-electrons can significantly alter mag-

netic, transport, and optical properties. Research is focusing on electric-field control

or current switching of orbital states at interfaces, with potential applications in high-

temperature superconductivity [4, 5].

• Spintronics: Modulating d-electron magnetism at interfaces can lead to spintronic

functions. Despite challenges like degradation of tunneling magneto-resistance (TMR)

characteristics at high temperatures, controlling toroidal moments through gate elec-

tric fields could result in new magneto-electric functions.

• Relativistic-electronics: Utilizing the relativistic spin-orbit interaction (SOI) in TMOs,

such as in Sr2IrO4, where spin-orbit splitting is significant [6]. This can lead to

magneto-electric coupling in spin transistors [7] and the spin-galvanic effect [8, 9]
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Future research may also explore topological phenomena like the quantized anomalous Hall

effect [10] and the quantum spin Hall effect in oxide interfaces [11, 12]. Advances in exper-

imental techniques are expected to enhance the preparation and probing of these interface

electronic states.

Low-Dimensional Materials:
Low-dimensional materials offer a wide range of applications in different fields. Researchers

are developing products that use these materials for numerous technical purposes. These

materials include two-dimensional (2D) systems like graphene and transition metal dichalco-

genides (TMDs), and one-dimensional (1D) systems like carbon nanotubes and nanowires.

The reduced thickness of low-dimensional materials allows for the development of unique

properties and potential applications, particularly in the fields of energy storage and next-

generation electronics.

Features and Applications:

• Low-dimensional materials have a high surface area relative to their volume, mak-

ing them perfect for uses where a large surface-to-volume ratio is important, like in

batteries and supercapacitors for energy storage.

• These materials have outstanding mechanical and electrical qualities. For instance,

graphene is well-known for its incredible strength and excellent electrical conductiv-

ity.

• Low dimensionality can lead to quantum effects, allowing the exploitation of quan-

tum properties such as quantum confinement and tunneling. This can lead to new

phenomena and applications.

• Nanomaterials, for example, have a wide range of applications in fields as diverse as

energy storage, electronics, medicine and optics. They are used in advanced batteries,

solar cells, medical diagnostics and treatments, light-emitting devices such as LEDs

and OLEDs, and even in aerospace and defence technologies for their exceptional

mechanical and electrical properties.

Low-dimensional materials are leading a new wave in materials science. As research pro-

gresses, we can expect more innovative discoveries and applications, highlighting the im-

portance of these remarkable materials in our everyday lives.
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1.1. Material Background and Phenomena

1.1 Material Background and Phenomena

1.1.1 Rare-Earth Lean Permanent Magnets

In the 1950s, significant advancements in the Netherlands revolutionized the production of

hard magnetic materials, enabling them to be manufactured in any shape without the risk

of self-demagnetization. This innovation marked a major shift from the conventional bar

and horseshoe magnets, which were specifically designed to minimize self-demagnetizing

fields. An understanding of hard magnets is dependent upon the concept of a hysteresis

loop, which describes the relationship between magnetization (M) and magnetic field (H).

Ideal permanent magnets are identified by a square or rectangular hysteresis loop, indicative

of high coercivity and remanent magnetization. Magnetic materials can be categorized into

several types based on their compositions, which will be outlined briefly as follows:

Alnico Permanent Magnets

Alnico magnets are primarily composed of aluminium (Al), nickel (Ni) and cobalt (Co),

with iron (Fe) and sometimes other elements such as copper (Cu) and titanium (Ti), and

are known for their strong magnetic fields and high coercivity. There are several types,

depending on the weight percentage of the constituents. They were the strongest permanent

magnets before the advent of RE magnets in 1970. Alnico magnets can generate magnetic

fields of up to 0.15 T, with a remanence field of up to 1.2 T [13]. Figure 1.2 illustrates

the range of energy product and coercivity for the primary magnets produced in the present

days. They have a high Curie temperature of about 850◦C, but the maximum working

temperature is about 550◦C [13].

Figure 1.2: The energy product and coercivity ranges for various permanent magnet types
are illustrated using the same colour code as in Figure 1.1. The stippled patterns represent
bonded magnets. The figure is taken from Ref [14].
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1.1. Material Background and Phenomena

Ceramic (Ferrite) Permanent Magnets

Ceramic (ferrite) magnets are made from iron oxide (Fe2O3) and strontium carbonate. They

have high coercivity and high remanence as describe in Figure 1.2 after magnetization and

can produce a magnetic field of about 0.35 T, which is lower than RE magnets, and are

quite brittle, they can break if dropped on a hard surface. The Curie temperature is 450◦C

and can be operated up to 400◦C [15]. They are inexpensive and easy to produce, making

them widely used despite their lower energy product.

Rare-Earth (RE) Permanent Magnets

The term “rare earth” (RE) refers to a group of 14 similar metallic elements in the lanthanide

series, ranging from atomic numbers 58 to 71 (Ce to Lu). These elements, discovered be-

tween 1787 and the 1940s, all occur naturally with the exception of promethium (Pm). Due

to structural similarities, scandium (Sc), yttrium (Y) and lanthanum (La) are also consid-

ered to belong to this group. Lanthanides have similar outer electron configurations and

valence electrons, leading to uniform behaviour in metal combinations. However, their

physical properties vary considerably and are influenced by the number of electrons in the

4f shell, which affects spin and orbital moments.

For a material to qualify as a permanent magnet, the hardness parameter κ must exceed

one [16, 17]. This criterion is expressed mathematically as κ =
(

K
µ0M2

s

)1/2
> 1, which

means that K must be greater than µ0M2
s and should exceed 2 MJ/m3. Achieving such

high K values requires magnetocrystalline anisotropy resulting from spin-orbit coupling.

The highest anisotropy possible by shaping nanoscale magnetized regions, as is done with

Alnico [18], is only a quarter of this value. Significant spin-orbit coupling requires the

incorporation of heavy elements from the 4d, 5d or 4f series [17]. These elements are

expensive, as shown in the cost periodic table in Figure 1.3.

Rare earth (RE) magnets are powerful permanent magnets made from rare earth alloys.

These magnets generate much stronger magnetic fields than ceramic or alnico magnets,

typically around 1.2 T compared to the 0.5 to 1 T range for ceramic magnets. However,

they are extremely brittle and prone to corrosion and typically require protective coatings

to prevent damage. There are two main types of RE magnets: neodymium (Nd2Fe14B)

and samarium cobalt (SmCo5). Rare earths (lanthanides) are ferromagnetic metals like iron

(Fe), but their Curie temperature is below room temperature. When combined with tran-

sition metals (TM) such as iron (Fe), nickel (Ni) and cobalt (Co), they form compounds

with Curie temperatures well above room temperature. These compounds are used to make

permanent RE magnets. The strength of RE magnets is due to two main factors. First, their

crystalline structure provides high magnetic anisotropy, resulting in high coercivity. Sec-
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1.1. Material Background and Phenomena

Figure 1.3: The cost periodic table (as of November 2011), featuring details on the mag-
netic properties of the elements. The figure is taken from Ref [14].

ond, rare earth atoms have high magnetic moments due to the many unpaired electrons in

their electronic structure, resulting in high remanence. This gives RE magnets a high mag-

netic energy product, making them much stronger than conventional magnets as depicted

in Figure 1.2.

The other key properties to consider when comparing permanent magnets are: rema-

nence (Br), which indicates the strength of the magnetic field; coercivity (Hci), which

measures the resistance to demagnetization; maximum energy product (B-Hmax), which

indicates the magnetic energy density; and Curie temperature (Tc), the point at which mag-

netism is lost. Rare earth (RE) magnets, such as neodymium (Nd2Fe14B) and samarium-

cobalt (SmCo5), typically exhibit superior performance in terms of remanence, coercivity,

and energy product. However, it is important to note that Nd2Fe14B has a relatively lower

Curie temperature in comparison to other permanent magnets.

The compounds formed with RE and 3d TM elements have attracted considerable at-

tention. The discovery of giant magnetoresistance and giant magnetocaloric effect [19]

in RE intermetallics has increased interest in exploring the magnetic properties of various

RE-based compounds and alloys. These magnetic properties are mainly controlled by the

delicate balance between Ruddermann-Kittel-Kasuay-Yosida (RKKY) [20] exchange inter-

actions and magnetocrystalline anisotropy [21]. This work focuses on RE-TM intermetal-

lic compounds. In these compounds there are mainly three types of magnetic interactions,

which include the RE-RE, TM-TM and RE-TM interactions. The RE-TM interaction is one
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1.1. Material Background and Phenomena

of the strongest among them, arising from the RKKY type indirect interaction. The TM-TM

interaction arises from the strong overlap between the TM-3d wavefunctions, leading to the

formation of energy bands and effective exchange interactions. The magnetic behaviour

of RE-TM compounds depends on the coupling between the RE and TM sublattices, with

heavy RE elements showing antiparallel coupling and light RE elements showing parallel

coupling.

Rare-Earth (RE) Lean Permanent Magnets

The high cost of RE magnets has limited their use to cases where both compact size and

high magnetic field strength are essential. This motivates the need for RE lean permanent

magnets for sustainable development and the advancement of green technologies, includ-

ing electric vehicles and renewable energy systems. Traditional permanent magnets such as

Nd2Fe14B, SmCo5 are composed of rare earth elements such as neodymium (Nd), samar-

ium (Sm) to achieve high magnetic performance. However, rare earth elements are not

only expensive, but also face environmental and geopolitical challenges. To address these

issues, researchers have focused on developing RE lean or free permanent magnets that can

provide comparable magnetic properties. In this work, we have predicted some rare earth

lean magnets, specifically Ce2Fe17−xCoxCN, using a combination of machine learning and

first-principles calculations. The ability to predict and improve their magnetic properties

using a combination of machine learning and first-principles calculations has significant

implications for their practical use.

1.1.2 Perovskite Oxide Heterostructures

Perovskite Oxides

Perovskite compounds derive their name from the mineral perovskite, CaTiO3, first discov-

ered by Gustav Rose in Russia in 1839 and named in honour of the Russian mineralogist

Lev Perovski. These materials have a crystal structure represented by the formula ABO3,

where A is either a rare earth or alkaline earth metal, B is a transition metal and O is oxy-

gen. In a simplified cubic unit cell of such a compound, the ‘A’ atom occupies the cube

corner position (0, 0, 0), the ‘B’ atom is at the body centre position (1/2, 1/2, 1/2) and the

oxygen atoms are at the face centred positions (1/2, 1/2, 0), (1/2, 0, 1/2) and (0, 1/2, 1/2).

The ideal form of perovskite can be described as an array of BO6 octahedra with shared

corners, as shown in Figure 1.4. And in this ideal form, the stable structural form is cubic

with <B-O-B angle of 180◦, but most of them are distorted and this angle deviates from

180◦. One of the key dimensionless parameters used to quantify the stability and degree of

distortion in perovskites is the Goldschmidt tolerance factor (t). This tolerance factor can

9



1.1. Material Background and Phenomena

  

Figure 1.4: Ideal crystal structure of cubic perovskite ABO3. Small orange spheres repre-
sent oxygen atoms, the red sphere represents the A cation, and the B transition metals are
located within the blue-grey BO6 octahedra.

be calculated from the ratio of the ionic radii of the constituent ions and is given by the

formula:

t =
rA + rO√
2(rB + rO)

(1.1.1)

The ionic radii of the A and B cations are denoted as rA and rB, respectively, while rO

represents the ionic radius of the oxygen anion. The perovskite structure is ideally cubic

when the value of t is equal to or close to 1, but when it is less than 1, it tends to tilt and rotate

the BO6 octahedra, leading to different distortions such as orthorhombic or rhombohedral

phases. The compounds with t>1 are generally found to have hexagonal symmetry.

The metal-oxygen polyhedra (BOn) are key to their properties, with different shapes

affecting the crystal field splitting, which is influenced by the geometry of the oxygen poly-

hedra and the TM-O covalency strength. These polyhedra can take various forms such as

octahedra, square pyramids, square planar configurations, tetrahedra, pentagonal bipyra-

mids and trigonal bipyramids etc. In these materials, the surrounding oxygen tends to have

a negative valence and removes the s-electrons from the TM atoms, thereby subjecting the

d-orbitals of the TM ions to an anisotropic field known as the crystal field. This interaction

causes the initially degenerate d orbitals to split, and this splitting depends on the geometry

of the oxygen polyhedra, which is known as crystal field splitting (see Figure 1.5).

The spatial arrangement of the oxygen atoms determines how the d-orbitals interact

with these oxygen atoms. For example, in a perfect octahedral geometry the d orbitals split

10



1.1. Material Background and Phenomena

  

M M

M M

MM

(a). (b).

(d).

(f).

(c).

(e).

dz2

dx2-y2

d
xy

d
yz

d
xz

d
xy

dx2-y2

dz2

d
yz

d
xz

dz2

d
xy

dx2-y2

d
yz

d
xz

dx2-y2

dz2

d
xy

d
yz

d
xz

dz2 dx2-y2

d
xy

d
yz

d
xz

d
xy

d
yz

d
xz

dz2 dx2-y2

Figure 1.5: Crystal field splitting in various metal-oxygen polyhedra: (a) octahedral, (b)
tetrahedral, (c) trigonal bipyramidal, (d) square pyramidal, (e) square planar, and (f) trig-
onal.

into two sets: the lower energy t2g orbitals (dxy, dyz, dxz) and the higher energy eg orbitals

(dz2 , dx2−y2). The electrons in the eg orbitals experience strong electrostatic repulsion as

the lobes of the eg orbitals point directly at the oxygen atoms and gain energy as a result.

On the other hand, the lobes of the t2g orbitals do not point directly at the oxygen atoms,

but between two atoms. When the eg orbitals are partially occupied, they tend to lower

the energy by removing the degeneracy through the octahedral distortion, known as the

Jahn-Teller effect. This results in a lower symmetry structure which is more stable. The

Jahn-Teller distortions can be described using normal mode coordinates, specifically the Q2

and Q3 modes as shown in Figure 1.6, which represent different types of distortion in an

octahedral geometry. The Q2 and Q3 modes can be described as follows:

Q2 mode: When the octahedron goes into Q2 mode, the distortion changes the geometry

of the octahedron equally along all three axes. It changes the energy level of both eg orbitals

equally, thus lifting the degeneracy by changing the overall symmetry and reducing the

degeneracy.

Q3 mode: When the octahedron undergoes Q3 mode distortion, the geometry changes

from a perfect octahedron to an elongated or compressed form. In this type of distortion,

the elongation is along one axis and the compression is along the perpendicular axis. For

example, if the elongation happens along the z-axis, the dz2 orbital (which points directly

towards the z-axis) will decrease in energy, while the dx2−y2 orbital (which lies in the xy-

plane) will increase in energy. This removes the degeneracy of the eg orbitals.

The Jahn-Teller effect, named after Hermann Jahn and Edward Teller, provides a mech-

anism for removing degeneracies in the d-orbitals of transition metal compounds by distort-
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Figure 1.6: Illustration of two breathing modes in Jahn-Teller distortion of metal-oxygen
octahedra: (a) Q2 mode and (b) Q3 mode.

ing their geometric configuration. In contrast, a tetrahedral arrangement gives an inverse

splitting pattern in the lower and higher energy levels. This splitting also depends on the

strength of the covalent bond between the transition metal and oxygen atoms. The cova-

lency depends on several factors such as the length of the bond, the overlap between the

d-orbitals of the TM atom and the p-orbitals of the oxygen atoms, and the electronegativity

of the TM and O atoms. The crystal field splitting depends on several other things such

as the oxidation state of the metal ions, the presence of other ligands with oxygen can also

modify the crystal field effects.

In TMOs, the electronic configuration of the TM sites plays an important role in deter-

mining their properties. Coulomb repulsion tries to localize the TM d electrons at the lattice

sites, while hybridization between TM d and oxygen p states tries to delocalize them. In

3d TMOs the direct overlap between TM d orbitals is very small as shown in Figure 1.7,

resulting in a small bandwidth, so the d electrons move only by hybridization with oxy-

gen 2p bands. The physics is primarily governed by three different energy scales: the

charge transfer energy (∆), which is the energy difference between TM d and O p states, the

electron-electron correlation (Udd) within the TM d manifold, and the hopping parameter

(tpd) connecting the metal and oxygen sites. For 4d and 5d TMOs the situation is differ-

ent. The band widths of the TM d states in the case of 4d and 5d TMOs are much wider

compared to that of 3d TMOs as shown in Figure 1.7. In addition, 4d and 5d TMOs ex-

hibit significant spin-orbit coupling (SOC), which is defined as the coupling between the

intrinsic spin of the electron and its orbital angular momentum. While SOC is considered

a weak perturbation in 3d TMOs, it becomes important for heavy elements. Therefore, 4d
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1.1. Material Background and Phenomena

and 5d TMOs are good candidates to show a larger SOC effect than 3d TMOs. The SOC

becomes comparable to other energy scales such as the electron-electron correlation (Udd).

As a result, there is a competition between the two, leading to new emergent properties in

4d and 5d TMOs.
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Figure 1.7: Schematic diagram comparing the shapes of 3d and 4d/5d states in transition
metal oxides. The TM 3d states form narrow bands, whereas the TM 4d/5d states form
wider bands in TMOs

This competition also affects the spin states of the TM ions. TM ions can exhibit high

spin (HS), intermediate spin (IS) and low spin (LS) states, depending on the balance be-

tween the crystal field splitting ( ∆) and Hund’s coupling energy (JH). The 3d TMOs gener-

ally favour the HS state due to significant electron-electron correlation, although there are

many examples of LS states, especially in the case of late 3d TMOs. In contrast, the 4d and

5d TMOs are generally found in the LS state due to the significant crystal field splitting (

∆) and substantial SOC compared to 3d TMOs. For example, in SrIrO3, Ir4+ (d5) stabilizes

in the LS state.

Perovskite Oxide-Based Heterostructures

Oxide interfaces have attracted considerable attention due to their novel properties such as

ferromagnetism, large negative magnetoresistance, giant photoconductivity, electrical con-

ductivity, superconductivity and topological phenomena that are absent in their bulk parent

compounds. These properties suggest potential applications in oxide-based electronics and

spintronic devices. Advances in experimental techniques such as molecular beam epitaxy

(MBE) and pulsed laser deposition (PLD) have enabled the precise layer-by-layer growth

of perovskite oxides, leading to the creation of oxide heterostructures. In particular, the

LaAlO3 (LAO) / SrTiO3 (STO) heterostructure has emerged as a model system, exhibiting
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1.1. Material Background and Phenomena

unexpected properties such as conductivity, magnetism and superconductivity. The pioneer-

ing work of Ohtomo and Hwang revealed the formation of a high carrier density and high

mobility electron gas (2DEG) at the interface of these two non-magnetic band insulators.

Two distinct interfaces can form in the [001] direction between the polar LaAlO3 (LAO),

composed of alternating (LaO)+1 and (AlO2)−1 layers, and the nonpolar SrTiO3 (STO),

composed of (SrO)0 and (TiO2)0 layers. These interfaces are classified as n-type (LaO/TiO2)

and p-type (AlO2/SrO). Conductivity is only observed at n-type interfaces when the LAO

thickness exceeds three unit cells (uc). In contrast, magnetism is found both at n-type in-

terfaces with LAO thicknesses greater than 3 uc and at insulating p-type interfaces. There

is currently no single mechanism that fully explains these phenomena for the LAO/STO

system, which has led to extensive research. Four main mechanisms have been proposed to

explain the formation of the two-dimensional electron gas (2DEG) at the n-type interface.

The most widely accepted is intrinsic electronic reconstruction, also known as polar catas-

trophe as shown in Figure 1.8, which involves the ionization of the host valence band of

LAO at abrupt, defect-free interfaces. The other three mechanisms involve various types of

defects: oxygen vacancies at the interface and at the LAO overlayer surface, and intermix-

ing of cations, specifically La-on-Sr antisite donor defects.
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Figure 1.8: Electrostatic model showing the polar catastrophe with atomic layers as
charged planes based on ionic formal charges (e/θ ). The z-axis is along the [001] direction,
perpendicular to the surface. The left panel shows a pristine interface and its increasing
electrostatic potential, V, with LAO film thickness. The right panel depicts the stabilized
system with a transfer of −0.5e/θ from the surface to the interface.

Various interfaces between Mott insulators and band insulators, or between Jahn-Teller
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1.1. Material Background and Phenomena

insulators and band insulators can be explored to see how the properties of these inter-

faces change. Sevaral interfaces exhibiting either conducting or insulating behaviour have

been identified. Some of the conducting interfaces include LaTiO3 (LTO) / STO, LaGaO3

(LGO) / STO, LaVO3 (LVO) / STO, GdTiO3 (GTO) / STO, GdAlO3 (GAO) / STO, NdGaO3

(NGO) / STO, NdAlO3 (NAO) / STO, Al2O3 / STO, DyScO3 (DSO) / STO, KTaO3 (KTO)

/ STO. On the other hand, insulating interfaces include LaMnO3 (LMO) / SrTiO3 (STO),

LaYO3 (LYO) / STO, LaCrO3 (LCO) / STO, EuAlO3 (EAO) / STO etc.

A key challenge in understanding the phenomena in oxide heterostructures is uncover-

ing how they deal with the polar discontinuity at the interface. Unlike polar semiconductor

interfaces, transition metal oxides (TMOs) offer more complex methods to compensate

for valence mismatches, such as electronic reconstruction seen in the LAO/STO interface.

Ab initio calculations, particularly density functional theory (DFT), have significantly en-

hanced our understanding of these phenomena by addressing the electronic structure and

compensation mechanisms in these heterostructures.
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Figure 1.9: Summary of research advancements in magnetic oxide interfaces. The unique
properties of these interfaces stem from the complex interplay between spin, charge, orbital,
and lattice dynamics, as well as other interactions like exchange interactions and charge
carriers. This interplay leads to phenomena such as magnetic switching, multiferroicity,
magnetic order, magnetoresistance, interfacial magnetic texture, and magnetocrystalline
anisotropy.

Since the 2016 Nobel Prize in Physics, the concept of ‘topology’ has gained consider-

able attention in the study of correlated electron systems. Topology describes the electronic

or magnetic states with invariants preserved under the continuous transformations in a given
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space, providing robustness against any perturbations, making it ideal for data storage and

processing. The interplay between charge, spin, orbital and lattice degrees of freedom

greatly enhances the representation of quantum phenomena at oxide interfaces. This has

led to the exploration of diverse features such as Hall effect, multiferroicity, magnetoresis-

tance, magnetocrystalline anisotropy, magnetic switching, magnetic order, interfacial mag-

netic texture as shown in Figure 1.9. In particular, the interfacial magnetic textures and

topological properties remain underexplored. Another phenomenon based on topology and

geometry is the Anomalous Hall Effect (AHE). AHE occurs in solids with broken time-

reversal symmetry, such as ferromagnets, due to spin-orbit coupling (SOC). This effect

is of significant technological interest for potential applications in spintronics, including

magnetic sensors and memory devices. An example of engineered electronic and magnetic

properties at 3d-5d interfaces is the interface between the 3d antiferromagnetic insulator

SrMnO3 (SMO) and the 5d paramagnetic metal SrIrO3 (SIO). Charge transfer from SIO

to SMO leads to strong ferromagnetism at the interface. This ferromagnetism gives rise to

AHE in the SIO/SMO superlattice. Density functional calculation of the anomalous Hall

conductivity (AHC) in the SIO/LMO interface supports the experimental results.

In this section of the thesis, we have explored the 3d-5d transition metal perovskite

oxide heterostructures: SrIrO3 (SIO) / LaBO3 (LBO) (where B=Mn, Fe, Co, Ni), mainly

focusing on their electronic, magnetic, and topological properties. We try to explore the

intriguing features and properties of these interfaces, which will be discussed in detail in

subsequent chapters.

1.1.3 Low-Dimensional Materials: Electronic and Structural Trans-
formations

When materials are reduced from bulk structures to nanostructures, their electronic, opti-

cal, and mechanical properties can change dramatically, often influenced by quantum me-

chanical effects and many-body interactions due to strong spatial confinement of electrons.

Restricting electrons to nanoscale objects, such as two-dimensional (2D) layers or one-

dimensional (1D) chains, enhances the Coulomb interaction between electrons because of

decreased electronic screening. Consequently, the intricate interaction between electronic,

lattice, and spin degrees of freedom in low-dimensional materials can give rise to fasci-

nating emergent behaviors, including high-temperature superconductivity and giant mag-

netoresistance, which were recognized with Nobel Prizes in 1987 and 2007 respectively.

For a long time, scientists and engineers have primarily focused on bulk materials (3D),

as the microscopic details of matter are often negligible in everyday applications. Metals,

for example, are typically viewed as homogeneous solids with consistent electronic prop-
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erties determined by their conductivity. This allows electronic devices to be modeled using

simple equations like Ohm’s and Kirchhoff’s laws. The fundamental atomic structure is

considered uniform for practical purposes. The accurate prediction of material properties

from atomic structure represents a significant achievement in the field of condensed matter

physics and the ab initio community.

However, the advent of the transistor led to a renewed interest in the physics of inter-

faces (2D) due to the novel phenomena they exhibited. The advancement of semiconductor

technology has prompted industries to pursue the reduction of device feature sizes, ne-

cessitating a shift from bulk property descriptions to methods incorporating atomic-scale

features. This transition could potentially result in the emergence of new device types that

may require materials distinct from those currently employed in semiconductor technol-

ogy. Rather than relying on the adaptation of existing materials to align with technology,

the intrinsic properties of new materials may be harnessed to achieve desired outcomes.

The discovery of carbon nanotubes (1D) in the 1990s generated significant research in-

terest due to their unique properties, such as high tensile strength and tunable electronic

properties ranging from metallic to insulating. Despite their potential, widespread tech-

nological adoption has been hindered by challenges in scaling up controlled growth and

fabrication methods. Carbon nanotubes are made by rolling single or few layers of graphite

into a tube, but single layers of graphite were initially thought to be thermodynamically

unstable [22]. However, in 2004, Geim and Novoselov demonstrated the isolation of single

stable layers of graphite, called graphene, which exhibited extremely high charge carrier

mobility [23]. Despite its extraordinary properties, graphene’s lack of a band gap limits its

use in high-frequency electronics.

As researchers sought to engineer graphene, attention shifted to other two-dimensional

materials with intrinsic band gaps. One such material is hexagonal boron nitride (h-BN),

which, unlike graphene, has a diatomic unit cell that opens a large band gap, making it an

insulator [24]. h-BN is effective for protecting other single-layer materials from environ-

mental degradation. Additionally, it was discovered that other layered materials, like MoS2,

can also be exfoliated into single layers. MoS2, part of the transition-metal dichalcogenides

family, has a honeycomb-like crystal structure with a three-atom unit cell and exhibits prop-

erties like large spin-orbit splittings and high exciton binding energies [24–27]. This has

spurred extensive research into these materials, though many properties remain unexplored,

and more interesting materials may still be discovered.

The other form of low-dimensional materials are the quasi-1D materials. Quasi-1D

materials differ from “true 1D” materials due to weak couplings with higher-dimensional

environments, such as inter-chain interactions or coupling to a 3D substrate. In reality,

purely 1D systems are theoretical constructs, and these couplings are always present to
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some degree. Studying quasi-1D materials involves investigating these couplings, which is

essential for understanding the origins of broken symmetry phases in real 1D systems and

low-dimensional materials in general. According to the Mermin-Wagner theorem, long-

range ordered phases are unstable in purely 1D systems due to quantum and thermal fluc-

tuations [28]. Therefore, a dimensional crossover is necessary for a 1D system to achieve

an ordered phase, as seen in many quasi-1D materials exhibiting charge and spin density

waves [29, 30].

Quasi-One-Dimensional Materials (Q1D)

All materials occupy a finite volume in three-dimensional space. However, the electronic

band structure in 3D crystals can be 1D if the atomic orbitals that form the conduction

band overlap strongly in one direction and much less strongly in the other. Such crystals

are essentially composed of parallel metallic chains with weak interactions between them,

embedded in a matrix of non-metallic atoms. This ensures chemical bonding in all three

directions. These Q1D crystals are therefore three dimensional in terms of their phonon

interactions, while exhibiting one-dimensional electronic properties. Most of these crystals

are observed as very thin needles or very narrow hair-like strands.

Figure 1.10: (a) Conduction band of a one-dimensional crystal where one-electron states
with energy Ek < EkF are filled and those with Ek > EkF are empty. The boundaries of the
first Brillouin zone are given by ±a∗/2. (b) A 1D crystal exhibiting Peierls lattice distortion
(PLD) with a period q = 2kF , showing an energy gap (∆) in the dispersion at k =±kF . The
figure is taken from [31].

Fifty years ago, Peierls (1955) predicted that 1D metals are unstable due to periodic

lattice distortion (PLD) with a period twice the Fermi wavevector (KF ), leading to a metal-

to-insulator transition. This PLD reduces the energy of filled electron states in the con-

duction band while increasing the energy of empty states [see Figure 1.10], resulting in a

charge-density wave (CDW) driven by electron-phonon interactions. Consequently, crys-

tals undergoing Peierls transition enter a CDW state, opening a gap at the Fermi level and

transforming the material from a metal to an insulator. In a half-filled band, the CDW state

creates a periodic structure with a lattice constant double that of the basic structure. If
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the filling does not match the crystal’s lattice periodicity, KF can take any fraction of the

reciprocal lattice’s basis vector, resulting in an incommensurate CDW state.

Q1D materials attracted considerable attention when W. A. Little [32] proposed a model

of superconducting organic macromolecules. However, no real compound has yet been dis-

covered that fulfils the prediction of the model. Q1D materials exhibit interesting properties

such as Peierls transition, charge density waves, open Fermi surfaces, strong electron-lattice

coupling, Tomanago-Luttinger liquid behaviour, etc [33]. The Q1D materials studied in-

clude transition metal halides, transition metal chalcogenides, transition metal tetrachalco-

genides, A15 compounds, Krogmann salts and others [33]. And most of these are Q1D

metals, so the Q1D semiconductors and insulators are relatively less explored. Reducing

the effective dimensionality from 3D to 2D and then to 1D increases the anisotropy of

their physical properties. These properties include for example the exotic magnetic states

in KMn6Bi5 [34], topological properties in β -Bi4I4 [35], significant optical anisotropy in

BaTiS3 [36], unconventional superconductivity in K2Cr3As3 [37]. Recent studies have

shown that TiS3 crystals can be exfoliated into narrow ribbons with smooth and straight

edges [38]. Furthermore, the energy required to break the weak bonds between 1D chains

is similar to that required to separate 2D layers [39]. It is therefore possible to fabricate

transistors with channel widths below 10 nm using Q1D materials [40]. Consequently,

there is a growing interest in exploring the electrical, magnetic and optical properties of

Q1D materials [41].

Quasi-One-Dimensional Transition Metal Chalcogenides (Q1DMCs)

Metal chalcogenides (MCs) are composed of at least one metal and one chalcogen (mainly

S, Se and Te) atom. Quasi-one-dimensional metal chalcogenides (Q1DMCs) are a subset

of MCs with a quasi-one-dimensional structure. Typically, their structures consist of infi-

nite chains of interconnected metal chalcogen polyhedra. They are known for their struc-

tural and compositional diversity and are capable of forming binary, ternary and quaternary

compounds [42]. Interest in Q1DMCs arose in 1970 with the discovery of one-dimensional

electrical conduction, charge density waves (CDWs) and high-pressure superconductivity in

NbSe3 [43, 44]. Due to their quasi-one-dimensional nature and reduced crystal symmetry,

they often have a needle-like appearance, indicating weaker interactions between adjacent

chains. The reduced symmetry leads to strong anisotropies in their magnetic, electrical and

optical properties.

According to the Mermin-Wagner theorem, there can be no ferromagnetic or antifer-

romagnetic order in ideal 1D systems at finite temperature with an isotropic Heisenberg

model. However, this theorem does not hold if the magnetism is anisotropic. This makes

Q1DMCs particularly interesting for the study of magnetism. Several Q1DMCs exhibit
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magnetic properties. For example, BaVS3 shows antiferromagnetic behaviour when it is

stoichiometric, but becomes ferromagnetic when it is sulphur deficient [45]. AFeS2 (where

A can be K, Rb or Cs) and BaFe2S4 are antiferromagnetic semiconductors [46]. Ba2MX3

(where M can be Mn, Fe or Co and X can be S or Se) also exhibit antiferromagnetic proper-

ties [47]. These materials are promising for use in the next generation of magnetic storage

devices.

Several Q1DMC superconductors have been identified, such as Tl2Mo6Se6, TaSe3 and

NbSe3 [48]. High pressure induced superconductivity has also been observed in the newly

synthesised compound Ba3TiTe5 [49]. Q1DMC materials with large band gaps, such as

AZrPSe6 (where A = K, Tb, Cs), Cs2CuP3S9, K2P2Se6, AAsX2 (where A = Li, Na, and X

= S, Se), show great promise for nonlinear optical (NLO) applications [50]. Metal chalco-

genides have also attracted considerable attention as high performance thermoelectric ma-

terials, especially after the discovery of high thermoelectric figure of merit and extremely

low thermal conductivity in SnSe. Nevertheless, many physical properties of Q1DMCs

remain largely unexplored and provide opportunities for theoretical studies using ab-initio

methods.

In this section of the thesis we have studied a newly synthesized quasi-one-dimensional

transition metal tetrachalcogenide compound (TaSe4)3I, focusing on its phase transition

from centrosymmetric to non-centrosymmetric structure, vacancy-induced ferromagnetism

and possible superconductivity using first-principles calculations and experimental meth-

ods.

1.2 Overview of present thesis

This thesis explores a range of physical phenomena in complex materials, integrating ex-

perimental observations and first-principles calculations to investigate electronic, magnetic,

topological properties, superconductivity, and structural phase transitions. These studies

reveal underlying mechanisms and offer insights into designing materials with novel func-

tionalities. The contents of different chapters discussed in this thesis can be summarized as

follows:

Chapter 2 : This chapter presents the theoretical and computational methods used in

this thesis to study electronic, magnetic, and topological properties of materials. It cov-

ers Density Functional Theory (DFT) and its extensions, such as DFT+U for strongly

correlated systems, and outlines DFT-based techniques like the plane wave pseudopoten-

tial method, Linearized Muffin-Tin Orbital (LMTO) method, Linearized Augmented Plane

Wave (LAPW) method, and Projector Augmented Wave (PAW) method. The construction

of Wannier functions for detailed electronic structure analysis is also discussed. Addition-
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ally, the integration of machine learning with DFT is introduced, focusing on data prepara-

tion and the use of algorithms such as Ridge Regression, Kernel Ridge Regression, Support

Vector Regression, Random Forest, and Neural Networks to predict material properties.

Chapter 3 : In this chapter, we focus on predicting the properties of rare-earth lean

magnets, specifically Ce2Fe17−xCoxCN, using a combination of machine learning and first-

principles calculations. The goal is to design affordable permanent magnets with perfor-

mance comparable to high-end materials. Machine learning models predict a Curie temper-

ature (Tc) above 600 K, magnetic moment (µ0Ms) greater than 1 T, and positive anisotropy

constant (Ku), indicating their potential as cost-effective magnets.

First-principles calculations confirm that for x = 1 to x = 7, these compounds exhibit

µ0Ms values above 1.65 T and Ku values exceeding 1 MJ/m3, comparable to state-of-

the-art Nd2Fe14B magnets. The best-performing compositions include Ce2Fe15Co2CN,

Ce2Fe12Co5CN, Ce2Fe11Co6CN, and Ce2Fe10Co7CN.

A significant challenge for these magnets is the formation of nitrogen and carbon va-

cancies at high temperatures, which can reduce their stability. Our study shows that carbon-

nitrogen codoping significantly increases vacancy formation energy, improving thermal sta-

bility by 35–40% compared to single doping.

Finally, a cost-performance analysis highlights their economic advantage, with a price-

to-performance ratio between 0.03 and 0.22 USD/J. These findings underscore the potential

of Ce2Fe17−xCoxCN as high-performance, affordable magnets, encouraging experimental

efforts to synthesize these materials using low-cost elements like Ce, Fe, C, and N.

Chapter 4 : In this chapter, we investigate the LaCoO3/SrIrO3 (LCO/SIO) heterostruc-

ture using first-principles calculations to explain its unexpected ferromagnetic properties

and explore its topological features. Our study reveals that interfacial charge transfer re-

duces the valence of Co ions in LCO from 3+ to 2+, leading to the stabilization of an

intermediate spin (IS) state. This is notable because Co typically exists in a non-magnetic

low-spin (LS) state in its bulk form.

The IS state of Co induces strong ferromagnetic exchange interactions between Co ions.

These interactions extend into the SrIrO3 (SIO) layer through interfacial Co–Ir coupling,

stabilizing ferromagnetic order across the heterostructure. We also find that the tetragonal

symmetry of SIO, constrained by the SrTiO3 (STO) substrate, gives rise to charge-2 Dirac

points due to the system’s orbital degeneracy.

Our results explain the observed anomalous Hall effect (AHE) in the LCO/SIO system

and suggest the potential for new quasiparticles associated with charge-2 Dirac points.

Chapter 5 : In this chapter, we extend our study of the LaCoO3/SrIrO3 (LCO/SIO)

heterostructure to explore systematic trends in 3d, 5d superlattices, LaBO3/SrIrO3 (B =

Mn, Fe, Co, Ni). These superlattices are analyzed for both n-type and p-type interfaces
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to understand how interface polarity and the chemistry of the B-site cation influence their

electronic, magnetic, and topological properties.

Our findings show consistent interfacial charge transfer trends. For p-type interfaces,

charge transfer direction is uniform across all systems, while for n-type interfaces, it de-

pends on the d-orbital occupancy of the B-site cation relative to Ir4+ in SrIrO3. Specifically,

in n-type interfaces, charge moves to LaBO3 for B = Co and Ni, but flows to SrIrO3 for B =

Mn and Fe. These charge transfer effects strongly affect the magnetism of the SrIrO3 block,

which becomes ferromagnetic in n- and p-type LCO/SIO, LNO/SIO, and p-type LMO/SIO,

but weakly ferromagnetic or nearly non-magnetic in LFO/SIO.

We predict insulating behavior at the n-type LFO/SIO interface due to charge transfer.

Topologically, the magnetic SrIrO3 block exhibits C = ±2 double Weyl crossings, driving

an intrinsic anomalous Hall conductivity (AHC) of 7–8 Ω−1 cm−1 in n-type and p-type

LCO/SIO, LNO/SIO, and p-type LMO/SIO. However, weakened ferromagnetic interac-

tions in LFO/SIO suppress its AHC, making LCO/SIO and LNO/SIO the most promising

candidates for robust intrinsic AHC. LMO/SIO shows moderate potential, while LFO/SIO

is less favorable.

These findings align with experimental observations and provide theoretical insights

to guide future studies, highlighting the potential of these superlattices for applications in

spintronics and topological materials.

Chapter 6 : In this chapter, we study the structural phase transition in the quasi-one-

dimensional compound (TaSe4)3I, focusing on the change from a centrosymmetric to a

noncentrosymmetric structure. Experimental techniques, including single crystal X-ray

diffraction (XRD), resistivity, specific heat, and Raman scattering, reveal a transition at

Ts ∼ 145 K. This transition lowers the symmetry of the Ta chains, changing from a high-

temperature (HT) centrosymmetric phase with L-L-S Ta-Ta bonds to a low-temperature

(LT) noncentrosymmetric phase with L-M-S Ta-Ta bonds, while maintaining the overall

tetragonal symmetry. The key aspect is the breaking of inversion symmetry at the short

Ta-Ta bond.

To understand this transition, we performed first-principles density functional theory

(DFT) calculations and tight-binding modeling for the HT and LT structures. Both phases

show semi-metallic behavior, consistent with experiments. The phase transition is driven

by a balance between hybridization energy gain and elastic energy loss. At low tempera-

tures, the hybridization energy gain becomes dominant, stabilizing the off-centric structure.

The temperature scale predicted by our model matches well with the observed transition

temperature.

This study identifies a unique type of structural phase transition, different from the usual

charge-density-wave transitions seen in chain compounds.
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Chapter 7 : Building on the findings from Chapter 6 about the structural phase tran-

sition in the quasi-one-dimensional compound (TaSe4)3I (n-TSI), this chapter explores the

presence of superconductivity and weak ferromagnetism in this material at ambient pres-

sure. Experiments, including electrical resistivity and magnetization measurements, show

that n-TSI behaves as a metal, exhibits weak ferromagnetism below 9 K, and becomes su-

perconducting below 2.5 K. Interestingly, first-principles calculations predict n-TSI to be a

semiconductor, indicating that defects play a key role in its observed properties.

Our density functional theory (DFT) calculations reveal that Se2 dimer vacancies in-

duce metallic behavior and create localized magnetic moments. These moments lead to

weak ferromagnetism via the Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction, me-

diated by itinerant electrons. This defect-driven phase separation results in vacancy-free

chains remaining metallic and nonmagnetic, supporting phonon-mediated superconductiv-

ity, while vacancy-bearing chains exhibit magnetism. The interplay between defects, low

dimensionality, and electronic structure creates a complex ground state, with the calculated

ferromagnetic and superconducting transition temperatures aligning well with experimental

results for a vacancy concentration of 1.38%.

These findings emphasize the importance of defects in shaping the unique properties

of n-TSI and provide a framework for studying the interaction between magnetism and

superconductivity in low-dimensional materials.

Chapter 8 : In this chapter, we summarize the key findings of our study and outline

potential directions for future research.
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2
Methodology

2.1 Introduction

This chapter outlines the theoretical methodologies used to calculate and predict the elec-

tronic, magnetic, and topological properties of the compounds under study. The specific

approaches and techniques employed in this thesis are as follows:

• Ab Initio Technique: We have used conventional T=0 K ab initio techniques, mainly

Density Functional Theory (DFT), to perform most of the theoretical calculations. To

deal with strong electronic correlations, we used DFT with Hubbard U calculations

within the framework of static mean field theory.

• Machine Learning Technique: In addition, we have integrated machine learning

(ML) techniques with DFT in one of the problems for data-driven prediction of new

compounds with targeted properties. The ML techniques include data processing,

model selection, validation, optimization and then prediction.

The following sections provide a brief summary of the methods.

2.2 The Many Electron Hamiltonian

A real physical system can be visualized as a collection of atoms and molecules that interact

with one another. The atoms and molecules in real physical systems can exist in different

states. They can be found in the gas phase as isolated entities or clusters, or in the solid

or condensed phase as bulk solids or surfaces. Irrespective of their state, these systems

are typically composed of heavy, positively charged nuclei and lighter, negatively charged
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electrons, with interactions governed by electrostatic Coulomb forces. In order to describe

such a system, one needs to write a many-body Hamiltonian that takes into account the

interactions between all the particles. Such a Hamiltonian includes terms for the kinetic

energy of the electrons and nuclei, the potential energy arising from electron-nucleus inter-

actions, and the potential energy due to electron-electron and nucleus-nucleus interactions.

The general form of this many-body Hamiltonian is as follows,

H =−
P
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where the ions are represented by charge ZI and mass MI and the electrons by charge e and

mass mi. The first and second terms of the Hamiltonian represent the kinetic energies of

the ions (Tn) and electrons (Te) respectively. The remaining terms represent the Coulomb

interactions: ion-ion (Vnn), electron-electron (Vee) and electron-ion (Vne). Now we have

to solve the time-independent Schrödinger equation to find the many-body wave function

Ψi(r,R).

HΨi(rrr,RRR) = EiΨi(rrr,RRR). (2.2.2)

It is a challenging task to find an exact analytical solution for Equation (2.2.2) within a

complete quantum mechanical framework, even for a small molecule. For systems with

many interacting particles, the equation becomes non-separable due to the many-body na-

ture of Coulomb interactions. Thus, solving this Hamiltonian in practical scenarios requires

approximation, such as variational principles or perturbative treatments. In principle, one

may also attempt an alternate approach such as a numerical solution. However, the prob-

lem arises from the inclusion of a large number of variables (3N) in the wavefunction, as

D. R. Hartree’s statement: “The tabulation of a function of one variable requires a page, of

two variables a volume, and of three variables a library; but the full specification of a single

wave function of neutral Fe is a function of seventy-eight variables. It would be rather crude

to restrict to ten the number of values of each variable at which to tabulate this function,

but even so, full tabulation of it would require 1078 entries, and even if this number could

be reduced somewhat from considerations of symmetry, there would still not be enough

atoms in the whole solar system to provide the material for printing such a table.” On top of

this, there are challenges with interpretation as expressed by R. P. Feynman, “The trouble

with quantum mechanics is not only in solving the equations, but in understanding what

the solutions mean.” The main challenges in solving the Schrödinger equation stem from

the large number of variables involved, the complexity in interpretation, and the intricate

electron-electron correlations.

The first significant approximation is the Born-Oppenheimer Approximation in 1927
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[1]. This approximation states that electrons are much lighter than nuclei, which means

that the timescale for electron motion is much shorter than the motion of nuclei. As a re-

sult, nuclei can be treated as stationary relative to the movement of electrons. Therefore,

the electronic part of the Hamiltonian can be expressed for a fixed nuclear configuration as

follows:

He = Te +Vee +Vne +Vnn, (2.2.3)

The last term, Vnn, represents a constant arising from the ion-ion interaction, known as

Madelung energy. This can be determined classically. This approximation simplifies the

many-body Hamiltonian to a many-electron Hamiltonian. However, even with this simpli-

fication, further approximations are required to accurately solve Equation (2.2.3) due to the

complex interactions among the electrons.

The Independent Electron Approximation further simplifies the problem by converting

a system where electrons interact with each other into one where they are treated as if they

do not interact, thus approximating the original system.

These approximations can be approached in two main ways: (a). the wavefunction-

based method, which includes Hartree [2], Hartree-Fock [3] and configuration interaction

[4] techniques, etc., and (b). the density-based approach implemented by density functional

theory (DFT) [5–7]. Wave-function-based methods, while accurate, are computationally

expensive and scale exponentially with system size, making them impractical for larger

systems. In contrast, DFT is more computationally efficient and less expensive. In this

thesis, the theoretical calculations are carried out using Density Functional Theory (DFT).

2.3 Density Functional Theory

Before the theories of Hartee (1928) and Hartee-Fock (1930), Thomas and Fermi (TF)

(1927) [12S-13S] proposed the concept of solving many-body problems using the den-

sity functional method. In this method, the electron density of a non-interacting homoge-

neous electron gas is considered as the primary variable. This approach is advantageous

because a system with N electrons has a many-body wave function with 3N variables,

Ψ(r1,r2, . . . ,rN), while the corresponding electron density is given by:

ρ(r) = N
∫

Ψ
∗(r,r2, . . . ,rN)Ψ(r1,r2, . . . ,rN)dr2 dr3 . . . drN , (2.3.1)

where ri is the position vector of the i-th electron. Thus, working with the electron density

is more computationally efficient than working with the wave function based method due

to the reduction in the number of variables.

However, the TF model has several limitations. The expression for kinetic energy
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was approximate and the model completely neglected electron-electron correlation. It also

fails to capture the bonding between atoms. Although the TF model had certain limita-

tions, it provided the basis for the development of Density Functional Theory (DFT). DFT

effectively addresses many-electron problems with greater efficiency and has become the

preferred method for electronic structure calculations in condensed matter physics.

2.3.1 Reduced Density Matrices

The mathematical framework of the density functional approach is described as follows.

The electron density in the ground state is given by

ρ(rrr1) = N
∫

Ψ
∗(rrr1,rrr2, ...,rrrN)Ψ(rrr1,rrr2, ...,rrrN)drrr2drrr3...drrrN . (2.3.2)

where Ψ(r1,r2, ...,rN) represents a many-particle wave function. The single-particle electron-

ion interaction can be expressed as follows:

⟨Vne⟩= ⟨Ψ|∑
i

v(ri)|Ψ⟩=
∫

drv(r)ρ(r), (2.3.3)

where the integration encompasses all space. Similarly, the two-particle electron-electron

repulsion can be formulated as:

⟨Vee⟩= ⟨Ψ|1
2 ∑

i, j

1
ri j

|Ψ⟩= 1
2

∫
dr1 dr2

Γ2(r1,r2)

r12
, (2.3.4)

where Γ2(r1,r2) represents the two-particle density indicating the joint probability of find-

ing an electron in the volume dr1 at r1 and another electron in the volume dr2 at r2. This

can be described by:

Γ2(r1,r2) = N(N −1)
∫

Ψ
∗(r1,r2, . . . ,rN)Ψ(r1,r2, . . . ,rN)dr3 dr4 . . .drN . (2.3.5)

The kinetic energy term, incorporating differential operators, is represented as:

T =−⟨Ψ|1
2 ∑

i
∇

2
i |Ψ⟩=−1

2
N
∫

Ψ
∗(r1,r2, . . . ,rN)∇

2
1Ψ(r1,r2, . . . ,rN)dr1 dr2 . . .drN ,

(2.3.6)

=−1
2

N
∫ [

∇
2
1Ψ

∗(r′1,r2, . . . ,rN)Ψ(r1,r2, . . . ,rN)
]

r1=r′1
dr1 dr2 . . .drN , (2.3.7)

=−1
2

∫
dr1

[
∇

2
1γ(r1,r′1)

]
r1=r′1

, (2.3.8)
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where γ(r1,r′1) is the first-order reduced density matrix, defined as:

γ(r1,r′1) = N
∫

Ψ
∗(r′1,r2, . . . ,rN)Ψ(r1,r2, . . . ,rN)dr2 dr3 . . .drN . (2.3.9)

Using the density matrix formalism, the total energy of the system can be represented in

terms of Reduced Density Matrices (RDMs):

E[ρ,γ,Γ2] = T [γ(r1,r′1)]+Vne[ρ(r)]+Vee[Γ2(r1,r2)], (2.3.10)

This formulation allowed the development of a quantum mechanical framework for many-

electron systems in reduced space, bypassing the wave function formalism. An important

requirement of this approach is to find the Reduced Density Matrices (RDMs) by minimiz-

ing the energy while obeying the Pauli exclusion principle. We must also confirm the pres-

ence of an anti-symmetric wave function Ψ that can generate these RDMs. The problem

of N representability involves establishing necessary and sufficient conditions for γ(r1,r′1)
and Γ2(r1,r2), which are not yet fully known. The condition for N representability of ρ(r)
is given by ∫

ρ(r)dr = N, ρ(r)≥ 0. (2.3.11)

One of the most straightforward reduced quantities is the single-particle density, which

has the potential to facilitate the development of quantum mechanics within a simplified

framework.

2.3.2 The Hohenberg-Kohn (HK) Theorems

Density functional theory (DFT) is based on the theorems introduced by Hohenberg and

Kohn in 1964 [6S].

Hohenberg-Kohn Theorem I: A one-to-one correspondence exists between the

ground state electron density ρ(r) of a system with N electrons and the external poten-

tial vext(r) acting on it. This implies that the electron density ρ(r) is uniquely determined

for any system of interacting particles under an external potential vext(r).
Hohenberg-Kohn Theorem II: There exists a universal functional E[ρ] for the en-

ergy, expressed in terms of the electron density ρ(r), which is valid for any external poten-

tial. The exact ground state energy of the system, for a given external potential, is obtained

as the global minimum of this functional. The electron density that minimizes the func-

tional corresponds to the true ground state density.

Proof of Theorem I
Suppose there are two external potentials, v1(r) and v2(r), which differ only by an additive

constant but give the same ground state density ρ(r). Since these potentials are different,

33



2.3. Density Functional Theory

they correspond to different Hamiltonians, H1 and H2, with corresponding wavefunctions

Ψ1 and Ψ2. According to the variational principle, no wave function can give an energy

lower than that obtained from Ψ1 for H1. Thus,

E1 = ⟨Ψ1|H1|Ψ1⟩< ⟨Ψ2|H1|Ψ2⟩.

Assuming a non-degenerate ground state, and given that both Hamiltonians have the same

ground state density, we can rewrite the equation as

E1 < ⟨Ψ2|H1|Ψ2⟩= ⟨Ψ2|H2|Ψ2⟩+ ⟨Ψ2|H1 −H2|Ψ2⟩= E2 +
∫

drρ(r)[v1(r)− v2(r)].

Thus,

E1 < E2 +
∫

drρ(r)[v1(r)− v2(r)].

By swapping the indices, we get:

E2 < E1 +
∫

drρ(r)[v2(r)− v1(r)].

The addition of these inequalities results in the following:

E1 +E2 < E2 +E1,

which is a contradiction. Therefore, our first assumption must be false, which means that

a given ρ(r) corresponds to a unique external potential v(r). Consequently, v(r) is deter-

mined by ρ(r), which fixes both the Hamiltonian and the wave function. This conclusion

proves Hohenberg-Kohn’s first theorem.

Proof of Theorem II
Given that the wave function depends on the density, we can express the total energy func-

tional Ev[ρ] for a given external potential v(r) as follows,

Ev[ρ] = F [ρ]+
∫

ρ(r)v(r)dr, (2.3.12)

where,

H = Te +Uee +Vne, (2.3.13)

and,

F [ρ] = ⟨Ψ[ρ]|Te +Uee|Ψ[ρ]⟩ (2.3.14)

It represents a universal functional whose exact form is unknown and is independent of the

external potential. The ground state energy is uniquely defined by the ground state density
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ρ̃ . Thus,

Ev[ρ̃] = ⟨Ψ[ρ̃]|H|Ψ[ρ̃]⟩. (2.3.15)

By application of the variational principle, any alternative density, ρ , results in a higher

energy.

Ev[ρ̃] = ⟨Ψ[ρ̃]|H|Ψ[ρ̃]⟩< ⟨Ψ[ρ]|H|Ψ[ρ]⟩. (2.3.16)

This indicates that by minimizing the total energy functional with respect to the density

ρ(r) we can obtain the ground state energy. The density that achieves this minimum is the

ground state density. While the Hohenberg-Kohn theorem provides an “exact theory” for

determining the ground state properties of any system, its main limitation is the unknown

exact form of the universal functional F [ρ]. If the form of F [ρ] were known, it would allow

exact solution of the electronic problems.

2.3.3 Kohn-Sham Formulation

In the energy functional, the main unknown component is the universal functional F [ρ],

which captures all the many-body interactions. In 1965 Kohn and Sham [6] made a sig-

nificant advance in this concept by mapping the electron density ρ(r) of an interacting N

electron system into a system of non-interacting electrons. This mapping ensured that the

density of the actual interacting system remained unchanged compared to that of the non-

interacting system. With this formalism, the universal functional F [ρ] can be expressed

as,

F [ρ(r)] = T0[ρ(r)]+
e2

2

∫ ∫
ρ(r1)ρ(r2)

r12
dr1dr2 +EXC[ρ(r)], (2.3.17)

The kinetic energy functional of the interacting electrons is replaced by the kinetic

energy of the non-interacting particle system T0[ρ]. The following term represents the

classical electrostatic contribution, commonly referred to as the Hartree term, while EXC[ρ],

referred to as the exchange-correlation (XC) energy, includes all contributions arising from

many-body effects, such as exchange effects, which capture the Pauli exclusion principle,

and correlation effects, which capture the correlation of electrons within the many-body

wavefunction. The energy functional can be expressed as follows,

E[ρ] = T0[ρ(r)]+
∫

v(r)ρ(r)dr+
e2

2

∫ ∫
ρ(r1)ρ(r2)

r12
dr1dr2 +EXC[ρ(r)]. (2.3.18)

Here, T0[ρ] denotes the non-interacting kinetic energy functional for a given density ρ(r).

To determine T0[ρ], it is necessary to find the solution of the single-particle Schrödinger

equation, [
−1

2
∇

2 +λ (r)
]

ψi = εiψi, (2.3.19)
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By selecting a suitable function λ (r), the orbitals obtained from that selection give the

desired density.

ρ(r) = ∑
i
|ψi|2. (2.3.20)

Subsequently, the functional is then evaluated as follows,

T0[ρ] = ∑
i

εi −
∫

drλ (r)ρ(r). (2.3.21)

The energy functional that is used to find the equilibrium density is then formulated as

follows,

E[ρ] = ∑
i

εi −
∫

drλ (r)ρ(r)+
∫

v(r)ρ(r)dr+Ecoul[ρ]+EXC[ρ]. (2.3.22)

Minimizing the functional results in,

λ (r) = v(r)+
δEcoul[ρ]

δρ(r)
+

δEXC[ρ]

δρ(r)
, (2.3.23)

This shows that selecting λ (r) according to the above expression leads to the correct density

derived from the single-particle Schrödinger equation. This leads to a set of N nonlinear

integro-differential equations known as the Kohn-Sham (KS) equations. These equations

need be solved in place of the many-body Schrödinger equation as follows,[
−1

2
∇

2 + veff(r;ρ)

]
ψi = εiψi, (2.3.24)

in which case the effective potential can be written as follows

veff(r) = v(r)+
∫

ρ(r′)
|r− r′|

dr′+
δEXC

δρ(r)
= v(r)+ vHartree[ρ(r)]+ vXC[ρ(r)]. (2.3.25)

The Kohn-Sham equations require an iterative solution until self-consistency is achieved.

Here’s a summary of the procedure: Start with an initial guess ρ0 to construct the initial

Kohn-Sham equation. After solving the eigenvalue problem, a new density is obtained. If

the new density differs from the previous one beyond a certain threshold, the next step is to

generate a new density by mixing these two densities. In the next iteration, the Hamiltonian

is determined by this density, which in turn produces the new density for that iteration, and

so on. This process continues until the densities from two successive steps converge to the

same solution within a specified margin of error. The process is illustrated in Figure 2.1.
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Figure 2.1: The iterative process in Density Functional Theory (DFT) to achieve self-
consistency.

Extension to Spin-Polarized Systems

In the case of spin polarization, the electron density consists of two independent spin den-

sities. It can be represented as follows,

ρ(r) = ρ↑(r)+ρ↓(r). (2.3.26)

Subsequently, the universal energy functional F [ρ↑,ρ↓] accounts for contributions from

both spin densities and can be formulated as:

F [ρ↑(r),ρ↓(r)] = T0[ρ↑,ρ↓]+
e2

2

∫ ∫
ρ(r1)ρ(r2)

r12
dr1 dr2 +EXC[ρ↑,ρ↓], (2.3.27)

where T0[ρ↑,ρ↓] is the kinetic energy of the non-interacting spin-polarized electrons,

and EXC[ρ↑,ρ↓] is the exchange-correlation energy functional, now dependent on both spin
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densities.

The total energy functional for the system is then given by,

E[ρ↑,ρ↓] = T0[ρ↑,ρ↓]+
∫

v(r)ρ(r)dr+
e2

2

∫ ∫
ρ(r1)ρ(r2)

r12
dr1 dr2 +EXC[ρ↑,ρ↓].

(2.3.28)

The spin-polarized Kohn-sham equations are:[
−1

2
∇

2 +λ↑(r)
]

ψi↑ = εi↑ψi↑, (2.3.29)

[
−1

2
∇

2 +λ↓(r)
]

ψi↓ = εi↓ψi↓. (2.3.30)

The spin densities are obtained from the orbitals:

ρ↑(r) = ∑
i
|ψi↑|2, (2.3.31)

ρ↓(r) = ∑
i
|ψi↓|2. (2.3.32)

The kinetic energy functional is then evaluated as:

T0[ρ↑,ρ↓] = ∑
i

εi↑+∑
i

εi↓−
∫

dr
[
λ↑(r)ρ↑(r)+λ↓(r)ρ↓(r)

]
. (2.3.33)

The energy functional that is used to find the equilibrium densities is as follows:

E[ρ↑,ρ↓] = ∑
i

εi↑+∑
i

εi↓−
∫

dr
[
λ↑(r)ρ↑(r)+λ↓(r)ρ↓(r)

]
+

∫
v(r)ρ(r)dr+Ecoul[ρ]+EXC[ρ↑,ρ↓].

Minimizing the functional leads to the spin-dependent potentials:

λ↑(r) = v(r)+
δEcoul[ρ]

δρ↑(r)
+

δEXC[ρ↑,ρ↓]

δρ↑(r)
, (2.3.34)

λ↓(r) = v(r)+
δEcoul[ρ]

δρ↓(r)
+

δEXC[ρ↑,ρ↓]

δρ↓(r)
. (2.3.35)

This results in the spin-polarized Kohn-Sham equations:[
−1

2
∇

2 + veff,↑(r;ρ↑,ρ↓)

]
ψi↑ = εi↑ψi↑, (2.3.36)
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[
−1

2
∇

2 + veff,↓(r;ρ↑,ρ↓)

]
ψi↓ = εi↓ψi↓. (2.3.37)

Here, the effective potentials are:

veff,↑(r) = v(r)+
∫

ρ(r′)
|r− r′|

dr′+
δEXC

δρ↑(r)
= v(r)+ vHartree[ρ(r)]+ vXC,↑[ρ↑(r),ρ↓(r)],

(2.3.38)

veff,↓(r) = v(r)+
∫

ρ(r′)
|r− r′|

dr′+
δEXC

δρ↓(r)
= v(r)+ vHartree[ρ(r)]+ vXC,↓[ρ↑(r),ρ↓(r)].

(2.3.39)

The self-consistency procedure for the spin-polarized Kohn-Sham equations is similar to

that for the non-spin-polarized case, except that spin-up and spin-down densities are treated

separately. Initial estimates for ρ↑ and ρ↓ are used to construct the Kohn-Sham equations.

These equations are solved iteratively until convergence is achieved within the predefined

margin of error.

2.3.4 Exchange-Correlation Functional

So far, Kohn-Sham theory does not require any approximations, so in principle it is ex-

act. However, the challenge arises with the term EXC[ρ], as the exact expression for this

is unknown, requiring approximations. The Local Density Approximation (LDA) and the

Generalized Gradient Approximation (GGA) are widely used and successful as approxi-

mate methods.

Local Density Approximation (LDA)

This approximation, first introduced by Kohn and Sham [6], is based on the core principles

of Thomas-Fermi-Dirac theory [8, 9]. The key assumption in this approach is that the

exchange-correlation energy depends only on the local electron density ρ(r). The form of

this functional can be written as,

ELDA
XC =

∫
ρ(r)εXC[ρ(r)]dr, (2.3.40)

EXC[ρ(r)] is the exchange-correlation energy density of a homogeneous electron gas of

density ρ(r). In the Local Density Approximation (LDA), EXC is determined by adding the

contributions from the exchange and correlation parts separately.

ε
LDA
XC [ρ(r)] = ε

LDA
X [ρ(r)]+ ε

LDA
C [ρ(r)]. (2.3.41)
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The exchange part εLDA
X [ρ] is given by the Dirac expression in a uniform electron gas,

ε
LDA
X (ρ) =−0.458

rs
(2.3.42)

where rs represents the mean interelectronic distance, defined as,

4π

3
r3

s = ρ
−1 (2.3.43)

The correlation part is more complex. E.P. Wigner [10H] initially estimated it as,

ε
LDA
C ≈ 0.44

rs +7.8
(2.3.44)

Later, Ceperley and Alder [10] provided a more accurate estimate using quantum Monte

Carlo simulations. This correlation functional is numerically exact and has been parame-

terized by Perdew and Zunger [11], Vosko, Wilk, and Nusair [12] John P. Perdew and Yue

Wang [13].

In spin-polarized systems, the exchange-correlation (XC) energy density depends not only

on the electron density ρ but also on the magnetization density ζ = (ρ↑−ρ↓)/(ρ↑+ρ↓).

Generally, this is evaluated by interpolating between the fully polarized (εP
XC) and unpo-

larized (εU
XC) XC energy densities using an interpolation function that depends on ζ . Ex-

cellent approximate expressions for this interpolation function are available, such as those

proposed by Barth and Hedin [14] and Vosko et al. [12].

The LDA is designed to work well in systems with slowly varying electronic charge

density. However, it gives unexpectedly accurate results for inhomogeneous systems, as

reviewed by R.O. Jones and O. Gunnarsson [15]. The reasons for this effectiveness are

suggested to be related to several factors, such as,

• Only the spherical average of the xc-hole has an influence on the energy, i.e. the xc

energy is given by

EXC[ρ] =−1
2

∫
ρ(r)
R(r)

dr (2.3.45)

where,
1

R(r)
=

∫
ρ̃XC(r,r′)
|r− r′|

dr′ (2.3.46)

and ρ̃XC is the XC-hole, expressed as the pair correlation function g̃(r,r′),

ρ̃XC(r,r′) = ρ(r′)[g̃(r, r′)−1] (2.3.47)
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• LDA satisfies the sum rule that the XC-hole contains exactly one electron, i.e,∫
ρ̃XC(r,r′)dr′ =

∫
ρ(r)g̃LDA(|r− r′|,ρ(r))dr′ =−1 (2.3.48)

The LDA is quite effective in explaining phenomena involving energies related to ion mo-

tion, typically around 1 eV. However, it fails to describe phenomena that occur on much

smaller energy scales, such as superconductivity, which involves energy scales of a few

degrees Kelvin.

Generalized Gradient Approximation (GGA)

The Generalized Gradient Approximation (GGA) extends the Local Density Approxima-

tion (LDA) by including not only the local electron density ρ(r) but also its gradient ∇ρ(r).
This approach takes into account that the exchange-correlation energy depends on the spa-

tial variations of the electron density, which provides a more accurate description for real

systems.

The exchange-correlation energy in GGA can be expressed as, The functional can be ex-

pressed as,

EGGA
XC [ρ] =

∫
εXC(ρ(r), |∇ρ(r)|)ρ(r)dr =

∫
ρ(r)εXC[ρ(r)]FXC[ρ(r),∇ρ(r)]dr

(2.3.49)

In GGA, FXC is referred to as the enhancement factor, which adjusts the LDA expres-

sion. There are different versions of GGA functionals, depending on the choice of the

enhancement factor. Among them, Perdew and Wang (PW91) proposed a popular form

of exchange-correlation functional in 1991. Subsequently, Perdew, Burke and Ernzerhof

(PBE) introduced a simpler version by modifying PW91. GGA addresses some limitations

of LDA and generally offers improved descriptions of properties like binding energy, total

energy, structure, and magnetic properties of materials. However, it fails to capture long-

range behavior (1/ R6) and tends to overestimate electric polarization in polar systems.

Particularly, it fails in case of strongly correlated systems, highlighting the need for more

accurate treatment of electron-electron correlation.

2.4 Beyond DFT Exchange-Correlation: DFT+U

“DFT+U” is a method for modelling strongly correlated systems. It goes beyond the ap-

proximation of DFT. This method essentially involves an LSDA or GGA type calculation

combined with an additional orbital-dependent interaction term handled in a Hartree-Fock-

like manner. It includes the strong on-site Coulomb interaction, referred to as Hubbard U,
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particularly to account for strongly localized orbitals like d and f orbitals. In this method,

the energy of a system with a total number of d electrons N, given by N = ∑i ni, can be

expressed including Hubbard correction as follows,

E = ELDA +
U
2 ∑

i ̸= j
nin j −

UN(N −1)
2

. (2.4.1)

The second term represents the Hubbard term, and any potential double counting is pre-

vented by subtracting the third term. Orbital energies can be written as follows,

εi =
δE
δni

= εLDA +U(
1
2
−ni). (2.4.2)

As a result, occupied orbitals with ni = 1 are shifted by −U
2 , while unoccupied orbitals

(ni = 0) are shifted by +U
2 , as shown in Figure 2.2. This shift causes the lower and upper

Hubbard bands to be separated by the Coulomb parameter U . Therefore, this method can

effectively capture the essential physics of strongly correlated systems. The two prominent

approaches of DFT+U are

  ΔE = +U/2E = +U/2

ΔE = +U/2E = -U/2

Figure 2.2: Diagram illustrating the effect of the Hubbard U parameter on the electronic
structure in LDA. The presence of U causes a relative shift between the occupied and unoc-
cupied orbitals.

2.4.1 Liechtenstein Method:

Liechtenstein et al. [16] introduced a generalized form of the DFT+U functional for multi-

orbital correlated sites, which is outlined as follows,

ELDA+U [ρσ (r),{nσ}] = ELSDA/GGA[ρ(r)]+EU [{nI,σ
m }]−Edc[{nI,σ}], (2.4.3)

where the orbital occupancies nI,σ
m are used to describe atom I under the influence of on-

site Hubbard interactions. Here, m represents the magnetic quantum number, σ denotes
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2.4. Beyond DFT Exchange-Correlation: DFT+U

the spin index, and nI,σ is the sum of these occupancies over all m. The last term accounts

for correcting double-counting errors. Liechtenstein et al. have developed a rotationally

invariant formulation for the Hartree-Fock-like term EU [nI,σ
m ].

EU [{nI,σ
m }] = 1

2 ∑
{m},σ

〈
m1m3

∣∣∣∣ 1
r− r′

∣∣∣∣m2m4

〉
nσ

m1m2
n−σ

m3m4

−
〈

m1m3

∣∣∣∣ 1
r− r′

∣∣∣∣m2m4

〉
nσ

m1m2
nσ

m3m4

+

〈
m1m3

∣∣∣∣ 1
r− r′

∣∣∣∣m4m2

〉
nσ

m1m2
nσ

m3m4

(2.4.4)

The matrix elements can be expressed as complex spherical harmonics and effective Slater

integrals Fk [17] as 〈
m1m3

∣∣∣∣ 1
r− r′

∣∣∣∣m2m4

〉
= ∑

k
ak(m1,m2,m3,m4)Fk (2.4.5)

where 0 ≤ k ≤ 2l and

ak(m1,m2,m3,m4) =
4π

2k+1

k

∑
q=−k

〈
lm1

∣∣Ykq
∣∣lm2

〉〈
lm3

∣∣∣Y †
kq

∣∣∣lm4

〉
(2.4.6)

For the d electrons, the required Slater integrals include F0, F2, and F4, which can be

characterized by two adjustable factors: the effective on-site Coulomb parameter denoted

as U and the Stoner parameter denoted as J. These parameters are related as follows,

U = F0 (2.4.7)

J =
F2 +F4

14
(2.4.8)

The expression for J for f electrons is,

J =
286F2 +195F4 +250F6

6435
(2.4.9)

In this approach, the term for correcting for double counting is expressed as follows,

Edc[nI,σ ] =
U
2

N(N −1)− J
2
[N↑(N↑−1)+N↓(N↓−1)] (2.4.10)

where Nσ = Tr(nσ
m1m2

) and N = N↑+N↓.
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2.5. Various DFT-Based First-Principles Methods

2.4.2 Dudarev Method:

The method proposed by Dudarev et al [18] offers a much simplified treatment, providing

a rotationally invariant approach to DFT+U. Within this framework, the DFT+U energy

functional can be expressed as,

ELSDA+U = ELSDA +
U − J

2 ∑
σ

[∑
m1

nσ
m1,m1

− ∑
m1,m2

nσ
m1,m2

nσ
m2,m1

] (2.4.11)

Here U and J are defined by the spherically averaged matrix elements of the screened

Coulomb electron-electron interaction. The total number of electrons can be calculated

from Nσ = ∑m nm,σ . In this approach, U and J are not treated separately, but their differ-

ence U − J is used.

The effectiveness of the DFT+U method depends on the appropriate choice of U and

J. It is possible to determine these values from first principles calculations using the con-

strained DFT method [19]. However, this often results in overestimated values. Therefore,

the most common way is to calculate properties for a range of choice of the U values and

fix the optimal one seeking agreement between calculated properties and experimental ob-

servations.

2.5 Various DFT-Based First-Principles Methods

To solve the single-particle KS equation and determine the eigenvalues and eigenfunctions,

it is necessary to select a suitable basis set {φα(r)} to expand the KS wave-functions Ψi(r),

Ψi(r) = ∑
α

Ci
αφα(r) (2.5.1)

The choice of basis set {φα(r)} is problem specific, such as the nature of the elements

involved, the crystal structure. Over the last four decades, several basis sets have been

developed and are widely used for the calculation of the band structure of solids. These

methods can be broadly divided into two categories based on the choice of basis sets, fixed

basis set methods and partial basis set methods.

2.5.1 Methods Using Fixed Basis Sets

This approach relies on basis sets that are not dependent on energy, such as the tight-binding

method employing a linear combination of atomic orbitals (LCAO) type basis [20], and the

orthogonalized plane wave (OPW) method. In the OPW method, plane waves orthogonal

to the core states are used as the basis set within a pseudopotential framework [21, 22].
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2.5. Various DFT-Based First-Principles Methods

These methods reformulate the KS equations into an eigenvalue problem.

∑
β

(
H̃αβ − εiÕαβ

)
C̃i

β
= 0, j = 1,2, . . . ,N (2.5.2)

where,

H̃αβ =
∫

d3r φ
∗
α(r)Ĥ(r)φβ (r) (2.5.3)

Õαβ =
∫

d3r φ
∗
α(r)φβ (r) (2.5.4)

In the following we will discuss the plane wave pseudopotential method, which is used

extensively in this thesis.

Plane Wave Basis Pseudopotential Method:

Many first-principles methods based on the DFT use plane waves as basis functions to solve

the KS equation. The popularity of this method is due to several factors:

• The basis is independent of atomic positions and types.

• There is no need for basis set corrections as the forces on the atoms are equivalent to

the Hellmann-Feynman forces.

• It uses efficient algorithms such as Fast Fourier Transformation (FFT).

However, a significant limitation of this approach is the requirement for a large number

of plane waves to accurately represent the wave function near the nucleus, referred to as

the core region. In this region, electrons are tightly bound to the nucleus, leading to rapid

oscillations in the wave functions due to orthogonality constraints with the valence electron

wave functions. One approach to solving this problem is to replace the strong Coulomb

potential of the nucleus and the effects of the tightly bound core electrons with an effective

potential acting on the valence electrons, known as the pseudopotential, as described in

Figure 2.3.

The process of generating pseudopotentials starts with solving the all-electron (AE)

radial Schrödinger equation for a specific atomic arrangement, which defines the electron

distribution in the atomic energy levels. This configuration is referred to as the reference

configuration, [
1
2

d2

dr2 +
l(l +1)

2r2 +Veff[ρ]

]
rφ

nl
AE(r) = εnlrφ

nl
AE(r) (2.5.5)

A pseudo wavefunction φ nl
ps can be generated corresponding to φ nl

AE, which ensures that

there are no nodes inside the core of radius rc. This pseudo wavefunction exactly matches
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V~Z/r

Ψps

ΨAE

ps

c

~Z/r

r

Figure 2.3: Comparison of the all-electron (solid line) and pseudo (dashed line) wavefunc-
tions and potentials. Beyond the cut-off radius rc they converge and match.

the AE wavefunction φ nl
AE for r ≥ rc. The pseudopotential is then derived by solving the

inverse Schrödinger equation.

V l
ps(r) = εl −

l(l +1)
2r2 +

1
2

1
rφ l

ps

d2

dr2 [rφ
l
ps] (2.5.6)

Finally, the pseudopotential is obtained by subtracting the Hartree and exchange-correlation

potentials, which are computed for the valence electrons.

V (ion)l
ps =V l

ps −VHartree[ρps]−Vxc[ρps] (2.5.7)

Two main criteria are used to evaluate the quality of a pseudopotential: (i). Transferability,

which measures its effectiveness in different environments. (ii). Softness, which measures

the number of plane waves required.

Several approaches have been developed to fulfil these criteria. Two commonly used types

of pseudopotentials are norm-conserving pseudopotentials and ultrasoft pseudopotentials.

⋆ Norm-conserving pseudopotential: Norm-conserving pseudopotentials (NCPP) [23]

are formulated with an additional condition: the pseudo wavefunction must ensure

that the charge within the core radius is the same for both the pseudo and all-electron
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2.5. Various DFT-Based First-Principles Methods

wavefunctions. This is represented as:

∫
|φ nl

AE(r)|2 dr =
∫

|φ nl
ps(r)|2 dr (2.5.8)

NCPPs generally perform satisfactorily for most elements, although exceptions exist,

particularly for first-period 2p and 3d elements where the pseudo and all-electron

wavefunctions are nearly indistinguishable.

⋆ Ultrasoft pseudopotential: Ultrasoft pseudopotentials, introduced by Vanderbilt [24],

where he discards the norm-conservation requirement to achieve greater softness.

This approach reduces the number of plane waves needed to represent the pseudo-

wave functions at the cost of a more complex algorithmic formulation. Relaxing the

norm-conservation condition allows for the independent formation of smooth pseudo-

wavefunctions, ensuring that they match the wavefunctions at radius rc. This flexibil-

ity allows the use of larger rc values compared to norm-conserving pseudopotentials,

with additional auxiliary functions and overlap operators ensuring the desired ac-

curacy. The Vanderbilt pseudopotentials are implemented in several DFT software

packages such as VASP [25, 26] and Quantum Espresso [27].

2.5.2 Methods Using Partial Basis Sets and Muffin-Tin Approxima-
tion

The key approximation in these methods is the Muffin-Tin (MT) approximation. In this

approach, the potential is assumed to be spherically symmetric around each atom within

a radius SR, and a constant potential is assumed between the MT spheres, known as the

interstitial region (as shown in Figure 2.4). A single MT potential can be described as,

vext(rR) =

v(rR) for rR ≤ SR,

−v0 for rR > SR,
(2.5.9)

where rR = |r−R|. The basis set comprises two components:

(i) The rapidly varying part of the wavefunctions within the MT region, where the po-

tential is spherically symmetric, is represented by the radial solution of the Schrödinger

equation (φRl(ε)) at energy ε multiplied by spherical harmonics, known as partial waves.

(ii) In contrast, the smoothly varying part of the wave functions in the interstitial re-

gion, where the potential is constant, is represented by plane waves or other smoothly

varying functions. Suitable boundary conditions at the sphere boundary are crucial for

generating a well-behaved basis set in space. Various energy-dependent first-principles
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Figure 2.4: Schematic representation of the Muffin-Tin (MT) potential, characterized by a
spherically symmetric potential inside the MT radius and a constant potential outside.

DFT-based methods have been developed based on the choice of interstitial representation

and boundary conditions, such as the cellular method [28], the Korringa-Kohn-Rostocker

(KKR) Green’s function method [29], and the augmented plane wave (APW) method [30],

etc.

The dependence of the partial waves on the energy leads to a secular equation of the

following form:

M(εi) ·Ci = 0 (2.5.10)

While this approach is highly accurate for band structure calculations, the energy de-

pendence of the secular equations requires significant computational resources. In the early

1970s, Andersen [31] introduced a breakthrough by linearizing the energy-dependent par-

tial waves, significantly reducing the computational requirements. The linear method em-

ploys a set of reference energies εν . The solution of the radial Schrödinger equation (at

these specific energies) and its first energy derivative are used to construct the radial basis

functions:

φRl(ε) = φRl(εν)+(ε − εν)φ̇Rl(εν) (2.5.11)

This approach leads to a set of eigenvalue problems similar to those of fixed basis sets,

but without the energy dependence of the Hamiltonian. In the following, we will describe

two linearized methods that have been proposed based on partial waves.

Linearized Muffin-Tin Orbital Method (LMTO)

In the construction of Muffin-Tin Orbitals (MTO), the plane wave solutions in the interstitial

region are expanded at a constant potential using spherical Neumann functions ηl(κ,rR)

and Bessel functions jl(κ,rR), where κ2 = ε − v0. These solutions smoothly connect with

the partial waves at the boundary of the MT sphere to form MTOs. A simplified version of

MTOs is achieved by the Atomic Sphere Approximation (ASA) [31], where the constant
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2.5. Various DFT-Based First-Principles Methods

κ is set to κ = 0. In this approximation, muffin-tin spheres, also known as Wigner-Seitz

spheres, are replaced by space-filling atomic spheres. As κ → 0, ηl → (rR/SR)
−l−1 with a

logarithmic derivative D=−l−1, and jl → (rR/SR)
l with D= l. Under this approximation,

a single MTO can be expressed as,

χ
α
RL(rR,ε) = φRL(rR,ε)Nα

Rl(ε)+ ∑
R′L′

jα

l′ (rR′)[Pα

R′L′(ε)δR′L′,RL −Sα

R′L′,RL] (2.5.12)

where Nα
Rl represents the normalization factor, Pα

Rl denotes the potential function, and α is

the screening constant regulating the range of MTOs. The connection between the potential

function Pα
Rl , the parameter α , and the logarithmic derivative DRl is expressed as,

[Pα
Rl]

−1 =

[
2(2l +1)

Dl + l +1
Dl −1

]−1

−α (2.5.13)

The last term in equation (2.5.12) describes the tail of the MTO centered on the sphere

of radius SR′ . This term is solely dependent on the structure and positions of the atoms,

represented by the structure matrix Sα , and does not rely on the type of atoms at the sites.

In terms of the canonical structure constant S0, Sα is expressed as,

Sα = S0(1−αS0)−1 (2.5.14)

The energy dependence of the MTO basis gives rise to the general secular equations of the

ASA-KKR type,

det |Pα

R′L′(ε)δR′L′,RL −Sα

R′L′,RL|= 0 (2.5.15)

The LMTO basis functions can be written according to Andersen’s linearization [31] ap-

proach as,

χ
α
RL = φRL(rR)+ ∑

R′L′
φ̇

α

R′L′(rR′)hα

R′L′,RL (2.5.16)

The functions φ̇ α

R′L′(rR′) are expressed as linear combinations of φ and φ̇ , given by:

φ̇
α

R′L′ = φ̇R′L′ +φR′L′oα (2.5.17)

Here, oα represents the non-diagonal overlap matrix. The matrix hα is defined as,

hα =Cα − εν +(∆α)1/2Sα(∆α)1/2 (2.5.18)

The diagonal potential matrices are denoted by Cα and ∆α . These matrices rely on the

potential inside the sphere, the selected screening parameter α , and the sphere radii. The
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band center parameter, represented by Cα , is expressed as,

Cα = εν −
Pα(εν)

Ṗα(εν)
(2.5.19)

and the band width is given by, √
(∆α) =

1
Ṗα(εν)

(2.5.20)

Each set of screened LMTOs is characterized by the set of screening constants αRl , which

can be chosen to ensure the LMTO set has a short range. The site-independent set of

screening constants,

α =


0.3485 for l = 0(s)

0.05303 for l = 1(p)

0.010714 for l = 2(d)

(2.5.21)

For spd orbitals, screening has been determined numerically [32] to yield short-ranged

envelope functions suitable for all reasonably homogeneous three-dimensional structures.

These corresponding LMTO sets are commonly known as tight-binding (TB) sets. The

two-center nearly orthogonal TB-Hamiltonian is defined as follows,

H(1)
RL,R′L′ = ενRlδRR′δLL′ +hα

RL,R′L′ (2.5.22)

To achieve self-consistency, especially in open structures, it is often required to go be-

yond the limits of the ASA to achieve the desired level of accuracy. This is accomplished

by introducing a correction term, referred to as the combined correction. The corrected

Hamiltonian is defined as follows,

H(2) = εν +hα − (κ2
ν + v0)∂κ2hα =Cα +(∆α)1/2Sα(∆α)1/2 − (κ2

ν + v0)∂κ2hα (2.5.23)

The Linearized Augmented Plane Wave Method (LAPW)

The Augmented Plane Wave (APW) basis set is particularly advantageous for capturing

information localized in proximity to the nucleus, in comparison to pseudopotential meth-

ods. The behaviour of electrons near the nucleus can be accurately described by atomic-like

wave functions, while electrons are delocalized in regions distant from the nucleus and can

be described by plane waves. In a manner similar to the approach described in the LMTO

method, the space is divided into muffin tin spheres and the interstitial region.

The linearized version of the augmented plane wave (LAPW) basis, inspired by Andersen’s
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linearization approach [31], is expressed as follows:

χq(r,ε) =

∑l,m
(
Aq

lm,RΦLR(rR,εv)+Bq
lm,RΦ̇LR(rR,εv)

)
for rR ≤ SR,

eiq·r for rR > SR,
(2.5.24)

where the coefficients Aq
lm;R and Bq

lm;R are determined by matching boundary conditions.

This is achieved by expanding the plane wave solution in the interstitial region using Bessel

functions, specifically the Bessel function of the first kind, jl(rR;q). While exact matching

can be achieved by considering a large number of values of the index l, to maintain a

manageable problem size, truncation at a certain value lmax is necessary. Consequently, the

value of lmax assumes a primary role in LAPW basis set calculations for band structures,

and a suitable selection is of greatest importance. The criterion is as follows,

RiKmax = lmax (2.5.25)

In LAPW, the cutoff for plane waves is determined by Kmax, where Ri is the radius of the

ith MT sphere. The term Rmin
i Kmax controls the basis accuracy, where Rmin

i is the smallest

MT sphere radius in the unit cell.

Core states, which do not contribute significantly to chemical bonding, are treated similarly

to free atoms. However, they are influenced by the potential due to valence states. The

challenge arises in handling semi-core states, which lie between core and valence states.

To address this issue, an additional set of basis functions, known as “local orbitals” can

be introduced into the model. These are composed of a linear combination of two radial

functions at two different energies and one energy derivative at one of these energies.

φ
LO
lm = Alm,RφLR(rR;εν1)+Blm,Rφ̇LR(rR;εν1)+Clm,RφLR(rR;εν2). (2.5.26)

The coefficients are chosen to ensure that φ LO is normalized and has zero value and slope at

the sphere boundary. Although incorporating local orbitals enlarges the size of the LAPW

basis set, the number of functions remains relatively small compared to the typical LAPW

basis set size of a few hundred functions.

The issue of energy dependence in the APW method is resolved in the LAPW+LO method,

resulting in a slightly larger basis set size. Sjöstedt, Nordstrom, and Singh [33] introduced

the APW+lo method, which maintains an energy-independent basis set of a similar size to

that of the APW method. This approach combines the beneficial aspects of both the APW

and LAPW+LO methods, thereby creating a new approach that is superior to either of the

two original methods. The APW+lo basis set combines two types of functions. The first

type is the standard APW basis function, where the partial wave is evaluated at a fixed
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energy εν . The second type consists of local orbitals, denoted as “lo” to distinguish them

from the “LO” functions used in the LAPW method. The local orbitals are defined as

follows:

φ
lo
lm = Alo

lm,RφLR(rR,εν1)+Blo
lm,Rφ̇LR(rR,εν1) (2.5.27)

The coefficients Alo
lm,R and Blo

lm,R are determined by normalization and ensuring that the

local orbital is zero at the MT boundary with a non-zero slope. Consequently, both the

APW and local orbital functions are continuous at the sphere boundary, although their first

derivatives are discontinuous. This approach converges to results nearly identical to those

of the LAPW method [34], while significantly reducing Rmin
i Kmax and consequently the

computational time.

2.5.3 The Projector Augmented Wave (PAW) Method

The Projector Augmented Wave (PAW) method, introduced by Blöchl [35], is a general

approach to the all-electron solution. It combines the simplicity of the plane wave pseu-

dopotential method with the flexibility of the LAPW method.

In this method, a transformation τ is employed to map the true wave function ψ onto a

smooth auxiliary wave function ψ̃ . An augmentation region ΩR is defined such that outside

this region, the true wave function coincides with the auxiliary wave function. Inside the

augmentation region, the true wave function is represented as ψ = τψ̃ . The transformation

τ is defined as an identity plus a localized, atom-centered contribution τ̂R,

τ = 1+ τ̂R (2.5.28)

Within each augmentation region, each valence wave function ψ can be decomposed into

the sum of atomic partial waves φm(r),

ψ(r) = ∑
m

cmφm(r) (2.5.29)

Here the atomic partial waves consist only of the valence states orthogonal to the core wave

functions of the atom. Each partial wave corresponds to an auxiliary partial wave φ̃m,

φm = τφ̃m (2.5.30)

All auxiliary waves should match φm beyond a certain radius because the transformation

operates locally in the core region. By ensuring that the transformation applies to any

auxiliary wave function, the auxiliary wave function can be expanded into the auxiliary
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partial waves with the same coefficients cm,

ψ̃ = ∑
m

cmφ̃m (2.5.31)

Starting from Eqn. (2.3.90), the all-electron wave function can be expressed as,

ψ = ψ̃ +∑
m

cm(φm − φ̃m) (2.5.32)

The projection operator P̃m is then defined as,

cm = ⟨P̃m|ψ̃⟩ (2.5.33)

The projection operator explores the local character of the auxiliary wave function in the

atomic domain. From the above equation, we can derive,

∑
m
|ψ̃⟩⟨P̃m|= 1 (2.5.34)

which is valid within the augmentation range. To fully determine the projector operator,

another condition is added,

⟨P̃m|φ̃m′⟩= δmm′ (2.5.35)

The transformation is expressed in terms of projector operators as,

τ = 1+∑
m
(|φm⟩+ |φ̃m⟩)⟨p̃m| (2.5.36)

The true wave function can be expressed as,

ψ = ψ̃ +∑
m
(φm − φ̃m)⟨p̃m|ψ̃⟩ (2.5.37)

Any operator A in the original all-electron space can be represented as Ã using the transfor-

mation τ ,

Ã = τ
∗Aτ (2.5.38)

The KS equation is transformed in a similar way to,

(H̃ − ε S̃)|ψ̃i⟩= 0 (2.5.39)

where H̃ = τ∗Hτ is the pseudopotential Hamiltonian and S̃ = τ∗τ is the pseudopotential

overlap operator.
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The PAW method, as implemented in VASP [25, 26], was used in this study.

2.6 Wannier Functions

In the tight-binding method, the Bloch wave functions can be extended by various local or-

bitals beyond the atomic orbitals. One such type of local orbitals are the Wannier functions,

first proposed by G. Wannier [36].

2.6.1 NMTO based Wannier functions

To compute the single-electron components, such as orbitals, hopping integrals, and on-

site terms of a correlated Hamiltonian, deriving a low-energy few-band Hamiltonian from

the complete all-band Hamiltonian is essential. This process is accomplished using the

downfolding technique. It involves partitioning the basis set space into two subsets: the

lower subset |l⟩ and the higher subset |s⟩, and then reducing the full Hamiltonian H to the

lower subset Hamiltonian H̃ll . This reduction ensures that the lowest l eigenvalues of H are

identical to the eigenvalues of H̃ll . The formation of H̃ll introduces an additional energy

dependence as follows,

H̃ll(ε) = Hll −Hlh(Hhh − ε)−1Hhl (2.6.1)

In the LMTO method, this procedure is carried out within the KKR equation by transform-

ing the structure matrix Sα to β ,

Sβ

ll = Sα
li +Sα

li (P
α
ii −Sα

ii )
−1Sα

il (2.6.2)

The additional energy dependence is managed through the linearization procedure in the

LMTO construction. Although this approach addresses the issue of ghost bands, it lacks

accuracy for extensive downfolds where downfolded bands occupy a narrow energy win-

dow. Limitations of the LMTO method include:

• The basis is complete up to (ε − εν) (i.e. first order) inside the sphere but only

complete up to (ε − εν)
0 = 1 (zeroth order) in the interstitial region, causing an in-

consistency. This is corrected by eliminating the interstitial region using ASA.

• For open systems, non-ASA corrections (combined corrections) are included in the

Hamiltonian matrix and the overlap matrix, which:

1. Increases computational cost.

2. Often requires expanding the basis through multi-panel calculation.
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• The expansion of the Hamiltonian H in the orthogonal representation as a power

series in the two-centered tight-binding Hamiltonian h,

⟨χ|(H − εν)|χ⟩= h−h0h+ . . . (2.6.3)

is only achieved within ASA, excluding downfolding.

A more advanced method, based on the Nth-order muffin-tin orbital (NMTO), has been

developed to address these limitations, providing an accurate description of the down-

folded band structure within a chosen energy window. This method utilizes partial waves

φRL(ε,rR) within the atomic sphere and screened spherical waves (SSWs) instead of Neu-

mann functions for the tail. The screening technique employed is as follows:

• Introduces a hard sphere of radius a and a phase-shifted partial wave solution φ α0
Rl (ε,rR)

that matches the value and slope of φ at SR, but their curvatures differ. For the hard

sphere, φ α0
Rl (ε,rR) is continuous but with a kink to the SSW, φ α

RL(ε,r).

The combined form of these contributions, called the Kink Partial Wave (KPW), is given

by

ψ
α
RL(ε,rR) = [φ α

RL(ε,rR)−φ
α0
RL (ε,rR)]YL(r̂R)+φ

α
RL(ε,r) (2.6.4)

The members of the NMTO basis set χ
(N)
R′L′ are constructed by Lagrange interpolation of

ψα
RL(ε,rR) evaluated at the energy points ε0, . . . ,εN :

χ
(N)
R′L′ =

N

∑
n=0

∑
RL∈A

ψ
α
RL(εn,rR)LN

RL,R′L′ (2.6.5)

This basis set is energy selective and localized in nature. The energy-selective property

allows the accurate selection of a narrow energy window from the full LDA band structure,

with the accuracy tunable by the number of energy points (N). The NMTO downfolding

technique also provides the underlying Wannier or Wannier-like basis, which are the effec-

tive orbitals that define the low-energy Hamiltonian. When the selected bands are isolated

from other bands, the orthonormalized NMTOs are the Wannier functions. For strongly

hybridized bands, however, the NMTOs define a Wannier-like basis.

2.6.2 Maximally localized Wannier functions

Although Wannier functions are sometimes delocalized at large bandwidths, they are typ-

ically Fourier transforms of the Bloch wave functions ψnk(r). Given the periodicity of

ψnk(r) in the reciprocal lattice, expressed as ψnk+G(r) = ψnk(r), where G is a reciprocal
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lattice vector, ψnk(r) can be expanded in plane waves as,

ψnk(r) = ∑
R

wn(r−R)eik·R (2.6.6)

where wn(r−R) are the Wannier functions, which by Bloch’s theorem depend only on

r−R. The Wannier functions can be derived from inverse transformations such as

wn(r−R) =
Ωcell

(2π)3

∫
BZ

e−ik·R
ψnk(r)dk (2.6.7)

where Ωcell is the volume of the real-space primitive cell of the crystal. Due to the phase

factor φn(k), these Wannier functions are not unique:

ψnk(r)→ ψ̃nk(r) = eiφn(k)ψnk(r) (2.6.8)

A more general form of Wannier functions is given by,

wn(r−R) =
Ωcell

(2π)3

∫
BZ

eiφn(k)e−ik·R
ψnk(r)dk (2.6.9)

Moreover, there is flexibility in selecting a unitary matrix Uk
nm that transforms the N Bloch

wave functions ψnk(r) at each wave vector k without altering the electronic energy func-

tional in an insulator. This results in the most general construction of Wannier functions.

wn(r−R) =
Ωcell

(2π)3

∫
BZ

N

∑
m=1

Uk
nme−ik·R

ψmk(r)dk (2.6.10)

where Uk is a M×N unitary matrix with M ≤ N. This matrix is not necessarily square and

can be chosen to construct M Wannier functions from N bands. The choice of Uk allows the

construction of Wannier functions with desirable properties such as maximum localization.

The widely used maximally localized Wannier functions proposed by Vanderbilt and co-

workers [37, 38] minimize the quantity,

Ω =
N

∑
n=1

(
⟨r2⟩n −⟨r⟩2

n
)

(2.6.11)

where ⟨· · · ⟩n denotes the expectation value over the n-th Wannier function in the unit cell.

Other Wannier functions are constructed to emphasize symmetries by projections onto lo-

cal orbitals. The Wannier functions wn(r−R) for all band n and lattice vector R form a
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complete orthogonal set, ∫
wm(r−Ri)wn(r−R j)dr = δm,nδi, j (2.6.12)

The use of Wannier functions in the tight binding approach simplifies the overlap matrix

sm,n(R),

sm,n(R) = δm,nδ0,R (2.6.13)

which leads to,

Sm,n(k) = ∑
R

eik·Rsm,n(R) = δm,n (2.6.14)

Consequently, the Hamiltonian equation simplifies to,

∑
n

Hm,n(k)bn(k) = εkbm(k) (2.6.15)

Wannier functions are typically derived from DFT calculations and serve as local orbitals

in the tight-binding method. The hopping parameters tm,n(R),and on-site energy (εn) are

obtained by fitting εn(k) from tight-binding to DFT band structures. These parameters are

then used to construct model Hamiltonians for the study of many-body effects. This ap-

proach works best for narrow-band systems where Wannier functions are more localized.

In this context, we have used Wannier90 [39] to generate maximally localized Wannier

functions (MLWFs) from Bloch states. This is a very powerful and widely used band struc-

ture interpolation technique because of its ability to transform complex high-dimensional

electronic structure calculations into more manageable low-dimensional problems by fo-

cusing on the low-energy physics of the system. In this thesis, three different basis sets

were used, as follows:

• Muffin tin orbital (MTO)-based methods:

– Linear MTO (LMTO) [31, 32]

– Nth-order MTO (NMTO) [40]

• Plane wave-based method:

– Used Vienna ab initio simulation package (VASP) for this purpose [26]

• Full-potential linear augmented plane wave (LAPW) method:

– Used Wien2k for this purpose [41, 42]
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2.7 Machine Learning

In recent years, machine learning (ML) has become an invaluable asset in the field of in-

formation technology, and its application has expanded to the discovery of new functional

compounds. In order to explore the vast search space for materials with specific electronic

and magnetic properties, here we used data-driven machine learning approaches. ML works

by analyzing patterns from existing data (such as the available literature) and using them

to make future predictions (material discovery). ML can be seen as a set of tools designed

to uncover hidden patterns within the data, providing valuable information for predicting

desired outcomes. In essence, it is a process of discovery using databases. The discovery

of knowledge from databases can be broken down into the following key steps:

• Identify the target and gather the necessary prior knowledge about the domain, fol-

lowed by the construction of an appropriate data set for knowledge extraction.

• Data preprocessing involves removing noise, handling missing attributes, and identi-

fying relevant features to efficiently represent the data.

• Model selection involves choosing a machine learning algorithm based on prediction

quality, applying it to the preprocessed dataset to extract knowledge, and analyzing

the model to interpret discovered patterns.

• Validating the interpreted results on previously unseen data, that is, the prediction.

This thesis adopts a four-step ML process, which is schematically represented in Figure 2.5.

Each step is briefly described in the following sections.

  

ML Model

Test Data

Predictions

Database construction Database pre-processing Model construction Prediction of new
     compounds

Instances and Attributes Normalization, Outlier elimination, 
Attribute selection through heatmap

Choice of algorithm, 
Handling data imbalance

Figure 2.5: Schematic representation of the steps that are used in the machine learning
algorithm for the screening of stable compounds.
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2.7.1 Database Construction

The database includes two main components:

Instances: These are individual, independent examples that are used to develop the concept

of the model. Instances are collected from existing literature and categorized or grouped

according to certain characteristics.

Attributes: These are the specific features or characteristics that define the uniqueness of

each instance. Selecting the appropriate set of attributes is a critical aspect of machine

learning. In this work, attributes are selected based on either chemical or structural proper-

ties of the instances. This selection simplifies database construction as these attributes can

be obtained without computational analysis.

2.7.2 Data Pre-processing

Data pre-processing is crucial in machine learning to improve the quality of raw data by

converting it into a meaningful format. It also helps to understand the underlying trends

in the dataset. In this study, data preprocessing included normalization using the boot-

strapped sampling technique as shown in Figure 2.6, outlier removal and the elimination of

correlated attributes using a heat map. This process can be summarized as follows:

  

X Y

Y

Remove a portion of data, 
keeping a size ratio of X 
(retained) to Y (removed).

Randomly select and 
substitute a subset of size Y 
from set X multiple times.

Bootstrapped set

Figure 2.6: Generation of a bootstrapped dataset through random re-sampling with re-
placement from the original dataset.

Bootstrapping and Z-Score Renormalization

Given the wide range of numerical values in the dataset attributes, normalization is essential

to standardize these values while preserving their relative differences. This was achieved

using the Z-score normalization method, which can be described as follows,

X̃ =
X −µX

σX
(2.7.1)
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Where X̃ is the normalised attribute set, X is the original attribute set, and µX and σX are

the population mean and standard deviation. As the actual population mean and standard

deviation cannot be calculated directly due to the unavailability of the full distribution,

these values are estimated from the dataset. A naive bootstrapping method is used, in which

several subsets of the original dataset are created by resampling with random replacement.

The bootstrapped datasets are created by replacing a quarter of the original dataset with

randomly selected values from the rest of the dataset. This process is repeated until the

averaged µX and σX of two consecutive steps differ by less than a specified threshold. The

final averaged µX and σX are then used for normalization. A schematic diagram of the

bootstrapping method is shown in Figure 2.7.
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IQR = Q3-Q1

Q3+1.5 X IQRQ1-1.5 X IQR Q1 Q3

(a)

(b)

Q2

Figure 2.7: Identification of outliers using a box plot. (a) The interquartile range (IQR)
contains 50% of the data and Q2, the median, divides the distribution into two equal halves.
(b) The lower and upper whiskers are defined by Q1-1.5×IQR and Q3+1.5×IQR respec-
tively. In a Gaussian distribution, 99.3% of the values fall within this range, leaving only
0.7% as outliers.

Outlier Elimination

The next step in data pre-processing involves identifying and removing outliers from the

normalized dataset. The entire normalized dataset is ranked and divided into four equal

parts known as quartiles: Q1, Q2, and Q3. The interquartile range (IQR), which is the dif-

ference between Q1 and Q3, provides a measure of the data spread. A box plot is commonly
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used to visualize the data distribution in terms of quartiles. A data point is considered an

outlier if it falls below Q1−1.5× IQR or above Q3+1.5× IQR.

Attribute Selection

The final step is the evaluation of the correlation between pairs of attributes by means of

the Pearson correlation coefficient, which is defined as follows,

r =
∑

n
i=1(xi − x̄)(yi − ȳ)√

∑
n
i=1(xi − x̄)2

√
∑

n
i=1(yi − ȳ)2

(2.7.2)

In this equation, n is the sample size, xi and yi are the sample points, and x̄ and ȳ are

the sample means. The absolute value of r lies between 0 and 1, with values close to 1

indicating a high correlation between the corresponding attributes. To avoid bias in the

machine learning model, such correlations need to be addressed and one of the correlated

attributes should be removed. Figure 2.8 shows a heatmap illustrating the correlations

between different attributes using the Pearson correlation coefficient.

  

Figure 2.8: Heatmap showing the correlation between different attributes. The colour
intensity indicates the strength of the correlation, with grey boxes indicating weak or no
correlation and yellow boxes indicating strong correlation.

2.7.3 Model Construction

The final and most important step is to select an appropriate machine learning algorithm

that can effectively identify the underlying patterns in the data set.

Supervised Learning: Supervised learning is a machine learning approach where the
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model is trained on labelled data, meaning that each input is associated with a known output.

The goal is to learn a function that can accurately map new inputs to their corresponding

outputs. This technique is widely used for tasks such as classification, where the model

predicts categorical labels, and regression, where the model predicts continuous values.

Unsupervised Learning: Unsupervised learning, on the other hand, deals with unla-

belled data, where the model aims to identify hidden patterns or structures without pre-

defined outputs. It is used for tasks such as clustering, where similar items are grouped

together, and dimensionality reduction, which simplifies the data while retaining essential

features.

In our thesis, we have focused exclusively on supervised learning algorithms for both re-

gression and classification tasks, with the aim of using the known input-output pairs to build

predictive models. Although a detailed analysis of each algorithm is beyond the scope of

this thesis, we aim to provide an intuitive understanding of how each algorithm constructs

a model. Many algorithms have both classification and regression versions, and we will

discuss both types. Several supervised algorithms such as Ridge Regression (RR), Kernel

Ridge Regression (KRR), Support Vector Regression (SVR), Random Forest (RF) and also

Artificial Neural Networks (ANN) have been used for the regression problems and Ran-

dom Forest (RF) has been used for the classification problem as discussed in the following

section.

Ridge Regression (RR)

Ridge regression (RR) is an extension of linear regression that incorporates a regulariza-

tion term to reduce overfitting and handle multicollinearity in data sets. Traditional linear

regression attempts to minimize the sum of squared residuals between predicted and ac-

tual values, which can lead to overfitting, especially when the model is complex or the

data are noisy. RR overcomes this problem by adding a penalty term to the loss function,

which shrinks the regression coefficients towards zero. The regularization term in RR is

the L2 norm of the coefficients, which is the sum of the squared values of the coefficients.

Mathematically, the RR loss function can be expressed as,

minimize ∥y−Xβ∥2
2 +λ∥β∥2

2 (2.7.3)

where y (∈ Rn) is the vector of target values, X (∈ Rn×p) is the matrix of input features,

where n is the number of samples and p is the number of features, β (∈ Rp) is the vector

of coefficients, and λ (≥ 0) is the regularization parameter, which controls the trade-off

between fitting the data and keeping the coefficients small to avoid overfitting. Some of the

key aspects of RR are:
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• Regularization Parameter (λ ): The value of λ determines the amount of regular-

ization. A higher value of λ increases the penalty, resulting in smaller coefficients,

which can reduce the variance, but may introduce bias. In contrast, a lower value of

λ reduces the penalty, making the model more like an ordinary linear regression.

• Bias-Variance Trade-off: By including the penalty term, RR manages the bias-

variance trade-off. It reduces variance (overfitting) by introducing some bias (un-

derfitting), resulting in a model that generalizes better to new, unseen data.

• Multicollinearity Handling: In cases where the predictor variables are highly cor-

related (multicollinearity), RR can stabilize the estimation of the coefficients. It does

this by shrinking correlated coefficients together, which ordinary least squares regres-

sion may not do well.

Kernel Ridge Regression (KRR)

Kernel Ridge Regression (KRR) extends the traditional Ridge Regression by using kernel

functions to capture nonlinear relationships in the data. Whereas Ridge Regression consid-

ers a linear relationship between the input features and the target variable, KRR operates

in a higher-dimensional space induced by the kernel function. In KRR, the regularization

parameter λ controls the trade-off between fitting the training data and reducing the com-

plexity of the model. The kernel function plays a crucial role in KRR by mapping the input

features into a higher-dimensional space, where the relationship between the features and

the target variable may become linearly separable. Mathematically, the objective function

of KRR can be expressed as follows,

minimize ∥y−Kα∥2
2 +λα

T Kα (2.7.4)

where K (∈ Rn×n) is the kernel matrix where K = k(xi,x j), α (∈ Rn) is the vector of dual

coefficients, λ (≥ 0) is the regularization parameter, and k (xi,x j) is the kernel function.

Some of the key aspects of KRR are,

• Nonlinear Modeling: KRR can capture nonlinear relationships between input fea-

tures and a target variable. This flexibility allows KRR to model complex patterns in

the data that may not be linearly separable.

• Regularization: Similar to RR, KRR incorporates regularization in order to prevent

overfitting. The regularization parameter λ , controls the magnitude of the penalty

term. This parameter is used to balance the complexity of the model and its perfor-

mance in generalizing to new data.
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• Kernel Selection: The selection of the kernel function is of crucial importance in

KRR, as it determines the mapping of the input features into the higher-dimensional

space. The most common kernel functions include linear, polynomial, radial basis

function (RBF), and sigmoid kernels, which are suitable for different types of data

and relationships.

Support Vector Regression (SVR)

Support Vector Regression (SVR) is a type of regression algorithm based on the princi-

ples of Support Vector Machines (SVM). Similar to SVM for classification, SVR aims to

identify a hyperplane in a high-dimensional space that has the maximum margin and simul-

taneously minimizes the error for the data points that lie within a specified margin. The

fundamental concept underlying SVR is the transformation of the original feature space

into a higher-dimensional space through the application of a kernel function. In this higher-

dimensional space, SVR seeks to identify a hyperplane that optimally fits the training data

while maintaining a maximum margin. In contrast to traditional regression techniques,

which aim to minimize prediction errors for all data points, SVR focuses on minimizing

the error for data points within a margin, known as the epsilon-insensitive tube.

The objective function of SVR can be formulated mathematically as follows,

minimize
1
2
∥w∥2

2 +C
n

∑
i=1

(ξi +ξ
∗
i ) (2.7.5)

subject to,
yi −⟨w,xi⟩−b ≤ ε +ξi

⟨w,xi⟩+b− yi ≤ ε +ξ
∗
i

ξi,ξ
∗
i ≥ 0

(2.7.6)

where xi is the input feature vector, w and b are the coefficients of the hyperplane, ε is the

margin of tolerance, ξi,ξ
∗
i are slack variables for error terms, and C is the regularization

parameter balancing margin width and error tolerance. The key aspects of support vector

regression include,

• Kernel Trick: The SVR algorithm employs the kernel trick to map the input features

into a higher-dimensional space, thereby enabling it to capture nonlinear relationships

between the features and the target variable.

• Epsilon-Insensitive Tube: SVR introduces an epsilon-insensitive tube around the

regression line, within which errors are not penalized. This allows SVR to focus

on modeling the data points within the margin, while ignoring outliers outside the

margin.
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• Regularization Parameter (C): The regularization parameter C controls the trade-

off between fitting the training data and maintaining a smooth regression function. A

higher value of C allows for more flexible models that fit the training data closely, but

may lead to overfitting.

Random Forest (RF)

Random Forest (RF) is a widely-used ensemble learning technique utilized for both clas-

sification and regression tasks. This approach involves building numerous decision trees

during training and aggregating the results to make predictions. For classification tasks, RF

outputs the mode of the classes predicted by individual trees, while for regression tasks, it

provides the average prediction of the trees. The main features of Random Forest are as

follows:

• Bootstrap Aggregating (Bagging): RF uses a technique called bagging, where mul-

tiple decision trees are trained on different parts of the training data. Bootstrapping

helps introduce diversity and reduce overfitting.

• Random Feature Selection: At each node, RF selects a random subset of features for

splitting. This randomness makes the trees more diverse and improves the ensemble’s

performance.

• Voting or Averaging: RF combines the predictions of all individual trees for classifi-

cation tasks, while for regression tasks, it averages them to obtain the final prediction.

• Tuning Parameters: RF offers several hyperparameters that can be tuned to optimize

its performance, such as the number of trees in the forest, the maximum depth of the

trees, and the minimum number of samples required to split a node.

Random Forest is good at handling lots of data. It is less likely to overfit than individual

decision trees and often works well with little tuning.

In our thesis, we chose Random Forest for both classification and regression tasks be-

cause it is versatile and performs well. We used the ensemble nature of Random Forest to

build accurate and robust models that can handle complex datasets.

Artificial Neural Networks (ANN)

Artificial Neural Networks (ANN) are computational models inspired by the organization

and behavior of biological neural networks found in the human brain. ANNs comprise

interconnected nodes, or neurons, arranged in layers: an input layer, one or more hidden

layers, and an output layer. Each neuron processes inputs, performs computations, and
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transmits the results to neurons in the subsequent layer. The fundamental components and

characteristics of ANNs include:

• Activation Functions: In artificial neural networks (ANNs), neurons usually apply

an activation function to the weighted sum of their inputs to introduce nonlinearity.

The commonly used activation functions include sigmoid, hyperbolic tangent (tanh),

and rectified linear unit (ReLU), each offering unique advantages and applications.

• Learning Algorithms: Artificial Neural Networks (ANNs) learn from data by a pro-

cess known as training, during which the weights of connections between neurons

are iteratively adjusted to minimize a loss function. Backpropagation, along with op-

timization algorithms like stochastic gradient descent (SGD), Adam, or RMSprop, is

commonly employed for training ANNs.

• Deep Learning: Artificial Neural Networks (ANNs) with multiple hidden layers,

also known as deep neural networks (DNNs), have become popular for their capabil-

ity to learn intricate patterns from extensive datasets. Deep learning models have

demonstrated state-of-the-art performance across various domains, such as image

recognition, natural language processing, and speech recognition.

• Hyperparameters: Artificial Neural Networks (ANNs) have various hyperparame-

ters that require tuning to optimize their performance, including the number of hidden

layers, the number of neurons in each layer, the learning rate, and the strength of reg-

ularization. Hyperparameter tuning is typically performed using methods like grid

search or random search.

2.7.4 Prediction of New Compounds

Finally, the machine learning model that has been developed is deployed in order to clas-

sify new instances. In order to achieve this, a dataset comprising the aforementioned new

instances and the relevant attributes considered during the algorithm’s training phase must

be created. Subsequently, the trained algorithm predicts the class of each instance, typically

providing a probability score. Instances with a high degree of confidence in the prediction

are typically given priority for further investigation. In our study, these cases correspond to

unknown compounds. Their treatment is described in detail in Chapter 3.
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3
Prediction of the Properties of the
Rare-Earth Magnets Ce2Fe17−xCoxCN:
A Combined Machine-Learning and Ab
Initio Study∗

3.1 Introduction and Motivation

Permanent magnets are a part of almost all technologies, starting from acoustic transducers,

motors and generators, magnetic field and imaging systems to more recent technologies,

such as computer hard-disk drives, medical equipment, magnetomechanics, etc. [1]. The

search for efficient permanent magnets is thus everlasting. In this connection, the family of

rare-earth (RE) and 3d transition metal (TM)-based intermetallics has evolved over the last

50 years or so and has transformed the landscape of permanent magnets [2, 3]. Two of the

most prominent examples of RE-TM permanent magnets that are currently in commercial

production, together with hard magnetic ferrites, are SmCo5 and Nd2Fe14B. While SmCo5

and Nd2Fe14B provide reasonably good solutions, keeping in mind the resource criticality

of RE elements like Nd and Sm, a significant amount of effort has been directed towards

the search for permanent magnets without, or with less content of, critical RE elements.

The idea is to optimize the price-to-performance ratio [2]. This has led to two routes: (a)

the search for potential magnets devoid of rare-earth elements [4] and (b) the design of

rare-earth lean intermetallics using abundant RE elements such as La and Ce instead of Sm

*This chapter is based on publication: Anita Halder, Samir Rom, Aishwaryo Ghosh, and Tanusri Saha-
Dasgupta, Phys. Rev. Applied 14, 034024 (2020).
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and Nd [5–7]. As stressed by Coey [8], seeking low-cost magnets with a maximum Energy

product to bridge ferrites and the presently used RE magnets is needed. Following route

(b), cheap ternary and quaternary RE lean RE-TM intermetallics need to be investigated,

since binaries have already been well explored. In parallel, due to Co being expensive, it

may be worthwhile to focus on intermetallic compounds containing Fe.

Starting from the simplest binary RE-TM structure of CaCu5, by replacing n out of

m RE (R) sites with a pair of TM (M) sites, Rm−nM5m+2n structures are obtained. This

can give rise to several possible binary structures of different chemical compositions, listed

in order of RE leanness: RM13 (7.1%), RM12 (7.7%), R2M17 (10.5%), R2M14 (12.5%),

RM5 (16.7%), R6M23 (20.7%), R2M7 (22.2%), RM3 (25%), RM2 (33%), etc. Judging

by the rare-earth content, 1:13, 1:12, 2:17, 2:14 compounds may form examples of rare-

earth lean materials. It is desirable to modify the known binary compounds containing

low-cost REs belonging to these families to achieve the best possible intrinsic magnetic

properties, namely (i) high spontaneous or saturation magnetization (µ0Ms), at least around

1 T, (ii) a Curie temperature (Tc) high enough for the contemplated device use, 600 K

or above, and (iii) a mechanism for creating sufficiently high easy-axis coercivity (Ku).

The synthesis and optimization of properties of real materials in experiments is both time-

consuming and costly and is mostly based on trial and error. A computational approach

in this connection is of natural interest to screen compounds before they can be suggested

and tested in the laboratory. Typical computational approaches in this regard are based

on density-functional-theory (DFT) calculations. A detailed calculation estimating all re-

quired magnetic properties, i.e., Ms, Tc, Ku from first principles is expensive and also not

devoid of shortcomings. For example, estimation of Tc relies on parametrization of DFT

or supplemented U-corrected theory of DFT+U total energies to construct a spin Hamil-

tonian and a solution of the spin Hamiltonian by the mean field or Monte Carlo method.

While this approach works for localized insulators, its application to metallic systems with

itinerant magnetism is questionable, as it fails even for elemental metals, such as Fe, Co,

and Ni [9]. A more reasonable approach of DFT+dynamical mean field (DMFT) [10] is

significantly more expensive. An alternative approach is to use a machine-learning (ML)

technique based on a suitable training dataset. This approach has been used for RE-TM

permanent magnets based on a DFT-calculated magnetic properties database of Ms and Ku

[5, 11]. Creation of a database based on calculations, even with high-throughput calcula-

tions, is expensive and relies on the approximations of the theory. It is far more desirable

to build a dataset based on experimental results, and then train the ML algorithm based on

that. However, the size and availability of the experimental data in the required format can

be a concern. Focusing on the available experimental data on RE lean intermetallics, the

set of Tc is largest, followed by that for Ku and Ms. While the quantitative values of Tc in
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kelvins or degrees Celsius are available in the literature, for magnetocrystalline anisotropy

often only the information about whether they are easy axis or easy plane is available. Sim-

ilarly, the µ0Ms values are reported either in µB/f.u. or in emu/gm or in tesla; conversion

from µB/f.u. and emu/gm to tesla requires information of the volume and density, which

may introduce inaccuracies up to one decimal point. Restricting experimental data to those

containing values of Ku and µ0Ms in the same format (either tesla or µB/f.u. or emu/gm)

reduces the dataset of Ku and Ms significantly, making the application of ML questionable.

We thus use a two-pronged approach, as illustrated in Figure 3.1. We first create a database

Figure 3.1: Steps of a Machine-Learning-Combined DFT Approach for Predictions of
Properties in Ce2Fe17−xCoxCN Permanent Magnets.

of Tc, Ms, and Ku from the available experimental data on RE lean intermetallics, and use

ML for prediction of Tc values, for estimating whether µ0Ms satisfies the criteria of being

larger than 1 T, and for predicting the sign of Ku. For Ms and Ku, ML thus serves the purpose

of initial screening. We next evaluate Ms and the magnetic anisotropy properties based on

elaborate DFT calculations. Calculation of the magnetic anisotropy energy (MAE) is chal-

lenging due to its extremely small value. However, since the pioneering work of Brooks

[12], several studies [6, 13–15] have shown that U-corrected DFT generally reproduces the

orientation and the right order of magnitude of the MAE.

We demonstrate the applicability of our proposed approach on Ce- and Fe-based 2:17

RE-TM intermetallics, Ce2Fe17−xCoxCN compounds (x = 1, . . . ,7). Our choice is based

on the following criteria: (a) the compounds contain rare-earth Ce, which is the cheapest
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within the RE family with a market price of approximately 5 USD/kg [16]. The cost of other

components Fe, C, and N are all < 1 USD/kg. The price of Co is higher than Fe [16], being

the less abundant metal. The Co:Fe ratio is thus restricted within 0.4. (b) Co substitution in

place of Fe has been reported [17, 18] to be efficient in simultaneous enhancements of Ku as

well as Tc in several TM magnets. This is in sharp contrast to other TM substitutes, such as

Ti, Mo, Cr, and V, where magnetic anisotropy as well as Tc are generally suppressed. (c) The

search space belongs to the 2:17 family, which is the family in which most of the instances

in our training set belong to. (d) This class of compounds is found to be more stable than

the well-explored 1:12 compounds. (e) For large saturation magnetization, it is desirable

to use Fe-rich compounds, which are also less expensive compared to Co. (f) Although

Ce has a negative second-order Stefan factor, which favors in-plane MAE, experimental

findings support that nitrogenation and carbonation can switch the MAE from easy plane

to easy axis [19]. (g) Although R2Fe17 compounds display a large magnetization value

due to high Fe content, these compounds are disadvantageous as they exhibit low Curie

temperature [20]. The presence of Co, as well as C/N interstitials, help in increasing Tc. (h)

While magnetic properties of carbonitrides are expected to be similar to those of nitrides

for sufficiently high concentration of N, carbonitride compounds have been proven to show

better thermal stability [21].

Our study suggests that Fe-rich Ce2Fe17−xCoxCN compounds may form potential can-

didate materials for low-cost permanent magnets, satisfying the necessary requirements of

a permanent magnet with Tc > 600 K, µ0Ms > 1 T, and easy axis Ku > 1 MJ/m3. The cal-

culated maximal energy product and estimated anisotropy field, which are technologically

interesting figures of merit for hard-magnetic materials, turn out to be within the reason-

able range. Some of the studied compounds may possibly bridge the gap between the low

maximal energy product and high anisotropy field for SmCo5 and vice versa for Nd2Fe14B.

3.2 Machine Learning Approach

3.2.1 Database construction and training of the model

Aiming to search not-yet-explored candidates for permanent magnets, we use a super-

vised machine-learning (ML) algorithm, which helps us to screen compounds with high

Tc (Tc > 600 K), high Ms (µ0Ms > 1 T), and easy-axis anisotropy (Ku > 0) among the huge

number of possible candidates of unexplored RE-TM intermetallics. The first step of any

ML algorithm is to construct a dataset. We construct three datasets of existing RE-TM com-

pounds for Tc, Ms, and Ku separately using the following sources: ICSD [22], the handbook

of magnetic materials [23], the book of magnetism and magnetic materials [24], and other
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relevant references [11, 19, 21, 25–59, 59–75]. To construct the database of rare-earth lean

compounds, the RE percentage in the intermetallic compounds is restricted to 14%, which

includes the four different binary RE-TM combinations namely RM12, RM13, R2M17, and

R2M14 along with their interstitial and derived compounds. We discard RM13 from the

dataset as only a few candidates are available from this series with known experimental Tc,

Ms, and Ku.

We list a total of 565 compounds with reported experimental Tc, among which the ma-

jority of compounds (about 55%) belong to the R2M17 series. The minimum contribution

to the dataset comes from the R2M14 (about 10%) family. The highest Tc in the dataset

belongs to the R2M17 class of compounds namely Lu2Co17 [25] with Tc ∼ 1203 K and the

compound with the lowest Tc is NdCo7.2Mn4.8 (approximately 120 K) [23], a member from

the RM12 family. In the dataset, all three compositions with RE to TM ratio 2:17, 2:14, and

1:12 show a large variation in Tc, having the difference between maximum and minimum

values as 1051, 775, and 991 K, respectively. There exist a few compounds in the dataset

with more than one reported value of Tc. For example, Tc of SmFe10Mo2 has been reported

with two different values of 421 K [76] and 483 K [77]. There are other examples of such

multiple Tc [78–82]. The quality of the sample, their growth conditions, coexistence of

compounds in two or multiple phases, and accuracy of the measurements may lead to the

multiple values of Tc reported for a particular compound. In such cases, we consistently

consider the largest among the reported values of Tc. Notably, in the majority of cases, we

find little variation in the reported values of Tc (approximately 20–50 K).

The dataset of Ms is relatively smaller than Tc, containing only 195 entries. The majority

of compounds in this dataset belong to the 2:17 composition similar to the database of

Tc. The relatively smaller dimension of the Ms dataset is primarily due to the fact that

experimental reports available for Ms are much less than for Tc. Secondly, Ms has mostly

been reported at room temperature, but in some cases at low temperature. To maintain

uniformity of the dataset, we consider Ms reported at room temperature, resulting in a lesser

number of compounds in the Ms dataset.

Reports with quoted values of anisotropy constant are even more rare. Our exhaustive

search resulted in only 73 data points. This pushes the dataset size to the limit of ML

algorithms, for which predictive capability becomes questionable due to large bias masking

the small variance [83]. On the other hand, if we also allow for experimental data only

reporting the sign of Ku, this dataset gets expanded to a reasonable size of 258.

After constructing the dataset, we carry out preprocessing of the data, as outlined in

Ref. [84]. It comprises the removal of noisy data, outliers, and correlated attributes. While

constructing the database, we avoid inclusion of noisy data. We perform bootstrapping

to normalize the data, followed by the removal of outliers with the help of a violin plot.
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Data is removed if it lies outside of Q1− 1.5× IQR or Q3+ 1.5× IQR, where IQR is

the interquartile range and Q1, Q2, and Q3 are the lower, median, and upper quartiles,

respectively. In the next step, we identify correlated attributes using Pearson’s correlation

coefficient, which can be defined as:

r =
∑

n
i=1(xi − x̄)(yi − ȳ)√

∑
n
i=1(xi − x̄)2 ∑

n
i=1(yi − ȳ)2

where n is the sample size, xi and yi are sample points, and x̄ and ȳ are the sample means.

Figure 3.2: Heatmap indicating the correlation between different attributes considered
to built ML algorithm. The color code is shown in the side panel. The boxes with red
represent weak or no correlation, whereas blue boxes represent strong correlation between
the attributes.

The heatmap obtained using the above-mentioned correlation is shown in Figure 3.2.

The correlation between the attributes is mapped between 0 and 1, considering the absolute

values. The highly correlated attributes with correlation greater than 0.75 are as follows:

1. Electronegativity difference between RE and TM (∆ε) and CW average of atomic

number of TM (⟨ZTM⟩).

2. CW TM percentage (TM%) and CW average of atomic number of TM (⟨ZTM⟩).

3. CW TM percentage (TM%) and electronegativity difference between RE and TM

(∆ε).

4. Total number of f electrons ( f n) and atomic number of RE (ZRE).

5. LE percentage (LE%) and CW average of atomic number of TM (⟨ZTM⟩).

6. LE percentage (LE%) and electronegativity difference between RE and TM (∆ε).
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7. LE percentage (LE%) and CW TM percentage (TM%).

We thus discard ∆ε , LE%, ZRE, and ⟨ZTM⟩ from the list of attributes.

The next and most crucial step is to construct a set of simple attributes, which are ca-

pable of describing the instances (in this case, RE-TM compounds) and then deploy the

ML algorithm to map them to a target (in this case, Tc, Ms, and Ku). The attributes con-

sidered in this study are summarized in Table 3.1, which can be divided into three broad

categories, namely, stoichiometric attributes, element properties, and electronic configura-

tion attributes. The stoichiometric attributes may contain information of both elemental

and compositional properties as suggested by Ward et al. [85]. This is based on taking

compositional weights (CW) of elemental properties.

Table 3.1: List of 13 different attributes with description, notation, and range used in the
ML algorithm. Here “CW” stands for “composition-weighted.”

Attribute type Attribute Notation Value range

Stoichiometric CW absolute deviation
of atomic no.

< ∆Z > 1.70-16.74

CW av. of atomic no.
of TM

< ZT M > 10–33.30

CW av. of atomic no.
of LE

< ZLE > 0–9.79

CW av. Z < Z > 21.08–37.71
CW electronegativity
diff. of RE and TM

∆ε 0.61–1.84

CW RE percentage RE% 4.76–14.29
CW TM percentage TM% 38.46–95.24
CW LE percentage LE% 0–53.85

Element Atomic no. of RE ZRE 58–71
Presence of more than
one TM

NT M yes/no

Presence of LE NLE yes/no

Electronic Total no. of f electrons fn 1-28
Total no. of d electrons dn 30-136

In the third step, we train different popular machine-learning (ML) algorithms with the

constructed dataset for prediction. We use the ML algorithm in three different problems:

(a) to predict the compounds with Tc more than 600 K, (b) compounds with µ0Ms > 1

T, and (c) compounds with easy-axis anisotropy. Regression is used in the former case,

whereas the latter two cases are treated as classification problems. We use five different ML

algorithms for regression in the case of Tc, namely ridge regression (RR) [86], kernel ridge

regression (KRR) [87], random forest (RF) [88, 89], support vector regression (SVR) [90],
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and artificial neural network (ANN) [91]. The performance of a model can be quantified in

terms of the coefficient of determination, which can be expressed as follows [92]:

R2 = 1− ∑
N
i=1[yi − f (xi)]

2

∑
N
i=1[yi −µ]2

for predictions f (xi) and a set of actual values yi with mean µ . If the algorithm performs

perfectly, the R2 score is 1. Figure 3.3 shows the R2 score for five different algorithms.

Figure 3.3: Coefficient of determination R2 score of five different ML algorithms applied
to the Tc dataset.

The RR algorithm circumvents issues in ordinary linear regression like overfitting or

failure in finding a unique solution due to multicollinearity. It develops on least-squares

error by adding an extra penalty and regularization term to the loss function of ordinary

linear regression. KRR builds on the ridge-regression technique by using a kernel trick [93]

so that it can capture the nonlinearity present in the feature space. It can fit a nonlinear

function by learning from a linear function spanned by a kernel, which in turn mimics a

nonlinear function in the original space. SVR originated from support vector machines,

which are mainly popular in the classification problem. It is based on the idea to search

a hyperplane [94] by minimizing the error that is able to separate two different classes.

SVR also uses the kernel trick to map the data into a high-dimensional feature space and

then performs linear regression to fit the data. These three models are based on the same

principle of linear regression and SVR is the best form according to our result. The R2

score is 0.66 for SVR whereas it is found to be poor (approximately 0.25) for the other two

algorithms.

Apart from these, we use two other algorithms, ANN and RF. The model performance
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scores are satisfactory for both of them. A simple ANN architecture called perceptron

implements a processing element or artificial neuron called threshold logic unit (TLU),

which can have one or more inputs and one output. Each input is related to a weight. The

TLU calculates the weighted sum of its inputs, applies a step function (generally Heaviside

or sign function) to it, and outputs the result. A perceptron [95] is simply a layer of TLUs

operating in parallel and connected to all the inputs. Training an ANN model is equivalent

to learning each weight factor in an iterative cycle. A more complex system (multilayer

perceptron) can be built by associating additional interconnected layers to the architecture.

A well-functioning system consists of an input layer, several hidden layers, and an output

layer. In our case, we have one input layer, two hidden layers where rectified linear unit

(ReLU) [96] is used as the activation function along with L2 regularization in the kernel,

and an output layer. The constructed ANN model shows 0.80 as R2 score.

Random forest is an ensemble method, which consists of multiple decision trees. Each

tree is built on a portion of the entire training data with a subset of the total number of

attributes. The tree algorithm is based on a “top to bottom” approach, starting from a root

node, it consists of many intermediate nodes and ends at leaf nodes. At each node of a tree,

a particular attribute classifies the data and helps to grow the tree. The prediction is based

on accumulating the results from all such trees, taking ensemble average in the case of

regression or considering votes from majority trees in the case of classification. Such an al-

gorithm can capture the complex and nonlinear interaction between different attributes and

can build a robust and sophisticated model. Our random forest consists of 100 trees built

by bootstrapped [97] sampling of the training set. Each tree allows checking a maximum

of log2 (number of features) while detecting the best split node. The quality of such a split

is measured by using mean squared error (Gini index) in regression (classification). The

model efficiency is calculated by running out-of-bag samples down each of the trees. We

use tenfold cross-validation to extract the hyperparameter and to construct the best model.

Figure 3.4 shows the result of the best regression model using the RF algorithm in the

case of Tc. The plot in the left panel shows the predicted Tc versus Tc obtained from ex-

periments. The determination score R2 is high enough (0.86), indicating a good agreement

between the predicted Tc and experimentally reported Tc. The mean absolute error in this

model is 60 K. Additionally, we evaluate absolute error and relative error for the com-

pounds with Tc > 600 K (cf. Figure 3.4, right panel). This analysis helps to determine

the model performance for the compounds with Tc > 600 K as we are interested to predict

RE-TM intermetallics with high Tc. The distribution of absolute error shows that for most

of the compounds (approximately 85%) the absolute error is less than 100 K. For 65% of

the predicted cases, the absolute error is less than 50 K. We also check the absolute error

for the compounds with Tc < 300 K (not included in the figure). In this case, our model
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Figure 3.4: Model output from RF algorithm for Tc of RE-TM intermetallics. The left panel
shows the comparison of Tc obtained from the literature and predicted Tc. The distribution
of absolute error between predicted Tc and actual Tc is shown in the upper right panel,
while the lower right panel presents the distribution of relative error for the compounds
with Tc > 600 K.

predicts approximately 76% of compounds with an absolute error less than 100 K and 50%

of instances are predicted with an absolute error of 50 K. This observation prompts us to

conclude that though the model prediction is in general good, it is less accurate for low Tc

compounds compared to high Tc compounds. The distribution of relative error, expressed

as εrel =
T exp

c −T predicted
c

T exp
c

, provides further support to this statement, which is shown in the bot-

tom, right panel of Figure 3.4. The relative error distribution appears Gaussian-like with

slight asymmetry about the mean position. The relative error is less on the right side of the

mean position than on the left side suggesting the prediction of Tc suffers less overestima-

tion than underestimation. As found, only 1% of the instances are having εrel > 50%, 3%

of the instances have 50% > εrel > 30%, and 2% of instances have 30% > εrel > 25%, most

cases having tiny values of εrel. This gives us confidence in the accuracy of the predicted Tc

for compounds with Tcs exceeding 600 K.

Turning to Ms, we use the random-forest algorithm to classify high Ms from low Ms

compounds. The best model by performing tenfold cross-validation is built up with 81.53%

accuracy. The resultant confusion matrix is shown in Figure 3.5. For classification prob-

lems, the F1 score determines the balance between precision and recall. In this case, the

F1 score of 82.2% indicates good anticipation with slight favor towards the prediction of

compounds with high Ms (µ0Ms > 1) (83.8%) compared to the compounds with low Ms

(µ0Ms < 1) (79.2%).

Similar to Ms, we use the random-forest algorithm for Ku, to classify positive Ku from

negative Ku compounds. The best model by performing tenfold cross-validation, in this
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Figure 3.5: Normalized confusion matrix for µ0Ms (violet) and Ku (gray) classification
using tenfold cross-validation. Here positive (negative) class represents either compounds
with µ0Ms > (<) 1 T, or compounds with uniaxial anisotropy, i.e., Ku > (<) 0 MJ/m3. True
positive and negative or TP and TN are the compounds where their classes are predicted
correctly. Whereas false positive (FP) and false negative (FN) are the off-diagonal terms
of the matrix where the classes are incorrectly classified.

case, is built up with 80.62% accuracy. Like Ms, in this case, the F1 score for positive

Ku is 83% and for negative Ku is 77.5% suggesting a slight preference of classification

towards positive Ku, which is also captured in the plot of the confusion matrix as shown in

Figure 3.5.

Out of the five different ML algorithms, it is seen that random forest performs best,

which has also been successfully used for prediction of Heusler compounds [98], half-

Heusler compounds [99], double perovskite compounds [84], half-Heusler semiconductors

with low thermal conductivity [100], zeolite crystal-structure classification [101], etc. Re-

sults presented in the following are based on the random-forest method.

3.2.2 Model evaluation

The final step is to employ the trained algorithm on yet-to-be synthesized RE-TM com-

pounds, and thus to explore unexplored compositions with targeted properties. We choose

Ce2Fe17−xCoxCyNz (y,z = 0/1; x = 0 . . .8) as the exploration set for application of the

trained ML algorithm. This results in a set of 36 compounds among which eight compo-

sitions (Ce2Fe17−xCoxCN, x = 1, . . . ,8) have not been reported experimentally or theoret-

ically. We apply our trained ML algorithms on all of these 36 compounds and the results

are summarized in Figure 3.6. The top panel of Figure 3.6 shows the predicted Tc of all the

compounds. It is seen that the nitrogenation or carbonation increases the Tc with respect to
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Figure 3.6: ML predictions of Curie temperature (Tc) from regression model, and satu-
ration magnetization (Ms) and anisotropy constant (Ku) from classification model. The
upper (middle/lower) panel shows the results of Tc (Ms/Ku). The exploration set is
Ce2Fe17−xCoxCyNz where y and z can have values either 0 or 1, and x = 0 . . .8, acronymed
as xyz. In the top panel, noninterstitial compounds, carbonated, nitrogenated, and car-
bonitrogenated compounds are symbolized by circle, diamond, square, and upper triangle.
Different colors specify compounds with different x values. The middle panel shows the ML
prediction confidence for Ms. In the lower panel, ML prediction confidence for Ku is illus-
trated. Here the upper (lower) half having bars with no-fill (shaded) shows the confidence
for the compounds with positive (negative) Ku.

their respective parent compound Ce2Fe17−xCox. Our ML model predicts that the nitrides

have higher Tc than that of the carbides. For x ≤ 5, the enhancement of Tc is maximum for

the compounds where both carbon and nitrogen are present. For x > 5, Tc shows a slight
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decrease compared to only the nitrogenated case. It is also noted that the relative rise in

Tc in interstitial compounds compared to parent compounds decays gradually with Co con-

centration. The increase in Tc varies from approximately 200 to 10 K as x varies from 0

to 8 for carbides and nitrides, whereas introduction of both nitrogen and carbon shows the

variation from approximately 310 to 30 K. Our result reproduces the trend of experimental

findings in a qualitative manner. The experimental results for x = 0 (Ce2Fe17) [102, 103]

concluded that the enhancement in Tc is highest in the presence of both carbon and nitrogen

[104, 105] (Tc ∼ 721 K), followed by the nitrogenated compound [106, 107] (Tc ∼ 700 K)

and lowest for the carbonated compound [104, 105] (Tc ∼ 589 K). Though it is not possi-

ble to compare the results quantitatively as the stoichiometry of the experimentally studied

carbonated and nitrogenated compounds are not the same as in our exploration dataset, the

overall trend is similar. We also find that our ML model underestimates the Tc of the pure

binary compound Ce2Fe17 [20]. This is expected, as already discussed, our model is less

precise for the prediction of low Tc compounds.

Switching to the Ms part, the middle panel of Figure 3.6 shows the confidence of classi-

fication of compounds with µ0Ms more than 1 T. The confidence value closer to 1 implies

that the prediction is viable to be more accurate. All the compounds are classified in favor

of forming permanent magnets with µ0Ms > 1 T. For compounds like Ce2Fe17−xCox, the

prediction confidence varies from 0.6 to 0.8 with increasing Co concentration, whereas the

carbon and nitride compounds are always classified with high prediction confidence.

The predictions from the classification model on Ku are shown in the bottom panel of

Figure 3.6. We find that while the anisotropy of Fe17−xCox compounds without interstitial

C/N (x = 2, . . . ,7) atoms are predicted to be easy plane, their carbonated or nitrogenated or

carbonitrogenated counterparts show easy-axis anisotropy. For pure Fe compounds, apart

from the carbonitrogenated compound, all are predicted to be easy plane, while for Fe16Co

compounds, carbonated as well as carbonitrogenated compounds are predicted to be easy

axis. This in turn highlights the effectiveness of Co substitution on making Ku positive. We

note the prediction confidence of the carbonitrogenated compounds is around 0.75.

On the basis of the above ML analysis, we pick seven yet-to-be synthesized compounds,

Ce2Fe17−xCoxCN, x= 1, . . . ,7. This choice is guided by the compounds satisfying Tc > 600

K from the regression model, and µ0Ms > 1 T with easy-axis anisotropy from classifica-

tion models, and being Fe rich. In the following, we describe their crystal structure, and

present results of DFT-calculated electronic structure, anisotropy properties, and stability

properties.
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3.3 DFT details

DFT calculations for electronic structure and magnetocrystalline anisotropy are performed

using the all-electron density-functional-theory code in full-potential linear-augmented-

plane-wave (FP LAPW) basis, as implemented in the WIEN2K code [108]. For expensive

structural optimization calculations, the plane-wave-based calculations, as implemented in

the Vienna ab initio simulation package (VASP) [109, 110], are carried out. The exchange-

correlation functional is chosen to be the generalized-gradient approximation of Perdew,

Burke, and Ernzerhof [111]. The localized nature of 4f states of Ce is captured through

GGA+U calculations [112], with the choice of U = 6 eV and JH = 0.8 eV. For light rare

earths like Ce, the U value is shown to range from 4 to 7 eV, without affecting the physi-

cal properties much [113]. The spin-orbit coupling effect at Ce, and TM sites is captured

through GGA+U+SOC calculations.

For FP LAPW calculations, APW + lo is used as the basis set, and the spherical har-

monics are expanded up to l = 10 and the charge density and potentials are represented up

to l = 6. The sphere radii are set at 2.5, 1.9, 2.34, 1.56, and 1.51 bohr for Ce, Fe, Co, N, and

C. For good convergence, an RKmax value (the product of the smallest sphere radius and the

largest plane-wave expansion wave vector) of 7.0 is used. We set the cutoff between core

and valence states at −8.0 Ry. The k-space integrations are performed with 112 k points

in the irreducible Brillouin zone (BZ), following the report of the use of 80 k points in the

irreducible BZ in the case of SmCo5 to provide a good estimate of MAE [114]. Neverthe-

less, the convergence of results on the k-space mesh is checked by carrying out calculations

with 260 k points.

The structural optimization in the plane-wave basis is carried out starting with the exper-

imental structure of Sm2Fe17CN [115], replacing Sm with Ce, and relaxing all the internal

coordinates until the forces on all atoms become less than 0.001 eV/Å. Upon moving from

Sm 2:17 carbide and nitride interstitial compounds to the Ce counterpart, the cell volume

changes only nominally by 0.2% to 0.4% [106]. For the plane-wave calculations, an energy

cutoff of 600 eV and Monkhorst-Pack k-point mesh of 8 × 8 × 8 are used.

All the calculations are performed by considering a collinear spin arrangement. The

MAE is obtained by calculating the GGA+U+SOC total energies of the system, in FP

LAPW basis as Ku = Ea − Ec, where Ea and Ec are the energies for the magnetization

oriented along the crystallographic a and c directions, respectively. For accurate estimates

of vacancy formation energy, we also use the FP LAPW basis.
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3.4 Properties of Predicted Compounds

3.4.1 Crystal structure

The Ce2Fe17 compounds crystallize in the rhombohedral T h2Zn17-type structure (space

group R3̄m), derived from the CaCu5-type structure with a pair (dumbbell) of Fe atoms

for each third rare-earth atom in the basal plane and the substituted layers stacked in the

sequence ABCABC. . . . As shown in Figure 3.7, the transition metal atoms are divided

Figure 3.7: Crystal structure of Ce2Fe17−xCoxCN magnets. The Ce, Fe/Co, and C/N atoms
are shown with large, medium, and small balls, respectively. Four transition metal sublat-
tices 9d, 18f, 18h, and 6c are shown in black, green, magenta, and yellow colored balls,
respectively. The left panel shows the crystal structure viewed with the c-axis pointed ver-
tically up, and the right panel shows the crystal structure viewed along the c-axis.

into four sublattices, 9d, 18f, 18h, and 6c, having 3 (9), 6 (18), 6 (18), and 2 (6) multiplic-

ity in the one (three) formula unit primitive-rhombohedral (hexagonal) unit cell. The TM

atoms occupying the 6c sites, referred to as dumbbell sites, form the . . . -TM-TM-RE-RE-

. . . chains running along the c axis of the hexagonal cell. The 18f TM atoms form a hexag-

onal layer, which alternates with the hexagonal layer formed by 9d and 18h TM atoms. The

6c TM-TM dumbbells pass through the hexagons formed by 18f TMs. For the interstitial

C and N atoms, neutron powder diffraction [116, 117], EXAFS experiments confirmed that

they fill voids of nearly octahedral shape formed by a rectangle of 18f and 18h TM atoms

and two RE atoms at opposite corners, which are the 9e sites of T h2Zn17-type structure,

and having the shortest distance from the RE atoms. Sites among all available interstitial
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sites. All our calculations are thus carried out with C/N atoms in 9e positions. The RE

atoms in 6c position as well as light elements C/N in 9e interstitial sites belong to the same

layer as 18f TMs. As the 9e sites are in the same c plane as the RE sites, having RE atoms

as neighbors, introduction of interstitials like C and N is expected to have a profound in-

fluence on the electronic environment of RE atoms, thereby altering the magnetocrystalline

anisotropy.

Although the R3̄m symmetry is lowered upon Co substitution and the spin-orbit cou-

pling (SOC) in the anisotropy calculation, for the ease of identification, we still use the

notations 9d, 18f, 18h, and 6c. Our total energy calculations show that Co preferentially

occupy sites in the sequence 9d > 18h > 6c > 18f. Out of the available 17 TM sites we

consider Co substitution up to seven sites, which result in Fe-rich phases of compositions

Ce2Fe17−xCoxCN with x = 1,2, . . . ,7. Following the site preference we consider Co atoms

in 9d and 18h sites.

We expect the lattice parameters not to change much upon Co substitution, as Fe and

Co, being neighboring elements in the periodic table, have similar atomic radii. Neverthe-

less, to check the influence of Co substitution on lattice structure, we optimize the lattice

constant and the volume for all x values. Following our expectation, the results only show a

marginal decrease in lattice parameter and volume (with a maximum deviation of 1%) upon

increasing Co content, in line with the findings by Odkhuu et al. [18] for 1:12 compounds,

and the experimental findings by Xu and Shaheen on 2:17 compounds [19]. This minimal

change is found to have no appreciable effect on magnetic properties, as explicitly checked

on representative compounds with x = 1,4, and 7. We thus choose the lattice structure as

the optimized lattice structure of x = 0, with lattice constant = 6.59 Å and angle β = 83.3◦

of the rhombohedral unit cell [115] in subsequent calculations.

3.4.2 Magnetic moment and electronic structure

In the following we present the DFT results for the magnetic moments and density of states

(DOS), as given in generalized-gradient approximation (GGA)+U+SOC calculations. The

importance of the application of supplemented Hubbard U on RE sites within LDA or

GGA+U formalism is considered as one of the possible means to deal with localized f

orbitals of RE ions, and has shown to provide reasonable description [13, 14]. Previous

calculations in compounds containing Ce, showing variations of U within 3 to 6 eV, keeps

the results qualitatively the same [6, 113]. In the following, we present results for U applied

on Ce atoms chosen to be 6 eV. Figure 3.8 shows the calculated total magnetic moments of

the seven mixed Fe-Co compounds, Ce2Fe17−xCoxCN (x = 1, 2, . . . 7). The total magnetic

moment shows a decreasing trend with an increase of Co concentration, arising from the

fact that Co moment is smaller than that of Fe. However, it is reassuring to note that even for
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Figure 3.8: Calculated total moment (black circles), µ0M in T plotted for increasing Co
concentrations of Ce2Fe17−xCoxCN compounds. Experimental results are also shown [19]
(red, square) for Ce2Fe17−xCoxNy compounds measured at room temperature. For com-
parison between T = 0 K calculated moments and experimental data measured at room
temperature, the experimental data has been scaled by a factor of 1.3.

the compound with the largest Co concentration, Ce2Fe10Co7CN, the calculated moment is

more than 1.65 T. This is in agreement with ML prediction, which predicts µ0Ms of all the

considered compounds to be larger than 1 T, though it is to be noted the ML predictions are

made for room-temperature moments while the DFT-calculated moments are at T = 0 K.

The measured values of total moment in corresponding nitrogenated compounds show good

comparison (cf. Figure 3.8) with our calculated moments. In particular, barring the data on

x ≈ 2, the other two data points show good matching with the trend of theoretical results.

We note that the experimentally determined moments are for Ce2Fe17−xCoxNy compounds,

which only contain N as an interstitial atom, and the value of y is not mentioned, which

may even vary depending on the value of x.

Figure 3.9 shows the spin and orbital moments projected to Ce, Fe(9d), Fe(18f), Fe(18h),

Fe(6c), and Co atoms for the representative case of the Ce2Fe15Co2CN compound. The re-

sults for other Co concentrations are similar. In the presence of large SOC at the Ce site,

a substantial orbital moment develops, which is oppositely aligned to its spin moment fol-

lowing Hund’s rule. Considering 3+ nominal valence of Ce, it would be in 4f1 state, with

S = 1/2 and L = 3. While the calculated value of the Ce spin moment is close to 1 µB

(approximately equal to 0.95 µB) in accordance with nominal S = 1/2 state, the orbital mo-

ment shows significant quenching with a calculated value of about 0.5 µB. This value of

orbital moment is in agreement with DFT-calculated values of other Ce containing RE-TM

magnets [6, 118]. The 4f electrons are coupled to 5d electrons at the Ce site by intra-atomic

exchange interaction, following which their spin moments are aligned in parallel direction.

The delocalized 5d electrons at the Ce site, hybridize with Fe or Co 3d electrons, favoring
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Figure 3.9: Calculated spin (top) and orbital (bottom) moments at Ce, Fe(9d), Fe(18f),
Fe(18h), Fe(6c), and Co sites in the representative case of Ce2Fe15Co2CN compound.

antiparallel alignment of Ce and Fe or Co spins, as found in Figure 3.9. The spin magnetic

moment at Fe sites shows a distribution, with Fe at the 6c site having the largest moment,

followed by Fe at 9d and 18h sites while Fe at the 18f site shows the lowest moment. We

notice that Fe (6c) atoms occupying the dumbbell sites, have less connectivity compared to

Fe(9d), Fe (18f), and Fe (18h), and thus possess the largest moment, being of most localized

character. Among Fe (9d), Fe(18f), Fe(18h) sites Fe (18f) has the smallest moment, driven

by the fact that interstitial C and N atoms are in same plane as Fe (18f) causing enhanced

d-p hybridization, and reduction in moment. These spin moments though are larger than

that of bulk Fe (approximately equal to 2.2 µB). The orbital moment at Fe sites are tiny

(approximately equal to 0.05 µB). In comparison, Co shows significantly smaller spin mo-

ment (approximately equal to 1.7 µB) and somewhat larger orbital moment (approximately

equal to 0.1 µB), justifying the fall in total moment with increasing concentration of Co.

Figure 3.10 shows the density of states of Ce2Fe15Co2CN, projected to various orbital

characters. The Ce 4f states are all unoccupied in the majority spin channel, partly occupied
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Figure 3.10: Left: density of states of the Ce2Fe15Co2CN compound, projected onto Ce
f (brown), Ce d (shaded green), Fe d (blue), Co d (shaded red), and CN p (shaded or-
ange) characters. Right: density of states of the Ce2Fe15Co2CN compound projected onto
different Fe d’s: Fe(9d) (shaded indigo), Fe(18h) (magenta), Fe(18 f ) (green), and Fe(6c)
(brown). The zero of the energy is set at Fermi energy.

in the minority spin channel, in accordance with nominal f1 occupancy. The RE 4f-TM 3d

hybridization through empty RE 5d states is visible, making the spin splitting at Fe and

Co sites antiparallel to that of Ce. The C/N p states mostly spanning the energy range

-7 to -4 eV, show nonnegligible mixing with Fe d, Co d, and Ce f characters, justifying

their role in influencing the magnetic properties. Fe d and Co d states span about the same

energy range from -4 to 2 eV, with states mostly occupied in the majority spin channel and

partially occupied in the minority spin channel, largely accounting for the metallicity of

the compound. Spin splitting of Fe d is larger than that of Co, being consistent with the

larger magnetic moment of Fe compared to Co. Projection to different inequivalent Fe sites

(cf. the right panel of Figure 3.10), Fe(9d), Fe(18h), Fe(18f), and Fe(6c) show that Fe(6c)

belonging to the dumbbell pair is distinct from the other Fe sites, which also exhibit the

largest magnetic moment among all Fe’s.

3.4.3 Magnetocrystalline anisotropy

Having an understanding of the basic electronic structure, in terms of magnetic moments

and density of states, we next focus on calculation of magnetocrystalline anisotropy con-

stant, Ku, which is a crucial quantity responsible for coercivity in a permanent magnet.

MAE defines the energy required for turning the orientation of the magnetic moment under

applied field, expressed as E(θ) ≈ K1 sin2
θ +K2 sin4

θ +K3 sin4
θ cos4 φ , where K1, K2,

and K3 are the magnetic anisotropy constants, θ is the polar angle between the magnetiza-

tion vector and the easy axis (c axis), and φ is the azimuthal angle between the magneti-
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zation component projected onto the a-b plane and the a axis. In most cases, the higher-

order term K3 is relatively small compared with K1 and K2. For θ = π/2, one may thus

write Ku ≈ K1 +K2. Its positive and negative values indicate the easy-axis and easy-plane

anisotropy, respectively. To satisfy the criteria of a good permanent magnet, it should have

easy-axis anisotropy with a value larger than 1 MJ/m3 [2, 8]. The MAE in RE-TM arises

from two contributions: (i) MAE of the RE sublattice due to strong spin-orbit coupling

and crystal-field effect and (ii) MAE of the TM sublattice. The interplay of the two de-

cides the net sign and magnitude. In particular, in the proposed compounds, the presence of

Co with a significant value of orbital moment makes the contribution of the TM sublattice

noteworthy. While 2:17 compounds, primarily show easy-plane anisotropy, switching to

easy-axis anisotropy for interstitial compounds has been reported. In particular, upon ni-

trogenation, easy-plane anisotropy has been reported for Ce containing mixed Fe-Co com-

pounds [19]. As mentioned already, the interstitial atoms occupy the same plane as the RE

atoms, significantly influencing their properties. With predicted high Tc and large satura-

tion moment of our proposed compounds with carbonation and nitrogenation, it remains

to be seen whether they exhibit easy-axis anisotropy of reasonable values, as required for

a legitimate candidate for permanent magnet. For this purpose, we carry out calculations

within GGA+U+SOC with the magnetization axis pointing along the crystallographic c

axis and perpendicular to it. The significance of the application of U on the proper descrip-

tion of MAE in terms of its sign and order of magnitude has been stressed upon by several

authors [6, 13]. In order to establish our method on the calculation of MAE involving a

small energy difference, we first apply our method to the known and well-studied case of

SmCo5, with choice of U = 6 eV on Sm, and obtain a MAE value of 24.4 meV/f.u., which

agrees well with the GGA+U+SOC-calculated value of 21.6 meV/f.u., reported in the lit-

erature [13] as well as experimentally measured values of 13–16 meV/f.u. [114, 119]. The

calculated results for the proposed Ce2Fe17−xCoxCN are shown in the top panel of Fig-

ure 3.11. We find that MAE shows site dependence on the Co substitution. We consider

configurations with Co atoms substituting Fe(9d) and Fe(18h) sites, configurations involv-

ing other substituting sites being energetically much higher. We consider configurations

that are energetically close (within 600 K) and calculate the Co-composition-dependent

MAE using the virtual crystal approximation. Specifically, for x = 1 we consider config-

urations Co@Fe(9d) and Co@Fe(18h), the latter being 3.58 meV higher compared to the

former. Similarly for x = 2, we consider Co@2×Fe(9d) and Co@2×Fe(18h), the latter

being 4.43 meV higher compared to the former. For x = 3, the configurations considered

are Co@2×Fe(9d)+Fe(18h); Co@3×Fe(9d); Co@Fe(9d)+2×Fe(18h), the energies being

0 meV (set as zero of energy), 12.37 meV and 47.66 meV, respectively. For x = 4, the con-

figurations considered are Co@2×Fe(9d)+2×Fe(18h); Co@3×Fe(9d)+Fe(18h), the ener-
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Figure 3.11: Top: calculated magnetocrystalline anisotropy constant in MJ/m3 plotted
for increasing Co concentrations of Ce2Fe17−xCoxCN compounds. The inset shows the
anisotropy in orbital moment (see text for details). Bottom: the GGA+U+SOC DOS pro-
jected to Ce f energy states with magnetization axis pointed along easy axis, for Ce2Fe17
(black), Ce2Fe17CN (red), and Ce2Fe16CoCN (blue). The zero of the energy is set at Fermi
energy, with the unoccupied part shown as shaded. The arrow indicates the shift in the
occupied part.

gies being 0 meV (set as zero of energy) and 36.5 meV, respectively. For x = 5, 6, and

7, only one configuration is considered, others being energetically much higher, namely,

Co@3×Fe(9d)+2×Fe(18h), Co@3×Fe(9d)+3×Fe(18h), and Co@3×Fe(9d)+4×Fe(18h),

respectively.

Considering the spin-orbit effect only on the Ce atom, it is found to account for about

60% of the calculated MAE. We find all the calculated MAE is positive, in good agree-

ment with ML prediction on mixed Fe-Co carbonitride compounds. Further, MAE values

show non-monotonic dependence on Co concentration. Such a non-monotonic trend upon

varying TM content has also been reported in the context of R(Fe1−xCox)11TiZ (R = Y and

Ce; Z = H, C, and N) [7] and RE-TM systems in general [120]. In the inset of the top

panel of Figure 3.11, we show the calculated orbital magnetic anisotropy (∆ML) defined

as ∆ML = ML(a)−ML(c), as employed in Ref. [18], ML(c) and ML(a) being the orbital

moment along the c axis and a axis, respectively. We find a correlation between ∆ML and

Ku, qualitatively satisfying Bruno’s expression [121] for itinerant ferromagnets given as

Ku =) ξ

4µB
)∆ML, where ξ is the strength of SOC.

Most of the easy-axis Ku values are found to be larger than 1 MJ/m3, except Fe14Co3

and Fe13Co4 for which it is found to be 0.74 and 0.91 MJ/m3, respectively. Few of the con-

centrations exhibit easy-axis Ku values larger than 2 MJ/m3, e.g., Fe15Co2 (3.54 MJ/m3),
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Fe12Co5 (3.39 MJ/m3), Fe11Co6 (3.39 MJ/m3), Fe10Co7 (9.10 MJ/m3), being comparable

to Nd2Fe14B (4.9 MJ/m3) [122].

To obtain microscopic understanding of the role of Co substitution and doping by C,

N on magnetocrystalline anisotropy, we further calculate the magnetocrystalline anisotropy

of Fe-only compounds Ce2Fe17, Ce2Fe17C, Ce2Fe17N, and Ce2Fe17CN. This results in

negative Ku values for Ce2Fe17 and Ce2Fe17C (−2.12 MJ/m3 and −1.35 MJ/m3), a tiny

positive value for Ce2Fe17N (0.26 MJ/m3) and a positive value for the codoped compound

Ce2Fe17CN (1.27 MJ/m3). We further plot the GGA+U+SOC density of states (cf. bottom

panel, Figure 3.11) with the magnetization axis along the c axis projected to Ce f states

for Ce2Fe17, Ce2Fe17CN, and Ce2Fe16CoCN, which is expected to reveal the mechanism

of uniaxial anisotropy. We find that a lowering of occupied Ce f energy states and increase

in bandwidth occur upon introduction of light elements C and N. This gets further helped

by substitution of Co, caused by hybridization between Ce f states and Co d and C, N p

states. This gain in hybridization energy stabilizes easy-axis magnetization (cf. Ref. [123])

as observed experimentally [19].

3.4.4 Maximal energy product and anisotropy field

While the estimates of Ku and µ0Ms are useful information to assess the effectiveness of the

suggested materials as permanent magnets, technologically interesting figures of merit of

hard magnetic materials are the maximal energy product (BH)max and anisotropy field Ha.

These can be estimated from the knowledge of µ0Ms and Ku as follows:

(BH)max =
(0.9µ0Ms)

2

4µ0

Ha =
2Ku

µ0Ms

The factor 0.9 in the expression for (BH)max implies the common assumption that ideally

10% of a processed bulk hard magnet consists of nonmagnetic phases [124]. The estimated

(BH)max and Ha are shown in Figure 3.12. The (BH)max value is found to range from 444 to

540 kJ/m3, in comparison to experimentally measured values 516 kJ/m3 and 219 kJ/m3 for

Nd2Fe14B [125] and SmCo5 [125], respectively. The Ha shows a strong variation with Co

concentration, ranging from approximately 1 to 14 T [126]. We further note that the hard-

ness parameter, defined as κ =
√

Ku
µ0M2

s
, turns out to be greater than 1 for Ce2Fe15Co2CN,

Ce2Fe12Co5CN, Ce2Fe11Co6CN, and Ce2Fe10Co7CN compounds, employing the calcu-

lated T = 0 K values of Ku and Ms.
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Figure 3.12: Calculated anisotropy field in tesla (left) and maximal energy product in kJ/m3

(right) plotted for increasing Co concentrations of Ce2Fe17−xCoxCN compounds.

3.4.5 Stability

Unlike the other RE-TM magnets like 1:12 compounds, one of the advantages of 2:17

compounds is their stability. Both the stable form of Ce2Fe17 and its Co-substituted form

have been reported in the literature [19]. Calculation of formation enthalpies [18], as given

by Eform =
Ecompound−∑k NkEk

∑k Nk
, where Nk indicates the number of different atoms (Ce, Fe, Co,

N, and C) in the cell, and Ek denotes the energy and atom of bulk Ce in fcc structure, α-Fe,

Co in HCP structure, molecular nitrogen, and C in graphite structure, gives values of −0.61

to −0.59 eV/atom for the studied Ce2Fe17−xCoxCN compounds.

A major challenge with interstitial compounds, though, is nitrogen diffusion [21]. It

has been further suggested that the blockage of nitrogen diffusion by a carbon layer is

useful in reducing nitrogen outgassing in carbonitrides. In particular, heating up Sm2Fe17

carbonitrides at a constant rate in a differential scanning calorimeter, the onset temperature

of nitrogen outgassing is found to be higher by more than 40 K, as compared to the nitride

counterpart [21]. This justifies the choice of carbonitrides as our exploration set.

To this end, we calculate the vacancy formation energy of the interstitial atoms in our

chosen compounds. For this purpose, we calculate the formation energy of the N and/or C

vacancy (∆E f ) defined as

∆E f = EN(C)vac −Epristine +EN(C)

where EN(C)vac and Epristine denote the optimized total energies of the compound containing

N and/or C vacancies, and the vacancy-free compound, respectively. The internal positions

for the defect-free pristine structure and structures containing nitrogen and/or carbon va-

cancies are performed while keeping the lattice parameters fixed. EN(C) is the energy per
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N or C atom, which is obtained from the calculation of N2 molecule or graphite. The ob-

tained results for Ce2Fe17−xCoxCN compounds in the minimum energy configuration of

Co are shown in Table 3.2. The vacancy formation energies show hardly any variation on

the chosen configuration for a given Co concentration.

Table 3.2: Vacancy formation energy for carbon [E f (C)], nitrogen [E f (N)], and nitrogen-
carbon [E f (CN)] in eV in Ce2Fe17−xCoxCN compounds.

E f (CN) E f (N) E f (C)
x=1 4.32 2.10 0.97
x=2 3.99 2.09 0.85
x=3 4.16 2.09 0.88
x=4 3.98 2.10 0.79
x=5 3.82 2.07 0.70
x=6 3.91 2.05 0.72
x=7 3.78 2.01 0.69

The vacancy formation energies, listed in Table 3.2, show only small variation between

compounds of varying Co concentration, with the general trend ∆E f (CN) > [∆E f (N) +

∆E f (C)]. The individual nitrogen-vacancy formation energy and carbon-vacancy formation

energy are in overall agreement with that found for the related compound, SmCaFe17C(N)3

[6]. The vacancy formation energy for codoped carbon-nitrogen compounds is found to

be enhanced by about 35–40% compared to the sum of the individual C and N vacancy

formation energies, proving that carbon-nitrogen codoping provides better thermal stability.

We also check our results by repeating vacancy formation energy calculations for x = 0

compounds, which, however, do not show significant differences, suggesting that Co doping

does not have a major role in stability, as also indicated by no significant variation of results

between x = 1,2,3,4,5,6, and 7.

3.5 Summary and Discussion

Designing alternative solutions for permanent magnets, satisfying the criteria of low cost

while keeping the magnetic properties comparable to those of permanent magnets in use, is

key for cost-effective technology. Towards this goal, we use a combined route of machine

learning, based on experimental data, and first-principles calculations.

While machine learning has been applied to the problem of rare-earth magnets [5], those

studies have been based on datasets created from high-throughput calculations. Being de-

pendent on calculation-based inputs, the creation of such a database is not only computa-

tionally expensive but also not devoid of approximations in theory. Our study, on the other

hand, is based on an exhaustive search of experimental data.
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While a large volume of experimental data is available with numerical values of Tc, the

corresponding dataset with numerical values of Ms and Ku is small. On the other hand,

there exists a sizable dataset with information on Ku being positive (easy axis) or negative

(easy plane), and µ0Ms being larger or smaller than 1 T. We thus employ a regression model

for machine-learning training to make predictions on numerical values of Tc, and a classifi-

cation model to make predictions on the sign of Ku, and µ0Ms being larger or smaller than

1 T. We apply the trained machine learning to 2:17 rare-earth transition-metal compounds

with carbon and nitrogen in interstitials. We choose the compounds to contain abundant

rare-earth Ce and to be Fe-rich to make them cost-effective. Although the nitrogenated ver-

sion of this series has been investigated [19], a systematic study of the carbonitride family

is not available.

The machine learning predicts Tc of the chosen carbonitride family to be larger than

600 K, µ0Ms > 1 T, and Ku > 0, thereby indicating the possibility of them becoming good

solutions for cost-effective permanent magnets. Subsequent first-principles calculations

show T = 0 K, µ0Ms to be larger than 1.65 T, and Ku ≥ 1 MJ/m3 for the entire fam-

ily, Ce2Fe17−xCoxCN (x = 1, . . . ,7). Calculated Ku values are found to be comparable

to the state-of-the-art permanent magnet Nd2Fe14B for Ce2Fe15Co2CN, Ce2Fe12Co5CN,

Ce2Fe11Co6CN, and Ce2Fe10Co7CN. This results in two figures of merit for hard magnets,

(BH)max and Ha, in the range of 444–540 kJ/m3 and approximately 1–14 T, respectively.

In spite of good magnetic properties, one of the limitations of practical applications of

interstitial 2:17 magnets is the formation of nitrogen and carbon vacancies at high temper-

atures. By calculating the N-(C)-vacancy formation energy, we show that carbon-nitrogen

codoping enhances the vacancy formation energy significantly, by 35–40% compared to the

sum of individual doping. This is likely to improve the thermal stability at high-temperature

conditions.

Our computational exercise, based on an exhaustive search of the experimental database,

should motivate future experimental processes in making high-performance 2:17 intersti-

tial magnets, with the cheapest rare-earth element Ce, the most abundant 3d metal Fe, and

cheap nonmetal interstitial dopings like C and N. The estimated price-to-performance ratio,

based on the calculated energy product and available market prices [16], turns out to be

0.03–0.22 USD/J. The enhanced thermal stability of the carbonitride compounds against

the vacancy formation of the light elements further boosts the promise of the suggested

compounds.
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4
Magnetism and Unconventional
Topology in LaCoO3/SrIrO3

Heterostructure∗

4.1 Introduction and Motivation

Oxide heterostructures have emerged as a focal point of intense scientific inquiry in re-

cent years, driven by the discovery of unique phenomena at interfaces between perovskite

oxides. These interfaces exhibit unexpected electronic, magnetic, and transport properties

that are often absent in the bulk forms of the constituent materials [1–5]. The emergence of

such novel behaviors at oxide interfaces has opened up new avenues for exploring funda-

mental physics and developing potential applications in advanced electronics and materials

science.

The creation of heterostructures with optimized properties, however, remains a complex

challenge. This complexity arises from the intricate interactions occurring at the interface,

which involve a delicate interplay of structural, electronic, and magnetic degrees of free-

dom. Understanding and controlling these interactions is crucial for harnessing the full

potential of oxide heterostructures in both fundamental research and technological applica-

tions.

Among the various systems studied, the LaAlO3 (LAO)/SrTiO3 (STO) interface stands

out as a paradigmatic example. This interface exhibits conductivity between two other-

wise insulating materials, a phenomenon attributed to the polarity mismatch at the atomic

*This chapter is based on publication: Samir Rom, Santu Baidya, Subhro Bhattacharjee, and Tanusri
Saha-Dasgupta, Appl. Phys. Lett. 122, 021602 (2023).
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level [3]. The LAO/STO system has become a cornerstone in the field, demonstrating how

controlled termination of atomic layers can introduce additional charge, resulting in un-

usual electronic states. Moreover, it has shown the possibility of tuning material properties

through precise interface engineering.

Expanding on the findings derived from the LAO/STO system, our investigation primar-

ily addresses the relatively unexplored LaCoO3 (LCO)/SrIrO3 (SIO) interface. This system

serves as a compelling example where polarity discontinuities and charge transfer are antic-

ipated to significantly influence interfacial properties. Among the materials under consid-

eration, 5d TMOs have been identified as promising candidates for manifesting noteworthy

quantum phenomena. These phenomena stem from the interaction between pronounced

spin-orbit coupling (SOC) and electron-electron correlation. Specifically, iridium-based

TMOs from the Ruddlesden-Popper series, represented as Srn+1IrnO3n+1, have garnered

substantial research interest [6]. For instance, the n = 1 member, Sr2IrO4, is recognized as

a SOC-driven magnetic insulator [7] with a half-filled doublet Jeff = 1/2 state. Conversely,

the n = ∞ member, SrIrO3 (SIO), demonstrates paramagnetic semimetallic behavior at-

tributed to the increased covalency between Ir 5d and O 2p orbitals [8]. The SOC in SIO

further leads to the emergence of a Dirac-nodal line semimetallic state [9]. Despite its

semimetallic nature, theoretical calculations indicate that SIO is close to a magnetic insta-

bility [10], prompting significant interest in SIO-based heterostructures, particularly when

paired with magnetically active layers such as SrRuO3 [11] or manganites [12].

Building upon these investigations, a heterostructure consisting of SIO and LCO has

been successfully synthesized [13]. This specific combination has exhibited remarkable

properties, notably a pronounced anomalous Hall effect (AHE) and anomalous magnetore-

sistance. These observations are particularly surprising given that bulk LCO is known to be

a diamagnetic insulator at low temperatures [14], unlike the magnetic nature of SrRuO3 or

manganites typically used in other SIO-based heterostructures. An important aspect of the

experimental setup is that the heterostructure is formed on a SrTiO3 (STO) substrate. The

substrate imposes a pseudo-tetragonal symmetry on both SIO and LCO layers. Although

the strained tetragonal structure of SIO supports a canted antiferromagnetic state [15], the

emergence of ferromagnetism (FM) in SIO, as observed in the LCO/SIO heterostructure,

suggests a significant role played by LCO. This underscores the importance of a thorough

theoretical investigation to unravel the microscopic mechanisms underpinning these obser-

vations and to understand the contribution of LCO to the induced FM in SIO [13].

Given these considerations, detailed theoretical studies are necessary to achieve a com-

prehensive understanding of the microscopic processes in these heterostructures. Such in-

vestigations may provide insights that enable the design of new materials with tailored

properties.
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4.2 Computational Methodology

In this work, we employed first-principles calculations using the PAW potentials, as im-

plemented in VASP package [16, 17]. The generalized gradient approximation (GGA)

was chosen to describe the exchange-correlation functional, while the effect of spin-orbit

coupling (SOC), which is particularly significant at the Ir sites, was incorporated through

GGA+SOC calculations.

A crucial aspect of studying correlated oxides is the treatment of electron-electron in-

teractions, particularly via the Hubbard U parameter and Hund’s coupling JH . These pa-

rameters are essential for capturing the localized nature of d-electrons in transition metal

oxides. To account for the strong electron-electron correlation beyond GGA, we employed

+U calculations within the rotationally invariant formulation [18]. Specifically, the U and

JH values at the Ir site were set to 2 and 0.5 eV, respectively, in accordance with the litera-

ture [19].

While U and JH are often treated as adjustable parameters that can be varied within a

reasonable range, a more rigorous approach involves determining these parameters from

first principles. In our study, we utilized the constrained density functional theory (DFT)

method [20, 21] to compute these values. This method involves constraining the d-orbital

occupancy during DFT calculations and determining U as the numerical derivative of the

d-orbital energy with respect to its occupancy. Consequently, we obtained U and JH values

of 2.2 and 0.45 eV, respectively, for the Ir site, which are close to the values used in the

present calculations.

To ensure reliable convergence of the ground-state properties, a Monkhorst-Pack k-

point mesh of 7 × 7 × 1 and a plane-wave energy cutoff of 600 eV were employed.

These computational parameters were carefully selected based on convergence tests that

confirmed their adequacy for accurately describing the system’s properties.

This methodology was applied to investigate the electronic and magnetic properties of

LCO/SIO heterostructures. The atomic positions were relaxed to their equilibrium configu-

rations until the Hellmann-Feynman forces on each ion were reduced to below 0.001 eV/Å,

ensuring precise structural optimization.

The topological properties were analyzed using the WANNIER90 code [22]. Initially,

we computed the maximally-localized Wannier functions (MLWFs) to derive a tight-binding

model from the ab-initio DFT calculations, with Sr-s, Ir-d, and O-p orbitals as the basis set.

We then calculated the Berry flux through a closed surface enclosing a node using the Wan-

nierTools software [23].

In the clean limit, we used the Kubo formalism [24] to calculate the Berry curvature,

given by:
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Ω
z
n(k) =−2Im ∑

m ̸=n

⟨n|v̂x|m⟩⟨m|v̂y|n⟩
(εm − εn)2

where εm and |m⟩ are the m-th energy eigenvalue and eigenvector of the Hamiltonian,

and v̂x and v̂y are the velocity operators along the x and y directions, respectively.

The Chern numbers were derived by integrating the Berry curvatures over the first Bril-

louin zone:

CN =
1

2π
∑
n

∫
BZ

Ωn(k)d2k

where Ωn(k) represents the Berry curvature of the n-th band at a specified k point.

We then calculated the intrinsic anomalous Hall conductivity, originating from the Berry

curvature effect, using:

σxy =−e2

h̄ ∑
n

∫
BZ

d3k
(2π)3 Ω

z
n(k) fn

where fn is the Fermi-Dirac distribution function.

4.3 Results

4.3.1 Heterostructure in superlattice geometries and interface charac-
teristics

To theoretically explore the physical properties of LCO/SIO heterostructures, we consider

a superlattice geometry denoted as [(LCO)m.5/(SIO)n.5]. In this configuration, the IrO2

layer of SIO is adjacent to the LaO layer of LCO. The in-plane lattice constants are fixed

at 3.905 Å to simulate the effect of the STO substrate. This imposition induces strain in

both materials: SIO experiences a compressive strain of approximately 1.1%, while LCO

undergoes an expansive strain of around 1.5%. While the in-plane lattice constant is held

fixed, the out-of-plane lattice constant is allowed to relax, including adjustments to the z-

coordinates of the atoms. The calculations are conducted within the framework of DFT

using the plane wave-based pseudopotential method, as implemented in the VASP Package

[25, 26].

The top panel of Figure 4.1 illustrates the schematic representation of the [(LCO)m.5/(SIO)n.5]

superlattice structure, constrained by the in-plane lattice constants of the STO substrate.

Notably, the A+/B+ cations in SIO are in 2+/4+ valence states, resulting in neutral SrO

and IrO2 layers. In contrast, in LCO, the cations are in 3+/3+ valence states, yielding a

positively charged LaO layer with a charge of +1 and a negatively charged CoO2 layer with
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a charge of -1. Consequently, the neutral IrO2 layer of SIO, facing the positively charged

LaO layer of LCO, creates an n-type interface (IF).
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Figure 4.1: Top: Schematic representation of the LCO/SIO superlattice structure on an
STO substrate. The n-type interface (IF) formed between the IrO2 layer of SIO and the LaO
layer of LCO is marked, along with the different transition metal-oxygen (TM-O) layers
and the magnetic exchanges J1, J2, and J3. Bottom: The distortion of the CoO6 and IrO6
octahedra plotted as a function of the layer index for the m = 4 superlattice. Distortion is
measured in terms of the tilt angle (left axis), representing the deviation of the TM–O–TM
bond angle from 180°, and the tetragonal bond distortion (right axis).

In the superlattice geometry, we consider two symmetric n-type interfaces within the

periodic cell, leading to nonstoichiometric supercells characterized by an extra IrO2 layer

in SIO and an additional LaO layer in LCO. The parameter n is fixed at 4, while m varies

from 4 to 6. The bottom panel of Figure 4.1 depicts the tilt and distortion of the CoO6 and

IrO6 octahedra, measured by the variation in metal-oxygen bond lengths, as a function of

the layer number. The layers are numbered relative to the interface (IF), with IF + l and IF -

l referring to the transition metal (TM) layers in the SIO and LCO blocks, respectively. As

expected, the maximum tilt and distortion of the octahedra occur at the IF, with tilt angles

reaching up to 15° for IrO6 and 25° for CoO6, and bond distortions of approximately 0.2

Å and 0.45 Å, respectively. These structural deviations diminish progressively toward the

center of each block, becoming negligible at the block’s center.

The polar discontinuity at the IF, arising from the interface between the neutral layers
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of SIO and the charged layers of LCO, results in a diverging electrostatic potential. This

potential can be mitigated by interfacial polar charge transfer, a process that significantly

influences the properties of the heterostructure. The direction and magnitude of this charge

transfer are critical factors that will be discussed in detail in subsequent sections.

4.3.2 Valence and spin states of transition metal ions in superlattice
structures

The compound LaCoO3 (LCO) is widely studied for its temperature-induced spin state

transition and the ongoing debate surrounding the nature of the spin state. The calculated

spin state of the Co ion in bulk LCO is highly sensitive to the choice of the Hubbard U

and Hund’s coupling JH parameters, as reported in previous studies [14]. In our current

investigation, we varied the U and JH values for Co over a wide range to examine their

impact on the structural, electronic, and magnetic properties of the heterostructure. The

trends observed in these properties were consistent across the studied systems with m= 4,5,

and 6.

Figure 4.2 presents the layer-resolved and atom-projected GGA+U density of states for

the (LCO)4.5/(SIO)4.5 heterostructure. The contributions from the four distinct CoO2 layers

[(IF-1), (IF-2), (IF-3), and (IF-4) from top to bottom] within the LCO block are displayed in

the left panel. Meanwhile, the contributions from the five distinct IrO2 layers [(IF), (IF+1),

(IF+2), (IF+3), and IF from top to bottom] are depicted in the right panel.

In SIO, the crystal field split and spin split Ir t2g states, which are strongly mixed with O

p states, cross the Fermi level (EF ) while the eg states remain unoccupied. This electronic

structure characterizes the SIO as a ferromagnetic metal within the heterostructure. The

calculated magnetic moment at the Ir site is approximately 0.5 µB, which includes an orbital

moment of around 0.1 µB. Additionally, a significant magnetic moment of approximately

0.1 µB is observed at the O sites within the IrO2 layers.

Focusing on the Co electronic structure, in the majority spin channel, the Co t2g states

are fully occupied, while the broad Co eg states partially cross EF , showing a low density

of states at EF . In the minority spin channel, the Co eg states are completely empty, while

the Co t2g states are largely filled, with a partial gap arising from the combined effects of

crystal field splitting and the Hubbard U . The low density of states at EF in the majority spin

channel may be susceptible to localization effects, which could explain certain experimental

observations [13].

Figure 4.3 illustrates the computed magnetic moments and Bader charges for the Co

and Ir sites across different layers. The top panel shows the magnetic moments at CoO2

layers adjacent to the interface (IF-1) and the next layer (IF-2) for various U and JH values.
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Figure 4.2: (Color Online) The layer-resolved density of states projected onto Co d (left)
and Ir d (right) orbitals in the (IF-l) and (IF+l) layers of CoO2 and IrO2 in the LCO and
SIO blocks of the (LCO)4.5/(SIO)4.5 superlattice. The energy zero point is set at the Fermi
energy. The octahedral crystal field split t2g and eg contributions of Co d and Ir d orbitals
are marked.

The bottom panel depicts the variation in magnetic moments and Bader charges at these

sites as a function of the layer index.

The Co d states exhibit layer-dependent behavior; the electronic structure near EF for

Co atoms in layers closer to the interface differs from those in more distant layers. The

partially filled Co eg states in the majority spin channel are notably more pronounced for

layers adjacent to the interface compared to those further away. This difference is also

evident in the magnetic moment calculations, with layers close to the interface showing

approximately 0.3 µB higher magnetic moments than those farther from the interface. Bader

charge analysis [27] corroborates this finding, revealing that Co sites near the interface have

approximately 0.2 e− more charge than those away from it.

The calculated magnetic moments for the Co ions, including contributions from oxy-

gen atoms, range between 2 and 3 µB, depending on the chosen U and JH values. In the

fully polarized limit, the nominal Co3+ valence in a 3d6 configuration can exhibit magnetic

moments of 0, 2, and 4 µB corresponding to low-spin (LS), intermediate-spin (IS) and high-

spin (HS) states, respectively [14]. Thus, our results indicate a reduction in the Co valence
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Figure 4.3: Top: Computed magnetic moment in the CoO2 layers adjacent to the interface
(IF), labeled as IF-1, and the subsequent layer, labeled as IF-2, for various U and JH values
at the Co site. Bottom: Magnetic moment (left axis) and Bader charge (right axis) at the
Co and Ir sites, plotted as a function of the layer index for the m = 4 LCO/SIO superlattice.
The inset shows the electron occupancy of the Ir and Co d levels split by the octahedral
crystal field.

.

state from 3+ in the bulk structure towards 2+ in the heterostructure, leading to a (3-δ )+

valence state, where δ is larger for Co atoms near the interface compared to those farther

away. This corresponds to an intermediate-spin state for Co.

To verify the dependence of the charge and spin state of Co on the choice of Coulomb

parameters, we varied the value of U over a broad range (4–7 eV) and the value of JH

over 0.6–1.0 eV. As shown in Figure 4.4, the calculated magnetic moments consistently

fall within 2–3 µB for all cases, with larger moments observed in layers close to the inter-

face compared to those farther away. This robustness in the magnetic moment suggests a

consistent interfacial charge flow towards the LCO block, in alignment with experimental

findings [13] as observed through energy loss spectroscopy. The stabilization of the inter-

mediate spin state of Co observed in this study warrants further experimental investigation

to confirm these theoretical predictions.
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Figure 4.4: (Color Online) Top: Computed magnetic moment in the CoO2 layers adjacent
to the interface (IF-1) and the next layer (IF-2). Bottom: Computed magnetic moment in
the IrO2 layers adjacent to the interface (IF+1) and the next layer (IF + 2) for various
values U and JH at the Co site.

4.3.3 Magnetic exchange interactions and interface magnetism

To fully comprehend the magnetic ground state of the system, it is essential to investi-

gate the magnetic exchange interactions in addition to the magnetic states of the transition-

metal ions established earlier. As depicted in Figure 4.1, the primary magnetic interactions

include the nearest neighbor (NN) Co–Co interactions within the LCO block, the Co–Ir

interactions across the interface and the Ir–Ir interactions within the SIO block.
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Figure 4.5: (Color Online) The five different spin configurations considered to estimate
the magnetic exchanges. The top panel diagram illustrates the numbering of the Co (blue)
and Ir (violet) atoms. The table in the bottom panel presents the energies (in meV) of each
configuration, measured relative to the energy of the ferromagnetic configuration.
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To estimate these interactions, we examined five different spin configurations with var-

ious possible alignments of the Co and Ir spins, as shown in Figure 4.5. The Co and Ir

atoms in four distinct layers of CoO2 and five layers of IrO2 are numbered, with their spin

orientations indicated. In shorthand notation, up and down spins are represented by the

letters “u” and “d,” respectively.

We calculated the total energy for these five spin configurations and mapped them onto

the spin Hamiltonian Hmagnetic = −Ji j Si · S j, where Si and S j represent the spins of two

atoms separated by a distance r, and Ji j is the exchange constant. A positive Ji j indicates a

ferromagnetic (FM) interaction, while a negative Ji j indicates an antiferromagnetic (AFM)

interaction. Our results show that the total energy of each spin configuration is highly

dependent on the structural relaxation of atomic positions induced by the magnetic order,

indicating a strong magnetostructural coupling in the heterostructure.

Interestingly, among all the spin configurations studied, the parallel alignment of Co and

Ir spins within the LCO and SIO blocks is the most energetically favorable. By mapping

the computed total energies to an NN spin model, we determined the exchange constants

J1, J2, and J3 to be +8.8, +0.6, and +1.6 meV, respectively. The positive values indicate

ferromagnetic interactions, highlighting that strong FM within the LCO block induces FM

within the SIO block via Co–Ir magnetic coupling.

Further analysis of magnetocrystalline anisotropy revealed a pronounced preference for

an in-plane spin orientation, with an energy gain of approximately 4 meV per Ir atom over

the out-of-plane orientation. This result is consistent with experimental findings [13] and

underscores the significance of in-plane magnetic anisotropy in this heterostructure system.

4.3.4 Topology in strained tetragonal ferromagnetic SrIrO3

As discussed previously, the potential topological properties of bulk SrIrO3 (SIO) have been

extensively explored both theoretically and experimentally [9, 28]. Theoretical calculations

revealed the presence of a line node composed of Jeff = 1/2 bands below the Fermi level

[9]. Angle-resolved photoemission spectroscopy (ARPES) studies on strained SIO grown

on substrates such as SrTiO3 (STO) and (LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT) indicated the

existence of Dirac line nodes, which were observed to be gapped [28]. Furthermore, the

experimental observation of a large anomalous Hall effect (AHE) in the LCO/SIO het-

erostructure [13] points to an intriguing interplay between magnetism and topology when

SIO is in contact with LCO.

In the heterostructure configuration, the interaction between Co and Ir at the interface

induces ferromagnetism (FM) in SIO, which contrasts with its bulk paramagnetic, mon-

oclinic symmetry. Moreover, the pseudo-tetragonal symmetry of the heterostructure, im-

posed by the substrate, further modifies the electronic structure of the SIO. Consequently,
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it is essential to investigate the topological properties of FM and tetragonal SIO under these

conditions.

  

E
n

er
gy

 (
eV

)

a       A

E
n

er
gy

 (
eV

)

E
n

er
gy

 (
eV

)

C= +2

C= +2

p
x
, p

y

d
xz

, d
yz

     
      b             A’a’ b’

C= -2

C= -2

Ω
z 

(a
.u

.)

E
n

er
gy

 (
eV

)

a       A       b

Figure 4.6: Top: The GGA + SOC + U band structure of ferromagnetic (FM), tetrago-
nal SrIrO3 (SIO), with in-plane lattice parameters constrained to those of SrTiO3 (STO)
(left), plotted along the high-symmetry directions of the tetragonal Brillouin zone (BZ)
(right). Bottom: Left—band structure zoomed along a = (π/a,π/a,0.126π/c), A =
(π/a,π/a,π/c), b = (0.224π/a,0.224π/a,π/c), and the symmetry-related path a′ =
(π/a,π/a,0.126π/c), A′ = (π/a,π/a,π/c), b′ = (0.224π/a,0.224π/a,π/c), projected
onto the Ir dxz/dyz and the O px/py orbitals. Middle—calculated Chern numbers and Berry
curvatures of the two crossings above and below EF along a–A–b. Right—the same along
a′–A′–b′. See the top right panel for the positioning of a, a′, b, and b′ in the BZ, with Weyl
points of positive and negative chirality colored red and blue, respectively.

The top panel of Figure 4.6 illustrates the GGA + SOC + U band structure of FM,

tetragonal SIO, confirming its metallic nature and showing several band crossings near the

Fermi level (EF ). The pseudo-tetragonal symmetry leads to orbital degeneracies among

the orbitals Ir dyz and dxz, as well as the O px and py. Recent studies have sought to

identify topological semimetals beyond the conventional Dirac and Weyl types, focusing

on those characterized by higher topological charges. In this context, the concept of double

Weyl points has been explored and is illustrated schematically in Figure 4.7 [29]. These

can manifest as three-fold degenerate spin-1 Weyl points with linear band crossings and a

Chern number C = 2 along with an additional flat band [30], four-fold degenerate charge-2

Dirac points [29], or two-fold degenerate charge-2 Weyl points with quadratic dispersion

[31].

The FM SIO’s orbital degeneracy offers the potential for realizing such double Weyl
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Figure 4.7: Illustrations of various Weyl points with different Chern numbers. (a) A con-
ventional spin-1/2 Weyl point characterized by a Chern number of ±1. (b) A quadratic
Weyl point, which involves 2 bands and exhibits Chern numbers of ±2. (c) A spin-1 Weyl
point, consisting of 3 bands with Chern numbers of 0 and ±2. (d) A charge-2 Dirac point
involving 4 bands, characterized by Chern numbers of ±2. In this context, the quadratic
Weyl point, spin-1 Weyl point, and charge-2 Dirac point are categorized as double Weyl
points. The figure is adapted from [29].

points. Analyzing the band structure near the A point (π/a, π/a, π/c) along the M(π/a,

π/a, 0) – A – Z(0, 0, π/c) path reveals two linear band crossings: one at approximately 0.01

eV above EF and another at approximately 0.02 eV below EF (see the encircled regions in

the bottom panels of Figure 4.6). Furthermore, two semi-Dirac crossings are observed at

high-symmetry A (A′) points. These crossings result from the intersection of two doubly

degenerate bands, arising from the degenerate orbitals Ir dxz/dyz and O px/py, as shown in

the left panels of the bottom row in Figure 4.6.

Focusing on linear crossings away from the high-symmetry A point, the degenerate

orbitals undergo transformations under symmetry operations, leading to two degenerate

Weyl points at the same momenta, K. These linear crossings can be described by the low-

energy Hamiltonian H = H ⊗σ0, where H is the Hamiltonian for each Weyl point and σ0

is the identity matrix in orbital space. This results in double Weyl points that are locally

stable unless perturbed by mixing with Weyl points of opposite chirality or lifting of orbital

degeneracy. These points are characterized by a topological charge of C =±2, which meets

the criteria for charge-2 Dirac points.

The calculated Chern number for the crossing at K = (π/a,π/a,0.339) above EF is +2,

while the symmetry-related crossing at K = (π/a,−π/a,0.339) exhibits a Chern number of

−2. Similarly, the crossing at K = (0.446 π/a,0.446 π/a,π/a) above EF has a Chern num-

ber of +2, whereas the symmetry-related crossing at K = (0.446 π/a,−0.446 π/a,π/a)

shows a Chern number of −2, as illustrated in the bottom, middle and right panels of Fig-

ure 4.6. These opposite chiralities of Weyl points above and below EF are corroborated

by the opposite signs of the calculated Berry curvatures (cf. Figure 4.6). The calculated

intrinsic anomalous Hall conductivity (AHC), arising from the Berry curvature effect, is

found to be positive and substantial, with a value of 7.5 Ω−1 cm−1, in good agreement

with the experimental measurements. An adaptively refined [32] k grid of 16×16×16 was
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sufficient to achieve convergence for the AHC value.

4.4 Summary and Discussion

In summary, our first-principles investigation of the LaCoO3/SrIrO3 (LCO/SIO) heterostruc-

ture provides a detailed microscopic understanding of the observed counterintuitive ferro-

magnetism and reveals intriguing topological properties of the system. Our study corrobo-

rates the experimental findings of interfacial charge transfer to the LCO layer, leading to a

reduction in the nominal valence of Co from 3+ towards 2+. Furthermore, we predict the

presence of an intermediate spin (IS) state for Co, which generates robust ferromagnetic

exchange interactions between Co sites. This is noteworthy since, in the bulk ground state,

Co stabilizes in a non-magnetic low-spin (LS) state.

The strong ferromagnetic exchange between Co ions is found to induce a long-range

ferromagnetic order within the SIO block through interfacial Co–Ir ferromagnetic inter-

actions. This elucidates the critical role of LCO in stabilizing the magnetism within the

LCO/SIO heterostructure. Additionally, the ferromagnetic, tetragonal SIO, constrained by

the STO substrate, is shown to host charge-2 Dirac points, driven by the inherent orbital

degeneracy.

Our findings not only offer a microscopic explanation for the observed anomalous Hall

effect (AHE) in the LCO/SIO heterostructure [13], but also pave the way for the exploration

of novel quasiparticles. The realization of charge-2 Dirac points suggests the potential for

discovering new material phases beyond the conventional Dirac and Weyl points, thereby

expanding the scope of topological materials research.
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5
Trend in Interfacial Charge Transfer,
Emergent Electronic and Magnetic
Structure and Topological Properties in
the 3d, 5d Superlattices LaBO3/SrIrO3

(B = Mn, Fe, Co, Ni)∗

5.1 Introduction and Motivation

The investigation of transition-metal oxides (TMOs), especially at the interface between 3d

and 5d TMOs, has opened new avenues in understanding the interplay of electron-electron

correlations and spin-orbit coupling (SOC). This interaction forms the basis of several emer-

gent phenomena in condensed matter systems [1]. In particular, the combination of 3d

TMOs, where strong electron correlations dominate, with 5d TMOs, which exhibit signif-

icant SOC, is a promising approach for discovering exotic properties. This study extends

the detailed investigation of the LaCoO3(LCO)/SrIrO3(SIO) system presented in the previ-

ous chapter. It examines heterostructures consisting of LaBO3 (B = Mn, Fe, Co, Ni) and

SrIrO3 (SIO), where the variation of the transition metal at the B-site offers novel pathways

to modulate the complex interplay between electron correlation and spin-orbit coupling

(SOC).

The spatial separation between 3d ions, characterized by pronounced electronic corre-

lations, and 5d ions, which exhibit significant spin-orbit coupling (SOC), minimizes the

*This chapter is based on the article: Samir Rom and Tanusri Saha-Dasgupta, (Under Review).
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complexities that often arise due to the interaction between correlation effects and SOC

at the same site. Furthermore, as mentioned in Ref.[2], the stabilization of 5d ions in

low-spin states with t2g occupancy within the octahedral crystal field splitting d levels, cou-

pled with robust oxygen covalency, prevents Jahn-Teller distortion, thus supporting the po-

tential emergence of nontrivial topological phases. Investigations into such bi-component

perovskite systems have been carried out both in the form of naturally occurring double

perovskite compounds with the general formula AA′BB′O6 or in the form of artificial su-

perlattices, realized through the epitaxial deposition of a perovskite layer with the formula

ABO3 atop another layer characterized by the formula A′B′O3.[3] The alternating deposi-

tion of chemically distinct ABO3 perovskites not only combines the intrinsic properties of

each perovskite layer but also creates mutual influence through a proximity effect, leading

to emergent interfacial properties.
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Figure 5.1: (a) The chemical constituents of ABO3/A′B′O3 superlattices explored in this
study with A and A′ chosen as lathanide series element, La and alkaline metal Sr, B chosen
as 3d TM elements, Mn, Fe, Co, Ni and B′ chosen as 5d TM element, Ir. (b) The d occu-
pancy of B3+ cation in LBO and B′(Ir)4+ cation in SIO. (c) LBO/SIO superlattice with two
symmetric n-type interfaces in the unit cell. (d) LBO/SIO superlattice with two symmetric
p-type interfaces in the unit cell. The La, Sr, Ir, 3d TM and O atoms are shown as large-
cyan, large-green, medium-dark green, medium-blue and small-brown balls, respectively.

Recent investigations have focused extensively on the (001) heterostructure involving

3d transition metal oxides (TMO) and 5d TMO, specifically SrIrO3 (SIO), which have

unveiled novel phenomena at the interfaces [4–6]. Discussions around strontium iridate

compounds predominantly center on the realization of the spin-orbital Mott insulating state

within the J=1/2 states of Ir4+ in the layered perovskite Sr2IrO4.[7] In contrast, orthorhom-

bic perovskite SrIrO3 is characterized by semi-metallic, non-magnetic properties and the

presence of protected Dirac line nodes.[8–11] Despite its non-magnetic nature, SrIrO3 is

predicted to be on the verge of magnetic instability.[12] Consequently, significant efforts
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have been directed at stabilizing magnetic states in SIO either by exerting strain to achieve a

tetragonal structure [13] or by engineering heterostructures that interface SIO with magnet-

ically active perovskite layers such as manganites [4, 14–21], LaCoO3, or ruthenates.[22]

The synthesis of a heterostructure comprising SIO and LaCoO3 (LCO) has revealed sig-

nificant anomalous Hall effect (AHE) and anomalous magnetoresistance.[23] Theoretical

investigation [24] have unraveled the underlying mechanisms of the observed AHE. Specif-

ically, in the constructed superlattice geometry, there was a clear polar charge transfer

to the LCO block, altering the nominal valence state of Co from 3+ towards 2+, which

in turn stabilized the intermediate spin state of Co accompanied by robust ferromagnetic

Co–Co coupling. This interaction subsequently stabilized the ferromagnetic (FM) state in

the tetragonal-structured SIO within the superlattice geometry, driven by the FM influence

of the LCO block. In particular, the band structure of SIO in this geometry was revealed to

host non-trivial C = 2 double Weyl points.[24]

In this backdrop, it will be interesting to study the systematics in properties of super-

lattices of LaBO3 (LBO) and SrIrO3, where B cations are 3d TM ions (Mn, Fe, Co, and

Ni), moving from left to right across the 3d TM row of the periodic table, as shown in Fig-

ure 5.1(a). While Fe3+ in LaFeO3 (LFO) is isoelectronic to Ir4+ in SrIrO3 (both having d5

occupancy), Co3+ in LCO and Ni3+ in LaNiO3 (LNO) have higher occupancy, and Mn3+ in

LaMnO3 (LMO) has lower occupancy compared to Ir4+ in SIO (cf. Figure 5.1(b)). Interest-

ingly, all four LBO/SIO heterostructures have recently been synthesized using pulsed laser

deposition (PLD) and characterized through magnetotransport measurements [15, 23, 25–

27].

The bulk properties of LBO and SIO exhibit a variety of physical characteristics, which

form the foundation for understanding their heterostructures. LBO compounds display di-

verse magnetic and electronic behaviors: LMO (d4) and LFO (d5) are antiferromagnetic

insulators, LCO (d6) shows spin-state transitions, and LNO (d7) is a paramagnetic metal.

Meanwhile, SIO, a 5d transition metal oxide, is a paramagnetic semimetal with strong

spin-orbit coupling (SOC) and a d5 configuration. These bulk properties are summarized

in Table 5.1. In the heterostructures, where the in-plane lattice parameters are constrained

to match SrTiO3 (3.905 Å), the lattice mismatch leads to strain in the LBO and SIO lay-

ers. SIO experiences a 1.1% compression, while the LBO layers show varied strain: LMO

is compressed by 1.3%, LFO by 0.69%, LCO is expanded by 1.5%, and LNO by 0.59%.

These strain values are expected to significantly affect the electronic and magnetic proper-

ties at the interfaces.

It is important to note that the A/B cations in SIO adopt valence states of 2 + / 4 + with

neutral (SrO)0 and (IrO2)0, while the layers in LBO are charged, comprising (LaO)+1 and

(BO2)−1. This charge disparity leads to the formation of two distinct types of interfaces:
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Compound a (Å) b (Å) c (Å) Crystal Symmetry Magnetic State Transition Temp.

SIO 3.959 3.945 3.940 Orthorhombic (Pnma)[28, 29] Non-magnetic (Semi-metal) –
LMO 3.915 4.064 3.846 Orthorhombic (Pnma)[30] Antiferromagnetic (A-type, Mott-Hubbard Insulator)[31] TN ∼ 140 K
LFO 3.929 3.935 3.927 Orthorhombic (Pbnm)[32] Antiferromagnetic (G-type, Insulator) TN ∼ 740 K
LCO 3.846 3.846 3.270 Rhombohedral (R3c)[33] Non-magnetic (Insulator) TC ∼ 150 K
LNO 3.882 3.882 3.285 Rhombohedral (R3c)[34] Non-magnetic (Metal) –

Table 5.1: Structural and magnetic properties of the bulk phases of SIO, LMO, LFO, LCO,
and LNO.

n type (IrO2 of the SIO facing LaO of LBO) and p type (BO2 of LBO facing SrO of

SIO) (cf. Figure 5.1(c) and Figure 5.1(d)). Since experimental setups often do not allow

control or identification of n-type or p-type interface formation, we study both geometries

to comprehensively analyze their electronic and magnetic structure.

Our investigation reveals a notable pattern in the interfacial charge transfer behavior

when the transition from the Mn3+ cation to the Ni3+ cation at the B site in a heterostruc-

ture. The polarity of the interface (n-type or p-type) and the selection of the B cation

govern whether the interfacial charge is transferred to the LBO block or the SIO block.

This phenomenon either enhances or suppresses the magnetic moment of both the B site

cation and the iridium (Ir) in the heterostructure setting, in comparison to their behavior

in isolated components. Our calculations indicate significant ferromagnetic Ir-Ir magnetic

exchanges in both n-type and p-type LCO/SIO and LNO/SIO, and in p-type LMO/SIO

heterostructures, whereas it is significantly diminished in LFO/SIO. Consequently, we ob-

serve a substantial intrinsic anomalous Hall conductivity (AHC) in LCO/SIO, LNO/SIO,

and LMO/SIO, while it is considerably reduced in LFO/SIO. These results can potentially

explain recent experimental observations[27]. Our study underscores the pivotal influence

of the interface polarity and the chemistry of the 3d transition metal oxide layer (TMO) in

dictating the nature of charge transfer, thus modulating the complex topological properties

in SIO.

5.2 Computational Details

In the superlattice geometry, we consider two symmetric n-type or p-type interfaces in the

cell which result in nonstoichiometric supercells. In the case of n-type (p-type) superlat-

tices there results in an additional IrO2 (SrO) layer in SIO and an additional LaO (BO2)

layer in LBO. This gives rise to superlattices with the formula (LBO)m.5/(SIO)n.5. The

(m,n) values are chosen to be 4 and 3 for n-type and 3 and 4 for p- type geometries. The

larger superlattices with m /n = 5, 6 do not significantly change the result, as was found for

LCO/SIO. [24]

To mimic the experimental setup where heterostructures are grown epitaxially on a

SrTiO3 (STO) substrate, the in-plane lattice constants in our simulations were fixed to
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match the periodicity of STO. Specifically, the in-plane lattice parameters (a, b) were set to

3.905 Å×
√

2 to account for potential octahedral tilts. During structural optimization, the

out-of-plane lattice parameter and the z-coordinates of the atomic positions were allowed to

relax, accommodating strain perpendicular to the interface. This method enables structural

changes such as octahedral tilts and tetragonal elongation or compression. As a similar

procedure was detailed in chapter 4 for the LCO/SIO system, redundant figures are omitted

here.

First-principles calculations were performed using DFT with a plane-wave basis set

and PAW potentials, as implemented in VASP package [35, 36]. The Perdew-Burke-

Ernzerhof (PBE) form of the generalized gradient approximation (GGA) was employed

for the exchange-correlation functional. The valence states considered for each element

were: O (2s2, 2p4), Sr (4s2, 4p6, 5s2), La (5s2, 5p6, 5d1, 6s2), Mn (3d6, 4s1), Fe (3d7, 4s1),

Co (3d8, 4s1), Ni (3d9, 4s1), and Ir (5d8, 6s1). The ground-state properties were computed

using a Monkhorst-Pack k-point grid of 7× 7× 1 and a plane-wave energy cut-off of 600

eV. The atomic structures were optimized by minimizing the Hellmann-Feynman forces on

each ion to less than 0.001 eV/Å, ensuring precise structural determination. These compu-

tational parameters were selected after thorough convergence tests to ensure their reliability

for the studied systems.

To address the localized nature of the d-electrons in transition metal oxides, we em-

ployed the Hubbard U parameter and Hund’s coupling JH within a rotationally invariant

formulation [37]. For Ir, the U and JH values were set to 2 eV and 0.5 eV, respectively,

based on existing literature [17, 38, 39]. For the 3d transition metals (Mn, Fe, Co, and Ni),

U and JH were fixed at 5 eV and 0.8 eV, respectively. While we used the same U and JH

values for all B elements in this study, we verified the robustness of our results by varying

the U value within a range of ±1–2 eV for each case. Since the JH value is expected to show

little variation across the 3d transition metal series, it was kept constant. It was observed

that the qualitative trend remains unchanged, with only minor variations in the actual val-

ues. To ensure a straightforward comparison and avoid introducing additional complexity

from varying U values, we decided to report all results using a fixed U value of 5 eV. This

approach provides a consistent and simplified platform to understand the underlying trends

in the system.

Given the significant role of spin-orbit coupling (SOC) at the iridium (Ir) sites, we per-

formed self-consistent GGA+U+SOC calculations to account for its effects accurately. For

the specific case of the LCO/SIO heterostructure, SOC effects on structural relaxation were

also considered. However, the results showed only marginal differences when compared

to those obtained without SOC-induced relaxation. Based on this observation, structural

relaxations for all other cases were carried out using the GGA+U method alone, as the
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inclusion of SOC during relaxation was considered unnecessary for these systems.

The topological properties of the band structure were studied using the WANNIER90

code[40]. In particular, the maximally localized wannier functions were derived with Sr-s,

Ir-d and O-p as basis set and the Berry flux through a closed surface enclosing the node was

calculated[41].

In the clean limit, the anomalous Hall conductivity (AHC) was calculated using the

Kubo formalism [42], which accounts for the Berry curvature contribution. The Berry

curvature for each band is determined as:

Ω
z
n(k) =−2Im ∑

m ̸=n

⟨n|v̂x|m⟩⟨m|v̂y|n⟩
(εm − εn)2 (1)

where εm and |m⟩ represent the energy eigenvalue and eigenvector of the Hamiltonian,

while v̂x and v̂y denote the velocity operators along the x and y directions, respectively. The

total AHC was then obtained by integrating the Berry curvature over the Brillouin zone,

weighted by the Fermi-Dirac distribution function fn, as follows:

σxy =−e2

h̄ ∑
n

∫
BZ

d3k
(2π)3 Ω

z
n(k) fn (2)

Here, fn is the Fermi-Dirac distribution function, and the integral is performed over the

entire Brillouin zone. This method effectively captures the intrinsic contribution to the

AHC arising from the Berry curvature of the occupied electronic states.

5.3 Results

5.3.1 Charge Transfer in LBO/SIO Superlattices

In the well-documented instance of LaAlO3/SrTiO3 heterostructures,[43] a notable phe-

nomenon occurs at the interface (IF) due to the polar discontinuity that arises when per-

ovskite layers belonging to different charge families are brought into proximity. To prevent

the divergence of the electrostatic potential, it is necessary to facilitate an interfacial polar

charge transfer. The orientation and magnitude of this interfacial charge transfer are criti-

cal parameters that can significantly affect the overall characteristics and properties of the

heterostructure.

In order to determine the direction of charge transfer, we first examine the scenario on

the basis of calculated magnetic moments at the TM sites, which serve as good indicators

of the nominal valences including the spin states. For this purpose, we consider different

possibilities of charge and spin states, as a given charge state can appear in different spin
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Figure 5.2: (a) The calculated magnetic moment at Co and Ir sites at different CoO2/IrO2
layers of LCO/SIO superlattices with two symmetric n-type (blue symbols) and p-type (red
symbols) IFs in the cell. The IF+L layers belong to the SIO block, while the IF-L layers
belong to the LCO block. IF is formed in the IrO2 (CoO2) layer in the n-type (p-type)
geometry. (b) The nominal occupancy of the octahedral crystal field split t2g and eg levels
of Co and Ir in the n-type and p-type IFs after electronic reconstruction. Up and down
electrons are shown as up and down arrows. The δ amount of occupancy of Co d6+δ due
to charge transfer in the n-type IF is shown with a red arrow and a closed symbol. The
depletion of δ electrons in Ir d5−δ due to charge transfer in p-type IF is shown with a red
arrow and an open symbol. (c) same as (a), but shown for calculated magnetic moment at
Ni and Ir sites at different NiO2/IrO2 layers of LNO/SIO superlattices. (d) same as (b), but
shown for the d occupancy of Ni and Ir.

states, high-spin, intermediate-spin or low-spin, thus influening the values of magnetic mo-

ments. Subsequently, we corroborate these conclusions through analysis of partial density

of states.

Keeping this in mind, the magnetic moments at the B and Ir sites belonging to the

BO2 and IrO2 layers in the LBO and SIO blocks, calculated by GGA+U, are presented in
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Figure 5.3: (a) The calculated magnetic moment at Fe and Ir sites at different FeO2/IrO2
layers of LFO/SIO superlattices with two symmetric n-type (blue symbols) and p-type IFs in
the unit cell. The color convention and illustration is same as in Fig. 5.2. (b) The nominal
occupancy of Fe and Ir octahdedral crystal field split, t2g and eg states in the n-type and
p-type IFs after electronic reconstruction. Conventions same as in Fig. 5.2. (c) same as
(a), but shown for calculated magnetic moment at Mn and Ir sites at different MnO2/IrO2
layers of LMO/SIO superlattices. (d) same as (b), but shown for the d occupancy of Mn
and Ir.

Figure 5.2 and Figure 5.3 for the four systems studied. Note that because of the superlattices

constructed with two symmetric IFs in the unit cell, the magnetic moments are symmetric

with respect to the mid point of each block.

We first consider the Ir moment in SIO, which is common for all four superlattices. The

photoemission study on SrIrO3 thin films[8] show a band-width driven pronounced mixing

between the Je f f = 1/2 and Je f f = 3/2 states, which causes breakdown of the Je f f =1/2,

3/2 picture in SIO. We thus first consider the spin only moment, and discuss the trend in

magnetic moment based on the spin-only moment of Ir as given in GGA+U calculations.
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Subsequently, the effect of spin-orbit is considered within GGA+U+SOC calculations. The

inclusion of SOC is found to keep the discussed trend unaltered.

We note that in the bulk SIO, Ir is in low-spin (LS) 4+ (d5) nominal valence, resulting

in a spin moment of 1 µB in the fully polarized limit with six t2g levels (including spin

degeneracy) filled by five electrons. An increase in Ir valence to (4+δ )+ would cause an

increase in fully polarized spin moment to (1+δ ) µB, while a decrease in Ir valence to (4-δ )+

would cause a decrease in fully polarized spin moment to (1-δ ) µB. Note, this description

of considering the spin-only GGA+U calculated moments relies on the use of the (L,S)

basis rather than the J basis. As SrIrO3 exhibits significant mixing between jeff = 1/2 and

jeff = 3/2 states,[8] the (L,S) basis provides a more suitable framework for understanding

the electronic structure. Thus, the Ir moment is discussed within the (L,S) basis in this

study, consistent with previous works on SrIrO3.[11, 44]
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Figure 5.4: The layer-decomposed density of states projected to Ir d (top) within SIO block
and B d (bottom) states within the LBO block of LBO/SIO n-type heterostructures. The
numbering of the layers is same as in Figure 5.2 and Figure 5.3. The zero of the energy is
set at Fermi level. Marked are the octahedral crystal field split, t2g and eg states. Panels in
(a)-(b), (c)-(d), (e)-(f), and (g)-(h) show the plots for B = Mn, Fe, Co, Ni, respectively.

For LCO, Co3+ in its nominal valence of d6, is expected to give rise to a fully polarized

spin moment of 4 µB in its high-spin state (HS), 2 µB in its intermediate-spin (IS) state,

and 0 µB in its LS state. The decrease in Co valence from 3+ to (3-δ )+ would cause an

increase in the spin moment. The calculated spin magnetic moments of Co and Ir ions
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at different layers of AO and BO2 of the n-type and p-type LCO/SIO heterostructures are

shown in Figure 5.2(a). In accordance with the published literature [24], for the interface

of type n, the Ir moments in the SIO block show little variation among the layers with an

average moment of ∼ 0.5 µB. The moment at Co sites, on the other hand, shows a strong

layer dependence with Co sites at IF having moment ∼ 2.5 µB, suggesting stabilization of

nominal Co(3−δ )+ valence in its IS state, with the value δ decreasing towards the middle

of the LCO block. In contrast, for the p-type LCO/SIO heterostructure, the Ir moments in

the SIO block show a strong layer dependence with the moment of Ir atoms close to the

IF substantially enhanced to a value larger than 1 µB. Co moments, on the other hand, are

reduced by about 0.2-0.3 µB. Thus for n-type heterostructure the nominal valence of Co

decreases from 3+ to (3-δ )+, while for p-type interface the nominal valence of Ir increases

from 4+ to (4+δ )+. The interfacial electron for n-type superlattice thus flows to the LCO

block, while the interfacial hole for p-type superlattice flows to the SIO block. Figure 5.2(b)

shows the suggested filling of octahedrally crystal field split Co and Ir eg and t2g states close

to IF for the n-type and p-type interfaces. This scenario continues to be valid for LNO/SIO

with Ni nominal valence decreasing from Ni3+ to Ni(3−δ )+ for n-type interface and nominal

valence of Ir increasing from 4+ to (4+δ )+ for p-type interface (cf. Figure 5.2(c)). The

corresponding filling of Ni and Ir states close to IF are shown in Figure 5.2(d).
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Figure 5.5: Same as in Fig 5.4, but plotted for the LBO/SIO p-type superlattices.

The situation for LFO/SIO is found to be remarkably different. The magnetic moments
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at the Fe sites show negligibly small variation among the different FeO2 layers in the LFO

block, (cf Figure 5.3(a)) with a moment of 4.6-4.7 µB following the nominal d5 valence

of Fe3+. On the contrary, significant variations of Ir moments are observed in the SIO

block. In particular for n-type IF, the Ir site has a nearly vanishing moment, suggestive

of close to Ir3+ valence with nearly filled Ir t2g levels, as shown in Figure 5.3(b). On the

contrary, a large increase of magnetic moment at Ir sites is witnessed for p-type interface,

significantly larger than the moment of 0.5 µB observed for LS Ir4+. This suggests that

interfacial electron for n-type IF as well as interfacial hole for p-type IF flows towards the

SIO block. A more or less similar situation is found for LMO/SIO, as demonstrated in

Figure 5.3(c) and Figure 5.3(d).

To study the influence of spin-orbit coupling, we further repeated calculations within

GGA+U+SOC. The 3d TM sites, Ni, Co, Fe and Mn at B sites show tiny orbital moment,

while the orbital moment at the Ir site is found to be appreciable, ranging from 0.1 to

0.2 µB. The general trend, as discussed above, however, remains preserved, with charge

transfer behavior similar for LNO/SIO and LCO/SIO superlattices, which are distinct from

LFO/SIO and LMO/SIO superlattices.

The magnetocrystalline anisotropy (MAE) calculations were performed using non-collinear

spin configurations with spin-orbit coupling (SOC) by evaluating the energy difference be-

tween out-of-plane (001) and in-plane (110) spin orientations. Positive MAE = E001−E110

indicates a preference for in-plane spin alignment, while negative values suggest out-of-

plane alignment. For n-type heterostructures, such as LCO/SIO and LNO/SIO, the results

reveal a strong preference for in-plane spin orientation, with energy gains ranging from

moderate to high (∼ 4–10 meV/Ir). On the other hand, p-type LCO/SIO and LNO/SIO

exhibit a modest preference for out-of-plane spin alignment, with energy gains around ∼ 2

meV/Ir. Both n-type and p-type heterostructures of LFO/SIO and LMO/SIO show a pref-

erence for out-of-plane alignment, with energy gains varying from weak (∼ 0.2 meV/Ir) to

strong (∼ 4.5 meV/Ir). These anisotropic spin alignments result from the interplay between

SOC and structural distortions, such as octahedral tilts and rotations, which strongly influ-

ence the magnitude and direction of MAE. Our computed MAE provide predictions to be

validated by experiments.

While the above analysis provides indication of charge transfer direction, and nominal

valences of B and Ir, magnetic moment is related to charge in a correlated fashion, carrying

information of both charge state and spin state. In following, we thus validate our findings

based on magnetic moments with that obtained from analysis of partial density of states.

Figure 5.4 shows the layer resolved GGA+U partial density of states (pDOS), projected

to Ir d in SIO block (top panels) and B d in LBO block (bottom panels) for LBO/SIO

n-type superlattices. In agreement with the conclusions drawn from magnetic moments,
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the Ir pDOS for LMO/SIO and LFO/SIO appear distinctly different from that of LCO/SIO

and LNO/SIO. In particular, the Ir pDOS at IF is nearly nonmagnetic and insulating for

LMO/SIO and LFO/SIO, as opposed to LCO/SIO and LNO/SIO for which they are strongly

spin-split and metallic. The B site pDOS in the LBO block for all the systems, except

LFO/SIO, on the other hand, exhibit a half-metallic behavior with B-eg states crossing the

Fermi level in the majority spin channel and no state at Fermi level in the minority spin

channel. In the case of LFO/SIO due to the nominal d5 occupancy of Fe at almost all the

layers, a nearly insulating solution is obtained. Thus our calculations predict an unusual

insulating IF to be created at the n-type junction between LFO and SIO.

Figure 5.5 shows similar plots as in Figure 5.4 but shown for p-type superlattices. Fo-

cusing on the Ir d projected states we find that distinctive features between LMO/SIO,

LFO/SIO and LCO/SIO, LNO/SIO, observed in the case of n-type interfaces do not show

up for p-type, supporting the similar nature of charge transfer in all four p-type superlat-

tices. The B site pDOS in the LBO block for the LMO/SIO, LCO/SIO, and LNO/SIO

systems remains half-metallic. The slight decrease in the magnetic moment of Fe in p-type

superlattice compared to n-type makes the LFO block semi-metallic.

To estimate the charge transfer at the interfaces of LBO/SIO heterostructures from den-

sity of states, we integrated the pDOS projected to B d and Ir d up to the Fermi level at IF

layer of the heterostructure as well as for the bulk systems. The bulk geometries of LBO

as well as SIO were considered in tetragonal structures, with lattice parameters same as

that in LBO and SIO block of the heterostructures. The difference of the integrated pDOS

in heterostructure and bulk systems provide the information of charge transfer (∆Q) due

to electronic reconstruction that happens upon formation of heterostructure. The charge

transfer for the B-site (∆QB) and Ir (∆QIr) for n-type and p-type interfaces are presented in

Table 5.2. Positive values of charge transfer indicate electron gain, while negative values

represent electron loss. The results further confirm the conclusions drawn from magnetic

moments.

Finally, we note while the direction of interfacial charge transfer is found to be the same

for all four p-type superlattices, the strength of the charge transfer is found to be different

for different superlattices, as inferred from Ir magnetic moments as well as from pDOS

analysis. It is maximum for LNO, followed by LCO and significantly smaller for LFO and

LMO. This may be rationalized by the fact that there exists finite covalency between 3d

TM B cation and 5d TM Ir, both of direct and indirect nature via the corner shared oxygen

of BO6 and IrO6 octahedra. The magnitude of this covalency influences the strength of

charge transfer. In this context, it is to be noted that by symmetry the LS Ir t2g states

hybridize with t2g states of B. In the case of LNO, the t2g manifold of B ion being filled, the

influence of covalency is minimal, thus making the strength of charge transfer maximum.
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Interface Type B-Site Element ∆QB (e) ∆QIr (e) Net Direction
n-type Mn -0.08 +0.13 B → Ir
n-type Fe -0.04 +0.17 B → Ir
n-type Co +0.95 -0.06 Ir → B
n-type Ni +0.26 -0.04 Ir → B
p-type Mn +0.04 -0.09 Ir → B
p-type Fe ∼ 0.0 -0.09 Ir → B
p-type Co +0.60 -0.13 Ir → B
p-type Ni +0.15 -0.10 Ir → B

Table 5.2: Charge transfer (∆Q) for B-site (∆QB) and Ir (∆QIr) in LBO/SIO heterostruc-
tures (B = Mn, Fe, Co, Ni) with n-type and p-type interfaces. Positive values indicate
electron gain, while negative values indicate electron loss.

LCO, and LFO, LMO, on the other hand, host one half-filled t2g and three half-filled t2g,

making the covalency effect intermediate and large for LCO/SIO and LMO/SIO, LFO/SIO,

respectively, providing a tentative explanation to the trend in the strength of charge transfer.

5.3.2 Magnetic Interactions
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FM FiM1

FiM2 FiM3

FiM4

Figure 5.6: Schematic representation of five spin configurations used in GGA+U total
energy calculations. (a) Ferromagnetic (FM) state with parallel alignment of spins at B
(blue) and Ir (green) sites. (b)–(e) Different antiparallel alignments (FiM1, FiM2, FiM3,
FiM4) B and Ir spins in LBO/SIO. The up and down spins are marked with red and orange
arrows, respectively.

To find the ground state magnetic configuration, GGA+U total energy calculations of

five different possible arrangements of B and Ir spins were carried out. In addition to

FM configuration with parallel alignment of B and Ir spins, different possible antiparallel

alignment of B spins in LBO block and Ir spins in SIO block, FiM1, FiM2, FiM3, FiM4

were considered. See Figure 6.6 for the considered spin arrangements. We also considered
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G-type antiferromagnetic configurations for the LBO and SIO block. However, most of the

calculations faced convergence issues, with the exception of LFO/SIO. For LFO/SIO, the

LFO block is found to stabilize in G-AFM while maintaining a FM alignment of Ir spins

in the SIO block. Thus when calculating the magnetic coupling strengths between atoms,

these configurations were not considered. Mapping the differences of the total energies to

the spin Hamiltonian Hspin = -Ji j Si.S j , where Si and S j are the two spins at sites i and j,

and Ji j is the exchange constant, the B-B, Ir-Ir and B-Ir exchange couplings were extracted.

Due to the nearly non-magnetic nature of Ir ions in n-type LMO/SIO and LFO/SIO, the

corresponding exchanges were not considered as magnetic nature of SIO is of interest for

the present study. The results are presented in Table 5.3. The Ir-Ir magnetic coupling is

found to be FM with appreciable value for n-type as well as p-type LNO/SIO and also for

p-type LMO/SIO. In all these cases, the B-B exchange in the LBO block is found to be

strongly FM, which induces ferromagnetism through an FM B-Ir exchange. In the case

of LFO, on the other hand, the Fe spins in LFO with half-filled d -shell in nominal d5

occupancy stabilize in G-type AFM configuration, with strong AFM Fe-Fe coupling. This

makes the FM Ir-Ir exchange at the SIO block extremely weak, making its manifestation in

AHC also weak.

n-LCO/SIO
J1 (Co-Co) -8.8

J2 (Ir-Ir) -0.6
J3 (Co-Ir) -1.6

n-LNO/SIO
J1 (Ni-Ni) -5.18
J2 (Ir-Ir) -0.44
J3 (Ni-Ir) -3.11

p-LMO/SIO
J1 (Mn-Mn) -2.94

J2 (Ir-Ir) -0.3
J3 (Mn-Ir) -2.71

p-LFO/SIO
J1 (Fe-Fe) 3.37
J2 (Ir-Ir) -0.05
J3 (Fe-Ir) -0.16

p-LCO/SIO
J1 (Co-Co) -12.0

J2 (Ir-Ir) -0.31
J3 (Co-Ir) -1.85

p-LNO/SIO
J1 (Ni-Ni) -1.14
J2 (Ir-Ir) -0.21
J3 (Ni-Ir) -1.78

Table 5.3: B-B (J1), Ir-Ir (J2) and B-Ir (J3) magnetic exchanges in meV for LBO/SIO su-
perlattices. Negative values indicate ferromagnetic coupling, while positive values indicate
antiferromagnetic coupling.

5.3.3 Topological Properties of SIO

The topological properties of the SIO in contact with LCO in n-type superlattice geometry

were theoretically explored [24] following the experimental observation of large AHE in

LCO/SIO. [23] The contact with LCO in the heterostructure geometry, affects the SIO in

two ways, a) induces ferromagnetism through the interaction with FM LCO block, and b)

makes the crystal structure of SIO pseudo-tetragonal in contrast to the monoclinic structure

of bulk SIO, as the heterostructures are grown on cubic SrTiO3 substrates. Accordingly,
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Figure 5.7: Calculated anomalous Hall conductivity in LCO/SIO, LNO/SIO and LMO/SIO
superlattices. The values for n-type and p-type are shown in blue and orange, respectively.
For LMO/SIO, only p-type superlattice is considered, as for n-type the SIO block becomes
essentially non-magnetic. The results are LFO/SIO are also not considered due to non-
magnetic nature of SIO in n-type case, and heavily suppressed ferromagnetism in p-type
case. Inset shows the representative band structure of n-type LCO/SIO projected onto the Ir
dxz/dyz (red) and the O px/py (green) characters along the path a = (π/a, π/a, 0.126π/c) -
A = (π/a, π/a, π/c) - b = (0.224π/a, 0.224π/a, π/c), revealing two linear band crossings
(shown in dashed circles) near the high-symmetry A point.

the GGA+U+SOC band structure of FM, tetragonal-structured SIO was studied. The band

structure, as given in the inset of Figure 5.7, shows two pairs of symmetry-allowed Dirac

crossings close to the high-symmetry A = (π/a, π/a, π/c) and A′ = (π/a, -π/a, π/c)

points, (only the ones around A point are shown in the inset figure) originating from the

two-fold degenerate Ir dxz/dyz orbitals in the tetragonal crystal structure, and the degenerate

O px/py orbitals. These crossings are found to be nontrivial with a topological charge of

C = ± 2.[24] These non-trivial features give rise to large values of Berry curvatures with

positive and negative signs corresponding to two different chirality of the two topological

charges. The calculations of the tetragonal band structure of FM SIO, in contact with LCO

(in p-type geometry), LNO (in n-type and p-type geometry), LMO (in p-type geometry)

show that symmetry-allowed Dirac crossings close to high-symmetry A and A′ remain pre-

served. However, the energy position of crossings varies. Though the in-plane (a = b)

lattice constant of the superlattices is kept fixed to the lattice constant of cubic STO, the

c-axis is free to relax. Due to different out-of-plane relaxation in different superlattices,

the tetragonality of the SIO block varies among different superlattices. The compressed
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tetragonality is observed for n-type LCO/SIO, LNO/SIO and p-type LMO/SIO with c/a

= 0.97, 0.99 and 0.93, respectively. On the contrary, elongated tetragonality is observed

for p-type LCO/SIO, and p-type LNO/SIO with c/a = 1.55 and 1.56, respectively. This in

turn makes the Dirac crossings move a bit closer or away from the Fermi level, influenc-

ing the marginally Berry curvature contribution to AHC at the Fermi level. The calculated

values of AHC, as shown in Figure 5.7, are found to be around 7-8 Ω−1 cm−1, in fair agree-

ment with experimentally observed range of 3-11 Ω−1 cm−1. The weakening of ferromag-

netism in SIO block in LFO/SIO, as brought out in our study, is supported by experimental

observation[27] of strong suppression of AHC to 0.2 Ω−1 cm−1 for LFO/SIO.

5.4 Summary and Discussion

Motivated by the experimental synthesis of 3d-5d superlattices, LBO/SIO with B = Mn, Fe,

Co, Ni, [27] we theoretically study these systems. The choice of B site cations offers a nice

platform to study the systematic trend in moving from left to right of the 3d TM row of

the periodic table. Due to experimental uncertainty on the interface type, both n-type and

p-type superlattices are studied. Our study highlights the polarity of the interface as well

as the chemistry of the B site play a significant role in influencing the interface properties.

While all four superlattices behave identically in terms of the direction of the interfacial

charge transfer for p-type interfaces, the differences show up for n-type interfaces. For

n-type superlattices, the interfacial charge gets transferred to the LBO block for B = Ni

and Co, having d occupancy larger than that of Ir4+ in SIO, while the direction of charge

transfer is found to be opposite for B = Fe and Mn, having d occupancy equal or smaller

than that of Ir4+ in SIO. Thus the direction of charge transfer is dictated by the polarity

of IF as well as the chemistry of B cation. This makes the tetragonal SIO block strongly

FM for both n-type and p-type LCO/SIO, LNO/SIO and p-type LMO/SIO, weakly FM

for p-type LFO/SIO, and nearly non-magnetic for n-type LMO/SIO, LFO/SIO, setting a

trend in the magnetism of SIO block of LBO/SIO superlattices. Remarkably, we predict

an insulating IF to be formed at n-type IF of LFO and SIO, driven by the charge transfer

effect. Our study further reveals magnetic SIO in the LBO/SIO superlattice exhibits C =

± 2 double Weyl crossings driving the intrinsic AHC of 7-8 Ω−1 cm−1 for n-type and p-

type LCO/SIO, LNO/SIO and p-type LMO/SIO. The weakening of FM Ir-Ir interaction in

LFO/SIO should suppress the intrinsic AHC. Thus we predict LCO/SIO and LNO/SIO to

be the most suited candidates for exhibiting intrinsic AHC, having both n-type and p-type

interfaces contributing, LMO/SIO to be moderately suited which may or may not exhibit

intrinsic AHC depending on the choice of interface type. LFO/SIO is least suited which

may exhibit none or weak intrinsic AHC. It is however to be noted that our calculation
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relies only on the intrinsic AHC originating from Berry phase-driven physics, and does not

consider the extrinsic origins like skew scattering and side jumps.[45]

Our findings will help in understanding some of the recently measured experimental

data[27] and guidance to future experiments.

139



Bibliography

Bibliography

[1] Dmytro Pesin and Leon Balents. Mott physics and band topology in materials with

strong spin–orbit interaction. Nature Physics, 6(5):376–381, 2010.

[2] Santu Baidya, Umesh V. Waghmare, Arun Paramekanti, and Tanusri Saha-Dasgupta.

High-temperature large-gap quantum anomalous hall insulating state in ultrathin dou-

ble perovskite films. Phys. Rev. B, 94:155405, Oct 2016.

[3] T Saha-Dasgupta. Ferroic properties in bi-component perovskites: artificial super-

lattices and naturally forming compounds. Journal of Physics: Condensed Matter,

26(19):193201, apr 2014.

[4] John Nichols, Xiang Gao, Shinbuhm Lee, Tricia L. Meyer, John W. Freeland, Vale-

ria Lauter, Di Yi, Jian Liu, Daniel Haskel, Jonathan R. Petrie, Er-Jia Guo, Andreas

Herklotz, Dongkyu Lee, Thomas Z. Ward, Gyula Eres, Michael R. Fitzsimmons, and

Ho Nyung Lee. Emerging magnetism and anomalous hall effect in iridate–manganite

heterostructures. Nature Communications, 7(1):12721, 2016.

[5] J. Matsuno, K. Ihara, S. Yamamura, H. Wadati, K. Ishii, V. V. Shankar, Hae-Young

Kee, and H. Takagi. Engineering a spin-orbital magnetic insulator by tailoring super-

lattices. Phys. Rev. Lett., 114:247209, Jun 2015.

[6] Wei Fan and Seiji Yunoki. Electronic and magnetic structure under lattice distortion

in sriro3/srtio3 superlattice: A first-principles study. Journal of Physics: Conference

Series, 592(1):012139, mar 2015.

[7] B. J. Kim, Hosub Jin, S. J. Moon, J.-Y. Kim, B.-G. Park, C. S. Leem, Jaejun Yu, T. W.

Noh, C. Kim, S.-J. Oh, J.-H. Park, V. Durairaj, G. Cao, and E. Rotenberg. Novel

Jeff = 1/2 mott state induced by relativistic spin-orbit coupling in sr2iro4. Phys. Rev.

Lett., 101:076402, Aug 2008.

[8] Z. T. Liu, M. Y. Li, Q. F. Li, J. S. Liu, W. Li, H. F. Yang, Q. Yao, C. C. Fan, X. G. Wan,

Z. Wang, and D. W. Shen. Direct observation of the dirac nodes lifting in semimetallic

perovskite sriro3 thin films. Scientific Reports, 6:30309, 2016.

[9] X. Zhang, H. Zhang, J. Wang, C. Felser, and S. C. Zhang. Actinide topological insu-

lator materials with strong interaction. Science, 335(6075):1464–1466, Mar 2012.

[10] M. Ahsan Zeb and Hae-Young Kee. Interplay between spin-orbit coupling and

hubbard interaction in sriro3 and related Pbnm perovskite oxides. Phys. Rev. B,

86:085149, Aug 2012.

140



Bibliography

[11] Y. F. Nie, P. D. C. King, C. H. Kim, M. Uchida, H. I. Wei, B. D. Faeth, J. P. Ruf,

J. P. C. Ruff, L. Xie, X. Pan, C. J. Fennie, D. G. Schlom, and K. M. Shen. Interplay of

spin-orbit interactions, dimensionality, and octahedral rotations in semimetallic sriro3.

Phys. Rev. Lett., 114:016401, Jan 2015.

[12] Jean-Michel Carter, V. Vijay Shankar, M. Ahsan Zeb, and Hae-Young Kee. Semimetal

and topological insulator in perovskite iridates. Phys. Rev. B, 85:115105, Mar 2012.

[13] Haozhe Wang, Alberto de la Torre, Joseph T. Race, Qiaochu Wang, Jacob P. C. Ruff,

Patrick M. Woodward, Kemp W. Plumb, David Walker, and Weiwei Xie. Pseudosym-

metry in tetragonal perovskite sriro3 synthesized under high pressure. ACS Applied

Electronic Materials, August 2024.

[14] Di Yi, Jian Liu, Shang-Lin Hsu, Lipeng Zhang, Yongseong Choi, Jong-Woo Kim,

Zuhuang Chen, James D. Clarkson, Claudy R. Serrao, Elke Arenholz, Philip J. Ryan,

Haixuan Xu, Robert J. Birgeneau, and Ramamoorthy Ramesh. Atomic-scale control

of magnetic anisotropy via novel spin–orbit coupling effect in la2/3sr1/3mno3/sriro3

superlattices. Proceedings of the National Academy of Sciences, 113(23):6397–6402,

2016.

[15] Elizabeth Skoropata, John Nichols, Jong Mok Ok, Rajesh V. Chopdekar, Eun Sang

Choi, Aniruddha Rastogi, Changhee Sohn, Xiang Gao, Suk Hyun Yoon, Thomas

Farmer, Ryan D. Desautels, Yongseong Choi, Daniel Haskel, John W. Freeland,

Satoshi Okamoto, Matthew Brahlek, and Ho Nyung Lee. Interfacial tuning of chiral

magnetic interactions for large topological hall effects in lamno3/sriro3 heterostruc-

tures. Science Advances, 6(27):eaaz3902, 2020.

[16] Yujun Zhang, Yong Zheng Luo, Liang Wu, Motohiro Suzuki, Qinghua Zhang, Ya-

suyuki Hirata, Kohei Yamagami, Kou Takubo, Keisuke Ikeda, Kohei Yamamoto,

Akira Yasui, Naomi Kawamura, Chun Lin, Keisuke Koshiishi, Xin Liu, Jinxing

Zhang, Yasushi Hotta, X. Renshaw Wang, Atsushi Fujimori, Yuanhua Lin, Cewen

Nan, Lei Shen, and Hiroki Wadati. Interfacial-hybridization-modified ir ferromag-

netism and electronic structure in lamno3/sriro3 superlattices. Phys. Rev. Res.,

2:033496, Sep 2020.

[17] Sayantika Bhowal and S. Satpathy. Electronic structure and anomalous hall effect in

the ferromagnetic 3d−5d superlattice srmno3/sriro3. Phys. Rev. B, 99:245145, Jun

2019.

[18] Di Yi, Charles L. Flint, Purnima P. Balakrishnan, Krishnamurthy Mahalingam, Brit-

tany Urwin, Arturas Vailionis, Alpha T. N’Diaye, Padraic Shafer, Elke Arenholz,

141



Bibliography

Yongseong Choi, Kevin H. Stone, Jiun-Haw Chu, Brandon M. Howe, Jian Liu, Ian R.

Fisher, and Yuri Suzuki. Tuning perpendicular magnetic anisotropy by oxygen octahe-

dral rotations in (la1−xsrxmno3)/(sriro3) superlattices. Phys. Rev. Lett., 119:077201,

Aug 2017.

[19] T. S. Suraj, Ganesh Ji Omar, Hariom Jani, M. M. Juvaid, Sonu Hooda, Anindita

Chaudhuri, Andrivo Rusydi, K. Sethupathi, Thirumalai Venkatesan, Ariando Ariando,

and M. S. Ramachandra Rao. Tunable and enhanced rashba spin-orbit coupling in

iridate-manganite heterostructures. Phys. Rev. B, 102:125145, Sep 2020.

[20] G. A. Ovsyannikov, T. A. Shaikhulov, K. L. Stankevich, Yu. Khaydukov, and N. V.

Andreev. Magnetism at an iridate/manganite interface: Influence of strong spin-orbit

interaction. Phys. Rev. B, 102:144401, Oct 2020.

[21] Myoung-Woo Yoo, J. Tornos, A. Sander, Ling-Fang Lin, Narayan Mohanta, A. Per-

alta, D. Sanchez-Manzano, F. Gallego, D. Haskel, J. W. Freeland, D. J. Keavney,

Y. Choi, J. Strempfer, X. Wang, M. Cabero, Hari Babu Vasili, Manuel Valvidares,

G. Sanchez-Santolino, J. M. Gonzalez-Calbet, A. Rivera, C. Leon, S. Rosenkranz,

M. Bibes, A. Barthelemy, A. Anane, Elbio Dagotto, S. Okamoto, S. G. E. te Velthuis,

J. Santamaria, and Javier E. Villegas. Large intrinsic anomalous hall effect in sriro3

induced by magnetic proximity effect. Nature Communications, 12(1):3283, 2021.

[22] J. Matsuno, N. Ogawa, K. Yasuda, F. Kagawa, W. Koshibae, N. Nagaosa, Y. Tokura,

and M. Kawasaki. Interface-driven topological hall effect in srruo3-sriro3 bilayer. Sci

Adv, 2(7):e1600304, 2016.

[23] Arun Kumar Jaiswal, Di Wang, Vanessa Wollersen, Rudolf Schneider, Matthieu Le

Tacon, and Dirk Fuchs. Direct observation of strong anomalous hall ef-

fect and proximity-induced ferromagnetic state in sriro3. Advanced Materials,

34(14):2109163, 2022.

[24] Samir Rom, Santu Baidya, Subhro Bhattacharjee, and Tanusri Saha-Dasgupta. Mag-

netism and unconventional topology in LaCoO3/SrIrO3 heterostructure. Applied

Physics Letters, 122(2):021602, 01 2023.

[25] A. K. Jaiswal, R. Schneider, M. Le Tacon, and D. Fuchs. Magnetotransport of SrIrO3-

based heterostructures. AIP Advances, 12(3):035120, 03 2022.

[26] X. Liu, M. Kotiuga, H. S. Kim, A. T. N’Diaye, Y. Choi, Q. Zhang, Y. Cao, M. Kareev,

F. Wen, B. Pal, J. W. Freeland, L. Gu, D. Haskel, P. Shafer, E. Arenholz, K. Haule,

D. Vanderbilt, K. M. Rabe, and J. Chakhalian. Interfacial charge-transfer mott state

142



Bibliography

in iridate-nickelate superlattices. Proceedings of the National Academy of Sciences of

the United States of America, 116(40):19863–19868, October 2019.

[27] A. K. Jaiswal and D. Fuchs. Private communication.

[28] Physical Review, 155:15, 1967.

[29] Physical Review B, 60:24.

[30] Saqib Javaid, M. Javed Akhtar, Irfan Ahmad, Muhammad Younas, Shafqat H. Shah,

and Iftikhar Ahmad. Pressure driven spin crossover and isostructural phase transition

in lafeo3. Journal of Applied Physics, 114(24):243712, 12 2013.

[31] R. Scherwitzl, S. Gariglio, M. Gabay, P. Zubko, M. Gibert, and J.-M. Triscone. Metal-

insulator transition in ultrathin lanio3 films. Phys. Rev. Lett., 106:246403, Jun 2011.

[32] S. Acharya, J. Mondal, S. Ghosh, S.K. Roy, and P.K. Chakrabarti. Multiferroic be-

havior of lanthanum orthoferrite (lafeo3). Materials Letters, 64(3):415–418, 2010.

[33] J.M. Longo, J.A. Kafalas, and R.J. Arnott. Structure and properties of the high and

low pressure forms of sriro3. Journal of Solid State Chemistry, 3(2):174–179, 1971.

[34] K. Sreedhar, J. M. Honig, M. Darwin, M. McElfresh, P. M. Shand, J. Xu, B. C.

Crooker, and J. Spalek. Erratum: Electronic properties of the metallic perovskite

lanio3: Correlated behavior of 3d electrons. Phys. Rev. B, 47:5543–5544, Mar 1993.

[35] G. Kresse and J. Hafner. Ab initio molecular dynamics for liquid metals. Phys. Rev.

B, 47:558–561, Jan 1993.

[36] G. Kresse and J. Furthmüller. Efficient iterative schemes for ab initio total-energy

calculations using a plane-wave basis set. Phys. Rev. B, 54:11169–11186, Oct 1996.

[37] A. I. Liechtenstein, V. I. Anisimov, and J. Zaanen. Density-functional theory and

strong interactions: Orbital ordering in mott-hubbard insulators. Phys. Rev. B,

52:R5467–R5470, Aug 1995.

[38] Tamene R. Dasa, Lin Hao, Jian Liu, and Haixuan Xu. Designing iridate-based super-

lattice with large magnetoelectric coupling. J. Mater. Chem. C, 7(42):13294–13300,

2019.

[39] D. J. Groenendijk, C. Autieri, J. Girovsky, M. Carmen Martinez-Velarte, N. Manca,

G. Mattoni, A. M. R. V. L. Monteiro, N. Gauquelin, J. Verbeeck, A. F. Otte, M. Gabay,

S. Picozzi, and A. D. Caviglia. Spin-orbit semimetal sriro3 in the two-dimensional

limit. Phys. Rev. Lett., 119:256403, Dec 2017.

143



Bibliography

[40] Pizzi G Lee Y S Souza I Vanderbilt D Mostofi A A, Yates J R and Marzari N. Comput.

Phys. Commun., 185:2309, 2014.

[41] Song H F Troyer M Wu Q, Zhang S and Soluyanov A A. Comput. Phys. Commun.,

224:405, 2018.

[42] M Gradhand, D V Fedorov, F Pientka, P Zahn, I Mertig, and B L Györffy. First-

principle calculations of the berry curvature of bloch states for charge and spin trans-

port of electrons. Journal of Physics: Condensed Matter, 24(21):213202, may 2012.

[43] A. Ohtomo and H. Y. Hwang. A high-mobility electron gas at the laalo3/srtio3 het-

erointerface. Nature, 427(6973):423–426, 2004.

[44] Fernando Gallego, Javier Tornos, Juan Ignacio Beltran, Andrea Peralta, Javier Garcia-

Barriocanal, Guichuan Yu, Geoffrey Rojas, Carmen Munuera, Mariona Cabero, David

Sanchez-Manzano, Fabian Cuellar, Gabriel Sanchez-Santolino, Zouhair Sefrioui, Al-

berto Rivera-Calzada, Federico Jose Mompean, Mar Garcia-Hernandez, Carlos Leon,
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6
Centrosymmetric-noncentrosymmetric
Structural Phase Transition in the
Quasi-one-dimensional Compound
(TaSe4)3I∗

6.1 Introduction and Motivation

Symmetry plays a crucial role in determining the properties of materials [1–4]. In particular,

the symmetry of crystal structures, especially in lower dimensions, has a profound influence

on their physical behavior. In low-dimensional systems, symmetry-breaking phase transi-

tions can result in fascinating effects [5–16]. For example, the onset of ferroelectricity,

driven by the breaking of inversion symmetry [17, 18], leads to spontaneous polarization.

Moreover, in materials lacking inversion symmetry, spin-orbit coupling can induce novel

spin textures and give rise to topological phases [19–22].

Transition metal chalcogenides such as MX2 and MX3, where M stands for niobium

(Nb) or tantalum (Ta), and X represents sulfur (S) or selenium (Se), are noteworthy due

to their reduced dimensionality characteristics. Dichalcogenides, designated as MX2, rep-

resent two-dimensional (2D) systems, making them ideal models for studying properties

unique to 2D materials. On the other hand, trichalcogenides, represented as MX3, are char-

acterized by quasi-one-dimensional (quasi-1D) behavior, which includes the presence of

charge density wave (CDW) phenomena. In both MX2 and MX3 compounds, an identical

*This chapter is based on publication: Arnab Bera†, Samir Rom†, Suman Kalyan Pradhan, Satyabrata
Bera, Sk Kalimuddin, Tanusri Saha-Dasgupta, and Mintu Mondal, Phys. Rev. B 108, 035112 (2023). (†
These authors contributed equally to this work)
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Figure 6.1: Schematic models of MX2, MX3, and MX4. The Figure is taken from Ref. [23].

trigonal prismatic coordination surrounds the metal atom. For the MX2 compound, these

prisms are systematically arranged into [MX2] infinite layers. Conversely, in the case of

MX3, the prisms are vertically stacked to establish [MX3] infinite chains, as illustrated in

Figure 6.1. The aforementioned structural arrangement imparts MX3 compounds with a

pseudo-one-dimensional characteristic, as exemplified by the notable charge density wave

phenomena observed in NbSe3 [24]. In these trichalcogenides, there exist anionic pairs

(X2)2− coupled with M4+ metal ions in a d1 configuration. This structure allows for the

formation of metal-metal pairs along the chains, which can lead to semiconducting proper-

ties under certain conditions, such as observed in NbS3 type I with a bandgap (Eg) of 0.44

eV [24].

Transition metal tetrachalcogenides, represented by the general formula (MX4)nY-where

M stands for niobium (Nb) or tantalum (Ta), X signifies sulfur (S) or selenium (Se), and Y

comprises bromine (Br) or iodine (I), with n values of 2, 3, or approximately 10/3-serve as

model quasi-one-dimensional systems for examining diverse phases and phase transitions

[23, 25–39]. These compounds are characterized by “M” atoms enveloped by antiprisms

of “X” atoms, forming one-dimensional chains with “Y” ions interspersed to provide cohe-

sion, as illustrated in Figure 6.1. Although these pseudo-one-dimensional materials exhibit

structural similarities to trichalcogenides, they are differentiated by the presence of halo-

gens and variations in metal-metal bonding distances. These materials generally comprise

two MX4 chains per unit cell, displaying similar ‘a’ parameters but distinct ‘c’ parameters.

The electrical characteristics are influenced by the behavior of d1 electrons in M4+ ions,

which can either form localized d1-d1 bonds, resulting in semiconducting properties, or

become more or less delocalized, potentially leading to metallic conductivity. Additionally,

the presence of M5+ ions with a d0 electron configuration can disrupt metallic conductivity

along the chain. Furthermore, variations in the distances between metal atoms affect the

activation energies of semiconducting compounds; equidistant metal-metal spacings are
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associated with high room-temperature conductivity. This phenomenon aligns with the

hopping mechanism [23].

These materials are susceptible to Peierls instability, and the occupancy level of the

metal dz
2 band, described by the expression (n−1)/2n, affects the characteristics of charge

density wave (CDW) fluctuations that are driven by correlation effects [26]. Of particu-

lar interest is (TaSe4)2I, a chiral quasi-one-dimensional compound that lacks an inversion

symmetry center. This compound has recently been characterized as a topological Weyl

semimetal, in which its Weyl nodes interact with CDW modes, suggesting the potential

formation of an axion insulator [40–45]. This discovery presents a new research direction

focused on investigating the interaction between strongly correlated CDW condensates and

the topology of electronic states. This could pave the way for identifying unprecedented

quantum phenomena [40, 46].

Another interesting member of this family, (TaSe4)3I, has recently drawn attention due

to reports suggesting the possible coexistence of ferromagnetism and superconductivity be-

low 2.5 K [47]. A detailed discussion of this is provided in the next chapter. The initial

study by C Roucau et al. in the 1980s [27] indicated that this compound stabilizes in a

crystal structure with space group P4/mnc at room temperature and shows weakly metal-

lic behavior [27]. Despite its long history of synthesis, research on (TaSe4)3I has been

limited. Previous studies assumed similar behavior to (NbSe4)3I based on their identi-

cal crystal structures [23, 26, 27]. However, recent findings [47] highlight the need for a

distinct investigation into this compound to understand its proposed exotic behavior. The-

oretical studies on (TaSe4)3I [35], using a crystal structure derived from (NbSe4)3I with

Nb replaced by Ta, suggest a van-Hove singularity in the low-energy electronic structure,

potentially influencing its unique electronic properties. Nonetheless, the origin of the ob-

served ferromagnetism alongside superconductivity remains unclear. Previous work [47]

concentrated on the low-temperature phase properties of (TaSe4)3I but did not thoroughly

investigate the low-temperature phase or potential structural phase transitions. To fully un-

derstand the exotic behavior reported, it is essential to examine the associated structural

phase transitions and the details of the low-temperature crystal structure.

This study aims to explore the inversion symmetry-breaking structural phase transition

in (TaSe4)3I using a combination of experimental and theoretical methods. Experiments

involving electronic transport, specific heat, and Raman scattering reveal a phase transition

around TS ∼145 K. Temperature-dependent single-crystal X-ray diffraction (SXRD) studies

indicate that the phase transition results from a temperature-induced distortion of Ta-chains,

breaking inversion symmetry at low temperatures, and causing a structural transition from

a high-temperature (HT) centrosymmetric (P4/mnc) structure to a low-temperature (LT)

noncentrosymmetric structure (P4̄21c). Our theoretical work, involving first-principles cal-
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culations and an ab-initio derived tight-binding formulation, elucidates the microscopic ori-

gin of this inversion symmetry-breaking transition. We find that the transition occurs due

to a gain in hybridization energy from the off-centric movement of Ta atoms in the chain-

like structure, outweighing the elastic energy loss, similar to lattice-driven ferroelectricity

mechanisms. These findings offer valuable insights into the unique symmetry-breaking

structural transition in this quasi-1D system and encourage further research into how this

transition affects its physical properties.

6.2 Computational Methodology

For the theoretical investigation, first-principles calculations were performed using three

different basis sets: (a) VASP [48, 49], (b) LAPW [50, 51], and (c) LMTO basis [52, 53].

The consistency of the results across these basis sets was verified through comparisons of

band structures and density of states. The exchange-correlation functional employed was

the Perdew-Burke-Ernzerhof (PBE) implementation of the generalized gradient approxi-

mation. A Monkhorst-Pack k-point mesh of 8 × 8 × 4 was used to ensure convergence of

the computed ground-state properties. In the plane-wave calculations, a cutoff energy of

600 eV was applied with projected augmented wave potentials. For LAPW calculations,

a criterion based on the muffin-tin radius multiplied by Kmax for the plane wave was set

to 7.0. In the LMTO calculations, the muffin-tin radii were selected as 3.06, 3.05, 3.32,

and 2.50-2.60 Å for Ta (1), Ta (2), I, and Se, respectively, for the high-temperature (HT)

structure at 300 K, and as 3.06, 3.06, 3.05, 3.30, and 2.55-2.70 Å for Ta (1), Ta (2), Ta (3),

I, and Se for the low-temperature (LT) structure at 100 K. These methods, namely, plane

wave, LAPW, and LMTO, were employed to examine the electronic structure in both HT

and LT phases, confirming the robustness of the semi-metallic solution in these phases.

To evaluate the kinetic energy gain in the LT phase, a low-energy Hamiltonian was con-

structed in the Wannier function basis derived from first-principles calculations. This was

achieved using the NMTO-downfolding technique, starting from a full density functional

theory (DFT) band structure. NMTO calculations utilized potentials obtained from self-

consistent LMTO calculations. The real-space representation of the NMTO-downfolded

Hamiltonian, expressed as HT B = ∑i j tmm′
i j (C†

i,mC j,m′ + h.c) in the Wannier function basis,

provides estimates for various hopping integrals (t), where m and m′ are non-downfolded

orbitals at sites i and j, and C†
i,m (C j,m′) denotes electron creation (annihilation) operators.
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6.3 Observations from Experimental Studies

Our theoretical predictions are supported by experimental data*. This section summarizes

the key experimental findings.

6.3.1 Structural phase transition (SPT): broken inversion symmetry

The temperature-dependent single-crystal X-ray diffraction (SXRD) studies, as shown in

Figure 6.2 and detailed in Table 6.1, provide insights into the structural changes occurring

across the phase transition. These studies reveal changes in the crystal structure, such as

the disappearance of inversion centers and mirror planes in the low-temperature phase,

consistent with theoretical predictions of symmetry breaking.

(a) T = 300 K

(b) T = 100 K

Inversion Centre(IC)Principal axis n(Cn) [4 fold symmetry] 

Other rotational axis (Cn) [2 fold symmetry] Mirror Plane

3.166 3.306 3.051 3.166 3.306 3.051 3.051 

3.238 3.049 3.238 3.049 3.238 3.238 3.049 
S L S L SL L

S L S L SM M

(c) D ~48.660

D ~47.760

D ~48.660

D ~48.660

D ~47.760

D ~48.660

(d)

D ~47.870

D ~48.780

D ~48.170

D ~47.870

D ~48.780

Å

Å

c

a

b

a

b

c

D ~48.170

Figure 6.2: Single crystal XRDs: Structures and Symmetries of (TaSe4)3I single crystal.
Schematics of the (TaSe4)3I crystal structure at (a) T = 300 K (RT) and (b) T = 100 K
(LT). The “Inversion Centre (IC)” points are indicated with star symbols and are present
only in the RT structure. Likewise, mirror planes, depicted in light blue, are observed in
the RT structure but are absent in the LT structure. For clarity, different inequivalent Ta
sites (Ta(1) and Ta(2) at HT and Ta(1), Ta(2), Ta(3) at LT) are displayed in the same color.
(c-d) The distribution of the dihedral angles at HT and LT (refer to text for more details).
Experimental observations were conducted by Mintu Mondal’s group from IACS, Kolkata.

Crystal Structure at T = 300 K: At room temperature, (TaSe4)3I adopts a tetragonal

crystal structure with space group P4/mnc (no. 128). The unit cell parameters are a = b =

*Experimental observations were conducted by Mintu Mondal’s group from IACS, Kolkata
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9.4696(5) Å, c = 19.049(11) Å, and all angles are 90◦. The RT structure is characterized

by TaSe4 chains separated by iodine atoms. Each Ta atom is coordinated by Se4 units, with

Ta-Ta bonds alternating between short and long. This configuration confirms the quasi-

one-dimensional nature of the crystal, with strong covalent bonds along the chain and weak

interactions between chains, as depicted in Figure 6.2(a).

Crystal Structure at T = 100 K: At low temperatures, the structure transitions to a

tetragonal phase with space group P4̄21c (no. 114), which is noncentrosymmetric compared

to the centrosymmetric RT phase. The lattice parameters remain similar, but the Ta-Ta bond

sequence changes, incorporating longer and medium bonds. This change is illustrated in

Figure 6.2(b), and the corresponding details are summarized in Table 6.1.

Temperature-Dependent Structural Changes: The transition to the noncentrosym-

metric phase at around 145 K is marked by changes in Ta-Ta bond lengths and dihedral an-

gles. Specifically, the bond length between Ta(2) and Ta(3) changes from long to medium,

and corresponding adjustments are observed in other Ta-Ta distances. The dihedral an-

gles also vary with temperature, reflecting structural rearrangements. These variations are

shown in Figure 6.3(a-b).

Raman Spectroscopy and Structural Transition Signature:
Centrosymmetric Phase: Theoretical predictions of the vibrational modes for a tetrag-

onal crystal structure with space group P4/mnc are derived from lattice dynamics calcu-

lations. It is noteworthy that there are 64 atoms in one unit cell (n) for both structures.

The vibrational modes in the centrosymmetric phase decompose into 192 (3n) mechanical

representations and can be represented as:

ΓD4h = (A2u +Eu)

+(12A1g +10A1u +13A2g +10A2u

+12B1g +10B1u +11B2g +9B2u

+27Eu +24Eg), (2)

where the first term represents the acoustic modes and the remaining terms represent the

optical modes. Among these optical modes, (10A2u+27Eu) are infrared (IR) active as well

as Raman (R) inactive, while (12A1g + 12B1g + 11B2g + 24Eg) are Raman active but IR

inactive.

Noncentrosymmetric Phase: In the noncentrosymmetric phase, the vibrational modes

decompose into 192 mechanical representations, represented as:

ΓD2d = (B2 +E)

+(22A1 +22A2 +22B1 +21B2 +51E). (2)
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Here, the first and second groups of the representation correspond to the acoustic and optical

modes, respectively. Among the optical modes, the IR-active modes are (21B2 + 51E),

while the Raman-active modes are (22A1 +22B1 +21B2 +51E).

Notably, the number of Raman-active modes in the noncentrosymmetric phase (total

167 modes) is greater than that in the centrosymmetric phase (total 83 modes), even though

the total number of vibrational modes in both cases is identical. This increase in Raman-

active modes at low temperatures, as shown in Figure 6.4 is consistent with the group theory

predictions [54]. However, experimental limitations, such as weak photon-phonon coupling

and a restricted wavenumber range, result in fewer detected modes compared to theoretical

expectations. This observation is consistent with similar studies on related materials.
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Figure 6.3: (a) Temperature variation of bond distances among different Ta atoms and (b)
dihedral angles. The solid spheres represent experimental data, while thick solid lines are
guides to the eye.
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Table 6.1: SXRD Refinement results for (TaSe4)3I at T = 100 K, and 300 K.

Crystallographic Information
Temperature (T ) 100 K 300 K

Crystal system Tetragonal Tetragonal
Space Group P4̄21c P4/mnc

a (Å) 9.4358(5) 9.4696(5)
b (Å) 9.4358(5) 9.4696(5)
c (Å) 19.046(11) 19.049(11)

α = β = γ (◦) 90 90
Cell Volume (Å3) 1695.78 1708.19

R-factor (%) 2.27 2.75
Atomic Coordinates

Atom Site 100 K Position (x,y,z) 300 K Position (x,y,z) Biso (100 K) Biso (300 K)
Ta(1) 4d (0.500, 1.000, 0.913) 8f (0.000, 0.500, 0.580) 0.009 0.021
Ta(2) 4d (0.500, 1.000, 0.573) 4d (0.000, 0.500, 0.750) 0.009 0.023
Ta(3) 4d (0.500, 1.000, 0.739) - 0.009 -
Se(1) 8e (0.547, 0.785, 0.820) 16i (0.186, 0.375, 0.660) 0.011 0.024
Se(2) 8e (0.313, 0.876, 0.832) 16i (-0.048, 0.280, 0.672) 0.011 0.025
Se(3) 8e (0.283, 1.049, 0.663) 8h (0.021, 0.275, 0.500) 0.011 0.026
Se(4) 8e (0.372, 0.814, 0.653) 8h (-0.199, 0.391, 0.500) 0.011 0.027
Se(5) 8e (0.610, 0.800, 0.493) - 0.012 -
Se(6) 8e (0.725, 1.022, 0.492) - 0.011 -

I 4c (0.500, 0.500, 0.626) 4e (0.500, 0.500, 0.627) 0.022 0.056

6.3.2 Confirmation of phase transition at TS ≃ 145 K

The resistance (R) as a function of temperature (T ) displays a near-linear decrease with

decreasing temperature as shown in Figure 6.4(a), indicating semi-metallic behavior, as

suggested by a residual resistance ratio (RRR) of R300K
R2K

= 30. A distinct slope change at ap-

proximately 145 K, observed in both R(T ) and dR/dT vs T plots, suggests a phase transition

at this temperature (TS). The resistance shows linear temperature dependence in the range

of 70–200 K, indicative of strong electron-phonon scattering. Below 15 K, a T 2 depen-

dence points to dominant electron-electron scattering, confirming theoretical predictions

about low-temperature transport behavior [55].

Specific heat measurements reveal a sharp change at T ∼ 140 K, consistent with the

transition observed in the resistance data as shown in Figure 6.4(b), although a slight dif-

ference in transition temperatures is noted due to sample geometry differences. Analysis

of the low-temperature specific heat data provides a Sommerfeld coefficient of γ = 11.80

mJ/K2-mol, indicative of significant electronic correlations [56].

Raman spectroscopy further supports the phase transition, with distinct Raman-active

modes (P2, P6, and P10) emerging at low temperatures, which are absent at room temperature

as shown in Figure 6.4(c). These findings, corroborated with both powder and single-crystal

samples, indicate the structural phase transition responsible for the appearance of additional

peaks at low temperatures.
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Figure 6.4: Indicators of phase transition in (TaSe4)3I: (a) Temperature-dependent re-
sistance measurements of wire-like (TaSe4)3I samples down to T ∼ 2 K. The upper inset
(dR/dT vs. T plot) identifies the phase transition occurring around 145 K. The lower inset
displays a R vs. T 2 plot for the temperature range of 2.5–30 K, with the red solid line
representing a linear fit to the data. (b) Specific heat measurements reveal a distinct jump,
highlighted in the upper inset, which indicates a phase transition at approximately TS ∼
145 K. The lower inset shows Cp/T vs. T2 with linear behavior at low temperatures. (c)
Raman spectra obtained from both powder and single-crystal samples at T = 300 K (for
both powder and single-crystal samples), T = 100 K (for powder sample), and T = 110 K
(for single-crystal sample). The arrows denote the Raman-active modes P2, P6, and P10 that
emerge in the low-temperature samples below the transition. Experimental observations
were conducted by Mintu Mondal’s group from IACS, Kolkata.
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Figure 6.5: (a) The band structure of (TaSe4)3I at high temperature (T=300 K), plotted
along the high symmetry k-points in the tetragonal Brillouin zone (BZ). The zero of the en-
ergy is set at the Fermi energy. The band ”fatness” indicates the orbital characters (red for
Ta-d, cyan for Se-p). The inset shows the TaSe4 chain running along the crystallographic
c-axis. (b) Comparison of the band structure for low temperature (T=100 K) with that at
room temperature (T=300 K). The change in the band gap between the two temperatures is
highlighted in the zoomed-in plot. The inset shows the TaSe4 chains, separated by iodine
atoms, in the (TaSe4)3I structure, projected in the ab plane.
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6.4 Theoretical Caculation

To investigate the origin of the structural transition in (TaSe4)3I, we performed first-principles

electronic structure calculations for both the high-temperature (HT, T=300 K) and low-

temperature (LT, T=100 K) crystal structures. Our theoretical work aimed to elucidate the

changes in electronic properties associated with the phase transition.

The left panel of Figure 6.5 shows the band structure of (TaSe4)3I at 300 K, plotted along

the high symmetry k-points in the tetragonal Brillouin zone (BZ) and projected onto Ta-d

and Se-p states. Each Se4 rectangle in the structure is composed of two Se2−
2 dimers. In this

configuration, the Ta atoms within the TaSe4 chains, which are embedded in a rectangular

antiprism Se environment, are in a nominal 4+ or d1 charge state. The presence of iodine

atoms between the chains withdraws electrons, reducing the nominal valence of Ta from 4+

to approximately 4.333+ or d2/3.

As a result of this fractional occupancy, a Peierls distortion is observed at 300 K, re-

sulting in trimerization with two inequivalent Ta atoms (Ta(1) and Ta(2)) and alternating

long (L) and short (S) Ta-Ta bonds with a sequence of . . . L-L-S . . ., consistent with exper-

imental observations. This Peierls distortion induces a small gap at the Fermi level, with

a calculated value of 0.02 eV, rendering the electronic structure almost semimetallic. The

low-energy band structure is predominantly influenced by Ta-d orbitals with some contri-

bution from Se-p orbitals. The rectangular antiprism coordination of Se atoms surrounding

Ta positions the Ta 3z2-r2 orbital as the lowest energy state, approximately half-filled for

Ta(1) and nearly empty for Ta(2). The unit cell contains 12 Ta atoms: 8 Ta(1) and 4 Ta(2).

This results in eight Ta(1)-3z2-r2-dominated bands and four Ta(2)-3z2-r2 bands. Overlap

between Ta(1)-3z2-r2 and Ta(1)/Ta(2)-3z2-r2 splits the eight Ta(1)-3z2-r2-dominated bands

into four occupied and four unoccupied bands, while the four Ta(2)-3z2-r2 bands remain

predominantly unoccupied. The bands are nearly flat along the X-M direction (b-direction),

where the chains are separated by approximately 9.5 Å with intervening I−1 ions, which re-

main isolated (see insets). The occupied bands along M-Γ (moving along the diagonal in

the ab-plane) further split due to Ta-Ta interactions via the intervening Se atoms in adjacent

chains. The trimerization along the chain direction (c) causes additional band folding, as

observed in the band structure along the Γ-Z direction.

For the 100 K crystal structure, the essential features of the electronic structure remain

similar to those at high temperature, as shown in the right panel of Figure 6.5. At low

temperature, the 12 Ta atoms in the unit cell are classified into three groups: 4 Ta(1),

4 Ta(2), and 4 Ta(3). The occupancies of Ta(1) and Ta(2) are close to half-filled, while

Ta(3) is more empty. The band gap increases slightly from 0.02 eV at high temperature

to 0.03 eV at low temperature, indicating enhanced stability of the LT phase compared to
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the HT phase. This tiny but non-zero gap and the increased band gap in the LT phase have

been confirmed by three different methods: plane-wave, full-potential LAPW, and LMTO

calculations. These results confirm that the compound remains semi-metallic, consistent

with experimental observations.
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Figure 6.6: (a) Schematic diagram illustrating the distribution of Ta-Ta bond lengths in
the TaSe4 chain for high-temperature (HT) and low-temperature (LT) crystal structures.
The inversion center (marked by a dotted line) in the HT structure is disrupted in the LT
structure due to the distortion δ . (b) Elastic energy and (c) force acting on Ta ions as a
function of off-centric displacement (δ ), as obtained from density functional theory (DFT)
calculations.

Our analysis revealed significant changes in the Ta-Ta bond lengths between the HT and

LT phases, leading to a structural distortion. In the HT phase, the Ta-Ta bond sequence in

the chain follows a . . .L-L-S-L-L. . . pattern. Upon transitioning to the LT phase, this se-

quence changes to . . .L-M-S-L-M. . . (see Figure 6.6(a)). This change breaks the inversion

symmetry at the “S” bond in the HT phase, resulting in a noncentrosymmetric structure in

the LT phase. The transition is analogous to an off-centric movement observed in ferro-

electrics, where the centrosymmetric HT structure transforms into a noncentrosymmetric

LT structure.

In ferroelectrics, such off-centric movements are driven by a balance between the hy-

bridization energy gain and the elastic energy loss. To estimate the hybridization energy

gain, we focused on a Ta-3z2-r2 only model. We noted that the bond length for the “S” bond

remains approximately constant between HT and LT phases, while the “L” bond length

splits into ≈ “L+δ” and ≈ “L-δ” in the LT phase. We employed the NMTO-downfolding

method to construct a Ta-3z2-r2 model based on the DFT band structure of the HT phase.
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The tight-binding Hamiltonian derived from this model provided estimates for the hopping

parameter, tdd , associated with the “L” bond.

The hopping parameter for the LT phase was obtained using a distance (l)-dependent

scaling relation, tdd ∼ 1/lβ , where β = ∂ ln tdd/∂ ln l. For the HT phase, the estimated β

was found to be approximately 2. The kinetic energy gain due to the additional off-centric

distortion in the LT phase was calculated as:

∆EKE =−2t2
dd(L+δ )−2t2

dd(L−δ )+4t2
dd

The elastic energy cost due to the change in bond lengths was given by:

∆Eelas = κ ×δ
2

where κ is the stiffness constant. We estimated κ from total energy calculations by varying

δ , as shown in Figure 6.6(b). This was further corroborated by analyzing the force acting

on Ta ions, leading to a stiffness constant of 16.8 eV/Å2 from total energy and 17.0 eV/Å2

from force estimates.

The calculated ∆EKE of approximately -0.03 eV and ∆Eelas of approximately 0.01 eV

indicate that the LT structure is stabilized by the net gain in hybridization energy. This

theoretical analysis does not account for additional factors such as the distortion of Se

rectangles and inter-chain interactions, but provides a valuable understanding of the phase

transition. Despite the simplistic nature of the model, the estimated temperature scale for

the transition, derived from the energy difference, is approximately 232 K, which is close

to the experimentally observed transition temperature of ∼145 K.

Interestingly, the LT phase exhibits a non-polar space group P4̄21c (114), which is non-

centrosymmetric but non-polar. This is attributed to the additional loss of inversion sym-

metry in the LT phase, which affects the polarization characteristics. For a uniform bonding

sequence across chains, the LT phase would be expected to have a polar point group. This

theoretical prediction aligns with the experimental findings and highlights the intricate in-

terplay between hybridization and elastic effects in driving the phase transition.

6.5 Summary and Conclusions

In this work, we performed a detailed analysis of the single crystal X-ray diffraction (XRD)

data to investigate the structural transition in (TaSe4)3I around the transition temperature

Ts ∼ 145 K. This transition is evidenced by resistivity, specific heat, and Raman scatter-

ing experiments. Our analysis reveals that the structural transition is characterized by a

symmetry-lowering change in the Ta chains from a high-temperature (HT) phase with a
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L-L-S sequence of Ta-Ta bonds to a low-temperature (LT) phase with a L-M-S Ta-Ta bond

sequence. This transition results in the breaking of the center of inversion at the short Ta-

Ta bond, leading to a transition between a high-temperature centrosymmetric structure and

a low-temperature noncentrosymmetric structure, both belonging to the same tetragonal

symmetry.

The origin of this structural phase transition was explored using first-principles DFT

calculation and tight-binding modeling. Our theoretical investigations show that both the

high-temperature and low-temperature structures exhibit semi-metallic behavior, consistent

with recent experimental reports. Specifically, our theoretical analysis provides insights

into the microscopic origin of the centrosymmetric-to-noncentrosymmetric transition. We

identify that the transition is driven by the interplay between hybridization energy gain

and elastic energy loss, resembling the mechanism observed in ferroelectric-paraelectric

transitions.

In summary, the centrosymmetric to noncentrosymmetric structural phase transition is

primarily driven by the balance between hybridization energy gain and elastic energy loss.

Our calculations suggest that the hybridization energy gain dominates over the elastic en-

ergy loss, thereby stabilizing the off-centric structure at low temperature and the undistorted

structure at high temperature. The temperature scale for the phase transition estimated from

our model is in close agreement with the experimentally observed transition temperature.

Our work opens new avenues for exploring novel quantum phenomena in quasi-one-

dimensional (1D) materials with broken inversion symmetry. It highlights the potential for

discovering new quasi-1D materials with unique properties that could have significant im-

plications for applications. Furthermore, our report of the centrosymmetric-noncentrosymmetric

structural phase transition extends beyond the well-studied charge-density-wave transitions,

unveiling an entirely new structural phase transition in this class of chain compounds.
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7
Observation of superconductivity and
Weak Ferromagnetism in Quasi-1D
chain compound, (TaSe4)3I at Ambient
Pressure∗

7.1 Introduction and Motivation

In this chapter, we further extend our investigation into the quasi-one-dimensional com-

pound (TaSe4)3I (n-TSI). In chapter 6, we investigated the temperature-induced structural

transition in n-TSI through a combination of experimental techniques and theoretical mod-

els. Our computational studies, based on first-principles calculations, revealed that the

material transitions from a centrosymmetric to a noncentrosymmetric phase, driven by dis-

tortions in the Ta-chains. This symmetry-breaking phenomenon significantly impacts the

electronic and lattice characteristics of the material.

This chapter expands on the results presented in chapter 6 by exploring the physical

characteristics of the noncentrosymmetric phase. We focus particularly on its ability to

host both superconductvity and magnetism-two quantum phenomena typically considered

incompatible. Experimental data show that this unique phase, stable across a wide temper-

ature range, exhibits metallic behaviour and unconventional superconductivity-properties

not previously observed in similar materials.

*This chapter is based on publication: Arnab Bera, Riju Pal†, Buddhadeb Pal†, Samir Rom†, Suchanda
Mondal†, Deepti Rana, Aastha Vasdev, Sandeep Howlader, Manish Jana, Tanmay Maiti, Rafikul Ali Saha,
Biswajit Das, Tanusri Saha-Dasgupta, Prabhat Mandal, Atindra Nath Pal, Mintu Mondal, , (Under Review).
(† These authors contributed equally to this work)
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7.1. Introduction and Motivation

As discussed in chapter 6, metallic chain-like systems (MSe4)nI with MSe4 chains

(where M is Nb or Ta, and n is 2, 3, or 10/3) form a quasi-one-dimensional structure along

the c axis, separated by iodine atoms[1–4]. These systems are notable for their diverse

phase transitions and coexistences[1–9]. Tight-binding band structure calculations indi-

cate that the electronic characteristics of these compounds are influenced by the value of n,

which alters the band filling degree thus affecting the electronic properties [3, 4]. Although

earlier studies suggested that for n =2, both (NbSe4)2I [10] and (TaSe4)2I [5, 8, 11] exhibit

semiconducting properties, the latest research highlights a more intricate electronic nature.

For n =3, both (NbSe4)3I and (TaSe4)3I are known to crystallize in a centrosymmetric

structure with space group P4/mnc[2], suggesting that their electronic behaviors should be

analogous. However, previous studies confirmed that while (NbSe4)3I is semiconducting,

(TaSe4)3I displays weak metallic characteristics [2]. Furthermore, presented in chapter 6,

our recent work has demonstrated that the newly stabilized noncentrosymmetric phase of

(TaSe4)3I exhibits enhanced metallic properties [12].

The proneness of quasi-one-dimensional conductors to experience a Peierls transition,

resulting in a charge density wave (CDW) phase transition, adds complexity, leading to

complex phase diagrams and novel quantum behaviors [13, 14]. Although theoretical mod-

els suggest that a true long-range order is unlikely in 1D systems [15], quasi-1D systems

can still exhibit long-range superconducting and magnetic orders [16, 17]. The suppression

of long-range order due to quantum and thermal fluctuations unveils unique physical phe-

nomena such as phase slips [18–20], Cooper pair localization [17, 21, 22], and non-Fermi

liquid behavior [23, 24]. For example, (TaSe4)2I is known to host an exotic axionic CDW

phase with strong electronic correlations [5, 8]. In addition, both (TaSe4)2I [6, 25] and

(NbSe4)2I exhibit superconductivity under high pressure [26], with the latter predicted to

follow a pressure-induced disorder mechanism. In superconductors, defects can cause pin

vortices, which improves the stability and dynamics of the superconducting state [27]. In

magnetic systems, these defects act as pinning centers for spin density waves (SDWs) and

influence local magnetic interactions [28]. The interplay of superconductivity, magnetism,

and CDWs, along with defects in these low-dimensional systems, offers a rich field for

investigating new quantum states and phase transitions.

Experimental investigation into the quasi-one-dimensional compound (TaSe4)3I (n-TSI)

indicate that, upon cooling, the compound undergoes a long-range magnetic transition

around 9 K, eventually attaining a superconducting ground state below 2.5 K, a coexistence

typically deemed incompatible. As a plausible mechanism, supported by DFT calculations,

we propose that Se2 dimer vacancies play a crucial role in generating localized magnetic

moments, which may drive the observed magnetism and enhance electronic properties. This

study not only augments our understanding of the previously examined structural transition
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7.2. Computational Methodology

but also elucidates the complex relationship between structural distortions and emergent

quantum phenomena in n-TSI.

7.2 Computational Methodology

This chapter extends the first-principles approaches outlined in chapter 6, employing the

VASP package with its plane-wave basis set [29, 30]. We continued to use the PBE

exchange-correlation functional within the GGA approximation for accurate ground-state

property calculations. Consistent with previous work, we applied an 8×8×4 Monkhorst-

Pack k-point mesh and a 600 eV plane-wave cutoff to ensure reliable convergence of elec-

tronic properties for the pristine n-TSI structure.

In chapter 6, the focus was on comparing several basis sets (VASP, LAPW, and LMTO)

to validate the semi-metallic solution. This chapter, however, employs the VASP and

QUANTUM ESPRESSO (QE) software packages [31] for the analyses. To begin with,

the Se2 vacancy formation energy was calculated. To achieve this, a 3×3×1 supercell of

(TaSe4)3I was constructed, and convergence tests on the supercell size and k-point sam-

pling were conducted to ensure accuracy in the defect calculations. Atomic positions were

relaxed with a force convergence criterion of 0.01 eV/Å. The vacancy formation energy

was determined by subtracting the total energy of the pristine structure from the sum of the

energies of the structure containing the vacancy and the isolated defect [32].

Furthermore, we determined the superconducting transition temperature (Tc) of the low-

temperature phase of n-TSI utilizing the anisotropic Eliashberg formalism [33, 34]. The

effective Coulomb pseudopotential parameter (µ∗) was computed via the EPW (Electron-

Phonon Wannier) code [35], which is integrated with density functional perturbation theory

(DFPT) and maximally localized Wannier functions (MLWF) within the QE package [31].

Our computational simulations incorporated scalar-relativistic pseudopotentials with the

PBE functional, utilizing a 4×4×2 k-point grid and an energy cutoff of 885 eV for the

plane-wave basis. Dynamical matrices were computed using DFPT on a 2×2×1 q-point

grid, and the electron-phonon coupling (EPC) constants were derived through Wannier in-

terpolation employing the WANNIER90 library [36]. To achieve high numerical precision,

electron-phonon matrix elements were calculated on dense 6×6×6 k and q grids.

7.3 Observations from Experimental Studies

This section summarizes the key experimental findings* based on which our theoretical

work has been developed.

*Experimental observations are discussed in detail in the preprint [37]
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7.3. Observations from Experimental Studies

7.3.1 Crystal Structure & Superconducting Transition
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Figure 7.1: Crystal structure & superconducting transition: (a) Oblique view of the sim-
ple tetragonal unit cell. (b) Projected view on the ab-plane. (c) Lateral view of the linear
chains. (d) Quasi-1D structure as seen in high-resolution transmission electron microscopy
(HRTEM). Upper inset: Selected area electron diffraction (SAED). Lower inset: Zoomed
image showing an inter-chain separation of ≈ 9.4 Å. (e) Temperature dependence of re-
sistance (R) measured using a conventional 4-probe method. The change in slope around
150 K signifies a charge density wave transition in n-TSI. Upper inset: Superconducting
transition at zero magnetic field. Lower inset: Linear behavior of R vs. T 2 in the 5-25 K
range, with zero magnetic field. Experimental observations are discussed in detail in the
preprint [37].

To contextualize our theoretical framework, key experimental results concerning n-TSI

are outlined. Figure 7.1 depicts the crystal structure along with electrical transport mea-

surements. The material is observed to crystallize within a tetragonal unit cell (space group

P4̄21c), characterized by lattice parameters a = b = 9.4358(5)Å and c = 19.0464(11)Å.

High-resolution transmission electron microscopy identifies a linear TaSe4 chain-like struc-

ture oriented along the c-axis, with inter-chain and intra-chain separations measured at

6.67Å and 4.27Å, respectively (Figure 7.1(a-d)).

Temperature-dependent resistivity measurements (Figure 7.1(e)) demonstrate metallic

behavior down to low temperatures. The observed R vs. T 2 linearity in the 5-25 K range

confirms Fermi liquid behavior. Notably, a resistivity slope change around 150 K corre-

sponds to a structural phase transition from a centrosymmetric to a noncentrosymmetric
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7.3. Observations from Experimental Studies

phase, as discussed in our previous theoretical work [12].

Crucially, below 2.5 K, the resistance exhibits a sharp decline, indicating a supercon-

ducting transition. Zero-resistance state is achieved below 1 K, confirming the intrinsic

superconductivity of these quasi-one-dimensional crystals. Single-ribbon devices exhibit

an even sharper zero-resistance transition, further supporting the material’s intrinsic super-

conducting nature.

7.3.2 Ferromagnetism and Meissner Effect

  

FM

PM

 

a b

T (K) T (K)

Figure 7.2: (a) Temperature-dependent magnetization data at low field (1.5 mT), show-
ing the Meissner effect below 3 K. (b) Field-cooled (FC) magnetization curve with H ∥ c
showing the paramagnetic-to-ferromagnetic phase transition in n-TSI. Experimental obser-
vations are further detailed in the preprint [37].

Magnetization measurements reveal fascinating magnetic properties in n-TSI, providing

essential insights for theoretical analysis. Key experimental observations are summarized

in Figure 7.2.

Low-field magnetization measurements (Figure 7.2(a)) show a clear diamagnetic re-

sponse below 3 K, which is a signature of the Meissner effect. This observation provides

strong evidence for superconductivity. The superconducting volume fraction is estimated

to be approximately 9%, confirming the existence of a superconducting ground state in this

quasi-one-dimensional system.

Field-cooled (FC) magnetization measurements with the magnetic field applied paral-

lel to the c-axis (Figure 7.2(b)) show a gradual increase in magnetization as the tempera-

ture decreases, peaking at around 9 K. This behavior is consistent with systems exhibiting

helimagnetic order and suggests the presence of a ferromagnetic component. A Curie-

Weiss analysis of the paramagnetic susceptibility gives a positive Curie-Weiss temperature

(TCW ∼ 5.5 K), indicating dominant ferromagnetic interactions.

When the magnetic field is applied perpendicular to the c-axis, the magnetization de-

creases, and the magnetic transition becomes less distinct. Prominent hysteresis loops ob-
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served across the superconducting transition temperature further highlight the anisotropy in

both magnetic and superconducting properties. For details on these observations, refer to

the preprint of the work [37].

These results provide compelling evidence for the coexistence of superconductivity and

ferromagnetism in n-TSI, with significant anisotropy in their interplay. This unique com-

bination of properties lays the foundation for further theoretical studies to explore the rela-

tionship between magnetic order and superconductivity in this material system.

7.4 Theoretical Caculation

The experimental observation of both superconductivity and weak ferromagnetism is in-

triguing, given the fact that recent first-principles studies [12, 38] on the pristine struc-

ture yield a non-magnetic, semi-conducting electronic structure with small gap ∼ 30 meV,

as discussed in chapter 6. Thus to rationalize the experimental findings, we considered

presence of chalcogen vacancies, which may form during the synthesis of the samples.

It is worth mentioning at this point, that recently discovered magnetism in molybdenum

dichalcogenides has been attributed to the presence of chalcogen vacancies [39, 40]. Con-

sidering the fact that the crystal structure of n-TSI hosts Ta atoms sandwiched between two

Se4 units with shorter side of the Se-Se bond of each Se4 ∼ 2.35-2.36 Å, a typical distance

for a Se2
2− dimer, in particular Se2 dimer vacancy has been considered. This is further

supported by the fact that the dimerization energy of the Se dimer in n-TSI structure was

found to be -5.348 eV.

As shown in Figure 7.1, the crystal structure of n-TSI consists of parallel TaSe4 chains

separated by I atoms. In the low-temperature noncentrosymmetric structure, there are three

inequivalent classes of Ta atoms, forming sequence of Ta-Ta bond lengths, characterized

by –M-L-S-M-L–, commensurate with period three CDW (cf. Figure 7.3(a)). The S (short,

3.05 Å), M (medium, 3.12 Å), and L (long, 3.31 Å) bonds form between the Ta1 and Ta2,

Ta2 and Ta3, and Ta1 and Ta3 atoms, respectively. Thus the Se2
2− dimer vacancy can be

created either at coordination sites shared by Ta atoms that form S, or M, or L bonds. The

formation energy of Se2 dimer vacancies at these three possible locations was calculated

(see the Computational Methodology section for computational details) considering a 3 ×
3 × 1 supercell consisting of 576 atoms of (TaSe4)3I. The Se2 dimer vacancy was placed on

one of the 18 chains in the cell, resulting in a Se2 dimer vacancy concentration of 0.46%.

The Se2 dimer vacancy was found to be preferentially formed on the L bond, followed by

the M and S bonds with a vacancy formation energy of 3.47 eV on the L bond.

The calculated electronic structure of the compound containing the vacancy of the Se2

dimer reveals two interesting aspects, i) the localized moments of ∼ 0.42-0.43 µB are
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Figure 7.3: First-principles Study: (a) The defected chain in (TaSe4)3I with Se2 dimer
vacancy. Marked are the three inequivalent Ta atoms, Ta1, Ta2 and Ta3, and the long (L),
medium (M) and short (S) Ta-Ta bonds. (b) The calculated magnetic moment at the Ta and
Se sites of the defected chain. The boxes correspond to Ta and Se layers, shown in (a).
(c) The total density of states of the pristine (red) and vacancy bearing (blue) (TaSe4)3I,
showing the semiconducting and metallic nature, respectively. The positive and negative
y-axis correspond to density of states in up and down spin channels, respectively. The zero
of the energy is set at Fermi level. The inset shows the zoomed plot. (d) The reconstructed
density of states at Ta1 (upper panel), Ta2 (middle panel) and Ta3 (bottom panel) sites
of the defected chain in vacancy bearing structure (red) compared to that in the pristine
structure (green dashed line with shading). (e) The plot of spin density in the vacancy
bearing (TaSe4)3I. The isovalue in the plot is chosen as 0.0015 1/Å3. (f) The density of
states of the undefected chains in vacancy bearing (TaSe4)3I for increasing concentration
of vacancy, 0.46% to 1.38%.

formed at the Ta sites (Ta1 and Ta3) forming the L bond and hosting the Se2 vacancy in

their coordination. Appreciable local moments (0.26-0.30 µB) are also formed at the two

Se sites of the neighboring Se2 dimer which are oppositely aligned to each other, forming

like a spin singlet (Figure 7.3(b). ii) The system becomes metallic with finite density of

states at the Fermi level, as opposed to the small-gap semiconducting nature of the pristine

compound (cf. Figure 7.3(c)). Thus, formation of Se2 dimer vacancy, creates local moment

as source of magnetism and makes the system metallic.
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In the pristine compound, Ta is in the mixed valence state of 4.333+, which charge

disproportionates into Ta1 and Ta2 in 4+ (d1) nominal valence and Ta3 in nominal 5+ (d0)

state. The resultant electronic structure shows a gap at the Fermi level due to the Peierls

distortion of the trimerized structure, with occupied bonding states of Ta1 and Ta2, and

unoccupied states of Ta3, following the expectation of nominal valences. The introduction

of a Se2 vacancy with 0.46% concentration between the Ta1 and Ta3 holes dopes the system,

making the average Ta valence 4.315+ instead of 4.333+ in the pristine structure. This hole

doping makes the system metallic. The density of states projected to magnetic Ta1 and Ta3

sites in the vacancy bearing defected chain show major reconstruction compared to that

in pristine compound, while that for Ta2 remains more or less unaltered compared to the

pristine compound (cf. Figure 7.3(d)).

The local moment formed around the Ta1, Se-Se, Ta3 unit, as evident in the spin density

plot (cf. Figure 7.3(e)), magnetically interact with each other through the mobile conduc-

tion electron through the Ruderman-Kittel-Kasuya-Yosida (RKKY)-like exchange interac-

tion. The total energies of the ferro-aperture (FM) and anti-ferromagnetic (AFM) align-

ment of the local moments between the defected chains are calculated considering 3 × 6

× 1 supercell, containing two defected chains in the cell. The ferromagnetic configuration

is found to be favored over the AFM configuration by an energy difference of ∼ 0.55 meV

(6.4 K), rationalizing the experimental observation of weak ferromagnetism.

Considering the observed low superconducting transition temperature, in the following

we explore the phonon-mediated superconductivity. In this context we note the magnetic

moment is highly localized at Ta and Se2 dimer sites, adjacent to the vacant Se2 dimer site.

The undefected chains in the system, on the hand, remain nonmagnetic though metallic due

to the hole doping effect. This is confirmed by the plot of the density of states contributed

by the undefected chains in the vacancy-bearing compound, which shows the metallic, non-

magnetic nature (cf. Figure 7.3(f)). Interestingly, the density of states at Fermi level was

found to increase upon increasing the vacancy concentration, as demonstrated by consider-

ing vacancy concentration of 0.46%, 0.92% and 1.38%.

To calculate the superconducting Tc arising from electron-phonon coupling mechanism,

we determined the phonon spectra of n-TSI using first-principles DFPT theory (cf. Fig-

ure 7.4), and calculated the Tc from the modified McMillan formula[41]:

Tc =
ωlog

1.2
exp

[
−1.04(1+λ )

λ −µ∗(1+0.62λ )

]
where the dimensionless parameters λ and µ∗ are coupling constants representing the

electron-phonon interaction strength and effective coulomb pseudopotential, respectively.
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Figure 7.4: Phonon band structure of pristine n-TSI at low temperature, plotted along
the high-symmetry directions Γ-X-M-Γ-Z-R-A-M in the Brillouin zone. The absence of
imaginary phonon frequencies across the Brillouin zone confirms the dynamic stability of
the n-TSI structure, indicating that the lattice vibrations are stable and the crystal structure
is robust under varying conditions.

ωlog represents the logarithmically averaged phonon frequency, given by,

ωlog = exp
[

2
λ

∫
∞

0

α2F(ω)

ω
ln(ω)dω

]
The estimation of the Coulomb pseudopotential, µ∗ from ab-initio calculations is dif-

ficult. However, for d-band metals, Bennemann and Garland [42] have proposed an esti-

mation method that relates µ∗ to the density of electronic states at the Fermi level N(EF),

µ∗ = 0.26×N(EF )
1+N(EF )

. Our estimate of µ∗ for (TaSe4)3 I with a vacancy of 0.46% Se2, consider-

ing the calculated value of N(EF) from undefected chains, turned out to be 0.11, which is in

the range of 0.1-0.2 [43–45] commonly observed for BCS superconductors. Increasing the

vacancy concentration to 0.92% and 1.38% µ∗ is found to change slightly to 0.12, and 0.15

respectively, The calculated McMillan-Allen-Dynes superconducting transition tempera-

ture is found to be 2.04 K with 1.38% vacancy concentration which is in close agreement

with the experimental observation of 2.5 K.

The theoretical analysis thus establishes that presence of Se2 dimer vacancy may be a

plausible means to give rise to weak magnetism through RKKY interaction between local

moments formed at the vacancy bearing defected chains, while the metallic nature of hole

doped electronic structure of undefected chains can support the phonon mediated supercon-

ductivity.
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7.5 Summary and Conclusions

In conclusion, electrical and magnetization measurements on single crystals of the quasi-

one-dimensional compound n-TSI reveal the coexistence of metallicity, weak ferromag-

netism below 9 K, and superconductivity below 2.5 K. These experimental observations

stand in contrast to first-principles calculations, which predict a semiconducting electronic

structure for pristine (TaSe4)3I, indicating that defects may play a critical role in driving

the material’s unusual properties.

Our first-principles DFT calculations confirm that the formation of Se2 dimer vacancies

can induce metallic behavior, consistent with the observed transport measurements. Addi-

tionally, these vacancies create localized magnetic moments, which contribute to the weak

ferromagnetism through the Ruderman–Kittel–Kasuya–Yosida (RKKY) exchange mecha-

nism mediated by itinerant electrons. The vacancy-induced phase separation is character-

ized by magnetism originating from vacancy-bearing chains, while the vacancy-free chains

remain nonmagnetic but metallic, thereby supporting phonon-mediated superconductivity.

This electronic phase separation leads to a complex ground state where the interac-

tion between disorder, low-dimensionality, and unique electronic structure governs the ma-

terial’s properties. Our calculated ferromagnetic and superconducting transition temper-

atures, based on an assumed vacancy concentration of 1.38%, match with experimental

values, further validating the theoretical model. This study highlights the importance of

defect-induced phenomena in n-TSI and motivates further investigation into similar sys-

tems, which provide an ideal platform for exploring the interplay of magnetism, supercon-

ductivity, and low-dimensional electronic structures.
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G. Grüner. Dynamical properties of the one-dimensional band insulator (nbse4)3i.

Phys. Rev. Lett., 84:1272–1275, Feb 2000.

[11] Sk Kalimuddin, Sudipta Chatterjee, Arnab Bera, Hasan Afzal, Satyabrata Bera,

Deep Singha Roy, Soham Das, Tuhin Debnath, Bhavtosh Bansal, and Mintu Mon-

dal. Exceptionally slow, long-range, and non-gaussian critical fluctuations dominate

the charge density wave transition. Phys. Rev. Lett., 132:266504, Jun 2024.

[12] Arnab Bera, Samir Rom, Suman Kalyan Pradhan, Satyabrata Bera, Sk Kalimuddin,

Tanusri Saha-Dasgupta, and Mintu Mondal. Centrosymmetric-noncentrosymmetric

structural phase transition in the quasi-one-dimensional compound (TaSe4)3I. Phys.

Rev. B, 108:035112, Jul 2023.

[13] F.J. Di Salvo J.A. Wilson and S. Mahajan. Charge-density waves and superlat-

tices in the metallic layered transition metal dichalcogenides. Advances in Physics,

24(2):117–201, 1975.

[14] Arnab Majumdar, Derrick VanGennep, Jérémy Brisbois, Dmitriy Chareev, Andrey V.
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8
Summary and Outlook

8.1 Summary

In this thesis, we have investigated the electronic, magnetic, and topological properties of

technologically significant materials using first-principles methods, focusing on Ce-based

rare-earth lean permanent magnets, oxide perovskite heterostructures, and the quasi-one-

dimensional compound (TaSe4)3I. Our study addresses critical challenges such as reduc-

ing the reliance on rare-earth elements, understanding interfacial phenomena in oxide het-

erostructures, and exploring novel quantum phenomena in low-dimensional materials. By

employing a combination of density functional theory (DFT) and machine learning, we

have predicted promising magnetic properties in Ce2Fe17−xCoxCN compounds, identified

trends in interfacial charge transfer and anomalous Hall conductivity in LaBO3/SrIrO3

superlattices, and revealed the microscopic origin of a unique structural phase transition,

vacancy-induced magnetism, and phononic superconductivity in (TaSe4)3I. These findings

pave the way for future experimental and theoretical investigations. In this chapter, we

summarize the main conclusions of our study and discuss potential directions for further

research.

8.1.1 Chapter 3 : Prediction of the Properties of the Rare-Earth Mag-
nets Ce2Fe17−xCoxCN: A Combined Machine-Learning and Ab
Initio Study

In this chapter, we have explored the potential of Ce-based 2:17 rare-earth transition-metal

carbonitrides as cost-effective alternatives to existing permanent magnets. A combination
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of machine learning, based on experimental data, and first-principles calculations has been

employed. The main findings are:

• Machine Learning based regression model predicts Tc > 600K, while classification

models indicate µ0Ms > 1T and Ku > 0 for Ce2Fe17−xCoxCN (x = 1, . . . ,7).

• First-principles calculations confirm µ0Ms > 1.65T and Ku ≥ 1MJ/m3 at T = 0K,

with Ce2Fe17−xCoxCN (x= 2,5,6,7) compositions showing comparable to Nd2Fe14B.

• Figures of merit for (BH)max and Ha are in the range of 444–540 kJ/m3 and approxi-

mately 1–14 T, respectively.

• Thermal stability, a key limitation for 2:17 magnets, is enhanced through carbon-

nitrogen codoping, which raises vacancy formation energies by 35–40%, mitigating

high-temperature degradation.

• The estimated price-to-performance ratio (0.03–0.22 USD/J) underscores the eco-

nomic viability of these compounds.

This study highlights the promise of Ce-based carbonitrides as high-performance, thermally

stable, and cost-effective permanent magnets, motivating future experimental validations.

8.1.2 Chapter 4 : Magnetism and Unconventional Topology in LaCoO3/
SrIrO3 Heterostructure

In this chapter, we have presented a first-principles investigation of the LaCoO3/SrIrO3

(LCO/SIO) heterostructure, providing microscopic insights into its counterintuitive ferro-

magnetism and topological properties. The main findings are:

• Interfacial charge transfer reduces the nominal valence of Co from 3+ to 2+, sta-

bilizing an intermediate spin (IS) state for Co, which drives robust ferromagnetic

exchange interactions. This contrasts with the non-magnetic low-spin (LS) state ob-

served in bulk LaCoO3.

• Strong ferromagnetic exchange interactions in the Co layer induce long-range fer-

romagnetic order in the SIO layer through Co–Ir interfacial ferromagnetic coupling,

emphasizing the critical role of LCO in stabilizing magnetism in the heterostructure.

• The ferromagnetic, tetragonal SrIrO3, constrained by the STO substrate, hosts charge-

2 Dirac points, driven by orbital degeneracy, revealing intriguing topological proper-

ties.
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• The results provide a microscopic explanation for the anomalous Hall effect (AHE)

observed in experiments and highlight the potential of LCO/SIO as a platform for

exploring novel quasiparticles beyond the conventional Dirac and Weyl points.

This study highlights the understanding of interfacial magnetism and topological phenom-

ena within LCO/SIO heterostructure, simultaneously uncovering potential novel phases.

8.1.3 Chapter 5 : Trend in Interfacial Charge Transfer, Emergent
Electronic and Magnetic Structure and Topological Properties
in the 3d, 5d Superlattices LaBO3/SrIrO3 (B = Mn, Fe, Co, Ni)

In this chapter, we extend our investigation into the LaCoO3(LCO)/SrIrO3(SIO) system,

presented in Chapter 4. Motivated by the experimental synthesis of 3d,5d superlattices

LaBO3/SrIrO3 (LBO/SIO) with B = Mn, Fe, Co, Ni, we have theoretically studied these

systems to uncover trends across the 3d transition metal (TM) series. Our key findings are:

• The polarity of the interface and the chemistry of the B-site cation significantly influ-

ence the interfacial properties.

– For p-type interfaces, all superlattices exhibit identical interfacial charge trans-

fer towards the SIO block.

– For n-type interfaces, charge transfer occurs towards the LBO block for B =

Ni and Co (with d occupancy greater than Ir4+ in SIO), while the transfer is

reversed for B = Mn and Fe (with d occupancy equal or smaller than Ir4+).

• The tetragonal SIO block exhibits varying degrees of ferromagnetism (FM) based on

the interface type and B-site chemistry:

– Strong FM for both n-type and p-type LCO/SIO, LNO/SIO, and p-type LMO/SIO.

– Weak FM for p-type LFO/SIO.

– Nearly non-magnetic for n-type LMO/SIO and LFO/SIO.

• An insulating interface is predicted for the n-type LFO/SIO superlattice, driven by

charge transfer effects.

• Magnetic SIO in the LBO/SIO superlattice hosts C = ±2 double Weyl crossings,

driving an intrinsic anomalous Hall conductivity (AHC) of 7-8 Ω−1 cm−1 for n-type

and p-type LCO/SIO, LNO/SIO, and p-type LMO/SIO. Suppressed intrinsic AHC is

expected for LFO/SIO due to weakened FM Ir–Ir interactions.
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Our study not only provides theoretical insight into the trends observed in these 3d,5d super-

lattices but also aligns with recent experimental measurements, offering valuable guidance

for future experiments aimed at exploring and utilizing these intriguing systems.

8.1.4 Chapter 6 : Centrosymmetric-noncentrosymmetric Structural
Phase Transition in the Quasi-one-dimensional Compound (TaSe4)3I

In this chapter, we investigated the structural phase transition in (TaSe4)3I around the tran-

sition temperature Ts ∼ 145 K using single-crystal X-ray diffraction (XRD) data, supported

by resistivity, specific heat, and Raman scattering experiments. The key findings are:

• The structural transition is characterized by a symmetry-lowering change in the Ta

chains, transitioning from an L-L-S sequence of Ta–Ta bonds in the high-temperature

(HT) phase to an L-M-S sequence in the low-temperature (LT) phase.

• This transition breaks the center of inversion at the short Ta–Ta bond, leading to a

centrosymmetric-to-noncentrosymmetric transition within the same tetragonal sym-

metry.

To uncover the origin of this transition, we performed first-principles density functional

theory (DFT) calculations and tight-binding modeling:

• Both HT and LT structures exhibit semi-metallic behavior, consistent with experi-

mental reports.

• The centrosymmetric-to-noncentrosymmetric transition is driven by the balance be-

tween Hybridization energy gain and Elastic energy loss. The hybridization energy

gain dominates, stabilizing the LT structure at low temperatures.

• The temperature scale for the transition estimated from our model aligns well with

experimental observations.

This study highlights the centrosymmetric-to-noncentrosymmetric structural phase transi-

tion, which extends beyond the well-studied charge-density-wave transitions, unveiling a

novel type of structural phase transition in this class of chain compounds.

8.1.5 Chapter 7 : Observation of superconductivity and Weak Ferro-
magnetism in Quasi-1D Chain Compound, (TaSe4)3I at Ambient
Pressure

In this chapter, we extend our investigation into the quasi-one-dimensional compound (TaSe4)3I

(n-TSI). Through a combination of experimental and theoretical approaches, we reveal the
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presence of metallicity, weak ferromagnetism and superconductivity in single crystals of

the n-TSI compound. The main findings are:

• Experimental Observations:

– Metallic behavior is observed in transport measurements.

– Weak ferromagnetism appears below 9 K.

– Superconductivity emerges below 2.5 K.

These observations deviate from first-principles predictions of a semiconducting ground

state for pristine (TaSe4)3I, suggesting the crucial role of defects in shaping the ma-

terial’s unusual properties.

• Theoretical Insights:

– First-principles DFT calculations reveal that Se2 dimer vacancies induce metal-

licity, consistent with experimental transport measurements.

– These vacancies generate localized magnetic moments that mediate weak ferro-

magnetism via the Ruderman–Kittel–Kasuya–Yosida (RKKY) exchange mech-

anism.

– Phase separation induced by vacancies results in vacancy-bearing chains con-

tributing to magnetism, while vacancy-free chains remain nonmagnetic and

metallic, enabling phonon-mediated superconductivity.

– Calculated ferromagnetic and superconducting transition temperatures, assum-

ing a vacancy concentration of 1.38%, align with experimental values, further

supporting the theoretical model.

This study highlights how disorder, low dimensionality, and unique electronic struc-

tures in n-TSI shape its complex ground state, emphasizing defect-induced phenomena and

inspiring further exploration of similar systems to investigate the interplay of magnetism,

superconductivity, and low-dimensional electronic behaviors.

8.2 Outlook

1. In Chapter 3, we predicted several rare-earth lean permanent magnets, particularly

Ce2Fe17−xCoxCN compounds, using a combination of machine learning and first-

principles calculations. This work opens several exciting avenues for future research.

The predicted magnetic properties, such as high Curie temperature, large saturation

magnetization, and strong magnetocrystalline anisotropy, suggest that these materials
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could be excellent candidates for practical applications. Experimental synthesis and

characterization of Ce2Fe17−xCoxCN compounds are essential to validate these the-

oretical predictions and to uncover any additional properties not captured by compu-

tational models. Collaborations with industries that rely on permanent magnets-such

as renewable energy, automotive, and electronics-can help in tailoring these materials

to specific needs.

The observed improvement in thermal stability through carbon-nitrogen codoping

suggests the potential for exploring other combinations of interstitial dopants. Study-

ing different dopant concentrations and alternative elements could lead to further

enhancements in thermal stability and magnetic performance.

Another promising direction is extending the study to entirely rare-earth-free systems

that share similar structural and magnetic characteristics. This could identify new

candidates for high-performance, sustainable permanent magnets.

However, some key aspects still need to be addressed before these materials can be

applied. For instance, the mechanical stability of these compounds was not studied in

this work. Investigating their mechanical properties will be crucial for understanding

their durability in real-world applications. Additionally, the calculation of anisotropy

field (Ha) depends on specific mechanisms, and these should be studied and improved

further to refine predictions.

These directions opens up possibilities for the discovery and application of sustain-

able, high-performance permanent magnets.

2. Building on the insights from Chapters 4 and 5, where we explored the interplay

of magnetism, topology, and interfacial phenomena in 3d-5d superlattice systems

LaBO3/SrIrO3 (B = Mn, Fe, Co, Ni), there are several directions for future research

to expand our understanding and applications of these materials.

One promising avenue is the use of external electric fields to tune magnetic and topo-

logical properties. For example, studying the anomalous Hall effect at 3d-5d inter-

faces under gating conditions could reveal mechanisms for controlling Berry curva-

ture. This control is essential for the design of spintronic devices, where electric field

manipulation of magnetic and topological properties could enable energy-efficient

and multifunctional device operations.

In this project, we primarily focused on superlattices of either n-type or p-type in-

terfaces. However, other geometries, such as mixed n and p-type interfaces or thin

film-substrate structures, remain unexplored. Studying these mixed geometries could

provide new insights into the interplay of charge transfer, spin alignment, and mag-
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netic coupling. Such investigations may lead to the discovery of novel phenomena

and functionalities in these systems.

3. Building on the findings of defect-induced magnetism and superconductivity in

(TaSe4)3I (n-TSI) from Chapters 6 and 7, there are several exciting directions for

future research to deepen our understanding of this material and its potential applica-

tions.

One key focus could be on probing the unconventional superconductivity with pos-

sible topological implications in this noncentrosymmetric structure. The combina-

tion of defect-induced weak magnetism, superconductivity, and inversion symmetry

breaking in n-TSI creates a unique platform for exploring topological features. This

interplay could lead to the discovery of exotic quantum phenomena, such as topo-

logical superconductivity, Weyl fermions, and Majorana modes. These phenomena

are heavily influenced by spin-orbit coupling and the material’s distinctive electronic

structure. Additionally, the electronic phase separation proposed in theoretical stud-

ies of n-TSI requires experimental validation.

These investigations could unveil exciting quantum phenomena and help design new

technologies, such as quantum computing components and advanced spintronic de-

vices, that leverage the material’s unique properties.
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