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Abstract

With the advent of quantum information processing, and rising demand of energy-efficient
, fast memory devices, spin based technological innovation has become state of art. Mag-
netism , the fundamental science behind the success of such innovations, has therefore
taken the centre stage of current day materials research. As components have shrunk in
size and the need for high-speed, low-energy, and non-volatile functionalities has grown,
researchers have been looking for materials that demonstrate magnetic properties that
can be adjusted at smaller scales. The unique electrical properties and thin atomic layers
of two-dimensional (2D) materials make them outstanding in this field. Because of their
chemical diversity, structural adaptability, and ease of surface modification, MXenes—a
broad family of 2D transition metal carbides, nitrides, and carbonitrides—have drawn
attention . Initially recognized for their exceptional capabilities in energy storage and
shielding against electromagnetic interference, recent theoretical and experimental stud-
ies have revealed their considerable potential in the domain of magnetism research. Their
ability to support intrinsic and induced magnetism, excellent electrical conductivity, and
mechanical strength make MXenes strong candidates for magnetic applications. How-
ever, the research on magnetism with MXenes is still in its infancy. In this thesis, we
try to achieve two things: first, to explore the structure-property relationships in intrin-
sically magnetic MXenes, and second, to investigate how other traits of non-magnetic
MZXenes can be utilised for magnetism-related applications. Our investigation starts with
studying i-MXenes, a class of in-plane chemically ordered MXenes whose MAX phase
precursors have already been synthesized. We show these systems possess tunable mag-
netic behavior strongly influenced by surface terminations and compositional ordering.
Subsequently, the magnetic and electronic properties of nitride-based MXenes with uncon-
ventional stacking sequences are explored. This study reveals how variations in stacking
can substantially alter the magnetic ground state and finite-temperature behavior, intro-
ducing a novel route to tailor material properties through structural engineering. Next,
we attempt to investigate multiferrocity using MXene/TMDCs heterostructure. We have
shown that our heterostructure possesses magneto-electric coupling, where ferroelectric
polarization in the MXene layer can control the spin polarization in the adjacent TMDC
layer. Such systems hold potential for non-volatile memory technologies and electric-
field-controlled spintronic devices. Finally, we investigate the role of spin-orbit coupling
(SOC) in non-centrosymmetric, non-magnetic MXenes TayCSy. We find the emergence
of Rashba-like spin splitting and valley-dependent Zeeman effects arising from symmetry
and orbital interactions, making these systems highly useful for use in valleytronics and
SOC-driven spintronic platforms.

This thesis, in summary, expands our understanding of magnetism with MXene and em-
phasizes its enormous potential to make a splash in state of the art technologies that rely
on the complex interplay between structure, symmetry, and spin degrees of freedom.
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Chapter 1

Introduction

1.1 Two dimensional(2D) materials

Since the 1970s, materials with reduced dimensions have attracted researchers’ inter-
est. 2D materials, with their atomic thickness and high surface-to-volume ratio, offer
exceptional strength and reactivity, making them ideal for advanced applications. Their
tunable properties enable their use for energy, medicine, electronics, and environmental
technology applications. Emerging from nanotechnology and green chemistry innovations,
they hold promise for next-generation catalysts, sensors, membranes, and innovative ther-
apeutic systems. However, the idea that atomically thin 2D materials could exist was
initially met with skepticism within the physics community. According to classical ideas,
thermal fluctuations in the lattice would cause such materials to become thermodynami-
cally unstable at any non-zero temperature [1]. The fact that thinner films typically had
lower melting points provided evidence in favor of this theory [2]. However, thanks to
developments in contemporary spectroscopy, three-dimensional materials with naturally
occurring layered structures, such as graphite and molybdenum disulfide, were discov-
ered. Although these materials could be exfoliated into only one atom thick layers, in
theory, this was long thought to be implausible experimentally.

However, the first breakthrough came in the year 2004 when the researchers Andre
Geim and Konstantin Novoselov of the University of Manchester used a straightforward
mechanical exfoliation method called the "scotch tape technique" to successfully sepa-
rate monolayer graphene from graphite, which is a single-layer carbon atom arranged in
a honeycomb lattice [3]. This discovery earned them the Nobel Prize in Physics in 2010
and launched the modern era of 2D materials. Due to its remarkable properties, this
graphene has quickly got the title "wonder material." Some of these include greater flex-
ibility, higher conductivity( even higher than copper), and extraordinary strength (even
stronger than steel) [4]. This has motivated the researchers to focus on synthesizing
other 2D materials. Recent advancements in exfoliation methods—such as micromechan-
ical cleavage, ion intercalation, and surfactant-assisted ultrasonication—have paved the
way for producing a wide range of layered bulk materials down to their monolayer forms
[5, 6, 7]. Subsequently, a broad family of 2D materials emerged today, which includes tran-
sition metal dichalcogenides (TMDs),( Example MoSs, WS, and WSe,) [8, 9], hexagonal
boron nitride (h-BN) [10], known as “white graphene,” Black phosphorus [11], Silicene
[12], MXene [13] etc to name a few. With a wide range of elements from the periodic
table, the universe of 2D materials is incredibly diverse. These materials have electronic
structures with bandgaps that span the electromagnetic spectrum, from ultraviolet to
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infrared. Some of them are metallic and semi-metallic too. This increases the range of
possible uses for 2D materials. Additionally, because of their ultrathin structures, 2D
materials show quantum confinement effect, dramatically changing how heat, light, and
charge carriers travel and producing unique and improved electrical and optical proper-
ties. Researchers have already demonstrated the potential of 2D materials by building
integrated circuits that include components like memory units, logic gates, amplifiers,
oscillators, mixers, switches, and modulators—all at atomic thicknesses [14, 15].

A significant breakthrough in the study of two-dimensional materials is the observation
of inherent long-range magnetic order within single-layer atomic crystals. The following
section will discuss 2D magnetic materials and their applications.

1.2 2D magnetic materials and their applications

Initially, it was thought that intrinsic magnetism in 2D materials is impossible as per
the Mermin Wagner theorem, that rules out any possibility of long-range ordering in
lower dimensions due to thermal fluctuations [16]. Researchers tried various approaches
to induce magnetism in non-magnetic elements. These included creating vacancy defects
[17], substitutional or adatom doping of magnetic atoms [18|. However, such processes
often run into various design challenges. In the year 2017, the first successful discovery of
intrinsic magnetism in 2D materials was observed in Crlz [19]. In the same year another
2D material CroGeyTeg was also succesfully exfoliated [20] . These newly discovered
materials exhibited significant magnetic anisotropy, allowing for robust magnetism even
in their monolayer forms.

Since then, the field of 2D magnetism has grown very rapidly. This is due to the fol-
lowing three reasons: (1) Significant experimental advances in the field have been made
with the successful synthesis of high-quality 2D magnetic monolayer and multilayer mate-
rials employing methods like molecular beam epitaxy (MBE), chemical vapor deposition
(CVD), and micromechanical exfoliation [21]. (2)Advanced optical and electronic char-
acterization methods have been developed, with tools like spin-polarized scanning tun-
neling microscopy (SP-STM) and x-ray magnetic circular dichroism (XMCD) becoming
standard for probing the magnetic properties of 2D materials [21]. (3) The continuous
growth in computational power has enabled accurate first-principles calculations, allowing
researchers to predict magnetic ground states and extract key magnetic parameters for a
wide range of 2D systems [21]. As a result, we have many candidates in the 2D magnetic
family today. This includes but are not limited to VSey [22], MPS; [23, 24](M=Fe,Mn,Ni),
VTey [25], a-RuCl3 [26] to name a few. In addition, various substitution approaches and
alloying in 2D materials have been made, giving rise to complex magnetic behavior and
enhancing the scope of 2D materials [27, 28|. The evolutionary algorithm and particle
swarm optimization (PSO) approach is another method that has already demonstrated
its validity in discovering potential 2D magnets [21, 29, 30].

These 2D magnetic materials provide many benefits as compared to the 3D ones: (1)
The magnetic behavior of the 2D materials can be easily tuned through intercalation
and surface functionalization [21]. (2)The strength of the exchange interactions and
anisotropy energy can be tuned through applications of strain and pressure. [21] (3)
2D magnets can be as thin as a single atomic layer, enabling the fabrication of ultra-
compact devices. This helps in achieving device miniaturization. (4)2D magnets provide
a platform to explore low-dimensional magnetism, phase transitions, and spin-lattice
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interactions at the atomic scale, which are not readily accessible in 3D.

Due to such advantages, they are propelling scientific progress in several industries.
They have found applications in various sectors, such as biomedical applications, energy
conversion, sensing, data storage, and cutting-edge domains like quantum computing.
The search for materials with tailored magnetic properties—such as high Curie tempera-
tures, low losses, and intense spin polarization, motivates interdisciplinary research across
physics, chemistry, and materials science. These magnetic materials are combined with
other functional materials like superconductors, ferroelectrics and ferrovalleys to create
fascinating new hybrid systems that open up new possibilities in fields like twistronics
and valleytronics. In the realm of advanced information technologies, spintronics has
emerged as a transformative field. Devices such as magnetic tunnel junctions (MTJs)
and spin valves utilize spin-dependent transport phenomena like tunneling magnetoresis-
tance (TMR) and giant magnetoresistance (GMR) for data storage and sensing [31, 32].
Spin-transfer torque (STT) and spin-orbit torque (SOT) mechanisms enable the manip-
ulation of magnetic states using spin-polarized currents, forming the basis for magnetic
random access memory (MRAM), a promising non-volatile memory technology [33, 34].

One of the 2D materials that has shown lots of promise for magnetism-related appli-
cations is the MXenes. The following section will discuss the MXenes and their potential
applications.

1.3 MXenes

MXene is a two-dimensional material derived from the three-dimensional MAX phase [35].
MAX phases represent a broad class of layered hexagonal compounds with a P63/mmc
space group symmetry with general formula M, .;AX,, where n = 1, 2, or 3 [35]. In
this structure, M = early transition metal; A = group III-VI elements, and X = carbon,
nitrogen, or a combination of both [36]. The compounds contain a layer of X atoms
sandwiched between two layers of M-atoms. These M ,,; X,, layers are interleaved with
layers of A atoms [37]. The crystal structure of a MAX phase with n = 2, i.e., M3AX,
is shown in Figure 1.1(a) for reference. When the A layers are selectively removed —
typically through chemical methods — the resulting 2D structure, known as MXene, is
shown in Figure 1.2(a). In the MXene structure, each X atomic layer remains sandwiched
between the M atomic layers. These MXenes have chemical formula M, ,{X,,.

So far, over 150 different MAX phases have been successfully synthesized [38]. One
of the key differences between MAX phases and other well-known layered materials like
graphite or transition metal dichalcogenides (TMDCs) is the nature of the interlayer
bonding. In TMDCs and graphite, weak van der Waals interactions are responsible for
holding the layers together, making it feasible for mechanical exfoliation [39]. In contrast,
MAX phases are bonded more strongly: the M-A bonds are metallic, while the M-X
bonds exhibit covalent, metallic, and ionic characteristics. As a result, MXene cannot
be obtained from the MAX phase through the mechanical exfoliation process. Instead,
chemical etching routes have to be employed for this purpose of obtaining 2D MXene
sheets [40, 41]. Few MAX compounds possess two distinct types of transition metal
atoms present in their structures in an ordered fashion. These are broadly classified into
o-MAX(out-of-plane ordered MAX) and i-MAX(in-plane ordered MAX) phases.

In o-MAX phases, the two transition metals are layered in an out-of-plane configura-
tion. A typical example is the M’sM"AXy-type structure, shown in Figure 1.1(b). Upon
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Figure 1.1: Various MAX phases: (a) Normal MAX phase M3AXowith only one tran-
sition metal atom(b) Out-of-plane ordered MAX phase M'sM"AX, with two differ-
rent transition metal with out-of -plane ordering and (¢) In-plane ordered MAX phase
(M’'9/3M" /3)2 AXwith two differrent transition metal with in-plane ordering (Reused with
permission from [37]).

etching out the A-layer, the resulting 2D material — o-MXene — exhibits a distinctive
structure, as seen in Figure 1.2(b). In this configuration, the outer transition metal layers
consist entirely of one metal (M’), while the inner layers consist of a different transition
metal (M"). The space group of this family of compounds is P63/mmc. Some exam-
ples of of o-MAX are Mo,TiAlCs, Moy TioAlC3, CryTiAlCs, and MosScAlC,. They have
been successfully exfoliated into MosTiCs, MosTisC3, CraTiCs, and MoyScCy MXenes,
respectively [42, 43, 44].

The i-MAX phases, on the other hand, have the in-plane ordering of the two transition
metals. The chemical formula for these compounds is (M'y/3M";/3)2AX, where M’ and

A

Figure 1.2: Various MXene phases: (a) Normal MXene phase M3Xs(b) o-MXene phase
M/';M"X; and (c) i-MXene phase (M'y/3M";/3)2X (Reused with permission from |37]).
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Figure 1.3: The schematics of the synthesis procedure of MXenes(Used with permission
from [53]).

M" are transition metals arranged in a fixed stoichiometric ratio of 1:2 within each metal
layer. This configuration differs from o-MAX phases in that here, both transition metals
coexist within the same atomic layer. i-MAX phases are known to adopt crystal structures
with symmetries such as C2/¢, C2/m, or Cmcm [45]. The structure of an i-MAX phase
is shown in Figure 1.1(c). The corresponding 2D derivative — i-MXene — is shown
in Figure 1.2(¢). In i-MXenes, similar to the i-MAX phase, each M-layer contains M’
and M" atoms distributed in a well-defined ratio. Experimentally, several i-MAX phases
have already been synthesized, such as (M'y;3M";/3)2 AIC (M’ = Cr, Mo, W; M" =
Sc, Y) [46, 47, 48, 49|, and (M'y/37r1/3)2AIC (M’ = V, Cr) [50, 51, 49]. Out of them
(Mog/3Y1/3)2AlC has been succesfully exfoliated to (Mog/3Y1/3)2C [52].

1.3.1 Synthesis of MXenes

Gogotsi and his group were the first to synthesize MXene from the bulk MAX phase
in 2011 successfully [13]. They exfoliated TizC, from the bulk TizAlCy by removing
the layer of aluminium(Al) atoms. They used a top-down chemical etching process, in
which the A-layer of a MAX phase is selectively dissolved using specific etchants. In the
case of Ti3Cs, aqueous hydrofluoric acid (HF) solution was used for this purpose [13].
Alternatively, etching solutions, such as a mixture of hydrochloric acid (HCI) and lithium
fluoride (LiF), can also be used for this purpose [48|. This synthesis route is popular
because it is cost-effective, relatively simple, and provides a high yield of MXene.

As an illustration of the process, let us consider the case of TizAlCy;. When exposed
to HF, the acid dissociates into hydrogen (H) and fluorine (F) radicals. Since these rad-
icals are reactive, they quickly attach to the Ti atoms on the surface, weakening the
Ti-Al bonds. As a result, the interlayer spacing increases, and the HF penetrates deeper
into the structure. As the reaction progresses, AlF3 (aluminum fluoride) and Hy gas are
formed and removed, resulting in the exfoliation of TizCs layers. A fluorine-terminated
MXene is the result [41]. The entire chemical process is as follows:

Ti302 + 2H2 — T’LgCg(OH)Q + H2
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Figure 1.4: Different MXenes compositions and structures reported till date(Reused with
permission from [54]) .

TigCg +2HF — TigCgFQ T H2

The MXene formed using the above method is multilayered. Various techniques, such as
intercalation and sonication, are used to obtain a single layer of MXene. However, this
acid-based process does not yield pristine MXene sheets. Instead, the dangling bonds
present on the surface of the newly formed MXene react rapidly with the aqueous en-
vironment, forming surface terminations such as —O (oxygen), -OH (hydroxyl), and —F
(fluorine) groups [13|. These functional groups play an important role in defining the
surface chemistry and properties of MXenes but also make it challenging to isolate com-
pletely termination-free structures. The schematic of the exfoliation process of MXenes
is given in Figure 1.3.

1.3.2 MXene family of compounds

As stated earlier, over 150 different MAX phases have been experimentally synthesized
using various combinations of the three primary components (M, A, and X). However,
despite its potential, only about 30 have been successfully exfoliated to MXenes to date.
The mono-transition metal-based MXenes that have been exfoliated from their corre-
sponding MAX phase precursors are VoC [55], TiyC [40], MoyC [56], TioN [57], NbyC
[55], MOQN [58], TlgCg [13], Zr3C2 [59], TlgCN [40], HfgCg [60], V4Cg, T14N3 [61], Ta403
[40], and NbyCs [62]. Double transition metal MXenes exhibiting greater structural com-
plexity, can be broadly categorized as either ordered compounds or solid solution types.
As discussed previously, the ordered ones can be classified into o-MXenes and i-MXenes.
Prominent o-MXenes that are synthesized so far include Mo, TiCs, Moy Ti5C3, CraTiCsy,
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MoyScCy [42, 43, 44]. Mo,VC,4Ty, a novel MXene with a unique structure consisting
of five transition metal layers (n = 4), was synthesized in 2019 [63]. This material is
one of the thickest known 2D structures, with a total of nine atomic layers. It increases
to eleven or more when surface terminations are considered. Its remarkable bending
stiffness paves way for exciting possibilities in mechanical and electromechanical applica-
tions. Solid-solution MXenes are typically represented by (M',,M"y)C,1 ( n=2,3,4; M’
and M" denote different transition metals). In these structures, the metals are randomly
distributed, forming solid solutions that enable gradual and flexible tuning of material
properties. (TisyNby)C [64, 65], (Vo.yNby)C [64, 65], (Tiz, Vy)C [64, 65], and (Mo,V),Cs
[66] are the solid solution MXenes that are experimentally synthesised. More than 84
different types of solid solution MAX phases have been reported to date [67], indicating
the solid solution MXenes is largely unexplored. The count on i-MXene is extremely poor
on the other hand. The sole i-MXene synthesized so far is (Mog/3Y1/3)2C [52], which is
derived through exfoliation from its parent MAX phase (Mog/3Y/3)2AlC.

In addition to these traditional MXenes, a new class of MXenes featuring ordered metal
vacancies were also synthesized from i-MAX phases. During exfoliation stage of the i-
MAX phases, some M’ atoms get dissolved, forming MXenes with ordered vacancies. For
example Moy 33C [52] , Wy 33C [48] are synthesised .In 2021, the discovery of high-entropy
MXenes containing multiple transition metals marked a significant breakthrough in the
field of MXenes [68, 69, 70]. In addition to these experimentally synthesized MXenes, sev-
eral MXenes have been explored theoretically for a multitude of applications. Figure 1.4
shows different MXenes that have been explored both theoretically and experimentally
to date.The following subsection explores how variations in composition and structure
lead to the emergence of unique and unconventional properties in MXenes.

1.3.3 Properties of MXenes

MZXenes offer exceptional tunability through the different combinations of the transition
metal composition (M), the number of atomic layers (n), and the type of surface termi-
nations (T). Because of such structural flexibility, precise control over their properties,
including electrical conductivity, magnetism, electronic transport behavior, chemical sta-
bility, and electrochemical performances, can be achieved |71, 72, 73, 74, 75]. Due to these
attributes, MXenes have shown positive potential across a range of applications, such as
energy storage [76], electromagnetic interference shielding 77|, and water splitting for
hydrogen production [78|. Here, we select to discuss only the electronic and magnetic
properties of MXenes.

1.3.3.1 Electronic properties

The electronic properties of MXenes are largely determined by their elemental composi-
tion and surface termination group [79].MXenes exhibit a broad spectrum of electronic
phenomena, ranging from semiconductor- metallic transitions [80], extremely low work
functions [81], topological insulating phases citekhazaei2016topological, and anisotropic
conduction [83], to Dirac cones and giant spin-orbit splitting [84]. Most of these phe-
nomena have been studied through Density Functional Theory (DFT) based simulations
since experimental verification is still relatively scarce. The electronic band structure
determines how MXenes respond to electronic and optical stimuli. In their pristine form,
without any surface terminations, most MXenes display metallic properties [85]. However,
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when functional groups like —O, —F, or —OH are bonded to their surfaces, they signifi-
cantly change the electronic structures, frequently leading to semiconducting properties
[85].

In pristine MXenes, near the Fermi level the states are mainly due to the transition
metal d-orbitals , with a slight separation from the p-orbitals of the surrounding elements
[85]. Upon surface termination, these d-states and the p-orbitals of functional groups
hybridize. This creates new filled states below the Fermi energy thereby causing the
Fermi level to shift downward, resulting in a semiconducting nature. For example, DFT-
based studies have reported semiconducting gaps in ScoCTy (T = OH, F, O), TiyCOq,
ZroCOq9, and Hf;CO,, ranging approximately from 0.24 to 1.8 eV [86]. Although the
band structures of OH- and F-terminated ScoC are similar because of their almost equal
electron affinities, oxygen provides a stronger electron-accepting tendency, which causes
a more noticeable shift.

In the case of o-MXenes, such as those having chemical formula M’sM"C,Ty and
M/;M"5,Co Ty, the outer transition metal layer (M’) is crucial in governing the surface
chemistry and electronic properties. This indicates how the metal elements can be care-
fully chosen and arranged to tune the properties of MXene. Few MXenes, MyC(OH),
(where M=Ti, Zr, Hf, Nb, Ta) and MyN(OH)s (M= Zr, Hf) can also develop nearly free
electron (NFE) states at the Fermi level, due to certain surface functional groups [85, 87].
These NFE states are particularly intriguing because they could improve the electronic
transport efficiency of next-generation devices by acting as low-scattering channels for
charge carriers.

Furthermore, it has been determined that some MXenes, especially those that contain
heavy transition metals like Mo, W, Zr, and Hf, have the potential to be two-dimensional
topological insulators(TT) in which the band topology is reorganized primarily by spin-
orbit coupling (SOC) [88, 82, 89]. W5CO,, for instance, has been suggested as a 2D TI
with a large gap, potentially providing room-temperature TI capabilities [82]. It has also
been projected that other oxygen-functionalized double transition metal MXenes (such
as Moo TiCy05, WoHIC50,, ete.) [82, 90]may exhibit either topological insulating or
semimetallic properties, broadening the potential applications of MXenes in upcoming
spintronic and quantum electronics technologies.

1.3.3.2 Magnetic properties

Most of the members of the MXene family exhibit a non-magnetic ground state in both
pristine and functionalized form. This is largely due to the robust covalent interac-
tions between the transition metal atoms and the carbon or nitrogen atoms, which favor
electronic arrangements that do not support magnetism [91|. However, with the use of
external stimuli, surface functionalization, and compositional tailoring, magnetic behav-
iors have been anticipated and demonstrated in specific MXenes.

According to DFT calculations, a number of MXenes may display magnetic ordering.
CryC, Cr3Cs, and Fey,C (93| are among the MXenes exhibiting ferromagnetic behavior
[94, 95]. On the other hand, antiferromagnetic behavior is reported to be shown by
ZrsN|[96] and CroN. Meanwhile, both Ti;C and TisN are ferromagnetic half-metals [97].

DFT simulations have predicted MnyC monolayers to be an antiferromagnet with
Néel temperature of 720 K [98], significantly above room temperature. Interestingly, a
ferromagnetic state with a Curie temperature of about 520 K can be induced by surface
functionalization with groups like F, Cl, and OH [99]. The nominal oxidation states of
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Figure 1.5: A comprehensive overview of the structure, electronic, and magnetic charac-
teristics of carbide MXenes is presented. For each MXene, details are provided on its elec-
tronic nature (insulating, metallic, or semimetallic), magnetic behavior (non-magnetic,
ferromagnetic, or antiferromagnetic), ground-state structure, and formal d™ electron con-
figuration of transition metal [92].

the transition metals, accounting for the anions (such as C*, N3 F-, OH", and O%),
the coordination environment, and the number of d-electrons, provide a general under-
standing of the magnetic moments in these systems. The nonbonding d-orbitals close to
the Fermi level are crucial in determining the magnetism, just like in transition metal
dichalcogenides. Extensive investigations of Cr-based MXenes have revealed promising
results among the double transition metal-based MXenes. For example, CryTisC3045 and
CryVoC305 MXenes are reported to be ferromagnetic with magnetic transition temper-
atures calculated to be 720.6 K and 246.8 K [100], respectively. Some of these MXenes
show strain-induced magnetic phase transitions, such as switching from ferromagnetic
(FM) to antiferromagnetic (AFM) phases, providing a potential route to externally con-
trol their magnetic states [100]. A recent study demonstrated that Tio,MnCyTy (T = O,
OH, F) monolayers exhibit robust ferromagnetism with high Curie temperatures ranging
from 495 K to 1133 K, surpassing those of many existing 2D ferromagnetic materials
[101, 102]. Similarly, HfsMnCy04 and Hf; VC,04 have been predicted to show ferromag-
netic nature [101]. HfyVCyF5 is reported to exhibit in-plane non-collinear 120° Y-type
antiferromagnetic ordering, leading to ferroelectric polarization, establishing it as a type-
IT multiferroic with strong intrinsic magnetoelectric coupling [103, 102]. Magnetic be-
haviour has also been studied in Janus MXenes My (XT,T's (X = C/N; T/T" = O, F)
using DFT. For example, Mn,C shows stable ferromagnetism for all mixed termination
cases. On the other hand, CryC, TiyC, and V,C shows robust antiferromagnetic ordering
[104].Furthermore, magnetic ordering was found in 62 out of 319 compounds in a high-
throughput DFT investigation on i-MXenes [105]. This implies that the MXene family
offers possibilities for the synthesis of several magnetic materials.

MZXenes have also shown considerable promise for spintronic applications in recent inves-
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tigations, such as in the construction of magnetic tunnel junctions (MTJs). For example,
insulating Ti,COy MXene as the spacer layer and half-metallic MnyCFy MXene as mag-
netic electrodes have been used to build MTJs [106]. A separate study reported that an
MTJ constructed using Cr-based MXenes demonstrated a maximum (minimum) TMR
value of 6.58 x 10'°(3.86 x 10°) [107]. Even the lowest value found here is comparable
to that of the traditional FETs [107]. The observation of room-temperature magnetic
skyrmions with tunable properties enabled by the Rashba-type Dzyaloshinskii-Moriya
interaction (DMI) in MXenes [108] has offered further functionality for magnetoelectric
multiferroic devices.

Experimentally, research on magnetism in MXenes is still in its infancy. The mag-

netic transition in CryTiCy Ty at 30 K was first observed experimentally by Gogotsi et
al., though it was not present in its MAX phase precursor [109]. Allen-Perry showed
that paramagnetic-to-AFM transitions are caused by etching conditions influencing phase
transitions in TizCyTy [110]. Similarly, Ti3CsTy synthesized by LiF /HCI etching and an-
nealed in Hy demonstrated enhanced ferromagnetism [111], highlighting the significant
changes in magnetic behavior that can occur during synthesis and post-treatment.
The promising magnetic properties observed in MXenes open up several exciting avenues
for further research: (1) a thorough investigation into the role of atomic layer stacking
and its influence on the magnetic behavior of MXenes (2) i-MXenes, a new subclass
with fractional stoichiometry, offer an uncharted territory where the interaction between
atomic composition and magnetic ordering is still mostly unclear (3) The incorporation of
MXenes into device heterostructures for possible spintronic applications (4) The investi-
gation of spintronics and valleytronics in non-centrosymmetric MXenes presents exciting
opportunities. There is a chance for advancements in the design of next-generation mul-
tifunctional 2D materials based on MXenes because these directions are yet understudied
physically and conceptually.

1.4 Importance of first principles based modelling and
simulation for exploring magnetism in MXenes

The above discussion clearly establishes that since the experimental investigation into
magnetism in MXene-based systems is still in its infancy, robust and accurate modelling
and simulation is the only possible way to understand the magnetic interactions in various
different MXene-based structures and compositions. Moreover, experimental investiga-
tion into effects such as stacking patterns, substitutions, and surface engineering can be
challenging. Thus, theory and simulation-based techniques are the only way to get in-
sights regarding the relation between structure, composition, and magnetism in MXene
single phases or MXene-based heterostructures. In this regard, first-principles simula-
tion techniques, especially those based on Density Functional Theory (DFT), are the
most desirable ones. Without the need for empirical factors, they accurately address the
attributes of electronic, magnetic, mechanical, and surface ground states. The difficult
many-body Schrédinger Equation is simplified to a single-particle affair by DFT. These
approaches have been widely used to predict magnetic ground states, exchange interac-
tions, and magnetic anisotropy in a vast swath of materials. In the existing literature, as
discussed above, DFT-based calculations have revealed the induction of ferromagnetism,
antiferromagnetism, and multiferroicity in specific MXenes by compositional tunings and
surface terminations. In my Ph.D. work, therefore, DFT-based calculations have been
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the backbone for probing the cause and controllability of magnetic response in MXenes,
significantly advancing our basic understanding of the engineering of materials for inno-
vative magnetic and spintronic applications.

1.5 Outline of the thesis

In this thesis, using Density Functional Theory (DFT) based first-principles calculations,
a systematic investigation of a number of MXenes, emphasizing their potential for mag-
netic applications, is done. The investigation starts with an exploration of the tunable
magnetic properties of a few i-MXenes, whose MAX precursors are synthesized, implying
that exfoliation to these i-MXenes is only a matter of time. This implies that the findings
can work as a guide to the experimentalists. In the next chapter, comparative magnetic
behavior of nitride-based MXenes with an unconventional layer stacking, which is different
from the one commonly observed in traditional MXenes is explored. Subsequently, focus
is put on designing and analyzing an MXene/TMDC heterostructure that exhibits mul-
tiferroic behavior and offers promising applications in multifunctional devices. Finally,
the role of spin-orbit coupling (SOC) in non-centrosymmetric, non-magnetic MXenes,
with a particular emphasis on their potential in the emerging fields of valleytronics and
spintronics, is investigated. The chapters in this thesis are organized as follows:

Chapter 1 explores the fascinating world of 2D materials, highlighting their crucial
role in numerous technical fields. It explores 2D magnetic materials in further detail and
highlights their exciting potential in spintronics and related domains. The chapter also
examines MXenes’ structural characteristics and their potential for use in a variety of
magnetic applications.

In Chapter 2, the computational approaches applied throughout this thesis are dis-
cussed. The chapter starts with a brief introduction to Density Functional Theory (DFT)
and the electronic structure computation methods used in this work. Magnetic exchange
parameters are evaluated using the Full-Potential Linear Muffin-Tin Orbital (FP-LMTO)
approach. A discussion of this method is also provided in this chapter. The Magnetic
Force Theorem is used to determine exchange parameters, and a brief discussion of this
approach is given. A synopsis of the procedure for calculating the Curie temperature,
specifically using the Metropolis algorithm, is also included in this chapter.

In Chapter 3, how the magnetic properties of Cr-based iMXenes can be tuned through
alloying with non-magnetic transition metals and through surface functionalisation is
investigated. By employing Density Functional Theory (DFT) calculations, the impact of
compositional variations on the electronic and magnetic behavior of these in-plane ordered
2D materials is investigated. Their magnetic and electronic ground states are found
to be strongly influenced by both structural arrangement and elemental composition.
Because of its intrinsic tunability, i-MXenes are attractive options for real-world magnetic
applications. Additionally, the magnetic anisotropy energies and calculated magnetic
transition temperatures are shown to be comparable to those of well-known 2D magnets,
highlighting the potential of i-MXenes in spintronics and multifunctional applications.

In Chapter 4, the investigation is focused on how various stacking configurations
affect the electronic and magnetic properties of several nitride-based MXenes. Although
carbide MXenes have been extensively researched, their nitride equivalents are still rel-
atively unexplored. Furthermore, the variability in structure and its ability to modify
material properties has only recently gained interest. This study connects these two
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less-explored areas—structural stacking and nitride chemistry—to examine their joint
impact on magnetism. The research demonstrates that within the MoNTy family (where
M = Sc, Ti, V, Cr, Mn and T = O, F), variations in transition metal layer stacking
significantly influence both the magnetic ground state and finite-temperature magnetic
behavior. Moreover, the stacking arrangement affecting the electronic ground state is
shown in this work, highlighting its role in enabling material design for spintronic and
magnetic applications. A thorough indepth analysis reveals that this stacking-induced
tunability in magnetic and electronic properties is strongly related to the local crystal field
symmetry variations, structural homogeneity, and electronic structure characteristics.

Two-dimensional van der Waals heterostructures are poised to revolutionize our un-
derstanding of fundamental physics while also paving the way for innovative devices that
utilize nanoscale magnetism. Among these, multiferroic systems made up of 2D ferro-
electric and ferromagnetic layers stand out for their ability to allow electric-field control
over magnetic properties, a crucial aspect of developing non-volatile memory technolo-
gies. These heterostructures are best made from materials known for their structural and
compositional flexibility, such as MXenes and transition metal dichalcogenides (TMDs).
In Chapter 5, the magneto-electric coupling in VSes-ScoCO4 in bi-layer and tri-layer
systems are investigated. The results demonstrate that changing the ferroelectric polar-
ization state in the MXene layer can affect the spin-polarized electronic structure of the
neighboring VSe,, leading to a semiconducting to a half-metallic transition. These find-
ings show that these heterostructures have the ability to improve field-effect transistor
designs and open the door to dependable, non-volatile memory solutions at the nanoscale.

Spin-orbit coupling (SOC) allows us to control spin degrees of freedom without the
need for external magnetic fields, which opens up exciting possibilities for new spintronic
technologies. In Chapter 6 the impacts of SOC in Tay,CSy; MXene is explored. The
findings demonstrate how local symmetries and orbital arrangements play a crucial role
in band splitting and the development of different spin textures at the Brillouin zone’s
high-symmetry points. Using first-principles calculations and a k-p model, this work
shows the presence of both linear and higher-order Rashba-type spin splittings at the
center of the Brillouin zone, in perfect agreement with the system’s Cs, point group
symmetry. Furthermore, this work also shows unique Zeeman-like, valley-dependent spin
splittings occurring at the K and K’ points, which are non-time-reversal-invariant mo-
menta (non-TRIM). These splittings arise from a complex orbital structure that results
in an inherent orbital magnetic moment, showcasing a sign difference between K and
K’. The study’s findings demonstrate how symmetry and orbital characteristics inter-
act to influence spin behavior, which makes TayCSy a viable option for spintronics and
valleytronics developments, much like transition metal dichalcogenides.

Chapter 7 discusses the possible extension of the present work.
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Chapter 2

Methodology

This chapter describes the theoretical foundations employed in this thesis for the simu-
lation of material properties. The work presented in this thesis is carried out by Density
Functional Theory (DFT) based calculations. After the introduction of DFT and its
framework used for ab initio calculations, we provide two different implementations of
DFT: the plane wave pseudopotential based Projector Augmented Wave (PAW) method
used for calculations of ground state properties and electronic structures and the Full
Potential Linearized Muffin Tin Orbital (FP-LMTO) method which is used for calcula-
tion of magnetic exchange interactions. A brief discussion on the Monte Carlo simulation
method, which is used for the calculation of magnetic transition temperature, follows.
The chapter ends with a brief description of the ways to calculate magnetocrystalline
anisotropy energy (MAE).

2.1 Density Functional Theory

Density Functional Theory (DFT) is a powerful quantum mechanical approach used to
study the electronic structure of atoms, molecules, and solids. Unlike traditional meth-
ods that rely on solving the complex many-body Schrédinger equation to obtain the
wavefunction of a system, DFT simplifies the problem by expressing the system’s energy
as a functional of the electron density, which is much easier to calculate. Solving the
Schrodinger equation and obtaining the wavefunction directly is possible for simple sys-
tems like the hydrogen atom. However, as the system becomes larger and more complex,
solving the Schrodinger equation for all interacting electrons becomes impractical due
to the computational demands. DFT provides a more feasible way to study such larger
systems by focusing on the electron density, allowing researchers to obtain valuable in-
formation about chemical properties and material behaviour without the computational
burden of wavefunction-based methods. In the following sections we shall discuss this
method in details.

2.1.1 The Many Body Schrodinger equation

The time-independent nonrelativistic Schrodinger equation for a multiparticle systems
like solids containing atoms and nuclei is given as:

H\I/(rl, ry,..., Iy, Rl, RQ, '-RNS) = E\I’(I'l, rg,...,I'y, Rl, R27 -~RNS) (21)
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Here, H corresponds to the Hamiltonian operator, and E is the total energy associ-
ated with the system.The system consist of N electrons and Ny nuclei. The variables
ry,ry,...,ry corresponds to the the electronic coordinates while Ry, Ro, .. Ry, represents
nuclear coordinates .The form of the Hamiltonian is given as:

—h2 Z16 Z[ZJE
2meZ€:A2 Z‘I'Z—I'j| 2M ZAQ Z|I‘—R]| Z|R]_RJ|

(2.2)
There are a total of five terms in the above expression of the Hamiltonian. The first
and the third terms represent the kinetic energy of the electrons and nuclei, respectively.
Here, m, and M, represent the electrons and the nuclear mass, respectively. The second
(fifth) term represents the columb interactions between the electrons(nuclei). And lastly,
the fourth term is the interaction between the electrons and nuclei. The goal of electronic
structure calculations is to solve this many-body Hamiltonian as accurately as possible.
However, solving it directly is a daunting task and requires a number of approximations.
These approximations will be discussed in the following sections.

2.1.2 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation, proposed by Max Born and Robert Oppenheimer
in 1927, was introduced to simplify the complex many-body Hamiltonian governing sys-
tems with both electrons and nuclei [112|. The core idea behind the approximation lies
in the large mass difference between the nuclei and electrons in a system. Since the
nuclei are significantly more massive than the electrons, they move much more slowly.
This means that, from the perspective of the rapidly moving electrons, the nuclei appear
almost stationary. Consequently, the kinetic energy of the nuclei can be neglected, and
the Coulomb interactions between the nuclei (which are independent of the electronic
motion) become constant. As a result, the problem is reduced to one where the electrons
are treated as moving in a fixed potential created by the stationary nuclei. Using this
approximation, the Hamiltonian takes the form:

—h2 Z[@
e S Y e .

The first term is the Kinetic energy of the electron ( 7; ), the second term is the Coulomb
interaction between the electrons ( V. ), and the last term is the potential energy due to
electron-nucleus interaction( V. iernar )-

2.1.3 Hartree and Hartee Fork methods

The Hartree method, developed by Douglas Hartree in 1928, is a first approximation used
to describe the behavior of many-electron systems [113]|. In this method, each electron
is treated as moving independently in an average electrostatic field created by the other
electrons rather than solving for the full many-body wave function directly. The method
assumes that the electrons are not correlated, and their wavefunctions are approximated
as a product of single-particle wavefunctions. The interactions between electrons are re-
placed by an average potential, which leads to a set of self-consistent equations describing
the motion of each electron in this effective field. For a system of N interacting electrons,
the Hartree method leads to a set of N single-particle Schrédinger equations, which are
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given by:

—_h2
2m,
Where Vy is the effective potential, which includes both the Coulomb attraction to the
nucleus and the average electrostatic repulsion from the other electrons.
The wavefunction of the system in this approximation is represented as a product of
single-particle wavefunctions for each electron:

A2 4 Vi (1)U (r;) = € 0(r;) (2.4)

U(r) = WUy(ry). Uo(ry)...... W, (ry,) (2.5)

The Hartree-Fock method was developed as a natural extension of the Hartree method
because the latter, while providing a useful approximation for many-electron systems,
ignored important physical effects [114]. Specifically, the Hartree method treats electrons
as independent particles moving in an average field created by the other electrons, neglect-
ing the exchange interactions that arise due to the Pauli exclusion principle. This means
that the Hartree method does not account for the antisymmetry of the many-electron
wavefunction, which is crucial for describing fermions like electrons. The Hartree-Fock
method was introduced to address this limitation by enforcing the antisymmetry of the
wavefunction through a Slater determinant and by including exchange effects, where the
interaction between electrons is not merely a mean field but also reflects the Pauli exclu-
sion principle. Under this approximation, the wave function for a N-electron system can
be written as:

5121'1; izghg tII’]NEId;
1 1(r2 2(rg) - N(T2
Ur) = — y ) . ) (2.6)
v N! i 2 0% 2
\Ifl(I'N) \IJQ(I'N) 1" \I/N(I'N)

While the method accounts for the exchange interactions due to the Pauli exclusion
principle, it does not fully describe the dynamic interactions between electrons. This
means that electron-electron correlations are not captured, which play a significant role
in many systems (especially in systems with strong correlations). As a result, Hartree-
Fock can give inaccurate results for systems like transition metal complexes, strongly
correlated materials, or systems with a significant degree of electron correlation. This
has been taken care of in Density Functional Theory, discussed in the next section.

2.1.4 The Idea Behind DFT

Density Functional Theory (DFT) is a computational approach that focuses on electron
density, p(r), as the central variable for describing the physical properties of a system
instead of the many-body wavefunction. This shift in perspective represents a significant
conceptual difference compared to wavefunction-based methods and leads to a substan-
tial simplification in calculations. The wavefunction of a many-electron system depends
on 3N variables (where N is the number of electrons), making it computationally very
expensive to solve. In contrast, the electron density depends only on three spatial co-
ordinates—x, y, and z—regardless of the number of electrons, dramatically reducing the
complexity of the problem.
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The basic ideas behind DFT date back to the early twentieth century and were first
introduced by Thomas [115] and Fermi [116]. They proposed that the kinetic energy of
any given system can be expressed as a functional of the electron density, and electron-
electron interactions can be introduced in a mean-field way. Such a notion was vital be-
cause it highlighted that one could figure out the ground-state properties of a system from
the electron density and not the full wave function. However, the early Thomas-Fermi
approximation was a semi- classical method, neglecting important quantum mechanical
effects, such as the exchange and correlation between electrons, resulting in significant
errors.

In the 1920s, Dirac attempted to refine this approach by including the exchange
energy, which accounts for the quantum mechanical effects of the indistinguishability of
electrons [117]. While this improvement was a step forward, it still did not fully address
the electron-electron correlation effects and did not lead to accurate results for a broad
range of systems. It was clear that more work was needed to capture these essential
effects.

The breakthrough in DFT came in 1964 when Hohenberg and Kohn published their
seminal work [118]. They proved that the ground-state energy of a system is uniquely
determined by the electron density, which is the key idea behind modern DFT. They
also showed a functional relationship between the electron density and the system’s total
energy, paving the way for practical calculations. This was further refined by Kohn and
Sham in the same year, who introduced the concept of the Kohn-Sham equations [119],
a set of self-consistent equations that allow for practical implementation of DFT. These
equations treat the interacting electron system as a system of non-interacting particles
in an effective potential, making the method computationally feasible.

2.1.4.1 Hohenberg-Kohn Theorem

The Hohenberg-Kohn Theorem was proposed by Pierre Hohenberg and Walter Kohn in
1964. It establishes that the ground-state properties of a many-electron system can be
entirely determined by the electron density rather than the many-body wave function.
This theorem revolutionized the way we approach the study of quantum systems, signifi-
cantly simplifying the problem of many-body physics. The theorem consists of two main
parts:

(1) According to the first theorem, the external potential, V. ena Or the ground state
energy E is a unique functional of the density [120].

(2) According to the second theorem, electron density that minimizes the total energy
functional (which includes both the kinetic and potential energies) is the actual ground-
state density of the system [120]. Accordingly, the ground state of the interacting electrons
in an external potential V_ 4crna is given by the energy functional:

Elp(r)] = Flp(r)] + / Viaternat (t)p(r)dr @7

where F[p(r)] is a universal function of energy density p(r) that accounts for the kinetic
energy of the electrons and the electron-electron interactions. The second term arises
from the interaction of the electron with the external potential. The goal of DFT is
to find the electron density p(r) that minimizes the energy functional E[p(r)|, which
corresponds to the true ground-state density of the system.
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2.1.4.2 The Kohn-Sham Framework in Density Functional Theory

While DFT, through the Hohenberg-Kohn theorem, showed that the electron density
p(r) could determine all the properties of a system; it did not provide a practical way
to calculate the ground-state energy because the functional F'[p(r)](which includes the
kinetic energy of the electrons and the electron-electron interactions) is not known exactly.
Thus, the real challenge was in handling the electron-electron interactions and the kinetic
energy term in DFT.

The Kohn-Sham (KS) method offers a practical way to apply DFT by using a set
of imaginary, non-interacting particles [119]. These imaginary particles have the same
electron density as the real, interacting system. The idea is to simplify the complex
many-electron system by replacing it with non-interacting particles that move in a spe-
cial potential. This effective potential is created to ensure that the electron density and
the effects of interactions between electrons are accurately represented. This approach
converts the multi-electron systems into single-electron problems in an effective potential
that obeys a Schrodinger-like equation:

(Hgs — €)®;(r) = 0 (2.8)

In this Kohn-Sham equation, Hgg is the Kohn-Sham Hamiltonian operator, which in-
cludes the kinetic energy of the electrons and the effective potential that accounts for the
external potential and electron-electron interactions. ¢; is the energy eigenvalue associated
with the ith-electron and ®;(r) single-particle wavefunction (also called the Kohn-Sham
orbital) for the ith-electron. The mathematical form of Kohn-Sham Hamiltonian is given
as:

—h2
2m,

Hyg = AQ—I—Veff (2.9)

The first term is the kinetic energy of the electron, and the second term is the effective
potential.

Vveff == ‘/e;rternal (I‘) ar VH(I’) + ‘/:TC(I‘) (210)

Here, the first term is the external potential, the second one is the Hartree potential, and
the third term is the exchange-correlation potential. The Hartree potential is given as:

1 / p(r)p(r’)drdr’ (2.11)

2 | r-r’ |

Va(r) =
and the exchange-correlation potential is given as :

Vie(r) = 5E§;<r) (2.12)

The density is expressed as a summation over the individual Kohn-sham orbitals, i.e.,

TH-3778_196121107 17



Initial Electron Density p(D)J

l

{Construct KS Hamiltom'an}

l

{So[ve KS Equations ‘

l

‘Updat-e Electron Density p(“-+1)J

l

‘ Mixing and Da;mping}

Converged? Compute Properties:Force,Eigenva.luesJ

Figure 2.1: Flowchart for solving self-consistent Kohn Sham (KS) equation

p(r) = Z | @i(r) |* (2.13)

By integrating this density, the total number of electrons is obtained, i.e.:

N = / p(r)dr (2.14)

The Kohn-Sham energy functional is given as :

EKS = Ts(p) + / V;amternal(r)p(r)dr u EH(p) + Ea:c(p) (215)

The Kohn-Sham equation is solved iteratively by first providing an initial guess for the
electron density, p(r), and the exchange-correlation functional, E,.([p(r)]). Schematic of
a DF'T calculation is shown in Figure 2.1.

In Density Functional Theory (DFT), incorporating spin effects to model magnetism
is a relatively simple extension. The Kohn-Sham equations are solved separately for the
spin states, spin-up (1), and spin-down (|). To determine the total electron density, the
densities of both spin channels are added together (p1 + pl), giving the overall charge
distribution. Meanwhile, the spin density, which characterizes the magnetic moment, is
calculated as the difference between the spin-up and spin-down densities (pT - pl). This
method allows DFT to effectively capture the magnetic behavior of systems by treating
the spin polarization explicitly in the calculations.
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2.1.4.3 Exchange Correlation Energy Functional

In the above Kohn-Sham energy functional, the exact form of the exchange-correlation
energy functional F,. is not known. The exchange part of the functional accounts for
the Pauli exclusion principle, which ensures that no two electrons with the same spin
can occupy the same quantum state. The correlation part describes the tendency of
electrons to avoid each other due to their Coulomb repulsion, taking into account their
dynamic correlation. So, to model the form of FE,., various approximations are there.
The simplest and the most basic approximation is Local Density Approximation (LDA)
[119]. It assumes that the exchange-correlation energy at each point in space depends
only on the local electron density at that point as if the system was uniform. This
means that for a given spatial point, the system is treated as though it behaves like a
homogeneous electron gas with the same density as the local electron density at that
point. Mathematically :

BEPAp(o) = [ pla) Bl (p(r)) s 2.16)

Here E"™ is the exchange-correlation energy of a homogeneous electron gas of density
p(r). The Local Density Approximation (LDA) performs quite well in systems where
the electron density changes gradually, such as in covalent materials and simple metals.
One of the reasons behind its surprising success is that the errors introduced by LDA in
the exchange energy and correlation energy tend to cancel each other out. Specifically,
LDA tends to overestimate the exchange energy while underestimating the correlation
energy. However, the combination of these errors often results in a good approximation
of the total exchange-correlation energy.LDA struggles when the electron density varies
sharply across space, such as at surfaces, interfaces, or small molecules.LDA also tends to
underestimate certain many-body effects, particularly in systems where electron-electron
correlations are strong. An improvement over this is Generalized Gradient Approxi-
mation(GGA) [121, 122|.GGA improves the accuracy of the calculations by considering
electron density at each point and how that density changes around it (gradient of elec-
tron density), leading to better predictions for things. The energy functional is given as:

ES4(p(r)) = / p(0) B (p(x), v p(e)) dr (2.17)

Some of the well known Generalized Gradient Approximation (GGA) functionals are :
PBE (Perdew-Burke-Ernzerhof) [123] , PW91 (Perdew-Wang 1991) [124] , BLYP (Becke-
Lee-Yang-Parr) and PBEsol (PBE for solids) [125] . In this thesis, PBE functionals is
used throughout.

2.1.5 DFT based electronic structure methods

DFT-based electronic structure approaches can be broadly categorized based on how
the Kohn-Sham orbitals are represented. The accuracy and computational efficiency
of a simulation are significantly influenced by the representation that is used. Finding
the ideal balance between numerical accuracy and efficiency while solving the Kohn-
Sham equations is one of the main issues in computational materials research. In the
core or atomic regions, where wavefunctions exhibit rapid oscillations, a dense numerical
grid or carefully selected small basis set is sufficient, as the wavefunctions are relatively
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unaffected by the surrounding chemical environment. Conversely, in the interatomic
regions, the wavefunctions are generally smoother but highly responsive to changes in
the local environment. This necessitates the use of more flexible and extensive basis
sets to accurately capture the physics. This subsection introduces two distinct DFT
implementations, each employing a different basis set strategy, both of which have been
applied for calculation purpose in this thesis.

2.1.5.1 Projector Augmented Wave (PAW) method

In DFT calculations, the wavefunctions of the electrons are typically expanded in terms of
a basis set. The plane wave basis is one of the most common choices for representing these
wavefunctions. Their basic advantage is that plane waves are computationally simple
and easy to handle because they form a complete set of functions in a periodic system.
However, plane wave basis sets are not well-suited for describing electron wavefunctions in
all regions, particularly when it comes to the core electrons that are tightly bound to the
nucleus. These core orbitals have rapidly oscillating wavefunctions, and representing them
accurately with plane waves would require an impractically large number of plane waves,
making the calculation computationally expensive and inefficient. Moreover, the valence
electrons, which are more relevant for bonding and chemical reactions, also experience
rapid oscillations near the core, making their representation with a plane wave basis
cumbersome.

To address this issue, the concept of pseudopotentials (PPs) was introduced. Pseu-

dopotentials are effective potentials that replace the strong Coulomb potential of the
nucleus and core electrons with a smoother potential that only acts on the valence elec-
trons, removing the rapid oscillations of wavefunctions in the core region. This results in
a much smoother wavefunction for the valence electrons, which can be efficiently repre-
sented using a more manageable number of plane waves. This reduction in the number
of plane waves significantly reduces the computational cost of simulations, making the
method much more computationally feasible. There are mainly two different types of
pseudopotential methods .
(1) Norm-Conserving Pseudopotentials (NCPPs): Norm-conserving pseudopotentials are
constructed to ensure that the total number of electrons is conserved and that the wave-
function outside the core region remains the same as the true all-electron wavefunction.
(2) Ultrasoft Pseudopotentials (USPPs) [126]: They allow for a reduced plane-wave basis
set by softening the interaction between the valence electrons and the nucleus. This makes
them more computationally efficient than norm-conserving pseudopotentials because they
require fewer plane waves for the same level of accuracy.

While the pseudopotential method offers several advantages, such as reducing memory
usage and computational demands, it does come with some significant drawbacks. One
notable issue is that this method compromises the authentic all-electron wavefunction
in the vicinity of atomic nuclei, as the wavefunctions in the pseudopotential area are
artificially smoothed. This smoothing can lead to inaccuracies in computed properties
that rely heavily on the electronic structure close to the nucleus, affecting phenomena like
hyperfine interactions, electric field gradients, and core-level spectroscopy. Additionally,
another limitation of the pseudopotential technique is its reliance on various adjustable
parameters during the generation process. This means a pseudopotential tailored for one
specific system may not yield trustworthy results in a different scenario, raising valid
concerns regarding its transferability and consistency across diverse contexts.
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In 1994, Peter Blochl introduced the Projector Augmented Wave (PAW) technique to
overcome these obstacles [127]|. This novel method successfully combines pseudopotential
and all-electron approaches. The PAW formalism uses a linear transformation to recreate
the entire all-electron wavefunction from a more manageable pseudo-wavefunction. It
does this by dividing the wavefunction into two distinct regions: a partial wave expansion
within atom-centered augmentation spheres—where both core and valence states are
represented with precision;and smooth envelope functions in the interstitial area. A
linear transformation links these components at the boundary of the spheres.

Thus, the PAW method combines the computational efficiency of pseudopotentials
with the accuracy of all-electron calculations, making it especially suitable for calculat-
ing desired material properties. In this section, we provide a brief overview of the PAW
formalism .

In the PAW method, the all-electron wavefunction [¢,) is represented by a smooth
wavefunction after a linear transformation with operator 7"

) =T @Z?n> (2.18)

An augmentation sphere is constructed around each atom such that |[r — R*| < r%,
where 7¢ denotes the cut-off radius, a refers to the atomic index, and R* represents
the position of atom a. Within this framework, the linear transformation operator 7' is
expressed as:

T=1+) T° (2.19)

where T only acts in the augmentation sphere. Inside this region, the smooth wave-
é):

&) (2.20)

function is represented as a linear combination of smooth partial waves denoted by

dn> = Z Cri

ia

The all-electron wavefunction in the same way can be written as:

[OEDIALD (221)

The smooth partial wave, upon application of the linear transformation operator,
takes the form:

60y =T |6¢) = (1479 |6) (222)

As T only acts inside the augmented sphere, so the Eq. 2.22 at r > r% becomes

60 = |6%) (2:23)

Now the true wavefunction is expressed as :

RIS SEATE (2:24)

a

|¢n> =

As the transformation operator T is linear, the coefficient of the smooth partial wave
must be a scalar product, and

a _ /[ ~a
Cpi = <pi

Gu) = Pi (2.25)
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where p¢ are some smooth projector operators. So the transformation operator T
becomes

T =33 (1on) - |ér)) (2.26)

After the transformation in Eq. 2.26, the Kohn-Sham wavefunction is
o)+ 23 (1) = [01)) o)
|3+ Y (Z (i (- i) (s]5)) ) o

From Eq. 2.27, the wavefunction can be decomposed as the sum of the smooth wave-
functions (smooth everywhere) and sum over the subtraction of one-centered all electron
contribution and one-centered pseudo part. By substituting Equation 2.27 into Equation
2.18, one can derive a more concise formulation for several quantities used in the PAW
method, as described in previous works [128, 129, 130, 131]. Throughout the thesis, I
have used PAW method for calculation of ground state properties and electronic structure
as implemented in Vienna Ab Initio Simulation Package (VASP) [132].

’wn =

2.1.5.2 Full-Potential Linear Muffin-Tin Orbital (FP-LMTO) method

The complementary approach to the Pseudopotential Plane wave based method is the
class of methods that use the full electronic potential. FP-LMTO is one of them [133] . It
uses Linear Muffin tin orbitals (LMTO) as the basis instead of the plane waves. In LMTO
method, potentials at atomic sites are described by the muffin-tin approximation. The
muffin-tin approximation divides the space in a crystal into regions around each atom,
called muffin-tin regions. Within this muffin tin region, the basis is linear combinations
of spherical waves given as :

\I/M(k, I') = Z yL(DT’f“T) (ICZ(KJZ‘, 87)5(7', TZ)(S(L, Lz) + jL(/{, ST)BL,L,'(K/’D =— 'l°/ — k))

(2.28)
where
m(7) = i Yo (7 (2.29)
ne(kr) — iJg m") K2 <0
=- 2.
Kelr,m) W {ng (kr) k? >0 (2:30)
also
Kr(k, ) = Ki(k,7) V() (2.31)
and, .
Jo(k,T) ]EE:Z) (2.32)
and,
Tk, 1) = To(k, ) Yi(7) (2.33)

Here, Y is spherical harmonic.n; and j; are spherical Neumann and Bessel functions,
respectively. D, is a transformation local to the site 7 . [ and m are angular momentum
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parameters of the spherical wave concerning its parent cell. In the interstitial region
between the muffin-tin spheres, bases are Bloch sums of spherical Hankel or Neumann
functions. So for the site, 7, in the unit cell basis function is given as :

'(/}Z(k’ r)

= SRR (ke — 7~ R) Vi (Do (r 7~ R)) (234
rel R

Unlike the standard LMTO method, which assumes spherical symmetry within muffin-tin
regions (i.e., a simplified approximation of the atomic potential), the FP-LMTO method
considers the material’s full potential. This means it allows for more accurate descriptions
of the electronic structure, especially for materials with highly non-spherical potentials
or complex atomic arrangements. The FP-LMTO or any other full potential method is
very useful in cases where total energy accuracy is non-negotiable. In this thesis, we have
used FP-LMTO method as implimented in Relativistic Spin polarised Toolkit (RSPT)
[134] . This method has been used for accurate calculations of small energy differences
as is required for calculation of magnetic exchange interactions (see section 2.2.1).

2.2 Computation of physical quantities

2.2.1 Magnetic Exchange Interactions

The magnetic pair exchange parameters are computed to understand the nature of the
magnetic interactions of the systems studied in this thesis. These parameters provide
valuable insights into the strength and orientation of the interactions between neighboring
spins, which are crucial for determining the overall magnetic properties of the material.
By analyzing the exchange parameters, we can gain a deeper understanding of phenomena
such as magnetic ordering, spin dynamics, and phase transitions. The Heisenberg model
Hamiltonian is written as

H=— Z Jijei.ej (235)
1,

Here, J;; is the isotropic exchange parameter between the ith and jth atom. e; is the
unit vector along the magnetization direction of the ¢th atom. The values of J;; can be
extracted from first principle electronic structure calculations.

There are various approaches to derive exchange parameters from electronic structure
calculations. One of them involves computing the total energies for different magnetic
configurations and mapping them to a classical Heisenberg model. However, this method
presents quite a few challenges. First, a large number of magnetic configurations must be
considered to obtain accurate results, which can be computationally expensive. Second,
the output is typically a single value for the exchange interaction, making it challenging
to extract further insights. For instance, it does not provide clear information about the
specific orbitals or electronic states contributions to the exchange interaction. Addition-
ally, distinguishing between different mechanisms of exchange coupling, such as direct
exchange, superexchange, or double exchange, becomes challenging.

The alternative approach given by Lichtenstein in 1987, is based on the Magnetic Force
Theorem [135] . In this approach, the magnetic exchange parameters are evaluated by
calculating the small change in the total energy due to small deviations of some magnetic
moments from the ground-state magnetic configuration. The expression for the exchange
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parameter is given as :

1 [Fr

- _—y
Jij [mTT(AiT;]AjTgZ dE) (236)

:E N

Here, T is the scattering path operator, and o is the spin indices. Also A; = %\i_o_l —
E;l, where t is the single site scattering matrix . The sign of the exchange parameter
Jijdetermines whether the exchange interaction is ferromagnetic or antiferromagnetic.
If Ji; is positive, the interaction is ferromagnetic, leading to parallel alignment of the
magnetic moments on sites ¢ and j. Conversely, if J;; is negative, the interaction is
antiferromagnetic, favoring antiparallel alignment of the magnetic moments. Since this is
based on multiple-scattering formalism, FP-LMTO is the appropiate method .Throughout
this thesis , we have calculated J;; by the FP-LMTO method as implemented in RSPt
code .

2.2.2 Monte Carlo Simulation and Transition Temperature Cal-
culation

The magnetic transition temperature is the temperature at which a material experiences
a change in its magnetic properties. For example, in ferromagnetic materials, it is known
as the Curie temperature, and it marks the point at which the material loses its perma-
nent magnetism; below this temperature, the magnetic moments of atoms are aligned,
but above it, they become disordered, and the material behaves like a paramagnet. In
antiferromagnetic materials, the transition occurs at the Néel temperature, where the
material changes from an ordered state, where adjacent magnetic moments point in op-
posite directions, to a disordered state, where the moments lose their alignment. Monte
Carlo simulations [136] are often applied to study statistical properties of magnetic sys-
tems, such as the transition temperature, by modelling the system’s behavior at different
temperatures based on an underlying energy model (Ising or Heisenberg model ). For
the calculations in this work, a Monte Carlo simulation using the Metropolis algorithm
[137], as implemented in the uppASD code [138|, was employed. A two-dimensional lat-
tice of size SxS is constructed, with periodic boundary conditions along both the x- and
y-directions. The value of S depends on the specific system being studied. The general
workflow can be summarized as follows:

(1) An initial spin configuration of the system is chosen, and a magnetic atom is selected
randomly.

(2)The spin of the selected magnetic atom is flipped while the spins of the other atoms
are kept constant.

(3) The energy differrence is evaluated as AE = E, — E,, .Where E, is the energy of the
current configuration and F, is the energy of the new configuration after flipping. The
probability of accepting the new magnetic configuration is given by:

W(x — 2') = exp(—AE/KgT) ifAE >0

2.37
=1, Otherwise ( )

(4) The decision to accept or reject the new spin configuration is as follows: (a) If the
energy of the new configuration is lower, it is accepted as the new configuration. (b) If the
energy is higher, a random number between 0 and 1 is generated. The new configuration
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is accepted if this random number is greater than or equal to W. (¢) Otherwise, the old
configuration is retained.

The procedures mentioned above are followed for all sites. The first few steps are dis-
carded for thermalization until equilibrium is reached. Once equilibrium is reached, the
statistical quantities can be evaluated. The magnetic moment and susceptibility can be
obtained as :

1
M= (s (2.38)
nd 1 (M2) — (M)
N T (2.39)

Magnetic transition temperature can be obtained by plotting this susceptibility as a
function of temperature.

2.2.3 Magnetic Anisotropy Energy(MAE)

Magnetic anisotropy energy is the energy that depends on the direction in which a ma-
terial’s magnetic moments are pointing. In simple terms, it tells us how much the energy
changes when the magnetization of a material is aligned in different directions. This effect
happens because of factors like the material’s crystal structure or how the spins interact
with each other. Some directions are easier for the magnetization to align with (called the
"easy axis"), while others are harder (the "hard axis"). The difference in energy between
these directions is what we call magnetic anisotropy, and it is important for things like
making strong magnets and storing information in magnetic devices.

Greater accuracy and a finer sampling of the Brillouin zone are required to evalu-
ate magnetic anisotropy energy in DFT. The magnetic anisotropy energy is often much
smaller than other energy contributions. As a result, the calculation needs to be precise
to accurately capture this small energy difference between different magnetic configura-
tions, such as aligning the magnetic moments along different crystallographic axes. A
finer Brillouin zone sampling ensures the accuracy while handling energy differences of
the order of peV .

The expression for MAE is :

Eyap = E|— Ey (2.40)

Here Ej and E, are the total energy of a system when the magnetic moments are aligned
parallel and perpendicular to the plane respectively. In evaluating the above values of
energy, spin-orbit coupling (SOC) is also taken into account. A positive (negative) value
of MAE indicates the existence of an easy axis perpendicular to the MXene surface(easy
plane).

For transition-metal-based systems like MXenes, MAE primarily originates from spin—orbit
coupling (SOC) interactions between occupied and unoccupied d-states. Within the
framework of second-order perturbation theory, SOC can be treated as a weak perturba-
tion to the spin-polarized ground state, allowing a quantitative estimation of MAE. This
perturbative approach expresses MAE as a function of the SOC matrix elements and the
energy differences between these states. The MAE is given as [139, 140]:

o* | L, | uP) 12— | (o™ | L, | uP) |2
P = 3" (L1 L )P~ 10 Ll

€y — €5

(2.41)

O7u7a7ﬁ
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Here L,/L, are the angular momentum operators capturing the anisotropy in SOC
strength between the out-of-plane and in-plane directions.The prefactor £ is strength of
SOC . « and f are the spin indices where as o/u represents the occupied or unoccupied
orbitals. This expression highlights that the MAE is dominated by transitions between
states near the Fermi level. Since the contribution to MAE is inversely proportional
to the energy difference between occupied and unoccupied states, transitions involving
states close in energy—especially those straddling the Fermi level—contribute most sig-
nificantly. As a result, the densities of states , particularly the distribution of d-orbitals
within 1-2 eV of the Fermi level, plays a critical role in determining the magnitude and
sign of MAE in MXenes.
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Chapter 3

Surface passivation and tunable

magnetic properties of Cr-based
MXenes

In this chapter we explore magnetic and electronic properties of a few Cr-based double
transition metal MXenes where there is inplane ordering of transition metal constituent
i.e. i-MXenes . The tunability with regard to the transition metal atoms in these com-
pounds offers a lot of scope to obtain various magnetic structures exhibiting multiple
functional properties associated with magnetism. This is particularly important in the
backdrop of two-dimensional (2D) magnetic materials garnering immense interest in re-
cent years |19, 141, 20, 142]. Though no i-MXene with magnetic transition metal atom
as constituents is yet synthesized, first-principles Density Functional Theory [143] based
calculations on more than 300 i-MXenes [105] proposed several magnetic i-MXenes ex-
hibiting superior functional properties. A multiferroic i-MXene (Tay/3Feq/3),C [144] was
also proposed from the results of DFT calculations. In these two works, there are two
aspects that are not addressed: first, in both works, the magnetic constituent was M’,
proportionally half of the non-magnetic transition metal constituent M, and second, the
effects of different functional groups passivating the surfaces of i-MXenes were not consid-
ered. The first point bears relevance in the sense that the relative proportions of magnetic
and non-magnetic component in a system can be very crucial in the resulting magnetic
properties through re-normalisation of magnetic exchange interactions. Regarding the
second point,reference [105], the most comprehensive work on the i-MXenes, did not con-
sider the role of the functional groups in spite of the well-known facts that their presence
is inevitable, given the status of experimental techniques to exfoliate i-MXenes from the
corresponding i-MAX phases and that they can influence the electronic properties signif-
icantly. Apart from these, it is also worth exploring magnetism in i-MXenes by changing
M'. A recent work [145] took care of the two aspects mentioned above for (Vy/3Zr1/3)2CTs
i-MXenes. However, their work was limited for M'=Z7r only.

To address these issues, in this work, we have employed DFT-based techniques to in-
vestigate the structural, electronic and magnetic properties of Cr-based i-MXenes, specif-
ically pristine and surface passivated (Cra/3Y1/3)2C, (Cra/3Zry/3)2C, and (Cry/3Scq/3)2C.
Functional groups -O and -F have been considered as T for surface passivated i-MXenes
(Cra/3M] )3)2CTs. The reason behind choice of these three compounds is (1) the cor-

The contents of this chapter are published in 2024, The Journal of Physical Chemistry C, 128(38),
16133-16142, DOI: 10.1021/acs.jpcc.4c04094.
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responding i-MAX compounds (Crg/3Zry/3)2AlC, (Cra/3Sc¢y/3)2AlC and (Cra/3Yq/3)2AlC
have been synthesized [51, 46] suggesting the possibility of exfoliation to i-MXene phases,
(2) the magnetic element Cr has a larger proportion than the transition metal element M’
(3) DFT calculations of the i-MAX phases of these compounds reveal that the magnetic
ground states change across the compounds in spite of the strong magnetic element Cr
being present in same proportion and (4) the choice of -O and -F as functional groups is
consistent with the fact that the usual procedure of obtaining MXene monolayers through
acid rinsing mostly lead to surface passivation by these groups only. In our work, we in-
vestigate, apart from the electronic and magnetic ground states, the finite temperature
properties and the magnetic anisotropy energies for pristine, O- and F- functionalized
i-MXenes. Our results provide important insights into understanding the magnetism in
this new class of compounds and their operational usefulness.

3.1 Methods

For computations of ground state properties and the electronic structures, projector aug-
mented wave (PAW) [146] pseudopotentials and a plane wave basis set up to 600 eV
are used. The exchange-correlation part of the Hamiltonian is approximated using the
generalized gradient approximation (GGA) parameterized by Perdew-Burke-Ernzerhof
(PBE)[123]. Van-Der Waals interactions are included using the DFT-D3 method [147] to
account for long-range dispersion interactions. The energy and force convergence criteria
are set as 1070 eV and 0.01 éV/A, respectively. A 11 x 11 x 1 Monkhorst-Pack [148]
k-point mesh is used for geometry optimization. A larger k-mesh of 37 x 37 x 1 is used
for electronic structure calculations. Spin-orbit coupling (SOC) is included in the calcu-
lation of the magnetic anisotropy energy (MAE). A 20 Avacuum is considered to prevent
interactions between adjacent layers.

Two important quantities associated with the formation of the i-MXenes, the exfo-
liation energy Eg,; [149] and the formation energy Ef,., are calculated the following

way
Eezf 3 _[Etotal (Z - MAX) - 2Etozgi — MX@”@) - 2Etotal (Al)] (31)
(E[(Crayay 13)2CTs] — E[(CraysMy 15)C] — 6E(X,)
Eform 6 . (32)

E[(CrassMj 13)2:CTs], E[(CraysMy 5)Cl, E(X,) are the total energies of i-MXenes func-
tionalized by T', pristine i-MXene and that of functional group 7" in gas phase, respectively.
The factor 2 in front of Ej (i — M Xene) and Ejyq(Al) in the expression for E,,f arises
because i-MAX monolayer consists of two i-MXene slabs and an Al layer. The factor
of 6 is due to the presence of 6 X atoms in the unit cell. Eypq(i — MAX), Eyorar(i —
M Xene), Epq(Al) are the total energies of the precursor i-MAX, the exfoliated pristine
i-MXene and Aluminium in its bulk phase, respectively. S is the surface area of the
exfoliated i-MXene. The dynamical stability of the i-MXenes are obtained by comput-
ing their phonon band structures. The supercell method, as implemented in PhonoPy
package [150] is used for this purpose. Supercells of size 3 x 3 x 1 have been used.Higher
energy convergence of 1078 eV is set to ensure convergence of phonon frequencies.

In order to compute the pairwise magnetic exchange interactions Jj;, a full-potential
spin-polarized scaler relativistic Hamiltonian with angular momentum cut off [,,,., =
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Figure 3.1: Conventional cell of (Cry3sM’;/3)2C i-MXene. Figures (a) and (b) show top
and side views, respectively. Figure(c) is side view of a functionalised i-MXene. Blue,
brown,green and white balls stand for Cr,C, M’ and functional group (O/F)

atoms, respectively.

8 is used along with a converged k mesh for Brillouin zone integrations. The energy
convergence criterion is set to 107% eV for the self-consistency cycles. The Matsubara
frequency is set to 1500 after carefully checking its convergence. Using these exchange
parameters, the magnetic transition temperatures are estimated by the Classical Monte
Carlo simulation (MCS) . Here, calculations are performed for three ensembles in supercell
size of 45 x 45 x 1. The periodic boundary condition is invoked in each case. 10° Monte
Carlo steps are performed at each temperature to achieve convergence in energies.

3.2 Results and discussion

3.2.1 Structural models, and energetics

In Figure 3.1, the structure of pristine i-MXene (Cry/3sM’;/3)2C (M'=Sc/Zr/Y) is shown.
Pristine (Cry/3sM’1/3)2C is essentially a trilayer structure, with a single layer of C atoms
sandwiched between two layers of Cr/M’ atoms. The M’ atoms are slightly misaligned
with respect to the Cr atoms (Figure 3.1(b)). The structure of the conventional cell of
i-MXene considered in this work is taken from Reference [105]. The pristine i-MXene
unit cell consists of four Cr atoms, two M’ atoms and three C atoms . In functionalised
i-MXenes , in addition to the above, six functional group atoms (F/O) are also present
(Figure 3.1(c)). In order to assess the possibility of exfoliation of the i-MXenes from their
corresponding i-MAX phases, we first calculate their exfoliation energies(Ee, ).

The calculated exfoliation energies are shown in Figure 3.2. The exfoliation energies
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Figure 3.2: Exfoliation energies of the i-MXenes considered in this work.
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Figure 3.3: Phonon spectra of (a) (Crg/3Sci/3)2C,(b)(Cra/3Y1/3)2C and (c) (Cra/3Zry/3)2C
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Table 3.1: DFT total energies of F and O functionalised i-MXenes computed for four
different structural models. The energies are in meV per unit cell.

Structure models  Energy Structure models Energy
(Cra/3Scy/3)2CFs CC deformed | (Crg/35¢1/3)2CO; CC 1628.66
HH 0 HH 0
HC 125.18 HC 726.78
TT deformed TT deformed
(Crg/ng/g)QCFg CcC 142.72 (Cr2/3Y1/3)2C02 CcC 674.08
HH 0 HH 73.78
HC 798.55 HC  0(deformed)
AR deformed TT deformed
(Cr2/3Zr1/3)gCF2 CC 80.56 (CI‘g/gZI’l/g)QCOQ CC 2743.69
HH 0 HH 0
HC 399.39 HC 1140.18
TT deformed TT deformed
0
-0.5
-1}
1.5¢

Energy(meV)
(3%
[9]]

Figure 3.4: Formation energies of i-MXenes considered in this work.
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are significantly less than that of the well-known and commercially synthesized MXene
TisCy; the value being 0.158 eV /A2 [151] for exfoliating from Ti3AlC,. This suggests that
the i-MXenes considered in this work can be easily exfoliated from the corresponding i-
MAX phases. To check whether the i-MXenes are dynamically stable, we have calculated
phonon dispersion relations for the three pristine compounds. The results are shown
in Figure 3.3. We find that all three systems in their pristine forms are dynamically
stable. Since pristine compounds are dynamically stable, we expect their stability will
also be maintained upon functionalisation as well. The structures of functionalised i-
MXenes can be obtained by considering the total energies of various structural models of
functionalisations. The functional groups passivating their surfaces have three different
positions to occupy. Two of them denoted as C and H, are shown in Figure 3.1(a);
C(H) represents the hollow site above the C(Cr/M’) atom. The third position, T (not
shown in the figure), is the one right above the transition metal atom site. Thus, there
can be four different structural models of surface functionalization: HH (CC) model,
where functional groups occupy hollow site H(C) of both surfaces; HC model, where
functional groups attached to hollow site H of one surface and hollow site C of the other
surface, or vice versa; and TT model, where the functional groups occupy the T sites
associated with both surfaces. The total energies of these models for each i-MXene
considered are provided in Table 3.1. The results suggest that for all three compounds,
irrespective of the functional groups, the lowest energy configuration is obtained in the
HH model. The energy of HH model is lower than the stable model that is energetically
immediately higher than it, by 125.18 meV /cell(726.78 meV /cell), 142.72 meV /cell(73.78
meV /cell) and 80.56 meV /cell(1140.18 meV /cell) for (Cry/3Sc¢ /3)2CF2((Cra/35¢1/3)2CO,),
Cra/3Y1/3)2CF2((Cra/3Y1/3)2C0O2) and Cry/3Zry/3)2CFy (CraysZry/3)2CO3), respectively.
After obtaining the optimized structures of the functionalized i-MXenes, the formation
energy of each one of them is calculated to confirm their stability. The results are shown
in Figure 3.4. The large and negative formation energies indicate the formation of strong
chemical bonds in these systems.

3.2.2 Magnetic ground states

In order to find the magnetic ground state structure, spin-polarized calculations with
various ordered magnetic configurations are done on the stable crystal structures of func-
tionalized MXenes. Four different magnetic configurations, illustrated in Figure 3.5,
are considered. Apart from the ferromagnetic (FM) configuration where all Cr spins
are aligned along c-direction, three antiferromagnetic(AFM) configurations are consid-
ered : (a)AFM; where antiferromagnetic (ferromagnetic) alignment is considered along
b(c)-direction (b) AFM, where antiferromagnetic (ferromagnetic) alignment is considered
along c(b)-direction and (¢) AFM3 where the alignment is antiferromagnetic along both
b and c¢ directions. The magnetic properties of the i-MXenes considered in this work are
provided in Table 3.2.

The results clearly show that surface passivation influences the magnetic ground
states of these i-MXenes. The pristine i-MXenes, (Cry/35¢1/3)2C, (Cra/3Y1/3)2C, and
(Cra/3Zry/3)2C, stabilize in antiferromagnetic (AFM) ground states although the AFM
configurations vary across systems. While (Cry/3Y7/3)2C and (Cry/3Scq/3)2C stabilise
in AFM; configuration, (Cry/3Zry)3)2C stabilises in AFM; state. The former two com-
pounds have near identical Cr moments while that in (Cry /3211 /3)2C is slightly less. This
suggests an identical mechanism driving the magnetic ground states in (Cra/3Y1/3)2C
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Figure 3.5: Four magnetic configurations considered in this work.The purple(green) ball
indicates spin of the Cr atom pointing along (against) the c-axis. Brown and grey balls
depict C and M’ atoms, respectively.

Table 3.2: The energy differences AE (in meV per unit cell) of the three AFM config-
urations relative to the FM configuration, magnetic moment per Cr atom Mc, (in pp),
magnetic ordering temperature T/ Ty (in K), and magnetic anisotropy energy Fyag (in
meV per unit cell) for pristine and functionalized i-MXenes.

System AEspm - ABapmy,—vm AEapnvz—rv Mer (uB)  To/Tx (K)  Enmag (meV)
(Crg/ng/g)zC -39.59 -6.88 -109.80 1.10 55 0.38
(CI’Q/gSCl/g)QC -11.50 -9.40 -21.63 1.15 30 0.34
(Cr2/3Zr1/3)QC -53.00 -46.81 -46.81 0.96 30 0.30
(Cr2/3Y1/3)QCF2 220.00 -355.30 82.78 1.92 85 0.16
(Crg/gsCl/g)QCFQ 195.80 -555.30 56.20 2.06 140 -0.01
(Cr2/3ZI‘1/3)ZCF2 190.20 -189.46 190.20 1.85 155 0.36
(Cr2/3Y1/3)QCOQ 369.70 366.00 313.41 1.54 115 0.03
(Cr2/3SC1/3)QCOQ 178.28 278.02 208.40 1.48 70 0.16
(Cr2/3Zr1/3)QCOQ -10.36 11.50 143.32 1.73, 0.72 50 0.08

and (Cra/35cq/3)2C. Identical magnetic ground states are obtained in -F functionalized
i-MXenes. -F functionalisation stabilises the AFM, order in all three systems considered.
The Cr magnetic moment increases by about 1 15 as compared to that in the pristine com-
pounds. With -O functionalization, the ground state magnetic structures change again.
(Cra/3Y1/3)2C0O2 and (Cry/3Sci/3)2CO, now stabilise in FM states. (Cry/3Zry/3)2COs,
on the other hand, stabilises in AFM; state. However, in this magnetic structure, the
magnetic moments of the two Cr atoms are not identical: moment of the Cr atom with
spin aligned(anti-aligned) along c-direction is 1.73(0.72) pp. Thus, the ground state of
(Cra3Z11/3)2CO4 is Ferrimagnetic (FiM). The Cr moments of -O functionalized i-MXenes
are found to be lying in between those of pristine and the -F functionalized ones. That the
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Figure 3.6: Spin density profiles for (a) (Cry/3Sci/3)2C, (b) (Cry/sSci/s)2CF,, and
(c) (Crg/3Sc1/3)2C0Oz.Yellow (Green) colour refers to spin densities of spin-up(spin-
down)electrons.

functional group passivating the surfaces along with the alloying at the transition metal
site affects the magnetic order in MXenes is evident from these results. A comparison
with existing results for conventional MXenes CryCF5 [152] and CroCOs [86] corroborates
this. While CryCF, stabilises in an AFM structure, CroCOs has a non-magnetic ground
state. The emergence of significant Cr moment in -O functionalized i-MXenes, therefore,
is due to alloying with a non-magnetic transitional metal atom. The difference between
conventional and i-MXene in the case of -F functionalized systems considered here is
reflected in the considerable reduction of the Cr moments. The DFT calculated Cr mo-
ments in Reference [152] are 3 up, 50% more than the results obtained for the i-MXenes
in the present work. Even in the case of pristine compounds, the ground states and the
magnetic moments of (Cry/3M'y/3)2C are different from conventional MXene Cr,C that
is found to be stabilized in FM configuration with a magnetic moment of 4 up per Cr
atom. The effects of the functionalization of surfaces in i-MXenes can also be observed by
looking at the spin density profiles. To this end, we have plotted the spin density profiles
of pristine and functionalized (Crs/35¢1/3)2C in Figure 3.6. The spin density profiles in-
dicate that while in pristine and -F functionalized i-MXenes, the spin density is localized
on the Cr atoms, delocalization has happened for the -O functionalized system. In this
system, spin density is induced on the C atoms due to delocalised nature of Cr d-orbitals.
These features of spin density profiles are correlated with the electronic structures and
can be used to understand the origin of the magnetic ground states in these systems. In
the next sub-section, this is discussed in detail.

3.2.3 Electronic Structure

The total, atom, and orbital-projected spin polarised densities of states of the systems
considered are shown in Figure 3.7, and Figure 3.8. Comparison of the three pristine i-
MXenes (Figure 3.7(a),(d) and (g), indicates that while (Cra/35¢y/3)2C and (Cra/3Zry/3)2C
are metallic, (Cry/3Y} /3)20 is a semiconductor with a small band gap of 20 meV.The
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Figure 3.7: Total,atom-projected and orbital-projected densities of states of

(a) (CrassScis3)2C,(b) (Cra/3Sci 3)2CFa, (c) (CrajsScis3)2C0a, (d)(CrasYiss)2C, (e)
(Cr2/3Y1/3)2CF2,(f) (Cr2/3Y1/3)2002,(g) (Crg/gzrl/g)gC,(h)(Cr2/3Zr1/3)2CF2 and (1)
(Crg/3Z11/3)2C0O2. "up" and "down" indicate the orientations of the spins with respect
to c-direction. Contributions from d orbitals of transition metals Cr,M’ and p orbitals of
C and the functional groups are plotted along with the total densities of states.
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Figure 3.8: d-orbital resolved spin polarised densities of states of (a)

(Cra/35¢1/3)2C, (b) (Cra/3Sc1/3)2CFy, (¢)(Cra/3S¢1/3)2C02,(d)(Cra/3Y1/3)2C,
(€)(Cra3Y1/3)2CF2,(£)(Cra/3Y1/3)2C02,(g)  (CrajsZriys)2C,  (h)(CrasZry/3)2CF2  and
(1)(Crg/3Zry /3)2CO.
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atom-projected densities of states indicate strong hybridization between d-orbitals of the
transition metal constituents and p-orbitals of C. The differences in the electronic ground
states of the three compounds can be understood from the orbital-decomposed densities
of states shown in Figure 3.8. In the pristine i-MXenes, each transition metal atom sits in
a Cg, crystal field of three C-atoms. Under the Cs, symmetry, the d-orbitals of transition
metal atoms split into a1(d,z2), doubly degenerate ey(d,., dy.) and e1(d,2_,2, d,,) orbitals,
in ascending order of energy [153].We find that (Cry/3Sci/3)2C and (Cra/3Zry/3)2C have
almost similar orbital contributions to the densities of states near fermi level. Unlike the
other two pristine compounds, the localized orbitals in (Crs/3Y1/3)2C are responsible for
the semiconducting ground state.

Upon functionalization with F or O, the transition metal atom is now coordinated to
six metal atoms and is in the Dsq crystal field. Due to this the d-orbitals split into doubly
degenerate e;(d,., d,.) , single a;(d,2) and doubly degenerate es(d,2_,2, d,,) in ascending
order of energy. Changes in the local crystal field upon functionalisation causes such
changes in the hierarchy of energy levels. This affects changes in the orbital occupancies
leading to changes in electronic structures. F-functionalization localizes the d-states
of transition metals resulting in semiconducting ground states in (Cry 3 Y1 /3)2CF2 and
(Cra/3Sc1/3)2CF4, the band gaps being 0.565 eV and 0.679 eV, respectively. The deep-lying
-F states push the d-states in the occupied part of the spectrum towards lower energies,
opening the gaps in both spin channels. The high magnetic moments of Cr atoms in -F
functionalized i-MXenes is an artifact of this. Although localization is also observed in
(Cra/3Zry/3)2CFy, the states in the unoccupied parts too are pushed substantially to the
lower energies resulting in a metallic ground state. This is primarily due to the delocalized
a, states at the bottom of the conduction bands.

All three -O functionalized i-MXenes turn out to be half-metallic. The densities of
states of (Cl“g/ng/g)QCOg 9 (Cr2/38C1/3)2002 and (CI‘Q/gZI‘Ug})QCOQ have an empty Cr Spil’l
down band. The spin-up channels of the three compounds are metallic. Due to strong
local magnetic moments, these compounds create strong local magnetic exchange fields,
which, tend to align the spins of neighbouring electrons . The exchange field pushes the
minority spin-states above the Fermi energy. This shift creates an energy gap between the
occupied and unoccupied minority spin states, resulting in different electronic properties
for majority and minority spin channels. The spin-down bands of M’ are also pushed to-
wards lower energies, opening up a semiconducting gap. This arises due to hybridizations
with the deep-lying O p states. In case of (Cry/3Zry/3)2CO,, the half-metallic gap is much
smaller. This is due to different exchange splittings of two Cr atoms, which leads to more
states closer to the Fermi level. The O states in all three cases are delocalized, corrobo-
rating the results from the spin density profiles. The trait of -O functionalised i-MXenes
considered in this work is important from a utility point of view as these materials are
promising candidates for spin filters. The features in the electronic structures help us
understand the origin of the magnetic ground states of the three i-MXenes obtained in
our calculations. The origin of the magnetic ground states of the pristine and function-
alised i-MXenes can be understood in terms of magnetic exchange interactions between
the Cr-atoms. There are two exchange mechanisms: (a) Direct exchange interactions be-
tween the two Cr atoms and (b) 90-degree superexchange between the Cr atoms through
non-magnetic atoms C/O/F. The direct exchange is predominantly antiferromagnetic,
whereas 90-degree superexchange is ferromagnetic. The interplay of these two interac-
tions determines the magnetic ground state. In pristine i-MXenes direct exchange along
b-direction is dominating. This is due to small Cr-Cr distances(less than 2.9 Afor all
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Figure 3.9: Inter-atomic exchange parameters as a function of inter-atomic distances
for (a) (CI‘Q/gSCl/g)QC, (b) (CI‘2/3SC1/3)QCF2 and (C) (CT2/3801/3)2C02<d) (CI‘Q/3Y1/3>2C,
(e) (Cr2/3Y1/3)2CF2, (f)(Crg/ng/g)gCOg,(g)(Cr2/3Zr1/3)gC, (h)(crg/gzrl/g)QCFg,
(i)(Crg/;ngl/g)gCOg.

cases) along b. This leads to AFM; or AFMj as the ground state. Functionalisation with
F or O gives rise to an additional superexchange path through the passivators. Further,
the functionalisation leads to an increase in the Cr-Cr distance along b . As a result direct
exchange (superexchange) along b weakens (strengthens) leading to dominant ferromag-
netic superexchange along b. Along ¢, direct exchange dominates over superexchange in
F-functionalized i-MXenes. This happens due to the localised Cr d states as can be seen
from the densities of states. This is the origin of AFM; ground states in F-functionalised
i-MXenes considered. In O-functionalised system, the Cr d states are rather delocalised
(Figure 3.7(c),(f),(i)). This makes the superexchange interaction via O atoms the domi-
nant exchange mechanism giving rise to ferromagnetic (or ferrimagnetic) ground states.
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Figure 3.10: Magnetic transition temperatures of the i-MXenes considered in this work
along with those of some well known 2D materials [154, 155, 156, 22|

3.2.4 Interatomic exchange parameters and Transition tempera-
tures

In Figures 3.9 , we show the Cr-Cr magnetic exchange parameters as a function of inter-
atomic distances. Results reveal that only the first few nearest neighbors make significant
contributions to the total interactions, while long-range interactions (R;;/a > 2.5) are
negligibly small. Figure 3.9(a) shows the exchange parameters for (Cry/35c¢1/3)2C. The
figure suggests that there are significant AFM interactions from the third, fifth, and sixth
nearest neighbors that counter the FM interactions in the first two nearest neighbor shells
leading to an AFM ground state in this compound. In the -F functionalized compound
(Cra/3Sc1/3)2CFy (Figure 3.9(b)), the magnetic interactions among first and second near-
est neighbor Cr atoms are strongly AFM as is the case with the fifth nearest neighbors.
These collectively overcome strong FM interactions between the third and fourth nearest
neighbor Cr atoms and stabilize an AFM ground state. Strong FM interactions are found
among the first four neighbors of a Cr atom in (Cry/35¢1/3)2CO, (Figure 3.9(c)), explain-
ing the origin of an FM ground state in this compound. The same trends are found in the
case of the other two i-MXenes with the exception of (Cry/3Zry/3)2CO, (Figure 3.9)(i))
where a few interactions are AFM. However, this is consistent with the FiM ground state
of this compound.

These exchange interactions are used to calculate the magnetic transition tempera-
tures employing Monte Carlo simulation. The estimated values are given in Table 3.2.
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We find that the transition temperatures are higher for functionalized i-MXenes in com-
parison with the pristine compounds; the highest transition temperatures are achieved in
the case of -F functionalized i-MXenes. This is due to the strongest exchange between the
Cr atoms in these compounds. The transition temperatures of these i-MXenes are com-
parable to few of the established 2D magnetic materials like Crls, FePS3 and CroGesTeg
(Figure3.10).

3.2.5 Magnetic anisotropy energy

Magnetic anisotropy energy (MAE) of a material is important from the point of view of
device application as it is instrumental in the stabilization of the magnetic long-range
order in the system. For the estimation of MAE from DFT, the in-plane energies are
calculated along the (100) and (010) directions, while the out-of-plane energies are cal-
culated along the (001) direction. Results for the i-MXenes considered in this work are
presented in Table 3.2. A positive MAE value signifies the presence of an easy axis
perpendicular to the MXene surface, while a negative sign indicates that the easy direc-
tion aligns parallel to the MXene surface. Our results imply that for pristine MXenes,
the MAE values are nearly identical, and the magnetization easy axis for all of them is
along (001). Among the F-functionalised i-MXenes, the magnitudes of MAE differ sig-
nificantly. While (Cry/37r1/3)2CF2 has MAE comparable to the pristine compounds, the
other two have noticeable lower values. Moreover, result for (Cry /35¢1 /3)QCF2 implies an
in-plane magnetisation. O-functionalization reduces MAE values further. However, all
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Figure 3.12: Results of MAE of the i-MXenes considered here along with those of some
well known 2D magnets [21, 139, 157, 158, 159, 156]

three O-functionalised compounds have (001) as the magnetization easy axis. In Figure
3.12, we compare our calculated MAE values for the three i-MXenes with those of a few
established 2D magnetic materials. We find that though the calculated MAE values of
these i-MXenes are not as large as those obtained for Crl; or VSes, they are comparable
with or larger than the MAE of other investigated 2D magnets like CrBrs and CryTesGeg.

The MAE of the i-MXenes is considered to come predominantly from the Cr atoms.
The contributions from other atoms are negligible. This is due to the fact that the
states near the Fermi level majorly contribute to the MAE. This is also the reason for
MAE getting substantially modified upon functionalization of the pristine i-MXenes.
Thus, to get an insight into the origin of MAE in these i-MXenes, investigations into the
contributions of various Cr d orbitals towards their MAE can be useful. As discussed
in chapter 2 , the MAE associated with a transition metal can be understood based on
spin-orbit coupling (SOC) interactions between the occupied and unoccupied d-states as
seen from equation 2.41. Denoting the SOC interactions between the Cr 3d orbitals as
d; ® d; [139], contributions of various orbitals i towards MAE are illustrated in Figure
3.11 .

For the pristine compounds, a large positive contribution comes from d,» ® d,, in-
teractions. For (Crp/3Y1/3)2C, additional positive contribution comes from d,. ® dy2_,»
interactions (Figure 3.11(d). This additional interaction produces the highest MAE in
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this compound. Interactions between the other orbitals do not have any significant con-
tribution. Since the contributions of the dominant d,» ® d,. interaction are nearly the
same, these three compounds have near identical MAE values. Very low and negative
MAE value in (Cra/3Sci/3)2CFy (Figure 3.11(b)) is due to a competition between two
sets of orbital interactions: a negative contribution coming from d,, ® d,2_,» and a near
equal positive contribution coming from the d,» ® d,. interactions. Similarly, relatively
smaller but positive MAE found in (Cry/35¢1/3)2CO3 is due to relatively smaller positive
contributions from d,, ® dy2_,2 and d,» ® d,. interactions and non-negligible negative
contributions from d,, ® d,, and d,, ® d,, interactions (Figure 3.11(c)). The decrease
in MAE values for -O functionalised (Cry/3Y1/3)2C and (Cry/3Zry/3)2C by one order of
magnitude as compared to (Cra/3Scy/3)2CO; is due to smaller(larger) positive(negative)
contributions from d,, ® d,2_,2(d,2 ® d,.) interactions. MAE values of the remaining two
-F functionalized i-MXenes can be understood in a similar way.

It is worth mentioning that the MAE is indicative of whether the ground state can
be a non-collinear one [160]. The calculated MAE for all systems considered here except
(Cra/3Sci/3)2CFais positive. Thus, they are intrinsic Ising ferromagnets with easy axes
that are out of plane i.e along (001) direction. The negative MAE of (Cry/35¢y/3)2CF
suggests an easy magnetization plane. This system can be described as a XY magnet
[160]. In such a system, the ground state magnetic configuration can be a non-collinear
one due to anisotropic spin-orbit interactions. This is worth investigating in future.

3.3 Summary

The structural and composition flexibility of 2D MXenes is exploited in this work to ex-
plore the possibility of obtaining tunable magnetism in Cr-based MXenes. Using Density
functional theory-based calculations, we have investigated the electronic and magnetic
properties of three Cr-based MXenes, known as i-MXenes, which order in-plane with
the transition metal site having an alloy of Cr and another early transition metal non-
magnetic constituent with a fixed composition ratio. Our calculations demonstrate that
the electronic and magnetic properties of these compounds are significantly influenced
by the surface functionalization, the chemical nature of the functional group, and the
non-magnetic constituent. Thus, the electronic and magnetic properties can be tuned by
changing the non-magnetic transition metal component and the functional group. For the
three compounds considered in this work, the -O functionalistion stabilizes ferromagnetic
half-metallic states. This makes these compounds suitable as spin-filters which are essen-
tial in spintronics for controlling and manipulating spin currents [161]. By analyzing the
electronic structures and the magnetic exchange parameters, we explain the reasons be-
hind the occurrence of different magnetic ordering upon changes in the compositions. Our
results on magnetic transition temperatures and magnetic anisotropy energies show that
the quantities in these systems are comparable to quite a few established 2D magnets.
This implies that these i-MXenes can be useful as magnetic devices. Since these materials
possess perpendicular magnetic anisotropy (PMA), they are suitable for constructing Spin
Transfer Torque Magnetic Random Access Memory (STT-MRAM) [162]|. The advantage
of PMA systems over those with in-plane magnetic anisotropy lies in the lower critical
switching current density and higher thermal stability in the former [163]. Moreover,
PMA-based systems are more scalable and cost-effective. Another possible application
of these i-MXenes with PMA is in the construction of sensors [164]. The perpendicular
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anisotropy in the studied i-MXenes will ensure consistent and reliable sensor responses
over time, crucial for applications requiring precise magnetic field detection. Specifically,
(Cra/3Zry/3)2CFy with magnetic anisotropy energy comparable to MnSe, and magnetic
transition temperature comparable to CryS3 and CrSe can have multiple utilities as de-
vice, as these two compounds have already found applications in construction of magnetic
tunnel junction [165], for low power magnetoresistance operations [166] and for antiferro-
magnetic spintronic applications [167, 168]. With the increasing exploration of MXenes
for magnetic applications, this work, the first one to investigate the structure-property
relationships in functionalized i-MXenes, can serve as useful input to the experimentalists.
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Chapter 4

Tunable magnetism in Nitride
MXenes:consequences of atomic layer
stacking

4.1 Introduction

M, 11X,, (where n=1-3) MXenes, obtained through chemical exfoliation of their corre-
sponding MAX phases , have (n+1) layers of hcp M atoms intercalated by n layers of hcp
X atoms with fec stacking. This stacking of layers is known as ABC stacking. Though
almost all MXenes synthesized so far have the layers stacked in ABC way, a very recent
experiment on synthesizing VoN and MoyN from their respective parent carbides by am-
monia treatment observed that Mo, N crystallized in a structure with hcp Dsj, symmetry
instead of the usual trigonal D3; symmetry, seen in MXenes with ABC stacking sequence
[58]. This stacking sequence can be described as ABA. Subsequently, a comprehensive
study of 54 different MXenes [169]using robust first-principles Density Functional The-
ory (DFT) [143] based calculations was performed to assess the possibility of alternative
ABA stacking in MXenes. The study found that the ABA stacking is realized more in
the thinnest (n = 1) nitride MXenes where their surfaces are passivated by -O. The
possibility of obtaining the ABA stacking pattern is also dependent on the number of
d-electrons in the transition metal constituents of the MXenes. This investigation pro-
vided enough hints towards the alteration of surface phenomena due to changes in the
stacking pattern. That this can have serious consequences on the functional properties of
these compounds is proved in -O terminated carbide MXenes where ABA stacking is pre-
dicted to infuse greater electrocatalytic activity on their surfaces, boosting the hydrogen
evolution reaction [170].

Magnetism is one area where structural aspects have significant influences. Plethora of
studies on magnetic MXenes have demonstrated that the composition [171, 172, 173, 174,
175, 176], surface functional groups [177, 104, 178] and number of layers [179, 180] affect
magnetic properties substantially. Changes in atomic arrangements can alter the bonding
and magnetic exchange interactions, resulting in changes in the electronic and magnetic
ground states and even finite temperature properties like magnetic transition tempera-
tures. All these have serious consequences on the feasibility of using these compounds

The contents of this chapter are published in 2024, Nanoscale, 16(37) DOL
https://doi.org/10.1039/DANR02246G
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in practical applications. Thus, motivated by the results of reference [143] and [170], we
perform a comprehensive study of several thinnest Nitride MXene MyNT5 (M=Sc, Ti, Cr,
V, Mn; T=0, F) with a focus on a comparative analysis of their electronic and magnetic
properties when stacking pattern changes between ABC and ABA. Finite temperature
magnetic properties and magneto-crystalline anisotropy energy (MAE), both essential
with regard to using the materials as devices, have also been investigated and analyzed
from a microscopic point of view. We find that the stacking pattern can be used as
another agency to tune the magnetic properties of these MXenes to a great extent.

4.2 Computational Details

The ground state properties and the electronic structures are calculated by the projector
Augmented Wave (PAW) method [146]. The exchange-correlation part of the Hamilto-
nian is approximated using Generalized Gradient Approximation (GGA), parameterized
by Perdew-Burke-Ernzerhof (PBE)[123]. DFT+U method [181] has been used to include
strong correlations among electrons of the transition metal constituents. The U param-
eters for Sc, Ti, V, Cr, and Mn are taken as 3.0 €V, 4.0 ¢V,3.0 €V, 4.0 ¢V and 4.0 eV,
respectively, after carefully checking the literature [182, 173, 183|. To include the Van-
der- Waals interactions, the DFT-D3 method was employed [147]. Plane waves up to 600
eV and a I'-centred 8 x 8 x 1(18 x 18 x 1)k-mesh for geometry optimization (electronic
structure calculations) have been used. The convergence criterion for energies (forces)
is set to 1070 eV(0.01 €V /A). For magnetic anisotropy energy (MAE) calculation, spin-
orbit coupling (SOC) and a denser k-mesh are used along with an increased convergence
criteria of 107 eV for energy. The MXene mono-layers are simulated for all calculations
by considering a large vacuum of 20 A in the perpendicular direction.

The dynamical stability of the systems considered is verified by computing their
phonon dispersion relations by the supercell method as implemented in the PhonoPy
package [150]. 4 x 4 x 1 supercells are used to compute the phonons. The convergence
criteria for energy is kept at a high value of 10~® eV to achieve good convergence. For
calculation of the magnetic exchange interactions , the angular momentum cutoff is taken
as lnax = 8, Brillouin zone integration is done by the tetrahedron method, and the conver-
gence criterion is set to 1078 for self-consistence cycles. The Matsubara frequency is set
at 1500 after carefully checking the convergences. The exchange parameters obtained are
then used to estimate the magnetic ordering temperature through the Classical Monte
Carlo simulation (MCS) method. Calculations are performed for three ensembles in su-
percell of size 30 x 30 x 1.Periodic boundary conditions are taken into account. At each
temperature, 80,000 Monte Carlo steps are considered to achieve energy convergence.

4.3 Results and Discussions

4.3.1 Structural models and stability of functionalised MXenes

In Figure 4.1, we present the structure of monolayer MXene. Figures 4.1(a) and (c) ((b)
and (d)) are the structures with ABC (ABA) stacking pattern. The difference between
the two stacking types is in the alignments of the M layers with respect to each other.
In the ABC stacking, the layers are not aligned. A sliding motion of one of the M layers
would bring it to the ABA structure. Based upon the sites of functionalization, the
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Table 4.1: Structural Models of functionalisation for ABA stacked MXenes considered
in this work.

Structural
Compounds Model
CI‘QNFQ,SCQNOQ,MI]QNFQ ,SCQNFQ HH
CI‘QNOQ,VQNOQ,TiQNFQ,VQNFQ, CC

structures of MoNTy can be different. In the case of usual ABC stacking, it is well known
that there are three possible sites of functionalization, H, C, and T (Figure 4.1(c)). Site
H is the hollow site associated with the M atom, while site C is the hollow site associated
with the X atom. The site T is the one right on top of M. In ABA stacking, C and
T sites are identical to those in ABC stacking. The hollow site H now is the one at
the center of the hexagon consisting of M and X atoms (Figure 4.1 (b)). Consequently,
for either stacking, there are four possible structural models of surface functionalization:
HH, CC, HC(CH), and TT. In the HH(CC) model, functional groups on both surfaces
occupy hollow site H(C), while the site occupancy pattern is mixed for the HC model.
Existing results on the MXenes considered here are with ABC stacking where all of them
were considered to stabilize in the HH model [173, 184, 176, 179, 185]. Therefore, we
consider the 10 MXenes mentioned in Section 4.1 in ABA stacking only and calculate the
total energy of each one of them in four structural models. In each case, the structural
model that produces the lowest total energy is considered the structural model for that
particular compound. We calculate its phonon dispersion relations to check whether a
given compound is dynamically stable with the optimized structural model. In Figure
4.2, we show the phonon spectra of all 10 MXenes considered here. We find that except
MnsNO, and TisNOs, all are dynamically stable in ABA stacking. The structural models
of functionalization for these eight are listed in Table 4.1. We find that the compounds are
evenly distributed among HH and CC models of functionalization. Since MnyNOs and
TisNO, are dynamically stable in ABC stacking only [186, 187], they are not considered
for further investigation.

4.3.2 Stacking dependent magnetic and electronic ground states

In order to investigate the impact of stacking on the magnetic and electronic ground
state properties of the 8 MXenes that are dynamically stable in both stacking patterns,
we perform spin-polarised calculations first to determine the magnetic ground states. Four
different magnetic configurations, shown in Figure 4.3, are considered for this purpose:
(a) ferromagnet(FM) where all spins are aligned along the c-axis, (b) AFM1(AFM2)
where antiferromagnetic alignment of spins is along ¢(b) axis only and (¢) AFM3 where
antiferromagnetic alignment of spins are along both a and b axes. Supercells of dimensions
2x2x 1 have been constructed to obtain these four magnetic configurations. The magnetic
ground state of a system with a particular stacking is then determined by identifying
the magnetic configuration with the lowest total energy. The ground state magnetic
configurations and the atomic magnetic moments are presented in Table 4.2.
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Figure 4.1: Top (a) ((b)) and side (c)((d)) view of ABC (ABA) stacked MXene, MX.
Blue(brown) spheres are M(X) atoms.

4.3.2.1 Ground states of MXenes in ABC stacking: comparison with existing
results

We first discuss our results with ABC stacking since comparison is possible with other
calculations. Comparison with DFT+U calculations from Reference [173] shows that
for TioNF5, VoNF5 and CroNOs | magnetic ground states from our calculations exactly
match with their results. The magnetic ground state of Vo,NOy from our calculations,
on the other hand, matches with that from Reference [176]. In case of CroNF, and
MnyNF5, the results differ from one another. In both cases, our calculations predict
AFMS3 to be the ground state. The reason for the difference between our results and
that of Reference [173] is due to the fact that they did not consider AFM3 as one of
the possible configurations while determining the ground state. In both cases, we find
that the ground state claimed in Reference [173] is the first one above ground state in
our calculations. This implies that had the AFM3 configuration not been considered in
our calculations, our results would have agreed with that of Reference [173] for these two
compounds as well. In the case of VoNOo, the origin of different ground states obtained
from our calculations and that of Reference [173] is their inability to obtain an AFM1
state with unequal atomic moments. On the other hand, the differences between our
calculated ground state and that obtained in Reference [176] can be due to the use of
different U values in the DFT+U calculations for CroNF5. Moreover, the origin of AFM1
configuration as the ground state of VoNF, as reported in Reference [176] is the small
energy difference (~ 4 meV/atom)between their AFM1 and AFM2 configurations. The
only available DFT calculation for ScoNF5 using the exact exchange HSE06 exchange-
correlation functional [185] is done on a non-magnetic (NM) state. We, too, get the
NM as the ground state in our total energy calculations. For ScoNO,, a DFT+HSE06
calculation [184] obtains an FM ground state while we find the system to be NM. This
discrepancy can be an artifact of using an exchange-correlation functional that addresses
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Figure 4.3: Various magnetic configurations considered in this work to find the magnetic
ground state of a given MXene. (a)-(d) stand for FM, AFM1, AFM2 and AFM3 config-
urations, respectively. Blue, brown and red spheres are M, N and T in MyXTy MXene.

the localized states of transition metals better than DFT+U. This can be inferred from
the values of atomic magnetic moments in Table 4.2. In Reference [184], Sc atoms have
no moment, as is the case for our calculations. The FM state obtained in their calculation
is due to induced spin polarisation in the N atom. According to their calculations, a total
moment of about ~ 1lup is due to N moment only. For the six other materials with
different magnetic ground states, atomic magnetic moments obtained in our calculations
have an excellent agreement with the existing DFT+U calculations [173, 176]. With
regard to electronic ground states, our calculations have substantial agreement with the
existing results. The electronic ground states in our calculations can be understood from
the average densities of states (Figure 4.4 (b),(d),(f),(h),(j),(1),(n),(p)). We find that
TiosNF9,VoNF,, VoNOy and CroNF, are semiconductors, in agreement with Reference
[176]. Among the remaining four, ScaNFs, ScaNOy and MnyNF, are metals while CraNO4
is a half-metal. The electronic ground states of ScoNF5 and CroNO, agree with those
obtained in Reference [185] and [173], respectively. Differences is observed in cases of
ScoNOy which is a spin gapless semiconductor and Mny;NF5, a half metal. The reason
for this difference for the former is the usage of HSEO6 exchange-correlation functional
induced localization in Reference [184] and consideration of FM magnetic configuration
for the latter. Thus, overall, our results have substantial agreement with existing DFT-
based calculations as far as magnetic ground states, magnetic moments, and electronic
ground states with ABC stacking are concerned.

4.3.2.2 Comparison of properties in ABC and ABA stacking

Having established the quality of our calculations, we now investigate the effects due to
changes in stacking patterns. We make a comparative analysis of properties obtained
when stacking changes from ABC to ABA by first separating the eight compounds into
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Figure 4.4: Total densities of states of ABA (left panel ) and ABC (right
panel) stacked MXenes ScoNFs((a),(b)),ScaNOo((c),(d)), TiaNFy((e),(f)),VaNFy((g),(h)),
VaNO»((1),(7)),CraNFy ((k), (1)), CraNOs ((m), (n)),MnaNF; ((0), (p))

two groups according to their structural models of functionalization (Table 4.1). ScoNFs,
ScaNOy, CroNFy and MnoNF5 are the four MXenes that stabilize in the same structural
model HH when the stacking pattern changes. Inspecting Table 4.2, we find that in all four
cases, the magnetic ground state changes upon changing the stacking from ABC to ABA.
The NM ground states in ABC stacking change to FM ones for both ScoNTy; MXenes.
In case of the other two, AFM3 ground states in ABC change to FM( for MnyNF,) and
AFMI(for CryNFs). In these two compounds, the magnetic moments of the transition
metal constituents undergo insignificant changes. Significant changes in the electronic
ground states are observed as stacking changes. In the ABA stacking, ScoNF5 is a spin
gapless semiconductor (Figure 4.4(a)) with total magnetic moment 1pp while MnyNF, is
a half-metal (Figure 4.4(0))with a total moment of 95. On the other hand, upon stacking
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Figure 4.5: Atom resolved spin polarised densities of states of ABA stacked (left panel)
and ABC stacked (right panel) ScoNFs .(a,b), (¢,d) and (e,f) are the densities of states
of Sc, F and N, respectively.

change, ScaNOg becomes a near half-metal (Figure 4.4(c))with near integer total moment
of 0.9up. The electronic ground state of CroNFy remains semiconducting upon change
in stacking. More robustness of magnetic and electronic ground states are observed in
some of the four remaining MXenes, TioNF5,VoNF,, VoNOy and CroNOg that stabilize
in CC configurations when the stacking pattern is ABA. V,NFy and CroNO, have the
same magnetic ground states as those found in ABC stacking; the total and transition
metal atomic magnetic moments in the later case remain completely unchanged. The
electronic ground state of CroNO, remains a half-metal too (Figure 4.4(m,n)). The
electronic ground states of VoNT5y and TisNF5 change from semiconductor to metallic
and near half-metal, respectively (Figure 4.4(e),(g),(i)). The atomic magnetic moments
in these compounds change substantially when the stacking changes from ABC to ABA.

4.3.2.3 Understanding changes in magnetic moments and electronic ground
states, with stacking

The magnetic and electronic properties of the MXenes can be analyzed from the splitting
of d-orbitals due to the crystal fields of the anions, their subsequent arrangements, and
filling based upon associated local symmetry. In the case of compounds conforming to
the HH structural model, the local D3, crystal field splits d-levels of M atoms of MyNT,
into doubly degenerate e;(d,.,d,.), single a;(d,2) and doubly degenerate es(d,2_y2, dyy)
in ascending order of energy. The stacking is not supposed to matter as long as the
compounds adhere to the same structural model leading to the same local symmetry
around M. We find this is indeed true for CrosNF; and MnyNF,. The unequal magnetic
moment on two inequivalent Cr atoms can be explained in the following way: each Cr
donates 1 electron to N and 1 to the F attached to its surface. Since N requires another
electron, one of the Cr has to donate from its share. In this case, it is Cr’/. As a result,
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Figure 4.7: Atom resolved densities of states of ABA stacked (left panel) and ABC stacked
(right panel) TisNFs. (a and b), (c and d), (e and f), (g and h) and (i and j) are the
densities of states of Ti!, Ti//,F/ F/! and N, respectively. F/ and F/! are fluorene atoms
associated with Ti! and Ti!f
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Figure 4.9: Atom resolved densities of states of ABA stacked (left panel) and ABC
stacked (right panel) VoNOs.(a and b), (c and d), (e and f), (g and h) and (i and j)
are the densities of states of VI, VI, 07,0’ and N, respectively. O’and O'! are fluorene
atoms associated with VI and V!
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Figure 4.11: Atom resolved densities of states of ABA stacked (left panel) and ABC
stacked (right panel) CraNOs.(a and b), (c and d), (e and f), (g and h) and (i and j) are
the densities of states of Cr!, Cr/f,07,0" and N, respectively. O and O!! are fluorene
atoms associated with Cr! and Cr?!

ideally Cr!(Cr’) should have a magnetic moment of 4(3)up per atom. From Table 4.2,
we find that the calculated values (in either stacking) are close to these. For a given spin

band, the arrangement of electrons among d bands of Cr! (Cr!!)should be e?alel(edaiel).
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Figure 4.12: Atom resolved densities of states of ABA stacked (left panel) and ABC
stacked (right panel) MnsNFs.(a and b), (c and d), (e and f), (g and h) and (i and j) are
the densities of states of Mn!, Mn!! FI F/! and N, respectively. F/ and F!! are fluorene
atoms associated with Mn’ and Mn!/

Table 4.2: Magnetic properties of the 8 MXenes in both stacking patterns. M! and M*!
are the magnetic moments (in pp/atom) of two non-equivalent transition metal atoms.
M¥ is the magnetic moment of the Nitrogen atom. T¢ /Ty is the magnetic transition
temperature in K. MAE is the magnetic anisotropy energy per unit cell in peV.

Compound | Stacking Type | Magnetic Ground State | M! | MIt | MN | Te/Tn | MAE
SeNF ABA FM 0.44 0.44 0.0 16 2,98
G2 ABC NM 0 0 0 .
SeNO ABA FM 0 0 0.56 30 23.80
e ABC NM (FM[184]) 0 0 0.03 (1.0[184]) -
TN ABA FM 0.40 0.40 0.04 35 19.38
22 ABC AFM2 (AFM2[173]) 1.3 (1.3[173]) 1.0 (1.0[173]) 0.02 50 476
VANF ABA AFM?2 178 1.78 0.07 350 | -148.40
22 ABC AFM2 (AFM2[173], AFM1[176]) | 2.4 (2.5[173], 2.7[176]) | 2.0 (2.0[173], 2.1[176]) | 0.01 90 L5
ViNO ABA AFM2 0.50 0.50 0.03 45 6.4
22 ABC AFMI (AFM2[173], AFML[176]) | 1.75 (L.8[173], L9[176]) | 1.11 (1.0[173], L.2[176]) | 0.00 60 -55.5
CrNF ABA AFM1 3.70 3.10 0 07 50 148.50
22 ABC AFM3 (AFM2[173], AFMI[176]) | 3.65 (3.7[173], 3.9[176]) | 3.11 (3.0[173], 3.1[176]) 60 -48.51
CrNO ABA FM 2.01 2.1 0.45 90 -166.40
RY2 ) ABC FM (FM[173]) 2.87 (2.8[173]) 2.87 (2.8[173]) 0.23 200 | 36.95
MNE ABA FM 4.50 4.50 0.37 50 ~13.50
22 ABC AFMS3 (AFM1[173]) 4.5 (4.5173)) 4.5 (4.5[173)) 0.05 60 19.87

That the two Cr atoms are inequivalent with regard to their oxidation states can be
understood from their atom projected densities of states in Figure 4.10 for both stacking
types. By comparing the densities of states of Cr! (Figure 4.10 (b)) and Cr’! (Figure
4.10 (d)), we find that while one spin band in Cr! is completely empty, the other is nearly
full. Tt is not so for Cr’/. The same features are observed in ABA stacking (Figure 4.10
(a),(c)). In Figures 4.21 and 4.22 we show the densities of states associated with different
d-orbitals of Cr! and Cr!! respectively. As mentioned above, we find the a; orbitals for
one-spin is completely full while other two orbitals are nearly full for Cr!. Significant
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Figure 4.13: Densities of states of ey (a and b), e;(c and d), a; (e and f) orbitals of Sc
along with F (g and h) and N (i and j) of ScoNF,.The left panel is for ABA and right
panel is for ABC.

electronic re-distribution happens between e; and e; due to hybridizations with N and
F states. In the case of Cr{, e states lie deeper in energy, signifying the deficit of an
electron as compared to Cr!. In case of MnyNF5, two Mn atoms have identical magnetic
moment of 4.5 pp, irrespective of the stacking pattern. In this compound, one of the Mn
should have 5 electrons while the other should have 4 electrons after donating to the F
and N atoms. This should lead to unequal moments of 5 ug and 4 ug. However, upon
inspecting the atom-projected densities of states (Figure 4.12) and Mn d-orbital-projected
densities of states (Figure 4.24), we find that contributions of both Mn are identical, with
one of the spin bands near full. Like CroNF5, the a; states are full while the e orbitals
are near full. Compared to the ABC stacking, in ABA stacking, the states are pushed
towards lower energies. The departure of Mn moments from integer values is due to the
re-distribution of electrons among the d-orbitals as a consequence of strong hybridizations
with anions. The delocalized states of F and N, particularly in ABC stacking, suggest
significant hybridization.

The picture is very different in case of ScasNF5 and ScoNO,. Figures 4.5, 4.6, 4.13,
and 4.14 show that the exchange splitting in these compounds in ABC stacking is weak,
leading to an NM ground state. Sc has a valence electron configuration of 4s23d'. In
ScoNF,, after donating 5 electrons to N and two F atoms, there is one extra electron
in the system. In ABA stacking, this is shared by the two Sc atoms, leading to an
equal amount of magnetic moment on them. Change in stacking from ABC to ABA
enhances the exchange splitting. The Sc-N bond lengths increase by 2% , localizing the
unpaired electron. This splits the majority band with a gap right at the Fermi level. The
minority band states near the Fermi level in ABC now move to the unoccupied part of
the energy spectra. The orbital-projected densities of states show that the peak in the
majority band around -1 €V in ABA has contributions from all three d-orbitals(Figure
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Figure 4.14: Densities of states of e; (a and b), e;(c and d), a; (e and f) orbitals of Sc
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panel is for ABC.

=
o
T

(a) =
I e s SNy ¥ R W ANOOS
08 R 7 S T i 4
g QoW g M (D) M
K~ “'(h‘\\ Yy F = v {"l“\f""”‘
| L MY ..5— | v

w

2y
w
U
=,

Density of States (states/eV)
vUouiul O Ué,:’ oo uvowu

(9) . (h)
: 0 -

! ; |~ _5' ! I
N LINASVAV I SR,V
] | ~s \\;,I.._ i _5E | 1 ..,_Ir Y I k Iu e

-2 0 2 -2 0 2
E-E¢ (eV)
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along with F (g and h) and N (i and j) of TioNF,.The left panel is for ABA and right

panel is for ABC.
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Figure 4.17: Densities of states of e; (a and b), e;(c and d), a; (e and f) orbitals of V/
along with F (g and h) and N (i and j) of V,NF5.The left panel is for ABA and right
panel is for ABC.
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panel is for ABC.
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Figure 4.19: Densities of states of es (a and b), e;(c and d), a; (e and f) orbitals of VZ
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panel is for ABC.
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along with O (g and h) and N (i and j) of VoNO,.The left panel is for ABA and right
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Figure 4.21: Densities of states of e; (a and b), e;(c and d), a; (e and f) orbitals of Cr!
along with F (g and h) and N (i and j) of CryNF,.The left panel is for ABA and right

panel is for ABC.
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Figure 4.22: Densities of states ofees (a and b), e;(c and d), a; (e and f) orbitals of Cr!/
along with F (g and h) and N (i and j) of CryNF5.The left panel is for ABA and right

panel is for ABC.
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along with F (g and h) and N (i and j) of MnsNF5.The left panel is for ABA and right
panel is for ABC.

4.13 (a),(c),(e)). ScaNOs, on the other hand does not have any unpaired d electron left in
the system. It rather has an unpaired N electron. In ABC stacking, the Sc bands of both
spins are thus fully occupied, leading to an NM state. In ABA stacking, Sc atoms do not
contribute to the magnetic moment. The unpaired N leads to a spin polarisation in N
with a net magnetic moment. Subsequently, the ground state magnetic structure in these
two compounds in ABA stacking is FM. The remaining four MXenes stabilize in the CC
structural model in ABA stacking. Except CroNO,, the atomic magnetic moments in the
other three compounds, Ti;NFy, VoNF; and Vo,NO,, change considerably with change in
stacking. In the CC structural model, the local crystal field symmetry surrounding the
transition metal atoms is trigonal Cs,. In this case, the d orbitals split into a;,e; and e,
in the ascending order of energy. The changes in the atomic magnetic moments can be
understood accordingly. To do this, we first consider CroNO, where the two Cr atoms are
equivalent. Each Cr donates 2 electrons to the corresponding O atom and 1 to the N atom
out of its six valence electrons. Thus, each Cr atom is left with three unpaired electrons.
However, N requires one more electron, which is contributed by both Cr, resulting in a
magnetic moment of 5 ug for the system. The electron sharing between the cations and
anions is strong, resulting in polarisations in N and O atoms in either stacking. This
is evident from the atom-projected densities of states (Figure 4.11). In ABC stacking,
the exchange splitting in the anions is nearly equal, while in ABA stacking, exchange
splitting in N is greater than O, as is seen in Figure 4.11, (i). In the ABA stacking, the
N majority states deplete in the energy range -1.0 to -3.0 eV when compared with O
densities of states. The arrangement of electrons in various d orbitals can be understood
from the orbital-projected densities of states (Figure 4.23). In ABC stacking, we can see
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that the minority spin band of Cr is nearly empty. The electrons are distributed among
the three orbitals, and none of them are fully occupied. There is significant hybridization
between the majority states of Cr a; and p orbitals of the O and N. In the ABA stacking,
the lowest-lying a; majority band is full, and the minority band is empty. This is not
so with the higher-lying e orbitals. As such, there is little difference in the overall filling
of electrons in energy levels when the stacking changes. Large differences in the atomic
magnetic moments of the transition metal atoms as the stacking changes are observed
for TisNF5 and V,NOs. In the case of TisNF5, each Ti donates 1 electron to F and
1 to N from its four valence electrons. From the remaining total of 4 electrons among
them, 1 electron is to be donated to N. Ideally, one of the Ti should have a magnetic
moment of 2up while the other should have a moment of 1ug. In the ABC stacking, we
find the inequivalent Ti atoms; Ti! is having a moment of 1.3 pp and Til! of 1up. Once
again, the atom projected densities of states (Figure 4.7 (b),(d),(f),(h),(j)) suggests that
only one of the spin bands of each Ti atom is partially full while the other one is either
completely (in case of Ti’) or near completely (in case of Ti/’) empty. The variations in
the exchange splitting due to this are responsible for unequal magnetic moments of Ti.
Upon inspecting the orbital-projected densities of states (Figure 4.15-4.16, (b),(d),(f)), we
find that the major difference among Ti! and Ti/! is that in the latter case the a, orbitals
of both spin bands are almost empty. The e states for Ti! are spread out up to nearly -2
eV, while those of Ti/! are more localized near -2 eV. There is significant hybridization
leading to electron sharing among Ti’ and the anions, as the contributions from all of
them happening in the same energy window. Different sequences of d-orbital levels and
subsequent filling are responsible for the substantial reduction of Ti moments in ABA
stacking (Figure 4.7 (a),(c),(e),(f),(g) and 4.15-4.16 (a),(c),and(e)). Here, the lowest lying
a orbitals of both spins are partially filled, the e; is completely empty, and e; has partial
filing in both spin bands. The smaller exchange splittings, thus, reduce the Ti moments
in ABA stacking. V,NOy has identical situation. Atomic magnetic moments and their
changes with stacking change, too, can be understood in a similar way (Figures 4.9, 4.19-
4.20). In the case of VoNFs, though the changes in magnetic moments with stacking
are not as large as observed in these two compounds, they are substantial. The five
unpaired V electrons are distributed asymmetrically among two V atoms, making them
non-equivalent with respect to magnetic moments in ABC stacking. Strong cation-anion
hybridization and localized states are the prominent features of the electronic structure
of this compound in ABC stacking (Figure 4.8, 4.17-4.18 (b),(d),(f),(h),(j)). The split
d-levels have one spin band empty, and each one of the other spin is partially filled. In
ABA stacking, the states are less localized. The minority spin bands associated with the
split d levels are not completely empty. This explains the reduction in moments with
respect to the moments obtained in ABC stacking. The electrons totally occupy the a4
and es levels only as ey is completely empty.

The changes in the electronic ground states with changes in the stacking are in-
tricately related to the above-discussed patterns of orbital occupation and anion-cation
hybridizations. For example, VoNF5 has an identical magnetic ground state but is a semi-
conductor(metal) in the ABC(ABA) stacking. The localized anion-cation orbital overlap
is responsible for a semiconducting ground state. Compared to this, there is much more
itinerancy in the d states when the stacking is ABA. The anion d-cation p interaction is
weak, too (Figure 4.8), leading to a metallic ground state. The changes in the electronic
ground states with stacking for other compounds can be understood this way. A note-
worthy point here is that except in CroNFy, ABA stacking renders all transition metal
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(b) Super Exchange
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Figure 4.25: Various exchange mechanisms in the MXenes considered are shown. (a) and
(b) show the direct exchange and superexchange, respectively. (c) shows the schematics
of cation-anion-cation orbital overlaps in superexchange where same cation d-orbitals
interact with different p orbitals of the same anion.

constituents equivalent. It is not so in the case of ABC stacking. Apart from CroNF,
TiosNF5, VoNF5 and VoNO, have two inequivalent M as can be made out from unequal
magnetic moments on them. This is due to the inhomogeneous environment around the
M atoms in these systems. Although the chemical species around them are identical,
the variations in the anion-cation bond distances introduce inhomogeneity in the envi-
ronment, leading to different exchange splittings of inequivalent atoms. For example, in
V,NO,, V-O(V-N) bond distances are 2.0 A(1.92 A) and 2.19 A(2.13 A) in ABC stack-
ing. A difference of 9.5 % and 11 % in the V-O and V-N bond distances associated with
two V, respectively, can be correlated with large differences in their magnetic moments.
VN /O bonds are much larger than the V/-N/O bonds. As a result, V! states are
more localized with less hybridization with anions and a smaller exchange splitting (Fig-
ure 4.9). In ABA stacking, there is uniformity in both bond distances; the V-O(V-N)
bond distance is 1.96 A(2.11 A). In CroNF,, Cr-F (Cr-N) bonds vary by 1.4%(6.4%) in
ABC stacking. The numbers are 1.9% (Cr-F) and 4.7% (Cr-N) in ABA stacking. Larger
variations in Cr-N bond lengths affect cation-anion hybridizations and, subsequently, the
magnetic moments on inequivalent atoms.

4.3.2.4 Understanding the origin of magnetic ground states and their stack-
ing dependence

For all MXenes considered in this work, the M-X-M bond angle is close to 90°. This
allows the d-orbitals of transition metal atoms to overlap with different p-orbitals of the
anions. According to Goodenough Kanamori rule [188], this superexchange results in
an FM arrangement of the M atoms (Figure 4.25(b),(c)). On the other hand, direct
exchange between M atoms (Figure 4.25(a)) leads to an AFM arrangement. The com-
petition between these two exchange mechanisms often determines the magnetic ground
state configuration. It depends on the degree of occupancy of the d orbitals and/or
the inter-atomic distances. For the MXenes considered here, the origin of a particular
magnetic ground state in a given stacking can, by and large, be explained this way. In
TisNF,, the origin of an FM ground state in ABA stacking is the nearly filled a; states
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that weaken the AFM exchange interaction, making the superexchange dominating. In
ABC stacking, half-filled e; states promote direct exchange as hopping through spin flip-
ping is allowed. This results in the AFM2 ground state. Since e; orbitals of opposite
spin bands coming from inequivalent Ti atoms lying on the same surface are half-filled,
the dominating direct exchange is between the inequivalent atoms leading to the AFM2
configuration. The origin of an AFM ground state in VoNFy with ABC stacking can be
explained similarly. Moreover, the inter-atomic distance between inequivalent V atoms
in the ABC stacking is 2.92 A. With ABA stacking, the inter-atomic distance between
V atoms reduces further to 2.8 A. Typically, inter-atomic distances beyond 3.0 A make
the direct exchange weaker. Thus, in this compound, direct exchange is promoted over
superexchange. The inter-atomic distance is crucial in deciding the ground state mag-
netic structure of VoNO, as well. In ABA stacked VoNO,, the distance between nearest
neighbor V atoms lying in the same plane is only 2.78 A. This results in a dominant direct
exchange and an AFM2 ground state. With the change of stacking to ABC, the distance
between inequivalent atoms lying in the same plane increases to 2.97 A. This weakens the
direct exchange. The dominant superexchange results in an in-plane FM arrangement.
However, the inter-planar distance being smaller than this (2.93 A), the direct exchange
prevails along c-direction leading to an AFM1 ground state magnetic configuration. In
CroNFy, ABA(ABC) stacking leads to an AFM1(AFM3) ground state. Here, the origin
of this difference can be traced back to the intra-planar and inter-planar distances be-
tween Cr atoms. The intra-planar Cr-Cr distance is greater in ABA stacking (3.18 Ain
ABA and 3.08 A in ABC). Consequently, the direct exchange (superexchange) in ABA
is less (more) than that in ABC. This leads to an in-plane FM(AFM) configuration in
ABA(ABC). On the other hand, the inter-planar Cr-Cr distance in ABA is much smaller
than that in ABC (2.49 A in ABA and 3.09 A in ABC). As a result, in ABA(ABC), the
dominant inter-planar exchange is a direct exchange (superexchange) giving rise to AFM1
(AFM3) ground state. In MnyNF, there is an AFM to FM transition of the ground state
magnetic configuration as stacking changes from ABC to ABA. Here, the ground state is
determined by the competition between intra- and inter-planar interactions. In ABA, the
inter-planar Mn atoms are the first and third nearest neighbors. The nearest neighbor
distance being larger than 3.0 A, superexchange is promoted. The second, fourth, and
sixth neighbors lie in the same plane. However, the inter-planar distances being close to
3.0 A and higher, superexchange dominates. Strong anion-cation overlap is also observed
in ABA (Figure 4.12). In the ABC stacking, the overlap of Mn d and F p orbitals is
relatively weak, as can be seen from the atom-projected densities of states in the region
of -2 to -4 eV (Figure 4.12). Naturally, it leads to an AFM ground state. The occur-
rence of FM ground state in CrsNOs, irrespective of stacking pattern, can be similarly
explained from the atom projected densities of states (Figure 4.11) which show strong
anion p-cation d overlap suggesting dominant superexchange mechanism.

4.3.3 Interatomic exchange parameters, magnetic transition tem-
peratures and their dependencies on stacking pattern

Figure 4.26(4.27) show the interatomic exchange interactions of the systems in ABA(ABC)
type stacking. The calculated exchange interaction parameters corroborate the explana-
tions for the obtained magnetic ground states given in the previous subsection. For ABA
stacked TisNFy (4.26(c)), the dominant interactions from the first three neighbors are
ferromagnetic, with the nearest neighbor interaction having a strength of 2.21 meV. The
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Figure 4.26: Inter-atomic exchange parameters as a function of inter-atomic distance for
(a) SCQNFQ and (b) SC2N02 and (C) TIQNFQ (d)VgNFQ (e)V2N02 (f) CI'QNFQ (g) CI‘QNOQ
and (h) MnyNF, in ABA stacking.
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Figure 4.27: Inter-atomic exchange parameters as a function of inter-atomic distance
for ((a) TIQNFQ (b)VQNFQ (C)V2N02 (d) CI‘QNFQ (e) CI’2NOQ and (f) MHQNFQ in ABC
stacking

interactions beyond the first three neighbors are negligibly small. This makes the mag-
netic ground state of this compound FM. The first few interactions in VoNO, are AFM
(4.26(e)), with the strongest one of magnitude 6.05 meV coming from the nearest neigh-
bor pairs. Here, the nearest neighbors lie in the same plane across a distance of 2.78
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A. As discussed earlier, such a distance makes the dominant in-plane interaction AFM
and favors an AFM2 ground state. In ABA stacked CroNFy (Figure 4.26(f)), we find the
nearest neighbor interaction strong AFM with a magnitude of -40 meV. Here, the nearest
neighbor pairs are situated out-of-plane. The strong out-of-plane AFM interaction drives
the ground state AFMI.

In ABC stacking, the inequivalent Ti atoms of TisNF, lie in the same plane. Strong
AFM interaction from first neighbor pairs (~ 35 meV) (Figure 4.27(a))followed by AFM
interactions from a few higher neighbors is the reason behind the AFM ground state.
Since the nearest neighbors are the inequivalent atoms, the resulting AFM configuration
is AFM2. In ABC stacked VoNOg, we find competing FM and AFM interactions in
the first few neighbors. The nearest neighbor distance in the ABC stacked compound
is now 2.93 A, connecting out-of-plane V atoms. This is substantially larger(2.78 A)
than that in the ABA stacked compound. The in-plane distance of V atoms is 2.97 A.
From Figure 4.27(c), we find the competing FM and AFM interactions. The out-of-
plane nearest neighbors connect via strong AFM exchange, while the third and fourth
neighbor interactions are FM with competitive magnitudes. The in-plane FM ordering
and out-of-plane AFM ordering happen as an outcome. In CryNF5, ABC stacking puts
the in-plane inequivalent atoms at the nearest neighboring distance. The strong AFM
interactions among the nearest neighbor and a few subsequent higher-order pairs keep
the in-plane interaction AFM, resulting in an AFM3 ground state (4.27(d)). The changes
in the exchange interactions and subsequent stabilization of the ground state magnetic
configuration with changes in stacking for the other five MXenes can be interpreted
similarly.

The exchange interactions reported above are used to compute the magnetic transi-
tion temperatures. The results are given in Table 4.2. Substantial changes in magnetic
transition temperature upon a change in stacking pattern are observed in VoNF5 and
CryNOs. For the former, ABA stacking led to a transition temperature of 350K, which is
close to room temperature. For the latter, a transition temperature of 200K is obtained
in ABC stacking. Such differences can be attributed to the changes in magnetic exchange
parameters. Notably, most of the systems considered in this work have magnetic ordering
temperatures substantially higher than Crlz [19], the prototype 2D magnet.

4.3.4 Magnetic Anisotropy energy and its microscopic origin

Magnetic anisotropy enables magnetism to survive in the 2D limit. It is also important
from the perspective of device application as it stabilizes the magnetic long-range order
in a given system. The DFT estimated values of MAE for our systems are given in Table
4.2.

The calculated values of MAE show that the nature of anisotropy, in-plane(MAE< 0)
or out-of-plane (MAE> 0), in these MXenes, depends on the type of stacking. Quite
a few MAE values are comparable to those obtained in well-known 2D magnets like
CrBr3, RhOs, CryGesTeg and CrSy [21, 139, 158, 159|. Significant differences of MAE
when the stacking changes , are observed in three cases: CrsNOs and VoNF, where ABA
stacking leads to very large in-plane anisotropy while ABC stacked compounds show out-
of-pane anisotropy with MAE either very small(for VoNF,) or moderate (for CraNOy)
and CryNFy where ABA(ABC) stacked compound exhibits very large(moderate) out-
of-plane(in-plane) anisotropy. In all the other MXenes where both stackings led to a
magnetic order, the qualitative nature of anisotropy is observed to have changed with
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Figure 4.28: Contributions of various orbitals towards magnetic anisotropy energy of (a)
CryNOy,(b) Crf of CryNFy and (¢)Cr!f of CroNF,. Results are for ABA stacking.
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Figure 4.29: Contributions of various orbitals towards magnetic anisotropy energy of (a)
CryNO,,(b) Cr! of CroNFy (¢)Cr!! of CroNFy. The results are for ABC stacking.

stacking. The changes in the qualitative and, in some cases, quantitative nature of the
magnetic anisotropy can be understood from the calculation of MAE using second-order
perturbation theory as discussed in chapter 2 (Equation 2.41 ).

To understand the qualitative and quantitative nature of MAE and its changes with
stacking, we consider CrsNO, and CryNFy since these are the compounds where signif-
icant qualitative and quantitative changes occur when stacking changes. Contributions
from the interactions of various pairs of d-orbitals in ABA (ABC) stacked compounds
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Figure 4.30: Orbital decomposition of Magnetic anisotropy energy (a)ScoNFs (b) ScaNO,
(c) TiaNFy(d) VoNF; (e) VoNOy (f) MnyNF, in ABA stacking

are presented in Figure 4.28(Figure 4.29). Only the contributions from the d-orbitals
of Cr atoms are considered, as the other contributions are negligible. The interactions
of d-orbitals contributing to the MAE are represented as d; ® d; interactions [139]. We
first consider the case of CraNO,. Results for CroNO, in ABA stacking (Figure 4.28(a))
suggest that the main contributions to MAE come from d,, ® d,2_,2 and d,. ® d,> pairs.
The contribution from d,, ® d,2_,2 is large and negative whereas the contribution from
dy.®d,2 is small and positive . Therefore, it is primarily due to d,, ®d,2_,2 contributions,
CryNO; has a large and negative value of MAE in ABA stacking.

In the case of ABC stacked CrsNOs, the main contributions to MAE come from
three pairs of interactions represented as dy ® dy2_,2, dy. ® d.2, and dy. ® d,. (Figure
4.29(a)). dy. ® d.2 , and d,. ® d,, have positive contributions whereas the contribution
from dgy ® d,2_,2 is negative . The positive contributions of d,. ® d,. is almost equal to
the negative contribution from d,, ® d,2_,2. Thus, it is the positive contribution from
dy.®d.> that is responsible for a modest and positive MAE in CroNO,. Since dyy @ dy2_ 2
coupling is the major contributor, irrespective of stacking pattern, further analysis of this
contribution and its changes with stacking is required. The d,, ® d,2_,2 interaction has
four components: (a) (o'|u') indicating SOC interaction between occupied and unoccu-
pied spin-up orbitals, (b) (o' |ut) implying SOC interaction between occupied spin-up and
unoccupied spin-down orbitals (c) (o*|ul) signifying SOC interaction between occupied
spin-down and unoccupied spin-up states and (d) (o*|ut) coming from SOC interaction
between occupied and unoccupied spin-down states. Contributions from (o'|u') and
(o*|ut) are > 0 whereas that from (of|ut) and (o*|u’) are < 0. The origin of overwhelm-
ingly larger contributions from (o'|u*) in ABC lies in their electronic structures. From
the d-orbital resolved densities of states of both ABA and ABC stacked CroyNO(Figure
4.23), we observe that in ABA stacking, states in the unoccupied spin-down channel of
dyy/dy2_y2 are nearer to Fermi level than in the ABC stacking. Consequently, the con-
tributions of o' and u* are less in ABC stacking. Also, contributions from o' and u' are
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Figure 4.32: Cohesive energies of ABA and ABC stacked nitride MXenes

negligible because the corresponding states are far from the Fermi level. This explains
the reason behind large(moderate) and negative(positive) contribution from d,, ® d,2_,2
interactions towards the total MAE in ABA(ABC) stacked CraNOs.
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In Figure 4.28 and 4.29 (b)-(c), the contributions of various d; ® d; interactions are
shown for CryNFs.Since, irrespective of stacking, the Cr atoms in this compound are
inequivalent, their contributions to the magnetic anisotropy energy (MAE) also differ. In
the ABA stacked case, the contributions from Cr! and Cr!! are 0.11 meV and 0.041 meV,
respectively. in the ABC stacked case, contributions from Cr! and Cr!! are-0.11 meV and
0.049 meV, respectively. Thus, we observe that the contribution from Cr!! towards total
MAE is nearly the same in either stacking. More importantly, it is positive in both cases.
This implies that the differences in the total MAE when stacking changes are solely due to
Cr!. Although the magnitude-wise contribution from Cr! is the same in both stacking, one
is positive, and the other is negative. To understand this in further detail, we look at the
orbital resolved contributions (Figures 4.28(b,c) and 4.29(b,c)). In ABA stacking,d,, ®
d.» interaction is the dominant contributor to Cr!. This is large and positive. Some
negative contribution from d,, ® d,2_,» interaction and a small positive contribution from
dy. ® d,2_,2 interaction add to the total making it positive and large.In ABC stacking,
the positive contribution from the d,. ® d.> interactions reduces significanty. The main
contribution to MAE now is from dg, ® dy2_,2 . This contribution is negative and slightly
larger in magnitude than that in ABA stacked compound . This is primarily responsible
for the negative MAE in the ABC stacked compound. The contributions from interactions
between other d-orbitals cannot change the overall qualitative nature. The origin of such
a difference lies in the differences in the electronic structure. Comparing d-orbital resolved
densities of states of Cr’ in ABA and ABC stacked compound (Figure 4.21), we observe
that in ABC stacked case, dy,/d.> states in the unoccupied part of the spectrum are closer
to Fermi level. Consequently, the coupling between the occupied and unoccupied states of
the same spin is enhanced. This enhances the negative contributions and provides more
negative contributions to d,, ® d,> in comparison to that in the ABA stacked compound.
This also leads to contributions from d,,®d,2_,2 interaction that is more negative (than in
ABA stacked compound). A similar analysis for all other MXenes considered in this work
using the orbital-resolved MAE (Figures 4.30-4.31) can explain the qualitative changes
in their magnetic anisotropy as stacking changes.

4.3.5 Relative stabilities of ABA and ABC stacked MXenes

The cohesive energies of the ABA and ABC stacked MXenes are evaluated using the
expression :

Ecoh T EMXene - 2-EM - EN T 2LUT

Here Ej;xene represents the total energy of the MXenes under consideration, while Fjy,
Ex , and Er denote the energies per atom of the free transition metal atoms (Ti, Sc,
V, Cr, Mn), nitrogen, and functional group (O/F), respectively. The values obtained
for these energies per atom are presented in Figure 4.32 .For MXenes containing heavy
transition metal atoms such as V, Cr, and Mn, the cohesive energy of the ABA stacking is
either lower or the same as that of the ABC stacking. So for these systems ABA stacking
can be easily obtained . Conversely, for Sc and Ti-based MXenes, the ABC stacking
exhibits slightly lower cohesive energy. This observation aligns with findings reported in
the reference [169, 189] for O- and F-functionalized nitride MXenes. However, due to
the minimal energy difference between the two stacking configurations, we expect that
following bottomup approaches these MXenes can also be synthesised experimentally in
ABA stacked configurations .
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4.4 Summary

MXenes have drawn attention recently due to immense tunability in them, originating
from their compositional and structural flexibility. However, so far, the option of flexi-
bility in stacking the transition metal layers hasn’t been investigated, primarily because
of the fact that any stacking other than the conventional ABC one wasn’t discovered
experimentally. Taking a cue from the experimental discovery [58] and subsequent theo-
retical calculations of several MXenes [169], we have investigated in detail the effects of
stacking patterns on the electronic and magnetic properties of various nitride MXenes
functionalized with two different functional groups. We find that stacking adds to the de-
gree of flexibility, leading to a number of different magnetic and electronic ground states
in the same composition. We find that transitions between various AFM orders, AFM
to FM, and even non-magnetic to FM, are possible due to this.Moreover, the electronic
ground states can also be tuned by changing the stacking, leading to transformations
like non-magnetic metal to spin gapless semiconductors and metal to half-metal. Such
tunability makes these systems suitable for several magnetism-driven applications. Even
large magnetic anisotropy energy, comparable to a few well-known 2D magnets and mag-
netic transition temperatures close to room temperature, are obtained upon changing the
stacking pattern from conventional ABC to ABA. These certainly should provoke more
investigations in this direction for other systems in the MXene family. We have analyzed
the obtained results in great detail and made connections to the structural parameters
and the electronic structures of the systems, resulting in a lucid picture of the micro-
scopic physics responsible for the fascinating properties obtained. Although all but one
MZXene with unconventional stacking has been discovered, the calculations in Reference
[169] have clearly shown that in MXenes, the transformation from conventional ABC to
unconventional ABA would not cost a large amount of energy. Therefore, even though
energetically, ABA stacking may not be preferable in some of the cases, the transforma-
tion to it can be easily achieved. This is an essential aspect that can be exploited to
utilize the tunability of magnetic MXenes established in this work to further advantage.
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Chapter 5

Consequences of magneto-electrical
coupling in multiferroic VSes/ScoCOo2
heterostructures.

5.1 Introduction

The non-volatile electrical control of magnetic devices can be realized in multiferroic
materials where the magnetism is controlled by the ferroelectric polarization. Since fer-
roelectric materials are endowed with bi-stable polarized states, their electrical switching
is completely non-volatile. Thus, if the magnetic properties can be coupled with the states
of electric polarization, the resulting magneto-electric coupling will lead to non-volatile
electrical control of magnetic states [190, 191, 192|. However, single-phase multiferroics
are not very attractive for this applications as none of the existing materials combine large
and robust electric and magnetic polarizations at room temperature [193|. This has been
circumvented by forming two-phase composites with a Ferroelectric and a ferromagnetic
component. The magneto-electric effect is significant if the coupling at the interface of
the two is large. This is more effective if the area at the interface is large.

Making 2D Van der Waals (vdW) heterostructures with a 2D ferroelectric and a 2D
ferromagnet, thus, can be a useful way to achieve this. With the synthesis of several
2D ferroelectrics [194, 195, 196, 197, 198, 199], construction of such heterostructures no
longer remains a distant reality. Very recently, this idea has been demonstrated to be
working as a proof of concept through Density Functional Theory [143] based calculations
[200, 201, 202, 203, 204, 205|. In those calculations, MXene ScyCO,, recently predicted
to be possessing large out-of-plane ferroelectric polarization [206] from DFT calculations,
is considered to be the ferroelectric component in the 2D heterostructure. Different
2D ferromagnets having minimal lattice mismatch with ScoCOs have been used as the
magnetic component. The calculations showed that the electronic ground states of the
heterostructure can be altered between semiconducting and half-metallic upon changes
in the ferroelectric polarization. Taking a cue from these recent developments, in this
work, we have explored the consequences of magneto-electrical coupling in bi-layer and
tri-layer VSey/ScoCOs heterostructures. The transition-metal dichalcogenide(TMDC)-
MXene heterostructures have been chosen as both have flexibilities in their compositions

The contents of this chapter are published in 2025,The Journal of Physical Chemistry C ;129,6466-
6476 DOI: https://doi.org/10.1021/acs.jpcc.4c08598
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Figure 5.1: Top and side views of (a)VSey (b) ScaCO, monolayer crystal structures.
(c),(e),(g) show the stacking patterns of AA-P1, BB-P1 and CC-P?1 heterostructures,
respectively. (d),(f) and (h) are for the same three stackings when the ferroelectric
polarisation is P|. Both top and side views are shown in each case.

and structures that can be exploited to realize tunable functional properties. As the
magnetic component of the heterostructures, we have considered the 2H phase of VSe, as
its monolayer has been synthesized recently [207]. Our results show that the electronic
ground states of these heterostructures can be reversibly switched between semiconduct-
ing and half-metallic states upon switching electrical polarization of ScoCO,. Based on
these findings, we propose these heterostructures for multiple applications like bi-polar
magnetic semiconductors, tunneling field effect transistors, and low-cost, power-efficient
non-volatile memory devices. Unlike in the two works presented in the previous chapters,
here the MXene is non-magnetic but its physical state controls the electronic properties
of the magnetic component in the heterostructure. This control, in turn influences spin
transport. Thus, this work demonstrates how MXene, inspite of being non-magnetic ,
can propel magnetism related functionalities in a 2D system.

5.2 Computational methods
Ground state properties and electronic structures are calculated by DFT framework where
the electron-ion interactions are described using projector augmented wave (PAW) basis

set [146]. The exchange-correlation part of the Hamiltonian is approximated by general-
ized gradient approximation (GGA) as parameterized by Perdew-Burke-Ernzerhof (PBE)
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[123]. The kinetic energy cutoff of the plane wave is set to be 600 eV. The energy and force
cutoff for structural optimization are 107% eV and 0.01 eV/ A, respectively. To include the
van-der-Waals interactions, the DFT-D3 method is employed [147]|. The Brillouin zone is
sampled using Monkhorst-Pack [208]14 x 14 x 1 k-point mesh. Dipole corrections are also
taken into account in all the calculations. A 20 Avacuum is considered along z-direction
to avoid any interactions between the adjacent layers.

5.3 RESULTS AND DISCUSSIONS

5.3.1 Ferroelectric polarisation driven modifications in the elec-
tronic properties of VSe,/Sc,CO,

Figure 5.1(a) presents the top and side views of monolayer 2H-VSe,, the magnetic com-
ponent of the heterostructure. It crystallizes in a honeycomb-like structure where each
V(Se)-atom is surrounded by six(three) neighboring Se(V) atoms. The V atoms are in a
trigonal prismatic crystal field formed by the surrounding ligands. This VSe, phase ex-
hibits ferromagnetism with a very high Curie temperature of 425 K [141]. Due to its high
transition temperature, it can be directly used for applications above room temperature.
The lattice constant of VSe, from our calculation is 3.33 A | which agrees very well with
the reported result [209]. The magnetic moment of each V atom is 1 uB.

The ground state structure of MXene monolayer ScoCOs, the ferroelectric component
of the heterostructure, is shown in Figure 5.1(b). Monolayer ScoCO, possesses out-of-
plane ferroelectricity with significantly large electric polarisation [206]. The structure
lacks inversion symmetry. The O-atom on one of the surfaces occupies the hollow site
associated with the Sc atom. The O-atom, on the other surface, occupies the hollow
site associated with the C-atom. Consequently, the Sc atom on the lower surface (00-
1 surface) is in an octahedral crystal field, while the Sc atom on the top surface (001
surface) is in a trigonal prismatic crystal field. The lattice parameter for Sc;CO5 from
our calculations is 3.41 A | in excellent agreement with the reported results [203, 210].

Our result demonstrates that the lattice mismatch between VSes and ScoCOs is nearly
2.4 % only. Hence, these two monolayers can be vertically stacked to form a 2D van der
Waals (vdW) heterostructure. The two ferroelectric polarization states of ScoCOq are
differentiated by the position of the C atom in the unit cell. When the C atom is close
to the upper(lower) surface, the polarisation state is depicted as P1(PJ). These two
polarisation states can be reversibly switched by applying an electric field and occur
through an intermediate antiferroelectric structure [206]. The heterostructure with VSe,
can be formed with either state of ferroelectric polarisation. Accordingly, we construct
six different heterostructures, three each for a given ferroelectric polarisation: (i) AA:
The O-atom closest to VSes is directly above the V-atom (Figure 5.1(c),(d)) (ii) BB: The
O-atom closest to VSe, is directly above the Se atom (Figure 5.1(e),(f)) and (iii) CC:
The O-atom closest to VSe; is above a V-Se bond in VSey (Figure 5.1(g),h)).

The stability of the six heterostructures is assessed by calculating their binding ener-
gies given by

Eb = (Ehetero - EVS@Q - ESCQCOQ)/A

Elctero 1 the total energy of the heterostructure. Eyg., and Es.,co, are the energies
of pristine monolayers of VSey and ScoCOs, respectively . A is the surface area of the
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Figure 5.2: Electronic band structure for (a) Monolayer VSe; and (b) Monolayer ScoCOs.
(c),(d) are the spin-up and spin-down bands of AA-P1 heterostructure, respectively.
(e),(f) are the spin-up and spin-down bands of AA-P| heterostructure, respectively.(g),(h)
are the spin-up and spin-down bands of BB-P7 heterostructure, respectively. (i),(j) are
the spin-up and spin-down bands of BB-P| heterostructure,respectively.(k),(1) are the
spin-up and spin-down bands of CC-P1 heterostructure, respectively. (m),(n) are the
spin-up and spin-down bands of CC-P| heterostructure,respectively.Green, magenta and
blue lines represent contributions from ScoCOg,spin-up and spin-down states of VSes,
respectively.
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Table 5.1: Calculated parameters of VSey/ScoCOy vdw heterostructure . d is interlayer
distance, Ey, is interface binding energy.

. Eb Band
Stacking d (A) (meV/A2) Gap(eV)
AA-PT 290 -19.84 0.12
AA-P] 281 -31.50 0.00
BB-Pt 34 -13.27 0.16
BB-P|]  3.35 -17.5 0.00
CC-pt  3.02 -17.8 0.12
cc-pl 293 -31.4 0.00

heterostructure. The results are presented in Table 5.1. The results imply that the het-
erostructures can be grown experimentally. The interlayer distance d in each case is also
given in Table 5.1. We find that the interlayer distances decrease when the ferroelectric
polarisation of ScoCO5 changes from P1 to PJl. For a given structural configuration, the
maximum changes in the interlayer distances are about 3% only upon a change in the
state of ferroelectric polarisation.

We next investigate the magneto-electric coupling in the bi-layer VSes-ScoCO4y by
computations of band structures of the heterostructures considered in this work. In
Figure 5.2(a) and 5.2(b), we show the band structures of monolayer VSey; and ScoCOs,
respectively. VSe, turns out to be a ferromagnetic semiconductor with a band gap of 0.75
eV(0.53 eV) in the spin-up(spin-down) channel, in agreement with existing results [209].
Our calculations show ScoCO4 a semiconductor with an indirect band gap of 1.84 €V, in
excellent agreement with other calculations [200]. The spin-projected band structures of
bi-layer VSes/ScoCOs for different heterostructures and different ferroelectric polarisa-
tions are shown in Figure 5.2(c)-(n). A common feature seen in all cases is that the band
structure of the heterostructures is essentially a superposition of bands contributed by
the constituents. This is the characteristic of 2D vdW heterostructures with weak cou-
pling between the layers. The other common feature connected to the magneto-electrical
coupling in this system is the dependence of spin projected band structure on the fer-
roelectric polarisation of MXene ScaCO,. In Figure 5.2 (c) and (d), we show the spin
up and spin down bands of the AA heterostructure, respectively, when the ferroelectric
polarisation is P1. We find that the system behaves as a magnetic semiconductor with
a band gap of 0.12 ¢V (Table 5.1). Here, both the valence band minima (VBM) and
conduction band maxima (CBM) are due to contributions from VSe,, demonstrating a
type-I band alignment. Such heterostructures with type-I band alignment are useful for
confining electrons and holes, facilitating carrier recombination, and thus sought after
for applications in optical devices. Significantly, the VBM and the CBM are composed
of oppositely polarised spin bands. As such, the heterostructure behaves like a Bipolar
Magnetic Semiconductor (BMS). In this system, a completely spin polarisation current
with reversible spin polarisation can be created and controlled simply by applying a gate
voltage [211]. When the polarisation state of ScoCO, ferroelectric is switched to PJ, the
heterostructure behaves as a half-metal (Figure 5.2 (e),(f)). In the spin-up channel, the
system remains semiconducting with little changes in the band structure (Figure 5.2(e)).
Major changes are observed in the spin-down bands (Figure 5.2(f)). The spin-down band
corresponding to VSey, right above Fermi level in case of both monolayer VSe; and the
heterostructure with P71 ferroelectric state, is pushed towards lower energy, closing the
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Figure 5.3: Plane-averaged electrostatic potential of (a) ScoCO4 and (b)VSes along z. (c)
and (d) are variations in the plane-averaged differential charge density of VSe,/ScoCOq
(PT)and VSes/ScaCOy (PJ)heterostructures along z, respectively; (e) and (f) are the
corresponding charge density differences. (g) and (h) are the band-alignments of the
individual monolayers before contact, while(i) and (j) are the band alignments of
VSes/ScaCOo(P)and VSey /ScoCO2(PJ) heterostructures, respectively.

semiconducting gap, leading to a half-metallic ground state of the heterostructure.

In experiments, switching between the two states, P1 and PJ, can be done by applying
an electric field. ScyCOsy, being ferroelectric, is bistable. As a result, the application of
an electric field can change its polarization state. It remains in a given state of polari-
sation even after removing the electric field, making the switching completely reversible
and non-volatile. Figure 5.2, therefore, shows that the ground state of ScaCOq/VSes
heterostructure can be switched between a magnetic semiconductor and a half-metal by
reversible switching of the ferroelectric polarisation.

5.3.2 Coupling mechanism and interfacial interaction in
VSes/Sc;CO4 heterostructure

The observed changes in the electronic structures of VSes/ScoCOs upon changing the
ferroelectric polarisation state can be understood by analyzing the changes in the charge
distribution or coupling across the monolayer interfaces. Due to broken spatial symmetry,
the work function associated with two surfaces of ScoCOs is different by about 1.8 eV
as seen from the plane-averaged potential versus distance in the z-direction plot (Figure
5.3(a)). No such asymmetry across the surfaces is observed in the case of VSey (Figure
5.3(b)). The calculated Work functions of VSe; monolayer, the C,,, side and Cpptiom side
of ScoCO4 monolayer are -5.46 ¢V, -4.96 eV and -3.13 eV, respectively; Cyop(Chrottom) refers
to the position of C-atom layer in ScoCOq when the ferroelectric polarisation is PT(PJ).
Thus, when VSes is stacked with ScoCO5, depending on which surface of ScoCO, is used
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Figure 5.4: Optimized geometries of ScoCOs/VSey/ScoCOy and VSey /ScaCO4y/ScaCO,
trilayer heterostructures with differrent polarisations .

for stacking, charge transfer across the interface differs significantly. When ScyCOs is
in the P71 polarisation state, the spin-up(ST) and spin-down(SJ) valence band maxima
(VBM) (conduction band minima(CBM)) of VSe, are lower(higher) than the conduction
band minima (CBM)(valence band maxima (VBM)) of ScoCOs (Figure5.3(g)). Thus,
in VSe,/ScaCO4(P1) heterostructure, there is no electron transfer between ScoCOs and
VSes. Nevertheless, due to differences in the work functions of ScosCOy and VSey the
interfacial interaction causes a spontaneous flow of electrons from ScoCOs to VSes. Ac-
cordingly, the Fermi level of ScoCO4 shifts slightly towards lower energy, and that of
VSe, shifts slightly towards higher energy, reaching a common level. As a result, a small
amount of electron accumulates in VSe,, giving rise to an internal electric field. The
charge transfer, however, is not sufficient to close the energy gap, resulting in a type I
band alignment (Figure 5.3(i)). The variations in the plane-averaged differential charge
density with distance along z (Figure 5.3(c)) and charge density difference (Figure 5.3(e))
results corroborate this.

When the polarization of ScoCO4 changes to P (Figure 5.3(h)),the VBM of ScoCOais
at a higher position than CBM of VSe, associated with either spin band. Therefore,
electron transfer can occur from the valence band of ScoCO; to the conduction band of
the spin-down channel of VSe,. Due to this, the spin-down conduction band of VSe, is
shifted towards lower energy considerably, closing the semiconducting gap in this spin
channel and giving rise to metallic behavior (Figure 5.3(j)). The band alignment shown
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Table 5.2: Calculated interface binding energies (E,;)of trilayer vdw heterostructures (in

meV /A?).
System Ey
SCQCOQ(PT)/VS€2/SC2COQ (PT) -30.00
SCQCOQ(P\L)/VSGQ/SCQCOQ(PT) -21.75
SCQCOQ(PT)/VSGQ/SCQCOQ(P\L) -31.24

-29.60

VSGQ/SCQCOQ (PT)SCQCOQ (PT)
1) -51.95

VSQQ/SCQCOQ (PJ/)SCQCOQ (P

in Figure 5.3(j) indicates that this heterostructure exhibits an almost broken-gap type-
ITI alignment. Heterostructures with such band alignment can facilitate tunneling of
electrons directly from the VBM of ScoCOs to the CBM of VSes. Therefore, band-
to-band tunneling (BTBT) is possible, making these heterostructures highly desirable
for tunnel field-effect transistors. The plane-averaged differential charge density (Figure
5.3(d)) and charge density difference(Figure 5.3(f)) plots show a significant amount of
charge transfer across the interface justifying the band alignment described above. Such
large charge transfer across the interface can be explained in terms of the significant
difference in the Work functions of VSe; and Cpoitom side of the ScsCO5 monolayer.

5.3.3 Ferroelectric polarisation driven modifications in the elec-
tronic properties of ScaCO3/VSes/ScyCO4

Next, we investigate the interrelations between a number of layers in the VSes-ScoCOs
heterostructure, the ferroelectric polarisation, and the ground state electronic struc-
ture. For this purpose, we construct a tri-layer ScoCOs/VSes/ScoCOy heterostructure.
Since the AA stacking configuration has the lowest binding energy in the bi-layer het-
erostructure, and since a different stacking configuration did not produce any qual-
itatively different result, we have considered only the AA stacking configuration for
this trilayer heterostructure. Three different arrangements, (a) ScoCO2(P1)/ VSes/
SCQCOQ(PT) (b)SCQCOQ(PJ,)/ VSGQ/ SCQCOQ(PT) (C) SCQCOQ(PT)/ VSeg/ SCQCOQ(P\U,
are considered. Additionally,two more arrangements, ScoCO4(P1)/ScaCO5(P1)/VSey and
ScoCO2(Pl)/ScaCO4(PY)/VSey are considered for the purpose of comparison. The ar-
rangements are shown in Figure 5.4. Binding energies corresponding to them are given
in Table 5.2. The negative values of binding energies indicate that the heterostructures
can form with these arrangements.

Figure 5.5 shows the spin-projected band structures of these trilayer arrangements of
VSes-ScoCO; heterostructure. Among the three arrangements with VSe, as the intermedi-
ate layer, half-metallic ground state is observed for ScoCO2(P1)/VSes/ScaCO2(P1) (Fig-
ure 5.5(a),(f)) and ScaCO2(P1)/VSes/ScaCO2(P]) (Figure 5.5(c),(h)). In both cases, the
spin-down(spin-up) band is metallic (semiconducting). In contrast, ScaCO2(PJ)/ VSey/
ScoCO2(P1) heterostructure is semi-conducting in both spin channels (Figure 5.5(b),(g)).
Thus, semiconductor to half-metallic ground state can be realized in these tri-layer het-
erostructures by changing polarisations of the MXene layers through the application of
an external electric field. This implies that the tri-layer heterostructures of ScasCO5-VSe,
with the latter sandwiched between two MXene layers can act as a multiferroic. This
is not so with the other two tri-layers, which basically are heterostructures of a bi-layer
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Figure 5.5:  (a)-(e) show spin-up band structures for ScoCO2(P1)/ VSey/
SCQCOQ(PT), SCQCOQ(P\L)/ VSeg/ SCQCO2(PT) s SCQCOQ(PT)/ VSeg/ SC2C02(P\L>,
ScaCO2(P1)/ScaCO2(P1)/VSey and ScaCOy (PJ)/ScaCO4(PL)/VSes, respectively. Cor-

responding spin-down band structures are shown in (f)-(j), respectively.

9
S
H

ScoCO4 and a mono-layer of VSe,.Upon reversal of polarisation in the bi-layer ScoCOq
from P1 to PJ, the heterostructure ground state changes from a semi-metallic to a metallic
one only(Figures 5.5(d),(i) and (e),(j) ).

5.3.4 Coupling Mechanism and interfacial interaction in
ScaCO5/VSes /ScaCO4 heterostructure

As observed in the case of the bilayer heterostructures, the changes in the electronic struc-
tures with stacking and /or electric polarization can be understood through an analysis of
charge transfers across the interfaces. The stacking of layers in ScaCO(P1)/VSes/ScaCO4(P1)
(Figure 5.4(a)) resembles a combination of two bi-layers VSey-ScoCO4(P1) (Figure 5.1(g))
and VSey-ScoCOy(PJ) (Figure 5.1(h)). The top (bottom) surface of the tri-layer has the
Chrottom (Crop) side of MXene ScoCO interfacing with VSey. Since the differences in the
Work functions of Cp(Chrottom ) side of ScaCO4y and VSe, is small(large), the charge trans-
fer across the top (bottom)interface of the tri-layer heterostructure should be negligible
(significant) as was the cases for the bi-layer heterostructures. The variations in the
plane averaged differential charge density with z (Figure 5.6(a)) and the charge density
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Figure 5.6: Plane averaged differential charge density (a-c), Charge density differences
(d-f) and band alignments (g-i) of ScoCO5(P1)/ VSey/ ScaCO2(P1), ScaCO2(PJ)/ VSes/
ScoCO2(P1) and ScaCOo(PT)/ VSey/ ScaCO2(P) heterostructures, respectively

differences (Figure 5.6(d)) demonstrate this. Due to such charge transfer, the spin-down
conduction band of VSes shifts downwards in the energy, closing the semiconducting gap
and resulting in a metallic behavior in this spin channel. This makes the ground state of
this tri-layer heterostructure half-metallic. The alignment of bands in this heterostruc-
ture, shown in Figure 5.6(g), indicates a broken gap type-III band alignment.

In contrast,in ScoCO4(PJ)/VSey /ScaCO4(PT) both interfaces consist of Cyoptom part of
ScaCO4y(Figure 5.4(b)). The expectation, therefore, is that apart from the small charge
transfer due to the internal electric field, there will be no significant charge transfer
across the interfaces. Consequently, the ScaCO2(Pl)/VSes/ScaCO2(P1) heterostructure
will have a gap opening in both spin channels making the system semiconducting. This
explains the band structure corresponding to this heterostructure (Figure 5.6(b)). The
variations in the planar averaged differential charge density (Figure 5.6(b)) and the charge
density differences (Figure 5.6(e)) support this argument. The band alignment diagram
of this heterostructure, shown in Figure 5.6(h), indicates a band alignment of Type-I.

In the ScaCO4(P1)/VSes/ScaCO4(PY) configuration shown in Figure 5.4(c), both in-
terfaces consist of C,,, side of ScoCO,.As a result, significant charge transfer occurs across
both interfaces(Figures 5.6(c),(f)), leading to the closing of the semiconducting gap in
the spin-down channel, making the ground state half-metallic. Consequently, the band
alignment (Figure 5.6(i)) is a broken type-I1I one. The results imply that by applying an
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Figure 5.7: (a) Schematic diagram of VSes-contact ScoCOy FET (b) VBM of semicon-
ducting ScoCO4 (¢) Fermi level of metal electrode ScoCO4(P)/VSes

electric field, one can switch between a type-I and a broken-gap type-III system.

5.4 Applications

5.4.1 Field-effect transistor(FET)

Since VSes becomes half-metallic when interfaced with ScoCO4(PJ), it can form a van der
Waals-contacted metal-semiconductor junction (MSJ) with ScaCO,. Such MSJ can play
a significant role in FET as the performance of the FET depends strongly on the height
of the Schottky barrier(SB) across the junction [200] since this barrier provides resistance
to charge carrier injection across the junction. Smaller the barrier, lower is the resistance,
resulting in better FET performance. The SB height for hole injection can be estimated
as ¢p = Er — FEypy. For electron injection, it is ¢. = Fepy — Er; Er is the Fermi
energy of the heterostructure while Fcgys and Ey gy are the conduction band minimum
and the valence band maximum of semiconducting ScoCO,. The schematic diagram for
a field-effect transistor (FET) using this heterostructure is shown in Figure 5.7(a) while
the position of the VBM of ScoCO5 and Fermi level of the heterostructure is shown in
Figure 5.7(b) and (c), respectively. The fermi level is slightly higher than VBM for the
system under consideration. Consequently, ¢, is only 0.09 eV. This implies that the MSJ
constructed out of this system will have a very small SB for hole injection. Further, for
better performance of the FET, the semiconductor used in the heterostructure should
also have a moderate bandgap and high carrier mobility. ScoCO,, with a bandgap of 1.83
eV, is a moderate bandgap semiconductor. It is found to possess high hole mobility as
well [190]. Thus, half-metallic VSey-contacted Sc;COy FET will have a very small SB
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Figure 5.8: Schematic diagram of atom-thick multiferroic memory device using
SceCO2/VSes /ScaCOy heterostructure.

and a high on/off ratio.

5.4.2 Prototype of a multiferroic memory

Two-dimensional (2D) ferroelectrics and 2D ferromagnets are promising nanodevices
for information storage. While 2D ferromagnets suffer from non-volatility, 2D ferro-
electrics are highly suitable for writing data but are less efficient for reading, the latter
operation often being destructive. Memory devices constructed from ScoCOs/VSey or
ScaCOy/VSes /ScaCOs can overcome this difficulty. Non-volatile nanodevices for data
storage can be constructed out of these heterostructures by utilizing the magnetoelec-
tric coupling. In this nanodevice, the mechanism of data writing is the same as that
of isolated monolayer ScoCOs, achieved by switching the polarization state through the
application of an electric field. Thus, isolated ferroelectrics’ efficient data writing prop-
erties are retained in these multiferroics. The data reading part is done the following
way: the multiferroic heterostructure (both bilayer or trilayer structure) is a half-metal
or semiconductor, depending on the polarization state of ScoCO;. As a result, the elec-
tric signal of the heterostructure will differ from state to state. The destructive effect
observed in monolayer ferroelectrics can be genuinely avoided by reading the magneto-
electric coupling-induced signal differences with a damage-free current [203]|. A prototype
of this device using trilayer ScoCOs/VSes/ScaCOs is shown in Figure 5.8. Here, the po-
larisation states of the two ScoCOy layers can be controlled by the application of two
different voltages. Voltage Va, applied between the top gate and VSe,, helps to control
the polarisation state of the top ScoCOs layer. Similarly, Vg, applied between the bottom
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gate and VSes, helps to control the polarisation state of the bottom ScyCOs layer.

5.5 Summary

Using first-principles-based DFT calculations, we have demonstrated that the electronic
properties of bi-layer VSe, /ScoCO2 and tri-layer ScoCO4y/VSey /ScaCO, heterostructures
can be reversibly tuned through the application of an electric field. Depending on the po-
larization states of ScaCOs, these heterostructures exhibit semiconducting or half-metallic
behavior. The switching mechanism can be understood based on the charge redistribu-
tion across the heterostructure interface. The heterostructures exhibit broken-gap type-
IIT band alignment in their half-metallic state, making them ideal for tunnel field-effect
transistors (TFETs). Further, the magneto-electric coupling in these heterostructures
leading to the electric-field controlled switching of the electronic state provides an ideal
platform for a non-volatile atom-thick high-density data storage. Since a number of MX-
ene ferroelectrics with substantial polarization have been predicted from DFT-based high
throughput calculations very recently [212], this work paves the ground for further explo-
ration of MXene-TMDC heterostructures of different thicknesses towards the realization
of more memory devices at the nanoscale.
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Chapter 6

Rashba and Zeeman splitting in
non-magnetic MXene TasCSo:
consequences of non-centrosymmetry
and strong spin-orbit coupling

6.1 Introduction

In this chapter, we demonstrate a MXene in single phase which inspite of being non-
magnetic, exhibits potential for spin transport, coupled with other degrees of freedom.
The effect arises out of structural features of the MXene and thus is a wonderful example
of novel structure-property relations MXene family can manifest.

Strong interaction between the spin and orbital degrees of freedom creates an effective
magnetic field which for noncentrosymmetric systems can lift the Kramer’s degeneracy
and give rise to novel effects like the Rashba that arises from structural inversion asymme-
try [213, 214], or the Dresselhaus resulting due to the absence of bulk inversion asymmetry
[215]. On top of these, a combination of non time-reversal invariant k-point and lack of
inversion symmetry also leads to spin splitting of bands in the momentum space similar to
the Zeeman effect [216]. Further, possibility of spin splitting of bands in a non-magnetic,
non-centrosymmetric crystal, in the presence of spin-orbit coupling (SOC), has recently
been shown where split bands do not show any net spin polarisation along certain high
symmetry points of the Brillouin zone. Such systems with band splitting but having
zero spin polarisation offer tunability with respect to the spin polarisation [217]|. Such
non-trivial spin splittings leads to diverse spin textures in presence of SOC, making the
materials ideal candidates for spin valleytronics where spin textures can be manipulated
by accessing different valleys around high symmetry & points [218, 219] enabling the de-
sign of spin transistors [220] and other devices. In recent times, two-dimensional materials
have gained significant attention as good candidate materials for spin-related applications
[221, 222, 223, 224]. Due to a variety of electronic properties that are strikingly differ-
ent from their bulk counterparts there is large scope of tunability in 2D systems due
to the flexibility in their structures and compositions. In this respect, two-dimensional
transition metal dichalcogenides (TMDCs) have been extensively studied as potential
candidates for spintronics materials [225, 226, 227, 228]. Strong SOC, generated from
the d-orbitals of the transition metals in these compounds, have been understood to be
responsible for the various spin-orbit-related behaviour, such as the large Rasbha effect
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[229].

Recently, MXenes have emerged as promising materials for spintronics and valleytron-
ics applications [230, 231, 232|.Like TMDCs, the MXenes with heavier transition metals
having d and/or f electrons are expected to display strong SOC and thus can make ideal
candidates from device perspective. However, obtaining MXenes with heavier transi-
tion metals and non-centrosymmetric structures is particularly challenging. There are
two ways to realize a noncentrosymmetric structure in MXenes: (1) creation of Janus
structures by tuning compositions of the two surfaces and (2) the surfaces are chemically
identical but the inversion symmetry is intrinsically broken due to the natural positioning
of the termination groups. Among these two possibilities, the first one is more challeng-
ing. This is evident from the fact that no Janus MXene, till date, has been synthesised.
Despite such limitations, DFT based investigations have been carried out to explore ef-
fects of SOC in Janus compounds from the MXene family [233, 234]. Mo-based Janus
compounds were investigated [233] where large SOC due to the presence of 4d orbitals
of Mo and asymmetric passivation of surfaces leading to broken inversion symmetry are
exploited to show large Rashba effect and nonlinear anomolous Hall conductivity. Signifi-
cant non-linear Rashba effect is also obtained in W-based Janus MXenes with asymmetric
surface termination [234]. Though the results obtained in these two compounds from the
MXene family are insightful, the limitations in their synthesis as mentioned above, makes
experimental verification and subsequent realization in devices difficult. A more realistic
approach, therefore, would be to explore SOC related effects in MXenes that are con-
ventional from compositional aspect and are either experimentally synthesised or can
be easily exfoliated from the corresponding MAX compounds that are available exper-
imentally. Accordingly, in this work we have investigated SOC related phenomena in
non-centrosymmetric MXene Tay;CSs, a compound having 5d electrons. Moreover, it is
synthesised experimentally by sintering method (235, 236, 237]. Employing a combination
of DFT and model Hamiltonian based approach, we find both Rashba and non-trivial
Zeeman splitting in this compound. Spin textures obtained from our calculations suggest
that this compound may be an ideal candidate for spin valleytronics.

6.2 Structural and Computational Details

6.2.1 Structural Details

Experimentally TayCS, can be obtained by exfoliation of its commercially available parent
MAX compound TagsAlC. As passivation of MXene surfaces by various functional groups
during exfoliation from the parent MAX phase is observed to be an inevitability, -S
functionalised Ta;CS, MXene can be obtained upon removal of the Al layers during
exfoliation. Experimentally TayCS, was found to crystallise in a trigonal structure with
space group P3ml (space group 156) [235]. This was corroborated by DFT calculations
[236] which showed a non-centrosymmetric structure of the compound where the S atoms
on one surface prefers to occupy the hollow sites above the C atoms, while on the other
surface they prefer the hollow sites below the Ta atoms (Figure 6.1 (a), (b) and (c) ). The
Ta atoms in the top layer (Ta; ) are coordinated to six ligands (C/S) in a trigonal prismatic
crystal environment, whereas the Ta atoms in the bottom layer (Tay) are in an octahedral
environment. Our calculations obtain the same structure with a lattice parameter of 3.25
A which agrees quite well with the reported results [238]. It is worth mentioning that the
dynamical and thermal stability of TasCSs has already been established [236].
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Figure 6.1: (a) Crystal structure of TayCS, MXene. The red, blue, and violet atoms
correspond to C, S, and Ta, respectively. In the unit cell, the two Ta atoms have different
local environments. (b)-(c) Side and top views of the TayCSy; monolayer. (d) Brillouin
zone corresponding to the MXene with a triangular unit cell.

Figure 6.1 (d) shows the Brillouin zone corresponding to the TayCSs. The Brillouin
zone (BZ) has a hexagonal shape, with various high-symmetry points marked. The
various high-symmetry points of the BZ in the reciprocal lattice co-ordinate system,
include I'(0, 0, 0) at the center of the BZ, K (3, 5,0) and K'(2,—3,0) at the corner of the
hexagonal Brillouin zone, and M (%, 0,0) at the center of line joining the corners. Among
these points, I' and M are TRIM (Time reversal invariant momentum) points, while K

and K’ are non-TRIM points.

6.2.2 Computational method

The DFT calculations to obtain the electronic structures are done using using projector
augmented wave (PAW) method [146]. The exchange-correlation part of the Hamilto-
nian is approximated by generalized gradient approximation (GGA) as parameterized by
Perdew-Burke-Ernzerhof (PBE) [123]. The kinetic energy cutoff of the plane wave is set
to be 550 €V. The energy and force cutoff for structural optimization are 107% eV and 0.01
eV/ A, respectively. To include the van-der-Waals interactions, the DFT-D3 method is
employed [147|. The Brillouin zone is sampled using Monkhorst-Pack 14 x 14 x 1 k-point
mesh. Dipole corrections are also taken into account in all the calculations. A 20 A vac-
uum is considered along z-direction to avoid any interactions between the adjacent layers.
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Figure 6.2: The densities of states and electronic band structure of TayCS, without and
with SOC are shown. In (a) and (b), the total and projected DOS for Ta;-5d, C-2s + 2p,
and S-3s+ 3p states and band structure are presented without SOC, respectively. (c) and
(d) show the total and projected DOS and band structure along various high-symmetry
points in the Brillouin zone with SOC, respectively. The band structures are plotted
along the high-symmetry path: T' (0,0,0) — M (1/2,0,0) — K (1/3,1/3,0) — T" (0,0,0)
— K’ (2/6,-1/3,0) — M (1/2,0,0) — T (0,0,0). All positions are given in the reciprocal
lattice co-ordinate system. All energies are with respect to the Fermi level.

6.3 Electronic structure

To begin with, we have analysed the densities of states (DOS), both total and atom-
projected, along with the band structure of TayCS,, without SOC (Figure 6.2 (a) and
(b), respectively). The compound exhibits semiconducting behaviour. The origin of its
semiconducting gap can be understood based on electron filling.

The valence electron count for each atom in TayCS, is as follows: each Ta has 5 valence
electrons while each C and S have 4 and 6 valence electrons, respectively. Consequently,
TayCS, has a total of 26 valence electrons. These electrons occupy the available 24
states contributed by C-s, C-p, S-s, and S-p orbitals, as illustrated in Figure 6.2(a).
The remaining two electrons fill the low lying isolated 5d state of Ta; residing in the
prismatic environment. The orbital projected band structure reveal that the topmost
valence band is predominantly of Ta; 32z2-1 character around the I' point, consistent with
the prismatic environment of Ta; . The band structure without SOC ( Figure 6.2(b))
reveals that TayCS, is a direct bandgap semiconductor with a calculated bandgap of 0.34
eV in good agreement with the existing results [236]. Both the valence band maximum
(VBM) and conduction band minimum (CBM) are located at the zone center I', as shown
in Figure 6.2(b).

Figures 6.2(c) and (d) display respectively, the total and orbital projected DOS and
band structure of the compound, calculated including SOC. While SOC has a negligible
effect on the DOS, its impact is prominent in the band structure, leading to band splitting.

SOC removes the spin degeneracy of bands along various high-symmetry directions
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in the Brillouin zone. The most significant splitting is observed along the M — K — T’
and along I' — K’ — M directions. The bandgap in the SOC-included band structure
slightly reduces to 0.27 eV. Among the high-symmetry points, the splitting of the bands
is large at K and K’. The detailed nature and characteristics of these band splittings are
discussed in the following section.

6.4 Nature of Band splitting and spin texture
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Figure 6.3: (a)-(b) Valence band maximum band structure along K :2% (0.07,0,0)-T":
(0,0,0)-M: 22 (0.0,0.07, 0) obtained without and with SOC . The band structure obtained
from DFT is plotted with circles, while the band structure obtained from the k.p model
Hamiltonian is plotted with dotted lines. (c)-(d) Spin texture (ST) of the inner and
outer branches around the I' point for the valence band maximum obtained from DFT
calculations. The in-plane components of the spin expectation values are represented
by vectors, while the out-of-plane component is depicted using color bars. (e)-(f) Spin
texture (ST) of the inner and outer branches around the I' point for the valence band
maximum obtained from k.p model Hamiltonian.
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Table 6.1: Symmetry operations of Cj3, point group.

I' point
Symmetry operation {ks, ky, k. } {04,04,0.}
N - _%/lfl‘—i_\/?gky’ _%}TI""\/Tgayv
_ —iTos 3 1 3 1
C13 ([001]) =€ '3 _Tkx - §k'y, —70'33 — §O'y,
k., o,
- _ékl“ - \/T%y’ —é% - \/75‘71/7
- — pl302 3 1 3 1
Ci(jo01)) = 7 Br, -, B, 1,
k., o,
) v %kw + %gky, —%aw — ‘/73%,
7=i(~fovtFou) | 4 Lh. L, —f0. + 304,
kz —0
, 1 . T Lo, + Lo,
o= (‘5% 2 7%) —%gkx — 3ky, %g% + 30y,
kz —0;
o’ = —io, {—ky, ky, k. } {02,=0y, —0+}

6.4.1 Rashba Effect

To begin with, we analyze the valence band maximum of TayCS in the vicinity of the high-
symmetry I' point along the K-I'-M path. Figures 6.3(a) and 6.3(b) display the DFT
band structure (solid circles) in a narrow energy range along the path K-I'-M without
and with SOC, respectively. From Figure 6.3(b), it is evident that the inclusion of SOC
results in band splitting into two distinct branches. Moreover, the local band maximum
shifts away from the I' point, exhibiting features similar to the Dresselhaus and Rashba
effect.

To identify the dominant effect, we have calculated the DFT spin textures for both
branches. The results are presented in Figures 6.3(c) and 6.3(d). Both branches exhibit
a chiral spin texture, with the outer branch displaying a spin texture pattern opposite
to that of the inner branch. This confirms the presence of the Rashba effect around the
high-symmetry I" point. Furthermore, from Figures 6.3(c) and 6.3(d), we observe that in
addition to the spin expectation values (o,) and (o,), a finite (o,) spin expectation value
is also present. This indicates the presence of higher-order k£ dependent terms [219].

To gain deeper insight into these DFT results, we derive next a low-energy k - p
model Hamiltonian. The little group symmetry around the I' point is C3,. Under Cj,
symmetry, a C'3 rotation is present with respect to the trigonal axis k, in both clockwise
and anticlockwise directions. The little group also includes three mirror planes. One
mirror plane lies in the k,-k, plane and is defined as ¢”. The other two mirror planes
can be obtained by applying C3 and C% operations to the initial mirror plane. These
are defined as o and o', respectively. Under these symmetry operations, momentum and
spin operators transform as listed in Table 6.1. Thus, the symmetry-adapted k - p model
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Hamiltonian for the valence band at the I' point is:
HyY (k) = Ho(k)+ Hsoc(k)
h2
= 5= (k2 + k) + ag (o k, —o,k,)
+v (K} — 3k, k) 0. (6.1)

A symmetry-adapted cubic term in the model Hamiltonian is included to explain
the out-of-plane spin component. The band structures, obtained from the k - p model
Hamiltonian with and without SOC, are plotted as dotted lines in Figures 6.3(a) and
6.3(b), respectively. A comparison with DFT band structures (solid circles) reveal a
good agreement between the DFT results and the k - p model Hamiltonian calculations.

The fitted Rashba parameter is found to be ag = 0.4 ¢V A, and the cubic parameter
is v = 10.8 ¢V A3 The spin textures obtained from the k - p model Hamiltonian
calculations, shown in Figures 6.3(e) and 6.3(f), exhibit a good agreement with those
obtained from DFT calculations. This consistency confirms the robustness of the low-
energy k - p model Hamiltonian [Eq. 6.1].

6.4.2 Zeeman Effect

We now examine the spin splitting and consequent spin textures around the non-TRIM
points (K) and (K”). The band structure of the top most valence band is shown around
the high-symmetry points K and K’ along the path M — K — I' - K’ — M, both
without and with SOC, in Fig. 6.4(a)-(b), respectively. We observe that the spin de-
generacy of the bands are lifted upon the inclusion of SOC. Contrary to the Rashba and
Dresselhaus effect, the spin splitting around the non-TRIM points K and K’ does not
have band crossing, rather the splitting is similar to that observed for magnetic systems
with broken time reversal symmetry referred to as Zeeman effect. The intrinsic magnetic
field due to broken inversion symmetry induces Zeeman like spin splitting, leading to an
energy splitting 232 meV at the K and K’ points for the top most valence band.

Next we analyse the orbital composition of the topmost valence band around the
high-symmetry points (K) and (K’) shown in Figure 6.4(c). The results reveal that
the topmost valence band of TayCSy around K and K’ is predominantly composed of
(dy2—,2) and (d,,) orbital character, while the I' point has ds,2_,2 character. This is
consistent with the prismatic crystal field where the d-states split into three configura-
tions: ({d,2_y2,dyy}), ({dss2—12}), and ({d,., d,.}). Interestingly, at the K and K’ points,
the states combine as (d,2_,2 — idyy) and (d,2_,2 + id,,), respectively, belonging to the
eigenstate of the (L,) operator,

L. (|dr2—y2> + |dey>> = i2h(|dx2—y2> T |dxy>> (62)

In Fig. 6.4(d) we have shown the projected |(d,2_,2 % id,,)) character and find that
L, = —2 corresponds to the K point while at K’ point it is L, = +2.

The three components of the spin expectation values (0,), (0,), (0.) along the path
M — K - T' - K' — M are shown in Fig. 6.5(a), 6.5(b) and 6.5(c) respectively. We
find around the high symmetry point K and K’ the predominant contribution is provided
by the (o,) component of the spin expectation value. Further at the K and K’ valley,
the sign of the spin polarization is opposite.

To understand the Zeeman-type band splitting , as well as the spin-momentum flipping
at these points, we conducted a symmetry analysis. At the non-TRIM high-symmetry
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points K and K’, the little group symmetry is (C5). Under the (Cs) little group, a (C3)
rotation is present with respect to the trigonal axis (k,), operating in both clockwise and
counter clockwise directions. The (C3) operation transforms (r,,r_, z) as follows:

2mi/3,.  ,—2mi/3

(re,r,z) = (e r_,z) (6.3)

where (ry = x £iy) and z remain invariant. The allowed (k - p) model Hamiltonian
at the non-TRIM K, K’ points preserving SOC-induced effects and (C3) symmetry, is
given by [228]:

+,€

Hiycjrer = Ho(k) — LG, (6.4)

where Hq (k) represents the usual free electron dispersion. This Hamiltonian explains
the Zeeman type splitting at the (K) and (K’) points. The flipping of the spin ex-
pectation values is attributed to L, = —2(+2) at the K (K’) respectively. This spin
splitting is intrinsically linked to the valley index, establishing a spin-valley coupling
mechanism. As a result, when charge carriers transit between valleys, they must simul-
taneously reverse their spin direction while undergoing a significant momentum change.
This transition is expected to be relatively slow, enabling long valley lifetimes-potentially
reaching microseconds-which is a crucial property for valleytronic applications.

6.5 Summary

In this work, we have investigated in detail the effect of spin-orbit coupling on the elec-
tronic structure of a representative non-centrosymmetric, non-magnetic MXene TayCS,.
Our calculations reveal that the valence bands near the Fermi level are predominantly
contributed by Ta;-d states in a prismatic environment. The inclusion of spin-orbit inter-
action leads to band splitting around various high-symmetry points with characteristic
spin textures.

At the polar time-reversal invariant momentum (TRIM) point I, where the system
possesses Cf, little-group symmetry, upon inclusion of SOC, we observe that both linear
and higher-order Rashba effect are responsible for the band splitting. The presence of o,
component in the spin texture is attributed to higher order Rashba terms. Notably, the
higher-order Rashba term exhibit a greater strength than the linear term.

Around the two valleys, K and K’, the top most valence band display Zeeman-type
spin splitting with a strength of 232 meV. This giant splitting originates from the strong
SOC of the Tai-d orbitals. The observed splitting is analogous to that in transition
metal dichalcogenides (TMDs), where the transition metal also resides in a prismatic
environment. Additionally, we observe an opposite spin splitting of bands at the K and
K’ points, which arises due to the different orbital compositions at these high-symmetry
points.

Similar to TMDs, TayCS, exhibits valley-dependent complex orbital characters and
spin splitting in the valence bands. The former gives rise to orbital momentum with
opposite signs at the K and K’ valleys, that potentially may lead to a large orbital
Hall effect. Meanwhile, the spin splitting can result in a nonzero spin Hall effect, as
observed in TMDs [239]. These findings highlight the potential of TayCSs for spintronic
and valleytronic applications. In recent times, several chalcogen-terminated MXenes with
transition metals from 4d and 5d series with non-centrosymmetric crystal environment
have been synthesised [240, 241, 242, 243|. DFT based calculations have also identified
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several of them [236]. The potential of TayCSs for spintronics and valleytronics applica-
tions identified in this work will pave the way for further investigations and subsequent
useful insight into this family of compounds. Building upon the findings of this work,
similar spin-orbit coupling (SOC) effects can be anticipated in other members of the
MXene family. As previously discussed, the key requirements for observing such effects
are that the MXene must be non-centrosymmetric, semiconducting, and contain a heavy
element. From this standpoint, materials such as YoCOs and Y,CS, are promising can-
didates, as they fulfill all these criteria [236]. Another intriguing direction involves Janus
MXenes, which allow for a wide range of permutations and combinations of constituent
transition metals. This compositional flexibility offers a tunable platform for engineering
SOC-related phenomena in them.
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Chapter 7

Summary and future direction

7.1 Summary

In this dissertation, I have explored the potential of MXenes for various magnetism-
related applications — an area that remains relatively new and underexplored. We have
explored both MXenes that are magnetic themselves and the ones that are non-magnetic,
but magnetism-related phenomena occur in systems where they are constituents. The
first two chapters focus on a detailed investigation of the magnetic behavior of single and
double transition metal (i-MXene) MXenes. Our results demonstrate that these materials
exhibit significant tunability, making them strong candidates for use in various magnetic
devices. The following two chapters shift attention to emerging fields such as spintronics
and valleytronics, where the unique properties of MXenes can be effectively utilized. As
the MXene family continues to grow, the insights from this work are expected to assist
experimentalists in better prediction and design of new materials. A brief summary of
each chapter is provided below.

In Chapter 3, how the structural and chemical flexibility of Cr-based i-MXenes
can be used to modify their magnetic characteristics is explored. We analyze three i-
MXenes of Cr coupled with a non-magnetic transition metal using density functional
theory (DFT). We find that changes in surface functional groups and the presence of
non-magnetic elements can significantly affect the electrical and magnetic behavior. In
particular, ferromagnetic half-metallic states are often stabilized by —O functionalization,
making these materials perfect for spintronic applications such as spin filters. Addition-
ally, some compounds have perpendicular magnetic anisotropy (PMA), which improves
performance and stability and is helpful for applications such as magnetic sensors and
memory technologies like STT-MRAM. Notably, (Cra/3Zry/3)2CF, shows strong magnetic
properties similar to known 2D magnets used in real devices, highlighting the potential
of i-MXenes for practical applications in magnetic technologies.

MXenes are known for their flexible composition and structure, which is the source
of their tunability. However, the possibility of changing how the metal layers are stacked
(beyond the usual ABC stacking) hasn’t been explored much until recently. Inspired by
new experimental and theoretical studies, we investigated in Chapter 4 how different
stacking patterns affect the electronic and magnetic behavior of nitride MXenes with
two types of surface functionalization. Our results show that stacking changes can lead
to changes in magnetic ground states—like switching between antiferromagnetic (AFM),
ferromagnetic (FM), and even non-magnetic phases. We also observed that the elec-
tronic properties can shift dramatically, such as turning a metal into a half-metal or a
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spin-gapless semiconductor. Some stacking patterns even give rise to strong magnetic
anisotropy and magnetic ordering temperatures close to room temperature. These find-
ings open new possibilities for magnetic MXene applications and suggest that changing
the stacking is a viable way to tune their properties.

In Chapter 5 , we focus on a magnetic heterostructure comprising of a magnetic
TMDC VSey and a non-magnetic but ferroelectric MXene ScoCO,. We show that the
electronic behavior of bi-layer VSes/ScoCOs and tri-layer ScoCOs/VSes/ScoCOy struc-
tures can be easily switched by applying an electric field so that these heterostructures
behave like multiferroics. Depending on how the ScoCO» layers are electrically polarized,
these heterostructures can act as semiconductors or half-metals. This switching happens
because of charge transfer across interfaces. In their half-metallic states, these structures
have a special band alignment (broken-gap type-111), making them great candidates for
tunnel field-effect transistors (TFETs). Additionally, the magneto-electric coupling allows
electric control over their ground states, making them perfect for non-volatile, ultra-thin,
high-density data storage devices. With many MXene ferroelectrics recently predicted to
have strong polarization, this study opens up new possibilities to explore MXene-TMDC
layered materials for future nanoscale memory technologies.

In Chapter 6, we have explored critically the role of spin-orbit coupling (SOC) on
the electronic properties of another non-magnetic MXene TayCS,. Our results show that
the valence bands near the Fermi level mainly come from Ta;-d orbitals in a prismatic
structure. When SOC is included, these bands split near certain points in the Brillouin
zone, showing unique spin patterns. At the center point (I'), the splitting is due to
both regular and higher-order Rashba effects, with the higher-order term being stronger
and causing an out-of-plane spin polarisation. At the K and K’ points (valleys), a large
Zeeman-type spin splitting of 232 meV is seen, that is caused by the strong SOC of Ta.
This is similar to what is found in TMD materials. These valleys also show opposite spin
splitting and orbital characters, suggesting that Ta,CSs might exhibit both spin Hall and
orbital Hall effects. Overall, this work shows that Ta;CS,; has promising properties for
use in spintronics and valleytronics. Since many similar MXenes with strong SOC have
recently been made or predicted, our study opens the door for more research in this area
with MXenes.

7.2 Future Direction

The studies presented in this thesis open up significant opportunities for future research.
Some potential directions for extending this work are outlined below:

e Solid-solution MXenes represent a largely unexplored category regarding their mag-
netic behavior. These materials hold the potential to exhibit intriguing and tunable
magnetic properties.

e Janus MXenes can be explored from a multiferroic perspective. Due to their inher-
ent asymmetry, they lack inversion symmetry, which leads to a built-in electric field.
Furthermore, by carefully selecting and tuning the transition metal constituents, it
may be possible to achieve multiferroic behavior in these materials.
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e MXene-based heterostructures offer a promising platform for exploring twistronics-
related phenomena. By introducing a twist angle between MXene layers or be-
tween MXene and other 2D materials, novel electronic and magnetic behaviors
may emerge. Such studies could open new directions in tunable quantum devices
and moiré engineering.

e The study of MXene/TMDC heterostructures can be further extended toward the
design of field-effect transistor (FET) devices. Investigating their transport prop-
erties within such architectures could unveil promising functionalities for nanoelec-
tronic applications.

e MXenes can be utilized in the construction of magnetic tunnel junctions. A promis-
ing direction would be to design a heterostructure where one magnetic electrode is
an alter magnet such as RuO,, and the non-magnetic spacer layer is an MXene. The

second magnetic electrode is either an MXene or a transition metal dichalcogenide
(TMDC).
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