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ABSTRACT

Applications of Magnetic Transition Metal Dichalcogenide Monolayers to

the Field of Spinorbitronics

Idris H. Smaili

Magnetic randomaccess memory (MRAM) devices have been widely studied since the

1960s. During this time, the size of spintronic devices has continued to decrease. Conse

quently, there is now an urgent need for new lowdimensional magnetic materials to mimic

the traditional structures of spintronics at the nanoscale. We also require new effective

mechanisms to conduct the main functions of memory devices, which are: reading, writ

ing, and storing data.

To date, most research efforts have focused on MRAM devices based on magnetic tun

nel junction (MTJ), such as a conventional fielddriven MRAM and spintransfer torque

(STT)MRAM devices. Consequently, many efforts are currently focusing on new alterna

tives using different techniques, such as spinorbit torque (SOT) and magnetic skyrmions (a

skyrmion is the smallest potential disruption to a uniform magnet required to obtain more

effective memory devices). The most promising memory devices are SOTMRAMs and

skyrmionbased memories.

This study investigates themagnetic properties of 1Tphase vanadium dichalcogenide (VXY)

Janus monolayers, where X, Y= S, Se, or Te (i.e., monolayers that exhibit inversion symme

try breaking due to the presence of different chalcogen elements). This study is developed

along four directions: (I) the nature of the magnetism and the SOT effect of Janus mono

layers; (II) the Dzyaloshinskii Moriya interaction (DMI); (III) investigation of stability en

hancement by adopting practical procedures for industry; and (IV) study of the effect of a

hexagonal boron nitride (hBN) monolayer as an insulator on the magnetism of the VXY
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monolayer. This study provides a clear perspective for the next generation of memory de

vices, such as SOTMRAMs based on transition metal dichalcogenide monolayers.
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Nomenclature

Conduction band:

The range of energy values that an electron in a solid material can have before disso

ciating from a specific atom and becoming a free charge carrier..

Density functional theory:

A theoretical quantum mechanical method used in physics, chemistry, and material

studies to investigate the electronic structure of manybody systems..

Dzyaloshinskii Moriya interaction

An antisymmetric interaction that stabilizes the texture of chiral spin, caused by

breaking inversion symmetry in noncentrosymmetric lattices or interfaces..

Magnetic tunnel junction:

Two magnetic layers, which are separated by an insulator layer..

RashbaEdelstein effect:

A spintronic effect, consisting of the conversion into a spin accumulation of two

dimensional charge current..

Spin Hall effect:

A transport phenomenon consisting of spin accumulation on the lateral surfaces of an

electric currentcarrying sample, with the opposite spin direction signs on opposing

boundaries..
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Spinorbit coupling:

An interaction between an individual particle’s orbital angular momentum and spin

angular momentum, such as an electron..

Spinorbit torque:

An effect in which an electrical current that flows through a bilayer consisting of a

heavy metal and a ferromagnet will jolt the ferromagnet magnetization..

Spintransfer torque:

An effect where a spinpolarized current may alter the orientation of a magnetic layer

in a magnetic tunnel junction or spin valve..

Valance band:

The range of energy values that are the highest energies that an electron can have

while still being associated with a specific atom of a solid material..
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Chapter 1

Introduction

This chapter gives an introduction to MRAM, and subsequently develops the primary mo

tivation of this study.

1.1 Motivation

For decades, the traditional integrated circuits and systems have used semiconductor tech

nologies, such as planar metal oxide silicon field effect transistors (MOSFETs), because

of their excellent characteristics (i.e., high speed, small size, and low power consumption)

[20, 21]. These devices have been successfully developed over about 40 years. During

this time, their efficiency has been improved and their production costs have been reduced.

Due to short channel effects, which include “Offstate” current leakage, draininduced bar

rier lowering (DIBL), drain punchthrough, threshold voltage rolloff, surface scattering,

and channel length modulation, new alternative device concepts have been proposed, such

as fin fieldeffect transistors (FinFETs). Figure 1.1 shows the structural difference between

a planar MOSFET and FinFET [1]. In fact, FinFET has minimized the short channel ef

fects of the planar MOSFET, as seen in Figure 1.2 [2]. However, FinFETs present many

obstacles and difficulties, such as highpower consumption, a complex fabrication process,

and the highcost of critical cooling systems [22]. Therefore, it is necessary to propose

more practical device concepts in order to sustain Moore’s Law [23, 24, 25], which states

that as the density of integrated circuits (ICs) increases, the number of transistors per IC

doubles approximately every two years. Consequently, many groups, in both industry and
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academia, are currently interested in spinbased devices (i.e., the field of spintronics).

Figure 1.1: Main structure of (a) a planar MOSFET, and (b) a FinFET [1].

Spintronic devices are a promising research direction for future nanodevices. Information

stored on a magnetic medium is nonvolatile, which means that this information can be

maintained without requiring additional energy. Therefore, spintronics may be used in low

energy consumption devices and is wellsuited to a wide range of applications from data

storage to memories, including logic devices [24, 25, 26]. The basic concept of spintronics

is to regulate the spindependent properties of electrons in addition to their electrical charge

[27, 28], as shown in Figure 1.3.

Spintronic devices can be categorized based on spin/orbit moments and electron/hole spins.

Thus, there are two main categories of spintronic devices, which are Diractype and Mott

type. Motttype devices depend on the tunneling magnetoresistance (TMR) and giant mag

netoresistance (GMR) phenomena, while Diractype devices rely on spinorbit interactions.

Figure 1.4 presents a list of spintronic devices in each of these two categories.

Due to the significant advancements in information technology and highperformance de

vices, such as computers and mobile devices, there is an ongoing need to generate and store
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Figure 1.2: (Color Online) Subthreshold swing (S) and DIBL versus effective channel
length for singlegate and doublegate FinFETs [2].

enormous amounts of information. Consequently, storage and memory technologies such

as hard disk drives (HDDs), flash memories, and randomaccess memorys (RAMs) have

grown dramatically. A flash memory device is a nonvolatile device, but saves data slowly

and consumes much power. static randomaccess memory (SRAM) can lose data when the

power is turned off. An MRAM has the potential to combine the nonvolatility of flash

memory and the speed of SRAM, as shown in Table 1.1 [29].

Moreover, MRAM can significantly resist high radiation and it can operate under extreme

temperature conditions (i.e., about 125 °C) [29, 30, 31]. An effective memory device must

smartly combine the following operations: reading, writing, and storing; as illustrated in

Figure 1.5. The reading operation can be achieved through magnetoresistance, or rather the
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(a)

(b)

Figure 1.3: (Color Online) Comparison between traditional MOS electronic principles and
emerging spintronic principles: (a) conventionally produced electronics only use electrical
charge, and (b) spintronic devices take advantage of the electrons’ spin property in addition
to the electrical charge.

Table 1.1: Comparison between different memory device technologies [18].
Flash DRAM SRAM MRAM

Read Speed fast medium fastest fast
Write Speed low medium fastest fast
Array Efficiency med/low high high med/high
Future Scalability limited limited good good
Cell Density medium high low med/high
NonVolatility yes no no yes
Endurance limited infinite infinite infinite
Cell Leakage low high low/high low
Low Voltage limited limited yes yes
Complexity medium medium low medium
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Figure 1.4: (Color Online) Summary of spintronic devices [3].

anomalous Hall effect (AHE). The writing operation needs an external field, STT, or SOT.

The storing operation is conferred by the magnetization dynamics [32].

Figure 1.5: (Color Online) Memory devices Main functions.

The seeds of MRAM technology were planted in the 1960s when it was proposed to replace
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the core of typical memory devices with magnetoresistive elements [33]. In particular,

MRAMs offer a nonvolatility advantage because they can recover stored data, even after

being powercycled. In addition, MRAMs reemerged with the launch of GMR in 1988

[34, 35] and later in the 1990s with the development of MTJ [36, 28]. In the early 2000s,

the use of MRAMs declined again because the magnetic fieldbased switching technique

was not scalable. In other words, the technology could not be applied to smallsize devices,

allowing for highdensity MRAM applications. Figure 1.6 summarizes the early trends in

the development of MRAM technology.

To enable MRAM technology to become reasonably competitive on a gigabit scale, two

significant obstacles have to be overcome: the scalability and the output voltage of an MTJ.

A conventional AlOx barrier MTJ has a maximum voltage swing of 100 mV, which is not

sufficiently high to fit them comfortably in gigabit semiconductor circuits [4]. With the

prospect of using the STT effect to switch magnetization (see Section 1.2.2), MRAM has

once again become a promising candidate for nextgeneration technology applications, with

potentially faster switching capability, durability, and scalability [37, 38, 39, 40, 41, 42, 43].

As STTMRAMs have such a promising capability, the research activities on MRAMs have

been reinvigorated and novel mechanisms for currentdriven switching, such as the SOT

(see Section 1.3.1), are currently under intense scrutiny.

1.2 Magnetoresistive RandomAccess Memories (MRAMs)

While MRAM has already found a promising market (i.e., smartphones and computers) and

is moving towards revolutionary developments, many other memory candidates based on

spintronic principles have also been proposed. Yole predicts that standalone MRAM sales

will rise from around 50million dollars in 2018 to around 500million dollars in 2023 [5], as

presented in Figure 1.7. The SOTbased memory devices [44, 45] and domain wall memory

devices [7] are included in this group of emerging memory technologies.
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Figure 1.6: (Color Online) MRAM’s early development [4].

1.2.1 Conventional MRAMS

Over the past two decades, diligent research efforts have been made to boost the main func

tions of memory devices via MRAMs. These functions have been modified as follows: (i)

the write operation is achieved by adjusting the magnetization of the storage layer, (ii) the

read operation is performed by detecting the difference in resistance between two magneto

resistive system states, and (iii) data storage depends on the magnetic retention properties

that result from the storage layer’s magnetic anisotropy [46, 47].
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Figure 1.7: (Color Online) Evolution of the emerging nonvolatile memory market [5].

The first storage device proposed to store data in MRAMwas based on the spinvalve struc

ture. The spinvalve form is probably the most critical and standard technology in spintron

ics and > 90% of spintronics devices are fabricated based on this approach [48, 46]. Spin

valves mainly consist of two ferromagnetic layers, referred to as the free layer (FL) and

the reference layer (RL), which sandwich a nonmagnetic conductive or tunneling layer.

The RL is pinned by using the synthetic antiferromagnetic structure to effectively pin the

magnetization orientation. The RL is antiferromagnetically coupled through Ru to a pinned

layer (PL), which is pinned by an antiferromagnet. The overall stack is called a ”synthetic

antiferromagnet” because it quenches the abandoned field coming out of the RL layer and

it ensures that the magnetization of the RL remains fixed during the spinvalve operation, as

presented in Figure 1.8. The Ru layer generates a strong antiferromagnetic exchange cou

pling between the PL and RL layers [49]. Thus, the synthetic antiferromagnetic layer tends

to eliminate the magnetostatic field that is induced from the RL to the FL [46, 47, 50].

The first prerequisite of MRAM is that there should be a mechanism for writing data in the

memory device. MRAMwriting has evolved and is accomplished using different methods.
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Figure 1.8: (Color Online) Cartoon of the spin valve used in initial MRAMS.

One of the oldest procedures to control the magnetization direction in an MRAM is based

on applying a magnetic field, which is generated by currentcarrying wires. In other words,

this method depends on the BiotSavart law, which states that a currentcarrying conductor

can produce a magnetic field. This principle is called fielddriven magnetization switch

ing, and was used for writing until a decade ago. Figure 1.10(a) shows the architecture of a

conventionalMRAM consisting of a bit line and a word line. As seen in Figure 1.10(a), two

magnetic fields are generated orthogonally when a current is sent to a specific MRAM cell

through the bit line and the word line (i.e., the principle of toggle switching). Two pulses,

I1 and I2, are used to toggle the bit from one magnetic state to another in four steps (t1, t2,

t3 and t4), as seen in Figure 1.9. The currents I1 and I2 are sequentially pulsed, where I2

follows I1 [51].

The MRAM device’s second requirement is that there should be a method to read data from

theMRAMdevice. Both spinup and spindown electrons are scattered if two adjacent mag

netic layers are orientated in an antiparallel direction, causing high resistance; as shown in

Figure 1.10(b). If the magnetic orientations of the ferromagnetic layers are parallel, then a

drop in resistivity is obtained. The leading cause of this phenomenon is that the scattering of

majority polarized electrons is small compared to minority electrons. In other words, elec
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Figure 1.9: (Color Online) Schematic of the toggling switching principle [6].

trons tunnel through the insulating barrier; thus, the resulting tunneling magnetoresistance

depends on spindependent tunneling between ferromagnetic electrodes. Consequently, the

obtained magnetoresistance ratio is usually above 100%.

The third requirement of MRAM is that there should be a method to store data in the mem

ory device. MRAMs can be divided into two categories based on the storage methods: an

MRAM device can be classified as an inplane MRAM if the magnetizations of the RL and

the FL layers lie in the filmplane; while the MRAM is classified as perpendicular if the

magnetizations of the RL and the FL layers lie perpendicular to the filmplane.

1.2.2 SpinTransfer Torque MRAMs (STTMRAMS)

The magnetic field’s required current is subject to the storage element’s magnetic properties

and morphological characteristics. There is an inversely proportional relationship between

the switching field and the storage item area, as shown in Figure 1.11. The magnetic field

(Hsw) required to switch the FL can be described as

Hsw =
CMst

W
+Hk, (1.1)
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(a)

(b) (c)

Figure 1.10: (Color Online) (a) Schematic of a conventionalMRAM, (b) equivalent circuit,
and (c) illustration of spindependent conduction in the spinvalve.

where C is a constant, W is the junction width, t is the FL thickness, Ms is the satu

ration magnetization, and Hk represents the anisotropy field. Since it is not possible to

reduce the FL thickness t, the relationship between the Hsw and W becomes inverse, as

seen in Equation 1.1 [4]. Consequently, scalability to smaller dimensions becomes an issue

because achieving a higher switching field requires a higher current. Because of the in

creased current required to generate the magnetic field in wires with a small crosssection,

the scalability of an MRAM is limited to approximately 90 nm [52, 53]. In the 2000s, a

thermallyassisted fielddriven MRAM was proposed to improve thermal stability by re

lying on Joule heating, and exchange coupling between FM and antiferromagnetic (AFM)
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materials [6, 54]. Although a few groups are still pursuing this technology, STTbased

switching is also being researched extensively. The STT method effectively simplifies the

Figure 1.11: (Color Online) The inverse relationship between the switching field and the
area of the storage item [4].

design of the MRAM device and the fabrication process, as presented in Figure 1.12(a). In

a STTMRAM, electrons are transmitted from the RL layer to the FL layer. The minor

ity electrons are scattered when electrons pass through the RL layer, and the majority of

electrons flow through the FL layer. Polarization refers to the selective process of elec

trons transferring as the majority. When these polarized electrons enter the FL layer, the

spin angular momentum of the incoming spin is transferred to the local magnetization. The

currentdriven spin density exerts a torque on the magnetization, as shown in Figure 1.12.

Consequently, the magnetization switches from the antiparallel direction to the parallel di
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rection. If a configuration with an antiparallel magnetization is required, the direction of the

current must be reserved. In this case, the electrons are transferred from the free layer to the

pinned layer. The majority of electrons pass through the interface, while the minority elec

trons scatter back toward the free layer. The transfer of the spin angular momentum from

the reflected electrons to the magnetization leads to the formation of an antiparallel con

figuration, as presented in Figure 1.12. Nonetheless, the STTMRAMs switching proposal

(a)

(b)

Figure 1.12: (Color Online) (a) Schematic of STTMRAM, (b) spin transfer torque (STT)
switching mechanism to achieve the “1” state, and (c) spin transfer torque (STT) switching
mechanism to achieve the “0” state.
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rekindled both commercial and research interests [55, 56, 57]. Remarkably, STTMRAM’s

proposal took about five years, although Berger and Slonczewski made theoretical predic

tions independently in 1996 [37, 38]. In 2000, Katine et al. observed STT switching in

magnetic nanopillars. The first STTMRAM schemes appeared in 2006 [58, 59, 60]. As

illustrated in Figure 1.13(b), the STT approach requires no external magnetic field for the

process of magnetization state switching. Alternatively, magnetization switching can be

achieved by sending a current through the device. Although the STTMRAM has attracted

(a)

(b)

Figure 1.13: (Color Online) Architecture of (a) field induced switching MRAM (field
MRAM), and (b) spin transfer torque (STT) MRAM.
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expanding attention, it suffers from several weaknesses. In particular, the reliability and en

durance of STTMRAM remain restricted by twomain shortcomings. First, the high current

required can sometimes damage the MTJ barrier, especially if the nanosecond scale has to

be switched on. Second, it is still difficult to achieve a reliable reading without changing to

exceptionally advanced technology modes because the writing and reading operations are

along the same path. The smaller the MTJ, the lower the write current, and it is not possible

to maintain reliable sensing if the reading current is reduced. Alternative technologies are

urgently needed to address these limitations [61].

1.3 New Alternatives

Recently, efforts have focused on new alternatives using techniques such as SOT and skyrmions

to obtain more effective memory devices.

1.3.1 SpinOrbit Torque MRAMs (SOTMRAMS)

In the SOT phenomenon, electrons flow through a bilayer, consisting of a heavymetal (HM)

layer and an FL layer. Tunneling electrons can cause a shock to the magnetization of the

ferromagnet. This effect could form the basis of a new novel generation of MRAMs and

other electronic devices [62, 63].

The main advantages of SOTMRAM are low power consumption and fast switching. It is

also advantageous to use the MTJ terminals based on SOT to isolate the read and write di

rections, as presented in Figure 1.14. The main goal of isolation of the reading and writing

paths is to improve the efficiency of reading [64]. Compared to STTMRAM, the write cur

rent in SOTMRAM is much lower and the writing process is much faster. In SOTMRAM,

the MTJ cell is the core of a bitcell as in STTMRAM [19] (Table 1.2).

As shown in Figure 1.14(b), the terminals consist of a bit line, a write line, and a word
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Table 1.2: Comparison between STTMRAM and SOTMRAM [19].
STTMRAM SOTMRAM

Read Speed (ns) 15 15
Write Speed (ns) 510 <1
Cell Size (area in F 2) 4050 5070
Bit Density (Gb/cm2) 1 0.75
Read Energy/Bit (fJ) 1020 1020
Write Energy/Bit (fJ) 100200 <10

line. During the reading process, the word line is purposed to access the required cell. The

current flows between the source line and the write line during the writing process. If cur

rent flows from the source line to the write line, the MTJ resistance will be low. In contrast,

the current must flow from the write line to the source line to achieve a high MTJ resis

tance [65]. In STTMRAM, the MTJ is the active device used for currentdriven switching,

and is also used to detect the magnetization state. In SOTMRAM, the bilayer is the ac

tive device for switching. However, this bilayer exhibits AHE (i.e., a transverse voltage

whose sign depends on whether the magnetization points along +z or z). However, this

signal is not strong enough to ensure a high signaltonoise ratio, and therefore the primary

purpose of the MTJ is to detect the magnetization state. SOT successfully achieves mag

netization switching. The fundamental physical relationship between the magnetic field

orientation and the current, on the other hand, is still debated. Researchers have attempted

to identify the RashbaEdelstein effect (REE) as causing the currentinduced magnetization

switch [45, 66] (see Section 2.1.2). Other research efforts have focused on the spin Hall

effect (SHE) as the primary cause [44]. However, regardless of the actual effect, the SOT

will switch the magnetization of a free layer, hence the name SOTMRAM. This can be

the main memory to use in the future, due to all the benefits of a SOTMRAM. However,

further work is required to make SOTMRAM practical for commercial applications.
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(a)

(b)

Figure 1.14: (Color Online) Directions of the read and write currents in (a) STTMRAM,
and (b) SOTMRAM.

1.3.2 Skyrmionbased Memory

In bulk magnets, the magnetization is broken into domains due to the dipolar field from

the edges. The size of the domains depends on the materials, and can range from tens of
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nanometers to even millimeters. Domains are separated by domain walls (DWs) whose

width is the result of a trade off between the anisotropic energy and exchange energy [3].

As presented in Figure 1.15, DW displacement can be employed to contribute a DW mem

ory, which is also known as a racetrack memory [67]. DW memory, which Parkin initially

proposed at IBM, extends the device structure to a 3D configuration. Information is stored

on a magnet track on a wafer in the form of DWs. Spinpolarized current pulses are then

applied to move the DWs around the racetracks. A domain injection pad is typically used

for information writing. An MTJ is placed at the end of the wire for the reading operation

[67, 7, 68].

The domain wall memory devices investigated so far have a range of a few hundred

nanometers and do not achieve very high densities. Consequently, researchers have looked

at skyrmions, which can offer energy efficiency, high density, and tremendous potential

in future robust spintronic devices [69]. There are three different categories of magnetic

skyrmions: (i) the Bloch type, which has been widely studied in various materials such as

FeGe [70, 71], MnSi, Fe1−xCoxSi [72], CoZnMn [73], and Cu2OSeO3 [74], and is created

by repeatedly rotating spin alignments across the skyrmion radius; (ii) the Néel type, which

mostly occurs in some asymmetric interfacial magnetic multilayers composed of HM and

FM layers [8], is established by uniform rotation of spins, and the inplane component of

the magnetization is tangential to the skyrmion radius; and (iii) the antiskyrmion, which

is a combination of the Bloch type and the Neel type, and the inplane component of the

magnetization is along two directions [75, 76, 77, 78]. Figure 1.16 shows these different

types of magnetic skyrmions. A skyrmion memory of the racetrack is shown in Figure 1.17.

The presence or absence of a Skyrmion is represented by the 1 and 0 states in the skyrmion

dependent memory, respectively.

DMI is the primary mechanism for forming magnetic skyrmions in a chiral magnet. It is

also called an antisymmetric exchange and it represents an addition to the total magnetic

exchange interaction between two neighboring spins Si and Sj , as shown in Figure 1.18
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Figure 1.15: (Color Online) Schematic of a racetrack memory: (A) vertical configuration,
(B) horizontal configuration, (C) reading operation, (D) writing operation, and (E) the 3D
array concept [7].

[79, 80].

Initial experimental observations of magnetic skyrmions in the cubic compound B20MnSi

were first reported in 2009 [81, 82]. Skyrmions were subsequently experimentally explored

in other B20 compounds, such as FeCoSi and FeGe [83, 70]. Skyrmions formed at the in

terface of ultrathin epitaxial layers due to a robust DMI interface have also been observed
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(a) (b)

(c)

Figure 1.16: (Color Online) Types of magnetic skyrmion (a) the Bloch type, (b) the Neel
type, and (c) the antiskyrmion [8].

Figure 1.17: (Color Online) Schematic of a Skyrmion based racetrack memory.

[84]. Spin cycloids and skyrmion lattices have recently been found in epitaxial layers

by ultra lowtemperature spinpolarized scanning tunnel microscopy [84]. In the recent

past, high interfacial DMI was found at room temperature in polycrystalline thinfilms with
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Figure 1.18: (Color Online) Schematic diagram of the Dzyaloshinskii–Moriya interaction
(DMI) for two spins (Si and Sj).

heavy metal/ferromagnet/insulating stack such as Pt/Co/AlOx and Pt/CoFe/MgO. Jiang et

al. proved that skyrmion bubbles are generated in a constrained Ta/CoFe/TaO3 geometry

[85]. In polycrystalline Co, the short dispersion lengths in the local DMI can lead to the pin

ing of skyrmions from grain boundaries, which reduces the skyrmion velocity. A solution

for polycrystalline Co was suggested to provide reliable currentdriven skyrmion motion,

such as using an amorphous CoFeB, which allows the local DMI to minimize the pinning

of skyrmions [86]. Moreover, stable magnetic skyrmions and their currentdriven motion

has been inferred at room temperature for thin transition metal ferromagnets in multilayer

stacks such as Pt/Co/Ta and Pt/CoFeB/MgO [86]. The prototypical interfaces of Co and

heavier transition metals are among the most remarkable examples. The DMI sign of CO/Ir

remains under debate compared to Co/Pt [87], as seen in Figure 1.19.

Further experimental and theoretical investigations are needed to fully understand the

picosecond and nanosecond scales. Researchers believe that a memory device that is de

pendent on a room temperature skyrmion is possible. Table 1.3 presents a comparison of

skyrmions and DWs.
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Figure 1.19: (Color Online) The DMI parameter, D, in (a) Co/Pt3 and Co/Ir3 when the Co
atom stacks on the fcc and hcp sites of the Pt and Ir layers, and (b) Co/Pt and Co/Ir as a
function of the thickness of Co layers [9].

Table 1.3: Comparison of skyrmions and domain walls [3].
Skyrmions DWs

Size (nm) 1050 2050
Speed (m/s) ∼100 ∼500700
Critical Current (A/cm) 102 ∼107
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Chapter 2

State of the Art

In recent years, SOT was discovered as new and promising mechanism with the poten

tial to substantially enhance the performance of MRAM. This chapter introduces this new

mechanism and explains how twodimensional materials could implement ultrathin mag

netic memories based on SOT effect. Section 2.1 briefly reviews the recent developments

in SOTdriven magnetization switching and related phenomena. Section 2.2 presents an

overview of the literature on 2D materials. Finally, Section 2.3 outlines the aims and ob

jectives of this research work.

2.1 SpinOrbit Torque

Recently, attention has focused on the idea of currentdriven SOT throughout ultrathin FM

heterostructures and diluted magnetic semiconductors to provide a singleFM magnetiza

tion mechanism. In contrast to STT, the SOT switches magnetization by transferring an

gular momentum through the spinorbit coupling (SOC) between the spin and orbital de

grees of freedom [88, 89, 90, 91, 92, 93]. Previously, SOTinduced magnetic switching

was demonstrated in heavy metals from the SHE [44, 94, 95, 96, 11, 97, 98]. Nevertheless,

an external magnetic field along the current axis is needed to reverse the magnetization in

a deterministic manner. Furthermore, methods of symmetry breaking have recently been

adopted to accomplish fieldfree SOT switching [99]. These methods include the exchange

bias effect [100, 101, 102, 103, 104], interlayer exchange coupling [105], tilted perpendicu

lar magnetic anisotropy [106], and other methods [107, 108]. Enhancing energy efficiency
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through the development of new systems and mechanisms for increasing SOT efficiency

has garnered considerable attention, including spinmomentum locking in topological in

sulators [109] and REE from the metal/oxide/metal interface [110, 111].

2.1.1 Origin of SpinOrbit Torque

The SOT is due to the accumulation of spin in the FM/NM heterostructure when a current

flows along the interface. This nonequilibrium spin accumulation exerts a torque on the

magnetization of the FM, and can induce excitation and switching. However, ongoing

work on the detailed microscopic sources of the spin current generation is still ongoing.

Generally, SOT generation requires two conditions: (i) strong SOC to provide a powerful

way to convert the charge currents into spin currents or densities [95], and (ii) structure

inversion asymmetry (SIA). There are basically two central SOC phenomena to achieve

spin accumulation: SHE and REE. SHE originates from the coupling of charge and spin

currents enabled by SOC. Dyakonov and Perel first predicted this phenomenon in 1971

[112]. The SHE comprises a spin at the boundaries of a conductor. A pure transverse spin

current can be generated when an electrical current passes through a material with strong

SOC, as shown in 2.1. The spincurrent can be described as [113, 114]

Js =
}
2e
θSH(σ × Jc), (2.1)

where Jc and Js represent the charge current and the spincurrent, respectively. θSH is

the spin Hall ratio, which quantifies the conversion efficiency. The polarization of the ac

cumulated spins is denoted by σ. The SHE induces a flow of the spin angular moment,

transverse to the injected charge current. In a nonmagnetic metallic wire, this spincurrent

accumulates spin at opposite edges, as illustrated in Figures 2.1 and 2.2 [10, 11].
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Figure 2.1: (Color Online) Cartoon of the spin hall effect and Rashba effect at the FM/NM
interface [10].

2.1.2 Physics of the Rashba Effect

The ability to control spinpolarized electrons without the help of ferromagnetism or the

use of a magnetic field may open doors to advanced spintronic devices. SOC enables spin

polarized electrons to be produced and controlled only via the electric field. Traveling

charge carriers feel the electric field as an effective magnetic field [115, 116]. The time

reversal and inversion symmetries create the same energy for the oppositespin electronic

states in nonmagnetic materials. The energy band splits into the momentum (k) space with

broken inversion symmetry in the presence of strong SOC. This phenomenon, which is

known as the REE, causes spin helical structures. The Rashba effect was first discovered

in 1959 by Emmanuel Rashba and Valentin I. Sheka for threedimensional systems, and is

named in honor of Emmanuel Rashba [117]. In 1984, Emmanuel Rashba and Yurii A. By

chkov discovered the Rashba effect for twodimensional systems [118]. The Rashba effect

may lead to a wide range of novel physical phenomena, particularly electron spins by elec
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Figure 2.2: (Color Online) The spin Hall effect in unstrained GaAs. (A) Schematic diagram
of the unstrained GaAs sample, (B) typical measurement ofKR, (C)KR as a function of x
and Bext for E0 = 10mV.mm–1. , (D and E) spatial dependence of peak KR A0 and spin
lifetime τsacross the channel, (F) reflectivity R as a function of x , (G) KR as a function
of E and Bext at x = –35mm, and (H and I) E dependence of A0 and τs, respectively,
obtained from fits to data in (G) [11].

trical fields, even if it is a small correction of the 2D structure of the unit [119, 120, 121].

This effect is a momentumdependent splitting of the spin bands in lowdimensional sys

tems and bulk crystals. Figure 2.3(a) shows a 2D gas system with a free electron. When no

electric field is applied, the system spin degenerates, as illustrated in Figure 2.3(b). In this

case, the energy dispersion relation E(k) near points of the conduction band (CB) and the

valance band (VB) is mainly described as free carriers with an effective mass (m∗), which

results in a spin degenerated parabolic dispersion E (k) = }2k2
2m∗ . When an electric field is

applied, the electron travels in the momentum p direction. As the potential ∇V is perpen

dicular to the 2D system, the result of p×∇V behaves as an effective magnetic field Beff .

The orthogonality between p and Beff induces electron spin to quantize perpendicularly to

k. Thus, the bandgap is split as shown in Figure 2.3(c). In this case, the spindegenerate

parabolic band is divided into two bands, E (k) = }2k2
2m∗ ± αR|k|, where αR represents the
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Rashba splitting parameter [122, 123]. Adding magnetic impurities or applying a magnetic

field generates an energy gap. Meanwhile, quantized conductance and less spin transport

occur when chemical potential is tuned to be located in the spinorbit gap [124, 125], as

presented in Figure 2.3(d).

Figure 2.3: (Color Online) (a) Relationship between momentum p, surface potential ∇V ,
and the effective magnetic fieldBeff , (b) spin degenerated system, (c) spindependent shift
of the dispersion in the momentum space associated with Rashba effect, and (d) broken
timereversal symmetry on the bandgap because of the applied magnetic field.

2.1.3 SpinOrbit Torques

In most of the transition metal heterostructures investigated to date, SOT boils down to two

main terms, which are fieldlike torque (FLTorque) and dampinglike torque (DLTorque);

as seen in Figure 2.4. FLTorque and DLTorque are typically described by a fieldlike

term (τFL)—that is, τFL ∼ (m × σ)—and a dampinglike term (τDL)—that is, τDL ∼

m × (m × σ) [126, 127, 128, 129, 130]. FLTorque and DLTorque are usually referred

to as a transverse torque T⊥ and a longitudinal torque T ∥, respectively. From the torque
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symmetry, τFL on the magnetization (m) is identical to that of a magnetic field, which

makesm precess aroundσ. This phenomena was ascribed to be the result of the REE effect

taking place at the interface between NM and FM of an exchange interaction of polarized

spins. Meanwhile, τDL exhibits dampinglike behavior that tends to align m along σ,

which is similar to Slonczewski spintransfer torque due to the spincurrent. Thus, τDL

was attributed to originate from bulk SOC effects, such as SHE [131, 12, 132, 133, 134].

The demand for advanced SOT devices, such as SOTMRAM [44] and spin Hall oscillators

Figure 2.4: (Color Online) Directions of the fieldlike torque and dampinglike torque. [10]
.

(SHOs) [94], has led to intense scientific studies to better understand the physics of SOT.

Most early experimental studies focused on interfacing FM with a heavy metal with large

SOC to achieve practical magnetization switching or oscillation. Nevertheless, the state

oftheart spin Hall angle (SHA) of heavy metals range from zero to 0.33 [135]. Ultralow

power SOT devices based on 2D materials can be understood and fabricated with relatively

high SHA (θSH ∼ 0.14 for MoS2), as already reported for TMDs [136, 137].
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2.1.4 Theory of SpinOrbit Torque

SOThasmostly been explored using two phenomenologicalmodels; namely, the Rashba 2D

gas and diffusive SHE. The system in this treatment can be expressed by a noninteracting

particle Hamiltonian, as follows:

Ĥ = κ̂+ Veff (r) + σ̂ ·Ωsc(r) + Ĥso, (2.2)

where, Veff (r) presents the effective potential, κ̂ is the kinetic energy,Ωsc(r) is the exchange

correlation energy, and Ĥso represents the SOC. The torque on magnetization at point r is

given by Equation 2.3 as a Hamiltonian.

T (r) = −S(r)×Ωsc(r), (2.3)

where, S indicates the spin current. Equation 2.3 can be adapted to determine the total

torque and by integrating over the whole unit cell and a particular magnetic atom, respec

tively [138, 139]. Torque is interpreted as spincurrent divergence when ignoring the SOC

[140] as

Ti(r) = −∇ · ȷis, (2.4)

where, ȷis is a vector that expresses the ith spin component. In terms of the inversion sym

metry of the magnetization, the T⊥ and T ∥ torques are odd and even, respectively. These

torques are

T⊥ = (m× y), (2.5)

T ∥ = m× (m× y), (2.6)
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where, the current axis is x, and y denotes the inplane axis [12, 141], as shown in Figure

2.5.

(a) (b)

(c) (d)

Figure 2.5: (Color Online) Spinorbit torques T⊥(red) and T ∥(blue) and corresponding
effective fields B⊥ and B∥ when the magnetization angle φ is (a) 0◦, (b) 60◦, and (c) 90◦
[12].

2.2 Twodimensional Materials for Advanced Spintronics

Twodimensional (2D) materials consist of thin films with a coating that is at least one

atom thick. Typical 2D materials include carbonbased nanomaterials (e.g., graphene) and

elemental monolayers (e.g., arsenene, hexagonal boron nitride [hBN], black phosphorus,
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metal transition oxides, TMDs, and clay materials) [142]. Figure 2.6 illustrates the most

common 2D materials. Compared to other forms of materials, the unique features of 2D

materials to make them attractive candidates for fundamental studies of condensed matter

and for applications for mobile devices [143, 144]. The thinness of 2D materials has played

a significant role in recent developments of highly flexible and transparent optoelectronic

devices. In particular, the large flat surface area and narrow thickness of 2D materials are

remarkably suitable for active surface applications [145, 146, 147, 148].

For the last decade, graphene has attracted renewed attention because of its exclusive phys

Figure 2.6: (Color Online) Cartoon of the structures of the most common twodimensional
(2D) materials [13].
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ical properties and potential applications. However, the zero bandgap of graphene restricts

its applications in the field of information technology [149]. Therefore, considerable re

search efforts have been made to study other 2D materials with a bandgap, such as silicene

[150], hexagonal boron nitride (hBN) [151], phosphorene [152], and others [153, 154]. In

contrast to graphene, some TMDs such as WS2 and MoS2 possess a large bandgap that

promotes optoelectronic operation [155, 156] and the realization of lightdriven spinvalley

coupling [157, 158].

Recent years have seen a complete resurgence in the search formagnetism in twodimensional

materials, owing to the observation of roomtemperature magnetism [159, 160, 161]. Lay

ered van der Waal materials, such transition metal phosphorous trichalcogenides [162]

(MnPS3, NiPS3 etc.), transition metal trihalides [163, 164, 165] (CrCl3, CrI3), and TMDs

(VSe2, CrSe2, CrTe2) [166, 167, 168] are all known to display quasi 2D magnetism and are

therefore capable of supporting magnetism to the limit of the monolayer. 2D magnetism in

CrI3 [169], CrSiTe3 [170] and Cr2Ge2Te6 [171] mono and bilayers, as well as in Fe3GeTe2

[172, 173], VSe2 [174], and MnSe2 [175, 176] monolayers was recently reported. The

latter results were reported at room temperature. Roomtemperature ferromagnetism was

very recently reported in Fe3GeTe2 [173], transition metal dihydride (MH2) monolayers

[177], MnSex epitaxial films [175], and VSe2/MoS2 vdW heterostructure [174]. TMDs are

intriguing because of the charge density wave instabilities that appear in the material and

keep the material from exhibiting magnetism [178, 179, 180, 181, 182]. This observation

suggests that the substrate may play an essential role in stabilizing magnetism, though this

has yet to be confirmed experimentally [183, 184, 185].

Recently, 2D magnetism has been reported in TMDs, such as MnSe2 [175, 176] and VSe2

[174] monolayers. As the size of spintronic devices continues to decrease, there is an ur

gent need for new lowdimensional magnetic materials to mimic the nanoscale’s traditional

structures of spintronics. Consequently, TMDs stand out as a functional platform for ad

vancing the field of microelectronics [183, 184, 185]. The realization of flat spintronics
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devices, such as spin tunnel fieldeffect transistors (SpinTFETs) [186] and TMR [187],

has been enabled by the onset of 2D magnetism. TMDs combine atomicscale thickness

and unique electronic and mechanical properties, which opens new routes towards the next

generation of devices [188, 189]. However, the poor dynamic stability of TMDs is still a

challenge. Magnetic symmetry with breaking of inversion and strong SOC shows several

types of magnetic chiral textures induced by the DMI; for example, helimagnetic structures,

domain walls of a preferential chirality [190, 191], and magnetic skyrmions. The charac

teristics of films and interfaces are primarily determined by the substrate’s configuration,

structure parameters, and magnetic atoms. Meanwhile, 3D TMDs systems with virtual 2D

properties consisting of MXY sandwiches (M = transition metal, X, Y = S, Se, Te) that are

interconnected by relatively weak van der Waals interactions can be considered as candi

dates for such systems. The discovery of truly 2Dmagnets has given the field of spintronics

new opportunities. Centrosymmetric magnetic TMDs have been realized, and we propose

to break inversion symmetry by growing Janus magnetic TMDs to turn on DMI and SOT,

and thereby enhance their functionalities. The symmetry can be broken through the alter

ation of the substrate, the mixture of 2D materials, bias stress, or strain [192, 193].

The advent of 2D magnetism has enabled the realization of flat spintronics devices, whose

operation is based on the electron’s spin rather than its charge. For instance, TMR [187],

and SpinTFET [186] have recently been achieved. In addition, TMDs also have a large

SOC [136] that has been successfully exploited for gatecontrolled spin manipulation in

graphene/TMD bilayers [194, 195].

SOC is exciting in the context of spintronics because it enables the onset of SOT [90, 10].

The intrinsic nonmagnetism of 2D materials limits spintronic applications [196]. High

spinpolarization and magnetic effects can be practically induced in various 2D materials

by defects and transitionmetal dopants, which require complex experimental processes to

be controlled [197, 149, 198, 199]. Recent research efforts have focused on 2D magnetic

materials with intrinsic magnetic order and high spinpolarization [171, 169, 200].
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2.3 Aim and Objectives

The nanoelectronic device manufacturing faces many obstacles, such as scalability issues,

shortchannel effects in transistors, high growth costs, and system supercooling require

ments. Thus, disruptive device concepts that can combine simplicity, low growth cost, and

high efficiency are urgently required. The spintronics field has opened routes to the devel

opment of future technology for nanoscale devices. Many theoretical studies and prototypes

in recent decades have been accomplished in spintronic devices based on 2D materials. In

particular, 2DTMDmaterials have unique physical properties, generating new interests for

new applications of spintronics. Therefore, the primary aim of this work is to provide a clear

perception of the next generation of SOTMRAMs based on 2DVXY. Following the idea

initially proposed by Cheng et al.[201] and recently achieved experimentally [202], this

dissertation proposes to break inversion symmetry by considering a socalled Janus mono

layer where the transition metal ion is embedded between distinct chalcogen elements. In

the presence of SOC, this inversion symmetrybreaking promotes spinmomentum locking,

and hence the SOT. Moreover, this research investigates the DMI interaction, which is the

prime phenomenon in skyrmionbased racetrack memories, in 2DTMD. This work also

introduces a practical approach to enhance the stability of magnetic 1TVXY monolayers.

Finally, the critical effects of hBN insulator on the magnetism of 1TVXY monolayers are

investigated.
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Chapter 3

Methodology

This chapter briefly explains the aspects of density functional theory (DFT) related to this

study.

3.1 Density Functional Theory (DFT)

Many hypotheses have arisen for the exploration and to explain the electronic properties of

molecules. One of the most critical and common theories is DFT. Thomas and Fermi for

mulated an original and preliminary version of density functional theory in 1927, shortly

after establishing quantum mechanics [203]. The fundamental idea of DFT is to describe

a manybody interacting system via its particle density, ρ. Later, Hohenberg, Kohn, and

Sham used the basics of quantum mechanics to establish DFT of the quantum ground state,

known as the HohenbergKohn (HK) theorem, which is preferable to both ThomasFermi

and HartreeFock theories [204, 205]. However, while the HohenbergKohn theorem (HK)

can correctly explain/predict the electron density and energy of a structure, it does not ex

plain how this functionality is determined. Thus, there was a need for functionals to link

the energy and other properties of systems with electron density. A functional DFT can be

obtained through an approximation called exchangecorrelation (XC) potential by integrat

ing the HohenbergKohn theorem (HK) with KohnSham (KS) formalism [205]. Thus, this

chapter focuses on the prominent formalism of KohnSham DFT (i.e., the XC), which is

related to this research work.
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3.1.1 KohnSham (KS) Formalism

TheKohnShamFormalism (KS) formalism offers a practicalmeans of resolving theHohenberg

Kohn theorem for interacting electrons, beginningwith a simulated system of noninteracting

electrons, which is similar to the entire system of chemical concern, with electrons inter

acting [205]. The fundamental principle of the KohnSham approach is that a system’s

kinetic energy is divided into two parts. The first part can be precisely calculated, and the

second part can be determined as a small correction term for electronelectron interaction.

The groundstate electronic energy of a system containing n electrons and N nuclei can be

described as [205, 206]

E[ρ] = −1

2

n∑
i=1

∫
Ψ∗

i (r1)∇2
iΨi(r1)dr1 −

N∑
X=1

∫
ZX

rXi

ρ(r1)dr1 (3.1)

+
1

2

∫ ∫
ρ(r1)ρ(r2)

r12
dr1dr2 + Exc[ρ],

where ρ(r1) and ρ(r2) are the groundstate density at r1 and r2, respectively. Ψi (i.e., i=1,

2....n) represents the KohnSham orbitals. The second term clarifies the interactions of

nuclei and electrons. The third term refers to the Coulombic repulsions between the r1 and

r2 total charge distributions. The last term represents the XC, which describes the kinetic

energy adjustment and the repulsion energy correction. At a location r, the groundstate

density ρ(r) is expressed as

ρ(r) =
n∑

i=1

|Ψi(r)|2, (3.2)

The charge density equation 3.2 can be adapted using electronic energy E[ρ] to derive the

KohnSham equations and to establish the KohnSham orbitals.

ˆ̄hiΨi(r1) = εiΨi(r1), (3.3)
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where ϵi represents the illustrated KohnSham orbital energy, and ˆ̄hi is the KohnSham

Hamiltonian, which can be written as

ˆ̄hi = −1

2
∇2

i −
N∑

X=1

ZX

rXi

+

∫
ρ(r2)

r12
dr2 + νXC(r1), (3.4)

where νXC(r1) represents the functional derivative of the exchangecorrelation energy,

which can be expressed as

νXC [ρ] =
∂EXC [ρ]

∂ρ
(3.5)

As shown in equation 3.5, νXC [ρ] can be easily obtained if the exchangecorrelation en

ergy is known. It is significant to describe the KohnSham orbitals to calculate the density

from equation 3.2. The KohnSham orbitals calculation is then carried out using an esti

mated functional form explaining the electron density dependency of Exc. Equation 3.2

and the calculated orbitals can rapidly determine the improved density. The whole proce

dure is repeated until the previously chosen convergence criterion is met by the density and

interchange connection intensity.

3.1.2 Exchangecorrelation Energy

The exchangecorrelation energy EXC consists of two terms: the exchange term and the

correlation term; as shown in equation 3.6.

EXC [ρ] = EX [ρ] + EC [ρ] (3.6)

The exchange (X) term EX is typically related to the samespin electron interactions, and

the correlation (C) term EC represents the interactions between oppositespin electrons. In

equation 3.6, both the EX and EC components can either be local functionals or gradient

corrected functionals. Local functionals depend only on the electron density, (ρ), and the
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gradientcorrected functionals rely on the electron density (ρ) and the gradient (∆ρ). There

fore, two different major approximations can be adapted in DFT calculations, which are

local density approximation (LDA) and generalized gradient approximation (GGA). Note

that LDA is very basic because the energy corrections are ignored due to inhomogeneities

in electronic density. Moreover, LDA tends to overestimate binding energies, though it un

derestimates ionization energies and atomic groundstate energies. Thus, the LDA makes

significant errors when estimating the bandgap energy of certain semiconductors. Its per

formance and limitations contribute to approximations of theEXC functional outside LDA,

and requires gradient corrections to introduce a longer range for gradient effects.

3.1.3 Generalized Gradient Approximations (GGA) Method

As mentioned earlier, the GGA has been found to improve the pitfalls of the LDA. EX can

be computed numerically together with the correlation term because there is no analytical

form in GGA. The development of GGA has followed two major approaches, sometimes

also known as nonlocal. The first approach was initially proposed by Becke and focuses

on computational fitting techniques for large molecular training sets [207, 208, 209, 210,

211]. Perdew proposed the second approach, which considers that the architecture of XC

functions should be rooted in fundamental principles derived from quantum mechanics to

include scaling relationships; for instance, the fulfillment of fair exchange and correlation

functionals, correct LSDA limits for slowly varying densities, and reasonable limits for

high and low densities [212, 213, 214, 215, 216, 217, 218, 219, 220]. Many exchange

functionals follow the philosophy of these two approaches; for example, Becke88 [221]

and PerdewWang (PW) [212] follow the first approach; while Perdew 86 (P) [216] Perdew

BurkeErnzerhof (PBE) [219] follow the second approach. Moreover, several formulations

have been established for the correlation functional, such as LeeYangParr (LYP) [222]

and PerdewWang 91 (PW91) [217].
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3.1.4 van der Waals forces in DFT

Both the LDA and GGA ignore the longrange, nonlocal correlations that trigger van der

Waals (vdW) forces by construction, as shown in Figure 3.1. Given that early DFT papers

included many unreliable statements, research advances have resulted in the rise of vdW

corrections [223, 224].

(a) (b)

Figure 3.1: (Color Online) Longrange electron correlations of (a) two isolated atoms, and
(b) two atoms in a condensed system [14].

The main purpose of vdW corrections is to give an accurate description of large systems and

molecular adsorption by providing an efficient method for calculating vdW effects based on

manybody physics and general physical laws. Several vdW corrections have been demon

strated, such as DFTD, DFTD2, and DFTD3 [14, 225]. In this research work, DFTD3

with damping was adopted to accomplish the DFT calculations with corrected vdW inter

actions.

DFTD3 is an improved version of DFTD2 to treat the transition metals in the periodic

table [226]. The first version of DFTD3 was established in 2010 with zero damping [227],

and the same underlying framework was modified in 2011 by including damping functions

[228].

3.1.5 Pseudopotential Approximation

Pseudopotentials (effective potentials) are basically added to achieve smoothly varying

wave functions. The pseudopotential concept was based upon the discovery that valence
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electrons determine the chemical properties of most atoms. Pseudopotentials are used for

a more straightforward explanation of complex systems. Consequently, pseudo wavefunc

tions with far fewer Fourier modes allow the use of planewave base sets. The pseudopo

tential can be selfconsistently updated to relieve the frozen core approximation [229, 15].

Figure 3.2 illustrates the difference between the pseudo and real allelectron wavefunctions.

(a) (b)

Figure 3.2: (Color Online) Comparison between (a) pseudo wavefunctions and the true
all electron wavefunction, and (b) the screened pseudopotential (dashed) and the true un
screened, allelectron potential [15, 16].

The pseudopotential and pseudo wavefunction are similar to the real potential and wave

function outside the core radius (r), respectively. Within the core radius (rc), the nodes

of the real wavefunction are deleted but all of the diffusion properties of the structure are

retained. The general form of the pseudopotential preservation is described as using

Vpseudo(r) =
∑
Lm

|Ylm⟩Vl(r)⟨Ylm| (3.7)

Here, Ylm represents the spherical harmonics. Only the energy convergence of valence

electrons determines the accuracy of pseudopotential equations [230, 231].
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3.2 Generalized Bloch Theorem

Herring’s generalization of the Bloch theorem was proposed in 1966 [232] and by San

dratskii in 1986 [233, 234]. The spinspace group (SSG) elements describe symmetry op

erators for the transformations that combine a lattice translation TR and a spin rotation about

the zaxis, as seen in Figure 3.3.

Figure 3.3: (Color Online) A schematic structure of a spinspiral that is in parallel with the
zaxis [17].

The generalized approach has two main characteristics, which are: (i) spin spirals are trans

ferred according to

[qRn | TR]ψ(r) =
(
e−iqR/2 0

0 eiqR/2

)
ψ(r −R), (3.8)

where, Rn is a translation that separates all atoms of the spiral structure; and (ii) the gener

alized translations utilize the KohnSham Hamiltonian of spin spiral structure [233, 234].



60

Thus, the generalized Bloch theorem approach is

[qRn | TR]ψ(r) = e−ikRψk(r), (3.9)

where, Rn specifies vector k in the first Brillouin zone (BZ).

3.3 Wannier Interpolation Approach

Compared to the conventional Bloch functions, Wannier functions are considered as an al

ternative for electronic energybands. Bands are determined according to the unitary trans

formation Uk
mn, and hence the basis ψn,k(r) of the subspace is obtained [235, 236]. This

new valid basis is

ϕn,k(r) =
J∑

m=1

Uk
mnψm,k(r), (3.10)

where the basis is formed by the singleparticle wavefunctions ψm,k(r) for n=1,...,J. To

find a set of unitary matrices, Uk is the burden. These matrices are significant because they

ensure that the Wannier functions are as localized as possible.

ψn,R(r) =
1

Nk

∑
k

exp−ik·R ϕn,k(r), (3.11)

When bands cross each other (i.e., entangled energy bands), it is crucial to unravel the J

dimensional subspace of all states.

ψ̃n,k(r) =

Jk∑
m=1

Uk
mnψm,k(r), (3.12)

where Uk
mn indicates semiunitary matrices that describe the optimal subspace, and Jk in

dicates the number of bands within the energy window. When some maximally localized

Wannier functions are obtained, a tightbinding basis is provided and this allows interpola
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tion of the wavefunction, as shown in equations 3.13 and 3.14. This scheme is called the

Wannier interpolation approach [235, 236].

ϕn,q(r) =
∑
R

expiq·R ψm,R(r), (3.13)

ψn,q(r) =
J∑

m=1

V q
mnϕn,q(r), (3.14)

where Vq
mn represents the expansion coefficients, which can be determined from

Hmn,q = ⟨ϕm,q|Ĥ|ϕn,q⟩ (3.15)

3.4 The VASP Code

The commercial Vienna Ab initio Simulation Package (VASP) is adopted to realize the

DFT calculations in this research work. VASP is an atomicscale simulation computer code

written in FORTRAN language. Periodic systems from unit cells replicated in 3D space

can be designed using this code.

In VASP, for each wavefunction, the Bloch functions in a periodic system can be described

as

ψn,k(r) = un,k(r)e
ikr, (3.16)

where, un,k(r) is the periodic function at the same periodicity of the crystal. In the Kohn

Sham equations, the wave function has been generalized to a basis set (i.e., plane waves).

Various basis sets can be adopted to extend the un,k(r) function. The disadvantage of using

plane waves is that the wave function oscillates easily around the core region [237, 238].
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Chapter 4

Spinorbit Torque (SOT) in Janus Monolayers of Magnetic TMDs

This chapter investigates themagnetic properties, magnetic anisotropy, and electronic struc

ture of a series of vanadium dichalcogenide monolayers using firstprinciple calculations.

In addition, the SOT and DMI phenomena are studied in magnetic TMD monolayers.

4.1 Magnetism and the Rashba Effect

Following the concept initially proposed by Cheng et al. [201] and recently tested experi

mentally [202], breaking inversion symmetry is suggested by considering a socalled Janus

monolayer, where the transition metal ion is embedded between different chalcogen ele

ments; as presented in Figure 4.1. The intrinsically broken inversion symmetry, together

with a set of suitable chalcogen elements in the Janus TMD monolayers, encouraged us to

believe that 2D magnetic Janus materials with a large DMI can be obtained. In addition, the

structural and magnetic behavior of a variety of Janus monolayers VXY (X / Y= S, Se, Te,

X ̸=Y) are examined. The crystal structures of the VXY were optimized by establishing the

groundstate geometries. The structural parameters are listed in Table 4.1. The calculations

are in reasonable agreement with the literature [239, 240, 241, 242].

The magnetic exchange and magnetocrystalline anisotropy are reported in Figure 4.2(a) for

the full vanadiumbased TMD series. Ferromagneticorder ground states are obtained for

all elements, with quite large magnetic exchange values of a few tens of meV. Monolay

ers involving Te possess the most substantial exchange energy. The magnetocrystalline
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Figure 4.1: (Color Online) Cartoon of the VXY Janus monolayer. Vanadium atoms are
represented in grey, and the chalcogen elements X and Y (S, Se and Te) in orange and
brown, respectively. The red arrows indicate the direction of the magnetic moment.

Table 4.1: Structural parameters and point group of 1TVXY.
Material a (Å) c (Å) DX−Y(Å) Point

group
VS2 3.182 5.718 2.859 D3d

VSe2 3.375 6.022 3.011 D3d

VTe2 3.784 6.046 3.023 D3d

VSSe 3.266 5.939 2.969 C3v

VSTe 3.611 5.676 2.838 C3v

VTeSe 3.673 5.775 2.887 C3v

anisotropy energy (MAE) ranges from 0 meV (VS2 and VSSe) to about 1 meV (VTe2

and VSeTe), which shows that all these systems (except for VS2 and VSSe) exhibit in

plane MAE. An exciting feature is the systematic increase in the magnetic exchange and

MAE upon moving from S to Te as the chalcogen element. This behavior correlates with

the charge density of vanadium, which was computed based on Bader charge analysis; as

reported in Figure 4.2(b). The ionic bonding between the chalcogen elements and the vana

dium ions depletes the electrons in vanadium, thereby enhancing its magnetic moment.

Calculations were performed by only constraining the direction of the magnetic moment in

physical spherical coordinates (m, θ, φ) to investigate the angular dependence of the MAE,

as shown in Figure 4.3. θ is the angle with the zaxis, and φ is the polar angle in the XY

plane relative to the xaxis[243, 244].

The MAE was investigated at seven different points, which are 0◦, 15◦, 30◦, 45◦, 60◦, 75◦

and 90◦. Figure 4.4(a) shows the magnetocrystalline anisotropy as a function of the angle
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Figure 4.2: (Color Online) Magnetic properties of 1TVXY: (a) magnetocrystalline
anisotropy and exchange energy, (b) electronic charge of vanadium and magnetic moment.

θ. The MAE is significantly affected by the angle with the zaxis (i.e., θ). Maximum MAE

is accomplished when θ is 90◦. Meanwhile, the polar angle in the xyplane φ has no impact

on the MAE as presented in Figure 4.4(b).

To assess the bonding characteristics of 1TVXYmonolayers, the density of states of three

selected TMDs (i.e., VSe2, VTe2 and VSeTe) was calculated; as shown in Figure 4.5. The

density of states in Figure 4.5(a,b,c) is projected on the p orbitals of the chalcogens and on

the d orbitals of vanadium (the contribution from other orbitals is negligible), and the energy

window is focused around the Fermi level. The projected density of states is mostly due to
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Figure 4.3: (Color Online) Schematic diagram of the angle with the zaxis (θ), and the polar
angle in the xy plane (φ) .

the covalent bonding between the chalcogen p orbitals and vanadium d orbitals. In all cases,

the density of states is dominated by the vanadium d orbitals. Interestingly, the density of

states for down spins is substantially reduced around the Fermi energy, which implies that

the magnetic TMDs are, in fact, close to halfmetallic behavior. To better understand the

contribution of the various d orbitals and the role of inversion symmetry breaking, Figure

4.5(d,e,f) displays the density of states projected on the five d orbitals. Group theory anal

ysis indicates that the d orbitals in both D3d and C3v crystal fields split into two twofold

degenerate states (dzx, dyz) and (dx2−y2 , dxy), and a single state (dz2 ). In VSe2, (dx2−y2

,dxy) and dz2 exhibit about the same contribution around Fermi level, as presented in Figure

4.5(d). In contrast, in VTe2 where the pd hybridization is reduced, (dx2−y2 , dxy) dominates

while dz2 is substantially reduced, as shown in Figure 4.5(e). Upon breaking inversion sym

metry in VSeTe, a peak in both (dx2−y2 ,dxy) and dz2 appears at the Fermi energy, as shown

in Figure 4.5(f).

The imbalance between (dx2−y2 ,dxy) and (dzx, dyz) orbitals at the Fermi energy is di

rectly associated with the emergence of a large orbital moment, as displayed in Figure 4.6.

This orbital moment reflects the anisotropy of the crystal field due to pd hybridization. In

agreement with the previous discussion, the orbital moment steadily increases when mov
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(a)

(b)

Figure 4.4: (Color Online)Magnetocrystalline anisotropy of VSTe andVSeTe as a function
of (a) the angle θ between the zaxis and the spin direction, and (b) the angle φ in the xy
plane relative to the xaxis.
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Figure 4.5: (Color Online) Projected density of states of (a,d) VSe2, (b,e) VTe2 and (c,f)
VSeTe. The left panels display the projection of Sep, Tep and Vd orbitals, whereas the
right panels display the orbitalresolved projection on the Vd orbitals. Positive (negative)
density of states indicate up (down) spins.
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ing from VS2 to VTe2 due to the reduced pd hybridization. A similar trend is observed in

VXY Janus monolayers, and is corroborated by the Bader analysis in Figure 4.2(b). When

inversion symmetry is broken, this enhanced orbital moment is expected to result in the

onset of Rashbalike spinmomentum locking [245].

Next, the spinmomentum locking due to inversion symmetry breaking in VXY Janus

Figure 4.6: (Color Online) (a) Spin, (b) orbital moment and (c) associated ratio across the
magnetic TMD series.

monolayers was characterized. VSeTe was considered and its band structure was computed

along MΓM; as displayed in Figure 4.7. The band structure was then projected onto the
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spin components of the porbitals of Se (a) and Te (b), as well as the dorbitals of V (c). This

discussion focuses on the two bands crossing the Fermi energy with holelike dispersion.

First, this study comments on the orbital contribution to these two bands. Figures 4.7(a,b,c)

clearly show that the bottom band possesses both p and d characteristics, while the top band

is dominated by Se p orbitals. These Se p orbitals exhibit spin polarization along the mag

netization direction, Sz [righthand subpanel in Figure 4.7(a)] and, most importantly, an

inplane spin density Sx that is antisymmetric in momentum k. This antisymmetric feature

is the fingerprint of Rashbalike spinmomentum locking [122]. However, because it is

carried by the chalcogen elements that are weakly magnetized, this oddink SOC does not

allow for currentdriven SOT.

We next turned our attention towards the spinresolved band structure projected on vana

dium d orbitals, as shown in Figure 4.7(c); d orbitals are obviously present all across the

band structure, displaying strong spinpolarization and even near halfmetallicity [right

hand subpanel in Figure 4.7(c)]. However, the most important feature is the Rashbalike

spinmomentum locking displayed by the bottom band. This spinmomentum locking,

which is antisymmetric in k and carried by a magnetic band, enables currentdriven SOT.

For completeness, we also report the Sx component of the spin texture in momentum space

projected on (d) pSe orbitals, (e) pTe orbitals and (f) dV orbitals at the Fermi level. Close

to the Γpoint, the Fermi surface is circular and hexagonal warping appears further away.

However, notice that spinmomentum locking is much stronger for the two central Fermi

contours than the external contour. Therefore, one expects that magnetic Janus TMDs dis

play a SOT of similar symmetry as the conventional Rashba gas [10].

To further characterize the impact of symmetry breaking on antisymmetric spinmomentum

locking, antisymmetric spin polarization was extracted using∆S = (Sx(ky)−Sx(−ky))/2

and its ratio with respect to the total spin density ∆S/|S|. These two values reflect the

magnitude of the effective Rashba parameter upon inversion symmetry breaking. As a

matter of fact, in the magnetic Rashba gas described by the Hamiltonian H = p2/2m +
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Figure 4.7: (Color Online) Lefthand panels: spinresolved band structure of 1TVSeTe
projected on (a) pSe orbitals, (b) pTe orbitals and (c) dV orbitals. The three subpanels
refer to the Sx, Sy and Sz components of the spin density, the red (blue) color indicates a
positive (negative) value. Righthand panels: Sx component of the spin texture in momen
tum space projected on (d) pSe orbitals, (e) pTe orbitals and (f) dV orbitals. During these
calculations, the magnetization was set perpendicular to the plane.
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αRσ · (p× z) + ∆σz, with αR being the Rashba parameter and∆ the exchange energy, the

momentumdependent spin density can be expressed as

Ssk = s
∆√

∆2 + α2
Rk

2
z− s

αR√
∆2 + α2

Rk
2
z× k (4.1)

where s is the state chirality. In this picture, ∆S = αRk/
√

∆2 + α2
Rk

2 which provides an

estimation of spinorbit momentum locking. In addition, ∆S/|S| = ∆S because |S| = 1.

These two values were computed for the entire VXY series and are reported in Figure 4.8.

While |S| = 0 for symmetric monolayers, it reaches a maximum for 1TVSeTe as expected.

It is obvious that∆S/|S| ̸= ∆S, which means that the total spin moment of each band,∆S,

is not normalized. This can be understood from the complex hybridization scheme between

pand dorbitals discussed above.

As a rough estimate, by taking k ≈ 0.02 Å−1 and adopting an exchange of about ∆ = 1

eV, it is possible to obtain αR ≈ 10 eV/Å. This estimated value is surprisingly large and

compares with the largest values obtained at the surface of topological insulators (typically

∼ 4 eV/Å in Bi2Se2 [246]), despite the relatively small SOC of vanadium. This intriguing

result can be attributed to the crudeness of the model that is used to estimate the Rashba

parameter. The model given in equation 4.1 assumes freeelectron behavior, while it is

clear that dorbitals dominate the spinmomentum locking in VXY Janus monolayers. Fur

thermore, this estimation is only valid for the band closest to Γpoint, which disregards the

partial cancellation between neighboring bands; as shown in Figure 4.7(f).

A minimal model is introduced to understand the physical origin of spinmomentum

locking in Janus monolayers. Professor Aurelien Manchon, my coadvisor, generated this

model. First, the nature of the orbital hybridization is analyzed by computing the Kohn

Sham orbital of (a) 1TVSe2, (b) 1TVTe2 and (c) 1TVSeTe; as shown in Figure 4.9. This

indicates that the hybridization is dominated by the dz2 orbital from vanadium and pz orbitals

from selenium. Therefore, a minimal tightbinding model should primarily account for this
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Figure 4.8: (Color Online) Spinmomentum locking across the 1TVXY series: antisym
metric spinmomentum locking∆S (black) and its ratio with respect to the total spin density
∆S/|S|.

hybridization. In addition, looking at the SOCmatrix,Hso = ξsoL ·S for d orbitals, the only

way to obtain inplane spin component is to hybridize dz2 and (dzx, dyz) orbitals; as pre

sented in Figure 4.10. Given that the magnetic band obtained in Figure 4.7(c) is dominated

by dz2 orbitals, a perturbation theory of the dz2 band is developed under the hybridization

with pz orbitals. This hybridization is expected to induce an admixture of dz2 and (dzx, dyz)

orbitals at the second order, which produces the Rashbalike spinorbit interaction.

The proposed minimal tightbinding model is sketched in Figure 4.10 (a,b,c). The point

group symmetry analysis of the crystal structure implies that the degenerate orbitals (dzx,

dyz) only appear in |s⟩ = |dyz⟩ ± i|dzx⟩ combinations. Therefore, the secondorder pertur

bation of the dz2 orbital gives

|dz2⟩p =

(
1− 1

2

∑
α

|V α
z2,z|2

(εdz2 − εα)2

)
|dz2⟩0 (4.2)

+
∑
s,α

V α
s,zV

α
z,z2

(εdz2 − εs)(εdz2 − εα)
|s⟩0.
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Figure 4.9: (Color Online) Orbital hybridization: KohnSham orbitals of (a) 1TVSe2, (b)
1TVTe2 and (c) 1TVSeTe.

Here, V α
z2,z (V α

s,z) is the hopping integral between dz2 (s) and pz orbital from chalcogenα and

εη is the energy of orbital η. The hopping parameters are computed within the twocenter

SlaterKoster approximation[247] and read as V α
η,z = V α

η f
α
η

V α
z2 =

[
1

2
(3 cos2 θα − 1)V α

σ +
√
3V α

π sin2 θα
]
cos θαfz2 , (4.3)

V α
s =

[√
3 cos2 θαV α

σ + (1− 2 cos2 θα)V α
π

]
sin θαfs, (4.4)

fα
z2 = e

iky
a0√
3 + 2 cos

(
kx
a0
2

)
e
−iky

a0
2
√
3 , (4.5)

fα
s = e

iky
a0√
3 − cos

(
kx
a0
2

+ s
π

3

)
e
−iky

a0
2
√
3 . (4.6)
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The SOC energyHso of this perturbed state gives

⟨dz2|Hso|dz2⟩p = 2Re
[
V α
z2,zV

α
z,s⟨s|Hso|dz2⟩

(εz2 − εαpz)(εz2 − εs)

]
. (4.7)

Close to the Γpoint, this gives

⟨dz2 |L · S|dz2⟩p ≈ αR
∑
α

σ̂ · (z× k) (4.8)

where

αR = 18ξsoa0

[
V α
s V

α
z2

(εz2 − εαpz)(εz2 − εs)

]
(4.9)

This expression demonstrates that coupling the dorbitals of vanadium with dissymmetric

chalcogen bonding induces a Rashba SOC close to the Γ point, which is in agreement with

the first principles calculations discussed earlier. Due to the large spin splitting, it is ex

pected that only one spin chirality contributes to the SOT, which enhances its efficiency.

This part of the study is now concluded by commenting on the symmetry of the expected

SOT. The symmetric magnetic TMD hasD3d symmetry, and therefore does not display any

torque. However, in the Janus monolayer form, the point group reduces to C3v, with a triad

around z and a mirror plane normal to x. Based on the analysis provided by Zelezny et al.

[248], the torque possesses two components,

HFL = χFLz× E (4.10)

HDL = χ1
DLmzE+ χ2

DLm× [(m)× (z× E)] (4.11)

+χ1
DL[(myEx +mxEy)x+ (mxEx −myEy)y].

It should be emphasized that the first terms are similar to the term expected from the stan

dard theory of the Rashba gas, while the third dampinglike term arises from the specific
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Figure 4.10: (Color Online) (a) Schematic diagram of the tightbinding model of a Janus
monolayer with vanadium (red) surrounded by dissimilar chalcogenides (yellow and blue).
The phases acquired by the electron Bloch state when hopping from vanadium to the chalco
genide are given. (b) View of the model in the (x,y) plane and (c) in the (y,z) plane. In the
latter, the angles formed by the top and bottom VC bond with z are given. (d) Representa
tion of the SOC scheme between the three dorbitals considered in the model.

C3v point group and is due to bands lying away from the Γpoint [see Figure 4.7(f)]. This

last term is similar to the term derived by Johansen et al. [249] for Fe3GeTe2, up to a rota

tion in the (x,y) plane. Interestingly, one can show that this term derives from a potential

ET = K(mxmyEx + (m2
x − m2

y)Ey/2), where KE = χ1
DLE. This component induces a

currentdriven inplane magnetic anisotropy[249]. In contrast to Fe3GeTe2, in 1TVSeTe,

this torque coexists with the conventional Rashba torques and can therefore modify the

overall magnetization dynamics. To see this, this currentdriven MAE can be rewritten in

spherical coordinates,ET =
KE

2
sin2θsin(2φ+ φE), where (θ, φ) are the spherical coordi
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nates of the magnetic vector and φE is the azimuthal angle of the electric field. A scenario

is considered where the conventional τDL dominates the currentdriven MAE χ2
DL > χ1

DL.

When injecting a current through the VXY monolayer, the conventional damping torque

brings the magnetization in the plane, perpendicular to the direction of the applied electric

field; that is φ = φE + π
2
. Once it is close to the plane, the magnetization experiences the

currentdriven MAE ET = −KE

2
sin2θsin(3φE) that favors either inplane or perpendicu

lar anisotropy depending on the current direction and polarity, thereby promoting reversible

fieldfree switching. Achieving fieldfree SOT switching is a crucial step towards scalable

magnetic memories [104, 100]. Notice that, ET possesses threefold symmetry close to the

switching threshold, which is the C3v symmetry of 1TVXY.

4.2 Spinorbit Torque (SOT)

After establishing Rashbalike spintexture formation coupled to the Janus structure’s mag

netic moments, its impact on the SOT efficiency is now evaluated. Figure 4.11 shows the

energy dependence of the torque efficiency when the magnetization points out of the plane

(τztop) and in the plane (τ⊥bottom), which was computed by setting the electric field along

x. It was verified that similar results are obtained when setting the electric field along y.

The torque efficiency is defined as the torque per unit electric field divided by the longi

tudinal conductivity. The overall magnitude of the torque (τz,⊥ < 2.5%) remains limited

compared to the best transition metal substrates, such as Pt (∼ 8 %) and W (∼ 30 %) [10].

However, it is sufficient to switch the magnetization direction. Furthermore, the current

density required to overcome VSeTe anisotropy was determined to J0
c ≈ 7.5× 107A/cm2.

This critical current density is surprisingly small, despite the weak SOC of vanadium (in

fact, one of the weakest in the transition metal series). In addition, J0
c was computed at zero

temperature (0 K) and will naturally be further reduced by thermal activation under exper

imental conditions. The possibility of quenching the magnitude of the torque by tuning

the Fermi level is a remarkable feature. Indeed, Figure 4.11 shows that τz τ⊥ is maximum
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around 50meV (−100meV) from the Fermi level. Consequently, by tuning the Fermi level

by either doping or using the more technologically relevant ionic gate voltage control, one

can substantially enhance the efficiency of the torque, and turn it on and off at will; thereby,

establishing a gatecontrolled spin switch. Interestingly the magnetic properties of 2D ma

terials are usually susceptible to surface engineering and substrate effects, which enables

easier tuning of the MAE [250, 251].

Figure 4.11: (Color Online) Currentdriven torque efficiency as a function of the transport
energy, when the magnetization lies perpendicular to the plane (top) and inplane (bottom).

4.3 Dzyaloshinskii–Moriya Interaction (DMI)

I collaborated with Dr. Slimane Laref, and Dr. V. M. L. D. P. Goli, who are postdocs in the

spintronics group at KAUST, to investigate the DMI inM −Γ−M direction and elliptical

skyrmions. My contribution to this part of the study was to investigate magnetic moments,

exchange energy, and the MAE.
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DMI, which is also called an antisymmetric exchange, basically represents an addition to

the total magnetic exchange interaction between two neighboring spins Si and Sj , which

can be mathematically expressed using equation 4.12:

EDM =
∑
ij

Dij. (Si × Sj) (4.12)

In this expression,Dij represents the DMI vector, which is perpendicular to Si and Sj . The

samemechanism is responsible for the DMI between a FM layer and an AFM layer [79, 80].

A large SOC is required to obtain a strong DMI for the aligned spins. Due to SOC, two ad

ditional energies can be obtained, MAE (K) and DMI [252], as described in equation 4.12.

The MAE (K) is obtained by utilizing the force theorem of the second variation method to

apply SOC in the x and z directions [253, 254, 255]. Thus,K is considered as the difference

between inplane and outofplanemagnetization energies; that is,K = E∥−E⊥. As shown

in Table 4.2, K varies from 0.078 meV (VSSe) to 0.963 meV (VSeTe), which indicates

that all such structures show inplane anisotropy. An interesting point is the systematic rise

in K when switching from S to Te. This condition coincides with the charge density of

vanadium. The ionic interaction between the chalcogen elements and the vanadium ion de

pletes vanadium electrons, strengthening its magnetic moment. The Heisenberg exchange

(JHexch) is obtained by calculating the dispersion energy of spin spirals [256, 257]. The

spinsspiral vector (q), which represents a vector in the reciprocal space, is employed to

distinguish spin spirals by providing their propagation direction. Without SOC, the gener

alized Bloch theorem can be used to calculate spinspirals within the system’s chemical unit

cell [258]. Table 4.2 lists the structural parameters of VSeTe, VSSe, and VSTe materials.

These three Janus materials possess C3v symmetry, which indicates that they are geomet

rically and symmetrically similar.

The change in energy due to SOC (∆ESOC) can be mathematically expressed as presented
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Table 4.2: Magnetic moment of the transition metal atom (MTM ), Heisenberg exchange
(JHexch), magnetocrystalline anisotropy (K), and Dzyaloshinskii–Moriya interaction DMI.

VXY MTM (µB) JHexch(meV) K(meV) DMI (meV/Å)
VSeTe 1.391 43 0.963 5.7
VSSe 0.686 8.6 0.078 1.9
VSTe 1.405 70 0.860 2.5

in equation 4.13.

∆ESOC =
∑
κ,ν

nκ,ν(q)⟨ψκ,ν(q)|HSOC |ψκ,ν(q)⟩, (4.13)

where, nκ,ν(q) is the weight of the spinspiral state to the BZ summation, ψκ,ν(q) is the

selfconsistent wavefunction of the state, and HSOC represents the Hamilton operator of

SOC [252]. DMI requires a broken inversion symmetry, which is obtained by forming

Janus structures (i.e., systems where vanadium sits between dissimilar chalcogens). The

DMI energy will be maximum for the rotation axis parallel to the DM vector. As shown

in Figure 4.12, the change in energy (∆ESOC) due to including SOC was obtained for all

Janus systems as ∆ESOC represents the difference in dispersion energy without SOC and

with SOC. The slope of the ∆ESOC curves in Figure 4.12 gives the strength of DMI. The

considered values of DMI are −5.7 meV/Å, 1.9 meV/Å and 2.5 meV/Å for VSeTe, VSSe

and VSTe, respectively. High DMI can be achieved in heavy chalcogen atoms because of

the large SOC due to formation of Janus monolayers. The high DMI of VSeTe Janus mono

layer illustrates that it can be robustly compared to graphene/Co and Ir/Fe/Co/Pt interfaces

[259, 260]. High DMI values prove that breaking symmetry by forming a Janus monolayer

is a viable way to realize SOT magnetic memories (SOTMRAM) and spincharge conver

sion devices.

We computed the zerotemperature ground states of the VSeTe, VSSe and VSTe systems

under an external applied field. Depending on the strength of the field, we find that vari

ous types of magnetic phases can be stabilized: FM, spin spiral (SS), and skyrmion crystal
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Figure 4.12: (Color Online) DzyaloshinskiiMoriya interaction energy∆E as a function of
the spinspirals vector q for (a) VSeTe (b) VSSe, and (c) VSTe.

(SkX) as well as asymmetric bimeron crystal (ABX). The fielddependence of these var

ious phases at zero temperature is presented in Figure 4.13, which illustrates the results

for VSeTe (easyplane anisotropy) with both inplane (a) and outofplane magnetic fields

(b), VSSe (outofplane uniaxial anisotropy) with an outofplane magnetic field (c), and

VSTe (easyplane anisotropy) with an inplane magnetic field (d). In the case of VSeTe, we

find the SS and FM states in the low field and high field limits, respectively, are indepen

dent of the field direction. Interestingly, at intermediate field we obtain two topologically

nontrivial lattices, namely an asymmetrical bimeron lattice, (ABX in Figure 4.13(a)) for
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the inplane field configuration and a skyrmion lattice (SKX in Figure 4.13(a)) for the out

ofplane field configuration. Asymmetrical bimerons are a planar counterpart of magnetic

skyrmions that are known to emerge due to the cooperation of DMI with uniaxial inplane

anisotropy. In VSeTe, which possesses easyplane rather than uniaxial inplane anisotropy,

the inplane magnetic field is necessary to stabilize the bimeron lattice. Notice that the

magnetization of the SS state nearly vanishes and hence this state is mostly unaffected by

the magnetic field as shown in Figure 4.13. In contrast, both the ABX and FM states have

nonzero magnetization and their energy decreases as the strength of the field increases.

The spin texture of the ABX state is shown in 4.14(a). It is also possible to promote lat

tices with a higher number of bimerons of different sizes; however, the energy of these

bimeron states remain higher than those of the ABX state with four bimerons and are there

fore metastable. Thus, the energy of the ABX state depends on the number of bimerons and

the size of the bimerons. As the field increases, the size of the bimerons shrinks. However,

the ABX state maintains lower energy until the FM state becomes the ground state. The

magnetization of the FM state is larger than that of the ABX state, and hence the energy

of the FM state rapidly reduces in large magnetic fields. Above 6.4 T, VSeTe acquires an

inplane magnetized state. The SkX state becomes the ground state over a very large range

of applied fields, between 1.3 T and 21.4 T. Noticeably, the skyrmions’ shape is hexagonal

in this range, due to the strong skyrmionskyrmion interaction as shown in Figure 4.14(d).

In the SkX ground state, the skyrmion diameter reduces from 21 nm to 12 nm as the field

increases. The skyrmion has a large domain wall width due to easyplane anisotropy. How

ever, above 21.4T, all spins of VSeTe align to produce the FM ground state.
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Figure 4.13: (Color Online) Zero temperature phase diagrams of VSeTe, VSSe and VSTe
systems. The energies corresponding to FM, ABX and SkX states are shown with respect
to the relative energy of SS state as a function of the applied magnetic field. (a) and (b)
represent the phase diagrams of VSeTe with inplane and outofplane applied magnetic
field, respectively. The phase diagram of VSSe with outofplane magnetic field is shown
in (c) while the phase diagram of VSTe is shown in (d) where inplane magnetic field is
considered. The shaded areas represent different ground states.
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Figure 4.14: (Color Online) Spin textures of VSeTe with inplane and outofplane fields
and VSSe at different temperature and field combinations. At inplane field 2 T, ABX state
of VSeTe with temperatures (a) T = 0 K, (b) T = 60 K, and (c) T = 300 K. At outoffield 3
T, SkX state of VSeTe with temperatures (d) T = 0 K, (e) T = 60 K, and (f) T = 300 K. SkX
state of VSSe with temperatures (g) T = 0 K, (h) T = 60 K and (i) T = 150 K at B = 3 T.
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Chapter 5

Enhancing the Stability of Magnetic TMDMonolayers

This chapter aims to enhance the stability of 1Tphase VXY monolayers by nonmagnetic

TMD substrates. By calculating the phonon spectrum, It is demonstrated that a MoSe2

substrate can effectively enhance the stability of AA′ stacking, while a PtSe2 substrate can

improve the stability of AB stacking. The magnetic exchange is substantially enhanced

in most of the studied heterostructures. This enhancement indicates that interfacing the

magnetic TMD monolayers with a nonmagnetic substrate can lead to a significant increase

in the Curie temperature. All heterostructures show enhanced inplane MAE, except for

VTe2/PtSe2 with outofplane MAE. Considering the rich family of TMDs available to ex

perimentalists, this study suggests substrate engineering represents a viable route to circum

vent the structural instability of pristine magnetic TMD monolayers to promote magnetism

above room temperature.

5.1 Stability Enhancement Approach

1TVXY monolayers are unstable systems, except for VS2, VSe2, and VSSe, as shown in

Table 5.2, and Figures B1 and C1. Therefore, practical and novel procedures are required

to improve the stability of these monolayers for the spintronics industry. Phonon spectrum

calculations were employed to assess the dynamic stability of 1TVXYmonolayers. Stabil

ity was considered for standalone monolayers, as well as for VXY/MoSe2 and VXY/PtSe2

heterostructures. Phonon spectrum calculations were accomplished for 2× 2× 1/2× 2× 1
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heterostructures with reasonable lattice mismatches, which were computed as

ε =
asub − a0
asub

× 100, (5.1)

where asub and a0 represent the lattice constants of the substrate and VXY monolayers, re

spectively. Table 5.1 shows the lattice mismatch of the investigated heterostructures.

Table 5.1: Lattice mismatch of the studied heterostructures.
Monolayer a (Å)
VS2 3.18
VSe2 3.38
VTe2 3.78
VSSe 3.27
VSTe 3.61
VSeTe 3.67
MoSe2 3.26
PtSe2 3.72
VXY/MoSe2 ε221/221 (%)
VS2/MoSe2 2.9
VSe2/MoSe2 −3.5
VTe2/MoSe2 −16.1
SVSe/MoSe2 −0.2
SeVS/MoSe2 −0.2
SVTe/MoSe2 −10.8
TeVS/MoSe2 −10.8
SeVTe/MoSe2 −12.7
TeVSe/MoSe2 −12.7
VXY/PtSe2 ε221/221 (%)
VS2/PtSe2 14.5
VSe2/PtSe2 9.3
VTe2/PtSe2 −1.7
SVSe/PtSe2 12.2
SeVS/PtSe2 12.2
SVTe/PtSe2 2.9
TeVS/PtSe2 2.9
SeVTe/PtSe2 1.3
TeVSe/PtSe2 1.3

These heterostructures were investigated in different stacking orders: AA, AA′, AB, and

AB′ stackings; as shown in Figure 5.1. In all of these stacking calculations, the stacking
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orders with the lowest total energy were considered.

To enhance the magnetic properties of Vbased TMDs in both pristine and Janus configura

Figure 5.1: (Color Online) VXY/MSe2 heterostructures in different stackings. The red
arrows indicate the direction of the magnetic moment. The Y stoms interact with MSe2.

tions, bilayer heterostructures were examined for MSe2 monolayers, whereM is eitherMo

or Pt. These materials were chosen because they show good stability as standalone mono

layers [261, 262]. AA andAA′ stacking orders have been shifted by half a honeycomb along

an armchair direction to create AB or AB′ stacking orders, respectively. The calculations

show that implementing a MoSe2 substrate or PtSe2 substrate to form a heterostructure can

significantly enhance the stability of 1TVXY monolayers. Figure 5.2 shows examples of

the effect of implementing a MSe2 substrate on the stability of 1TVXYmonolayers such as

VSe2 and VSeTe. As shown in Table 5.2 and Figures in Appendix B, the stability of VXY

systems is effectively enhanced using MoSe2 substrate in the energetically favored AA′

stacking order. Table 5.2 shows that using a PtSe2 substrate in the energetically favored

AB stacking order adequately improves the stability of VXY systems.

All VXY/MoSe2 heterostructures are unstable when forming AA and AB stacking or

ders. Meanwhile, when a MoSe2 substrate was applied to form AA′ stacking order, all

structures became stable. This indicates that the VXY/MoSe2 AA′ stacking order is pre
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Figure 5.2: (Color Online)Phonon band structures of magnetic (a) VSe2, (b) VSeTe, (c)
VSe2/MoSe2 (AA′ stacking), (d) VSeTe/MoSe2 (AA′ stacking), (e) VSe2/PtSe2 (AB stack
ing), and (f) VSeTe/PtSe2 (AB stacking).

ferred. Another valid stacking order for VXY/MoSe2 heterostructure is AB′ stacking be

cause all systems show excellent stability except VTe2, VSTe and VSeTe. Additionally,

VXY/PtSe2 heterostructures were examined for AA, AA′, AB, and AB′ stacking orders.

The AA stacking order for VXY/PtSe2 heterostructure leads to excellent stability for VS2,

VSe2 and VSSe. In addition, excellent stabilities are achieved for VSTe/PtSe2 by forming

a AB stacking order. However, AB′ stacking order is only recommended for VSe2/PtSe2,
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VTe2/PtSe2 and VSeTe/PtSe2 heterostructures because other systems have become unsta

ble.

Stability is determined by the interlayer interaction between the closest chalcogen atoms

from the VXYmonolayer andMSe2 substrate. Thus, the AA′ and AB stackings withMoSe2

and PtSe2 substrates enhance the stability.

Table 5.2: Stability of the magnetic VXY monolayers and VXY/MSe2 heterostructures (S
= stable, U = unstable) as well as the relative total energies (∆E in eV) of different stackings
of the VXY/MSe2 heterostructures.

VXY Monolayer
VS2 S
VSe2 S
VTe2 U
VSSe S
VSTe U
VSeTe U
XVY/MoSe2 AA ∆E AA’ ∆E AB ∆E AB’ ∆E
VS2/MoSe2 U 0.65 S 0.00 U 0.58 S 0.03
VSe2/MoSe2 U 0.71 S 0.00 U 0.69 S 0.03
VTe2e/MoSe2 U 0.31 S 0.00 U 0.46 U 0.03
SVSe/MoSe2 U 0.73 S 0.00 U 0.67 S 0.03
SeVS/MoSe2 U 0.73 S 0.00 U 0.67 S 0.03
SVTe/MoSe2 U 0.52 S 0.00 U 0.75 U 0.22
TeVS/MoSe2 U 0.51 S 0.00 U 0.76 U 0.23
SeVTe/MoSe2 U 1.80 S 0.00 U 1.97 U 1.37
TeVSe/MoSe2 U 1.80 S 0.00 U 1.96 U 1.36
XVY/PtSe2 AA ∆E AA’ ∆E AB ∆E AB’ ∆E
VS2/PtSe2 S 0.11 U 0.44 S 0.00 U 0.49
VSe2/PtSe2 S 0.07 U 0.81 S 0.00 S 0.83
VTe2/PtSe2 U 0.01 U 1.42 S 0.00 S 1.33
SVSe/PtSe2 S 0.09 U 0.56 S 0.00 U 0.60
SeVS/PtSe2 S 0.09 U 0.56 S 0.00 U 0.60
SVTe/PtSe2 U 0.20 S 1.36 S 0.00 U 1.22
TeVS/PtSe2 U 0.28 U 1.32 S 0.00 U 1.11
SeVTe/PtSe2 U 0.27 U 1.39 S 0.00 S 1.21
TeVSe/PtSe2 U 0.24 U 1.52 S 0.00 S 1.41
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5.2 Magnetic Properties

This part mainly focuses on the MoSe2 (AA′ stacking) and PtSe2 (AB stacking). The aim

is to evaluate how the presence of a heterostructure modifies the magnetic properties of the

VXY monolayer. The adhesion energy was computed as

Eadhesion = EVXY/MSe2 − EVXY − EMSe2 , (5.2)

where EXVY/MSe2 is the total energy of the heterostructure, EXVY is the energy of the VXY

monolayer, and EMSe2 is the total energy of the substrate. As seen in Figure 5.3(a), the

interlayer distance ranges from 2.91 Å to 3.03 Å in the VXY/MoSe2 heterostructures and

from 2.75 Å to 2.95 Å in the VXY/PtSe2 heterostructures. In addition, Figure 5.3(b) shows

that the adhesion energy ranges from –0.40 eV to –0.31 eV for VXY/MoSe2 heterostruc

ture (AA′ stacking) and from –0.44 eV to –0.31 eV for VXY/PtSe2 heterostructure (AB

stacking). Notice that neither of these two features exhibits systematic behavior across the

chalcogen group. This indicates chalcogen electronegativity has a weak influence on the

overall binding.

As the electronegativity decreases from S to Se to Te, the electron depletion from the V

ions increases, see the Bader charges reported in Figure 5.4(a). As a consequence, the mag

netic moment of the V ions increases, as presented in Figure 5.4(b). The monolayers and

heterostructures show a similar behavior, implying that the effect of the substrate on the

charges and magnetic moments is weak.

According to Fig. 5.5, we obtain exchange energies between a few meV and several tens of

meV. Remarkably, the monolayers involving Te possess the largest magnetic moments and

thus the largest exchange energies. The MAEs of the VXY monolayers range from 0.00 to

0.96 meV (inplane MAE except for VS2). The MAEs of the VXY/MoSe2 heterostructures

range from 0.07 to 0.90 meV and those of the VXY/PtSe2 heterostructures from 0.04 to

1.44 meV (inplane MAE except for VTe2/PtSe2).
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Figure 5.3: (Color Online) (a) Interlayer distances, and (b) adhesion energies of the
VXY/MoSe2 and VXY/PtSe2 heterostructures.

Figure 5.4: (Color Online) (a) Bader charge of V and (b) magnetic moments of V and of
the VXY monolayers, and the VXY/MoSe2 and VXY/PtSe2 heterostructures.
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Figure 5.5: (Color Online) (a) Exchange energy, and (b) magnetocrystalline anisotropy of
the VXY monolayers, VXY/MoSe2, and VXYPtSe2.

The orbital hybridizations at the interface between VXY and MSe2 determine the exchange

energy and MAE. As an example, we discuss the case of the VTe2/PtSe2 heterostructure,

for which the exchange energy is significantly enhanced and the MAE is switched from in

plane to outofplane. Figure 5.6 shows projected densities of states of the five V 3d orbitals

in the VTe2 monolayer and VTe2/MSe2 (M = Mo or Pt) heterostructures. In the case of the

VTe2 monolayer, the V 3d states split into twofold degenerate dxz,yz and dx2−y2,xy states.

The latter dominate at the Fermi level. Presence of the MSe2 substrate lifts the degeneracy.

The VTe2/MoSe2 heterostructure shows almost no states at the Fermi level and, hence, the

MAE is very small. The VTe2/PtSe2 heterostructure shows d3z2−r2 states at the Fermi level,

which leads to outofplane MAE. The role of the spinorbit coupling of the MSe2 substrate

is rather limited, as the MoSe2 and PtSe2 substrates result in similar MAEs.

In symmetric monolayers, an interesting feature is the systematic increase of the exchange

energy and MAE upon moving from S to Se to Te, in both the monolayer and heterostruc

ture cases. Our calculations show that proximity of Te to the substrate (Y = Te) enhances

both the MAE and magnetic moment due to enhanced charge transfer away from V , as pre
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Figure 5.6: (Color Online) Orbitally projected V 3d densities of states of the (a) VTe2
monolayer and (b) VTe2/MoSe2 and (c) VTe2/PtSe2 heterostructures.

sented in Figure 5.7. In other words, when Te interacts with the substrate, the MAE and

magnetic moment of V are enhanced.

5.3 Nonmagnetic Heterostructures

So far, all calculations have assumed VXY is magnetic. To validate this assumption, the

stability of nonmagnetic VXY/MoSe2 (AA′) and VXY/PtSe2 (AB) heterostructures was

investigated. Table 5.3 displays the difference in total energy between nonmagnetic and

magnetic heterostructures; that is, ∆Emag = Enonmag  Emag. The energy values of nonmag

netic heterostructures are higher than that of magnetic heterostructures. In other words, we
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Figure 5.7: (Color Online) Exchange energies and magnetocrystalline anisotropies of the
heterostructures containing Te.

obtain positive values for all heterostructures, which demonstrates that the magnetism of

the VXY monolayers is maintained in the heterostructures. However, it is important to as

sess the imaginary (negative) frequencies to obtain a clearer picture of whether or not the

magnetism is indeed stabilized. As shown in Figure 5.8 and Figures in Appendix D, non

Table 5.3: Difference of the total energy between nonmagnetic and magnetic calculation of
the VXY/MoSe2 (AA′ stacking) and VXY/PtSe2 (AB stacking) heterostructures (∆Emag).

VXY/MoSe2 (AA′) ∆Emag (meV)
VS2/MoSe2 33
VSe2/MoSe2 81
VTe2/MoSe2 143
VSSe/MoSe2 52
VSTe/MoSe2 46
VSeTe/MoSe2 106
VXY/PtSe2 (AB) ∆Emag (meV)
VS2/PtSe2 7
VSe2/PtSe2 53
VTe2/PtSe2 110
VSSe/PtSe2 29
VSTe/PtSe2 97
VSeTe/PtSe2 81
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magnetic heterostructures are unstable except VS2/MoSe2 (AA′ stacking). Meanwhile, all

magnetic heterostructures for VXY/MoSe2 (AA′ stacking) and VXY/PtSe2 (AB stacking)

are stable, indicating that these heterostructures favor magnetic ordering.

Figure 5.8: (Color Online) Phonon band diagrams of the nonmagnetic heterostructures (a)
VSe2/MoSe2 (AA′ stacking), (b) VSeTe/MoSe2 (AA′ stacking), (c) VSe2/PtSe2 (AB stack
ing), and (d) VSeTe/PtSe2 (AB stacking).
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Chapter 6

Effect of Hexagonal Boron Nitride (hBN) as an Insulator on the

Stability and Magnetism of 1TTMDMonolayers

This chapter investigates the effect of inducing a hBN monolayer on the magnetic proper

ties of 1TVXYmonolayers when forming VXY/hBN heterostructures, as shown in Figure

6.1. The hBN monolayer consists of alternating B and N atoms, which form strong cova

lent bonds. Its large bandgap (∼6 eV) makes it a good insulator, and resistant to mechanical

damage and chemical interactions [263, 264]. Thus, hBN represents a good insulator layer

material for 2D spintronic devices. However, several factors can significantly affect the

overall performance of 2D devices, including defects, surface dopants, and lattice mismatch

between the 2D stacking layers.

Figure 6.1: (Color Online) Cartoon of VXY/hBN heterostructures. The red arrows indicate
the direction of the magnetic moment. The Y atoms interact with hBN.
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6.1 Stability of VXY/hBN Heterostructures

Phonon spectrum calculations were accomplished for
√
7×

√
7×1 and 2×2×1 supercells

of hBN and VXY monolayers with reasonable lattice mismatches, which were computed

using

ε =
ah−BN − a0
ah−BN

× 100, (6.1)

where ah−BN , which is 2.51 Å, and a0 represent the lattice constants of the hBN and VXY

monolayers, respectively. Table 6.1 shows the lattice mismatch of the investigated het

erostructures. Magnetism cannot stabilize the VXY/hBN heterostructures except VSe2

Table 6.1: Lattice mismatch of the VXY/hBN heterostructures.
VXY/hBN ε (%)
VS2/hBN 4.2
VSe2/hBN −1.8
VTe2/hBN −13.8
VSSe/hBN 1.6
VSTe/hBN −8.8
VSeTe/hBN −10.6

and VSTe, as presented in Figure 6.2. In other words, interaction with hBN stabilizes the

VSTe monolayer but destabilizes the VS2 and VSSe monolayers. The charge flow from

VXY monolayers to hBN in heterostructures enhances their dynamic instability.

6.2 Magnetic Properties

This section aims to evaluate how the presence of a VXY/hBN heterostructure modifies

the magnetic properties of the VXY monolayer. The adhesion energy was computed as

Eadhesion = EVXY/h−BN − EVXY − Eh−BN, (6.2)



97

Figure 6.2: (Color Online) Phonon band diagrams of (a) VS2/hBN, (b) VSe2/hBN, (c)
VTe2/hBN, (d) VSSe/hBN, (e) VSTe/hBN, and (f) VSeTe/hBN.
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where EXVY/h−BN is the total energy of the heterostructure, EXVY is the energy of the VXY

monolayer, and Eh−BN is the total energy of the hBN.

As seen in Figure 6.3(a), the interlayer distances are 3.48 Å and 3.02 Å for VSe2/hBN

and VSTe//hBN heterostructures, respectively. In addition, Figure 6.3(b) shows that the

adhesion energies of VSe2/hBN and VSTe//hBN heterostructures are –0.15 eV and –0.21

eV, respectively. On hBN, the interlayer distance is lower, and the adhesion energy is

smaller compared to VXY/MSe 2 heterostructures, indicating reduced interaction.

Figure 6.3: (Color Online) (a) Interlayer distances, and (b) adhesion energies of VSe2/hBN
and VSTe//hBN heterostructures.

The magnetic moment does not show a significant decrease by the interaction with the h

BN, as presented in Figure 6.4(a). As the electronegativity decreases from S to Se to Te,

the weak interaction of Te with hBN reduces the electrons depletion from the V ions and

thus decreases the magnetic moment. This behavior is correlated with the V ions charge
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density, computed by Bader charge analysis as reported in Figure 6.4(b). The effect of hBN

charge on the Bader charges of VXY is weak. Hence, the VXYmonolayers and VXY/hBN

heterostructures show the same behavior.

Figure 6.4: (Color Online) (a) Magnetic moments and (b) Bader charges of the V ions in
the VXY monolayers and the stable VXY/hBN heterostructures.

All heterostructures prefer the ferromagnetic state, and the exchange energy ranges from 29

meV to 140meV ; as presented in Figure 6.5(a). It can be observed that monolayers involv

ing Te have the most considerable exchange energy because of the weak electronegativity

of the chalcogen element. The MAE energy is reported in Figure 6.5(b), and is enhanced

for VSe2/hBN heterostructure compared to the VSe2 monolayers. This improvement in

MAE indicates that increasing depleted electrons from the vanadium ion due to the van der

Walls interaction with the hBN monolayer. Both VSe2/hBN and VSTe/hBN heterostruc

tures show inplane MAE. However, the MAE of the VSTe monolayer decreased by the

interaction with the hBN.
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Figure 6.5: (Color Online) (a) Exchange energy, and (b) magnetocrystalline anisotropy of
VXY monolayers and stable VXY/hBN heterostructures.

The effect of the chalcogen type proximity at the VXY/hBN interface was investigated, as

illustrated in Figure 6.6. The MAE energies are enhanced when moving from S to Te. In

other words, SVTe/hBN heterostructure show the most highest MAE energie. This result

demonstrates the enhanced depleted electrons from the vanadium ion when placing a larger

chalcogen at the interface.

To estimate the efficiency of 2D spintronics devices based on VXYmonolayers, it is essen

tial to investigate the magnetic properties of the insulator/VXY/substrate heterostructure.

We focus on the VTe2 and VSeTe (Janus) monolayers. The PtSe2 substrate enhances the de

pletion of electrons from the V ions, and hence the magnetic momentum. This enhances the

inplane magnetocrystalline anisotropy to 0.38 meV for the PtSe2/VTe2/hBN heterostruc

ture and 0.82 meV for the PtSe2/VSeTe/hBN heterostructure, as shown in Figure 6.7.
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Figure 6.6: (Color Online) Effect of the chalcogen type proximity at the VXY/hBN inter
face.

Figure 6.7: (Color Online) Magnetocrystalline anisotropies of VTe2/PtSe2 (AB stack
ing), ,VSeTe/PtSe2 (AB stacking), VTe2/hBN, VSeTe/hBN, PtSe2/VTe2/hBN, and
PtSe2/VSeTe/hBN heterostructures..
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Chapter 7

Concluding Remarks

In summary, this research aimed to introduce a complete image of the beyond comple

mentary metal oxide semiconductor (CMOS) devices, specifically spintronic devices such

as SOTMRAMs. Based on the electronic andmagnetic properties of 1TVXY isostructural

and Janus monolayers, this work has shown that all of these structures are ferromagnetic,

with inplane magnetocrystalline anisotropy; for example, theMAE is 0.96meV for VSeTe.

Hybridization between the chalcogen p and Vanadium d orbitals forms covalent bonding,

which induces a strong orbital moment when inversion symmetry is broken. Indeed, when

vanadium is located between different chalcogen elements, the asymmetric hybridization

between chalcogen pz and vanadium dz2 orbitals induce a Rashbalike spinmomentum

locking. Strong DMIs can be obtained in Janus VXY monolayers (i.e., DMIV SeTe is 

5.7 meV/Å) using first principles calculations, in which the difference between Y and X

breaks the inversion symmetry. We consider that the high DMI in heavy chalcogen atoms

is derived from the large SOC. In contrast to FM, the HM multilayer manufactured with

stacks of different materials for DMI improvement and skyrmion production, using a sin

gle 2D material as the VXY monolayers, is a more straightforward situation and may be

helpful for low densities. The stability and magnetic properties of 1TVXY isostructural

and Janus monolayers were assessed. This study also investigated the effect of utilizing

a MSe2 substrate on the stability and magnetic nature of 1TVXY monolayers. This work

showed that all 1TVXY/MoSe2 heterostructures (AA′ stacking) and 1TVXY/PtSe2 hetero

structure (AB stacking) are ferromagnetic with inplane magnetocrystalline anisotropy,

except VTe2/PtSe2. The magnetic properties of VSTe/MSe2 and VSeTe/MSe2 heterostruc
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tures can be modified by changing the arrangement of chalcogen elements. In other words,

the magnetic properties of VSTe/MSe2 and VSeTe/MSe2 heterostructures are very sensi

tive to the Te element. For instance, the magnetocrystalline anisotropy of VSTe/MSe2 (M=

Mo and Pt) can be shifted from inplane to outofplane by placing the Te element close to

the MSe2 substrate; that is, changing atom order from TeVS/MSe2 to SVTe/MSe2. It is

important to consider both strain and deviation from the ideal structure to enable a realistic

description of the 1TVXY monolayers on a substrate. The overall magnitude of the torque

(τz,⊥) is < 2.5%, which is relatively limited compared to the best transition metal substrates

(Pt 8% and W 30%).

Several obstacles were encountered during this research work. For example, there is a lack

of experimental data that compares the lattice parameters of 1TVXY structures. When an

accurate assessment of energies and forces is required, DFT methods are the best choice.

However, it requires great endeavor to process many properties, such as phonon vibrations,

using DFT.

Based on these conclusions, researchers should use Murnaghan’s equation to obtain accu

rate lattice parameters using VASP. For good phonon results, the densityfunctional per

turbation theory (DFPT) approach is the best choice because it eliminates the negative fre

quencies around the Γpoint.

This research clearly illustrates the suitability of Vbased Janusmonolayers for the next gen

eration of spintronic devices and raises the question of other magnetic TMD monolayers.

This work also highlights the tradeoff between technological advances and the limitations

of fabrication, such as lattice mismatching. However, the final magnetic performance of

the investigated stacking heterostructures was satisfactory. To our best knowledge, no such

research has been conducted for Janus monolayers; thus, this topic remains open for further

study. Future studies should also address the experimental part to better understand this

study’s implications (i.e., SOTMRAM fabrication). In addition, future studies could focus

on different spintronic devices, such as spin fieldeffect transistor (SpinFET)s based on
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magnetic monolayers.
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APPENDICES

A Projected Density of States (PDOS) of 1TVXY

Figure A.1: (Color Online) The projection Xp, Yp and Vp orbitals of (a)VS2 (b) VSe2 (c)
VTe2 (d) VSSe (e) VSTe , and (f) VSeTe.
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Figure A.2: (Color Online) Orbitally projected V 3d density of states of (a)VS2 (b) VSe2
(c) VTe2 (d) VSSe (e) VSTe, and (f) VSeTe.
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B Phonon Bands

Figure B.1: (Color Online) Phonon band structures of the magnetic 1Tmonolayers (a) VS2,
(b) VSe2, (c) VTe2, (d) VSSe, (e) VSTe, and (f) VSeTe.
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Figure B.2: (Color Online) Phonon band structures of the magnetic XVY/MoSe2 AA
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.
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Figure B.3: (Color Online) Phonon band structures of the magnetic XVY/MoSe2 AA’
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.
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Figure B.4: (Color Online) Phonon band structures of the magnetic XVY/MoSe2 AB
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.



140

Figure B.5: (Color Online) Phonon band structures of the magnetic XVY/MoSe2 AB’
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.
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Figure B.6: (Color Online) Phonon band structures of tne magnetic XVY/PtSe2 AA
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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Figure B.7: (Color Online) Phonon band structures of the magnetic XVY/PtSe2 AA’
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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Figure B.8: (Color Online) Phonon band structures of themagnetic XVY/PtSe2AB stacking
orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f) SeVTe/PtSe2.
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Figure B.9: (Color Online) Phonon band structures of the magnetic XVY/PtSe2 AB’
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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C Phonons Total density of States (TDOS)

Figure C.1: (Color Online) Phonon TDOS diagrams of the magnetic 1Tmonolayers (a)
VS2, (b) VSe2, (c) VTe2, (d) VSSe, (e) VSTe, and (f) VSeTe.
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Figure C.2: (Color Online) Phonon TDOS diagrams of the magnetic XVY/MoSe2 AA
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.



147

Figure C.3: (Color Online) Phonon TDOS diagrams of the magnetic XVY/MoSe2 AA’
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.
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Figure C.4: (Color Online) Phonon TDOS diagrams of the magnetic XVY/MoSe2 AB
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.



149

Figure C.5: (Color Online) Phonon TDOS diagrams of the magnetic XVY/MoSe2 AB’
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.
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Figure C.6: (Color Online) Phonon TDOS diagrams of the magnetic XVY/PtSe2 AA
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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Figure C.7: (Color Online) Phonon TDOS diagrams of the magnetic XVY/PtSe2 AA’
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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Figure C.8: (Color Online) Phonon TDOS diagrams of the magnetic XVY/PtSe2 AB
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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Figure C.9: (Color Online) Phonon TDOS diagrams of the magnetic XVY/PtSe2 AB’
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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D Phonon Bands of Nonmagnetic Heterostructures

Figure D.1: (Color Online) Phonon band structures of the nonmagnetic XVY/MoSe2 AA’
stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d) SVSe/MoSe2, (e)
SVTe/MoSe2, and (f) SeVTe/MoSe2.
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Figure D.2: (Color Online) Phonon band structures of the nonmagnetic XVY/PtSe2 AB
stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e) SVTe/PtSe2, and (f)
SeVTe/PtSe2.
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E Orbitally Projected Density of States (PDOS) of VXY/MSe2
Heterostructures

Figure E.1: (Color Online) Orbitally projected V 3d density of states of the magnetic
XVY/MoSe2 AA’ stacking orders (a) VS2/MoSe2, (b) VSe2/MoSe2, (c) VTe2/MoSe2, (d)
SVSe/MoSe2, (e) SVTe/MoSe2, and (f) SeVTe/MoSe2.
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Figure E.2: (Color Online) Orbitally projected V 3d density of states the magnetic
XVY/PtSe2 AB stacking orders (a) VS2, (b) VSe2, (c) VTe2, (d) SVSe/PtSe2, (e)
SVTe/PtSe2, and (f) SeVTe/PtSe2.
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G Future Research Work

This work opens doors to the next generation of ultrathin spintronic devices, such as novel

SOTMRAMs based on TMDmonolayers. In addition to the intrinsic phenomena of 1TVXY

monolayers discussed in this work, we emphasize that other 2D magnetic TMDs remain an

open question. To the best of our knowledge, no such investigations have been performed

in the context of Janus monolayers, therefore, this topic remains open for further research.
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