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Streszczenie

Badania nad dwuwymiarowymi (2D) krysztatami oraz heterostrukturami van der Waalsa
(vdW), dzieki swoim niezwyklym wiasciwo$ciom, w ostatnich latach ciesza sie ogromnym
zainteresowaniem z uwagi na ich potencjalne zastosowania w elektronice, spintronice oraz
optoelektronice. Pierwszym eksperymentalnie otrzymanym i zarazem jednym z najbardziej
obiecujacych krysztatéw dwuwymiarowych jest grafen, ktéry mimo swoich wyjatkowych
cech (takich jak niezwykle wysoka ruchliwos¢ elektronéw, wytrzymato$¢ mechaniczna,
doskonata przewodnos¢ elektryczna i cieplna oraz wiele innych) to jednak, ze wzgledu na
brak przerwy energetycznej, wydaje sie¢ mie¢ do$¢ ograniczone zastosowanie w kontekscie
technologii pétprzewodnikowych i elementéw elektronicznych (np. tranzystory). To
ograniczenie sklonilo badaczy do poszukiwania kolejnych dwuwymiarowych materialéow i
doprowadzito do odkrycia nowych struktur 2D, takich jak silicen (dwuwymiarowy krysztat
krzemu), heksagonalny azotek boru (h-BN), dichalkogenki metali przejsciowych (TMDC)
oraz inne materiaty warstwowe. Kazdy z tych materiatéw wykazuje odmienne zachowania,
od metalicznych po nieprzewodzace, a takze od niemagnetycznych po magnetyczne.
Poniewaz magnetyzm odgrywa istotna role we wspoélczesnych technologiach, materiaty
2D o wiasciwos$ciach magnetycznych wzbudzaja szczegblne zainteresowanie. Wéréd nich
na uwage zastuguja dwuwymiarowe dichalkogenki wanadu (VX3) oraz tréjjodki chromu
(Crlg), charakteryzujace si¢ wewnetrznym magnetyzmem i bedace podstawa do dalszych
badarn nad rozwojem wydajnych urzadzen dla elektroniki spinowej (np. zawory spinowe).

Niniejsza rozprawa doktorska, skladajaca sie ze zbioru powiazanych tematycznie
artykutéw naukowych, przedstawia wyniki badan teoretycznych dotyczacych wilasnosci
elektronowych, magnetycznych i transportowych wybranych krysztaléw dwuwymiarowych
oraz ich heterostruktur van der Waalsa. W badaniach zastosowano zaawansowane techniki
obliczeniowe oparte na teorii funkcjonatu gestosci (DFT), uzupetnione metodami teore-
tycznymi takimi jak nieréwnowagowe funkcje Greena, oraz modele efektywne oparte o
metode k-p.

Rozprawa rozpoczyna sie od cze$ci wprowadzajacej, obejmujacej cele i motywacje pracy,
a nastepnie omawia najwazniejsze materialy 2D wykorzystane w badaniach. W dalszej
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czesci przedstawiono wstep do teorii obliczer z pierwszych zasad, w tym do teorii funkcjon-
atu gestosci (DFT) oraz krotki opis pozostatych zagadnieni teoretycznych stosowanych w
publikacjach skiadajacych sie na rozprawe doktorska. Nastepnie zaprezentowano cztery
artykuly oraz preprint wchodzace w sklad cyklu prac stanowiacych rozprawe.

Badania obejmuja analize wptywu dwuosiowych naprezert mechanicznych oraz réznych
metod domieszkowania atomami magnetycznymi na silicen, co pozwala znaczaco zmieni¢
jego znakomite wiasciwosci w postaci bez domieszek. W drugim etapie pracy szczegétowo
zbadano monowarstwy oraz dwuwarstwy dichalkogenkéw wanadu w réznych fazach
krystalograficznych, wskazujac na ich wewnetrzne uporzadkowanie magnetyczne i potenc-
jalne zastosowania w urzadzeniach typu zaw6r spinowy. W niniejszej pracy przedstawiono
takze wyniki badai nad nowymi skreconymi heterostrukturami zawierajacymi grafen,
w szczegoblnosci nad heterostruktura grafen/Crls, w celu analizy zjawisk magnetyzmu
indukowanego efektami blisko$ciowymi oraz dolinowo-zaleznego transportu, z my$la o
potencjalnych zastosowaniach takich struktur w urzadzeniach elektronicznych.

Stowa kluczowe: heterostruktury van der Waalsa (vdW) — materialy magnetyczne —
spintronika — zawory spinowe — teoria funkcjonatu gestosci (DFT)






Abstract

Research on the two-dimensional (2D) van der Waals materials has significantly acceler-
ated progress in electronics, spintronics, and optoelectronics due to their extraordinary
properties. The pioneer of these materials is graphene. However, despite of its exotic
properties like extraordinary electron mobility, strength, high electrical and thermal con-
ductivity, and numerous other properties, its lack of an intrinsic energy bandgap restricted
its applicability in semiconductor technologies. This limitation led researchers to find
alternative materials and resulted in the discovery of novel 2D materials such as Silicene,
hexagonal Boron Nitride (h-BN), transition metal dichalcogenides (TMDCs), and other 2D
materials. Each 2D material showed distinct behaviors ranging from metallic to insulating
and from non-magnetic to magnetic materials. As magnetism plays an important role in the
current technology, magnetic 2D materials have attracted much interest, and among them,
vanadium-based dichalcogenides (VX;) and chromium trihalides (Crlz) are much more
prominent owing to their intrinsic magnetic behavior. The former shows the fascinating
spin-dependent electronic transition and applicability for the spin-valve systems, and the
latter has the intrinsic magnetism essential for robust spintronic or magnetic devices.

This thesis, consisting of a collection of thematically connected scientific articles,
presents the results of theoretical research on the electronic, magnetic, and transport
properties of selected two-dimensional (2D) materials and their van der Waals (vdW)
heterostructures. Advanced computational techniques based on first-principles Density
Functional Theory (DFT), combined with complementary theoretical methods such as the
non-equilibrium Green Function, and k.p model, are employed to investigate the materials.

The thesis begins with an introductory part, including the aims and motivations of the
work, and then briefly discusses the 2D crystals investigated in the thesis. Then, a short
introduction to the Density Functional Theory (DFT) methods is given alongside some of
the other complementary methods used in the thesis. Next, four articles and one preprint
constituting the thesis are presented and discussed.

The research includes an analysis of the impact of bi-axial mechanical strain and differ-
ent magnetic doping schemes on Silicene to further modify and improve its outstanding
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properties. In the next part of this thesis, the mono- and bilayers of Vanadium-based
TMDCs, in different crystallographic phases, have been comprehensively studied, high-
lighting the intrinsic magnetic ordering and potential applications in spintronics (e.g.,
for spin-valves). Furthermore, in this thesis, the twisted heterostructures are considered,
particularly graphene deposited on Crl; monolayer is studied to explore the effect of the
twist angle on proximity-induced magnetism and valley-dependent transport.

Keywords: vdW heterostructures — magnetic materials — spintronics — spin valves —
Density Functional Theory (DFT)
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CHAPTER 1

Introduction

Since the first decade of the 20th century, the existence of two-dimensional (2D) crystals has been a
hot but debated topic among scientists. Two-dimensional crystals, according to classical physics, are
thermodynamically unstable at finite temperatures, which is due to the thermal lattice fluctuations
[1]. This behavior was in agreement with the fact that the melting temperature point decreases
with decreasing thickness of the thin films. However, recent spectroscopic studies, such as Raman
spectroscopy and angle-resolved photoemission spectroscopy (ARPES), have shown that certain
three-dimensional materials, including graphite, exhibit layered structures suitable for exfoliation
into two-dimensional forms [2, 3]. Up to that point, the exfoliation of these 3D materials to 2D and
1D materials was almost impossible thoughts, [4]. This idea was strong as Mermin had proved
that by describing the crystals with harmonic approximation, 1D and 2D materials can only exist
hypothetically [5]. Eventually, this impossible became possible when Novoselov and Geim [6]
(Figure (1.1)) in 2004 discovered the two-dimensional graphene, which revolutionized the field of
material science. This remarkable success was much more apparent when, six years later, they
achieved the Nobel prize in 2010 [7]. Graphene represents a single atomic sheet extracted from

NOBEL PRIZE
2010

PHYSICS

Figure 1.1. In 2010, two Nobel Prize laureates were awarded for discovering the monolayer of Graphene: Andre Geim (left)
and Konstantin Novoselov (right). Credit for photos of scientists is the Nobel Prize website. Copy-Right permission is in
7.1.3

graphite, composed of carbon atoms arranged in a two-dimensional honeycomb lattice, as depicted
in Figure (1.2). This material displays an exceptional mixture of physical characteristics, such as
extremely high charge-carrier mobility (reaching values close to 2 x 10° cm?/Vs), superior tensile
strength (around 130 GPa), remarkable elasticity, and outstanding thermal conductivity approaching
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Figure 1.2. Schematic structure of (a) Graphite, (b) Graphene, (c) Band structure of a monolayer of Graphene obtained using
the DFT method by Quantum ATK code, and (d), (e) 3D plot of the Graphene band structure calculated using simplified
Tight-Binding model computed by Python 3.6.0, showing the Dirac cones from the side and top perspective, respectively.

5000 W/mK. Its distinctive bonding topology ensures remarkable structural robustness. In contrast
to diamond, where every carbon atom forms four sp® bonds, each atom in graphene is linked
to only three neighbors through strong sp? bonds. This planar configuration not only grants
graphene an exceptional in-plane rigidity but also makes it roughly 25% stronger than diamond
in terms of ultimate strength [8]. Owing to this bonding framework, graphene is considered one
of the most stable materials known. Besides its mechanical superiority, graphene also possesses
fascinating electronic characteristics that make it a central material in contemporary condensed
matter physics. Graphene is classified as a semi-metal where there is no energy band gap, but
the density of states (DOS) close to the Fermi level is also zero. In the reciprocal space, the band
structure of graphene has six distinct points where the energy of the charge carriers follows the
linear dispersion relation [9]. As shown in Figure (1.2), at these points, which are well known
as Dirac points, the electrons and holes act as massless particles, which create an extremely high
electrical conductivity. Additionally, graphene, due to its exceptional electron mobility (even at
non-zero temperatures) and its minimal spin-orbit coupling, is a strongly suitable material for
transporting spin information [10]. All of these properties, plus a considerable number of other
properties, make graphene a groundbreaking material for various applications from spintronic and
advanced electronic technologies to medical science.

Even though graphene has extraordinary properties, the vanishingly small intrinsic energy band
gap is a challenging point in its practical applications in semiconductor technologies, especially
applications such as field-effect transistors (FETs) where the switching on/of f of electron current
is essential. Therefore, graphene is not a suitable material for high-performance digital logic
circuits. This issue with graphene, forced the scientists to find an alternative way to identify other
2D materials that inherently have a large bandgap. The new materials act like a bridge between
graphene’s extraordinary properties and the essential requirement of semiconductor devices (i.e.,
having the inherent tunable energy band gap), and they open a new way of designing the new
generation of electronic and optoelectronic devices. After Graphene, many other two-dimensional
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Figure 1.3. The examples of different types of 2D materials according to the electromagnetic spectrum.

(2D) crystals were discovered, which broadened the research in the layered materials area. These
materials indicate different behaviors, such as metallic, semi-metallic, insulating, and semiconductor,
where their energy band gap includes the various ranges of the electromagnetic spectrum from
ultraviolet to infrared in the visible region (Figure (1.3)). The recent advancements in developing
new technologies in experimental methods have made the exfoliation of a monolayer from almost
any layered bulk material possible. This opens a way to study and probe 2D crystals deeply to
understand their intrinsic properties. One can classify the 2D crystals into distinct categories
based on their chemical compositions [11]: mono-elemental materials (e.g., graphene, silicene,
germanene, and antimonide); transition metal dichalcogenides (TMDCs) of the form MX; (e.g.,
MoSy, WSy, and WSe,); transition metal carbides (TMCs) of the form MX (III — VI group, and
IV — VI group compounds) [12]; topological insulators (TIs) of the V — VI group (e.g., BiTe3 and
SbySes) [13, 14]; transition metal oxides/hydroxides; and unique materials like layered insulators
(e.g., h — BN) [15] and other 2D materials like metal-organic framework[16]. Each of these materials
showed outstanding properties and sometimes covered the drawbacks of graphene. For instance,
graphene has linear dispersion at Dirac points, leading to the room-temperature quantum Hall
effect (QHE) [17], which is one of the essential factors in quantum technologies. However, other 2D
materials like Transition Metal Dichalcogenides (TMDCs) and Topological Insulators (TIs) exhibit
distinctive and sometimes more unique features that extend the potential applications. Topological
Insulators, with their metallic surface states and spin-momentum locking, provide a remarkable
way for new devices in spintronics where charge currents can control spin polarization [18, 19].
TMDCs also show layer-dependent electronic properties [20, 21]; somehow, their bulk structure
has an indirect bandgap of energy, but the exfoliated monolayer of these materials indicates the
energy band gap in the range of 1-2 eV, which is highly attractive for optoelectronic and photonic
devices. Furthermore, the presence of strong SOC leads the TMDCs to be applicable in spintronic
and valleytronics [22, 23]. Another part of the materials that were fabricated to cover the limitation
of the graphene was the design of the van der Waals heterostructure. These are the materials
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formed by stacking different 2D materials vertically on top of each other, creating interfaces that
enable new phenomena, such as proximity-induced magnetism and superconductivity. These
new and various interfaces of the 2D materials lead to the design of multifunctional devices with
possible flexibility in both quantum computing and spintronics technologies. Graphene, with the
other 2D materials, fabricated heterostructures of such materials, have raised the possibility of
engineering the properties of materials. This allows researchers to tune the properties according to
the requirements of the desired devices. Currently, many other 2D materials and heterostructures
have the potential to be identified and studied, and one of the aims of this thesis is to provide
comprehensive studies into this area.

Overall, this thesis aims to investigate the electronic, magnetic, and transport properties of
selected van der Waals structures through comprehensive investigations based on first-principle
studies and model analysis. Specifically, this work is looking to answer questions like how the
intrinsic and proximity-induced magnetic behaviors, as well as charge and spin transport phenom-
ena, can be precisely tuned in two-dimensional systems such as graphene, silicene, transition metal
dichalcogenides (TMDCs), and twisted graphene-based vdW heterostructures. To achieve this, the
thesis develops and applies state-of-the-art computational approaches —including Density Func-
tional Theory (DFT) with advanced exchange-correlation approximations, many-body Schrodinger
equation techniques, and corrections for van der Waals interactions— to predict and analyze the
fundamental electronic, magnetic, and transport characteristics of such systems. Moreover, by
linking the first-principles calculations with the low-energy effective models, like the k-p models,
the research aims to identify the efficient ways of control the electronic, magnetic and transport
properties of van der Waals heterostructures by doping and external fields or forces.

The thesis is organized as follows: Chapter 1 introduces the evolution of two-dimensional
materials and discusses the aims and motivation of the work; Chapter 2 provides a detailed review
of the materials, their experimental aspects like synthesis techniques, and experimental setups
used to probe their properties; Chapter 3 lays out the theoretical framework and computational
methodologies essential for modeling these systems at the atomic scale; Chapter 4 discusses the
electronic, and magnetic properties of Silicene nanosheets under strain and Cr-doping; Chapters 5,
and 6 gives a comprehensive study concerning the V-based TMDCs; Eventually, chapter 7 discusses
the proximity effects on twisted-Graphene/Crl; vdW heterostructures.



CHAPTER 2

Materials

After discovering graphene as the first two-dimensional crystal, which constituted a single layer of
carbon atoms arranged in a honeycomb structure, condensed matter physics and materials science
started to have significant advancements. This discovery was a starting point for searching other
2D materials that we know nowadays. The successful isolation of graphene and its subsequent
relevant research showed that the atomically thin layer is not only obtainable but also remarkably
stable. These studies made graphene an excellent material because of its novel and extraordinary
properties, and they opened the way to discovering new 2D materials. These found materials
attained significant interest due to their substantial properties and potential for a wide range of
applications, from electronics and energy storage to quantum technologies. This progress did not
stop at this stage and advanced beyond the 2D materials with identical atomic structures, where
the new structures fabricated by stacking different 2D materials laterally or vertically established
entirely novel results. These stacked materials, so-called van der Waals heterostructures, added
new freedom for the spintronic devices and enabled researchers to design new structures with
the desirable properties. For instance, the ability to combine the different 2D layers and fabricate
such heterostructures has opened new avenues for studying exotic physical phenomena such as
emergent quantum phases. In conclusion, the field of 2D materials is rapidly growing, and the
transition from research to technology is swift. In this chapter of the thesis, I will discuss a brief
background of the selected 2D materials used in the thesis, from Graphene to TMDCs, and then
examine the challenges and applications of each material.
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2.1 GRAPHENE AND OTHER MONOLAYER 2D MATERIALS

21.1 Graphene

Carbon is a chemically versatile element capable of forming sp, sp?, and sp® hybridized bonds,
which enables it to form a wide range of structures with different physical and chemical properties.
Graphene, a two-dimensional allotrope of carbon, stands out due to its exceptional electronic
properties [9].As illustrated schematically in Figure (1.2), the carbon atoms in graphene form a
two-dimensional honeycomb lattice. Although graphene is inherently a 2D crystal, several other
carbon-based nanostructures can be regarded as its dimensional relatives: one-dimensional (1D)
graphene nanoribbons and zero-dimensional (0D) fullerenes represent geometrical reductions of
the same lattice network [24]. In a similar manner, carbon nanotubes (CNTs) can be described as
tubular structures conceptually produced by rolling a graphene sheet into a cylinder [25]. Another
allotrope of carbon, graphite, consists of multiple graphene layers stacked through weak van der
Waals interactions [26]. This layered nature is familiar from daily experience—when a pencil leaves
a trace on paper, it deposits thin graphite flakes made up of several graphene sheets [27]. The
fundamental understanding that graphite is composed of graphene layers was known for decades,
but it was not until 2004 that Andre Geim and Konstantin Novoselov successfully isolated a single
monolayer of graphene [6]. Their achievement was remarkable for two main reasons: first, the
existence of a stable, freestanding atomic monolayer was previously considered thermodynamically
impossible [28]; second, no experimental methods were thought capable of extracting such ultrathin
layers from bulk crystals. Surprisingly, the two researchers achieved this using a simple mechanical
exfoliation technique involving adhesive tape, and the resulting monolayers were identified under
an optical microscope [29, 30, 31]. This straightforward yet groundbreaking approach launched an
entirely new field of two-dimensional materials research encompassing condensed matter physics,
nanotechnology, and materials science. The discovery of graphene—recognized by the 2010 Nobel
Prize in Physics awarded to Geim and Novoselov [32] (see Figure (1.1))—profoundly reshaped
our understanding of the stability of atomically thin crystals [33] and initiated extensive studies
of quantum phenomena in single-layer systems [27], paving the way for diverse applications in
electronics, mechanics, and thermal technologies [34, 35, 36].

Theoretical Background and Historical Insights

The theoretical understanding of graphene dates back to 1947, when Wallace first predicted its
electronic band structure using a tight-binding model [28]. Wallace demonstrated that graphene’s
conduction and valence bands meet at six points, known as Dirac points, about which the energy
dispersion relation becomes linear. The low-energy dispersion resembles that of relativistic quasi
particles, despite the fact that the electrons in graphene are not relativistic [28]. This theoretical
discovery provided a way to investigate the relativistic behavior of electrons in a solid-state material.
As shown in Figure (1.2), the electronic structure of graphene close to these points is described by
a Dirac cone, a characteristic of graphene that leads to excellent electronic properties. Before the
seminal work of Giem and Novoselov, the stability of the 2D crystals was thought to be impossible
thermodynamically due to the thermal fluctuations, as explained by the Mermin-Wagner theorem
[1]. However, 2D materials could be stable at room temperature because of the slight out-of-plane
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Figure 2.1. Schematic representation of different methods of graphene synthesis. The figure’s concept is from the reference
[41].

deformation or “ripples” that prevent thermal instabilities. In spite of that, these ripples are
not perfectly flat; however, they help stabilize the structure using the long-wavelength thermal
fluctuations reduction [37, 38]. The following Hamiltonian could describe the electronic properties
of the graphene close to the Dirac point [39]:

He—t Y (ahboj+He) = ¥ (ahitng+ 00+ He), 2.1)
(ife (i)

where t, t' are the hopping integrals for the nearest and next-nearest nighbours respectively, 4;
and a}t - are the annihillation and creationoperators for electrons at site i with spin o (c = (1, 1)),
and (i, j) is the summation of all nearest neighbors, and ((,j)) is the summation of all next-nearest
neighbors. The Fermi velocity in graphene is some at vr = 10° m/s [28], which is 300 times slower
than the speed of light but still fast compared to traditional electron velocities in materials [39]. The
electrons near the Dirac points (at K and K’) can be calculated by expanding the full band structure
of Equation (2.1), as k = K+ ¢ with |q| < |K| [28, 39]:

Ex(q) ~ +ve|q| +O[(q/K)?], 22

where q is the momentum measured relative to the Dirac points. This linearity leads to many
properties, such as the Klein paradox [40], where electrons in graphene can tunnel through potential
barriers without backscattering, even if the energy barrier is classically forbidden. Moreover, the
lack of a band gap in graphene is both a blessing and a curse. On the one hand, it allows for high
electronic conductivity; on the other hand, it makes graphene inappropriate for use in traditional
transistors unless the band gap is tuned. This has led to the investigation of different methods for
the generation of a band gap in graphene band structure, like applying strain, changing the sheets
of graphene to the nanoribbons, and forming graphene-based heterostructures with materials like
boron nitride, which we discuss in the following sections with all details [9].

After the isolation of graphene, several methods were used to synthesize it at different scales,
and each of them had its advantages and limitations, as illustrated in Figure (2.1). The first
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Figure 2.2. CVD growth of graphene domains at different times: (a) SEM image and (d) optical microscopy image after 6 h,
(b) SEM image and (e) optical microscopy image after 24 h, and (c) photograph and (f) optical microscopy image after 48 h.
Scale bars: 0.2 mm (a,d), 0.4 mm (b,e), and 1 mm (f). Image reproduced from [44], © Springer Nature. License
Number: 5990150903280.

successful technique for obtaining single-layer graphene was mechanical exfoliation, often referred
to as the "Scotch tape" method, originally demonstrated by Geim and Novoselov [6]. This simple yet
ingenious approach involved repeatedly peeling thin layers from a graphite crystal using adhesive
tape and transferring them onto a silicon substrate coated with a thin layer of silicon dioxide. The
method yields graphene of exceptional structural quality, suitable for fundamental studies, though
it is not practical for large-scale production [35]. An alternative route for fabricating high-quality
graphene is chemical vapor deposition (CVD) on metallic substrates, most commonly copper. In
this process, hydrocarbons such as methane are decomposed at elevated temperatures, and carbon
atoms self-assemble into a graphene film on the metal surface [42]. The main advantage of the
CVD method lies in its scalability—it allows continuous growth of large-area graphene sheets
with excellent uniformity, as illustrated in Figure (2.2)—making it highly attractive for electronic
applications [43].

Another effective synthesis route involves epitaxial growth of graphene on silicon carbide
(5iC). During this process, high-temperature annealing causes partial sublimation of silicon atoms,
leaving a carbon-enriched surface on which graphene layers spontaneously form [45]. A key
advantage of this method is that graphene develops directly on an insulating or semiconducting
substrate, offering strong potential for integration into electronic devices [46]. For low-cost, large-
scale production, a chemical approach is typically employed involving the reduction of graphene
oxide (GO) [47]. In this process, graphite is first oxidized to obtain GO, which is subsequently
reduced to form reduced graphene oxide (rGO). Although scalable, the resulting films often contain
structural imperfections and reduced conductivity relative to pristine graphene, limiting their use
in high-performance electronic systems [48].

Beyond its fabrication methods, graphene is celebrated for its extraordinary mechanical, thermal,
and optical properties. It remains the strongest material known, with a tensile strength near 130 GPa
and an intrinsic elastic modulus around 1 TPa [49]. Such exceptional rigidity originates from strong



2.1.2. Hexagonal Boron Nitride [h-BN] 9

in-plane ¢ bonds between carbon atoms, making graphene ideal for composites, flexible devices,
and other applications demanding both strength and elasticity [49]. Graphene also demonstrates
outstanding thermal performance, with a conductivity approaching 5000 W/m-K—far exceeding
that of copper (410 W/m-K) [36]. The efficient phonon transport within the two-dimensional
lattice accounts for this high thermal conductivity, establishing graphene as a promising material
for thermal management and heat dissipation [36]. In terms of optical characteristics, monolayer
graphene exhibits a universal light absorption of approximately 2.3% in the visible range [50].
This combination of optical transparency and high electrical conductivity makes it an excellent
candidate for transparent electrodes in displays and solar cells. Moreover, its unique optical
response continues to inspire advances in photonics and optoelectronic technologies [35].

Graphene has a range of applications in various fields due to its extraordinary electronic,
mechanical, thermal, and optical properties. Concerning the applications of graphene in electronics,
one can directly mention the high carrier mobility and ambipolar conduction, which have made
graphene a promising candidate for future electronic devices, particularly for transistors that
operate at gigahertz frequencies. New graphene-based field-effect transistors (GFETs) have much
higher speeds in their performance compared to traditional silicon-based transistors. These
fascinating applications opened new possibilities of faster and more efficient electronic devices
[34]. High-performance supercapacitors and batteries require materials with high surface area and
conductivity, and graphene is an ideal candidate. Graphene is used to enhance the performance
of energy storage devices, improve the charging time, and achieve higher energy densities [51].
Additionally, graphene is also being investigated in hybrid devices, combining the properties
of capacitors and batteries [52]. Another application of graphene is related to its potential in
spintronics, which is investigated by its long spin diffusion length and the possibility of engineering
spin-orbit coupling in graphene-based heterostructures [53]. These features open the door to new
spin-based computing devices like spin transistors and quantum spin logic gates [54].

Eventually, despite the wide range of properties of graphene, several challenges affect its
applications. While there are some experimental techniques to produce high-quality graphene, large-
scale production of graphene is still challenging due to the presence of defects [6]. Furthermore,
pristine graphene has no natural energy band gap, which restricts its usability in traditional
semiconductor applications, particularly for digital electronics [9]. However, by overcoming these
challenges, graphene will be unrivaled in the new generation of electronic devices and be applicable
to revolutionary applications like quantum computing and advanced photonics. In the following
sections, we will discuss the vdW heterostructure, which is a combination of graphene with other 2D
materials where the new stacked materials introduce new functionalities and modify the graphene
properties, making it more attractive for spintronic devices.

2.1.2 Hexagonal Boron Nitride [h-BN]

Boron nitride from the geometrical point is an analogy of graphene with this difference that
instead of carbon atoms, there exist an equal number of boron and nitrogen atoms in a honeycomb
arrangement of sp2 hybridization 2D layer (see Figure (2.3)). The pristine layers of the h-BN are
intrinsic insulators and have a wide band gap, about 4.62 eV [55] (see Figure (2.3)). Hence, it is
strong insulator and is used as a sound barrier in devices. Additionally, it shows ultraviolet light
emission, which is due to its wide direct band gap. In the last decade, the h-BN has become not
only popular because of its similarity to graphene but also because of its remarkable stability and
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Figure 2.3. Schematic structure of the h-BN, (a) Bulk, (b) Monolayer, (c) Band structure of a monolayer of h-BN obtained
using the DFT method by Quantum ATK code.

intrinsic insulator behavior. The individual and even multilayer of h-BN is used on top of the
other 2D materials (especially graphene) as a flat substrate for designing the improved graphene
transistors [56]. For instance, the researchers reported that one graphene monolayer sandwiched
between two h-BN layers as a substrate and covered by another graphene layer has been found as an
insulator. Since graphene and h-BN have similar lattice structures, h-BN is an excellent material to
support the stability of graphene, making it a good choice for graphene-based electronics [57, 58, 59].

Besides the intrinsic insulator behavior, h-BN shows a range of physical properties which
has gained remarkable attention in both fundamental research and technological applications
[60, 61, 62]. From a theoretical side, one can describe the h-BN within the framework of layered
materials that exist in a honeycomb shape similar to graphene. However, the electronic structure
is significantly different as it has a different ionic bonding character between boron and nitrogen
atoms. This difference in bonding is the main reason for the wide band gap observed in both bulk
and thin layer forms, and it places this material in the category of wide-band-gap semiconductors.
Due to this behavior, the unique electronic and optical properties are expected for both bulk and
few layers of the h-BN [61, 63]. The electronic bandstructure of h-BN has been studied using various
computational methods, from the advanced Density Functional Theory (DFT) approaches to the
many-body perturbation theory (GW) calculations. The efforts of these methods were focused
on estimating the band gap of h-BN in the layered and bulk form, which often is in the range of
approximately 5.5 — 6.0 eV under certain circumstances. These certain levels of sensitivity show
the dependency of the energy band gap estimation on the computation parameters [60]. From the
experimental side, the photoluminescence measurements and cathodoluminescence experiments
confirmed the direct energy band gap of h-BN, which is in the range of ultraviolet (UV) region as
shown in Figure (1.3). Such strong UV emission has led to the remarkable potential of using h-BN
for deep-UV light-emitting diodes and laser applications [61, 64]. Similar to graphene, a single layer
of h-BN can also be grown by different experimental methods such as chemical vapor deposition
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Figure 2.4. Schematics illustrating the (a) face-up and (b) face-to-face sample configurations. (c,e) AFM height maps of the
Ge(001) surface after high-vacuum annealing for 30min at 920°C, and (d,f) AFM maps after hBN growth under a borazine
partial pressure of 1 x 10710 torr for 30min at 920°C. All AFM images are 5um x 5um. The insets in (d,f) show enlarged
SEM images of hBN islands from the same samples. Caption reproduced (with minor edits for brevity) from reference [66].
Licensed under CC BY-NC 3.0.

(CVD), high-temperature and high-pressure techniques, and epitaxial growth on appropriate
substrate [60, 62]. Take the CVD method as an example, and one can see that this method has
provided a route to producing relatively large-scale and high-quality layers, which are essential for
use in advanced electronic devices. From the structural side, also the same as the graphene, even
though h-BN flakes can be exfoliated down to a single atomic layer, specific exfoliation processes
are required to be optimized to preserve crystallinity and decrease the number of defects as much
as possible. These defects or impurities should be minimized unless the electronic properties of the
materials could be affected. Furthermore, experimentally, the layered nature of h-BN is also entirely
beneficial when used as an ultra-flat dielectric or encapsulating substrate of other 2D materials
from graphene itself to the transition metal dichalcogenides (TMDs) like MoS,, WS;, and WSe;.
This atomically flat surface is like a shelter for such 2D materials, and it preserves their intrinsic
electronic properties by reducing inhomogeneities and scattering events that decline the device
performance [65].

Due to the wide band gap and dielectric nature, h-BN has a significant role in device appli-
cations and is well-known as an outstanding insulating material. Applicability of h-BN is not
limited to playing the role of a substrate material, and it also works as a dielectric gate or a
protective capping layer in field-effect transistors based on graphene or other 2D semiconductors
[60, 62]. Another prominent feature of h-BN concerns its chemical and thermal stability even at
higher temperatures, which makes it often applicable to high-power electronics and other extreme-
operating-environment applications. This material is considered an excellent one to use in heat
dissipation in micro and nanoelectronic devices due to its high in-plane thermal conductivity.
Recently, researchers have performed several works concerning the doping strategies for h-BN or
the fabrication of defect-engineered h-BN to introduce functionalities like single-photon emission
centers. These defect-induced photonic centers are extremely interesting for quantum optics and
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Figure 2.5. Schematic structure of the silicene, (a) top-view, (b) side-view showing the buckling of atoms, (c) Band structure
of a monolayer of silicene with and without SOC obtained using the DFT method by Quantum ATK code.

quantum communication technologies, where stable emission lines are desired [67]. By performing
the phonon calculations of h-BN, one can find an insight into its thermal properties and see the
potential coupling with electronic states. Raman spectroscopy, infrared spectroscopy, and inelastic
X-ray scattering provide detailed information concerning the phonon modes and lattice vibrations,
which is in the relationship between the material’s thermal conductivity and mechanical properties
[61, 63]. From the Mechanical side, h-BN shows strength and stability under different stress
conditions, with an in-plane Young’s module comparable to graphene, even though its interlayer
interaction has a different mechanical response along the stacking direction. This combination of
the mechanical, electronic, and optical properties of the h-BN made it one of the cornerstones of
the field of 2D materials and heterostructures [60, 61, 62, 64, 67, 68].

2.1.3 Silicene

Another material that is a counterpart of graphene is silicene. Silicene is a 2D material made
of silicon atoms arranged in a hexagonal honeycomb lattice (see Fig. (2.5)). The first theoretical
foundation of silicene comes back to 1994 when Takeda and Shiraishi proposed this material [69].
However, the experimental synthesis of silicene stopped until 2010, when the researcher achieved
the growth of silicene on a silver (Ag) substrate under Ultra-High vacuum (UHV) conditions [70].
Subsequent to the discovery of silicene, it attracted significant attention due to its highest similarity
to graphene and its excellent compatibility with current semiconductor technologies. Despite
the similarity of silicene to graphene, the structure of graphene is planar, and silicene has slight
buckling due to the silicon’s sp3 hybridization, leading to a mix of sp2 and sp3 configurations [71].
Silicene also shows high carrier mobility and quantum spin Hall effect under certain conditions
[72]. The band structure of a monolayer of silicene, similar to graphene, supports the Dirac-like
fermions and makes this material an excellent candidate for electronic applications [73].
Additionally, silicene, due to its high flexibility, strong covalent bonds, and ability to maintain
its structure under deformation without losing its electrical properties, is one of the important
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materials in current technologies [74]. As already mentioned, buckling in silicene makes it distinct
compared to graphene in chemical reactive properties and enables surface modification with
hydrogen, halogens, or other functional groups [75]. Despite many properties of silicene, it is
highly susceptible to air exposure, and it tends to oxidize rapidly and form silicon dioxide (5iO)
under ambient conditions. Silicene, because of the semiconductor behavior in certain conditions,
combined with its compatibility with the silicon-based electronic industry, allows it to integrate
with the current technologies. Therefore, there exists a potential application of silicene in field-effect
transistors (FETs), optoelectronic devices, and quantum computing platforms. Unlike graphene,
with a lack of energy band gap, silicene can be used directly in transistor technologies, which
work with the on/off ratio mechanism [76]. Silicene also has an excellent attraction from both
theoretical and experimental researchers in designing two-dimensional materials with tunable
electronic properties [77, 78, 79]. As shown in Figure (2.5), the silicene’s buckled crystal structure
is directly related to the larger covalent radius of silicon atoms compared to the carbon atoms in
graphene. This buckling not only affects the electronic band dispersion close to the Dirac points
but also provides an additional degree of freedom for chemical functionalization and external field
modulation. From the theoretical side, the finite buckling height leads to an intrinsic spin-orbit
coupling, which opens the band gap and enables the quantum spin Hall effect in silicene [80, 81].
Furthermore, due to the mixed sp? and sp® hybridization of silicon atoms, the electronic band
structure of silicene exhibits Dirac-like cones at the K points of the Brillouin zone, but with a
reduced Fermi velocity compared to graphene. The energy band gap can also be tuned by applying
an external electric field perpendicular to the silicene sheet originating from the sublattice symmetry
breaking, which has been performed using the first-principle Density Functional Theory (DFT)
method [82, 83]. This property is entirely essential for electronic applications since moderating the
energy band gap is necessary for digital logic devices.

For synthesizing the silicene, usually, the epitaxial growth on metal surfaces such as Ag(111),
Ir(111), and ZrB, is used under UHV conditions [70, 84, 85]. In this method, using these substrates,
the monolayer and multilayer of silicene form. In addition, the long-range ordering and uniform
large-scale growth also remain with some challenges as the buckled nature of silicene is more
sensitive to the lattice mismatch compared to the planar graphene [86]. Silicene is prone to forming
SiO, under ambient conditions, and it requires some acts like encapsulation methods or protective
capping layers, such as Al,O3, which reduce the oxidation and maintain its intrinsic properties
after transfer steps [87]. The schematic structure of the procedure of Silicene growth and also the
STM image of the 2D Si layer on Ag(111) have been illustrated in Figure (2.6).

Another important aspect concerns the possibility of doping and functionalization. Hydro-
genation, halogenation, or decoration with metal adatoms can modify the electronic and magnetic
properties of silicene without destroying the Dirac cone structure under appropriate conditions
like sublattice symmetry preserving [88, 89]. This approach is well-known among researchers for
designing silicene-based spintronic devices and sensors because these properties rely strongly on
the spin-orbit coupling strength and chemical environment. Regarding the applications, one can
emphasize the silicene field-effect transistors (FETs), which have intrinsic semiconductor behavior
at specific strain or gating conditions [76]. Even though large-scale production of silicene in real
devices is still in development, there are some developing works in substrate engineering, protecting
layering, and post-growth processing in continuing the practical electronics [90, 91, 92, 93]. The pos-
sibility of integration of silicene with well-established silicon-based technology is still a compelling
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Figure 2.6. (a)—(d) Schematic of silicene grown on Ag(111)/mica and transferred to a new substrate (from [87]): (a) ALO3
encapsulation, (b) mica removal, (c) flipping onto SiO,/Sit™", and (d) electrode patterning plus residual Ag etching. (e)(f)
Filled-states STM images of the 2D Si layer on Ag(111) (from [70]), showing the honeycomb-like (1x 1) structure (acquired at
Upias = —1.3V and I = 0.35nA). (e) Wider-area image; (f) high-resolution (3 x3nm) topograph with ~1.14nm lattice
spacing. Caption reproduced (with minor edits for brevity) from [70, 87]. © With permission from the American Physical
Society (APS), License Number: RNP/25/MAR /089112

motivation, particularly for flexible and wearable electronics, which is highly desirable for ultrathin
and lightweight materials. Moreover, the high carrier mobility and spin-orbit-driven phenomena
also opened the way for silicene-based quantum devices as well as including topological transistors
and spin-qubit architectures [77].
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Figure 2.7. Schematic structure of the TMDCs for both 2H/1T phases. The unit cell of each phase is depicted with dashed
lines.
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2.2  MAGNETIC VAN DER WAALS 2D MATERIALS

221 General Overview of 2D magnetic materials

After discovering graphene, a lot of 2D materials were found; among them, Transition Metal
Dichalcogenides (TMDCs) have gained excellent attention in recent decades due to their remarkable
structural, electronic, magnetic, and optical properties [27]. As illustrated in Figure (2.7), transition
metal dichalcogenides (TMDCs) crystallize in a hexagonal lattice structure. As suggested by their
name and depicted in Figure (2.8), these compounds are generally represented by the chemical
formula M X5, where M denotes a transition metal atom and X corresponds to a chalcogen element
such as sulfur, selenium, or tellurium. The inherently layered arrangement of TMDCs, held together
by weak van der Waals forces, enables their exfoliation from bulk crystals down to few-layer or
even single-layer forms [27]. It allows researchers to aim for new properties and applications in
these materials and, subsequently, in novel 2D materials [94]. The first study of the TMDCs refers to
their lubrication properties, which originated from their weak interlayer van der Waals forces [12].
TMDCs have a wide range of properties and behaviors, from metallic behavior to semiconductor
behavior, depending on the combination of M and X atoms [95]. Moreover, due to the tunable band
structure and the existence of spin-orbit coupling in some of them, the TMDCs have been made
versatile candidates for fundamental studies as well as technological applications [26].

More than sixty essential combinations of transition metal atoms with chalcogen atoms have
been synthesized [26]. In addition to these combinations, TMDCs have different behavior and
properties according to the coordination of the metal and chalcogen atoms. The most common
structures are trigonal prismatic coordinates ( 2H-phase) and octahedral coordinates (1T-phase),
which significantly alter the electronic properties of these materials. For instance, the multilayer of
MoS; has a phase transition from semiconducting 2H to metallic 1T, which has been proved using
the chemical methods [96]. Another example is changing the direct bandgap semiconductor of the
2H-phase of MoS; in its monolayer form to the indirect bandgap in its bulk counterpart [20]. The
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variety of combinations of TMDCs and their different phases makes TMDCs excellent candidates
for electronic and optoelectronic devices. Among TMDC materials, non-magnetic materials like
MoS;, WSy, and WSe, have been studied widely due to their semiconductor properties [97]. These
materials are suitable for field-effect transistors (FETs), photodetectors, and valleytronics [23].
TMDC:s initially gained remarkable attention for their semiconducting properties, particularly
for transistor applications and photodetectors [20]. However, they typically do not have intrinsic
magnetism due to their filled or empty d-orbitals, which do not carry the spontaneous spin
ordering [98, 99]. Several early methods were suggested and performed to induce magnetism in
these materials, from magnetic defect engineering, chemical doping, to the coupling with other
magnetic layers as heterostructures. Therefore, through the extrinsic factors, one can observe spin
properties even in nonmagnetic 2D hosts [100, 101]. Most of the works on the 2D magnetism
research occurred in 2017 when experiments showed the intrinsic long-range magnetic order in
monolayer Crls and bilayer CrpGepTeg [102, 103]. These studies confirmed that magnetic order can
persist even when the thickness is reduced from the multilayer regime down to the monolayer
limit, provided that sufficient magnetic anisotropy is present. This anisotropy, with the help of
spin-orbit coupling and crystal-field effects, plays a crucial role in stabilizing magnetic behavior in
2D structures. Other studies on materials such as Fe3GeTe; and V Se; expanded the concept of 2D
magnetism and showed a remarkable diversity of itinerant ferromagnetic and other spin-ordered
ground states [104, 105]. Recently, there have been many studies concerning how the different
factors like crystal structure, layer thickness, doping, strain, and external fields can modify the
magnetic ground state, aiming to find ways to control and tune the magnetism in the ultra thin
limit [98, 106]. Before these fascinating experimental researches, several theoretical models were
established to understand the concept of magnetism in the low dimensions. Some simplified models
like Ising, Heisenberg, and XY models were essential tools for describing spin systems in one and
two dimensions [107, 108, 109]. As schematically shown in Figure (2.9), Ising spins point up or
down, Heisenberg spins are fully vectorial, and XY spins rotate within a plane even though these
models focus on various symmetries in spin space. However, they clearly show how dimensional
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Figure 2.9. Schematic model of spin configuration in different Ising, Heisenberg, and XY models. Credit for this picture is
for IBS - Institute for Basic Science.

constraints and thermal fluctuation can drastically affect the magnetic order of the materials. One
of the important theoretical points was concerning the Mermin-Wagner theorem, which states that
continuous spin symmetry can not be spontaneously broken at finite temperature in 1D or 2D
isotropic systems [110]. This theory shows that purely isotropic Heisenberg or XY magnets can not
keep their long-range order in two dimensions; however, once magnetic anisotropy has appeared,
full rotational symmetry is broken, and an energy gap in the spin-wave spectrum can emerge.
Subsequently, the spins can align in a preferred direction, and stabilizing magnetic order despite
the strong thermal fluctuations [111, 112, 113]. Modern computational methods are developing
to improve our understanding of 2D materials. For instance, Density Functional Theory (DFT),
many-body perturbation theory (MBPT), and tight-binding models introduced by the first-principles
calculations give the prediction of magnetic ground states, Curie temperature, and spin texture
with sufficient accuracy compared to the experimental results [114]. Furthermore, these theoretical
results help the experiments to identify promising materials or uncover the microscopic origins
of magnetism. On the other hand, machine learning and high-level computational approaches
help to provide an extensive database of layered crystals for appropriate orbital occupations, lattice
geometries, and spin-orbit coupling strength, and therefore, one can discover a new 2D magnetic
materials (see the well-known 2D magnets in Figure (2.10)) [98].

From an experimental aspect, many advanced techniques have confirmed and explored the
magnetic behavior in 2D systems. Take the Magneto-optical Kerr effect (MOKE) measurements as
an example, which were the important measurements in verifying ferromagnetism in exfoliated
or grown flakes by detecting polarization changes in reflected light [98, 102]. To provide atomic-
scale insights into the local density of states, spin-polarized states, and the interplay between
doping, moire patterns, and lattice reconstruction, one can use scanning tunnelling microscopy
(STM) and spectroscopy (STS) techniques [106, 115]. Even though Raman spectroscopy is usually
employed to study the vibrational modes, it is also sensitive to spin-phonon coupling and makes
it an attractive non-destructive method in detecting spin reordering in 2D magnets [116, 117]. In
Figure (2.11), one can see an example of Raman spectra as well as an experimental setup for circularly
polarized Raman spectra. The 2D materials with metallic or semimetallic behavior often show the
anomalous Hall effect (AHE), in which a transverse voltage appears in response to a longitudinal
current even without an external magnetic field, as illustrated in Figure (2.12) b. Using these
measurements, one can investigate rich information concerning spin-orbit coupling, Berry curvature,
and topological spin texture [98, 105]. Furthermore, element-specific alongside momentum-resolved
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Figure 2.10. The most well-known 2D inorganic magnetic materials. Figure is from reference [106] under the Creative
Commons Attribution 4.0 International (CC BY 4.0) license.

techniques like X-ray magnetic circular dichroism (XMCD) and neutron scattering have suggested
essential details on the contribution of individual atomic species to magnetism and on the spin-
wave dispersion and other collective excitations [119]. In 2D magnets, the collection of different
spin orders, ferromagnetic, antiferromagnetic, and more complex noncollinear states, has been
explored. The original findings with a monolayer of Crl; and bilayer CryGeyTes showed the
presence of ferromagnetism at low temperature [102, 103], but the subsequent work exhibited
antiferromagnetism in related compounds such as MnPS;3 and MnPSe; [121]. In recent years,
researchers have been looking for higher ordering temperatures, both for academic interest and
for applications. Strain, also with its mechanical deformation of a crystal, plays a significant
role as a powerful strategy to help enhance the exchange interaction or spin-orbit coupling, thus
stabilizing magnetic order. Chemical functionalization or doping can also alter the electronic
filling of the bands that participate in spin ordering and then increase the Curie temperature.
Meanwhile, heterostructure design also using the proximity effects can be another strategy to tune
the existing magnetism [122]. Real-life applications of these materials not only rely on achieving
room-temperature magnetism but also on developing scalable production techniques. Current
methods like mechanical exfoliation, chemical vapor deposition (CVD), molecular beam epitaxy
(MBE), and electrochemical growth are good techniques but are struggling with several challenges
such as uniform thickness control, reproducibility over large areas, and environmental stability
[98, 106]. Concerning the devices, the integration of the 2D magnets into the multilayered designed
devices requires precise interface engineering to control many factors like chemical reactivity, lattice
mismatch, and spin transport across layers [113]. There are still many questions that remain about
the magnetism in ultra-thin materials. Researchers are working on methods to control interlayer
magnetic interaction, understand the spin-orbit coupling effects, and find the electron correlations
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Figure 2.11. (a) Experimental setup of circularly polarized Raman spectra. (b) The intensity maps of the
polarized-dependent Raman spectra in rhombohedral (left) and monoclinic (right) phases of bulk CrI3. Figure reprinted and
Caption reproduced from references [117], and [118] for the Figures (a) and (b), respectively. under the Creative Commons

Attribution 3.0 (CC BY 3.0) license.
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Figure 2.12. Schematic representation of the different Hall effects, (a) Classical Hall effect, (b) anomalous Hall effect, (c) spin
Hall effect, and (D) inverse spin Hall effect. Figure reprinted and Caption reproduced from references [120].

in moiré-patterned bands [106, 111, 112]. In spintronics, energy efficiency gate-tunable spin control
can be seen in the van der Waals heterostructure, which combines magnetic and semiconducting
layers. 2D magnets may support exotic quasiparticles like Majorana fermions, particularly when
they are paired with superconductors or topological insulators [98, 113, 123, 124]. Their strong spin
signals also make them ideal for magnetic sensors, wearable devices, and nanoscale applications
such as drug delivery and soft robotics. Altogether, recent advances in fabrication, study, and design
of 2D magnets have made them a promising group of materials. By controlling magnetic properties
at the atomic level, these materials will be used in new technologies in fields like spintronics,
quantum computing, and sensing [125, 126].

2.2.2  V-based Transition Metal Dichalcogenides (TMDCs)

Transition metal dichalcogenides (TMDCs) have been extensively studied for decades, with early
research focusing on fundamental properties such as charge density waves (CDW) and supercon-
ductivity [127, 128, 129, 130]. Among them, vanadium-based TMDCs have emerged as a distinct
subgroup with rich structural, electronic, and magnetic behavior. In particular, V-based ditellurides
crystallize in a monoclinic structure with a 1T phase below 300 K [131, 132, 133, 134, 135, 136].
In contrast, the diselenides and disulfides often favor trigonal crystal structures in the 1T or 2H
phase [137, 138, 139, 140]. Although these compounds can be isostructural, they display a wide
range of intrinsic electronic and magnetic properties. For example, VTe; undergoes a transition
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to a commensurate CDW phase at 474 K [133, 141, 142], while VSe, exhibits an incommensurate
CDW state around 110 K, followed by a transition to a commensurate phase at 70 K [143, 144].
These CDW transitions are closely tied to Fermi surface nesting and semimetallic band structures,
as shown in ARPES studies [145, 146]. DFT calculations predict that VTe; is most stable in the
1T phase under ambient conditions, though strain or pressure can induce transitions to 1T or
2H phases [147, 148, 149, 150]. These theoretical findings have been supported by experimental
techniques such as X-ray diffraction (XRD) and Raman spectroscopy, which confirm structural
transitions in VSe; and VTe; across different temperatures [151, 152].

One of the defining intrinsic features of monolayer VSe; is its predicted ferromagnetic order,
driven by Stoner-type instability. This has been experimentally confirmed using the magneto-
optical Kerr effect (MOKE) and SQUID magnetometry [145]. Although bulk VTe, does not exhibit
superconductivity under ambient conditions, superconducting phases can be induced via alkali
metal intercalation, electrostatic doping, or pressure [145]. Vanadium-based TMDCs have great
potential applications in nanoelectronics, spintronics, and quantum materials research. They can be
tuned for their electronic and magnetic properties, which makes them promising for next-generation
devices such as field-effect transistors (FETs) [153, 154] Moreover, recent studies show that under
suitable conditions (such as strain, doping, etc.) these materials can have topological insulating
phases [155, 156, 157, 158]. For instance, recent wok has shown that in materials like VTep, a
charge density wave (CDW) can couple to a band inversion between V-3d and Te-5p orbitals and
modulate the topological surface states, effectively switching between topological non-trivial and
trivial phases [159]. This suggests that in addition to the intrinsic magnetic behavior, the V-based
TMDCs can have a controllable topological phases. Future research aims to synthesize high-quality
monolayers, strain engineering to stabilize novel phases, and investigate topological quantum states
[147, 160].

2.2.3 Chromium Trihalides [CrI3; X= Cl, Br, and I]

During the last few years, the chromium trihalides with the general formula of CrX3, where X
can be I, Cl, and Br, have gained significant attention. CrX3; materials have a layered structure
nature where the nanosheets of the chromium atoms are sandwiched between halogen atoms,
which form weak van der Waals interlayer interactions between layers (see Figure (2.13)). The first
study and experimental synthesizing are traced back to the middle of the 20th century for the bulk
magnetic properties [161], and later, the Cr X3 became one of the essential materials in 2D magnetism
research. The highest interest in research on CrX3 evolved when the intrinsic ferromagnetism
in a monolayer of Crlz at low temperature was discovered [103]. Research on CrX3 materials
grows rapidly due to their tunable magnetic properties and their compatibility with van der Waals
heterostructures, making them highly relevant for spintronic applications, quantum information
science, and fundamental studies of low-dimensional magnetism [111, 122, 162, 163]. The origin of
the magnetic properties of the Cr X3 materials is due to the Cr3* ions, which have unpaired electrons
in the 3d-orbital of the electron’s configuration. These ions interact via superexchange mediated by
the halogen atoms and make the magnetic ordering. The magnetic ordering depends on the strength
of the exchange interactions and spin-orbit coupling [164]. Among all CrX3 compounds, Crl;3 is
the most common material and studied member due to the remarkable ferromagnetic behavior in
monolayer. The Curie-temperature of the monolayer of Crlz is around 45 Kelvin and increases with
the increasing number of layers originating from the interlayer exchange coupling [165]. On the
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Figure 2.13. Periodic table of CrX3 [X = Cl, Br, and I] components and elements with a schematic structure on different top
and side views.

other hand, the CrCl3 shows the antiferromagnetic order with a Néel temperature of approximately
17 K originated because of the weaker spin-orbit coupling of Cl atoms compared to the iodine [166].
The Crl3 and CrCl3 are firmly anisotropic, and for the case of a pristine monolayer of Crl3, the
preferred direction of magnetization is out-of-plane, and for CrClj3 it is in-plane. The magnetic
properties of these materials are susceptible to external factors such as strain, electric fields, and
proximity to other 2D materials [167, 168]. Chromium halides, particularly Crlz and CrCl3 in our
thesis, are tunable 2D magnetic materials with wide bandgap and prominent layer-dependent
properties, offering a wide range of applications in spintronic as well as for magnetoelectric
applications. This type of material has been discussed in more detail in chapter (7).

224 Modelling of Magnetism in van der Waals Heterostructures

The origin of the magnetism in 2D vdW heterostructures is due to the interplay between localized
magnetic moments and the exchange interactions that couple them. These interactions can be tuned
by changing the interlayer stacking, applying strain, or through external fields, which provide a
versatile platform for novel spintronic devices. As the main part of my thesis is based on magnetism,
in this section, I will briefly discuss the derivation and theoretical model for the effective spin
Hamiltonian and some details concerning the exchange interaction from first-principle methods
based on DFT and analyze collective excitations within the spin-wave formalism. In vdW crystals
and their heterostructures, magnetic order can arise from localized moments (Hund’s rules on
partially filled d shells) coupled by superexchange/double exchange [106], or from itinerant bands
that spontaneously spin polarize (Stoner mechanism) [169]. Conduction electrons may further
mediate long-range, oscillatory couplings (RKKY). Reduced symmetry and spin—orbit coupling
(SOC) generate the anisotropies necessary to stabilize 2D order [170, 171].
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The first point of describing the magnetism in 2D vdW heterostructures is based on the effective
spin Hamiltonian. In these systems, the localized magnetic moment and exchange coupling interact
and are often strongly modified due to the reduced dimensionality, weak interlayer bonding, and
the influence of spin-orbit interactions. The effective Hamiltonian is commonly expressed as

H=—3 JijSi-Sj—KY (S})* = ) Dy (SixS), (2.3)
(i) i (i,j)

where the first term, proportional to Jj; is the isotropic exchange interaction between spins at lattice
sites i and j. This interaction is central to establishing either ferromagnetic or antiferromagnetic
order and has been successfully derived from first-principles calculations using the magnetic force
theorem [172, 173]. The second term, involving the anisotropy constant K, arises predominantly
from spin-orbit coupling effects and is essential for stabilizing long-range magnetic order in 2D
systems by overcoming the restrictions imposed by the Mermin-Wagner theorem [174]. In particular,
a positive K tends to favor an easy-axis configuration, whereas a negative K supports an easy-plane
alignment [175, 176]. The final term in equation (2.3) represents the Dzyaloshinskii-Moriya (DM)
interaction, which becomes nonzero in the presence of broken inversion symmetry at the midpoint
between interacting spins. This antisymmetric exchange has been shown to give rise to chiral spin
textures, such as spin spirals and skyrmions, and has been extensively discussed in both theoretical
and experimental studies [177, 178, 179]. In layered van der Waals materials, the interplay between
the DM interaction and conventional exchange is particularly significant, as it can lead to complex
magnetic ground states and influence the dynamics of spin excitations [180, 181].

The derivation of equation (2.3) from a microscopic electronic Hamiltonian typically proceeds
via Density Functional Theory (DFT) or DFT+U methods, which capture the essential electronic
correlations in the d-orbitals of transition metal atoms. By considering small deviations from a
collinear magnetic ground state, one can apply the magnetic force theorem to relate the change
in total energy to infinitesimal rotations of the local moments [172, 173]. In this way, the isotropic
exchange constants J;; are expressed in terms of the spin-resolved Green functions and the on-site
exchange splittings. A commonly used expression, known as Liechtenstein-Katsnelson-Antropov-
Gubanov (LKAG) formula, in this context is:

1 [EF
]Oi,Rj = —E Lw deIm Tr [AiGi/]‘(e, R)A]G,,](e, —R)] (24)

where R stands for the lattice vector at distance 0 (labeled as a central atom), A; ; denotes the local
exchange splitting at site 7,j, and A; ; = HiT]. — Hiij, and Gg’i(E ) are the corresponding spin-resolved
real-space Green functions [182]:

G(e,R) = ) wi,G(kj e)e ™R, (2.5)
k.

1

where wy; is the k-point weight and with the reciprocal space Green’s function given by:

G(k,e) = (eS(k) —H(k)) !, (2.6)
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Here, H(k) is the spin-dependent Kohn-Sham Hamiltonian matrix, with elements,

Hy, (k) = (¢y, (k) | Hgs | ¢y (K)), 2.7)

and S(k) is the overlap matrix,
Suv(k) = (pu(k) | v (k)), (2.8)

where ¢, (k) are the localized basis functions. The indices y and v label the orbital (basis function)
degrees of freedom, while o =T, | denotes the spin channel [183, 184]. The energy integral in
equation (2.4) is calculated using complex contour integration. Such derivations not only provide
a quantitative basis for the parameters in equation (2.3) but also clarify their dependence on
the electronic structure, which may exhibit oscillatory (RKKY-like) behavior in metallic systems
[185, 186, 187]. Recent review articles have synthesized these theoretical developments, highlighting
both the successes and challenges in modeling magnetism in low-dimensional materials. For
example, Burch et al. [181] and Gibertini ef al. [180] provide extensive discussions of the effective
Hamiltonian approach in the context of vdW materials, while other reviews [176] emphasize the
role of anisotropy and DM interactions in stabilizing novel magnetic textures.

The effective Hamiltonian (2.3) allows us to study collective excitations (magnons) using the
linear spin-wave theory. Employing, for instance, the Holstein-Primakoff transformation for a
ferromagnetic ground state, the Hamiltonian can be diagonalized to yield the spin-wave dispersion:

E(q) =2S[J(0) = J(q)] + A, (2.9)

where § is the spin quantum number, A = 2KS is the anisotropy-induced gap (i.e. the magnon
energy at q = 0), and J(q) is the Fourier transform of the exchange couplings,

J(q) =} Joj et (2.10)
]

In the long-wavelength regime(small q), the dispersion is approximated as
E(q) ~ A+D¢g? (2.11)

which defines the spin-wave stiffness D. For a Heisenberg ferromagnet on a Bravais lattice, D is
given by

S
D=3 Y Joj IRoj % (2.12)
j

where d is the spatial dimension (here d = 2 for a 2D lattice). Note that for systems where J;
exhibits oscillatory (RKKY-like) behavior, special care must be taken to regularize the summation
in Eq. (2.12). Thermal fluctuations lead to the destruction of long-range magnetic order at a finite
temperature. In the mean-field approximation (MFA), the Curie temperature T for a ferromagnet
is estimated as:

kp T — %S(S +1)J(0), (2.13)
where J(0) = Y Joj- More refined analytical estimates can be obtained using the random-phase
approximation (RPA) or Green’s function method (Tyablikov’s decoupling scheme), and the spin-
wave (SW) theory in its interacting form. These methods effectively incorporate the effect of
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spin-wave (magnon) excitations that reduce the ordering temperature. For example, in the RPA
(also known as the Tyablikov or Callen—Green’s function approach), one finds a lower T¢ than
MFA, often in better agreement with experiments, by solving self-consistently for the divergence
of the uniform susceptibility [188, 189]. In the context of 2D magnets, the RPA or a renormalized
spin-wave theory predicts that T depends sensitively on the anisotropy gap A and is significantly
reduced when A is small.

Beyond the previous approaches, which are mostly post-processing analytical approaches,
numerical simulations such as Monte Carlo (MC) calculations based on Metropolis (or other)
algorithms are used to study phase transitions and thermodynamic quantities in spin models. In
this thesis, we use classical Monte Carlo simulations on the effective Hamiltonian (2.3) to extract
parameters such as the temperature dependence of magnetization, magnetic susceptibility, and
heat capacity, as well as to estimate T¢ from the peak of the susceptibility or specific heat. The
MC method is considered one of the most accurate ways to determine the T¢ for 2D magnets,
since in these simulations one can fully account for thermal spin fluctuations beyond any MFA
[166, 167]. Additionally, we use MC simulations to model field-dependent magnetic properties,
such as magnetization hysteresis loops. When system is placed under an external magnetic field
that is slowly ramed up and down, one can investigate a theoritcal M—H curve (hysteresis loop)
and subsequently find the coercive fields and remanence [190].

In vdW heterostructures, the weak interlayer interactions can substantially influence the overall
magnetic behavior. Effective interlayer exchange is often introduced as

Hint = —Jine )., Si-Sj (2.14)

iclayer 1
j€layer 2

which may lead to either ferromagnetic or antiferromagnetic alignment between layers. Additionally,
the breaking of inversion symmetry at the interface can activate interfacial DM interactions, as
described by:

Hpm = — ) Dji- (Si xSj). (2.15)

(i)

These terms are crucial for understanding the stabilization of complex magnetic textures such as
skyrmions in 2D systems. More details about the methods and also derivations could be found:
For the LKAG formalism [191] — For ab-initio aspect combined with LKAG [192] — Concept of

magnetism in 2D vdW heterostructures [193].

2.3 VAN DER WAALS HETEROSTRUCTURES

2.3.1 General Overview of vdW heterostructures and their devices

The discovery of graphene was a starting point of the investigation of the physics of 2D materials,
which nowadays has been shifted towards searching for new hybrid structures made of 2D materials
that may serve as a platform for various devices, and in which various new phenomena occur.
Despite these trends, the fundamental science of graphene, especially for many-body physics, has
not been fully considered and requires more attention and work. Due to the steadily improving
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Figure 2.14. Schematic structure of the van der Waals heterostructures of 2D materials. Figure reprinted and Caption
reproduced from references [210]. © Springer Nature. License Number: 5990180248156.

quality of graphene-based devices [56, 194, 195, 196], further progress is expected. As most of the
fundamental graphene research has already been performed, there are many efforts to focus on the
other two-dimensional (2D) atomic crystals [27] like monolayer and few-layer forms of hexagonal
boron nitride (h-BN), molybdenum disulfide (MoS;), various dichalcogenides, and layered oxides.
A few years after discovery of graphene, only a few experimental publications worked on 2D
materials beyond graphene. However, now there is a tremendous number of works on the 2D
materials beyond the graphene [197, 198, 97, 199, 200]. Research on emerging 2D materials suggests
that they may become as technologically significant as graphene, particularly as synthesis methods
improve for few-layer crystals such as MoS, and magnetic 2D compounds like Crlz [201, 202, 203].
Alongside the significant studies on graphene and graphene-like 2D materials, a new field of
investigation has emerged over the last decade. This field aims to create heterostructures and
functional devices that are formed by stacking different 2D crystals on top of each other. The
concept of heterostructures is straightforward, and it places one monolayer of 2D material on
another monolayer and adds more and more similar stacked 2D layers. The created structure is
essentially an artificial material built up in a certain sequence, similar to Lego blocks as shown in
Figure (2.14), where each block is defined for one monolayer in a one-atomic-plane precision. When
the heterostructure is made by stacking 2D materials vertically, the new crystal shows remarkable
covalent bonding in each layer, while weak van der Waals (vdW) forces are sufficient to keep the
layered stack together. Even though proving this idea experimentally was performed with delay
[204, 205, 206, 207, 208, 209], it has quickly progressed very fastly, where we have lots of work and
promising novel stacked crystals.

While there are hundreds of layered compounds that can be cleaved and investigated theo-
retically from the different methods like the Scotch-tape method [27], the created stable 2D vdW
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Figure 2.15. Few example of 2D materials in different groups including Graphene family, 2D chachogenides, and 2D oxides.
Figure reprinted and Caption reproduced from references [210]. © Springer Nature. License Number: 5990180248156.

heterostructure on the scale of atomically thin layers requires considering several conditions. One
of the key limitations is due to the intrinsic properties of ultra-thin films. Firstly, when the thickness
of a crystal is decreased [211], its melting temperature generally decreases. On the second point,
most materials maintain their stability under an ambient environment only through the natural
passivation of their surfaces [212]. At this moment, the mechanically or chemically isolated 2D
layers cannot be performed in an integrated manner under high vacuum or low-temperature cir-
cumstances, which leads to significant challenges in surface-science experiments. Additionally, it is
figured out that the monolayers of graphene indicate higher reactivity compared to the bilayer cases
[213, 214]. Therefore, some of the theoretically possible 2D crystals could be impractical to isolate
or sustain in ambient conditions due to the possibility of rapid chemical degradation like corrosion,
decomposition, or segregation [212]. To have a reliable 2D crystal, its bulk (or three-dimensional)
parent materials should show sufficient chemical and thermal stability. Several 2D crystals, as
shown in Figure (2.15), can also show a stable structure, but most of them exhibit only marginal
stability. For instance, MoS; starts to oxidize below 100 °C in moist air [215]. However, the graphene
remains intact even if typical room temperatures are raised to 600 K [213]. On the other hand,
some layered materials like GaSe, TaS,, or BiySes are stable in their bulk form but corrode rapidly
once their thickness decreases to a few layers. One example of such materials is silicene [70, 216],
where even though the 2D form of silicon can be grown epitaxially and be studied in ultra-high
vacuum, it can not survive once it is removed from the substrate or when it is exposed to air.
In short, one can say that the poor stability of 2D materials compared to their 3D counterpart
exhibits that the number of viable 2D materials is still not too high. However, further research
and experimental techniques are making an effort to increase the possibility of stable 2D materials
[206, 209, 217]. Now, one can look at the methods of synthesis and how to assemble the vdW
heterostructures experimentally. Researchers usually use the two principal methodologies, namely
top-down and bottom-up, to synthesize the monolayer or few-layer 2D layered materials (2DLMs)
for vdW heterostructures. From the historical part, mechanical or micromechanical exfoliations
were first used to obtain the graphene with the technique of peeling successive layers from the 3D
graphite [6]. This top-down strategy is extended to other 2D materials like molybdenite (MoS;)
[27] and black phosphorus [218, 219] and results in producing outstanding crystallographic and
electronic quality. However, the typical production is restricted only to micrometer-scale flakes,
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Figure 2.16. Schematics of van der Waals contact architectures for 2D semiconductors: (a) coplanar, (b) staggered, and (c)
hybrid types. Source (S) and drain (D) electrodes are indicated. Adapted from [239]. © Springer Nature. License
No. 5990180773380.

and its mechanical exfoliations have limitations in both scale and lateral size. To achieve scalability,
chemical and solution-based exfoliation methods have been developed [220, 221]. These involve
processes like chemical intercalation or mechanical sonication, which give the larger quantities of
mono- or few-layer flakes dispersed in solution. As already discussed in section 2.1.1 for graphene,
while the mentioned processes produce significant amounts of materials, they usually are along
with defects, impurities, and other forms of degradation that alter the precise electronic or photonic
devices. Despite these drawbacks, solution-exfoliated 2DLMs could be appropriate for applica-
tions in photocatalysis or electrocatalysis [26, 222]. On the other hand, bottom-up techniques,
particularly chemical vapor deposition (CVD), have been very successful in growing large-area,
high-quality 2DLMS (including graphene, hexagonal boron nitride (BN), and different transition
metal dichalcogenides as well as their alloys). Even though CVD can produce relatively uniform
thin films over large substrates, fine-tuning growth conditions for multiple 2D materials could not
exist, and this may limit the formation of complex heterostructures in a single multi-step process
[223, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233].

Two-dimensional semiconductors (2DSCs), especially transition metal dichalcogenides (TMDCs),
are promising channels for atomically thin transistors owing to their excellent electrostatic control
and potential for high-frequency operation [201]. While few-layer MoS, transistors have shown
cut-off frequencies up to 42 GHz and power-gain frequencies of 50 GHz [234], their performance
is still behind the silicon-based devices. One of the issues is related to the high contact resistance
(Rc) at the source-drain interface, where the conventional doping approaches are challenging to
implement for atomically thin materials [235]. With the deposition of direct metals on 2DSCs, their
covalent bonds can be disrupted and lead to the appearance of defects after Fermi-level pinning and
a Schottky barrier that increases the R, [235, 236]. To overcome these issues, one can use graphene as
a contact layer via vdW bonding, which creates an atomically sharp and defect-minimized interface
while avoiding Fermi-level pinning [237, 238]. Three typical geometries have been proposed for van
der Waals contacts in 2D semiconductor channels, as shown schematically in Figure (2.16)(a—c).

» Coplanar contacts: The gate and graphene electrodes lie on the same side of the 2D semicon-
ductor (2DSC). Owing to the tunable work function of graphene, both p- and n-type contacts
can be realized in WSe, and MoS, devices [237, 240, 241, 242]. Near-ideal band alignment
enables barrier-free transport even at low temperatures [237].

* Staggered contacts: Graphene electrodes are placed on the opposite side of the 2DSC from the
gate, reducing interfacial contamination and enabling large-scale fabrication. Hall mobilities
up to ~34,000 cm?V~1s~! have been reported [238, 243, 244, 245, 246, 247]. Efficient Schottky
barrier modulation is achieved when the layer thickness t < A [248, 249].
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* Hybrid contacts: A graphene layer is inserted between the metal and 2DSC, preventing damage
from metal deposition. In Ti/graphene/MoS,, the contact resistance R. decreases by about
threefold compared with direct Ti-MoS, contacts [250], while Ni/graphene/MoS, can reach
as low as 0.26 kQ2 ym [251], comparable to 1T-MoS, contacts [252].

Eventually, graphene-based vdW contacts provide the lowest possible presence of defects, a Fermi-
level-pin-free platform for 2D transistors. Hybrid metal-graphene-2DSC schemes show particular
promise for achieving low R, without the need for doping-induced phase transformations, which
could lead to stability issues [252, 253, 254, 255, 256]. As technology improves, these contacts can
help 2D semiconductors perform as well as silicon chips.

2.3.2 van der Waals heterostructures for spintronic Devices

The integration of two-dimensional materials into the vdW heterostructures has opened a way
for designing new spintronic and opto-spintronic devices where their performance is tunable and
functionalities are due to the proximity effects rather than direct chemical bonding. The possibility
of combining the graphene, TMDCs, topological insulators, and 2D magnets into vertically stacked
heterostructures gives the possibility for precise control of spin transport, spin-orbit coupling
(SOC), charge-to-spin interconversion (CSI), and magnetic exchange interactions. This provides
an excellent platform for ultra-compact, energy-efficient spintronic devices that could be designed
for memory, logic, and quantum computing applications. Recent advances in spin dynamics in
2D materials have shown that graphene, due to its exceptionally high carrier mobility and long
spin diffusion length, can be an ideal spin channel. Having an efficient spin injection and detection
requires tunnel barriers like a hexagonal boron-nitride (hBN), fluorinated graphene, and SrO,
which significantly increase spin polarization efficiency (Ps > 40%) [257] as shown in Figure (2.17)a.
Beyond the electrical spin injection, opto-spintronics uses the strong spin-photon coupling of
TMDCs, which allows optical spin injection into graphene. Experimental results for the MoS,
and WSe, heterostructures have shown that spin-polarized photocarriers can be transferred into
graphene, as proved by antisymmetric Hanle spin precession signals [258, 259] as illustrated in
Figure (2.17) (c, and d). The spin diffusion length in hBN-encapsulated graphene has reached up to
30 pm, with spin lifetimes (7;) exceeding 10 ns at room temperature, which shows its suitability for
long-range spin transport [260, 261] as shown in Figure (2.17) (e, and f). One of the most important
progresses in vdW heterostructure is the ability to engineer SOC strength in graphene using the
proximity effects [266, 267]. When graphene is placed on TMDCs like MoS, or WSe,, it attains a
valley-Zeeman SOC and Rashba SOC, which modify the spin texture of its nanostructure [267]. For
instance, the effect of graphene on different materials has been shown in Figure (2.18) (more details
could be found in the references [268, 269, 270, 271, 272]). Despite the intrinsic graphene with weak
SOC, the proximity-induced SOC can reach up to several meVs, significantly modifying the spin
relaxation mechanism [266]. Studies for the graphene-TMDC heterostructure showed the high
anisotropy spin relaxation, where in-plane spin components relax two orders of magnitude faster
than out-of-plane spins [273, 274]. This effect allows for designing spin filters where only specific
spin orientations can be scattered [267]. The presence of charge-to-spin interconversion (CSI) in
vdW heterostructures has raised the capabilities of spintronic logic and memory devices. CSI,
which is driven by SOC effects, leads to the conversion of charge currents into spin currents and
vice versa, which is a key mechanism for spin-orbit torque memories [258, 275]. Recent research
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Figure 2.17. Illustration of a graphene-hBN spin device with spin transport controlled by electric and thermal drifts. (a)
Device schematic with ferromagnetic (blue) and non-magnetic (yellow) contacts. (b) TMDC band structure and optical spin
injection via circularly polarized light. (c) Spin transport in graphene and detection at contact F. (d) Non-local voltage Vi,
showing spin precession. (e) Spin signal Ry modulation by drift current I;.. (f) Spin signal changes ARy, due to a thermal

gradient. Figure reprinted and Caption reproduced from references [262, 263, 264, 265]. © Springer Nature. License
Number: 5990181398741.

showed that the room temperature CSI in graphene/TMDCs heterostructures where both the spin
Hall effect and spin galvanic effect (see Figure (2.12)) coexist. These effects, tuning by electrostatic
gating, allow for dynamic control of spin transport and give efficiencies comparable to heavy metal
systems [276]. Additionally, unconventional CSI phenomena like multi-directional spin-to-charge
conversion in MoTe; highlight the role of reduced crystal symmetries in defining spin transport
properties [258, 275, 276].

Beyond manipulating the spin-orbit coupling, magnetic proximity effects in vdW heterostruc-
tures could change the behavior of non-magnetic materials to ferromagnetic or antiferromagnetic
ones. When graphene is placed on 2D magnetic materials such as CrSBr and CrSe, the proximity-
induced exchange interactions appear in graphene with the exchange fields exceeding 130 meV.
This effect can be increased in graphene-CrSBe heterostructure, where exchange fields of 170 T
have been observed at cryogenic temperatures. The ability to control magnetic interaction using
interfacial engineering has also led to the discovery of topological magnetic textures, such as
skyrmions in WTe,-Fe3GeTe; heterostructures driven by Dzyaloshinskii-Moriya interactions (DMI)
[277]. These magnetic textures have the potential to be applied to low-power memory and logic
devices [278, 279]. vdW heterostructures have control over valley-dependent spin phenomena,
with exciton dynamics in transition metal dichalcogenides (TMDCs) affected by proximity-induced
magnetism. In WSep-Crlz heterostructures, the valley-dependent optical transitions of WSe; could
be tuned using the Crl; magnetization, which highlights a layer-dependent magnetic proximity
effect [280]. Twist angle is also a crucial point in modifying the spin-orbit coupling and magnetic
exchange interactions, which, with more details, will be discussed in a subsequent section. In
principle, future spintronic advances working with stabilized room-temperature 2D magnetism,
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Figure 2.18. Schematic structure of the Graphene and graphene-based structure with their corresponding spectra. Figure
reprinted and Caption reproduced from references [268, 269, 270]. © Springer Nature. License Number: 5990181398741.

enhanced Curie temperature using proximity SOC, and optimized spin interactions via precise
stacking. Subsequently, these developments could enable topological quantum phases such as the
quantum spin Hall effect, quantum anomalous Hall effect, and Majorana fermions. Even though
the progress in this area is highly rapid, there are still challenges in large-area fabrication, interface
engineering, and theoretical modeling to realize vdW heterostructure for next-generation quantum
and spintronic technologies fully [273, 281, 282, 283, 280].

2.4 TWISTRONICS

2.4.1 General overview on twistronics

Twistronics is the field that studies the electronic properties in stacked 2D materials where one of
the layers has a twist angle compared to the others, and it creates novel electronic behavior. The
central concept refers to the ability of moiré patterns to modify the band structure and electron
interactions. After the discovery of unconventional superconductivity and correlated insulating
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Figure 2.19. Moiré superlattice formed by twisted bilayer graphene, leading to modified electronic structure and flat bands.

(a) Moiré pattern, (b) Formation of the moiré Brillouin zone in twisted bilayer graphene due to the rotation angle 6 between

the top and bottom layers, (c) Dirac cone for valleys for the twisted and untwisted graphene layers, (d) modified bands close

to the magic angle showing the flat bands. Figure reprinted and Caption reproduced from references [286, 290]. © Springer
Nature. License Number: 5990191463735.

states in the twisted bilayer of graphene (TBG), the interest in twisted structures increased [284, 285].
In the case of TBG, when two monolayers of graphene display a slight rotational misalignment
corresponding to each other, they form a periodic moiré pattern, which results in some flat bands
and correlated electronic states [284, 285, 286]. The main parameter that plays an essential role in
the twistronics is the twist angle between the layers 6, which directly influences interlayer coupling
and electronic dispersion. The magic angle is approximately at some 1.1°, which results in flat
electronic bands and enables strong electron correlations [287, 288]. The moiré pattern, which is
generated by a relative twist between 2D layers, leads to a moiré superlattice, which significantly
modifies the band structure. In principle, as shown in Figure (2.19), these moiré superlattices are the
reason for creating mini-Brillouin zones, which change the electronic dispersion and lead to the van
Hove singularities (unique points in the electronic band structure of a material where the density of
states (DOS) becomes very large) and the decreasing of the Fermi velocity [289]. Consequently, these
structures support various correlated electronic phases from Mott-like insulators to unconventional
superconductors [288].

At small twist angles, the interlayer hybridization is much more significant, and the electronic
wavefunctions localize within the moiré unitcell. The substantial modification of the electronic
density of states (DOS) is the reason for the appearance of quantum phases, including super-
conductivity and correlated insulating states [284]. Additionally, to achieve precise control over
these phases, the ability to electrostatically tune the carrier density in moiré systems is requested.
These two features make the twisted heterostructures a versatile platform for exploring strongly
correlated physics [288, 291]. From a historical perspective, as discussed in the previous sections in
detail, 2D materials gained remarkable attention after the isolation of the monolayer of graphene in
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2004. However, the primary attention to the field of twistronics comes back to the years after the
discovery of magic-angle TGB in 2018 [284, 285]. Early experiments showed that moiré patterns
could affect the electronic properties of 2D materials, but it was not until the work of Cao et al.
[284, 285] that realized the potential for strongly correlated states in TBG. At the magic angle
(~ 1.1°), the electronic bands of TBG show the nearly flat bands (Figure (2.19)), which exhibit
strong electron-electron interactions [291]. Experimental results of correlated insulating states and
superconductivity in magic-angle graphene superlattices provided a new platform to investigate
unconventional quantum phases [284, 286]. This was a motivation point for extending the research
theoretically and exploring twistronics as a promising way to design novel quantum materials.

In beyond-“magic-angle” twistronics, particularly for the systems with larger twist angles and
smaller moiré-superlattices, first-principle calculations based on Density Functional Theory (DFT)
using the strongly constrained appropriately normed (SCAN) exchange-correlation functional
[292, 293] have shown a remarkable success in modeling monolayer materials, which gives a highly
accurate meta-GGA approach despite its cubic scaling with the number of atoms [294]. This
success in modeling has motivated the development of advanced, affordable theoretical methods
that can efficiently handle systems with massive numbers of atoms on the scale of a million. At
the same time, capturing phenomena such as the quantization of Hall conductivity in tBLG and
the twist-dependent band gaps in TMDCs remains challenging for first-principles approaches,
motivating the development of alternative multiscale or effective models [295]. Furthermore,
although atomistic simulations of superlattices are computationally costable due to the long-range
interlayer interactions, a non-linear finite element plate model using a discrete-continuum interlayer
potential based on the Kolmogorov—Crespi model [296, 297] (with an updated version for TMDs
proposed in [298]) has turned out successfull in capturing essential exchange-correlation effects
absent in simpler potentials such as the Lennard-Jones potential. Additionally, it has been shown
that the real-space misalignment of two repetitive patterns leads to localized states in momentum
space, which enable a reformulation of quantum mechanics, and the requirement of referencing to
the 2D lattices is omitted, allowing for more efficient calculations [299].

2.4.2 Twist-dependent experimental discoveries

Twistronics research has shown that the interlayer region—typically 0.3-0.4 nm thickness—plays a
crucial role in the electronic and structural properties of vertically stacked 2D materials. In graphene-
based systems (e.g., tBLG and graphene+hBN) [301, 302, 300, 303, 304, 305], a significant fraction of
the total volume is occupied by this region, which enables significant charge redistribution and
modifies interlayer hopping parameters [306, 307, 308, 309, 310]. This coupling not only drives the
emergence of a purely electronic moiré superlattice [311, 312, 313, 314, 315, 309] (as illustrated in
Figures 2.20) but also promotes atomic reconstruction at the van der Waals interface and leads
to buckling and domain formation which could be observed by SAED, DF-TEM, and multislice
simulations [316, 317, 318, 319, 320, 296, 321] (see Figure (2.21)).

Together, twist-angle-dependent transport phenomena have shown exotic electronic states
in these systems. Notably, tBLG exhibits unconventional superconductivity at “magic” angles
( 1.08°-1.15°) where flat bands occur that lead to the strong electronic correlations, fractal quantum
Hall states, and 1D topological channels [284, 285, 322, 289, 321, 323, 324] (Figure (2.19)). These
properties are due to the interplay between interlayer hybridization and the relative twist-induced
modification of the Dirac cone interactions, which can be finely tuned to manipulate insulat-
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Figure 2.20. Interlayer coupling effects in twisted bilayer graphene (tBLG). (a)—(c) tBLG twisted at 5.09°: (a) before
reconstruction, (b) bottom layer (counterclockwise rotation near the vortex), (c) top layer (clockwise rotation). (d) and (e)
Buckling in tBLG twisted at 1.61° (15,132 atoms) with an equilibrium interlayer separation of 3.44A; (e) shows the top layer
buckling profile (0.51A height). Figure reprinted and Caption reproduced from references [300] with permission from IOP
Publishing (License ID: 1588638-1).

ing states and topological effects. The evolution of these correlated states is also supported by
conductive-AFM mapping and transport measurements across various twist angles [325, 326].
Further experimental studies extend these phenomena to excitonic and magnetic properties. In
bilayer TMD heterostructures, strong interlayer coupling produces moiré exciton quasiparticles with
twist-angle-dependent confinement and valley polarization [327, 328, 329, 330, 331], while emergent
ferromagnetism has been observed in tBLG/hBN structures, with robust hysteretic behavior and
controllable magnetic domain switching at specific carrier densities [332, 325, 333] (Figure (2.22)a).
Additionally, twist-sensitive Raman spectroscopy has been instrumental in probing phonon modes,
charge interactions, and local atomic symmetry changes induced by interlayer coupling and atomic
reconstruction [334, 310, 335, 309]. The potential of moiré superlattice to show unexpected quantum
phenomena in twisted 2D heterostructures is enormous.
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Figure 2.22. Magic-angle tBLG exhibits correlated states enabling emergent ferromagnetism and current-controlled magnetic

switching. (a) Ryy vs. carrier density n and displacement field D, with filling relative to the moiré superlattice. (b) Ry, line

cut shows resistance peaks at full and intermediate fillings. (c) Temperature-dependent hysteresis in Ry, vs. magnetic field.

(d) Ryy hysteresis vs. applied current, indicating orbital magnetism. (e) Nonvolatile electrical writing/reading of a magnetic
bit. Figure reprinted and Caption reproduced from references [325, 333] with permission from AAAS.



CHAPTER 3

Theoretical Background

Results presented within this thesis have been obtained from first-principle or ab-initio methods.
This chapter will briefly introduce the first principle of materials modeling. In simple words,
first-principle calculations are the ability to use quantum mechanics, the periodic table of elements,
and computers to find the behavior of materials with the highest accuracy, plus predicting their
behavior in the presence of different factors. This chapter introduces the many-body Scrodinger
equation and next, the theory of Density Functional Theory (DFT) as one of the most prominent
techniques in the first-principle approach. In the subsequent parts of this chapter, the construction
method of vdW heterostructures and the effective k-p model are introduced, complemented by a
brief introduction to magnetic interactions and transport methods.

The theoretical framework presented in this chapter is written based on the book Materials Mod-
elling Using Density Functional Theory: Properties and Predictions by Feliciano Giustino [336].

3.1 BRIEF HisTORY OF COMPUTATIONAL MATERIALS MODELLING

Material modeling is the art of using mathematics to describe the behavior of materials on a
microscopic scale. The first principle approach is a bottom-up model, which means that, in contrast
to top-down approaches, the aim is to find the properties of materials without relying on empirical
fitting parameters. Notably, some of our results, which will be discussed in detail in the following
sections, are semi-empirical (e.g., van der Waals Grimme DFT-D2 correction). However, these
corrections are for refining the model, and the overall structure of the first principle approach relies
solely on one differential equation without using experimental results. Using quantum mechanics,
which involves solving a complicated Schrodinger equation, a very general and powerful method,
to compare predictions with reality. Using this approach, one can predict the behavior of simple
materials like hydrogen and very complex materials like semiconductors or superconductors.
However, as more atoms are added and the complexity of materials rises, the computational costs
also increase, necessitating many supercomputers with many CPUs and substantial RAM. Besides
the computational cost in this approach, another critical and challenging point is matching the
predicted theoretical results with experimental results, which scientists are continually working to
improve in terms of accuracy.

One of the standard techniques in the first principle calculation approach is Density Functional
Theory, abbreviated as DFT. It is a very effective technique that covers a wide range of materials,
from molecules to topological materials, by solving the Schrodinger equation. From a historical

35
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Figure 3.1. The number of citations per year for key works in the development of Density Functional Theory (DFT),
including the foundational papers by Hohenberg and Kohn (1964) and Kohn and Sham (1965), as well as other contributions
that established DFT—such as the works by Ceperley and Alder (1980), Perdew and Zunger (1981), and Perdew et al.
(1996)—The statistical data were obtained from the Thomson Reuters Web of Science platform
(http:/ /apps.webofknowledge.com) and picture is from reference [336] with permission from Oxford University Press
(License ID: 103668). Further reproduction or distribution is not permitted without written permission from the publisher.

point of view, the birth of Density Functional Theory (DFT) dates back to 1964, when Hohenberg
and Kohn published their paper in the journal Physical Review titled "Inhomogeneous Electron
Gas." The importance of DFT is evident in the sharp increase in the number of citations for the
Hohenberg and Kohn (HK) paper, as well as for the Kohn-Sham (KS) approach and subsequent
corrected methods, as shown in Figure (3.1).

Using DFT to take examples of materials predicted, modeled, or confirmed would be handy.
For instance, Raty et al. used DFT to study nanoscale structures like detonation diamonds. They
conducted atomic-scale calculations, simulated the temperature evolution of nanometer-sized
diamonds, and found that the surfaces rearranged into a graphite-like structure. This led to
the formation of ‘bucky diamonds’—nanoparticles featuring a diamond core surrounded by a
graphitic shell. Their DFT calculations matched experimental X-ray absorption spectra, confirming
the presence of bucky diamonds. This example was about the importance of DFT in identifying
new materials [337]. Another example is concerning the superconductivity materials. For this
group of materials, the foundational BCS theory was established in 1957 by Bardeen, Cooper, and
Schrieffer [338]. It explained the general principles of superconductivity but could not calculate
superconducting properties like critical temperature using only the atomic number. However, DFT
emerged as a powerful method to study conventional superconductors with high accuracy. For
example, MgB, was discovered to superconduct below 39 K by Nagamatsu et al. in 2001 [339].

As it comes from Figure (3.2), Choi et al. in 2002 [340], using DFT calculations could predict
accurately the heat capacity as a function of temperature, which is a key signature of the supercon-
ducting states. In the previous two examples, mainly the DFT’s ability to understand the behavior
of the existing materials was discussed; however, another most significant power is referred to the
ability to predict the properties of the materials that have not yet been experimentally fabricated or
even not discovered. For instance, Kang et al. modeled developing strategies to increase the battery
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Figure 3.2. The measurements of experimental and DFT for the heat capacity of MgB,. The graph is from reference [336]
with permission from Oxford University Press License ID: 103668). Further reproduction or distribution is not permitted
without written permission from the publisher.

electrode’s charge and discharge rates using ab initio calculations [341]. Similarly, Greeley et al.
used the DFT-based high-throughput screening to find over 700 binary surface alloys for catalytic
activity and stability, which identifies BiPt as a superior electrocatalyst for hydrogen evolution and
thus had a better performance than pure Pt in experimental tests [342].

The first principle approach, particularly DFT techniques, has a very long history of develop-
ment. It began in 1964, but before that, there was a lot of effort to make this method better and
more efficient. For instance, in 1965, pseudopotentials aimed to replace the complex interactions
between electrons and the nucleus were introduced. As depicted in Figure (3.3), this development
continued by including relativistic extensions in 1972. Then, in 1979, norm-conserving pseudopo-
tentials were developed, and the Local Density Approximation (LDA) was introduced to find the
exchange-correlation functional. Four years later, efforts were made to add the time-dependent part
to solve the Schrodinger equation, followed by the introduction of Molecular Dynamic calculations
the following year. Quasiparticle corrections for insulators were developed as an essential aspect of
first principle calculations in 1986, and the Density Functional Perturbation theory was added a
year later. The advancements in the quantum chemistry precision of XC [exchange and correlation
energy] were created in 1988. In 1991, the Hubbard correction (DFT+U) was introduced to include
Coulomb interactions, an essential correction in DFT. Generalized Gradient Approximation was
added to the development of DFT in 1996 to go beyond localized electron density and increase accu-
racy. During these years, an enormous community effort was made to make better approximations
involving many scientists and groups. For instance, in 2001, one of the crucial functionals, Hybrid
functionals, was developed. At the time of writing this thesis, there is no universal parameter
for the functionals, but recently, the accuracy and efficiency have been drastically increased using
Machine Learning. So far, it has proven that Density Functional Theory (DFT) is a powerful tool
to study and understand the behavior of materials at a wide range of structures and scales. In
addition, this method has received significant citations from prominent scientists, which underlines
its popularity. It is worth enumerating some of the reasons for this popularity:

1. Universality: DFT is a universal methodology that allows continuous applications in various
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Figure 3.3. Density Functional Theory [DFT] Over Time

materials and avoids additional efforts through transferable expertise.

2. Scalability: DFT’s ability is not limited to small molecules and ranges from simple structures
like H, to very complex crystals with a high number of atoms, which helps researchers
investigate the varying complexity levels.

3. Simplicity: The main equation of DFT, namely the Kohn-Sham one, is intuitive and clear,
which connects elementary quantum mechanics to material science by assuming electrons as
independent particles.

4. Accuracy: In contrast to the simplicity of the Kohn-Sham equations, the DFT is strongly
accurate and is trustable to predict material properties, and the obtained results are highly
close to the experimental measurements.

5. Global Collaboration: The popularity of DFT led to the development of a high standard open-
source and commercial software, the creation of many online platforms to share information,
and rapid development in terms of new ideas to improve this method.

6. Good Starting Point: Even though DFT is strong, it also has some limitations, such as
inaccuracies in describing van der Waals interactions, red-shifted optical absorption spectra,
and incorrect predictions for some materials like transition metal oxides. However, DFT for
the mentioned materials is still valuable as a starting point for more refined calculations,
often followed by post-DFT corrections to raise predictive capabilities.
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Figure 3.4. Electrostatic interaction between pairs of (d..) electron—electron, (d,,) nucleus—nucleus, and (de)
electron—nucleus.

Before finishing this section, I would like to mention a significant limitation of Density Func-
tional Theory (DFT): its computational cost and weakness in handling extensive systems. Although
one can understand and study the behavior of periodic materials using DFT with relatively high
accuracy, for massive systems with a high number of atoms, DFT is still restricted and needs to be
reformulated to enable calculations for such systems. At the time of writing this thesis, DFT codes
are capable of predicting tens of thousands of atoms with the powerful resources of supercomputers.
However, for some materials, such as proteins, millions of atoms are in minimal parts, making it
unaffordable to calculate using the DFT method.

3.2 MANY-BODY SCHRODINGER EQUATION

This section briefly outlines the fundamental ingredients of Density Functional Theory (DFT),
beginning with the Coulomb interaction and the formulation of the single - and many-body
Schrodinger equations, followed by the main approximations required to make these equations
solvable. Finally, the Hartree-Fock and Kohn-Sham formalisms are introduced as the conceptual
foundation of DFT.

3.2.1 The Coulomb Interaction

A material system can be regarded as an ensemble of electrons and nuclei interacting through
electrostatic forces, which can be symbolically expressed as:

Material = Electrons + Nuclei. (3.1)

The stability of matter arises from the balance between attractive and repulsive Coulomb forces
acting among charged particles. As illustrated in Figure (3.4), the electrostatic energies between
different particle pairs separated by a distance d can be written as [343]:

_ e? _ Z2¢2 B Ze?
T dmegde.” ™ dmeydn,’ " Ameoden’

(3.2)

ee

where e denotes the elementary charge, € is the vacuum permittivity, and Z is the nuclear charge
number.
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3.2.2 The Schrédinger Equation for Many-Body Systems

To describe the quantum behavior of particles, one must determine their wavefunction 1 (7), defined
at each spatial point 7 = xiy + yily + zil;. This is obtained by solving the time-independent
Schrodinger equation [344]:

(Hk + Hp) ¢ = E, (3.3)
where Hy and Hp represent the kinetic and potential energy operators, respectively, and E is the

corresponding eigenvalue. The quantity |(7)|?
at position 7.

gives the probability density of finding the particle

For a single electron in an external potential V(7), the equation takes the form:

15’2
2m,

+V@) | 9(F) = Ep(), (3.4)

where m, is the electron mass and P = —ihV, with V = ﬁx% + ﬁy% + ﬁz%.

In systems containing multiple electrons, the Pauli exclusion principle restricts occupation
of identical quantum states, implying that each spatial orbital can host at most two electrons of
opposite spin. Consequently, electron—electron interactions modify both the potential V(7) and the
shape of 1(7), making the single-particle description insufficient.

For an N-electron, M-nucleus system, the full quantum state is described by a many-body
wavefunction:

‘I’r:‘I"(?l,?z,...,VN;ﬁl,Kz,...,KM), (3.5)

whose squared modulus represents the probability density of finding electrons and nuclei in a
specific configuration. To determine the probability of locating a particular electron (say, electron 1)
at position 7, all other degrees of freedom must be integrated out:

P =7) = / ¥ (7 7, ..., PN Ray e, Rap) 2 dFa .. dPNdRy . .. dR . (3.6)

n(7) = N/ (¥F, T, ..., Pni R, ..., Rop) P dFa ... dindRy ... dRys, (3.7)
with normalization conditions:
/ (Y2 d7, ... dPndR; ... dRy =1, /n(?’) d7 = N. (3.8)
The total energy of the system is given by:
(Hk + Hp) ¥ = Eqpta ¥, (3.9)

where the kinetic energy operator includes contributions from both electrons and nuclei:

th ) Mh2

A 2
HK:_Z% Y% _IZ;ZMIV , (3.10)
1= =

2m,
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with V? acting on the coordinates of the ith particle:

%Y | °Y | %Y

2
21,22, 7"
Vi 9x2  9y2 + 0z2

(3.11)
For the potential part, we can refer to the equations (3.2), and with this distinction, we account for
all possible charge pairs in the system.

1
Veeziz

i#j

2 2 2
e 1 1 e Z[Z] e Z[
dmeg [7; — 7] ] {7 47eo |R; - R e T 4meo |7; — Ry|

From (3.10), and equations (3.12), the time-independent Schrodinger equation can be rewritten as:

(3.13)
N 2 M 2 5
S Y v/ B Y v I S S
=1 e =1 2Mi 2 {7 4meq |7 = T
1 AV A 2 7

=+ Y= Etotal‘Y

2 {7y 4meo Ry — Ry 7 47teo |F; — R

1

From the equation (3.13), we almost have all the information to study the behavior of the materials;
however, to be more accurate, we need to include the time-dependent Schrodinger part, which
we will not discuss, and this thesis results will be enough only for methods with solving the
Time-independent Schrodinger equation. It is also noteworthy to mention that by solving the equa-
tion (3.13) and finding the lowest energy eigenstates, which, from now on, is called "ground-state”
or in the abbreviation "GS" of the system, we can compute a wide range of equilibrium properties
of materials, ranging from their elastic properties to enthalpies of formation, thermal characteristics,
phase diagrams, and more. Even though solving this equation gives lots of information about the
materials, it is very challenging and, in most cases, impossible to solve, even for simple systems.
Therefore, some approximations are required to simplify the problem, which we will briefly discuss
in the following subsections.

3.2.3 Clamped nuclei approximation

The equation (3.13) is generally very complicated, and as a first step, let us simplify it using atomic
units. Accordingly, we introduce the so-called Hartree energy. As mentioned in the first part of
this thesis, all the required quantities 7, m,, my, e, and €g are fundamental constants that do not
vary with the specific material being considered. The equation (3.13), indeed, doesn’t contain any
empirical parameters, and all of the parameters are fundamental or can be come with estimation
or data fitting procedure. Because of this, the mentioned equation is pointed to a first-principles
approach. The electron orbital in the fundamental state of the Hydrogen atom has an average
radius ap ~ 0.529 A°. By substituting this value into equation (3.2), the average Coulomb energy
(in absolute terms) for an electron-proton pair can be determined as:

2

Epa (3.14)

" 4mepag
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where 'Ha’ represents "Hartree’. Similarly, the Coulomb energy for an electron-electron (e-e) pair
and a proton-proton (n-n) pair at the same distance is also Ep,; thus, it can be simplified the size of
potential energies in equation (3.13) into the order of Ep,. For the Kinetic energies, one can also
use the semi-classical argument. We know the angular momentum in the fundamental form is
provided by m.vay = i1, where v is the velocity of the electron and, similarly, the balance between
the centrifugal force and the nuclear attraction in this orbit necessitates:

2

Me— = ——— (3.15)

ap dmepay

It can be seen clearly, by combining the equations (3.14), and (3.15), that:

e? n?
— 3.16
4regag  meal (3.16)
and it gives:
Le? = LE (3.17)
5 e - 2 Ha .

which shows that kinetic energy can also be written in the order of Hartree Energy. Thus, it is more
convenient to divide every term in the equation (3.13) to the Epy, to have a simplified and natural
unit of energy:

(3.18)

_ 1 2v72 # 2
O DY oV L 2

i 1 ,?g] |7’1 ]|

1 ag

+5 ) 212]7 - Zzlﬂi Y = Etotar/ Ena¥
iZ] R —R)| 47 [F—R

The many-body Schrodinger equation in this form clearly shows that the notation can be signif-

icantly simplified by describing energies in units of Ey,, distances in units of a9, and masses in

units of m,. We use the following units unless we mention others:

1Ha =27.2114 €V = 4.3597. 10718 J,
1 bohr = 0.529177 A = 0.529177.10 1 m
1 a.u. of mass = 9.10938291.1073! kg,

where “a.u.” stands for the atomic unit. All of these units together are so-called Hartree atomic
units. Therefore, we can use Hartree atomic units for equation (3.18), where four fundamental
physical constants are set to 1 (dimensionless) to simplify the equation. They are electron mass
L) Now,

(me), elementary charge (e), Reduced Planck’s constant (71), and Coulomb’s constant (z =

we can re-write the equation (3.18) to the simplified version as the following form:

V2 V2 1 VAV
_271_;21\/11_2 2 2 Ny — B ¥ (3.19)
1

il |rl RI| 1#] |1"1 - 1’]| [75] |R1 R]|
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The equation (3.19) is more general and almost covers all the materials from gases to liquids
to solids. Hence, this means that it is not only highly complicated to solve but also more or less
useless. So, we need to start only with solids and molecules. Thus, one can, as a starting point,
assume that nuclei are without any motion in known positions [ it means they have clamped ].
Simply put, according to the high mass of nuclei compared to the electrons, one can temporarily
assume no motion for them. Also noteworthy is that the uncertainty principle doesn’t allow us to
assume nuclei are perfectly immobile in their equilibrium positions, AyAp > 7, and it should be
taken into account their motion once the electronic structure is determined with concerning only
the electrons contributions.

1V§N0

Assuming M — oo, one can simplify the equation (3.19) by setting }'; 5 3/-

2
—Z%— Z 12% ¥ — [Em 12%]? (3.20)

; 7|7 — R1| 2 7 7 = 7] 77 IR — R|
1 VAV
iz IR — Ryl
Introducing the notation, the equation (3.19) can be rewritten as:
1 1
Z =+ - Z Y =EY (3.22)
‘1’1 RI‘ yé |rl |

At this stage, the main term requiring further consideration is the Coulomb interaction between
electrons and nuclei. Following the Born-Oppenheimer approximation, the nuclei are assumed to
remain fixed in space and thus their coordinates R; act as external parameters, while the many-
body wavefunction depends only on the electronic positions, i.e., ¥ = ¥(7,...,7n). Under this
assumption, the electrostatic potential produced by the nuclei and experienced by an electron at

position 7 is written as:
Z]
Va(?) = =) ——=—, (3.23)
T |7 =R
where Z; denotes the nuclear charge of atom I. This approximation effectively removes explicit
dependence on the nuclear coordinates in the electronic Hamiltonian. Consequently, the many-

electron Schrodinger equation can be expressed as:

v? o1 1
Y Y Vi) + 5 )Y ——= | Y =EY, (3.24)
25 27 i =7

which resembles the single-electron time-independent Schrodinger equation (3.4), but now accounts
for electron—electron Coulomb repulsion. The total Hamiltonian, expressed in terms of the electronic
coordinates, can therefore be written as:

P, Vv? | 1
A7, 7, . TN = [—Zzl +Y V(@) + 5 Z“] Y =EY (3.25)
i i i#]
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leading to the many-electron eigenvalue equation:
H(?,7,...,7n)Y = EY. (3.26)

For comparison, the corresponding single-electron Hamiltonian introduced earlier in Eq. (3.4) can
be expressed as:

. 1
Hy = —Evz + V(7). (3.27)

The above formulation follows the standard treatment given in Giustino [336]. The equation (3.25)
can be rewritten as:

A o o 4 o 1 1
HF, P i)Y =) [Ho(F) + 5 ) —— | Y = EY, (3.28)
. 2 & ‘l"i — T
i i#j )
and finally, we have:
AY = EY (3.29)

3.24 Independent electrons approximation

We need to simplify the equation (3.25), which can be done by independent electron approximation.
According to this approximation, electrons are free to move inside the fixed potential that the
clamped nuclei have generated. Simply put, it means the electrons don’t see each other, and by
ignoring the interactions between electrons, this approximation reduces the issue’s complexity to
one that involves only one electron and an effective potential.

Y Hy(7)Y¥ = EY, (3.30)

and in light of the independence of electrons, the probability [¥ (7,7, ..., 7x)|* must given by the

individual probability of each electron in their specified positions using |¢;(7;)|?. At this point,
we still don’t know the function of ¢; however, we guess it should be written as the solution of
equation (3.30) as a product of individual ¢:

¥ (P1, 7o s PN [P = 191 (F1) Pl @2 (P2) 12 oo | (PN 1P = |91 (P)-92(F2). - (PN) [P (3.31)

T(71/ 72,..,TN) = 1 (71)472 (72) e ON(PN) (3.32)
For the Schrodinger equation in a single electron case, we can write the solution as:

~

Hy(7)¢i(7) = eipi(7), (3.33)

where €7 is the smallest eigenvalues obtained from it, and ey is the biggest one (€] < €; < ... < €n).
Now, we should write it for simplified many electrons equation of (3.30).

lz ﬁo(ﬁ')l ¢1(71)--¢n(FN) = E1(71)--dn(7N), (3.34)
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Since single electron of
Hy(71) acts only on the function of ¢ (1),
Hy(7,) acts only on the function of ¢ (75),

Hy (7n) acts only on the function of ¢y (7y). Therefore, we can rewrite the equation as follows:

[Ho(71)91(71)] ¢2(F2)¢3(73)..on () + [Ho(P2)$2(F2) ] ¢1(F1)p3(73)--pn (P) + - (3.35)

+ [Ho(PN) N (Pn) ] ¢1(F1) 2 (P2).pn—1(Fn—1) = Er (F1)--pn (PN)

And also we know:
Ho(7;) i (7:) = €ii(7;)

and for instance we have for the first electron

Ho(71)¢1(71) = exgn (1)

and therefore, we can rewrite the equation (3.35) as follows:

€191(71)p2(72)..oN (PN) + 1 (71)€202(P2) .. dN(PN) + ... = EP1(F1)p2(72)..on (N) (3.36)

and finally,
E=e+e+..+en (3.37)

The obtained results show that the configuration with the lowest energy of the system is achieved by
filling the lowest-energy eigenstates of the single-particle equation (equation (3.4)) with one electron
per state, beginning with the lowest eigenvalues. In the following sections, we will call it the ground
state of the energy. This aligns with our expectations of the solid-state physics [345]. Even though,
We solved the equation (3.25) using independent electron approximation, however, there are two
important weaknesses we cannot ignore. Firstly, according to Pauli’s exclusion principle, the ¥
should change sign whenever two electron’s sign is exchanged (e.g., swapping the r1, and r;), which
equation (3.32) doesn’t have that. The second one relates to the fact that the Coulomb term has
been eliminated from the main equation (3.19), which should be addressed.

Exclusion Principle

The exclusion principle remarks that according to electrons being "fermions," the wavefunction for
the many-body system (i.e., ¥) should be changed in case of exchanging any electron variables.
While the variable exchange is about both the position and the spin of electrons, one can, for
simplicity, ignore the spin and conclude that two electrons cannot occupy the same electron state.
Consider the following simple example: if we have two electrons, the wavefunction ¢ (71)$2(72)
with ¢1 # ¢, doesn’t satisfy this requirement; therefore, we cannot use equation (3.32). However,
the wavefunction:

(71,7 = = [01(7)92(02) ~ 41 (7)) (3.38)
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Figure 3.5. Schematic picture of how the other electrons interact with a single electron in average in the mean-filed

approximation.
By direct substitution, one can find the ¥ (7,,7) = —¥ (1, 72). If we replace it in equation (3.30),

the total energy (E = €1 + €3) comes from the terms on the right-handed side of the equation (3.38).
Hence, all the linear combinations of such terms are also good solutions for the same energy. One
can write the equation (3.38) by using a matrix determinate:

ooy L agi(A) ¢1(R2)
“mm‘ﬁbwn@®i )

which is Slater determinant. We can construct this Slater determined for more electrons with this

-1
difference that we will have long rows and columns, and also the prefactor will change to N!z for
N > 2, to have the function correctly normalized: [ [¥|?d7; ...d7y = 1.

3.2.5 Mean-field Approximation

Until now, to solve the Schrodinger equation, we assumed a clamped nucleus approximation, i.e.,
the nuclei are not moving, and we can neglect their motion by putting zero for the terms of kinetic
energy as well as the Coulomb interaction between electrons and nuclei. Next, we simplified the
equation with the independent electron approximation, but in this case, we had inaccurate results.
Therefore, the Mean-field Approximation can step in to avoid these drawbacks and limitations.
According to the figure (3.5), one can assume many other electrons surround one electron. In
such a case, instead of dealing with the complicated interactions of each electron individually,
we approximate their collective influence as an averaged interaction, which is called Mean-field
Approximation. Simply put, we are looking for the average influence of all other electrons on a
single electron, and this is mathematically represented by "effective or Hubbard potential.”

So, the question now arises as to whether a single-particle description can be maintained while
incorporating the Coulomb repulsion in some manner. For a few moments, we can go to classical
physics, and we know that a distribution of electronic charge, n(7), will generate an electrostatic
potential ¢(7) through Poisson’s equation [346]:

V2¢(7) = 4rn(7) (3.40)
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In Hartree units, all electrons within this electrostatic potential have potential energy given by
Vy(7) = —¢(¥), named the "Hartree Potential.” So, we have:

V2Vy(7) = —4mn(7), (3.41)

and from [346], we know the general solution for this equation is:

Vi (7) = /dr T (3.42)
which indicates that in the infinitezimal volume d7’ we have a charge dQ = —n(7') d7’, which
causes a Coulomb potential at point 7 given by i—%‘. As every electron in the system has the

Hartree potential, we can rewrite the equation (3.33) as follows:

vZ
=)+ V)| 07) = i) (3.4
n(7) =} l9i(7)? (3.44)
V2Vy(F) = —4mn(7). (3.45)

So, the new thing compared to the equation (3.33) is that now we have the Hartree potential in
the Hamiltonian, and we included the Coulomb repulsion between electrons as well. Because the
potential Vy represents the average potential felt by each electron, this method is referred to as the
"Mean-Field Approximation. In this formalism, we decreased the dimensions of the complicated 3N
Schrodinger equation to N three-dimensional equations. To solve this, however, we need to calculate
the equations (3.43) to (3.45) simultaneously, and they are so-called self-consistent calculations. Even
though we have solutions using this method, the results lack sufficient accuracy for conducting
quantitative studies of materials at the atomic scale. To solve this issue, we should include the
elements of the theory, i.e., "exchange and correlation" potentials, which can be obtained through
the integration from the equation (3.43) to (3.45), and we discuss it in details in next sections.

3.2.6 Beyond the Mean-filed approximation (Hartee-Fock approximation)

From the above follows, that if we ignore the electron’s interactions with the Coulomb repulsion,
the many-body wavefunction can be written as a Slater determinate, and single-particle ¥ can be
found as the solutions of a simpler single-particle Schrodinger equation. We're ready to move on to
improve it for the following reasons:

1- Even though the electrons’ interactions are not too strong, they still interact. Therefore, it is still
possible to seek a solution in the form of a Slater determinant. It means we need to find the ¢;(7;)
in the equation (3.39) and it can be done using the "Variational Principle’. This principle is a way of
finding the best solution for one problem. This helps us to find or choose the option that gives the
most favorable results: the shortest path, the lowest energy, etc. Let’s think of the lowest energy of
quantum state ¥. The energy is coming as follows:

AY = EY — / 7y d7N P HY = / d7,..d7NF EY, (3.46)
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and we know [ ¥*¥ dr;...d7x = 1; so we will have E = [ dry...dPy ¥*HY and we can rewrite it in
Dirac notation:
E=<Y[HY >. (3.47)

It can be shown in detail, but we skip it here if we minimize E to the variations of the function ¢;(7)
in the Slater determinate, it requires to have the orthonormal functions:

9E
9y

0; / ¢ (7)¢;(7) d7 = 6;; where [; (1) i;?] (3.48)

(where J;; is the Kronecker delta and is equal to 1 if i = j, 0 if i # j) and we obtained so-called
Hartree-Fock equations [347]:

VZ
=+ V)| 06+ [ VRET 06 = i) (.49
n(7) = 3 l9i(7)I% (3.50)
V2V (F) = —4mn(7). (3.51)

If the above equations are compared with the equations (3.43) to (3.45), it can be figured out
that there is an additional term, Vx:

(7)5(7)
Vx(77) ==Y % (3.52)

i
Two important points should be emphasized in the above equation:
e In the Vx(7,7'), we have supposed the same spins for electrons.
* ), this sum is over the occupied single-particle states.

Now, we are encountering two good and bad points for the Hartree-Fock equations: The
former is that we could move from the "Classical" electrons in the Mean-Field approximation to
the "Quantum" electrons here. The latter is that the current modifications introduce the non-local
potential Vx(7,7’) in the single particle equations. The non-local potential means that electrons
are not classical and like balls and they are wave-functions, these wave-functions depend not only
on their position (e.g., at 7) but also on extra things like other electron’s positions, which we call
for instance at 7. So, the behavior of one electron not only depends on its position at 7 but also
depends on another electron at 7y due to the Pauli exclusion principle. Remember, in this principle,
the electrons are not allowed to be in the same state, and they move, and this move affects each
other elections. This leads to a special interaction called "Fock exchange potential,” which considers
all electrons together (For more details about the derivation of equation (3.49), see Appendix A
from the book [336]).

Why do we say "exchange"? The origin of using the Hartree potential and, subse-
quently, Hartree-Fock potential was the fact that, when we exchanged the position of
the electrons, the wave function was not changed, which, according to Pauli’s exclusion
principle, was wrong, and we had to consider it. In mean-field approximation (Hartree),



3.2.7. Kohn-Sham equations 49

we included it, but it was only for the classical particles, and it was still not accurate.
Hence, we used the Hartree-Fock method and used the Fock exchange potential to
consider this issue.

3.2.7 Kohn-Sham equations

To summarize once more, we first replaced the full electron—electron interaction by an effective
independent—particle description, thereby reducing the 3N-dimensional many-electron problem to
a set of one-electron equations. Next, we reintroduced the classical Coulomb repulsion through
the Hartree potential, and accounted for the fermionic nature of electrons by including exchange
effects. The remaining ingredient is the electron correlation, i.e., the residual many-body interaction
beyond classical electrostatics and exchange. Because repulsion and the Pauli principle suppress
the probability of finding two electrons near one another, this correlation cannot be neglected.

It is therefore convenient to augment the single-particle potential by a correlation term. Using a
local representation for exchange (to avoid the nonlocal Fock operator), we write the one-electron

equation as
2

_VT + Vu(P) + Vi (7) + Va(7) + Ve(7) | §i(7) = € 4(7), (3.53)

where

Recall 1): V,(7) = — Z Zi (electron—nucleus Coulomb potential),
Recall ?): V2Vy(7) = —4nn(7),  n(7) =Y |¢:(P)]%

i
Recall (3): Vy(7) (classical), Vi (7), V¢(7) (quantum contributions).

This heuristic route motivates the Kohn—Sham framework: the interacting system is mapped onto an
auxiliary noninteracting system that reproduces the same ground-state density, while all many-body
effects beyond the Hartree term are absorbed into an exchange—correlation (XC) potential. Details of
the Kohn-Sham construction and the practical XC approximations used in this thesis are discussed
in the following subsections.

3.3 DensiTY FunctioNnaL THEORY (DFT)

In this section we address three questions:
1. How is the single-particle description, {¢;}, related to the many-body wavefunction ¥?
2. Which equations do the orbitals ¢; satisfy?
3. How is the total energy E in Eq. (3.24) determined?

Density Functional Theory provides a unified answer to these questions within the Hohenberg-Kohn
and Kohn-Sham formalisms.
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3.3.1 Total energy of the electronic ground state

From the previous section,
E= (Y|7|Y) = /d?l AP (P TN Y TN, (3.54)
with Hamiltonian

ﬁ(ﬂ,---,?N):—Z%VZﬂLZVn )+ = Z (3.55)

27 —r]|

The operator # has the same form for all electronic systems; differences in material properties
arise through the quantum state ¥. In this sense, the energy is a functional of the many-body

wavefunction,
E = F[¥Y]. (3.56)

The central result of DFT (Hohenberg—Kohn) is that, for the ground state, the total energy can be
written as a functional of the electron density n(7) alone:

E = Flul. (3.57)

This is profoundly advantageous: whereas ¥ (7}, ...,7xn) depends on 3N variables, the density n(7)
depends only on three spatial variables, yet it suffices to determine the ground-state energy and
observables that are functionals of n. (Excited states, in general, require information beyond the
ground-state density and are not treated here.)

Ground state: n(7) Z, E, E = F[n(7)].

Excited states: ¥ (7y,...,7N) L, E, E=F[¥(F,...,7N)]

3.3.2 Hohenberg-Kohn theorem

The foundation of Density Functional Theory rests on the Hohenberg-Kohn (HK) theorem, which
establishes the central role of the electron density in determining the properties of a many-electron
system. In its general form, the theorem can be expressed through three fundamental statements:

1. Uniqueness: The ground-state electron density n(7) uniquely determines the external poten-
tial V;,(¥) (up to an additive constant). Consequently, all properties of the system, including
the total energy, are unique functionals of n(7); thatis, n — V,, = ¥ — E.

2. Existence: For a given external potential V,(7), there exists a corresponding many-body
wavefunction ¥ that describes the ground state of the system.

3. Variational principle: Among all possible electron densities 1(7), the correct ground-state
density minimizes the total energy functional. The true physical configuration is therefore
the one that yields the lowest possible energy.
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Combining these premises gives the general relationship
n(@) = Vu(7) = Y(#,...,7n) = E[n(7r)],

or equivalently,
E = Fn(7)],

where F represents a universal functional.

In essence, the HK theorem states that a quantum system can be completely characterized by its
electron density rather than by its many-body wavefunction. This allows one to avoid the explicit
solution of the full Schrodinger equation, focusing instead on n(7) as the fundamental variable.

Proof outline. Among the three statements, the first—uniqueness of the mapping between n(7)
and V,(¥)—is the key nontrivial part and can be demonstrated by contradiction.

Let the kinetic and electron—electron interaction operators be:

R V2 o1 1
Py w=ly b
~ 2 25 |7 —7;
Then the total energy is
E=(¥|A¥) = < ’ZVH > (¥|T + W|¥). (3.58)

Using Eq. (3.7), the expectation value can be rewritten in terms of the electron density:
E— /n(?) V() d7 + (| T + W¥). (3.59)
Now, assume that two different external potentials, V,,(7) and V,,(7), lead to the same ground-
state electron density n(7) but different ground-state wavefunctions ¥ and ¥’, with energies E and
E’, respectively.
Since ¥ is not the ground state of H’, the Rayleigh-Ritz variational principle gives:
(Y|H'|Y) > E. (3.60)
Expanding the expectation value using Eq. (3.59),
(¥|T +W[|¥) +/ " (7)d7 > E'. (3.61)
Subtracting the corresponding expression for E yields:

E—E > / 1(7) [Va(7) — V(7] dF. (3.62)

Repeating the argument with primed and unprimed quantities exchanged gives:

“E> / V(7)) 7. (3.63)
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Adding the two inequalities leads to 0 > 0, which is impossible. Thus, our initial assumption-that
two distinct potentials produce the same ground-state density—is false. Therefore, the mapping
between n(7) and V;,(7) is unique.

3.3.3 Kohn-Sham equations

The Hohenberg—Kohn framework guarantees that the ground-state energy can be written as a

functional of the density n(7), but it does not provide the functional in closed form. In practice, one

proceeds by introducing the Kohn-Sham (KS) construction, which replaces the interacting system

with an auxiliary noninteracting one chosen to reproduce the same ground-state density.
Comparing Egs. (3.57) and (3.59), the universal functional can be defined as

Fln] = min (Y|T+W|¥), (3.64)
so that the total energy reads
Eln] = Fln] + [ n(?) Va(7) d. (3.65)

Kohn and Sham split F[n] into contributions that are convenient to evaluate plus a remainder:

Fln] = Ts[n] + Ep[n] + Exc[n], (3.66)
where

L) = 5 ¥ [ 1) V), @67

Exln] = % / / "g)”g')d?d?', (3.68)

and E,.[n] gathers all many-body effects not included in T; and Ep (namely, exchange, correlation,
and the difference between the true kinetic energy and Ts). The total energy functional becomes

E[n] = Tu[n] + / 1(7) Vo(7)d7 + Eg[n] + Exc[n]. (3.69)

Minimization of E[n] with respect to n under the constraints of orthonormal orbitals {¢;} and
the density relation

n() = Y filei(M), (3.70)

leads (via Euler-Lagrange equations with Lagrange multipliers {¢;}) to the KS single—particle
equations:

5V 4 Va(F) tVe® o+ Ve | o=@, @I
—— ——

-
~— N . . .
Lo external nuclear potential Hartree potential  xc potential
Kinetic Energy
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with the Hartree and exchange—correlation potentials defined by the functional derivatives

- OEg[n] / n(#) ., : 2wy -

Vy(¥) = on@ ) T ar’, equivalently V-V (¥) = —4nn(7), (3.72)
o OExc|n

Vie(7) = &;‘EL)]. (3.73)

Equations (3.71) must be solved self-consistently: starting from a trial density, one builds Vg
and Vy, solves the KS equations for {¢;}, updates n(7), and iterates until convergence. The scheme
is formally exact if the exact Ex.[n] were known; in practice, Ex. is approximated (e.g., LDA, GGA,
meta—GGA, hybrids), and the specific choices used in this thesis are detailed in the next subsection
(see also Giustino [336]). Before going to the next section and discussing the approximations, I
quote a related part of Kohn’s Nobel Prize lecture in 1993:

The Kohn-Sham theory may be regarded as the formal exactification of Hartree’s theory.
With the exact Ey; and Vi, all many-body effects are, in principle, included. This directs
attention to the functional E,.[n]. The practical usefulness of ground-state DFT depends
entirely on whether approximations for the functional Ey.[n] could be found, which are at
the same time sufficiently simple and sufficiently accurate.

The text adapted from the Walter Kohn’s Nobel lecture in 1999 - www.nobelprize.org

3.34 Exchange-correlation energy

Although the Kohn-Sham formulation provides an exact framework in principle, its practical
implementation depends critically on the explicit form of the exchange—correlation (XC) functional
E,[n], which remains unknown. Accurate determination of the ground-state energy and density
thus relies on approximate forms of this functional. Among these, the Local Density Approximation
(LDA) and the Generalized Gradient Approximation (GGA) are the most widely used.

Local Density Approximation (LDA)

In the LDA, the exchange—correlation energy density at each spatial point is assumed to depend
solely on the local value of the electron density. This approximation is conceptually simple,
replacing the full nonlocal dependence with a local relation derived from the homogeneous electron
gas (HEG) model.

Exchange and correlation in the homogeneous electron gas. For a uniform electron gas,
the exchange energy per unit volume is analytically known [348, 349]:

1/3
E, = —2 <3> / nt/3(7) d. (3.74)

7T

The correlation energy, representing many-body interactions beyond exchange, is obtained numerically-
commonly from Quantum Monte Carlo simulations [350] or parameterizations such as Perdew and
Wang (1992) [351].


https://www.nobelprize.org/uploads/2018/06/kohn-lecture.pdf
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Application to real systems. Although real materials are not homogeneous, LDA assumes
that the system can be divided into small regions where 7(¥) varies slowly, treating each region as
locally uniform. The total XC energy is then integrated over space:

EPA[] = [ ELES[n(P)) a7, (3.75)
where EHFG denotes the exchange—correlation energy density of a homogeneous electron gas at

density n(7). The corresponding potential, used in the Kohn-Sham equations, is the functional

derivative:
OExc[n]

on(7)

For spin-polarized systems, the extension known as the Local Spin Density Approximation (LSDA)

Vie(7) =

(3.76)

employs spin-dependent densities:

ELSDA[y, 1] = / 1(7) Exe(n1(7), n, (7)) dF. 3.77)

The LDA performs well for systems with nearly uniform charge densities but becomes less accurate
when the density varies rapidly in space [348, 349, 352, 353].

Generalized Gradient Approximation (GGA)

To improve upon LDA, the Generalized Gradient Approximation incorporates not only the local
density but also its spatial gradient, allowing a better description of inhomogeneous systems:

ECA ] = [ n(®) Exd(n(7), V() dF. (3.78)
For spin-polarized systems, this generalizes to:
ESSCA g, n)) = /n(?) Exd(ny,ny, Vng, Vi) dr. (3.79)

The GGA family provides improved accuracy for a broad range of materials, from molecules
to solids. Notable examples include Becke’s exchange [354], the Lee—Yang—Parr correlation [355],
and the Perdew—Burke-Ernzerhof (PBE) functional [356], the latter being one of the most widely
adopted for solid-state and surface calculations. In this thesis, all density functional calculations
were performed using the GGA-PBE approximation, which provides reliable results for two-
dimensional materials [357].
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3.3.5 Self-consistent field (SCF) procedure

In the preceding sections, we introduced the basic principles of Density Functional Theory and the
Kohn-Sham (KS) equations, which in principle allow one to determine the total energy E and the
ground-state electron density #(7) of a material. The remaining question is how these equations are
solved in practice. This is achieved through an iterative process known as the self-consistent field
(SCF) cycle.

As illustrated schematically in Figure (3.6), the procedure begins with the external potential
V,(7) originating from the atomic nuclei. A trial electron density n(%)(7) is then assumed, from
which the corresponding Hartree and exchange—correlation potentials, Vg (7) and Vi (7), are
constructed. Together with V;,(¥), these define the total potential,

Vtot(?') =V (?) + VH (?) + Ve (7_;)
The KS equations are then solved as a single-particle eigenvalue problem:
Hys ¢i(7) = € ¢4(7),

yielding a set of orbitals {¢;} and eigenvalues {¢;}. From the resulting orbitals, a new electron
density is obtained via

1) = T lgn(P)P-

The newly computed density n(1)(7) is compared with the previous input n(9) (7). If the dif-
ference between successive iterations is within a specified tolerance (called Energy Tolerance),
self-consistency is reached, and the ground-state density n(7) is established. Otherwise, a new
density—typically a linear combination of the old and new ones—is constructed, and the process
is repeated until convergence. Once the SCF cycle converges, the total ground-state energy and
related quantities can be evaluated. These results then serve as the starting point for the calculation
of other material properties, such as band structures, forces, and vibrational spectra.

3.3.6 Limitations of the Density Functional Theory (DFT)

Even though we count lots of advantages for the DFT in materials behavior prediction, some
limitations originated mainly from the exchange and correlation energy part. Some of them are
listed in the following:

1. Exchange-Correlation Functional Approximation: After working a long time and lots of
effort on making this more accurate term, there is still no universe and exact form of it,
and it only relies on the approximations such as we have already discussed in the previous
subsection. These approximations make the results inaccurate, and this is especially important
when the systems include atoms with strong electron correlations like transition metals or
rare-earth elements.

2. Bandgap underestimation: Pure DFT for the semiconductors and insulators underestimate
the energy bandgap because KS equations do not include the true excitation energies and
only are for the ground state energies. There are some advanced methods, such as GW or
hybrid functional or DFT+U correction, which are needed in energy band gap predictions. In
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Figure 3.6. The schematic flowchart of the SCF procedure.

the next section, we briefly mention some of these approaches.

3. van der Waals interaction: In this thesis, we have worked on the Molecular structures and
layered heterostructures, which include the weak van der Waals interactions, which in typical
DFT is not considered. In the next section, we will address some of these corrections, such as
DFTD2 and D3 corrections.

4. Charge Transfer and Excited states: As we have already discussed, DFT works basically on
the ground-state energy, and when the systems have significant charge transfer or excited
states, this is not captured very well. In this thesis, we have some results from the Magnons.
We used the DFT and Heisenberg Hamiltonian to include the small excitation of the materials.
We will describe the formulas in short in the following sections.

5. Computational scaling: Despite efficient approaches, DFT still struggles with extensive
systems, complex surfaces, or even when using advanced functionals.

From the above list, we can conclude that the DFT has some limitations, and it is not an exact and
universal utility to calculate the properties of materials, but still, it is a perfect starting point in
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calculations. For instance, one can use DFT to predict the basic form of properties and, using some
advanced techniques, correct the DFT and find more reliable results.
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3.3.7 Basis sets and Pseudopotentials

Basis sets: So far, we figured out that the Schrodinger equation cannot be solved efficiently for
all interacting electrons and nuclei in many-body systems. DFT could simplify this problem by
transforming it into a practical single-particle problem using the KS equations where the electrons
don’t interact together and only move independently in an effective potential, V},;, which includes
the effect of all other electrons. Even though DFT simplified the Schrodinger equation, the exact
form of eigenfunction,¢;, to solve the KS equations is still unknown. We need it to find the electron
density and, subsequently, use the SCF approach (as discussed in the previous subsection) to find
the corresponding eigenvalues. One way is to use the expanded version of these eigenfunctions
for the known parts called basis sets. Using the eigenfunctions as a combination of the basis
sets, we approximate the eigenfunctions to the form that mathematically is understandable and
subsequently solvable. Generally, the various types of basis sets used in DFT calculations can be
divided into the common three groups [358]:

1. Plane-Wave Basis sets: This approach is appropriate mostly for periodic systems like crystals
as it uses plane waves as basis functions. They have the advantage that they can easily
adjust the periodic boundary conditions that inherently exist in most clean crystal solids.
Another advantage is that this approach is more efficient in terms of computational cost for
the periodic systems. However, to include properly the core electrons, they cannot capture
them solely and usually require pseudopotentials, which consider electrons close to the core
efficiently [359, 360, 361].

2. Localized Basis Sets: As it comes from the name of this approach, they are well-suited for
materials with localized electronic states. In contrast to the Plave-wave method, which is
mostly useful for delocalized structures, this is appropriate for systems with strong local
interactions. This approach is often called Linear Combination of Atomic Orbitals (LCAO),
and some of these methods are:

* Linear combinations of Gaussian-type orbitals (GTOs)

¢ Slater-type orbitals (STOs)

e Numerical atomic orbitals (NAOs)

¢ Linear combinations of pseudo atomic orbitals (LCPAQOs)

3. Augmented Basis Sets: In general, this method is the combination of the plane waves
with localized functions close to the atomic cores, which gives us more accurate results
compared to both of the previous methods. On the other hand, these basis sets require high
computational costs. some methods in this approach are [362, 363, 364, 365, 366, 367, 368]:

* Augmented Plane Waves (APW)
* Green'’s function Korringa, Kohn, and Rostoker method (KKR)
e Muffin tin orbitals (MTOs)
¢ Corresponding “L” (for linearized) methods
In this thesis, both the plane-wave (PW) and the linear combination of atomic orbitals (LCAO)

methods were employed to solve the one-particle Kohn-Sham (KS) equations, depending on the
structural and computational requirements of the system under study.
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Plane-wave representation. In the plane-wave basis, each KS orbital ¢;(7) is expanded as a
superposition of plane waves:

$i(F) = Y. Ce 07, (3.80)
G

where k denotes the Bloch wavevector within the first Brillouin zone, G are reciprocal-lattice
vectors, and C,z are the expansion coefficients. The plane-wave basis naturally satisfies the periodic
boundary conditions of crystalline solids. The completeness of this basis increases with the number
of included plane waves, which is controlled by an energy cutoff E.y that limits the kinetic energy
of the components:

12|k + G|?

2me S Ecut- (3'81)

A higher cutoff increases accuracy at the cost of computational effort, and E.y; is typically converged
for each material.

LCAO representation. Complementary to the plane-wave approach, most of the calculations in
this work were also performed using the LCAO method. Here, each KS orbital is written as a linear
combination of localized atomic-like basis functions centered on the atoms:

lpl(?) = Zciy $u (7 - ﬁy)/ (3.82)
H

where ¢, (7) are atomic orbitals-commonly Gaussian-type (GTO) or Slater-type (STO) functions-
localized around atomic positions R'P, and Ciy are the expansion coefficients describing the contri-
bution of each orbital to the total wavefunction. Because these basis functions are not orthogonal,
the KS equations are transformed into a generalized eigenvalue problem,

HCZ' = GiSCl’, (3.83)
with Hamiltonian and overlap matrices defined as

Huv = <4’V|H|4’V>/ Suv = <‘Pu|4’V>- (3.84)

The LCAO basis offers a compact representation particularly well-suited for systems with localized
electronic states, while the plane-wave approach is generally advantageous for periodic solids and
accurate total-energy calculations. In this thesis, both methods were applied depending on the
symmetry, size, and electronic character of the systems considered.

Pseudopotentials: To have a good insight into the Pseudopotentials concept, it is worth having
a summary from the beginning of the methodology we have discussed during this thesis till
now. The primary purpose of this methodology part of the thesis is to find a way to obtain the
properties of materials using the Schrodinger equation, followed by DFT and KS equations. The
first step is finding the eigenfunctions through the SCF calculations in the KS framework. This
approach’s responsibility is transferring the many-body Schrodinger equation to a single-particle
problem. Somehow, one can calculate the electron density n(7) from the single-particle orbitals.
However, one important challenge exists in the KS equations regarding the exchange-correlation



3.3.7. Basis sets and Pseudopotentials 60

(XC) potential, which is difficult to calculate precisely because of the significantly complicated
nature of the (valence) electrons correlation and exchange interactions. To solve the issue, we
use some approximations like the Perdew-Burke-Ernzerhof (PBE) functional, which is part of the
generalized gradient approximation (GGA) family, which is computationally balanced cost and
accurate enough. Other functionals, such as LDA or hybrid functionals, are also adopted according
to the specific systems. After XC potential, we still have a complexity with the effective potential
V,.(7), which describes the interactions among core electrons, valence electrons, and their mutual
interactions. In quantum mechanics, we deal with atoms; each atom has its core electrons (the
electrons are close to the nucleus) and valence electrons ( those are far from the nucleus and
have a main role in bonding and chemical reactions). During the chemical bonding or chemical
interactions, the core electrons don’t have significant changes and hence, it is possible to consider
their effects in our calculations indirectly somehow instead of calculating their complex effect
literally, this can be conducted by replacing them with the Psueodpotentials which are substitution
of all interactions between them. Psueodpotentials are smoother and can save a lot of computational
effort since we only focus on the valence electrons vital to obtaining the properties. Simply put,
in the KS equations, the effective potential comprises the contributions of the external potential,
Hartree term (e-e interactions), and the XC potentials. We need to consider all interactions among
the core electrons and valence electrons which are complex and using the pseudopotentials (PPs)
we can approximate them and only focus on the valence electrons which are critical to consider
for us. To include the valence electrons in our calculation, somehow, we reduced the effect of the
core electrons and their interactions with the valence electrons, and we can use several types of the
Pseudopotentials [369, 370]:

1. Norm-Conserving Pseudopotentials: This type helps us to find an optimal cutoff distance
from the atom where further out this distance, the norm (or total size) of the wavefunctions
remains the same as it was with that cutoff. Simply, it means the interactions of the electrons
outside of this distance are effectively approximated to ensure accuracy and no need for
more details about the core electrons. However, it is worth mentioning that for this type, we
need to include more basis sets (e.g., for more plane waves) to ensure their accuracy, which
requires more computational costs.

2. Ultrasoft Pseudopotentials:This type relaxes the basis sets used in the norm concerning PPs,
making them smoother and more efficient and reduces the number of the basis sets (e.g.,
plane waves), leading to lower computational costs.

3. Projector Augmented Wave (PAW) Method: This method combines the advantages of both
mentioned types and balances accuracy and computational efficiency.

4. Empirical Pseudopotentials: In this method, instead of using the First principle parameters,
we use the experimental results and, using fitting or other similar techniques, find the
appropriate parameters for the interactions of the core and valence electrons. They are
significantly efficient but are limited to specific structures and may not be universally
applicable to all systems.
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3.4 ADVANCED DFT APPROXIMATIONS AND CORRECTIONS

3.4.1 DFT-D correction methods

In this thesis, several works are in stacking layers, which means we have multilayers on top of each
other, and the number of them can be from 0 to the desired van der Waals heterostructure. Pure DFT
generally does not include the van der Waals interactions (also called dispersion interactions), so the
optimal distance between layers after DFT optimizations is not comparable with the experimental
results. Hence, through the semi-empirical corrections by Grimme D2 [371] and D3 [372], one can
include the long-range van der Waals interactions. These mentioned corrections are the methods
that are added to the DFT calculations using the extra term in the energy to account for the van der
Waals forces.

Eprr+p = Eprr + Egisp (3.85)

Using the D2 and D3 corrections, we can add this Eg;sp, to the main DFT energy.

D2 correction

In the D2 [371] correction, dispersion energy is considered two-body energy, and it can be repre-
sented by an attractive semi-empirical pair potential V¥ which accounts only for the lowest-order
dispersion term:

Egisp = —S6 Y, V'"(Za,Zp, Rap), (3.86)

A<B

where Z4(Zp) and Rp are the atomic numbers and interactions distance, respectively. The S6 is
also a global scaling parameter, and it is a constant factor that is used to scale the dispersion energy
term and ensure the calculated interactions are in agreement with the known experimental values.
To do this, it is fitted ( or calibrated) using a large set of molecules with known thermodynamical
properties(e.g., bond energies, binding energies, ...) and depends on the XC functional employed,
and eventually, the fitting ensures that the DFT-D2 method gives reliable and accurate results. the
VPP is given by:

= ———f(Rap) (3.87)

where

(3.88)

is a damping function and Cy and Ry are different with elements. In our calculations, we set the
de equal to 20. Also it is noteworthy to mention that this D2 method not only considers the pairs
of atoms between stacked layers (inter-layer) but also considers the intra-layer atoms. It finds all
possible pairs and then sums them, then adds to the Eprr term and gives the final energy term
[371].
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D3 correction

The D3 [372] correction includes both two and three body energies as dispersion energy:

Egisp = E® + EO®). (3.89)

Two body energy term:

The E@ term include dispersion terms up to the 8 order plus the 6 order (i.e. E (2) = Ep, + 8t
order correction) :

E® =8¢ Y Vi¥(Za, Zs,Rap) —Ss Y, Vi*(Za, Zs, Rap). (3.90)
A<B A<B

* 5S¢ =1 for all elements.

e Sg depended on the XC functional used.

th order of VFP:

op CAB
Vo' = R%fs(RAB), (3.91)
AB
where N4 N 4[(nA—n)2 4 (nB—nB)?)
CAB = Li'L Corer ¢ : (3.92)
Na «Ng —4[(nA—nf)2+nB-nb)2] ~ '
Z AX:B ]
8!" order of V'':
The pair potential for the 6" order is given by:
1
3¢ (VZa Vs it )’
VgP _ T ( )4 (r2>3) f3(Rap). (3.93)

8
RAB

The Cg‘rlz 7 is calculated using the reference dispersion coefficients obtained from time-dependent
Density functional theory and includes atomic coordination information (more details about the
parameters in ref. [372]).

Three body energy term

This term is given by:

EG) = ) VI (Z 4,78, Z¢, R ag, Rac, Rpe, cos 0,, cos By, cos 6,), (3.94)
A<B<C

where the three-body potential VTB? is made with the two-body terms as a starting point:

\/CABCACCEC (3 cos 0, cos B cos O + 1)
VTBP _ f(Rpc) Y0 6 © ‘ ‘ (3.95)

(RapRpcRca)? ’
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and 1
f(Rapc) = - . — (3.96)
146 [Rasc/ (3R]
where the geometrically averaged radii are:
1
Rapc = (RagRpcRes)’  and  RYPC = (RéBRgCRgA) n (3.97)

3.4.2 Bandgap correction methods (DFT+U)

The standard Density Functional Theory method, with its local XC approximations like LDA and
GGA, has some weaknesses, particularly concerning estimating the correct energy bandgap. These
weaknesses are as follows:

1. Self-interaction: In local approximation XC, the electrons can interact with themselves but it
can prevent electrons from localizing properly, which should be corrected.

2. Excited states: The LDA and GGA description for the conduction band energy levels are
often poor and usually underestimate the energy band gap compared to the experiments and
must be corrected.

The mean-field Hubbard correction developed by Dudarev et al. [373] and Cococcioni et al. [374],
often indicated by XC+U, DFT+U, LDA+U, or GGA+U, is a semi-empirical correction to improve
the mentioned drawbacks regarding the energy bandgap. This can be done by adding an extra
term to the exchange and correlation functional:

1
Bu=5) Uy(ny — n). (3.98)
H

* n,: number of electrons in a specific atomic shell (shell here stands, for example, the group
of electrons with d-orbital)

* Uy,: The Hubbard U parameter for that shell, which quantifies the strength of the correction.
Effect of E:

* When a shell is fully occupied or empty (of electrons), the Ei; becomes zero, which means
there is no additional energy penalty.

* When a shell is partially filled, the E;; is non-zero and becomes positive (E;; > 0), and this
situation encourages electrons to occupy these states or deplete them fully. This enhances the
electron localization tendency and increases the energy band gap and, subsequently, leads to
a better agreement with the experimental results.

The U value is often obtained using the empirical approach by fitting parameters with the experi-
mental observations. However, some methods use the First principle calculations to estimate the U
value, such as linear response theory with the function calculate Finite Difference Linear Response
Hubbard U [374] or using the locally screened Coulomb correction (LSCC) approximation with
the function calculate Local Screened Coulomb Correction Hubbard U [375]. Choosing the U is
extremely sensitive, and it should be done cautiously since if the value of U is set too high, the
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calculation might find several different ways the electrons could arrange themselves. These different
arrangements are called "local minima" because the energy of the system is at a low point in
multiple places, like being in different valleys on a landscape. Hence, an anisotropic initial electron
state is required to avoid this issue, which means the starting point for the electron arrangement is
uneven or direction-dependent and does not uniformly spread in all directions. Eventually, using
this extra term in XC functional [denoted by XC + U], the pure DFT results can be treated much
more precisely, particularly for materials with localized electrons, such as transition metal elements
with partially filled d or f orbitals.

3.4.3 Spin-Orbit Coupling (SOC)

In this thesis, we have used a lot of the heavy elements, like Fe, Cr, Co, ..., and as their valence
electrons are mostly inside the atomic cores, we need to include the relativistic contributions to
the electronic structure. The standard time-independent Density Functional Theory describes only
non-relativistic electrons moving in an external field built up by the atomic nuclei. The spin-orbit
coupling has a relativistic effect, adding to the Kohn-Sham Hamiltonian and causing the splitting
of electronic bands in many materials, from metals to semiconductors. So, for heavy elements
like transition metal atoms, the spin-orbit coupling must be included, and in this thesis, we have
calculated all these materials in the presence of spin-orbit coupling. To address this, fully relativistic
Pseudopotentials have been adopted for our calculations.
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Figure 3.7. Band structure of pristine graphene from simple Tight-Binding model.

3.5 TIGHT-BINDING AND k - p MODEL FOR GRAPHENE

Spin-orbit coupling (SOC) effects in graphene and related heterostructures are described here using
a minimal tight-binding (TB) framework together with its low-energy k-p expansion around the
Dirac points. When a substrate is present, the symmetry of pristine graphene (Dgy,) is reduced to its
maximal subgroup Djj;, which permits the emergence of three additional terms: (i) a staggered
sublattice potential, (ii) a sublattice-dependent intrinsic SOC, and (iii) a Rashba SOC arising from
the breaking of mirror symmetry oy,

In this formalism, the Pauli matrices §; act on the sublattice pseudospin space (A, B), §; on the
real spin space (7, ), and the valley index T = %1 distinguishes the inequivalent K and K’ points.
Wave vectors k are defined relative to the valley centers K, and the reduced Planck constant is set
to 71 = 1 for convenience.

3.5.1 Minimal TB model and Dirac expansion

The nearest-neighbour TB Hamiltonian reads

=

i )—(hf(’%) hﬁ)k)), h(k‘)——t}ilei”f, (399)

with hopping t and nearest-neighbour vectors 5} on the honeycomb lattice. Linearizing near K/K’
gives the standard Dirac form

A

Hg(%) = v (T Oxky + 0yky), v =

>

5t (3.100)

where a is the lattice constant (Fermi velocity v can be fit to ab initio).
3.5.2 Symmetry-allowed perturbations (for D3;)

(i) Staggered potential. Breaking inversion symmetry by the substrate produces a mass term and
this term is responsible for the orbital proximity-induced gap arising from the pseudospin symmetry
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Figure 3.8. Maximal subgroup (Dj3;,) of the point group Dy, and the corresponding symmetry operations.

breaking: carbon atoms on sublattices A and B experience, on average, different crystalline fields
due to the presence of magnetic substrate. This term takes the form [376, 377]:

Ay =A0, ® 3. (3.101)

where A is the so-called staggered potential (effective orbital hybridization energy) on sublattices A
and B.

(ii) Intrinsic SOC (sublattice dependent). Under D3, symmetry the intrinsic SOC can differ
on A and B (Figure (3.8)) and the effect of sublattice-dependent spin-conserving next-nearest
neighbor spin-orbit interaction is described by the term [376, 377, 378]:

Af = t(AMop +Afo ) @8, o1 = 1(62£00). (3.102)

(For pristine Dg; graphene one has A4 = A8 and A = 0). /\‘I“/ B denotes the intrinsic spin-orbit
parameter for the sublattices A/B, respectively.

(iii) Rashba SOC. When ¢y, is broken (e.g. by a perpendicular field or substrate), the Rashba
Hamiltonian in twisted graphene-based structures takes more general form [376, 377, 378, 379, 380,
381]:

PR o
1585
2 7

A -PR &
Hi = —Ar exp_lTRsZ (T0x ® 8y + 0y @ 5x) exp (3.103)

where AR describes the strength of the Rashba coupling, while the so-called Rashba angle, ¢,
governs the spin-momentum locking of electron spins and therefore plays an essential role in the
current-induced spin polarization effect (also known as Rashba-Edelstein effect).

In turn, the effect of sublattice-dependent proximity-exchange interaction is taken into account
by the following term[377, 382, 383]:

Hex = (Aéxfu - Agxﬁ_) ® 8z, (3.104)

where )&‘g)/(B are the sublattice dependent exchange coupling parameters. Finally, as the last term we
need to add Ey, in which defines the position of the Dirac point with respect to the Fermi energy.
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3.5.3 Working low-energy Hamiltonian

Collecting all eqautions (3.100)—(3.104), and allowing a fixed energy shift Ey used for alignment
with DFT bands, the model employed in this thesis is:

Hy = Af + Hy + Hf + HE + HEy + Eobo ® 8o, (3.105)

Hy = v (T0yky + 0yky) + A 02 ® 3y
| ——

=

Dirac Term Mass Term
A A B A A —i(prsTZ A A ~ A i%§
+ T()LI 0’++/\1 0'7) ®Szf/\ReXp 2 (TU’x@Sy"’O’y@Sx) eXp 2 (3106)
Intrinsic SOC Term Rashba SOC Term
+ (Mxor —Axo-) @8+ Eodo @3y (3.107)
Y.
Exchange Energy Term Energy Shift Term

All parameters v, A, /\f‘, )\113 , AR, Ep are material-dependent and will be determined by fits to DFT
data which has been discussed with all details in the chapter (7). A next-nearest-neighbour hopping
' may be included to capture particle-hole asymmetry but does not modify the leading SOC
structure near K/K’ and in our model has not been included.
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Figure 3.9. Schematic representation of electron transport in ballistic and diffusive regimes.

3.6 ELECTRONIC TRANSPORT

Ohm’s law gives the electrical conductance, G, of bulk materials and is G = 0%. As illustrated
in Ohm’s law, G is related to the cross-sectional area (A), the length of the conductor (L), and the
conductivity (¢), which is a material property of the conductor [384]. On the other hand, when the
size of the conductor becomes comparable to the wavelength of the electrons, the classical Ohm’s
law is not the appropriate way to consider the electrical conductivity. A quantum mechanical
description is needed to treat the motions of the electrons in terms of wave functions. In the electron
transport in mesoscopic materials, we are dealing with the three characteristic lengths, and they are
[385]:

¢ Fermi wavelength (Ar):This is de-Broglie wavelength for electrons at the Fermi energy (the
highest energy level occupied by electrons at absolute zero temperature). When the materials
have a size larger than Ar, and the electrons are usually treated as particles. Still, for the
smaller size (e.g., in terms of nanometers), the wave nature of electrons becomes important.

* Phase relaxation length (Ly): This is the average distance between two successive inelastic
scattering events. Between these scattering events the electron wave pattern is coherent.
Coherency gets lost due to inelastic scattering.

* Mean free path (L,;): Mean free path is average distance between two successive scattering
events, independently elastic or inelastic.

So, according to these length characteristics, one can divide the electron transport inside the
materials into two main regimes as illustrated in Figure (3.9), and they are:

1. Ballistic regime: If the electrons move inside a material without collisions with anything and
any loss, we can say the regime is ballistic. In this regime, the channel length and width are
shorter than the mean free path of electrons (i.e., L;; > L or w)

2. Diffusive regime: If the electrons travel inside a material, bumping into any defects, and
they scatter in different directions, we can say the transport of the electrons is a diffusive
regime. In this regime, the channel length and width are larger than the mean free path of
electrons (i.e., L;; < L or w)

During the last few years, electronic devices have become much smaller and have changed from
micrometers to nanometers in size. Subsequently, the way electrons can move inside the materials
also changes. This means that in devices with large sizes, electrons mostly scatter in their movement
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Figure 3.10. Different models to consider the electronic transport properties from the Diffusive regime to the Ballistic.

(diffusive transport), but in devices with small sizes, they move freely without any collisions
(ballistic transport). For devices, where the active part between electrodes is nanometer-sized (it
means the active part is much smaller than the electrodes), the traditional methods of modeling
classical transport, like the Boltzmann equations, don’t work anymore. When the size of the device
is smaller than a certain key length, both scattering (diffusive regime) and the free movement
(ballistic regime) of electrons happen simultaneously. However, the transition between them is
gradual and requires more advanced models to consider [386, 387]. Several models exist for the
transport of electrons, and each one has its limitations and advantages. The classifications of the
different models for the different regimes are shown in Figure (3.10). In the following subsections,
we will discuss Landauer-Biittiker theory and Non-equilibrium Green Function Method (NEGF)
briefly.

3.6.1 Landauer Method: equilibrium transport

The Landauer method was introduced in 1970 to described electronic transport in nanoscale systems
[388]. This method is usually adopted for systems in which the phase coherence is preserved, like
nanowires, molecular junctions, and quantum dots. The main idea of this theory is to conceptualize
electronic transport as a scattering problem. The system in this model has three parts: Two large
reservoirs (leads or electrodes) and one middle scattering part. We assume all scattering events
in the channel are elastic and dissipation processes can only take place in the leads. A conductor
scatters the electrons coming from the left lead and then merge to the opposite lead. The model
assumes the leads are in thermal and electrochemical equilibrium and characterized by a Fermi-
Dirac distribution. The scattering region (conductor) characterized by a transmission coefficient
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Figure 3.11. Schematic representation of the 1D transport problem where the current is flowing in the transport channel
between two electrochemical potentials located at the left and right.

T(E) also measures the probability of an injected electron through the left lead and absorbed by
the right one. As shown in Figure (3.11), the conductor has been connected to two reservoirs at the
different chemical potentials y, (left) and ur (right). When the electric current (I) flows inside the
system, it can be given by the number of electrons transmitted from the left to the right electrode:

=2 " T(E) [fL(E) - f(E)) dE (3.108)

where the T(E) is the transmission probability of an electron with the specified energy level E, and
the f; (E), and fz(E) are the Fermi-Dirac distribution functions for the left and right electrodes,

respectively.

fE) = — T (3.109)

1+efsT
Using the linear response regime, due to the small magnitude of the difference in chemical potential
(ur — ur = eV) with the V as an applied bias, the I can be approximated as [389]:

~ oo
E) — fr(E) ~ —eVz (3.110)

—~

fL

At low temperatures, % is like a J-function at the Fermi energy Er and the current could be
simplified to:
2¢?

I="-T(Er)V (3.111)

and form Ohm’s law, R = %, and the conductance is inverse of the resistance, and it is given by:

2
G= Z%T(Ep). (3.112)
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The equations clearly show the conductance is quantized of the 2¢%/h, which this G is known as
the quantum conductance whenever the T(E) = 1 (i.e., perfect transmission). However, if there are
some potential barriers in the channel, the backscattering of the electrons causes the T(Er) < 1 and
conductance to decrease. Till now, we assumed that our systems are at low temperatures, but we
know it is not possible in real applications, and we need to consider the finite temperature. At
finite temperatures, the step-like nature of the Fermi-Dirac distribution becomes smoother, and it
can be introduced in the equation (3.108). Next, the conductance can be calculated by integrating
over T(E), and the temperature-smeared derivative of the Fermi-Dirac distribution:

262 oo

6(m) =2 [7 (e I \aE. (3113)

OE
These equations can be extended to multichannel systems where the total conductance is given by
the sum of all channel’s contributions:

2¢?

G = TZnTn(Ep), (3.114)
where T, is the transmission probability for the n-th mode. The extension of the Landauer formula
to the multichannel case is essential for understanding the transport in systems with multiple
electronic states (conduction channels) that participate in the conduction, e.g., in nanotubes,
graphene, semiconductor nanowires, etc. Later, the Landauer formalism was developed by Biittiker
et al. [390], and is an extended model providing a more comprehensive framework of transport
problems. In this model, multiple electrodes have been studied where electrons can flow in and out
through different independent channels.

3.6.2 Non-equilibrium Green’s function formalism

Another method for modeling the quantum transport properties in the nano-scale devices is Non-
equilibrium Green’s function formalism, which for the first time was proposed in 1959 by Martin
and Schwinger to use the Green’s function (GF) for the many-body quantum systems [391]. Indeed,
the main work regarding this approach is back to two papers by Meir et al. [392] and Lake et al.
[393]. The NEGF method has some key strengths that make it a practical theory in the transport
properties of the devices; some of them are: (1) This approach uses the same theory for source,
drain, and scattering regions; (2) it is using the first-principle calculations like DFT to determine
the electronic structure of the scattering region under the finite bias of source and drain, (3) the
electron-electron interactions as an essential part of the nanoscale systems is included through
the self-energy, (4) the NEGF method is a suitable tool for the large-scale systems since it uses
the localized basis functions which means it focuses only on a small and important part of the
materials instead of considering whole the system simultaneously. These mentioned advantages
led to the implementation of the NEGF combined with DFT to make a device and investigate its
transport properties [386, 394, 395, 396, 397]. A typical device includes three parts: left and right
electrodes and the central region. We use the “screening approximation”, which means the main
scattering part (central region) is calculated in full detail, while the electrodes are uniform. This
approximation works well, especially in situations where the current through the system is small, so
the electrons in electrodes can be treated as if there’s no significant disturbance, and one can assume



3.6.2. Non-equilibrium Green’s function formalism 72

Central region

Eatalate®, L7 Slaatas

Left electrode Left electrode Considered part Right electrode Right electrode
extension of device extension

Figure 3.12. Schematic illustration of the device considered in the NEGF methods.

the electrodes are regular and periodic without needing full details of calculations. The schematic
illustration in Figure (3.12) shows how the electrodes extended into the central region to avoid any
disturbances coming from the scattering part [e.g., here we have simple benzene]. In typical devices,
the electrodes are at equilibrium, which means the electrons in the left and right electrodes are
in a periodic boundary condition with a well-behaved distribution. Using the standard electronic
structure calculations, their properties can be determined. The main challenge comes up when
the electron distribution in the central region is not equilibrium due to the interaction within both
electrodes. In our calculations, we assume the system has reached a steady state, meaning the
electron density remains constant in time for the central region. This electron density is due to
the filled eigenstates of the system, and as the left and right electrodes have a voltage difference,
they have different chemical potentials. So, we need to calculate their contributions to the total 1(7)
separately in the central region:

n(r) = nb(r) + nR(r). (3.115)

The contribution of electronic states from the left and right electrodes can be obtained through the
calculation of scattering states, which describe how electrons propagate between the electrodes and
the central region of the device.

As illustrated schematically in Figure (3.13), a scattering state originating in one electrode (e.g.,
the right) traverses the central region and contributes to the charge density on the opposite side.
The electron densities associated with the left and right electrodes can be expressed as a sum over
all occupied scattering states:

a0 = Ein@P(SoLL), o = SO (), e

where f is the Fermi-Dirac distribution, y;,r are the chemical potentials, and T denotes the
temperature of the electrodes. The scattering states are constructed by matching Bloch states in
the electrodes—where translational symmetry holds—with the wavefunctions in the central region
obtained from the stationary Schrédinger equation (H — &)y = 0.

Although one can describe the transport using the extended Landauer formalism, it is computa-
tionally more efficient to employ the non-equilibrium Green’s function (NEGF) framework [394],
which provides an equivalent but more general formulation. In NEGE, the electronic density matrix
is divided into contributions from the two electrodes:

D = D' + DR (3.117)
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Figure 3.13. Electron distribution in the considered two-terminal device. Each electrode maintains an equilibrium Fermi
distribution but with different chemical potentials such that ugr — y; = eV},. Electrons flow from right to left and are
scattered by the central region.

The left-electrode contribution is given by

DL — / oL (e) f(ng;fLL> de,  ol(e) = %G(s) r(e) G*(e), (3.118)

where pl(e) is the spectral density matrix. Here, G(¢) is the retarded Green’s function and T'*
describes the coupling of the central region to the left electrode,

Il = i[zL - (z:L)q , (3.119)

with L being the corresponding electrode self-energy. Despite the current flow leading to a
non-equilibrium state in the central region, each electrode remains in local equilibrium and is
characterized by its Fermi function f (e, iy /g, Tz /r)-

Analogously, the right-electrode terms are written as

DR — / oR(e) f(sk;;fRR) de,  oR(e) = %G(s) TR (e) Gt (e), (3.120)

where
TR = i[ZR - (zR)+] . (3.121)

Retarded Green’s function. The retarded Green’s function encapsulates the electronic response
of the device and is defined as
G(e) = [(e+i6,)S—H] ', (3.122)

where 6 is a small positive infinitesimal ensuring convergence, S is the overlap matrix, and H is
the Hamiltonian of the device. For transport calculations, we require only the Green'’s function of
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the central (scattering) region, which includes the effect of the electrodes through their self-energies
YL/R These self-energies incorporate the boundary conditions imposed by the semi-infinite leads
and determine how the electrodes modify the electronic structure and transmission of the central
region:

G(e) = [(e+i64)S — H—xL(e) — ZR(e)] L. (3.123)

To obtain the G(e), we need to invert the matrix of the central region’s Hamiltonian, which this
matrix is stored in a sparse format and uses the O(N) algorithm. The reason for this is that when
the size of the system is large, the inversion will be too big, and it would be more efficient to select
only the non-zero part (or important part of the central region inverted matrix), which helps save
computational costs [397].

Self-Energy: This is the part that describes the effect of the electrodes on the central region,
and it can be calculated in different ways:

1. Direct Self-Energy: Uses exact diagonalization of the Hamiltonian. This method is accurate,
but it is slow as it uses the exact diagonalization of the Hamiltonian. [398].

2. Recursion Self-Energy: It is fast in some systems and not efficient for all as it is an iterative
scheme and solves the problem step-by-step and using the results of the previous step for the
new step. [399].

3. Sparse Recursion Self-Energy: Same as the recursion method but optimized for memory use
by exploiting matrix sparsity.

4. Krylov Self-Energy: The fastest method is this, but it doesn’t have very high accuracy and,
for most sensitive materials, cannot be accurate. [400, 401].

Complex Contour Integration The density matrix in NEGF is given by the energy integral, which
should be calculated using complex contour integration and divided into two parts: equilibrium
and non-equilibrium state integration.

For equilibrium states:

* Semi Circle Contour: Uses a semi-circular contour for efficient computation and is the most
efficient way of calculations.

¢ Ozaki Contour: Uses the residue theorem and a continued-fraction representation of the
Fermi—Dirac distribution. This method is stable, but it takes more time than a semi-circle
contour.

For non-equilibrium states:

* Real Axis Contour: This is done along the real axis and is the most demanding part for large
biases.

Finally, for small biases, we can choose the fast single contour, and for high biases and more stable
but slow cases, we choose the double contour.

Spill-in Terms Even though the central region’s density matrix Dcc is calculated using the
Green’s function and from the electron density equation (i.e., n(r) = Y D;j¢;i(r)¢;(r)), however,
the boundary condition of the regions close to the central region is necessary to calculate to have
proper results in edges (i.e., Dy, Dy c, Dcr, DrR).
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Effective potential After calculating the non-equilibrium density, we then calculate the effective
potential, which is the sum of the XC part and electrostatic Hartree potential. The XC part depends
on the local electron density and is easy to obtain, but the Hartree potential requires solving the
Possion equation using the boundary condition from the electrodes as it is:

HUR — UL = EVh. (3124)

Total Energy and Forces For device systems, which are open and allow charge flow, the energy
is described by the grand canonical potential:

Q[n] = e[n] —eNp pr — e NR pig, (3.125)

Where N and Ny are the electron numbers from the left and right electrodes. The forces on atoms

are derived as:
Q) n]

aR;

Using the forces calculations, we can understand the mechanical stability of the system, ensure

F; = (3.126)

self-consistency in the calculations, perform dynamic simulations, and increase the interactions in
device systems.

Transmission Coefficient Once the self-consistent density matrix is calculated, the transmission
coefficient, T(€), gives the probability that electrons at a given energy pass through the device:

T(e) = Y tited(e — k), (3.127)
k

where the t; is transmission amplitude, and using it, we define the fraction of a scattering state k
that propagates through a device. Alternatively, the T(E) can also be calculated using the retarded
Green’s function:

T(e) = G(e)TE(e)GT(e)TR(e). (3.128)

Electrical Current Now having the T(E), one can easily calculate the electric current:

1(Vy, Vi, Ty, Tr) = %;/TU(E) [f (Ek;TiR> _f (Ek;ﬁ)} dE, (3.129)

here:
e f: the Fermi function
* T /r: the electron temperatures of the left/right electrode
e T,(E): the transmission coefficient for the spin component ¢.
* uL=Eg—eVy,
® UR = E% —eVg,

and the chemical potential related to the bias is given by:

HR — ML = €Vhigs, (3.130)
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thus
Viias = VI — VR. (3.131)

As a final note of this topic, the Fermi levels in the (3.130) are assumed to be the same since we are
supposed to have the same material for both electrodes. However, if the electrodes have different
materials, the EE # ER should be considered in the calculation by shifting the Fermi level of one of
the electrodes (usually the right electrode) to ensure they match when there’s no applied voltage.
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41.1 Introduction and aims

After graphene’s emergence in the field of 2D materials, new avenues were opened in electronic,
spintronic, and quantum technologies. Despite graphene being an outstanding material due to its
electrical, thermal, and mechanical properties, the lack of energy bandgap restricts its application in
semiconductor devices that require a switchable on-off state [402, 403]. This limitation of graphene
forced the researchers to look for alternative 2D materials that can overcome the mentioned
limitations. Silicene, the silicon-based counterpart of graphene, showed great potential as an
up-and-coming candidate owing to its inherent compatibility with the existing silicon technology
and unique structural and electronic characteristics [404]. In contrast to the graphene with a flat
planar sp?, silicene has a buckled hexagonal lattice structure as a result of the sp> hybridization
of silicon atoms. This buckling not only allows for an intrinsic spin-orbit coupling (SOC) but also
makes its band structure highly sensitive to external perturbations like mechanical strain. In the
pristine form, silicene has a small SOC-induced energy band gap where its electronic properties are
highly tunable. Applying the uni/bi-axial strain on the monolayer of silicene can lead to significant
modifications in the electronic dispersion, including the shifts of Dirac cones away from the high
symmetry points in the Brillouin zone, anisotropic modifications of the carrier velocities, and even
strain-induced band gap opening or closure [405].

In addition to strain, chemical doping is also a powerful tool to modify the properties of
2D materials. Introducing magnetic impurities, like Chromium (Cr), into the silicene lattice can
drastically change both the electronic and magnetic behavior of the system. The hybridization
between the 3d orbitals of Cr and the silicon orbitals in silicene can lead to various behaviors, such
as the transition between metallic, half-metallic, and semiconducting states, as well as the induction
of finite magnetic moments that are strongly sensitive to the lattice deformations. The interplay
between doping and strain simultaneously makes the possibility of engineering materials” band
structure where even small changes in the atomic configuration or external strain can shift the
balance between competing electronic phases [406, 407].

In this chapter, I present results that have been published in the paper [P1]. My work on this
topic has been motivated by the need to understand and control the above-mentioned phenomena
for the development of next-generation nanoelectronic and spintronic devices. My study mainly
focuses on how biaxial mechanical strain affects the electronic and magnetic properties of Cr-doped
silicene. On the other hand, by systematically investigating the different doping configurations like
monomer, horizontal dimer, and vertical dimer substitution, we have obtained the strain-induced
modifications on the monolayer of silicene. The DFT results show that strain not only modulates
the overlap of atomic orbitals and changes the effective hopping parameters between silicon atoms,
but it also affects the hybridization with the doped Cr 3d states. Subsequently, one can see the
various electronic phases, including the opening or closing of the band gap and tuning the magnetic
moment, which are essential in tunable device performance. Moreover, the practical aspects of
this work are emphasized by recent experimental advances in the synthesis and manipulation
of silicene on various substrates. Controlled deposition and doping techniques combined with
the application of mechanical strain using substrate engineering or external forces have opened
the possibility for the precise design of material properties. Having comprehensive knowledge
concerning these effects at a fundamental level is essential for bridging the gap between theoretical
and real-world applications [408]. In summary, the results that I obtained show the essential
aspects of the effect of combined Cr-doping and mechanical strain in silicone. The results not
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only contribute to the fundamental understanding of 2D material physics but also open a way for
designing the silicon-based nanoelectronic and spintronic devices with appropriate functionalities.

4.1.2 Methods

The results discussed in [P1] I obtained based on Density Functional Theory [DFT]. The calculations
were conducted using the Quantum ATK code package. I used the Perdew—Burke-Ernzerhof (PBE)
generalized gradient approximation for the exchange and correlation part. The supercell of silicone
nanosheet I considered is 4 x 4 with doped Cr-atoms with different horizontal monomer and dimer
substitutions and dimer adatoms. The biaxial strain is applied across the x and y lattice directions,
and the amount, according to the stability of the structures, is between —6% and +8%.

4.1.3 Main results

In this paper, I show that Cr-doped silicene has a significant role in modifying the electronic and
magnetic properties. This behavior is much more extensive when we put the doped materials under
biaxial strain. Due to mechanical strain, Cr-doped silicene exhibits the semimetal-to-metal transition
in the monomer configuration. The silicene preserves its metallic behavior for horizontal dimer
substitutions with slight changes in the electronic band structure under strain. The remarkable
alternations are due to vertical dimer doping, where an energy band gap of approximately 0.13
eV in the band structure without strain disappears under both compressive and tensile strains.
Moreover, the magnetic moments are strongly strain-dependent, and prominent changes occur in
the HDimer-doped silicene, particularly under compressive strain. These modifications, which are
experimentally accessible, make these materials possible candidates for magnetic field-sensitive
nanodevices.
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ABSTRACT

Mechanical control of electronic and magnetic properties of 2D Van-der-Waals heterostructures gives new
possibilities for further development of spintronics and information-related technologies. Using the density
functional theory, we investigate the structural, electronic and magnetic properties of silicene monolayer with
substituted Chromium atoms and under a small biaxial strain (6% < e < 8%). Our results indicate that the
Cr-doped silicene nanosheets without strain have magnetic metallic, half-metallic or semiconducting properties
depending on the type of substitution. We also show that the magnetic moments associated with the monomer
and vertical dimer substitutions change very weakly with strain. However, the magnetic moment associated
with the horizontal dimer substitution decreases when either compressive or tensile strain is applied to the
system. Additionally, we show that the largest semiconductor band-gap is approximately 0.13 eV under zero
strain for the vertical Cr-doped silicene. Finally, biaxial compressive strain leads to irregular changes in the

magnetic moment for Cr vertical dimer substitution.

1. Introduction

Two-dimensional (2D) crystals are currently of great interest for
both applied and fundamental research. The most prominent example
of this kind materials is graphene. However, the class of 2D materials
is very large and is continuously growing. It contains single-layered
materials such as those belonging to the group IV of the periodic table
(silicene, germanene and stanene) and to the group V (arsenene, anti-
monene, bismuthene), as well as layered 2D materials like Transition
Metal Dichalcogenides and MXenes. Among them silicene seems to
be a promising material due to its compatibility with existing silicon-
based electronic devices. Because of sp3 hybridization, silicene is the
2D buckled hexagonal lattice of silicon atoms, and is considered as
a one of alternative materials to graphene [1-5]. Research activities
on silicene significantly increased after its successful synthesis under
UHV conditions on several substrates, like for instance on Ag(111),
ZrB2(0001), MoS2(0001), and Ir(111) [6-10]. Silicene displays several
interesting characteristics, which have been revealed by recent experi-
mental and theoretical investigations. These include for instance: (i) a
remarkable spin-orbit coupling parameter, that leads to the energy gap
of 1.5 meV [11-13] at the Dirac point, which is much larger than that
in graphene (24 peV) [2,14,15]; (ii) electrically tunable bandgap; (iii)
the phase transition from a spin Hall topological insulator to a band
insulator [16]; (iv) the strain-induced tunable bandgap [17-19], and
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E-mail address: adyrdal@amu.edu.pl (A. Dyrdal).
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(v) promising electric and thermoelectric characteristics [20-26]. The
energy gap in silicene makes it promising for applications, however the
realization of stabile monolayer of silicene is still problematic [27]. For
example, to achieve high on-to-off current ratios and a perfect switch-
ing capability, the material exploited for Field-Effect-Transistors (FETs)
is usually required to have a fairly large bandgap [10], significantly
larger than that mentioned above for silicene.

Electronic and magnetic properties of silicene can be tuned by
impurities, i.e., magnetic atoms built into the monolayer structure.
Importantly, recent achievements of nanotechnology enable precise
arrangements of impurities (including regular lattices), so by doping
one can modify electronic properties in a controllable way. The single-
side adsorption of alkali metal atoms on silicene has been reported
to give rise to a bandgap of approximately 0.5 eV [28,29], that is
much larger than that due to intrinsic spin—orbit interaction. If both
sides of the single-layer silicene have been saturated with hydrogen
atoms, the formed composite system has been shown to be a kind
of a nonmagnetic semiconductor [30]. Based on the previous studies,
the ferromagnetic characteristics of silicene can be attributed to the
single-side hydrogenation [31].

Strain engineering enables external control of electronic charac-
teristics of semiconductor heterostructures and nanomaterials. This

Received 2 August 2021; Received in revised form 9 February 2022; Accepted 9 March 2022

Available online 19 March 2022
0304-8853/© 2022 Elsevier B.V. All rights reserved.



M.A. Jafari et al.

SOTYTY

" ) VI OAN
%[llx»k% NANNT

Fig. 1. (a) Hexagonal crystal structure of silicene, with ¢ being the atom spacing and
A denoting the buckling parameter. The unit cell is indicated by he red dashed lines,
and the basis consists of two Si atoms, labelled with A and B. (b-d) Types of impurity
substitutions: monomer (b), horizontal dimer (c), and vertical dimmer (d).

technique is widely applied to nano-electro-mechanical and nano-opto-
mechanical systems, as well as to MOSFETs [32,33]. In turn, the
in-plane strain in silicene leads to a modification of the electronic
structure and its transport characteristics [34,35].

An important question is whether a significant gap in the spectrum
of silicene can be induced by the strain, especially at low values of
strain. If this is the case, tunable silicene devices would be of great
practical importance. According to earlier density functional theory
(DFT) calculations, a gap in the spectrum of silicene can be open under
arbitrary uniaxial strain. Its magnitude varies non-monotonically with
the strain. These findings were supported by other ab-initio (without
empirical parameters and from first principles) calculation [36]. For
similar strain magnitudes, however, the two gap calculations were not
in agreement. Recently, Pereira et al. [37] have questioned the accu-
racy of those conclusions by applying the Tight Binding (TB) approach.
According to their findings, a spectral gap can only be achieved for
+20% uniaxial deformations. Furthermore, this effect highly depends
on the deformation route regarding the rudimentary lattice. The afore-
mentioned findings are in accordance with the studies of Hasegawa
et al. [38], indicating that there is a robust gapless Dirac spectrum
with regard to arbitrary and not extremely large changes in the nearest
neighbour hopping parameters. Moreover, employing the TB model,
Wunsch et al. [39] found that the semi-metallic phase appears for
hopping parameter expansion.

The results of ab-initio calculations [40] are in agreement with
the gapless situation presented in [41]. The inconsistency between
various ab-initio calculations ware partially related to the fact that
due to strain the Dirac points shift from the high symmetry points of
the Brillouin zone. This resulted in arriving at the wrong conclusion
that a bandgap is achievable for any strain. In addition, Faccio et al.
also performed DFT research and calculated the impact of ~2% strain
in silicene nanoribbon [41]. Keeping in mind that mechanical strain
can substantially change the physical properties of silicene, we have
performed detailed ab-initio calculations of the magnetic and electronic
characteristics of silicene with inserted dimers and monomers of Cr
atoms. Then, we have analysed the influence of a biaxial strain for up
to ~+8% deformations. We have shown that magnetic and electronic
characteristics of silicene with substitutional impurity atoms can be
easily controlled by various kinds of strains (i.e., substrate-induced
strains or external mechanical forces). It is worth to note, that the gap
due to strain and doping is significantly larger than the gap induced by
the intrinsic spin—orbit interaction in undoped and unstrained silicene.
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2. Methodology and strain-dependent structural properties

To study electronic and magnetic properties of silicene under me-
chanical strain we have used the DFT method [42] within the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [43]
form of the exchange—correlation functional, as implemented in the
QuantumATK code package ver. S-2021.06 [44,45]. The PseudoDojo
collection of optimized norm-conserving Vanderbilt (ONCV) pseudopo-
tentials and ultra-basis set have been used for the optimization of
structures and for further calculations [46]. For the Brillouin zone
integration we have taken 8 x 8 x 1 Monkhorst-Pack k-points in self-
consisting calculation (SCF), and the mesh cut-off of energy has been set
to 450 Ry. Structures ware relaxed until the forces on each atom were
less than 0.05 eV/A and relative convergence for the Self-Consistent
Field (SCF) energy is reached until 10~> eV/A . We have used 15 A
vacuum region to prevent interaction of two neighbouring layers along
the c-axis [47-49].

The atomic structure of silicene should be characterized before
modelling the electronic structure [50]. The first structure optimiza-
tion process for a single layer of Si was reported by Takeda and
Shiraishi [51]. By analogy to graphite, they defined a hexagonal lattice
for Si atoms (with a periodicity perpendicular to the plane with a large
vacuum layer of minimally 10 A ), and then varied the in-plane lattice
constant and positions of the basis atoms (Fig. 1(a)) inside the unit cell,
while keeping constant the imposed D3d symmetry [52]. According to
their results, the buckled structure has a lower total energy, with a
local minimum for a = 3.855 A and a deformation angle of 9.9°, when
compared to the energy of a flat structure [50].

In the present study, the 4 X 4 monolayer of silicene was char-
acterized systematically (thus the unit cells were repeated up to four
times in the x and y directions) using DFT [53]. The Si atom bounded
to three nearest neighbour surrounding Si atoms with the Si-Si bond
length of 2.28A and lattice parameter a of 3.84 A was assumed prior
to structural relaxation. The optimized lattice parameter, a = 3.86 A,
correlates quite well with other data, even though the standard GGA
functional method overestimates it. The buckling parameter 4 is 0.46 A,
which is also consistent with other studies [54-58].

In this paper we analyse three different types of substitution in
silicene monolayer by Chromium adatoms as presented in Fig. 1. These
are: (i) monomer substitution, where one Si atom in the supercell is
substituted by Cr atom (3.2% substitution), as presented in Fig. 1(b);
(ii) horizontal dimer (HDimer) substitution with two neighbouring Si
atoms substituted by Cr atoms (6.25% substitution), see Fig. 1(c); (iii)
vertical dimer (VDimer) substitution, where one Si atom is replaced
by two Cr atoms (3.2% substitution), as shown in Fig. 1(d). These
three structures were modelled within the optimized 4 x 4 supercell
geometries, and we analysed behaviour of the electronic and magnetic
properties with the strain.

The strain is defined as a deformation resulting from external loads
or forces, that may be calculated by the following equation: ¢ = 4a/aq,
with Aa =a—a,, where a is the lattice parameter of the strained
silicene and a, =3.86 A is the lattice constant of the unstrained sil-
icene [34,36,59]. The model of strained unit cell for the tensile and
compression strains is achieved by varying the lattice constant along
the lattice vectors by the following substitution a — ea. Accordingly,
the uniaxial tensile strain or compression (4a = 0 respectively) is
realized by modification of the lattice constant in the x direction, that is
by modification of the lattice vector a; (mechanical force applied along
the lattice vector a,), whereas the biaxial tensile or compressive strain
is described by modification of both a; and a, lattice vectors (forces are
oriented along both lattice vectors).

The presence of biaxial strain affects the buckling parameter, 4,
as well as the Cr-Si and Cr-Cr bonds in the silicene monolayer with
monomer and dimer substitutions, respectively. Fig. 2 presents the
basic parameters of the relaxed structures as a function of strain and
also for all the substitutions under consideration.
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Fig. 2. Variation of the Cr-Si and Cr-Cr bond lengths, dy_y (Fig. 2.(a)), as well as
of the buckling parameter (b) under the biaxial tensile and compressive strain for the
monomer, horizontal dimer, and vertical dimer substitutions.

For the monomer substitution (see Fig. 2(a)), the bond length
between Cr and Si atoms, d¢,_g;, slightly increases with the strain.
However, there is no clear universal behaviour of the buckling pa-
rameter with strain, though one can see that this parameter reaches
a maximum for a specific strain equal 2%, and then decreases with
increasing magnitude of either tensile or compressive strain.

For the silicene with HDimer substitution, the tensile strain reduces
monotonically the bond length d,_c, and the buckling parameter.
However, for the compressive strain one observes increase of the bond
length for Cr—Cr dimers. In turn, the buckling parameter for Cr-Cr
HDimers varies nonmonotonously with the magnitude of compressive
strain, i.e., it reaches a minimum at some magnitude of the strain, see
Fig. 2(b).

In turn, for the VDimer substitution, the strain only very slightly
affects the bound lengths reducing it when the strain takes absolute
values larger than 2%. The corresponding buckling parameter decreases
with increasing tensile strain and increases with increasing magnitude
of the compressive strain up to 4%, where it reaches a maximal
value, and then decreases with a further increase of the magnitude of
compressive strain.

At this point, one should note that high strain values are ex-
perimentally difficult to obtain [36,60-64]. The recent reports about
graphene-like monoatomic crystals indicate that the strain around 4%
can be relatively easily obtained. Accordingly, in this paper we have
restricted our considerations to the strain ranging from —6% to 8%.
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Table 1
Band gap (eV) changing for Cr substitution during the biaxial strain and applied
spin-orbit interaction.

Strain (%) —6% —4% —2% 0% 2% 4% 6% 8%
Monomer-Cr 0 0 0 0 0 0 0 0
HDimer-Cr 0.1 0 0 0 0 0 0 0
VDimer-Cr 0 0 0.12 0.13 0 0.05 0 0

3. Strain-dependent electronic and magnetic properties

It is well known that strain has a significant impact on electronic
and magnetic properties of 2D crystals [65-69]. One of the conse-
quences of the strain in 2D crystal is the electronic bandgap engi-
neering, i.e., strain-induced bandgap opening [20] or a direct-indirect—
direct bandgap transition in green phosphorene [70,71].

Fig. 3 presents the band structures of strained and unstrained
silicene doped with Cr for the three different types of substitution
(Monomer, HDimer and VDimer), as discussed in Section 2. The band
structure has been calculated along the high-symmetry points of the
Brillouin zone, i.e., along the I'-M-K-I" path. In turn, Table 1 collects
information about the band gap in silicene under strain and with
different types of Cr substitution. The electronic band structure of
undoped silicene monolayer under strain is presented in Appendix A.
Here one needs to remind, that strain in undoped silicene does not open
a gap. A small gap appears only due to spin-orbit interaction. When
neglecting this interaction, the gap in undoped silicene remains equal
to zero (at the Dirac points), see also Fig. 5 in Appendix A. Apart from
this, due to hybridization of the 3d-impurity states and those of pure
silicene, the band structure becomes remarkably modified by doping.
Each state of the doped system includes in general contributions due
to 3d-transition metals as well as due to silicon atoms. To show this
explicitly, we have presented the so-called fat-bands structure, where
the two contributions are indicated explicitly with different colours.
In Appendix B we present fat-bands calculated for silicene monolayer
doped with Cr-atoms (i.e., the band structure projected over orbitals of
Silicone and Chromium atoms). The corresponding results are shown
in Fig. B.6, and from this figure one can estimate whether a particular
band contributes to conductivity or not. If it is due to impurities only
and is dispersionless around the Fermi level, it does not contribute to
conductivity. If however it is dispersive around the Fermi level, then
even though the silicon contribution is small, it contributes to conduc-
tivity. These features have been taken into account when determining
the band gaps. In Appendix B we show the fat-bands for silicene with
Cr-Monomers, Cr-HDimers and Cr-VDimers.

The silicene with Cr-monomers is either metallic or semimetallic,
with the Fermi energy crossing the valence bands. In the presence
of compressive strain the energy gap becomes opened in the spec-
trum above the Fermi energy, while the Fermi level is still inside
the valence bands. In the presence of tensile strain the system moves
from semimetallic to metallic one. In turn, for silicene with Cr-HDimer
substitution, the electronic structure is only slightly affected by the
strain. The most promising effect of strain on the electronic structure
can be observed for silicene monolayer with Cr-VDimer substitution.
Without strain the system is a semiconductor with the energy gap equal
0.13 eV. Applying compressive strain one can close the energy gap and
move the Fermi level to the valence bands. The tensile strain, in turn,
leads to reduction of the energy gap for the 4% strain, and leads to its
complete closure for strain >6 %.

Our calculations also reveal the impact of biaxial strain on the mag-
netic characteristics of the silicene monolayer doped with the specified
above Monomers, HDimers and VDimers of Cr atoms. The correspond-
ing results are presented in Fig. 4, where spin polarization of silicene
monolayer doped with Cr atoms is shown as a function of strain (the
three types of substitution are presented). Situations in the presence of
spin-orbit interaction and that in the absence of spin—orbit coupling are
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Fig. 3. The electronic energy spectrum of silicene under selected values of biaxial strain (from —4% to +4%) in the presence of spin-orbit interaction, and for Cr doping with the

three types of substitution: (a—e) monomer, (f-j) HDimer, and (k-0) VDimer.
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Fig. 4. Magnetic moment behaviour as a function of the applied biaxial strain for the Cr substitution obtained based on calculations with and without spin-orbit coupling (SOC).
The green curves (no SOC) correspond to the collinear calculations discussed in Appendix C.

shown there. In the latter case, the calculation procedure is described in
Appendix C. For silicene with the Cr-monomers, the magnetic moment
varies monotonously with the strain when the spin-orbit coupling is
included, while in its absence, the magnetic moment increases with
the magnitude of strain, both tensile and compressive. Moreover, the
difference between these two situations is relatively large. In turn, for
the case of Cr-HDimer, the magnetic moment decreases with the com-
pressive and tensile strain, and the difference between the cases with
and without spin-orbit interaction is small. For the silicene monolayer
doped with Cr-VDimers, the magnetic moment only weakly depends
on the strain for strain larger than —4%, and the difference between

the case with and without spin—-orbit interaction is small except the
strain below —4%, where this difference is relatively large. It is worth
noting that the largest magnetic moment for the unstrained system
is for silicene monolayer with Cr-HDimers, where the changes in the
magnetic moment due to strain are also most pronounced.

4. Conclusions

In this work we presented detailed study of electronic and magnetic
properties of silicene doped with Cr atoms in one of the three doping
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schemes, i.e., monomer, HDimer, and VDimer substitutions. Numerical
results based on the DFT calculations clearly show that the way of
substitution may substantially change the structural, electronic and
magnetic behaviour of the silicene under strain. The interplay of doping
and strain may be used to engineer band gap, and thus also character of
transport properties from metallic to half-metallic or semiconducting.

Such a strain-induced engineering of transport properties is important
from the practical point of view as it may be used in various spintronics
and/or logic devices. It is expected, that controlling current and mag-
netic state with a strain opens new route for nanoelectronics of future

generation.
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(f-j) HDimer, and (k-o) VDimer. The solid (blue) and dashed (red) lines correspond to the spin-up and spin-down, respectively.
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Appendix A. The electronic band structure of undoped silicene

To understand the interplay of the effects due to strain and doping,
it is advisory to analyse the impact of strain on the undoped silicene.
In Fig. 5 we present the electronic structure of pure silicene monolayer
subject to a biaxial strain from —8% to +8%, and in the absence of spin—
orbit coupling. It is evident, that the strain has a significant a impact
on the band structure. However, the band gap remains zero as in the
absence of strain. The valence and conduction bands tough each other
at the Dirac K points, independently of the strain, which preserves semi-
metallic behaviour of the system with increasing strain, either tensile
or compressive. The strain does not open a gap, however, it modifies
asymmetry of the Dirac cones.

Appendix B. The fat-band structures

As already mentioned above, due to hybridization of the 3d-
impurity states and those of pure silicene, the band structure becomes
remarkably modified by doping. Each state of the doped system in-
cludes then, in general, contributions from the 3d-transition metals as
well as due to the silicon atoms. We show this explicitly in Fig. B.6,
where the two contributions are indicated with different colours for
silicene monolayer doped with Cr-atoms. We show there the fat-bands
for Cr-Monomers, Cr-HDimers and Cr-VDimers. From this figure one
can evaluate whether a particular band contributes to transport or
not, and this was taken into account when determining the band gaps
presented in Table 1.

Appendix C. The electronic band structure of silicene doped by Cr
atoms from collinear calculations

In this section we present electronic spectrum of silicene monolayer
doped by Cr atoms in the presence of biaxial strain. As before we
consider the three types of substitutions discussed in the main text.
The electronic structure has been obtained from collinear (spin po-
larized) calculations. This procedure is applicable in the absence of
spin—orbit interaction, where spin-up and spin-down states are well de-
fined. Fig. C.7 presents the corresponding electronic band dispersions,
where the solid blue and dashed red lines correspond to the spin-up
and spin-down states, respectively.
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5.1 INTRODUCTION AND AIMS

Two-dimensional transition metal dichalcogenides (2D-TMDCs) are such a versatile class of 2D
materials due to the variety of electronic phases and tunable magnetic properties. As discussed in
detail in section 2.2.2, TMDCs are described by the formula MX;, where M represents a transition
metal (such as Mo, W, Nb, or V) and X is a chalcogen (S, Se, or Te). To date, writing this thesis, there
are around 70 combinations of Transition metal elements with the chalcogenides [95], and among
them, V-based TMDCs have attracted more attention due to their intrinsic magnetic behavior and
potential applications in spintronics, quantum computing, and nanoelectronic devices [153]. The
primary interest in van der Waals (vdW) magnetic materials was related to the discovery of the
long-range ferromagnetism in atomically thin crystals such as Crlz and Cr,Ge,Teg. This led to
more research on other vdW systems where magnetism might be either inherent or induced by
external perturbations. V-based dichalcogenides, VX, (X =5, Se, Te), can be in different polymorphs,
particularly in the trigonal prismatic (2H) and the octahedral (1T or T) phases. These polymorphs
are not only different in their atomic coordination but also in their electronic correlations and
magnetic orders. For example, the T-phase, which is characterized by octahedral coordination of
sulfur atoms around vanadium atoms, has shown interesting electronic results, offering promising
prospects for new magnetic devices. From an experimental perspective, there are advanced methods
in synthesis and exfoliation that allow the isolation of the monolayer and bilayer of TMDCs. Such
ultrathin layers show properties that can significantly change from their bulk counterparts. For
instance, while most of the TMDCs are non-magnetic in bulk form, monolayer or bilayer of V-based
dichalcogenides can show ferromagnetic or antiferromagnetic behavior depending on the number of
layers, the stacking arrangement, and the strength of the interlayer interactions. Moreover, external
factors like mechanical strain can tailor their electronic band structure, magnetic anisotropy energy,
exchange interactions, and Curie temperatures.

In this thesis, I have performed a comprehensive theoretical analysis of the electronic and
magnetic properties of 2D Vanadium-based TMDCs (VX; with X = S, Se, and Te). The results of
this study are included in the articles [P2 and P3]. In the article [P2], I investigated these materials
in the H-phase. A detailed DFT calculations combined with effective spin Hamiltonian approaches
were used to investigate the band structures, exchange interactions, and magnetic anisotropies in
both monolayer and bilayer of VX;. The study emphasized that while the magnetic ground state of
monolayers is generally ferromagnetic, bilayers may exhibit antiferromagnetic interlayer coupling,
making them natural candidates for 2D spin-valve devices, which we will discuss in chapter
6. Furthermore, the obtained results showed the influence of the interplay between Coulomb
correlations (Hubbard U term) and spin-orbit coupling on the shapes of the magnetic and electronic
behavior of these materials. In the article [P3], I study how tensile and compressive strains can
significantly modify the electronic band structure and magnetic anisotropy of the monolayer and
bilayer VS; in T-phase. Key parameters like exchange coupling constants and Curie temperature
have been found to be highly sensitive to the applied strain, which suggests that strain engineering
can be an essential way of tuning the magnetism in such inherent systems. Together, these studies
involve the understanding of how intrinsic properties and external perturbations (such as strain)
are essential in the electronic and magnetic characteristics of vanadium-based TMDCs. The main
aim in this direction of my study is to establish principles for next-generation 2D spintronic
devices based on V-based TMDCs. Showing the strain-dependent modification of band gaps,
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magnetic moments, and exchange interactions, we provide a framework that not only deepens the
fundamental understanding of 2D magnetism in TMDCs but also helps in experimental efforts
toward engineering materials with desired functionalities.



5.2. Reprint of article [P2] 91

5.2 REPRINT OF ARTICLE [P2]

On the subsequent pages, we append a reprint with permission:
[P2] Mirali Jafari, Wojciech Rudziniski, J6zef Barnas, Anna Dyrdat
Electronic and magnetic properties of 2D vanadium-based transition metal dichalcogenides
Journal of Scientific Reports 13.1 (2023): 20947

DOI: 10.1038 /s41598-023-48141-1

The authors retain copyright (2023).!

ICopyright on any research article in open access (OA) journals published by Springer Nature is retained by
the author(s). Authors grant Springer Nature a license to publish the article and identify itself as the original
publisher. Authors also grant any third party the right to use the article freely if its integrity is maintained and
its original authors, citation details, and publisher are identified. OA articles in Springer Nature journals are
predominantly published under Creative Commons Attribution v4.0 International license (CC BY), according

to Global Open Research Support.


https://doi.org/10.1038/s41598-023-48141-1

5.2.1. Methods 92

Performing this work, I aimed to determine the ground-state magnetic configuration of VX,
materials in both mono- and bi-layers of Vanadium-based TMDCs. I achieved this by evaluating
how the phase structure and inter-layer coupling can influence the magnetic properties of the
materials, such as magnetic anisotropy energy or Heisenberg exchange coupling parameters.

5.2.1 Methods

I have used Density Functional Theory (DFT) using Quantum ATK code packages combined with
other post-processing codes like Vampire. The GGA+U method was applied to better capture the
electron-electron correlation effects in Vanadium atoms. To include van der Waals interactions
between layers and the intralayer atomics, we have used the Grimme DFTD2 correction. The ground
state for each VX; structure has been calculated as the total energy difference between two FM and
AFM spin configurations. Using the Force theorem, the magnetic anisotropy energy (MAE) has
been calculated, and other parameters like exchange coupling constants were computed using the
original Liechtenstein-Katsnelson-Antropov-Gubanov (LKAG) [191] method and using the TB2]
code package [409]. Magnon spectra have been calculated using DFT calculations and compared
with analytical spin-wave theory. I have used Vampire code [410] for magnetic dynamic properties
like hysteresis loop or estimation of Curie temperature.

5.2.2 Main results

¢ Atomic structure: The structures have both H- and T-phases, so we have chosen the Hexagonal
phases in this research. After optimization, each structure shows changes in its geometry due
to the chalcogen’s atomic number, the interatomic distances between atoms, and, eventually,
the lattice constant of the structure. Among the investigated structures, bilayer V Te, shows
the largest interlayer spacing, attributed to the larger atomic radius of tellurium compared to
sulfur and selenium. These minor changes from monolayer to bilayer and different chalcogen
sizes directly change the electronic and magnetic behavior.

¢ Electronic Band Structure:Using the DFT, the spin-resolved band structures have been calcu-
lated for all VX, configurations. The choice of chalcogen significantly modifies the energy
band gap and the system’s behavior. For instance, the monolayer of VS, is ferromagnetic
and a semiconductor with a 0.35 eV gap (within GGA+U approximation). However, the
bilayer of this material with the same ground state is half-metallic, exhibiting spin-polarized
electronic states at the Fermi level — a key feature desirable for spintronic applications.
In contrast, bilayer VSe, reveals antiferromagnetic coupling between monolayers with a
notable semiconducting energy band gap. The monolayer of Vanadium di-telluride is also
half-metallic, while the bilayer shows metallic behavior. A wide range of properties for
various numbers of layers and different X atoms in the VX, structure, is promising platform
for electronic devices.

* Magnetic Anisotropy Energy (MAE): The MAE results show an easy-plane anisotropy for all
investigated structures, where energy required for out-of-plane (perpendicular) magnetization
is higher for the bilayer than for monolayers. The trend depends on the increasing atomic
number of the chalcogen, which correlates with bond lengths, where V'S, has the weakest
MAE and VTe, has the strongest. Understanding the MAE orientation is one of the key
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points in designing devices that require specific in-plane or out-of-plane magnetization.

¢ Curie-Temperature and hysteresis loop: The Curie temperatures (T¢) in our research have
been calculated using two different methods, namely, mean-field approximation and Monte
Carlo simulations. Monolayer, VS, with the highest ], has the Curie temperature well above
the room temperature and has potential in practical applications. In case of bilayers, the
Curie temperatures decrease slightly due to the interlayer interactions. Still, in the case of
VSey, it remains significant, making it a good candidate for the 2D spin-valve component.
From the hysteresis loops, one can observe the remarkable coercivity differences among the
different V X, materials, where the V'S has the highest coercivity.

* Spin-wave excitations: The spin-wave excitations in VX, bilayers have been calculated using
DFT and compared with analytical spin-wave theory methods, and both results agree. The
effect of interlayer coupling and exchange interactions is essential in defining magnon energy.
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In this paper, electronic and magnetic properties of monolayers and bilayers of Vanadium-based
transition metal dichalcogenides VX, (X =S, Se, Te) in the H phase are investigated theoretically
using methods based on DFT calculations as well as analytical methods based on effective spin
Hamiltonians. The band structure has been computed for all systems, and then the results have been
used to determine exchange parameters and magnetic anisotropy constants. These parameters

are subsequently used for the determination of the Curie temperatures, hysteresis curves, and
energy of spin-wave excitations. In the latter case, we compare analytical results based on effective
spin Hamiltonian with those determined numerically by Quantum ATK software and find a good
agreement. The determined Curie temperature for VTe, monolayers and bilayers is below the room
temperature (especially that for bilayers), while for the other two materials, i.e. forVS, and VSe,, it is
above the room temperature, in agreement with available experimental data.

Van-der-Waals (vdW) magnetic materials are currently of great interest as they are considered as future materi-
als for building two-dimensional (2D) electronic and spintronic devices, including atomically thin spin valves,
nonvolatile memory elements, and gates for information processing. The most fascinating aspects of the physics
observed in van-der-Waals materials are the magnetism and magnetic phase transitions emerging in monolayers
and in a few layers of these 2D crystals. The discovery of ferromagnetism in single layers of Crl;' and Cr,Ge,Te
initiated an enormous interest in magnetic 2D vdW crystals. These crystals now serve as a large platform for
basic research on 2D magnetism, and additionally allow to mimic the physics of ideal Ising, Kitaev or Heisenberg
models and magnetic phase transitions induced by external gate voltages or strain. The magnetic ground state
of 2D vdW crystals depends, among others, on their crystallographic phase, stacking geometry, and possible
twisting of adjacent monolayers. The current worldwide interest in magnetic vdW crystals follows not only from
their novel and interesting physics, but also from their potential for applications (e.g. in quantum computing,
topological magnonics, spintronics, optoelectronics, and others)*.

Recently, two main groups of magnetic vdW materials have been focusing great attention: transition metal
trihalides, with CrI; being thought of as a prototype of 2D magnetic crystal, and magnetic transition metal
dichalcogenides (TMDCs). In this paper, we focus on Vanadium-based dichalcogenides, VX, (X =S, Se, and
Te). Two different polymorphs of VX, materials are currently known; the trigonal prismatic crystallographic
structure (2H, D3h) and the octahedral (1T, D3d) one*®, as presented schematically in Fig. 1. Additionally, a
distorted octahedral (1T,;) phase has been identified’. These materials consist of monolayers of VX,, that are
weakly coupled by van der Waals forces and therefore can be easily exfoliated down to a single monolayer or a
few-layer form. A monolayer of VX, material consists of a hexagonal atomic plane of Vanadium atoms, that is
sandwiched between two chalcogen (X) atomic planes. However, the positions of X atoms are different in dif-
ferent phases. The corresponding unit cell includes one Vanadium atom and two chalcogen atoms. In the case
of bilayers (BLs) of the hexagonal 2H phase, the V (X) atoms of the top layer are above the X (V) atoms of the
bottom layer. In turn, in the bilayers of the T1 phase, the V atoms of the top layer are above the V atoms of the
bottom layer. This can be clearly seen in the top and side views of the bilayers, shown in Fig. 1.

While there are several theoretical studies on the monolayers and bilayers of VX, materials in the 2H phase®?,
and these materials were successfully synthesized in the bulk and multilayer forms®, VSe, and VTe, in the trigonal
(1T) phase have been synthesized only in the monolayer form.!-1%, Therefore, in this paper, we present the results
of our detailed analysis of the monolayers and bilayers of Vanadium-based transition metal dichalcogenides, VX,
(where X =S, Se, Te), in the H-phase only. In the beginning, we focus on electronic properties, especially on the
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ul. Uniwersytetu Poznariskiego 2, 61-614 Poznan, Poland. ZInstitute of Molecular Physics, Polish Academy of
Sciences, ul. M. Smoluchowskiego 17, 60-179 Poznan, Poland. *email: adyrdal@amu.edu.pl
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TRIGONAL PRISMATIC PHASE (2H-PHASE)

Figure 1. Schematic structure of the 2H phase of VX, monolayer and bilayer structures. Top (a) and side (b)
views, as well as the elementary units are shown. Various bondlengths are also indicated in (b). For comparison,
the top and side views of the T-phase bilayer are also shown in (c) and (d).

band structures of these materials. Then, we evaluate the basic magnetic parameters, like magnetic moments of
Vanadium atoms, exchange parameters, and magnetic anisotropy constants. These parameters are subsequently
used in the simulations of Curie temperature, magnetic hysteresis curves, and spin wave excitations. Details of
the methods used in calculations are described in section METHOD.

We also note that though there is relatively broad literature on TMDCs, their behavior, especially in the
monolayer and bilayer forms, is still under discussion. This concerns even the magnetic ground state as numeri-
cal results based on DFT calculations depend on many approximations and assumptions. Our results present a
contribution to this discussion—especially our investigation of bilayers with antiferromagnetic coupling between
the two monolayers is of particular interest, as such bilayers are natural candidates for 2D spin valves.

Results
Atomic structure
Figure la and b show respectively the top and side views of the atomic structure in a bilayer of H-phase dichal-
cogenides VX,. Each Vanadium atom is surrounded by six nearest-neighbour chalcogen atoms, and the cor-
responding lattice parameters a and b (see Fig.1a) are equal, a = b, in honeycomb structures. The structural
lattice parameters and bondlengths after optimization are presented in Table 1 for both monolayers and bilayers.
From this table follows that there is no significant change in the lattice parameters when the number of layers
increases from N = 1 to N = 2. However, when the atomic number of chalcogen atoms increases, the lattice con-
stant increases as well. Additionally, the bondlengths between Vanadium and X atoms (dy_x) and between the
chalcogenide atoms (dx—x) also increase with the increasing atomic number of chalcogen atoms. The obtained
results are in very good agreement with earlier studies®!'%. From Table 1 also follows, that the bondlengths are
rather weakly modified when the number of layers N increases from 1 to 2, similarly as in the case of lattice

VX, [N |a[A] dy_v[A] |dy_x[A] |dx—_x[A]

1 3.17159 | - 2.36 2.98
Vs,

2 3.17147 | 6.30 2.36 2.97

1 3.31934 | - 2.49 3.20
VSe,

2 3.31971 | 6.66 2.49 3.19

1 3.59006 | - 2.72 3.53
VTe,

2 3.59069 |7.15 2.71 3.52

Table 1. Optimized lattice constants g, and the bondlengths dy_x, dv_v, and dx_x between various atoms, as
defined in Fig. 1. N indicates the number of layers, N = 1 for monolayers and N = 2 for bilayers.
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parameters, where the change is only 0.31%. However, the changes associated with different X atoms can be up
to 12.91% and are quite significant. This is a consequence of the increasing radius of atomic orbitals with increas-
ing atomic number, which in turn leads to increasing bondlengths and subsequently weaker bonding in VTe,
as compared to VS,. The intralayer distance between two nearest-Vanadium atoms is remarkably different from
the interlayer one. The optimized structures, including also the Van-der-Waals correction, show that the largest
interlayer distance is for VTe, while the lowest distance is for VS,.

Electronic bandstructure

Before calculating spin-resolved electronic band structures of the VX, (X =S, Se, and Te) monolayers and
bilayers, one needs to determine first the corresponding magnetic ground states. Therefore, for each system we
calculated its total energy in three different spin configurations: non-magnetic (NM), ferromagnetic (FM), and
antiferromagnetic (AFM). In all calculations, the NM state was the most unstable one. Then, we calculated the
total energy difference between the FM and AFM states, AE = Epy — Epyr. The negative sign of AE indicates
that the AFM state is stable, while the positive sign shows the FM state is stable. The obtained ground states
for all systems under consideration are given in Table 2. From these data follows that all the monolayers have a
ferromagnetic ground state. However, for the bilayer structures, different materials may have different ground
states. The total energy in the antiferromagnetic spin configuration of VS, is larger than that in the ferromagnetic
case, so the ground state is FM. On the contrary, for VSe, and VTe,, we found that magnetic moments of the two
V atomic planes are arranged antiferromagnetically in the ground state, i.e. the interlayer exchange coupling is
antiferromagnetic, in agreement with other works*!>-%,

From the DFT calculations, we have determined the magnetic moments of Vanadium atoms for all the sys-
tems under consideration. These moments have been calculated within the GGA approximation with Coulomb
correction U included, referred to in the following as the GGA + U approximation. The Hubbard parameter U
describes the on-site Coulomb interaction between electrons, and the impact of finite U on electronic spectrum
in VX, dichalcogenides was already studied in the relevant literature. Especially, Ref. !° gives clear arguments
that U = 2 is an appropriate approximation for VX, materials. Following this paper, as well as other relevant
pulications #%°-22, we assumed U = 2 eV in our numerical calcuations. The obtained magnetic moments of
Vanadium are presented in Table 2. From this table and also from other calculations (not shown here) follows
that the Vanadium ion preserves absolute value of its magnetic moment when the number of layers varies from
one to two—independently of the approximation used in calculations. However, the Coulomb correlation U
leads to a slightly larger magnetic moment in comparison to that obtained in the GGA calculations with and
without spin-orbit coupling (SOC) included. From our calculations follows that the magnetic moment of V ion
in monolayers is the lowest one for VS,, where is equal to 1.267 pp (i is the Bohr magneton). In turn, in VSe,
and VTe, it is 1.435 upand 1.679 up, respectively.

Figure 2 shows the electronic band structures of the monolayers and bilayers of VX, along the high symme-
try points in the Brillouin zone. For both, monolayers and bilayers, the calculations are based on the GGA + U
approximation, and additionally we also show there the band structures in the GGA approximation with spin-
orbit interaction included (GGA + SOC approximation). From comparison of the results for GGA (not shown)
and GGA + SOC approximations follows that the spin-orbit interaction does not lead to significant modifications
in the band structure. This is also consistent with the results obtained in Ref. %

In the case of band structures calculated in the GGA+SOC approximation, we distinguish in Fig. 2 contribu-
tions from the V and X atoms. Generally, these results demonstrate that the main contribution to the bands near
the Fermi level comes from the Vanadium atoms. As illustrated in Fig. 2, in the VS, monolayers and bilayers, the
orbital d,» of Vanadium has a large contribution to the valance band maximum (VBM) near the I point, while for
the conduction band minimum (CBM) the Vanadium dy,, orbital dominates at the M point. A similar situation
happens also in the monolayers and bilayers of VSe,, but with the contribution of d,2_,: orbitals of Vanadium
dominating for the VBM at the K point and a combination of the d,2 and dy,, orbitals dominating for the CBM
at the M point. Regarding the VTe,, the mixture of d), and dx; states of Vanadium dominates for the VBM at the
I" point, while the d,> and d,, orbitals dominate for the CBM around the M point.

Basic features of the electronic structure obtained in the GGA+U and GGA+SOC approximations, especially
the bandgaps, are listed in Table 2. From this table follows that in the GGA+U approximation, the ferromag-
netic VS, monolayers display semiconducting behaviour (with the gap of 0.35 eV), while the bilayers are then
half-metallic due to a finite density of states at the Fermi level in the spin-up band. In turn, in the GGA + SOC
calculations, both monolayers and bilayers have metallic properties. In the case of VSe,, both monolayers and
bilayers reveal semiconducting behaviour with the gaps in the GGA + U calculations equal to 0.55 eV for the
monolayers and 0.50 eV for the bilayers. This behaviour also appears in the GGA + SOC calculations, but with the
band gaps reduced to 0.29 eV and 0.17 eV for the monolayers and bilayers, respectively. However, the monolayers
of VTe, display half-metallic behaviour in the GGA + U calculations, while the bilayers are then metallic. In the
GGA + SOC calculations, both monolayers and bilayers are semiconducting with narrow gaps equal to 0.11 eV
for the monolayer and 0.10 eV for the bilayer structures.

When comparing results of various approximations, we arrived at the conclusion that including spin-orbit
coupling (SOC) does not make significant quantitative changes in the band structure, though some qualitative
differences may appear due to spin mixing induced by SOC. We verified that GGA + SOC calculations give results
which are quantitatively and also qualitatively similar to those obtained in the GGA approximation (not shown).
From Ref. ® follows that the results of GGA+U+SOC calculations are quantitatively similar to those of GGA +
U. In turn, including Coulomb correlation U into calculations may lead to remarkable changes in the electronic
spectrum, especially in the band gaps. From the above observations one may conclude that when calculating
properties that do not originate from SOC, the approximation GGA + U seems to be the appropriate one. In
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Figure 2. Spin-resolved band structures for the monolayers (first and second columns from left) and bilayers
(third and fourth columns from left) of VX, (X = S, Se, Te) in the GGA+U approximation (first and third
columns) and GGA + SOC approximation (second and fourth columns) where d—orbital-decomposition is
added to visualize contributions of the Vanadium orbitals near the Fermi energy E.

Magnetic moment of V [p] | Bandgap [eV]
VX, N | Ground state | GGA+U GGA+U | GGA +SOC
Vs 1 FM 1.267 0.35 Metallic
? 2 |FM 1.228 Half-metal | Metallic
1 FM 1.435 0.55 0.29
VSEZ
2 AFM 1.437 0.50 0.17
1 |FM 1.679 Half-metal | 0.11
VTe,
2 AFM 1.709 Metallic 0.10

Table 2. Calculated ground states, magnetic moments (absolute values) of V atoms, and energy band gaps. N
indicates the number of layers.

turn, when a particular property (like for instance. magnetic anisotropy) originates from SOC, then in the first
approximation GGA + SOC is sufficient.

Magnetic anisotropy energy

Magnetic anisotropy energy (MAE) is an important parameter that determines the magnetisation orientation in
the ground-state. This anisotropy originates from the spin-orbit coupling and can be calculated from the energy
difference between relevant spin orientations using the force theorem. This theorem allows one to evaluate MAE
using non-self-consistent band energies, and in general, it is defined as follows*-**:
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MAE = Zﬁ(91>¢1)6i(91)¢1) - Zfi(@o,%)éi(@o)d’o), 1)

where f;(6, ¢) refers to the occupation factor for the band i (i includes also k-point index), with (6, ¢) and
€i(0, ¢) describing the spin orientation and the corresponding band energy, respectively. In this paper, we focus
on the perpendicular (out-of-plane) and in-plane anisotropies. When the system is magnetically isotropic
(or nearly isotropic) in the plane, then the perpendicular anisotropy is defined as MAE = Ej100; — Ejoo1] (or
MAE = Ejo10] — E|001]), with the x, y axes in the layer plane and the z axis perpendicular to the layer. Thus,
positive value of MAE corresponds to the perpendicular easy axis, while negative value to the perpendicular
hard axis, i.e. to easy-plane anisotropy.

Table 3 shows MAE (per unit cell) for the materials considered in this paper. The perpendicular MAE for the
monolayer of VS,, VSe,, and VTe, is — 0.2276 meV, — 0.7143 meV, and — 1.9431 meV, respectively. The MAE of
the bilayers, is approximately twice as large as that of the corresponding monolayer. The calculations show, that
MAE has a negative sign for the monolayers and bilayers, which indicates that the anisotropy is of easy-plane type.
The dependence of MAE on the polar angle (angle between magnetization orientation and axis perpendicular
to the layer plane) is shown in Fig. 3 for all the systems under consideration.

As presented in Table 3, we have also determined the in-plane easy-axis MAE which is defined as the differ-
ence between two in-plane magnetization directions namely, MAE = E[100] — E[o10]. Because of the symmetry
of the studied systems, this anisotropy is negligibly small, of an order of micro/nano eV, which indicates its
insignificant role in the magnetization processes, though it determines the magnetization orientation in the zero
temperature limit. We note, that our calculations are for unstrained structures. It is however known that external
strain has a significant impact on the magnetic anisotropy, and can remarkably change the anisotropy constants.

Exchange parameters, Curie temperature and hysteresis loops

A very important parameter, especially when one considers application possibilities, is the Curie temperature
Tc. In this paper, we evaluate T¢ of VX, monolayers and bilayers within two different methods: the mean-field

0.5
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-1.541
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Figure 3. Angular dependence of the magnetic anisotropy energy per unit cell, MAE, of monolayers (ML)
and bilayers (BL) of V-based TMDs. The anisotropy energy is shown as a function of the polar angle 0 for the
azimuthal angle equal to 0 (see the inset for the definition of 6).

MAE Jij (meV]

VX, N | Perpendicular [meV] | In-plane [neV] | J; I Jint

1 -0.22 3.58 2568 | -213 |-
VS,

2 —-0.44 -0.12 26.67 | —-1.63 |0.50

1 -0.71 - 15.28 1952 | -094 | -
VS€2

2 -1.38 —-10.69 18.60 | -1.15 | -0.05

1 -193 -35.79 9.84 -0.78 | -
VTEZ

2 —3.81 18.93 8.69 -0.66 |-0.11

Table 3. Calculated perpendicular and in-plane magnetic anisotropy energy (MAE) per unit cell within
the GGA + SOC approximation, and the exchange coupling parameters /i, J2, Jins within the GGA + U
approximation.
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approximation (MFA)?* and the Monte-Carlo (MC) simulations. The corresponding calculations are based on
the Heisenberg spin Hamiltonian with classical spins:

H=-— Z},jsi.sj -K Z (892, @
ij i

where Jj; is the exchange coupling constant between V atoms located in the sites i and j, S; is the local spin vec-
tor on the atom i, while K is the easy-plane magnetic anisotropy constant, K < 0. The anisotropy constant K is
determined by the above calculated MAE. We take into account only the exchange coupling J;; between nearest
neighbours, i, and next-nearest-neighbours, J,, for the intralayer interactions. In the case of bilayer structures,
we also include interlayer coupling Ji,. All the exchange parameters have been determined using the energy
mapping method?. Contrary to the other methods, where results rely on the total energy analysis, in this method
one calculates the exchange constant for a particular wave vector g using the magnetic force theorem (for more
details see Ref. *). Table 3 shows all the exchange constants for the monolayers and bilayers of the materials
under consideration, obtained in the GGA + U approximation. From this table follows that the largest exchange
parameters are for VS,, and the smallest ones for VTe,. For the bilayers we have also determined the exchange
parameter J;,; between the two monolayers and found J;,;; =0.5 meV, -0.05 meV, and -0.11 meV for VS,, VSe,,
and VTe,, respectively. Positive and negative signs of J;,; correspond to the FM and AFM interlayer coupling,
respectively.

The Curie temperature, T¢, of a ferromagnet is a temperature at which the average magnetic moment becomes
equal to zero due to random thermal fluctuations of the local magnetic moment orientations. With the obtained
exchange parameters, the Curie temperature could be estimated using the mean field approximation method
(MFA) as follows:?¢

2
MFA
To = ET™ E Jio,jr (3)
B ir#i0

where Jig;r stands for the exchange coupling parameter between the atom at site i in the main considered primi-
tive cell (labeled with 0) and the atom at site j in a different unit cell displaced from the central one by the lattice
vector R. To find the Curie temperatures in the MFA, listed in Table 4, we performed GGA+U calculations up
to the third nearest neighbours. Interestingly, the results reveal Curie temperatures close to or beyond the room
temperature for most of the analyzed structures. In general, the mean-field approximation overestimates Tc when
compared to experiment and other methods. This appears because the mean-field approximation neglects the
role of magnetic fluctuations in the system, which in 2D are relatively large. However, TXF can be considered
as the upper limit of Curie temperature, and we show it in Table 4 for comparison.

To get more realistic values of T¢;, we used the atomistic Vampire code package*® ** as well as the magnetic
moments, MAE, exchange parameters Jj, J2, and Ji,; obtained from the DFT calculations, and simulated mag-
netization vs. temperature for VX, monolayers and bilayers within the Monte Carlo metropolis algorithm®**!.
The results are shown in Fig.4. To fit the magnetisation versus temperature curve, Fig. 4a and ¢, the Curie-Bloch
equation in the classical limit was used:

28,29

T B
M(T):MS<1——) , (4)
Tc

where T is the temperature and T¢ is the Curie temperature, while 8 is the critical exponent, which is generally
different for different materials. As follows from Table 4, the Curie temperature determined by the Monte-Carlo
calculations is lower than that in the mean field approximation. Anyway, all the results show that the highest T'c
is for VS, and the lowest one is for VTe, materials. This difference originates from the corresponding difference
in exchange coupling parameters J; and J,.

Other important characteristics of magnetic materials are the relevant hysteresis loops. These loops reveal
magnetization reversal processes in an external magnetic field and therefore contain information on the magnetic
ground state and possible magnetic phase transitions induced by the magnetic field. In Fig. 4b and d we present
the hysteresis curves for the monolayers and bilayers of VX,.

In the simulation procedure, the system is slowly cooled down until the temperature reaches the desired value
in the presence of a magnetic field H = 1T applied in the plane of the system and along the in-plane easy-axis
(corresponding to a very small anisotropy). Then, the obtained spin configuration in the last step of cooling is
used as the initial configuration for calculating the hysteresis curve.

Because individual monolayers are ferromagnetic, shapes of the hysteresis loops of all monolayers in Fig. 4
are similar and typical for ferromagnetic layers. As follows from Fig. 4, hysteresis loops for bilayers are similar to
those for the corresponding monolayers, which indicates that the antiferromagnetic interlayer coupling does not
play an important role in the hysteresis curves. This is because interlayer coupling is relatively small. For VTe,,
e.g, the energy of interlayer coupling corresponds roughly to 10 K and is much smaller than the temperature
for which the hysteresis curves were calculated (50 K) and also significantly smaller than the corresponding
anisotropy energy (around 38 K). An interesting feature of the hysteresis loops is the coercivity, which is the
largest for VS, and smallest for VTe,, just opposite to the behavior of easy-plane anisotropy constant, which is
the largest for VTe, and smallest for VS,. The stronger anisotropy, the more fixed is the magnetic moment to the
layer plane. Accordingly, magnetization rotation is in the layer plane, where in-plane anisotropy is very small.
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Tc [K]
VX, N | MFA MC B
1 |438.72 |289.45 |0.48
VS,
2 | 446.95 |333.06 |0.39
1 | 434.01 |249.69 |0.46
VSEZ
2 416.97 | 229.10 | 0.41
1 1296.39 |126.61 |0.38
VTe,
2 26844 |119.57 [0.39

Table 4. Curie temperature T¢ obtained within the mean field approximation (MFA) and Monte-Carlo (MC)

simulations, as well as the corresponding power factor 8.
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Figure 4. Magnetization normalized to the saturation magnetization M; as a function of temperature within
the Monte Carlo simulations for monolayers (a) and bilayers (c) of VX;, and the corresponding hysteresis curves

(b, d).

Dynamic properties: magnon spectra
Having found the exchange and anisotropy parameters, determined from the calculated band structures, one can

calculate the energy (frequency) of the collective excited states of the magnetic moments (spins), known as spin
waves or magnons. We have determined the spectra of spin waves using the corresponding code implemented
into the Quantum ATK package. Dispersion curves of these modes in bilayers along basic orientations in the
Brillouin zone are shown in Fig. 5 (right column), where these spectra are compared with the corresponding
spectra obtained analytically, with the parameters taken from DFT calculations. The energy of spin waves deter-
mined from the analytical model in the whole Brillouin zone is presented in the left column of Fig. 5 for all the

three systems considered in this paper.
The analytical calculations are based on the effective spin Hamiltonian (2), generalized by including the in-

plane anisotropy:
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Energy [meV]

Figure 5. (Right panel) Magnon spectra in the VX, bilayers (X = S, Se, Te). The red lines correspond to the
numerically calculated spectra using the ATK package, while the yellow lines present the spectra obtained from
the analytical model. The insets show the spectra in the vicinity of the Brillouin zone center (I" point), where
splitting of the modes can be clearly seen. (Left panel) Density plots representing analytically calculated energy
of spin waves in the whole Brillouin zone.

H=-> JiSi-S§—K> ()*—K > () 5)
ij i i

Here, apart from the easy-plane anisotropy (K < 0), there is also a weak in-plane easy-axis anisotropy along
the axis y, with K, being the relevant anisotropy constant, K, > 0. This anisotropy constant is very small in the
systems under consideration (see Table 3) and does not lead to significant features in the spectra. Additionally, in
the analytical model the exchange interaction is limited to the intralayer and interlayer nearest-neighbours. The
intralayer (ferromagnetic) and interlayer (antiferromagnetic) exchange parameters between Vanadium atoms are
taken from DFT calculations and are adapted to the spin 1/2 model (spin of Vanadium atoms). Due to the easy-
plane anisotropy, the magnetic moments of vanadium atoms in equilibrium are oriented within the atomic planes.
The magnon modes are determined by assuming small deviations of the spin moments from their ground state
orientation. Then, the spin operators are transformed into the local magnon operators using Hollstein-Primakoff
transformation. The local-magnon Hamiltonian is finally diagonalized by the Fourier transformation followed
by the Bogolibov transformation. More details on this procedure will be presented elsewhere®.

Figure 5 shows the energy of spin waves in all the bilayer systems studied in this paper. Each monolayer
separately supports one magnon branch, as the monolayer contains only one magnetic atom in the elementary
unit cell. Therefore, in the case of bilayers, there are two spin-wave modes, which slightly differ in energy due to
coupling between the monolayers. In the absence of magnetic field and in-plane anisotropy (which is extremely
small in the systems under consideration), the energy of the lower branch vanishes at the I point (k = 0) for all
three systems, while the energy of the second mode in the I" point is nonzero, and the gap between these two

Scientific Reports |

(2023) 13:20947 | https://doi.org/10.1038/s41598-023-48141-1 nature portfolio



www.nature.com/scientificreports/

modes is generally determined by the interlayer exchange coupling and easy-plane magnetic anisotropy. This gap
is very small and can not be distinguished in the main parts of the spectra in Fig. 5, but it is well resolved in the
insets presenting the zoomed-out areas around the I'" points. This gap is clearly visible there for both analytical
and computational spectra.

From Fig. 5 follows that the agreement between the modes calculated by the ATK package and by the analyti-
cal model based on some effective spin Hamiltonian is quite satisfactory. The largest deviations occur for VTe,,
and especially at the Brillouin zone boundaries. It is obvious that the spectra obtained by these two approaches
may differ due to some differences in the models. For instance, the ATK code includes the influence of further
neighbours which is not taken into account in the analytical model. Despite this, the agreement is satisfactory. In
addition, a comparison of the spectra obtained numerically with the analytical ones allows to prove the proper
behaviour of the numerical spectra near the I' point of the Brillouin zone.

Discussion

The van der Waals magnetic materials are expected to have a big impact on the development of future nanoelec-
tronics and nanospintronics. These materials can be easily achieved in atomically thin layers, which makes them
ideal building elements for novel two-dimensional electronics/spintronic devices. The studied monolayers and
bilayers of Vanadium-based dichalcogenides, especially of VS, and VSe,, are magnetic also at room temperatures
and moderately above. Therefore, they can be considered as being prospective ones for certain applications.
However, for real practical applications, the Curie temperatures should be still higher.

The antiferromagnetically exchange-coupled bilayers of the studied materials can be considered as natural
spin-valves, in which the two monolayers have opposite magnetic moments at zero field. External field can rotate
these moments from antiparallel to parallel configuration and this may be associated with a resistance change.
Alternatively, one can build spin-valves by connecting two stripes of the two-dimensional ferromagnetic material
with a stripe of two-dimensional nonmagnetic material. In fact, there are various possible architectures of the
spin valves based on van der Waals materials. Unfortunately, the interlayer exchange coupling in vanadium-based
TMDs is rather small, of the order of 1 meV. Accordingly, spin valves based on these materials can work at low
temperatures, of the order of 10 K. For most of practical applications, however, one needs spin valves working
at room temperatures. Therefore, further research on the already known materials, as well as a search for novel
materials with better characteristics, is still required.

Method

DFT calculations

All the first-principles calculations in this paper have been performed in the framework of Density Functional
Theory (DFT) using the Quantum ATK code package (version 2021.06-SP2)*, which is based on Hohenberg-
Kohn theorem?®* as well as the Kohn-Sham equations®. To expand the wave function, the SG15 collection of
optimized norm-conserving Vanderbilt (ONCV) pseudopotentials with the Ultra Linear Combination of Atomic
Orbitals (LCAO-U)? basis set has been employed. We used the generalized-gradient approximation (GGA) in
the formalism of Perdew-Burke-Ernzerhof (PBE) for the exchange-correlation interaction of electrons®. The
energy mesh-cutoff of 600 eV within the total energy convergence criteria of 1 x 107%eV (1078 eV for the mag-
netic anisotropy energy calculations) for each primitive cell has been performed. The two-dimensional Brillouin
zone was sampled by a I'-centered Monkhorst-Pack method*® using the k-point grid of 30 x 30 x 1. All studied
structures have been fully optimized and minimized until the force on each atom is smaller than 0.02 eV/A. To
avoid any artificial interaction between image layers along the non-periodic directions, we employed at least
25 and 30 Angstroms vacuum layers for monolayer and bilayer structures, respectively. Moreover, to optimize
the lattice parameters as well as the bondlengths, we have included a weak and non-local van der Waals (vdW)
interaction between the layers in bilayer structures of VX, materials. Using the so-called dispersion interactions,
inter-layer bondlengths are decreased and the layers are not able to bind strongly and are separated. In our cal-
culations, we used the semi-empirical corrections by Grimme DFT-D2*. To the electron-electron correlation
effect of the localized 3d orbitals of Vanadium (V), we implemented the DFT+U calculations, in which the U
term refers to the effective potential of the onsite Coulomb interaction for the V-3d electrons®.

Static magnetic properties

To obtain magnetization as a function of temperature, and estimate Curie Temperature we have used the Vampire
code based on the Monte Carlo metropolis algorithm (MC). For the MC calculations, we selected al x I where
I'=120 is the number of repeated units of the supercell with the periodic boundary conditions in all directions.
We also used 10000 equilibrium steps followed by 10000 averaging steps.

Data availability
All relevant data are included in the article.

Code availability
The calculations were performed using the Quantum ATK code package (version 2021.06-SP2), Vampire pack-
ages, and Wolfram Mathematica.
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5.3.1. Methods 106

My primary motivation for this work concerned the need for comprehensive work on the
influence of strain on the electronic and magnetic properties of V'S, bilayer in its thermodynamically
stable phase, that is, the T-phase. In this study, the bilayer configurations provide additional degrees
of freedom through interlayer coupling, enabling new opportunities for tuning magnetic properties
in device applications. This paper aims to understand the essential behavior of electronic and
magnetic behaviors, such as ground state, magnetic anisotropy, exchange coupling between magnets,
and Curie temperature, which enhance the practical aspects of the T-phase of V'S, in nanoscale
device applications.

5.3.1 Methods

I performed my calculations using the Density Functional Theory [DFT] as implemented in the
Quantum ATK code package with correction methods, including Coulomb interactions [DFT+U]
and spin-orbit coupling. Biaxial strain is applied from —10% to +10% on the bilayer of VS,,
after examining the structure stability for different strain values leading to changes in structure,
electronic, and magnetic properties. Magnetic anisotropy energy has been calculated using force
theorem methods, and Curie temperatures have been estimated using the mean field approximation
and random phase approximation method under different compressive and tensile strains.

5.3.2 Main results

The results obtained in this work show that compressive strain generally enhances the magnetic
moment, primarily due to the strengthening of the vanadium-sulfur bonding under compression.
At the same time, the magnetic moment is reduced when the biaxial strain is tensile. While
V'S, is a metallic material at zero strain, a small energy band gap appears under tensile strain.
Magnetic anisotropy energy shows the preferred in-plane orientations, which, under tensile strain,
is much more pronounced, while in compressive strain, it tends to vanish close to the isotropic
level. The exchange coupling parameters show the ferromagnetic order at zero strain, and the Curie
temperature is close to room temperature. The exchange coupling changes from FM to AFM for
higher strain values, especially under compressive strains.
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anisotropy, which is rather small in the absence of strain, becomes remarkably enhanced by tensile strain
and reduced almost to zero by compressive strain. We also show that the exchange parameters and the Curie

temperature are remarkably reduced for the compressive strains below roughly —4%.

1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) rep-
resent a wide class of materials, that have been extensively investigated
recently as they are of highly promising potential for applications
in nanoelectronic and optoelectronic devices [1-8]. Generally, TMDs
correspond to a general chemical formula, MX,, where M denotes a
transition metal element, such as Mo, W, Nb, and V, while X stands for
a chalcogen element, like S, Se, and Te. Currently, over 40 different
TMDs are known, including metallic, semiconducting, and supercon-
ducting ones [9-13]. Notably, the 2D layered TMDs display distinct
physical properties, when compared with their bulk counterparts —
especially in the context of band structures [14]. Several experimental
methods and techniques are currently known, which allow to ob-
tain monolayers of various TMDs, including mechanical exfoliation
techniques, liquid exfoliation methods, and chemical vapor deposition
(CVD). These techniques collectively facilitate the successful produc-
tion of various TMD-monolayers, increasing thus our understanding of
these interesting materials [3,15,16].

Typically, layers of vanadium (V) based TMDs exist in two struc-
tural phases, namely the 2H phase characterized by trigonal prismatic
coordination, and the 1T phase with octahedral coordination [2,17].
Most primitive TMDs lack magnetic properties, which hinders their
suitability for applications relying on magnetism. Nevertheless, induc-
ing magnetic properties in these materials is feasible with various
techniques, such as doping with various point defects, adsorption of
non-metal elements, or exploiting edge effects [18-23]. For instance,
the formation of triple vacancies in single-layer MoS, has been pro-
posed as a tool to generate a net magnetic moment, whereas other

* Corresponding author.

defects related to Mo and S atoms do not affect the non-magnetic
ground state [24]. In MoS, nanoribbons, the interplay of defects and
adsorption can be used for tuning between non-magnetic and magnetic
states, depending on the type of defects introduced and the specific
sites where the adatoms are adsorbed. However, extending this ability
to other TMD materials has proven to be intricate, as the induced
magnetic properties are highly dependent on the nature of defects, edge
states, and position of dopants, which leads to significant experimental
challenges.

On the other hand, computational studies can be used to elu-
cidate the physical properties of TMDs, down to single monolayers.
Indeed, such calculations show that monolayers of VX, (where X =
S and Se) exhibit intriguing ferromagnetic behavior, providing thus
evidence of magnetic properties of pristine 2D monolayers [25]. This
insight opens new avenues for the fabrication of ferromagnetic TMDs
without resorting to doping with point defects, non-metal element
adsorption, or external forces like tensile strain. Encouraged by these
theoretical predictions, researchers successfully synthesized ultrathin
VS, nanosheets with less than five S-V-S atomic layers, using a mod-
ified all-in-solution method. The corresponding experimental results
confirmed the presence of a room temperature ferromagnetism (FM)
in the ultrathin VS, nanosheets, accompanied by a very weak antifer-
romagnetism (AFM). [26,27]

In our study, we have chosen the T-phase of VS, for detailed
investigation, mainly due to its unique and fascinating electronic prop-
erties. The T-phase, characterized by octahedral sulfur coordination
around vanadium atoms, presents a promising avenue for exploring
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Fig. 1. Schematic structure of bilayer of T-VS, for (a) Top, (b) Side perspectives in
which (a = b) shows the hexagonal lattice constants, (d,,_;) is the inter-layer distance
between Vanadium atoms, (d,_g) is the bond length of Vanadium atoms with the
surrounded Sulfur atoms, (dg_g) is the distance between Sulfur atoms in each layer.

new phenomena in two-dimensional materials. The T phase is different
from its more commonly studied 2H-phase counterpart and exhibits
distinctive intrinsic electronic correlations. It is worth noting, that the
band structure of the T-phase offers new application possibilities in
spintronics and quantum computing [26,28]. To get an insight into
the fundamental properties of VS,, we have decided to investigate
the effects of bi-axial strain [29,30] on the VS, bilayer configura-
tion. This choice is supported by the following arguments. Firstly,
the bilayer structures reveal interlayer interactions and display elec-
tronic phenomena that are absent in single-layer counterparts [31,32].
Secondly, bilayer structures are experimentally accessible and are
suitable for device applications. Their potential to tailor electronic and
magnetic properties makes them interesting for both fundamental and
applied research [33-35]. The remaining part of this paper is struc-
tured as follows: Section 2 provides an overview of the methodology
and computational techniques employed. Section 3 elaborates on the
findings derived from the computational analysis. Finally, Section 4
encapsulates the concluding remarks.

2. Computational details

The first-principles calculations were performed using the Density
Functional Theory (DFT) and the Quantum ATK code package (version
2021.06-SP2) [36]. The calculations were based on the Hohenberg-
Kohn theorem [37] and Kohn-Sham [38] equations, and utilized the
SG15 collection of optimized norm-conserving Vanderbilt (ONCV)
pseudopotentials with Ultra Linear Combination of Atomic Orbitals
(LCAO-Ultra) basis set [39]. The exchange—correlation interaction of
electrons was described using the Perdew-Burke-Ernzerhof (PBE)
generalized-gradient approximation (GGA) [40]. The calculations were
performed with a converged energy cutoff of 500 Ry and the total
energy convergence criteria of 107% eV, with higher criteria of 1078 eV
for magnetic anisotropy energy calculations. The two-dimensional Bril-
louin zone was sampled using a I'-centered Monkhorst-Pack method
[41] with a k-point grid of 25 x 25 x 1. All structures were fully
optimized until the force on each atom was less than 0.02 eV/A. To
avoid artificial interaction between image layers, vacuum layers of
25 Angstroms were introduced. Additionally, a weak and non-local
van der Waals (vdW) interaction was included in bilayer structures
of VS, material to optimize lattice parameters and bond lengths. The
dispersion interactions were accounted for using Grimme DFT-D2 semi-
empirical corrections [42]. All structures were fully optimized in the
presence of Hubbard U parameter (U = 2 eV), where GGA+U was
employed to consider the electron—-electron correlation effect of the
localized 3d orbitals of Vanadium (V) [43].
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Fig. 2. Geometry changes of T-VS, bilayer under the bi-axial strain from —10% to
+10%. Here we show the lattice parameter (a = b), the inter-layer distance between
Vanadium atoms (d,_,), the bond length of Vanadium atoms with the surrounded
Sulfur atoms (d, _g), and the distance between Sulfur atoms in each layer (dg_g).

3. Results and discussions
3.1. Structural properties

The T-phase vanadium disulfide (VS,) is a van der Waals layered
material, in which an individual monolayer consists of a single layer
of vanadium atoms sandwiched between two layers of sulfur atoms, as
shown schematically in Fig. 1. The lattice structure of T-phase VS, is
hexagonal, with each vanadium atom being surrounded by six nearest-
neighbor sulfur atoms. The lattice constants of the unit cell in the
T-phase VS, are denoted by a and b, which are equal in honeycomb
structures, i.e., a = b.

As illustrated in Fig. 2, the distance between two Vanadium atoms
located in different monolayers in a bilayer, dy _;, exhibits a non-
monotonic dependence on the bi-axial strain, increasing smoothly with
increasing compressive strain from 0% to —10%, and decreasing with
increasing tensile strain from 0% to 10%. A weak but noticeable
nonmonotonic behavior appears within the range of —4% to —8% of
compressive strain, where a relatively fast increase appears in the
range of —4% to —6%, followed by a decrease in the range of —6%
to —8% of compressive strain. This general tendency in the behavior
of dy,_;, with strain can be attributed to the competition between
the increasing repulsive forces between the Vanadium atoms under
compression and the decreasing attractive forces under tension. The
nonmonotonic behavior in the above mentioned range of compressive
strains may be due to the occurrence of an energy barrier that needs to
be overcome for further compression.

The bond length between Vanadium and Sulfur atoms (dy _g) is
found to be sensitive to the direction and magnitude of the applied
strain. The d;,_g exhibits a smooth decrease with increasing compres-
sive strain from 0% to —10%. Under compressive strain, the compres-
sion of the lattice constants enhances the covalent interactions between
Vanadium (V) and Sulfur (S) atoms, resulting in a decrease in the bond
length between them. Conversely, under tensile strain, the elongation
of the lattice constants weakens the covalent interactions between the
V and S atoms, resulting in an increase in the bond length between
them. However, under tensile strain, dj,_g exhibits a non-monotonic
variation; it increases for the tensile strain up to 6%, and then smoothly
decreases at the higher values of the tensile strains. This anomalous
behavior can be explained by the evolution of the electronic structure
of the V'S, bilayer under strain, which alters the hybridization of the
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Table 1
Energy band gap of the structure (Eg,,), spin magnetic moment (MM), and magnetic anisotropic energy (MAE) under bi-axial strain.
Strain [%] =10 -8 -6 -4 -2 0 2 4 6 8 10
£ [ev] GGA+U Metal Metal Metal Metal Metal Metal Metal Metal Metal Half-Metal ~ Metal
Gap GGA+SOC  Metal Metal Metal Metal Metal Metal Metal 0.06 Metal 0.0004 Metal
MM [1,] GGA+U 0.336 0.593 0.887 1.27 1.43 1.56 1.61 1.66 1.72 1.80 1.91
e GGA+SOC 0.001 0.000 0.002 0.03 0.54 0.83 1.16 1.28 1.33 1.38 1.45
MAE [meV] 0 0 0 -0.0001 -0.0335 -0.0610 -0.226 -0.225 -0.210 -0.213 -0.17
orbitals involved in the V-S bond. Specifically, the tensile strain can 2.0
—o— GGA+U

induce a weakening of the V=S bond due to the destabilization of the
3d orbital of the Vanadium atom, leading to an initial elongation of
d,,_g. However, at higher tensile strains, the hybridization of the V-
S orbitals changes, leading to a stabilization of the 3d orbital of the
Vanadium atom and a subsequent contraction of d, _g.

The distance between Sulfur atoms, dg_g, is also observed to vary
monotonically with increasing compressive and tensile strain, increas-
ing with increasing compressive strain, and decreasing with increasing
tensile strain. This trend is due to the changes in the electrostatic
interaction between the Sulfur atoms and the Vanadium atoms in the
V'S, bilayer, which are influenced by the changes in the inter-layer
distance and the electronic structure of the bilayer.

3.2. Static electronic and magnetic properties

3.2.1. Electronic bandstructure

To obtain the spin-resolved electronic band structure, we need to
determine first the ground state. In the case of the T-phase of VS,,
finding the ground state is challenging due to the Coulomb interaction.
It has been shown that the ground state of this material can alternate
between antiferromagnetic (AFM) and ferromagnetic (FM), when the
Coulomb interaction is taken into consideration. This variation in
the ground state makes it important to determine where the magnetic
moment is predominantly localized. This is especially important when
calculating exchange integrals. In this work, we have found that the
magnetic moment becomes localized mainly on the vanadium (V)
atoms. To determine the most stable geometry of the T-VS, bilayer, we
calculated the total energy of FM and AFM configurations for different
values of U (ranging from 0 to 3). We fully optimized the structure
without the Coulomb interaction (U = 0), and found that it had an
AFM ground state. Structures with U greater than or equal to 1 were
found to be FM. We then optimized the structure for U ranging from
1 to 3, and selected the optimized structure with U = 2 eV, based on
its stability which was determined by changes in the lattice parameters
and bond lengths, in agreement with earlier works [44,45]. Using this
value of U, we calculated all other relevant properties. We employed
the DFT calculations to investigate the spin-resolved bandstructure of
the bilayer of T-VS, under bi-axial strain with and without SOC. Our
findings, summarized in Table 2, reveal that the unstrained structure
exhibits metallic behavior, which is preserved under all compressive
strains examined. However, we observe a significant change in the
material’s behavior at strains of +4% and +8%, which is attributed
to the introduction of SOC. Specifically, the opening of a bandgap at
these strains leads to the transition of the bilayer of T-VS, from a
metal to a very weak semiconductor. In addition, we computed the
spin magnetic moment for each strain using GGA+U and GGA+SOC
methods. Fig. 3 shows the variation of the spin magnetic moment
under different strains. Our results demonstrate that the spin magnetic
moment increases under the tensile strain, while it decreases under
the compressive strain. Moreover, at higher compressive strains, the
magnetization of the structure nearly disappears. This behavior could
be due to the weakening of the interlayer interaction and the distortion
of the crystal lattice. As the lattice compression increases, the magnetic
moment decreases until it reaches a critical point where the magnetic
order disappears.
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Fig. 3. Spin Magnetic Moment (MM) as a function of applied bi-axial strain.
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Table 2
Changes in the exchange parameters J,, J,, and J,,, under the bi-axial strain.
Strain [%] -10 -8 -6 -4 -2 0 2 4 6 8 10
3 [mev] GGA+U -0.09  -0.04 -020 -050  7.41 786 692 665 634 5091 5.38
! GGA+SOC 0 0 0 0 0.45 1.51 715 717 612 562 570
3, [mev] GGA+U 0.40 1.05 1.23 -0.46  -0.28  1.66 052 232 240 238 229
2 GGA+SOC 0 0 0 0 0.92 093 026 161 1.94 204 211
3 [mev] GGA+U 0.02 -0.26  -0.01 0.17 0.96 077 214 053 030 008  -0.17
int GGA+SOC 0 0 0 0 0.09 024 035 035 026 011 -0.07
3.2.2. Magnetic anisotropy energy —o—MFA-U
. . . . . 5004 —e—RrPA-U
Magnetic anisotropy energy (MAE) plays a crucial role in determin- ) MFASO
ing the ground state magnetization orientation and can be calculated % —0—RPA-SO
using the force theorem by evaluating the energy difference between 1 400+
relevant spin orientations. In this paper, we focus on the perpendicular o]
. s . . . 3
anisotropy, which is defined as the energy difference between magneti- < 300
—
zations along two specific crystallographic orientations. More precisely, 8
the perpendicular anisotropy is defined as MAE = E;oq) — Ejooy; (0T g 2001
MAE = Ejgo — Ejgo1}, when the system is magnetically isotropic or Z
near isotropic in the plane), where the positive value of MAE corre- E 100+
sponds to the perpendicular easy axis, while the negative value to the &}
perpendicular hard axis, i.e. to the easy-plane anisotropy. Our results, 0-

as illustrated in Fig. 4, show that the pure T-VS, structure without any
strain exhibits a relatively small easy-plane magnetic anisotropy, which
increases under the tensile strain due to the increase in crystal field
splitting. In contrast, under compressive strain, the easy-plane magnetic
anisotropy decreases and becomes close to zero, then for the strain
below < —4% is roughly equal to zero. This result can be attributed

to the decrease in crystal field splitting, which makes the system more
isotropic.

3.3. Exchange parameters, curie temperature

When investigating magnetic properties of materials, the density
functional theory (DFT) technique is commonly used as it gives reli-
able results. This technique allows to determine material parameters,
like zero-temperature magnetization and magnetic ordering. Addition-
ally, DFT enables calculation of the exchange parameters which enter
Heisenberg spin Hamiltonian — commonly used to determine the
Curie temperature, spin wave dispersions, and others. The Heisenberg
exchange Hamiltonian can be written as:

H==-Y 160 (€]
i#j
Here, ¢, represents the normalized local spin vector on atom i, and J;;

stands for the Heisenberg exchange coupling constant. We utilized the
Liechtenstein—Katsnelson—Antropov-Gubanov formula (LKAG formula)

10 -8 -6 -4 2 0 +2 +4 +6 48 +10
Bi-axial Strain

Fig. 7. The estimated Curie temperature in the Mean Field Approximation (MFA) and
Random Phase Approximation (RPA) under bi-axial strain.

[46] to determine the Heisenberg intra-layer exchange coupling con-
stants between the nearest-neighbors (J;) and next nearest-neighbors
(J,), as well as for the inter-layer coupling (J;,). To compute the
exchange coupling matrix element J; r;, which describe the interaction
between atom i in the central unit cell (labeled 0) and atom j in a
different unit cell displaced from the central one by a lattice vector
R, as shown in Fig. 5, the real-space Green’s function method is
employed [46], as implemented in the ATK package.

Our results for the clean and unstrained structure show that both J;
and J, are positive, indicating that the magnetic interactions between
the nearest and next nearest neighbors are ferromagnetic. The parame-
ter J,,, is also positive, indicating that the magnetic interaction between
spins in different layers is ferromagnetic, too. Furthermore, we found
that J, is the largest coupling parameter, J, is smaller than J;, and J;,,
is the smallest from the set of the three determined coupling constants.

Our calculations of the Heisenberg exchange coupling constants for
the bilayer of T-phase VS, reveal several interesting behaviors. First, we
find that both GGA+U and GGA+SOC methods yield similar behavior



M. Jafari and A. Dyrdat

0 % - GGA+U +4 % - GGA+U

Journal of Magnetism and Magnetic Materials 589 (2024) 171618

+8 % - GGA+U

0.5

15 \ 1.
g 1.0 4
A up —— down

s +4 % - GGA+SOC

s +8 % - GGA+SOC

E-E; [eV]

. 0.0 0.0 . ——down g 0.0
-0.5 -0.5 -0.5
-1.0 -1.0 -1.0 4
15 15

0 % - GGA+SOC -4 % - GGA+U

-4 % - GGA+SOC

N

E-E; [¢V]

-0.51
-1.04

1.5 1.5
1.0

0.59

: ﬁ/\

-1.5

<
.
~
<

Fig. A.8. Spin-resolved band structures for the Bilayer T-phase of VS2 in the GGA+U and GGA+SOC approximations.

for J,, but with some differences in magnitude. Specifically, the J;
values obtained from both methods are remarkably different at zero
strain, with the GGA+U value being larger than the GGA+SOC value.
This can be attributed to the fact that the GGA+U method tends to
overestimate the strength of the Coulomb interaction, leading to larger
values of the exchange coupling constants. However, at higher tensile
strains, the J; values obtained from GGA+U and GGA+SOC calculations
converge, and the difference between them becomes smaller. This
behavior can be explained by a combination of strain-induced changes
in the electronic structure, spin polarization, and crystal structure of
the bilayer. As the magnitude of the tensile strain increases, the crystal
lattice becomes more distorted, which leads to a modification of the
exchange pathways and a consequent change in the magnetic properties
of the system. Additionally, the spin—orbit coupling becomes more
significant at higher strains, leading to a more pronounced influence on
the magnetic properties of the system. These changes in the electronic
structure and spin polarization can lead to J, obtained from GGA+U
and GGA+SOC more similar at higher tensile strains. In the case of
compressive strains, we observed that both GGA+U and GGA+SOC
result in a decrease in J; due to the crystal lattice distortion caused by
the compressive strain, which in turn leads to a change in the magnetic
properties of the system. Notably, we found that at the strain of —4%,
the sign of J, obtained from GGA+U calculations changes to anti-
ferromagnetic coupling, whereas the value obtained from GGA+SOC
approaches zero. This can be explained by the tendency of the GGA+U
method to overestimate the Coulomb interaction strength, leading to
larger values of the exchange coupling constants and its sign change.
In contrast, the GGA+SOC method includes the spin-orbit coupling,
which can suppress the exchange interaction and can result in smaller
values of the exchange parameters. We observed a similar trend for
the next nearest neighbor exchange coupling constant (J,), with both
GGA+U and GGA+SOC showing fluctuations in their magnitude. From
Fig. 6, it can be clearly seen that the magnitude of J, fluctuates due to
the changes in the crystal structure under strain. Interestingly, in the
presence of Hubbard corrections, we observe the sign change of J, from
FM to AFM and the from AFM to FM under compressive strain.
Finally, we also evaluated the inter-layer exchange coupling con-
stant (J;, ), which determines the ground state of the bilayer structure
of T-VS,. From Fig. 6 follows that the inter-layer exchange coupling
constant sharply increases at strains of +2%, indicating the prefer-
ence of the ferromagnetic coupling in this range of strains. However,
for higher tensile and compressive strains, the inter-layer exchange
coupling constant decreases, indicating the tendency towards antifer-
romagnetic coupling at larger strains (at 10% for tensile strain and —6%

to —8% for compressive strain). This behavior can be attributed to the
interplay between changes in the crystal structure and the electronic
and magnetic properties of the system.

Having found the exchange parameters, one can determine the

Curie temperature. To do this we use the Mean Field Approximation
(MFA) and the Random Phase Approximation (RPA). In the Mean Field
Approximation, spins are treated based on an average interaction field,
and any correlations beyond the nearest neighbors are disregarded. The
MFA allows to find a simple expression. In the first approximation only
Jy, J, and J;,, are taken into account and the Curie temperature (T,)
can be then calculated as:
Tc = % (Zl']l +ZZJ2+Zint‘Iint)’ (2)
where kj is the Boltzmann constant, while Z, =6, Z, =6, and Z,,, = 1
denote the respective numbers of the nearest neighbors, next-nearest
neighbors, and interlayer nearest neighbors atoms. In turn, the Random
Phase Approximation (RPA) takes into account fluctuations in the spin
orientations and incorporates correlations beyond the mean field. This
approximation offers a more precise estimation of the Curie tempera-
ture. However, the RPA involves solving a system of coupled equations
that take into account the spin correlation functions, resulting in a more
intricate expression for T,. The pure structure of the bilayer of T-VS,
has T, close to or beyond the room temperature for GGA+U in the MFA
and RPA methods, respectively. However, this value is lower for the
GGA+SOC calculations.

Using the ATK code, we have calculated the Curie temperature for
the different strains and the results are listed in Table 3. We note that
the ATK in general also includes small contributions from exchange
couplings between further neighbors. The T, plot as a function of bi-
axial strain exhibits a similar trend to that of the exchange parameters,
as shown in Fig. 7. Under tensile strain, the Curie temperature shows
an increasing tendency. However, at higher tensile strains, it slightly
decreases, which can be attributed to the interplay between the changes
in electronic structure, spin interactions, and lattice distortions. In
turn, the Curie temperature under compressive strains decreases, as
anticipated from the corresponding J, and J, interactions. The decrease
in Curie’s temperature continues until certain points where it becomes
very low or even vanishes.

4. Summary and conclusions
In this paper, we have analyzed the influence of biaxial compressive

and tensile strains on the electronic and magnetic properties of a bilayer
of T-VS,. The bilayer structure seems to be interesting for applications,
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Table 3
Curie temperature (7,.) obtained by MFA and RPA methods for different applied bi-axial strains.
Strain [%] -10 -8 -6 -4 -2 0 2 4 6 8 10
MFA GGA+U 16.2 62.3 30.1 - 212.4 394.2 439.5 463.0 469.8 463.5 439.1
GGA+SOC 0 0 0 0.3 66.5 92.1 276.8 410.7 420.1 424.3 442.1
RPA GGA+U 4.3 56.4 4.3 85.5 123.3 271.5 345.9 345.1 372.1 403.2 391.3
GGA+SOC 0 0 0 0.3 59.2 85.0 185.4 301.0 3325 302.5 269.6
as it reveals the properties of a natural spin valve [13,47-49]. We have References

determined the strain-induced changes in the structural parameters,
electronic band structure, magnetic anisotropy, exchange parameters,
and Curie temperature.

An interesting effect is that easy-plane magnetic anisotropy is en-
hanced for tensile strains and reduced almost to zero for compressive
strains. This anisotropy in unstrained structures is rather small, so the
tensile strain can be used to enhance the corresponding anisotropy pa-
rameter. Similarly, the compressive strain also reduces other magnetic
properties, like magnetic moments of Vanadium, exchange parame-
ters, and Curie temperature, which are strongly suppressed at higher
compressive strains.
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Appendix. Band structures

To have a dipper insight into the impact of strain on electronic
properties, we have also calculated the electronic band structures of
both strained and unstrained structures. The numerical calculations
were performed within the Generalized Gradient Approximation with
Hubbard U correction (GGA+U) scheme, as well as in the General-
ized Gradient Approximation with Spin-Orbit Coupling (GGA+SOC)
method. The band structures for strain levels of —8%, —4%, 0%, +4%,
and +8% are shown in Fig. A.8, and the corresponding band gaps are
given in Table 1. This figure and data in the Table 1 clearly show that
the electronic structure changes remarkably under the external stain.
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6.1.1 Introduction and aims

Spintronics, or spin electronics, has become an outstanding field in modern physics and technology.
The electron spin degree of freedom in spintronics plays a prominent role, in addition to its charge,
in developing advanced electronic devices. One of the most well-known spintronics devices is
the spin-valve. Spin-valves act based on the principle of spin-dependent electronic transport and
allowed the discovery of the Giant Magnetoresistance (GMR) effect. The discovery and theoretical
formulation of GMR by Albert Fert and Peter Griinberg in 1988 laid the foundation for spintronic
applications and led to a paradigm shift in data storage and sensor technologies [411, 412]. However,
the extensive and complete theory of spin-valve structures was developed later in 1990 by J6zef
Barna$ and Robert Camley, whose models provided a deeper understanding of spin-dependent
scattering mechanisms in layered magnetic structures [413, 414, 415]. As shown in Figure (6.1),
the configuration of a spin valve system includes two ferromagnetic (FM) layers separated by a
non-magnetic (NM) metallic spacer, where the magnetization of one FM layer is pinned while
the other remains free to switch under an external magnetic field. The electrical resistance of the
system depends on the relative orientation of the magnetization between the two FM layers. When
the magnetizations are parallel, electron scattering in one spin channel is minimized, leading to a
low-resistance state. In contrast, an antiparallel alignment results in a higher resistance state.
Experimental evidence of GMR and spin valves was first shown in Fe/Cr multilayers by Baibich
et al. (1988) and Binasch et al. (1989), which confirms the resistance modulation predicted by theory.
These early experimental results showed that the presence of an NM spacer and its thickness can
significantly change the magnetoresistance effects with oscillatory coupling between the FM layers.
Later, works by Dieny et al. (1991) led to the development of practical spin-valve structures where a
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metallic spacer exists and is applicable for technological applications. Various fabrication techniques,
such as sputtering deposition, molecular beam epitaxy (MBE), and electrodeposition, have been
used to refine the spin-valve structures. Modern spin-valves use novel interface engineering
methods to raise performance and stability [416, 417]. Thanks to the emergence of spin-valve
systems, many technological innovations were introduced. The most spectacular examples are hard
disk drive (HDD) read heads introduced by IBM in 1997, which led to a significant increase in data
storage densities [417]. Another prominent application is the Magnetoresistive Random-Access
Memory (MRAM), where spin valves are fundamental components for non-volatile high-speed
memory. Beyond traditional data storage, spin valve applications extend to biosensing applications,
where their sensitivity to external magnetic fields enables the detection of biomolecules in medical
diagnostics. Additionally, spintronic logic device advances have opened the way for energy-
efficient computing architectures, including neuromorphic systems and quantum spintronic devices
[418, 419].

Recently, spin valve magnetoresistance has attracted much attention, especially in antiferromag-
netically coupled metallic 2D materials [420]. Among them, vdW magnetic crystals have been shown
as promising candidates for constructing vdW spin valves. In particular, V-based dichalcogenides
such as VSe; are unique because of the interplay between strong in-plane ferromagnetic coupling
and weak interlayer antiferromagnetic coupling that produces a spin valve architecture. A single
monolayer of VSe; consists of a hexagonal array of vanadium atoms sandwiched by two layers
of selenium atoms. While some studies suggest that neighbouring vanadium atoms can exhibit
ferromagnetic exchange within a monolayer, the nature of interlayer magnetic coupling remains
sensitive to the environment and is often considered antiferromagnetic under specific stacking and
thickness conditions. This intrinsic arrangement in vdW is analogous to the spin valves in metallic
thin films. The various geometries lead to different interlayer exchange coupling and electronic
structures, and subsequently influence the spin-dependent transport properties. By applying an
external magnetic field, one can force a transition from the equilibrium antiferromagnetic (AP)
configuration to a ferromagnetic (P) state that leads to a measurable change in electrical resistance.
This intrinsic spin valve effect, without the need for complex multilayer fabrication, gives the
opportunity to design next-generation spintronic devices.

In summary, my main motivation for the article [P4] was the concept of electronic device
design that can be smaller. Traditional spin valve systems are made of thicker ferromagnetic and
non-magnetic metallic thin films. Therefore, this natural property of the VSe, bilayer leads to
intrinsic vdW spin valve systems without requiring extra layers. Consequently, the intrinsic spin
valve behavior in V Se; bilayers allows for more compact and efficient device designs [153, 421, 422].
Accordingly, in this work, I provide comprehensive first-principles calculations of the spin valve
effects in the 2D VSe2 bilayer system. We determined the electronic structure by DFT and its
combination with nonequilibrium Green’s function formalism and Landauer transport theory. We
calculated the ballistic conductance in both the parallel and antiparallel magnetic configurations.
Moreover, our results were extended to the investigation of thermal and thermoelectric properties.

6.1.2 Methods

To simulate the spin valve systems in this research, I used the Density Functional Theory [DFT]
combined with the NEGF method for the transport properties (full theoretical background is
presented in sections 3.3, and 3.6.2). The designed devices were calculated in the ballistic transport
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regime using the Quantum ATK — LCAO software package (more details about this code are in
section 7.1.3). The electronic and magnetic properties and thermal conductance were modeled for
the 1D nanoribbon in ferromagnetic and antiferromagnetic states.

6.1.3 Main results

The most important findings presented in [P4] are listed below with emphasis on the difference
between the VSe; bilayer in the H- and T-phases:

1. In both H and T phases, the VSe; bilayer exhibits a high sensitivity to magnetic alignment
changes. In the H-phase, the change in in-plane resistance created by switching from an
antiferromagnetic to a ferromagnetic configuration is more remarkable than in the T-phase,
though the T-phase also shows the spin-valve effect with a smaller magnetoresistance ratio.
The results suggest that the H-phase is much more suitable for applications in energy
conversion devices.

2. According to the figure of merit (ZT) analysis, the thermoelectric efficiency in the H-phase of
the V Se; bilayer is more viable for applications in energy conversion devices than the T-phase.
This shows that the selection of the material phase is crucial in designing the spintronic and
thermoelectric devices.

3. One of the limitations of the V Se; is its magnetic instability at raised temperatures due to
the destabilization of the antiferromagnetic configuration at high temperatures. Therefore,
one can overcome this problem by developing stable, high-temperature, two-dimensional
spin valve systems, which are crucial for practical applications. This can be achieved by
combining it with insulating magnetic materials, which leads to the stabilization of magnetic
configurations.
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Vanadium based dichalcogenides, VSe,, are two-dimensional materials in which magnetic Vanadium atoms are
arranged in a hexagonal lattice and are coupled ferromagnetically within the plane. However, adjacent atomic
planes are coupled antiferromagnetically. This provides new and interesting opportunities for application in
spintronics and data storage and processing technologies. A spin valve magnetoresistance may be achieved
when magnetic moments of both atomic planes are driven to parallel alignment by an external magnetic field.

The resistance change associated with the transition from antiparallel to parallel configuration is qualitatively
similar to that observed in artificially layered metallic magnetic structures. Detailed electronic structure of VSe,
was obtained from DFT calculations. Then, the ballistic spin-valve magnetoresistance was determined within
the Landauer formalism. In addition, we also analyze thermal and thermoelectric properties. Both phases of
VSe,, denoted as H and T, are considered.

1. Introduction

Spin-valve magnetoresistance is a phenomenon that has been ob-
served first in antiferromagnetically exchange-coupled metallic Fe/Cr/
Fe bilayers and superlattices [1,2]. In the simplest case, magnetic
moments of the two magnetic Fe layers are oriented in opposite ori-
entations (in the film plane), while an external in-plane magnetic field
drives the moments to parallel configuration. The electrical resistance
of such a system decreases during the rotation of the moments from
antiparallel to parallel configurations. This resistance drop is known
as the spin-valve magnetoresistance (or equivalently giant magnetore-
sistance) [1-3]. The phenomenon turned out to be very useful for
practical applications as sensors of weak magnetic fields in hard-disc
drives [4]. Many various realizations of spin valves have been pro-
posed in recent years, including vertically magnetized ultrathin layered
metallic systems, tunnel junctions [5], magnetic single-electron transis-
tors [6], molecular junctions [7,8], and others. In all cases there are
two magnetic elements (usually electrodes), whose magnetic moments
can be rotated in a controllable way from antiparallel to parallel
configurations.

Further miniaturization of nanoelectronics and spintronics devices,
especially in view of recent developments in the information storage
and processing technologies, stimulates search for novel materials that
can be used to construct new spin-values. An interesting and promising
solutions rely on novel two-dimensional crystals, especially on van
der Waals magnetic materials, like for instance Vanadium Dichalco-
genides VSe, [9-14]. The key property of such materials is a weak
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van-der-Waals coupling between different atomic planes, so one can
easily produce materials with well controlled number of atomic planes,
down to single atomic monolayers [15-18]. A single monolayer of
VSe, consists of one atomic plane of vanadium atoms and two atomic
sheets of Se atoms, that are shifted in opposite directions out of the
atomic plane of V atoms. The Vanadium atoms in a single mono-
layer form a hexagonal lattice with ferromagnetic exchange coupling
between nearest neighbors. Exchange coupling between next-nearest-
neighbors is antiferromagnetic and is negligibly small. This leads to
a strictly 2D ferromagnetic system. Adjacent monolayers of VSe, are
coupled via van-der-Waals forces, and the V-atoms in different planes
are exchange-coupled antiferromagnetically. Thus, a bilayer of VSe,
with antiferromagnetic interlayer coupling is conceptually similar to a
metallic spin valve with two magnetic layers coupled through a non-
magnetic spacer due to antiferromagnetic indirect exchange coupling of
RKKY-type. Such an interaction is antiferromagnetic in certain regions
of the nonmagnetic spacer thicknesses. It is clear now, that bilayer
of VSe, is a natural atomically thin spin valve. In the ground state
magnetic moments of both V-planes are oriented in opposite orienta-
tions perpendicular to the planes. Relatively weak external magnetic
field normal to the planes drives the magnetic moments of both atomic
planes to parallel orientations, exactly like in conventional metallic
spin valves. In this paper we show that this rotation of magnetic
moments from antiparallel to parallel configuration is associated with
a resistance change, i.e. there is a spin-valve magnetoresistance like
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Fig. 1. Atomic structure of the 2D VSe, bilayer in the T (left side) and H (right
side) crystallographic phases. The upper parts show slightly tilted top views, while the
bottom parts show the corresponding side views. Primitive unit cells are also marked
by the shaded areas. In the T-phase bilayer the Vanadium atoms are one above the
other (AA stacking), while in the H-phase bilayer the stacking is of AB type.
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in metallic systems. In general, the spin-valve magnetoresistance can
be defined for current flowing in plane of the system (so-called CIP
geometry) as well as when it flows perpendicularly to the planes (CPP
geometry). In this paper we restrict considerations to the case when
current flows in the 2D planes, i.e., we consider the CIP geometry.

To do this we calculate first the electronic structure of VSe, bilayer.
Then, from the total energy calculations, we confirm that magnetic
moments of the two V atomic planes are arranged antiferromagnet-
ically in the ground state (i.e. the interlayer exchange coupling is
antiferromagnetic), in agreement with literature [13,19,20]. Since VSe,
bilayer exists in two different staking configurations, so-called H and
T phases (see Fig. 1), we consider both of them. In the H phase the
Vanadium atoms in different planes are one above the other [21], while
in the T phase they are displaced and each V atom has three nearest
neighbors in the adjacent Vanadium plane [10]. For both phases we
calculate transport characteristics in the ballistic transport regime. To
find conductance, we calculate transmission coefficient and then use
the Landauer [22] formula to find conductance. From the conductance
in both parallel (ferromagnetic) and antiparallel (antiferromagnetic)
configurations we determine magnitude of the magnetoresistance as a
function of the position of Fermi level. In practice, this position can
be generally controlled externally (e.g. by a gate voltage). We also
calculate an electronic contribution to the heat conductance and the
corresponding thermal magnetoresistance. In addition, we also deter-
mine the thermoelectric efficiency [23,24]. More details on numerical
method are in Section 2. Numerical results on electronic band structure
and transport characteristics (magnetoresistance) are given in Section 3
and Section 4, respectively. In turn, final conclusions are in Section 5.

2. Numerical method

For transport analysis we take a nanoribbon of VSe, bilayer with
a finite width, and assume that the central part of the nanoribbon
represents our system, while the left and right parts of the nanoribbon
play the role of electrodes. To find transport properties we calculate
first electronic structure of the nanoribbon, from which we determine
the transmission function and subsequently all transport characteris-
tics. In this paper, the electronic structure — and thus also transport
properties — are determined from first principle calculations within
the framework of Density Functional Theory (DFT) [25] and nonequi-
librium Green’s functions (NEGFs) as implemented in the Quantum
ATK-LCAO code package [26]. Within this approach, the generalized
gradient approximation of Perdew-Burke Ernzerhof [27] is used to
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describe the exchange-correlation functional for the electrons. More-
over, an appropriate semi-empirical modeling correction known as
Grimme DFT-D2 approximation [28] was used to deal with the weak
interlayer van der Waals interaction. The PseudoDojo collection of
optimized norm-conserving Vanderbilt (ONCV) pseudopotentials and
ultra basis set were used to optimize the structures and study the
electronic properties [29]. The Brillouin zone sampling was adopted
using 12 x 12 x 1 and 1 x 1 x 300 Monkhorst-Pack grid for the
electronic and transport calculations, respectively, and the mesh cut-off
energy was set to 600 Ry. Furthermore, the force per atom less than
107 eV/A was minimized through the standard Conjugate-Gradients
(CG) method. In addition, relative convergence for the Self-Consistent
Field (SCF) energy is reached until 10-5 eV/A.

We limit further analysis of transport characteristics to the ballistic
transport and linear response regime. Using methods implemented
in Quantum ATK + NEGF package [30], one finds the transmission
function T(e), T(e) = X, Tr {I} ,()GRE)IR()GA(e)}. Here Gr/*(e)
denotes retarded and advanced Green’s functions of the central region,
Iy g () is the line-width broadening matrix due to spin-dependent
coupling between the central scattering and left/right electrode respec-
tively, and o is the spin index. According to the Landauer-Buttiker
formula, the electric current in nonequilibrium situation is given as: I =
%fdsT(s) [frle, ., T) = frle, u, T)], where fp (e, u, T) is the Fermi-
Dirac distribution function for the left/right electrode respectively (u
and T are the corresponding chemical potential and temperature). In
equilibrium case (linear response), temperatures and chemical poten-
tials of both electrodes are equal, 7, = Tx = T and u; = ug = u,
respectively, and transport parameters are determined by the kinetic
coefficients L, defined as follows:

of (e, u,T)
Oe

for n = 0, 1,2. Accordingly, the linear electrical conductance G can be

calculated as G = €2 L, while the electronic contribution to the thermal

conductance, k,;, and Seebeck coefficient (thermopower), .S, are then

given by the formulas: [31-33]:

L T) =+ / deT ()(e — )" )

1 L3
Ko = T |:L2 L0:| (2)
L
g—_ L 3)
eT L

As a result, the corresponding figure of merit can be written in the
following form:

2
S GT
Kel

ZT = @
In general, the denominator in the above equation for ZT should also
include the phonon contribution. As our main interest was in spin
valves, the figure of merit was calculated only with the electronic
contribution to the heat conductivity, just to evaluate the upper limit of
ZT. Any phonon contribution reduces the magnitude of ZT, though at
low temperatures the phonon contribution is small and the electronic
term dominates, so Eq. 4 describes reasonably well the parameter ZT at
low temperatures. At higher temperatures, however, one should include
the phonon term in realistic calculations.

3. Electronic band structure: 2D system

The bulk form of VSe, exists in two polymorphs, namely in the
trigonal prismatic structure (2H, D3 h) and in the octahedral (1T, D3d)
structure. Atomic configuration of the T-phase and H-phase bilayers of
VSe, is shown in Fig. 1. Note, in the case of T bilayers the stacking is
of AA type, while for H bilayers it is of AB type. Accordingly, in the
T-phase bilayer the Vanadium atoms are one above the other, while
the H-phase bilayer consists of two hexagonal atomic layers with an
AB stacking, in which the V (Se) atoms of the top layer cover the Se
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Fig. 2. Electronic structure of the 2D VSe, bilayer in the T (a,c) and H (b,d) crystallographic phases for the antiferromagnetic (a,b) and ferromagnetic (c,d) configurations of the
magnetic moments of both vanadium atomic planes, and for the Coulomb parameter U = 0. The electronic structure in the ferromagnetic state is spin-dependent, while that in the
antiferromagnetic state is spin degenerate. The corresponding density of states for both magnetic configurations is also shown on the right side. In the H phase, the ferromagnetic
state is metallic, while a narrow gap appears in the antiferromagnetic state. In the 7' phase, both states are metallic.

(V) atoms of the bottom layer [34,35]. This can be clearly seen in the
side views of the bilayers shown in the bottom parts of Fig. 1.

Based on available literature, we assume a sufficiently strong ex-
change coupling of ferromagnetic type within atomic planes of Vana-
dium atoms [19-21], and focus only on the exchange coupling between
adjacent atomic planes of VSe,. To verify equilibrium magnetic config-
uration we calculate the electronic structure and total energy per unit
cell in the parallel configuration (ferromagnetic state) and antiparallel
one (antiferromagnetic state). The spin-resolved electronic structure of
the 2D VSe, bilayer in the T and H configurations is shown in Fig. 2
for both ferromagnetic and antiferromagnetic states. In the T phase,
both antiferromagnetic (Fig. 2(a)) and ferromagnetic (Fig. 2(c)) states
are metallic. In turn, the ferromagnetic state in the H phase is metallic
(Fig. 2(d)), while there is a narrow indirect gap in the antiferromagnetic
state (Fig. 2(b)). The corresponding density of states per unit energy is
also shown in Fig. 2 for both magnetic states and both T and H phases.
This density in the H phase clearly reveals a gap at the Fermi level of
a neutral system in the antiferromagnetic state.

From the total energy calculations one can evaluate interlayer ex-
change coupling and determine magnetic configuration in the ground
state. In both T and H phases, the total energy in the ferromagnetic
state is larger than that in the antiferromagnetic state, thus the ground
state in both phases is antiferromagnetic. The corresponding antifer-
romagnetic exchange coupling parameter is pretty small, of an order
of a few meV [13]. Accordingly, the antiferromagnetic state becomes
destabilized at relatively low temperatures. For practical realizations
one would need materials with antiferromagnetic state stable at higher
temperatures. This can be forced externally, for instance by exchange
coupling to adjacent insulating magnetic layers with different coercive
fields, so one can reach antiparallel and parallel configurations at
higher temperatures and in appropriate external magnetic fields.

4. Electron transport in a nanoribbon: spin-valve magnetoresis-
tance

In the linear response regime the conductance and ballistic mag-
netoresistance are determined by the transmission coefficient at the

Fermi energy. Generally, the Fermi energy (chemical potential) can
be tuned by a gate voltage. In Fig. 3(a,b) we show the transmission
coefficient for a nanoribbon in both ferromagnetic and antiferromag-
netic states and for the T' (a) and H (b) phases. The corresponding
linear ballistic magnetoresistance as a function of the energy E for both
T and H phases is shown in Fig. 3(c,d). Note, E can be considered
as a chemical potential or Fermi energy, and the Fermi energy of a
pristine (neutral) material corresponds to E = 0. The magnetoresistance
is defined quantitatively as the ratio of resistance difference in the
two magnetic states normalized to the sum of both resistances, MR =
(Rap — Rp)/(Rpp + Rp) = (Gp — Gpp)/(Gp + G p), where Rpp(Rp) stands
for the resistance in the antiparallel (parallel) state, while Gp(Gp) is
the corresponding conductance. The magnitude of magnetoresistance is
relatively small at the Fermi level of neutral (pristine) systems, up to
10 percent. As one can see, the magnitude of magnetoresistance varies
with position of E (chemical potential) taking at maximum about 20%
in the T phase and 60% in the H phase. Moreover, it acquires positive as
well as negative values. The magnetoresistance is shown there for three
different temperatures, and as one can note, the increasing temperature
smooths the dependence on the energy.

Similarly to the spin-valve magnetoresistance phenomenon
described above, one may also define the thermal magnetoresistance
(TMR) effect [36], which reflects the fact that also electronic contribu-
tion to the heat conductance depends on the magnetic state, and thus
the heat conductance changes with rotation from antiferromagnetic
state to the ferromagnetic one. This thermal magnetoresistance may be
defined in a similar way as the electrical one, TMR = (kp — kpp)/(kp +
kap), Where k,p and kp are the corresponding electronic contributions
to the heat conductances in the antiparallel and parallel configurations.
The thermal magnetoresistance in the linear response is shown in
Fig. 4(a,b) for both T and H phases. Similarly as MR, the magnitude of
thermal magnetoresistance depends on the energy E (chemical poten-
tial, Fermi level), taking positive as well as negative values. The thermal
magnetoresistance is shown there for three different temperatures, and
one can note that the increasing temperature smooths the dependence
on the Fermi energy, similarly as in the case of MR.

Temperature gradient applied to the system generates a charge
current. This phenomenon is known as the Seebeck effect [37], and
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is of high interest for thermoelectric applications [38-40]. In the linear
response, the Seebeck coefficient (thermopower) is given by Eq. (3).
The corresponding thermoelectric efficiency ZT (figure of merit) is
shown for both phases in Fig. 4(c,d). As one can note, ZT is very small
for the T phase but is remarkably higher for the H phase. Thus, only
the H phase may be of some interest for thermoelectric applications.
Since the current in ferromagnetic states is spin polarized due to spin-
dependent electronic structure, one may also define spin thermoelectric
phenomena [40-42]. This problem, however, is not considered in this

paper.
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5. Summary and conclusions

We have analyzed numerically magnetoresistance in spin-valves
based on 2D van-der-Waals magnetic materials. As an example we have
taken a bilayer of Vanadium dichalcogenide VSe,. Each atomic mono-
layer of the VSe, bilayer is ferromagnetic, but different monolayers
are coupled antiferromagnetically. Thus, the equilibrium configuration
is antiferromagnetic, and external magnetic field can rotate magnetic
moments of the two monolayers from antiparallel to parallel state. This
rotation is accompanied by a resistance change for in-plane transport.
Such a behavior is qualitatively similar to that in metallic spin valves.
Similar resistance change can be also observed for current flowing
perpendicularly to the atomic planes. We have also analyzed the corre-
sponding thermal magnetoresistance and thermoelectric phenomenon.
The latter effect is rather small in the T phase, while it can be remark-
able in the H phase, especially when tuning the Fermi level below that
of pristine material.

We also note that such free standing spin valves can work at low
temperatures. This is because magnetism of these materials is not stable
at higher temperatures. To reach any real application, one needs mate-
rials with magnetism at higher temperatures (with stronger ferromag-
netic exchange coupling within the planes and larger antiferromagnetic
exchange coupling between the atomic planes). Fortunately, owing to
recent progress in synthesis of novel 2D materials, one may believe that
these expectations will be fulfilled in new materials.
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7.1.1 Introduction and aims

When graphene is placed on magnetic materials, it experiences, among others, a proximity exchange
interaction which leads to the opening of energy band gap in the graphene spectrum and can induce
spin-polarized states. [423, 424]. The proximity effects lead to additional terms in the Hamiltonian
and, consequently, to additional degrees of freedom for spintronics applications.[423, 425]. The
presence of spin-dependent transport phenomena due to proximity effects have been confirmed
experimentally using magneto-transport studies and Kerr rotation measurements[426, 427]. One
of the interesting examples is the investigation of the proximity effects by placing graphene on
magnetic insulators. Recent studies have shown that strong magnetization can be induced in
graphene by proximity to substrates like Crl3. For instance, Zhang ef al. [428] showed that by
compressing the distance between graphene and Crl;, the Dirac points of graphene can be tuned
into the band gap of Crl3. This leads to the appearance of strong magnetic exchange splitting
and to the realization of Chern insulating states. Complementary to this work, Farooq and Hong
[429] demonstrated that an external electric field could switch the valley splitting in graphene/Crl;3
systems providing electrical possibility of control the valley degrees of freedom. Very recently,
the role of the twist angle between vdW layers in the heterostructure has been found to be of
essential attention, and this field is called the twistronics. The twistronics is important since
even a slight rotation between two 2D layers can significantly change the interlayer hybridization
and, consequently, the proximity-induced interactions. There are several theoretical studies on
graphene coupled to TMDCs demonstrating that the magnitude and types of induced SOC are
highly sensitive to the twist angle. For instance, Naimer et al. [430] have investigated how the
twist angle can modulate the proximity SOC in graphene/TMDCs heterostructures, which shows
that maximum spin splitting can be achieved at an intermediate angle (typically around 20°).
Additionally, Zollner et al. [267] performed a Density Functional Theory-based investigation on
the twist-angle dependent proximity SOC in graphene/TMDCs structures. They found that for
Mo-based TMDCs, the proximity valley-Zeeman SOC exhibits a maximum at around 15°-20°
and vanishes at 30°, while for W-based TMDCs, there is an almost linear decrease in proximity
valley-Zeeman SOC when twisting from 0° to 30°. These studies collectively indicate the critical
role of twisting and enhances the motivation to study more in this area and work on the proximity
effects of graphene on other 2D materials like transition metal halides.

In this chapter, we studied comprehensively the twisted-graphene/Crl; vdW heterostructures
(see Figure (7.1)) using the combination of Density Functional Theory (DFT) calculations with
an effective k-p model. The main aim of this work is to consider the twisted graphene on Crlz
monolayer as a tunable platform where proximity exchange and spin—orbit coupling effects reshape
the Dirac bands and enable topological and valley-dependent transport. Our results show that
the Dirac cones of graphene can be placed in the insulator gap of Crlz and give the possibility of
having transport properties of graphene in the proximity to magnetic Crlz. Additionally, the results
indicate that not only does the twist angle serve as an additional tuning parameter to enhance
the weak intrinsic SOC in graphene, but it also controls the interplay between Valley-Zeeman and
Rashba SOC. These results are interesting in opening up new ways for designing spintronic and
valleytronic devices based on 2D heterostructures, where both magnetic and spin-orbit properties
can be tuned through geometrical alignment.

7.1.2 Main results
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Figure 7.1. Schematic illustration of the studied spintronic device made by graphene/CrI;.

The most important findings presented in [P5] are the following:

1. Twist-angle engineering: With an appropriate twist of graphene layer relative to the fixed
Crl; layer (¢ ~ 10.89°), one can position graphene’s low-energy states in the band gap of Crls.
Moreover, one observes that the graphene low-energy bands are spin splitted and gapped.

2. Quantum anomalous Hall (QAH) state: The twisted graphene/Crl; heterostructure can host
a quantum anomalous Hall insulating phase. Magnetic proximity coupling from the Crl3
substrate induces spin splitting in graphene’s electronic bands and opens a topologically
nontrivial energy gap. When the Fermi level lies within this gap, the system behaves
as a Chern insulator, exhibiting quantized Hall conductance and vanishing longitudinal
resistance—remarkably, in the absence of any external magnetic field.

3. Valley-contrasting transport effects: Due to the breaking of time-reversal symmetry, spatial
inversion symmetry, and pseudospin symmetry the certain forms of spin-orbital and exchange
proximity effects lead to the different band gap widths at the K and K’ points. This allows
external fields or gating to selectively close the band gap at one valley while keeping it open
at the other valley. Consequently, a valley Hall effect as well as a valley Nernst effect is
predicted, which highlights the potential for valley-selective electronic and thermoelectric
applications in the twisted graphene/Crlz system.

4. Strain-tunable topological phase transitions: Finally, we showed that applying mechanical
bi-axial strain on the Crl; monolayer, rather than applying it on the graphene monolayer,
provides the topological and magnetic phase transition. Our results demonstrate that the
magnetic ground state of the heterostructure is changed from the ferromagnetic to antiferro-
magnetic one. Additionally, this magnetic phase change has a profound impact on graphene’s
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band topology, i.e., the non-trivial insulating phase is changed to the topologically trivial one.
Hence, the presence of strain can tune the topological properties of the heterostructure.
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We present results of comprehensive first-principles and kp-method studies of electronic, magnetic, and topo-
logical properties of graphene on a monolayer of Crl;. First, we identify a twist angle between the graphene and
Crls, that positions the graphene Dirac cones within the bandgap of Crl;. Then, we derive the low-energy effec-
tive Hamiltonian describing electronic properties of graphene Dirac cones. Subsequently, we examine anoma-
lous and valley Hall conductivity and discuss possible topological phase transition from a quantum anomalous
Hall insulator to a trivial insulating state, concomitant a change in the magnetic ground state of Crl;. These
findings highlight the potential of strain engineering in two-dimensional van der Waals heterostructures for

controlling topological and magnetic phases.

INTRODUCTION

Since the discovery of graphene [1], there has been remark-
ably rapid progress in synthesizing two-dimensional (2D)
materials, assembling them into van der Waals (vdW) het-
erostructures, and in their functionalization [2-7]. Over
the past two decades, advances in fabrication of vdW ma-
terials coincided with the discovery of novel phenomena
and topological phases driven by the choice of 2D crystals
and intentional twisting of layers. [3, 8-18]. In addition,
vdW heterostructures offer exceptional tune-ability by elec-
tric and magnetic fields, mechanical forces, and tempera-
ture, making them a unique platform for both fundamental
research—spanning solid-state physics, magnetism, quantum
transport, and optics, as well as for emerging applications in
spintronics, data storage, quantum technologies, sensors, and
beyond [11, 19-22].

Within the rapidly growing family of van der Waals materi-
als, graphene-based vdW heterostructures remain the most in-
tensively studied. When combined with semiconducting tran-
sition metal dichalcogenides (TMDCs) [23-29], graphene ex-
hibits strong spin—orbit proximity effects, leading to spin-to-
charge conversion phenomena such as the spin Hall effect and
current-induced spin polarization. In turn, graphene on ferro-
magnetic layers exhibits proximity-induced exchange effects,
showing the anomalous Hall effect up to room temperature
and the quantum anomalous Hall state when the Fermi level
is within the band gap [30-37].

Graphene also seems to be an ideal platform for develop-
ing the twistronics [38—42]. Twist-angle-dependent spin—orbit
proximity effects in graphene on TMDCs have been explored
both theoretically and experimentally. [43-51]. Apart from
this, twist-angle-tunable magnetism and magnetic proximity
effects are currently attracting considerable attention. In mul-
tilayer graphene systems, that can serve as orbital Chern in-
sulators, the electric-field control of magnetic states has been
experimentally demonstrated. [S2]. Moreover, a twist-angle-
induced magnetism in twisted bilayer WSe, has been re-

FIG. 1. Structural model of the t-Gr/Crl; heterostructure: (a) side
view and (b) top view, with the corresponding supercell outlined.

ported, recently [53]. Twisting has also been shown to induce
nonrelativistic spin splitting in antiferromagnetically coupled
bilayers and to generate large transverse spin currents un-
der external electric fields without spin-orbit coupling [54].
Interestingly, altermagnetism has recently been observed in
twisted magnetic van der Waals bilayers, opening a new av-
enue in altermagnetic spintronics, with twist-angle-controlled
large spin currents [55]. The twist angle also provides a new
degree of freedom to tune the proximity exchange coupling in
graphene deposited on magnetic van der Waals crystals, con-
trolling both its strength and its character from ferromagnetic
to antiferromagnetic [36, 56].

Transition metal trihalides are among the most intensively
studied magnetic van der Waals crystals [18, 57]. Cr-based
trihalides, CrX3 (X = I, Cl, Br), are insulating, exfoliable 2D
magnets, whose magnetic interactions depend strongly on
stacking. Their magnetic ground state and anisotropy energy
— both in monolayers and multilayers — can be tuned by mag-
netic and electric fields or by strain and pressure [S8—61].

The electronic and magnetic properties of single- and bi-
layer graphene/CrX3 heterostructures have recently been in-
vestigated both theoretically and experimentally [62—-64]. It
has been shown that electronic states of graphene overlap
and strongly hybridize with Crl; orbitals [64]. However, the
application of gate voltage can drastically change the elec-



tronic band structure, shifting graphene electronic states to
the bandgap of Crls. The hydrostatic pressure applied to
graphene/Crl; can have a similar effect [65]. Importantly,
pressure and gate voltage allow controlling the bandgap width
in electronic states of graphene [66]. Moreover, the above-
mentioned first-principles results indicate valley-contrasting
physics in graphene deposited on Crls.

The ferromagnetic proximity exchange effect in graphene
on Crl; makes graphene a Chern insulator with quantized
anomalous Hall conductivity, when the chemical potential is
within the energy gap. The ability to control its electronic and
topological properties by external means, such as gate volt-
age and pressure — together with the system’s intrinsic valley-
contrasting physics — makes graphene/Crl; a compelling plat-
form for exploring new topologically nontrivial phases and
phenomena.

In this paper, we propose an alternative way to shift the
electronic states of graphene into the bandgap of Crls in
graphene/Crl; (Gr/Crls) heterostructures. We have found that
the twist of the graphene layer with respect to the Crl; layer by
the angle ® = 10.89° places the graphene Dirac cones close
to the Fermi level. The low-energy electronic states of the
twisted graphene on Crl; (t-Gr/Crl3) reveal a band inversion —
a characteristic signature of systems with nontrivial topologi-
cal order. Indeed, we found that the system is a Chern insula-
tor with quantized anomalous Hall conductivity when all va-
lence bands are occupied. Furthermore, we analyse in this pa-
per the behavior of selected transport characteristics, includ-
ing the anomalous and valley Hall effects and the anomalous
and valley Nernst effects. We also consider the effect of lat-
eral biaxial strain on Crlz, which can induce a magnetic phase
transition to an antiferromagnetic ground state, accompanied
by a topological phase transition to a trivial insulating phase.
Our results show the possibility of controlling the band struc-
ture in graphene-based heterostructures via the twist angle. In
turn, the interplay of twisting and mechanical strain in twisted
graphene-based heterostructures provides a new route towards
tunable topological spintronics.

STRUCTURE AND FIRST-PRINCIPLES MODELLING

Structure model of the considered t-Gr/Crl; heterostructure
is shown in Fig. 1, where Fig. 1(a) shows the side view, while
Fig. 1(b) presents the top view of the heterostructure, with
the corresponding supercell outlined. The lattice parameter
of pristine graphene is equal to 2.46 A, while that of Crls
is 6.92 A. To perform first-principles calculations using the
Bloch theorem, we define commensurate supercells for the
heterostructures. Accordingly, using the coincidence lattice
method, we consider below the system geometry and deter-
mine parameters of the supercells suitable for density func-
tional theory (DFT) calculations. Then, we briefly outline
technical details of the DFT calculations, and — at the end of
this section — we present and discuss the electronic band struc-
ture and magnetic properties of the t-Gr/Crl; heterostructure.

TABLE I. Structural and computational parameters for the studied
systems.

® (mm W,m) N £or ne  ay[Al  d[A] GS
[%]

0 50 (,1) 74 -260 8 1199 34901 FM

10.89° (2,1) (1,00 22 +627 12 692 34829 FM

Supercell Geometry

We have performed first-principles calculations for both un-
twisted and twisted heterostructures consisting of graphene on
Crl; monolayer. To construct the relevant supercell, we use
the coincidence lattice method [67-70]. Assuming that a; »
are the vectors defining the primitive unit cell of graphene, and
b, > are the vectors defining the primitive unit cell of CrI3, one

. (n,m) (n'.m’)
can deﬁne their supercells by the vectors a ", 5, and b} 5",
respectively:
(nym) _ (nm) _ p _(nm)
a | =na +ma, a ) =Rpa 1)
n'm'y _ 1 ’ w'm) _ H (n',m’)
bsc,l =n b1 +m bz, bsc,2 = Rg/ bsc,l (2)

where {n,m,n’,m’'} € Z, while f\’g and R(.)/ are the rotation ma-
trices by the angle 6 := «(a;,ay) and ¢ := 4(by,b,) respec-
tively. As both graphene and Crl; form the hexagonal lattices,
with the lattice constant a = |a;| = |ax| and b = |b;| = |b»|, re-
spectively, one can choose 6 = 8" = 60 deg. Accordingly, the
relative twist angle of the supercell with respect to the primi-
tive unit cell for graphene is given by the formula

Vant Vi ) 3)

® = §y — arctan| ——— | — arctan s
0 [2n'+m’) [2n+m

where 6, is the initial orientation between lattices that in our
case is 30°.

In order to construct the commensurate supercells for the
whole vdW heterostructure, as required for periodic DFT cal-
culations, one needs to construct the individual supercells in a
way that a™™ ~ »™™)_ and then to apply a mechanical strain
to one of the supercells to fulfil the condition a™™ = p™".
We consider two supercell geometries: in the first case, the
graphene monolayer is placed directly on top of a Crls mono-
layer without any twist; in the second case, the graphene
monolayer is twisted by the angle of ® = 10.89° on the fixed
monolayer of Crl;. Table I collects the parameters defining
lattice vectors of the supercells, the number of atoms consti-
tuting the supercells, and the calculated biaxial strain applied
to graphene.

Computational details

The first-principles calculations were performed
within density-functional theory (DFT) [71]. The
exchange—correlation  energy was treated in the
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FIG. 2. Band structure of Gr/Crl; from DFT calculations.
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(a),(b) The band structure along the M—-K-I'-K’-M path for ® = 0° (a), and

® = 10.89° (b). The colour scale presents the weighted contribution of Carbon p orbitals to each band. (c),(e) Band structures of t-Gr/Crl;
zoomed on graphene electronic states around the K and K’ points of the Brillouin zone. The colour scale represents the corresponding spin
S . expectation value. (d),(f) In-plane spin expectation values in the wavevector space, plotted in the vicinity of the K and K’ points (the point

(ky, ky) = (0, 0) defines K/K’ point, respectively).

generalized-gradient approximation (GGA) using the
Perdew—Burke-Ernzerhof (PBE) functional [72]. A plane-
wave basis was employed together with scalar-relativistic
projector-augmented-wave (PAW) pseudopotentials [73]
as implemented in the Quantum Espresso package [74].
To account for spin—orbit coupling (SOC), we used fully
relativistic PAW datasets. The kinetic-energy cutoff for wave-
functions was set to 70 Ry, whereas the charge-density energy
cutoff was set to 500 Ry. Long-range interactions between
graphene and the Crl; monolayer was described using the
Grimme DFT-D2 dispersion correction [75]. Electronic occu-
pations followed a Marzari-Vanderbilt smearing with width
kgT = 0.0005 Ry [76]. In turn, on-site electron correlations
for the Cr 3d states were included via the DFT+U (U = 3
eV) approach of Cococcioni [77]. To eliminate interactions
between periodic images along the ¢ axis, a vacuum spacing
of 25 A has been added. Finally, Brillouin-zone integrations
have been performed employing a uniform ny X ny; X 1 k-point
mesh, with the n; values for each geometry listed in Table 1.

Electronic and magnetic properties of Gr/Crl; heterostructure

Pristine Crl; is a ferromagnet with the easy axis oriented
perpendicularly to the monolayer plane. The magnetic
anisotropy energy (MAE) is defined as the difference in

total energy between the out-of-plane and in-plane mag-

netization orientations: MAE = Ejjoo; — Ejgo1;.  For the
pristine Crl; monolayer we found MAEc,, = 0.869 meV,
that is in good agreement with other literature

data [58, 65]. However, deposition of graphene on Crls
leads to a remarkable decrease in MAE, and we found
MAEgG/c3(® = 0°) = 0.476meV for the untwisted Gr/Crl;
structure, and MAEG,/c,(® = 10.89°) = 0.71546 meV for
the twisted structure. This indicates that the electronic states
of graphene on Crl; are influenced by both proximity-induced
exchange field and spin-orbit coupling, which lift the degen-
eracy of the graphene p-states and deforms the Dirac cones in
the K and K’ points.

Figures 2(a,b) show the band structure of Gr/Crl; obtained
from DFT calculations, plotted along the high-symmetry path
M-K-T'-K’-M in the Brillouin zone, and for the twist angles
® = 0° (a) and ® = 10.89° (b), respectively. The presented
data correspond to the tensile strain € = +6.27% applied to
graphene (and zero strain, ¢, = 0, on Crl) to ensure com-
mensurability of the DFT calculations. For the untwisted het-
erostructure, Fig. 2(a), the graphene Dirac cones merge with
the electronic band of Crlz. In turn, for the twisted struc-
ture, the Dirac cones are shifted to the bandgap of Crls, see
Fig. 2(b). Figures 2(c,e) present the low-energy electronic
states of graphene in the vicinity of the K and K’ Dirac points,
modified by the proximity effects. In graphene deposited on



Crl;, the time-reversal symmetry, spatial inversion symme-
try, and sublattice (pseudospin) symmetry are broken. Con-
sequently, one observes the interplay between exchange field,
spin-orbit coupling, and staggered potential, which altogether
lead to spin splitting and anticrossing of the bands and to a
finite band gap. These proximity effects will be elaborated in
more detail in the subsequent section. To complete the DFT
results, in Figures 2(d,f) we show the spin expectation values,
corresponding to the states shown in Figures 2(c,d). The most
important feature of the results shown in Figures 2 (c - f) is
the inverted band structure — a hallmark of nontrivial topo-
logical properties. Moreover, one can also note the valley-
contrasting behaviour, i.e., the bandgap at the K point is 4.15
meV whereas at the K’ point it is 2.15 meV.

LOW-ENERGY EFFECTIVE MODEL

The electronic states of proximitized graphene can be de-
scribed within an effective tight-binding Hamiltonian that in-
corporates the symmetries of local atomic orbitals [78]. In
the vicinity of the graphene K and K’ points, this Hamilto-
nian can be expanded according to the standard k - p method.
As a result, the physics of the low-energy electronic states of
graphene can be described by an effective low-energy k - p
Hamiltonian, whose explicit matrix form can be determined
by taking into account the relevant symmetry arguments and
also features of the DFT band structure. When expressed in
terms of the Pauli matrices acting in the sublattice, &, and
spin, §, subspaces (@ = {0, x,y,z}, with @« = 0 correspond-
ing to the identity 2 X 2 matrix), this Hamiltonian takes the
form [43, 44, 46, 78-82]:

H. = H)+ Hy+ H} + Hy + Hyy + Ei69® 50, (4)

where 7 = +1 corresponds to the K/K’ valley, respectively.
The first term describes the low-energy states of pristine
graphene [78, 80]:

Ay = v (16.k, + 03k, (5)

with the parameter v = at# defining the Fermi velocity,
and determined by the lattice constant a and nearest neigh-
bour hopping parameter t. The second term is responsible
for the orbital proximity-induced gap arising from the pseu-
dospin symmetry breaking: carbon atoms on sublattices A and
B experience, on average, different crystalline fields due to the
presence of Crls. This term takes the form [78, 80]:

Hp = AG. ® $o, (6)

where A is the so-called staggered potential (effective or-
bital hybridization energy) on sublattices A and B. The effect
of sublattice-dependent spin-conserving next-nearest neigh-
bor spin-orbit interaction is described by the term [78-80]:

A} =7(A}o, +Af6 )3 (7)

TABLE II. The parameters defining the effective low-energy Hamil-
tonian of tGr/Crl;, obtained from fitting to the DFT data.

a t Ey A e AB e ¢r Apy Ay
[A] [eV] [meV] [meV] [meV] [meV] [meV] [rad] [meV] [meV]

262202 -57 57 08 -099 165 375 16.01 20.79

where 6. = (6, £ 09)/2, and /l;‘/ B denotes the intrinsic spin-
orbit parameter for the sublattices A/B, respectively. Due to
the spatial inversion symmetry breaking, the Rashba spin-
orbit interaction appears in the system and tilts electrons’
spin out of the plane. The Rashba Hamiltonian in twisted
graphene-based structures takes more general form [43, 44,
46, 78-80]:

At iR (. A N 3 iR
Hi = —Agexp 2 Z(Ta'x®s,+0'y®sx)exp EAN )

where Ag describes the strength of the Rashba coupling, while
the so-called Rashba angle, ¢r, governs the spin-momentum
locking of electron spins and therefore plays an essential role
in the current-induced spin polarization effect (also known
as Rashba-Edelstein effect). In turn, the effect of sublattice-
dependent proximity-exchange interaction is taken into ac-
count by the following term[80-82]:

Hpy = (A0, — Afy0) @ 5., )
where /lgé(B are the sublattice dependent exchange coupling
parameters. Finally, in the last term of Eq. (4), E( defines the
position of the Dirac point with respect to the Fermi energy.

All parameters of Hamiltonian (4) can be obtained through
a fitting procedure, in which the eigenstates of the k- p Hamil-
tonian are compared with the DFT-calculated electronic states
of graphene around the K and K’ points. In parallel with the
band-structure fitting, the spin projections of electrons in the
graphene electronic states are also matched to the DFT re-
sults. Table II collects all the parameters obtained for tGr/Crl;
by the fitting procedure. Figure 3 presents the electronic
band structure and spin components in the vicinity of Dirac
points, and shows a very good agreement between the effec-
tive model and DFT calculations. The effective exchange cou-
pling constants are about two orders of magnitude larger than
in graphene/MnPSe; [82] and one order of magnitude larger
than in graphene/Cr,Ge,Teg [36]. In turn, the intrinsic SOC
and Rashba SOC parameters are comparable to those reported
in semiconducting TMDCs [45, 49].

TOPOLOGICAL PROPERTIES AND SELECTED
TRANSPORT CHARACTERISTICS

Berry curvature and Chern number

Figures 2(c),(e) reveal the inverted band structure of twisted
graphene on Crl3, indicating nontrivial topological properties
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FIG. 3. Electronic band structure of tGr/Crl; as well as the S, S, and S, components of spin expectation values in the vicinity of the K and
K’ points. Solid lines represent the DFT results, while the dots correspond to the results obtained from the k - p model Hamiltonian.

of the heterostructure. To analyse this issue in more details,
we determine the Berry curvature, €y, and Chern number,
nep. The Berry curvature corresponding to the n-th band can
be obtained directly from the following formula [83-88]:

Qi = Vi X (Pl iVie[Fien), (10)

where [Wy,) is the basis function, i.e., the eigenfunction of the
k - p Hamiltonian (4) or the cell-periodic Bloch state in the
case of tight-binding or the first-principles calculations. Note
that in the 2D system the Berry curvature has only the z com-
ponent, Q, = (0,0, Qy,). The Berry connection integrated
over fully-occupied bands defines the Chern number [84, 86]:

1 2
nen = EZIG’ k Qi

occ.

(11)

Note that in the case of a low-energy Hamiltonian, one needs
to take into account the contribution from the two inequivalent
K points, thus the Chern number calculated within the k - p

model is:
.
ncp = Z nCh

=%l

(12)

and ng, is defined by the Eq. (11) with Berry Curvature Qf
calculated for the 7-th valley.

Figure 4(a) presents the total Berry curvature of the t-
Gr/Crls heterostructure, calculated from the DFT data for the
fully occupied valence bands, i.e, for the Fermi level inside
the energy gap of graphene. The Berry curvature was obtained

from maximally localized Wannier functions using the Wan-
NER90 package [89, 90] and the post-processing tools of WaN-
NERTooLs[91]. The Berry curvatures for individual valence
bands, calculated within the low-energy effective Hamilto-
nian, are shown in Fig. 4(b,c) together with their sum (total
Berry curvature). These results demonstrate not only the ex-
cellent agreement between the fitted k - p model and the DFT
calculations, but also confirm that our low-energy Hamilto-
nian accurately captures the topological properties of the t-
Gr/Crl; heterostructure.

The total Berry curvature for fully occupied valence ex-
hibits nonzero peaks around the K and K’ points, where the
graphene electronic states are located. Importantly, in conse-
quence of time-reversal symmetry breaking, the peaks at the
K and K’ valleys have the same sign. The interplay between
the proximity-induced exchange field and Rashba spin—orbit
coupling opens an energy gap, which is further modulated
by the staggered potential and intrinsic valley-Zeeman-type
SOC. As a result, the insulating state in the t-Gr/Crls het-
erostructure is topologically nontrivial. When the Fermi level
is in the energy gap, the system is a Chern insulator, i.e., it
hosts the quantum anomalous Hall (QAH) phase. Indeed, the
Chern numbers calculated for the K and K’ valleys are iden-
tical, n&, = n& = -1, giving a total Chern number for the
fully occupied valence bands of ncy, = —2. The same result is
obtained directly from DFT calculations for the Chern num-
ber of the fully occupied valence bands. This is in agreement
with earlier results on the topological properties of graphene
on magnetic substrates [82, 92-95].
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Anomalous and valley Hall effect

The t-Gr/Crl; heterostructure exhibits Berry-phase-induced
anomalous Hall effect (AHE). In the clean limit, the corre-
sponding anomalous Hall conductivity can be found based on
the Thouless-Kohmoto-Nightingale-Nijs (TKNN) theory [84—
87]:

2 2
AHE _ € d’k
O-X)’ - h zn f o anf(Ekn)s (13)

where the conductivity tensor oy, is the ratio of charge current
density flowing in the x-direction as a system response to the
external electric field applied in the y-direction (o7, = j/Ey)
and f(Ex,) is the Fermi-Dirac distribution function for the n-
th band. Note that in the case of the k-p model, this expression
should be treated as a sum of the contributions from both val-
leys (i.e., from K and K’ points). Accordingly, c2HE should

y
read o'F = o' + oK, as in this case Qy, = QF + QF .

Xy

The valley-contrasting behaviour of the band structure sug-
gests the presence of a nonzero valley Hall effect (VHE) [94,
96-98]. This phenomenon follows directly from the valley-
dependent anomalous velocity generated in an external elec-
tric field. Specifically, for a given band, the anomalous ve-
locity components of electrons have opposite directions in the
two valleys, as the corresponding Berry curvatures at the K
and K’ points have opposite signs. Consequently, electrons
(or holes) from the two valleys are deflected toward opposite
edges of the sample. The valley Hall conductivity is defined
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FIG. 5. (a) The intrinsic contributions to the transverse conductivity,

(Ti.(y/ ¥ from the K and K’ valleys, respectively. (b) Anomalous Hall

conductivity, o'®, and the valley Hall conductivity, oy**, plotted
as a function of the chemical potential, calculated from the effec-

tive model. (c) Contributions to the transverse thermal conductivity,

a¥/ X’ from the K and K’ valleys, respectively. (d) Anomalous Nernst

effect, af}NE, and valley Nernst effect, a}f‘NE, plotted as a function of

the chemical potential. The u = 0 is set at the position of Dirac point,
ie., u— u—E.

as

(o O, — 0

VHE _ K K’
xy T Yxy xy* (14)

Importantly, in t-Gr/Crl; we have found that the bandgaps at
the K and K’ points differ by about 2 meV. In such a case,
the bandgap can be closed selectively (via external magnetic
field or gate voltage) at one valley while remains open at the
other one, realizing a valley-dependent bandgap closing. Oth-
erwise, by tuning the chemical potential, one can obtain a cur-
rent associated solely with the electronic states of a single val-
ley.

Figure 5(a) shows the Hall conductivities associated with
the K and K’ points, whereas Fig. 5(b) presents their sum, i.e.
the anomalous Hall conductivity, o-ﬁyHE, and their difference,
that is the valley Hall conductivity o)}’ — all presented as
a function of the chemical potential. For chemical potentials
within the gap (around u = 0), the anomalous Hall conductiv-
ity achieves the quantized and universal value o’j'* = 2¢?/h.
This quantization follows directly from the Chern number of
the fully occupied valence bands of graphene, nc, = —2.
Outside the gap, the anomalous Hall conductivity rapidly de-
creases with increasing absolute value of the chemical poten-
tial. The kinks observed for both positive and negative chem-
ical potentials correspond to the crossing of the valence and
conduction band extrema at K and K’ points, as indicated in
Fig. 5. Furthermore, the asymmetry of the anomalous Hall



conductivity with respect to the sign of the chemical potential
reflects both particle-hole asymmetry and the inequivalence
of the band extrema at the K and K’ points.

The VHE is absent, when the chemical potential is within
the bandgap. However, when the chemical potential crosses
the first conduction-band minimum (E5y,i,) or the valence-
band maximum (Ernax), the valley Hall conductivity exhibits
a sharp peak, then decreases to a local minimum and in-
creases again to its maximum value, when the chemical po-
tential crosses the first conduction-band extremum (E3;,x) OF
the upper valence-band minimum (E5py, ), respectively. In the
energy window between the local maximum of the first con-
duction band (E3,,) and minimum of the second conduction
band (Esmin), as well as between the local minimum of the
upper valence band (Eopi,) and the maximum of the lower va-
lence band (Ejnmax), We observe a plateau in the valance Hall
conductivity

Here, we should note that a modern theoretical framework
for orbital effects has been proposed recently, suggesting that
the valley Hall effect should, at some stage, be more rigor-
ously described in terms of the orbital Hall effect [99]. Since
the aim of this work is to highlight the potential of t-Gr/Crls
as an interesting platform for spintronics, we decided not to
pursue this direction here. The orbital Hall effect in proximi-
tized graphene has been discussed, for example, in [100-103],
and will be addressed in the context of graphene on magnetic
substrates in future work.

Anomalous and valley Nernst effect

The Berry curvature is also responsible for transport phe-
nomena driven by a temperature gradient in the system. One
example is the anomalous Nernst effect (ANE), the thermal
counterpart of the anomalous Hall effect. By analogy with the
valley Hall effect, one can also define the valley Nernst effect
(VNE). Both kinetic coefficients can be calculated from the
following expressions:

ANE

Wy = =aX Y+ a/x} , (15)
VNE K K’
@y =@y — @y, (16)

where

k d*k
Tzeszf(z)z Qr st (17)

In the above equation Sy, is the entropy density of electrons,
defined as:

kn = —f(Ex,) In(f(Ey,))
—(1 = f(Eg,) In(1 = f(Eg,)). (18)

Figure 5(c) presents the transverse thermal conductivity
calculated for the K and K’ points, respectively, whereas
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FIG. 6. (a) Anomalous Hall conductivity calculated based on DFT
data for t-Gr/CrI; when biaxial strain is applied only to graphene (red
line) and when it is applied only to the Crl; monolayer. The u = 0 is
set at the position of the Dirac point, i.e., u — u — Ej.

Fig 5(d) presents the variation of ANE and VNE with chem-
ical potential. Both characteristics exhibit sharp peaks at the
chemical potential crossing the band extrema. Accordingly,
measurements of the anomalous or valley Hall effect, as well
as of the anomalous or valley Nernst effect, allow for deter-
mination of both the bandgap width and the band splitting in
proximitized graphene.

EFFECT OF STRAIN

The electronic, topological, and magnetic properties of
van der Waals materials are highly susceptible to mechani-
cal strain [104-107]. It has been demonstrated that both the
magnetic anisotropy energy and magnetic ground state of Crls
mono- and bi-layers can be modified by applying biaxial strain
or gate voltage [59, 60]. Accordingly, biaxial strain also mod-
ifies the net magnetization and the magnetic ground state of
the t-Gr/Crl; heterostructure. These changes can be simply
observed experimentally by the anomalous Hall conductiv-
ity measurement. In Fig. 6, we present the anomalous Hall
conductivity of the t-Gr/Crl; heterostructure, calculated from
DFT data using the WaNNIER90 package, for the two possible
supercells that ensure commensurability between graphene
and CrI; unit cells, as required for first-principles simulations.
The red curves in Fig. 6(a) and (b) correspond to the structure
discussed throughout this work, in which biaxial strain is ap-
plied to the graphene monolayer while the Crl; monolayer re-
mains unstrained. In this case, the system is in a ferromagnetic
ground state and exhibits topologically nontrivial behavior,
with a quantized anomalous Hall conductivity when the chem-
ical potential lies within the energy gap. By contrast, the blue
curves represent results for a supercell in which biaxial tensile
strain of ecy, = —5.90% is applied to the Crl; layer, while the
graphene remains unstrained. In this situation, we have found
that the structure is in an antiferromagnetic ground state, in



agreement with previous studies reporting a magnetic phase
transition under strain of —5.5% [58, 65]. Importantly, the
magnetic phase transition results in a strong modification of
the proximity effects on the graphene electronic states. Con-
sequently, t-Gr/Crl; becomes a trivial insulator with vanishing
anomalous Hall conductivity when the chemical potential lies
within the bandgap. We should note that the applied tensile
strain is large and may cause the system to become unstable.
This issue could potentially be mitigated by stabilizing the
structure on a substrate or through encapsulation. However,
such considerations (requiring DFT modelling of Gr/Crl; to-
gether with an additional substrate or encapsulating material)
are beyond the scope of this work. Here, our objective was
to emphasize the potential of magnetic van der Waals het-
erostructures for electronic and spintronic quantum devices,
in which a strain-induced change in the quantum anomalous
Hall conductivity from two conductance quanta to zero can
encode logical “1” and “0,” respectively.

DISCUSSION AND CONCLUSIONS

In this work, we provided a comprehensive analysis of the
electronic, magnetic, and topological properties of graphene
deposited on Crls. First, we have found the twist angle at
which the graphene Dirac cones are positioned within the en-
ergy gap of Crl;. Next, we have derived the low-energy ef-
fective Hamiltonian describing properties of the proximitized
graphene, which accurately captures the low-energy physics
of the t-Gr/Crl3 heterostructure. We have also confirmed that
the system is Chern insulator and reveals quantized anoma-
lous Hall conductivity, when the chemical potential is placed
inside the energy gap. We have analysed the intrinsic anoma-
lous and valley Hall effect as well as anomalous and valley
Nernst effects. Characteristic kinks in the AHE/VHE (or sharp
peaks in the ANE/VNE), that appear when the chemical po-
tential is shifted from the energy gap into the first valence or
conduction band, and when it crosses the edge of the sec-
ond valence or conduction band, allow for determining the
bandgap width and band splitting in proximitized graphene
directly from transport measurements.

Another important feature of t-Gr/Crl; is the valley-
contrasting behaviour of graphene Dirac cones. We have
shown that the difference in the energy gap of the unbiased
structure at the K and K’ valleys is approximately 2 meV. Ac-
cordingly, one can simply tune these gaps with an external
gating or magnetic field. In such a case, the bandgap closes
selectively at one valley, while remaining open at the other
valley, enabling valley-dependent bandgap engineering and
single-valley transport controlled by the chemical potential.
We have also highlighted the potential of magnetic van der
Waals heterostructures for quantum electronic and spintronic
devices, where strain can switch the quantum anomalous Hall
conductivity between two conductance quanta and zero, en-
coding logical “1” and “0,” respectively.

We should also stress that in this article, we have pre-

sented transport coefficients that do not depend on the Rashba
angle, ¢r. The electronic states of twisted graphene on
Crl; exhibit a large Rashba angle, ¢ = 3.75,rad (approxi-
mately 215°), as shown in Fig. 2(e) and (f). The Rashba an-
gle substantially affects the nonequilibrium spin polarization,
a phenomenon known also as the unconventional Rashba-
Edelstein effect. A nonzero Rashba angle originates from
the breaking of the in-plane mirror symmetry and results in
spin—-momentum locking, in which the electron spin expec-
tation value acquires a finite radial component alongside the
more commonly observed orthogonal component. Conse-
quently, the nonequilibrium spin polarization has two in-plane
components; one perpendicular and one parallel to the exter-
nal electric field, as it was reported for graphene on transition
metal dichalcogenides [45, 47, 49, 51, 108]. In turn, it is also
well known that in magnetic systems with strong spin-orbit
coupling, the nonequilibrium spin polarization can possess all
three components (depending on the magnetization orienta-
tion) [99, 109-112]. Accordingly, the nonequilibrium spin
polarization emerging in t-Gr/Crl; will have various contribu-
tions that may, in slightly different ways, induce spin dynam-
ics in the Crl; layer. A detailed theory of Rashba-Edelstein
effect and spin-orbit torques in twisted graphene on ferromag-
netic layers is discussed elsewhere [113].
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Figure 7.2. (a) Band structure of twisted Gr/Crl; from DFT calculations along the M-K-I'-K’-M path ©® = 10.89° (b) Band
structures of t-Gr/Crl3 zoomed on graphene electronic states around the K and K’ points of the Brillouin zone. The colour
scale represents the corresponding spin S, expectation value. (c),(d) In-plane spin expectation values in the wavevector
space, plotted in the vicinity of the K and K’ points (the point (ky, k,) = (0,0) defines K/K’ point, respectively).

7.1.3 Conclusion

In this chapter, we have provided a comprehensive analysis of the proximity-induced effects in
twisted graphene/Crlz van der Waals (vdW) heterostructure. By combining the first-principles
Density Functional Theory (DFT) calculations and an effective k-p model, we investigated the
interplay between proximity-induced spin-orbit coupling (SOC), exchange interactions and the
influence of the twist angle on the electronic and magnetic properties of the heterostructure. Our
findings show that the placement of graphene on Crl; monolayer leads to significant modifications
of the electronic band structure. In untwisted heterostructure the graphene’s Dirac cones are
strongly hybridized with electronic orbitals of Crl3. However, by introducing a small twist angle
(~10.89°), we successfully positioned the Dirac states of graphene within the energy gap of Crls.
This observation highlights the important role of twist engineering in vdW heterostructures that
allows for high tuneability of electronic and magnetic properties of the structure.

Our results confirm that Crl3 monolayers keep their intrinsic ferromagnetic ground state,
irrespective of the presence of graphene. However, proximity effects lead to valley-dependent spin
splitting in graphene bands and nontrivial topological characteristics. Notably, our calculations
of the Berry curvature and anomalous Hall conductivity (AHC) show that twisted graphene/Crl;
reveals the quantum anomalous Hall (QAH) phase, with a computed Chern number of C = —2.
This result confirms the emergence of topologically protected chiral edge states, a key signature of
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the QAH effect.

In this work, we primarily applied bi-axial strain to graphene while keeping the Crl3 monolayer
lattice constant fixed. For completeness, we also considered the configuration for which the
graphene lattice is fixed and Crlz monolayer is uniformly compressed, i.e. the biaxial strain
of —5.90% is applied (negative sign denoting compression) to eliminate lattice mismatch. As
known from pristine Crlz [431], this compressive strain drives a magnetic phase transition from
ferromagnetic (FM) to antiferromagnetic (AFM) ground state. We found that this AFM ground
state remains robust in the presence of graphene monolayer and under twisting. This is also
consistent with the band-structure and spin-texture analysis, as presented in Fig. 7.2. In this
configuration one can see a strong spin-splittig of graphene 7t bands and opening a large band gap.
However, the anomalous Hall conductivity changes qualitatively: the computed AHC vanishes
in the vicinity of the Fermi level, i.e., in the band gap (FIG. 6. in 7.1.2). This is in stark contrast
to the finite AHC for the Fermi energy inside the band gap when strain is applied to graphene.
This shows that the compressiv strain applied the magnetic substrate converts the graphene/Crl;
stack from a topologically non-trivial (Chern insulator) regime to a trivial insulating state. Taken
together, these results establish mechanical strain as an external force controlling the topological
character and energy band gap in the heterostructure. This finding suggests a new approach
to mechanically reconfigurable, low-power-consuming spintronics devices and phase-switchable
topological circuitry.



Summary

Low-dimensional materials have always been of interest due to their unique electronic, magnetic,
optical, and mechanical properties, originating from quantum confinement and reduced dimension-
ality. Among them, two-dimensional (2D) van der Waals materials such as graphene or transition
metal dichalcogenides have shown fascinating behaviors with the ability to control their properties
by external forces. This thesis presents comprehensive theoretical studies of 2D crystals and their
stacks by employing different strategies to overcome its limitations, such as the lack of energy band
gap. Chapter 1 concerns the brief history of low-dimensional materials and then the motivation
and aims of the work by responding to questions like how we can overcome the limitations of
a prominent material like graphene to preserve its extraordinary electronic properties and make
it suitable for application in electronic and spintronics devices. Chapter 2 provides an extensive
review of various 2D materials used in this thesis, with all details of their structure, properties,
and synthesis methods. It includes graphene and graphene-like materials (such as silicene and
hexagonal Boron Nitride), transition metal dichalcogenides (TMDCs), and magnetic materials like
chromium trihalides (CrX3). Additionally, this chapter presents the concept of vdW heterostructures
and twistronics, alongside experimental perspectives and applications.

As the primary theoretical approach used in this thesis is based on first-principles calculations
and Density Functional Theory (DFT), Chapter 3 provides a brief overview of the theory behind
these techniques, ranging from fundamental to advanced approximations, such as DFT-D corrections
and the inclusion of Coulomb interactions and spin-orbit coupling corrections. The work contains
modelling some magnetic devices. For describing their electrical/thermal properties, the non-
equilibrium Green’s function (NEGF) approach has been applied. To achieve more insight into the
electronic and transport properties of proximitized graphene, the low-energy k - p model has been
used.

In Chapter 4 the electronic and magnetic properties of silicene under Chromium doping and
biaxial mechanical strain are studied. From the results, it is evident that Cr-doping significantly
alters the pristine electronic structure of silicene and introduces magnetism, allowing for the tuning
of the system’s behaviour between metallic, semiconductor, and semimetallic phases. It has been
shown that the different configurations (monomer, vertical, and horizontal dimers) alongside the
bi-axial strain show new magnetic and electronic behavior. Interestingly, Chromium vertical dimer
doping opens the energy band gap by approximately 0.13 eV in silicene without applying the strain.
These findings give significant potential for strain-engineered silicene in spintronics devices.

In Chapter 5 the intrinsic magnetic behavior and electronic properties of Vanadium-based
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monolayer and bilayer TMDCs (VS;, VSe;, and VTe,) are considered. All the monolayer cases
show ferromagnetic behavior. Importantly, VS, has a Curie temperature (T¢) above the room
temperature, making it a promising material for applications in spintronics. On the other hand,
VTe; has relatively weak magnetism and a lower T¢. The bilayers of TMDCs have an interesting
interlayer coupling, i.e., the coupling between layers is antiferromagnetic, whereas the intralayer
coupling preserves ferromagnetic order. In addition to the consideration in the first part of this
chapter, the second part concerns the effect of strain on the electronic and magnetic properties of
bilayer T-phase VS;. The obtained results show that the magnetic moment generally increases in the
presence of the compressive strain, while it decreases in the case of the tensile strain, demonstrating
the tunability of this material. Magnetic anisotropy energy is intrinsically in-plane, which can
become more assertive with the tensile strain, while compressive strain eliminates the anisotropy at
higher percentage values. General results show the magnetic sensitivity of the T-phase of VS, to
the strain and the potential of this group of materials in the new generation of electronic devices
and technologies.

Chapter 6 of the thesis presents results regarding a proposed 2D spin-valve device using the bi-
layer of VSe, structure. Computational modeling of magnetoresistance and magneto-thermoelectric
effects showed that the bilayer of VSe; can exhibit giant magnetoresistance (GMR)-like behavior
controlled by the external magnetic field. This effect enables significant modulation of electrical
resistance by altering the magnetic alignment between layers from antiparallel to parallel. Addition-
ally, the chapter discusses thermoelectric responses to show how spin-dependent phenomena could
contribute to thermoelectric applications.

Chapter 7 concerns the proximity-induced magnetic and spin-dependent electronic transport in
a graphene-based vdW heterostructure with Chromium trihalides (Crl3). The main finding of this
work is a 10.89° twist angle for which the graphene Dirac cones are positioned inside the energy
band gap of Crl3 monolayer. Notably, the investigated graphene-based twisted structure reveals a
quantum anomalous Hall (QAH) state and valley contrasting behaviour.

In conclusion, this thesis focuses on the theoretical studies of the electronic, magnetic, and
transport properties in low-dimensional materials, particularly in two-dimensional vdW materials
and their heterostructures. The results demonstrate how the control of doping, mechanical strain,
layer stacking, and twist angles enables the efficient control of spin and topological properties of 2D
crystals and their heterostructures. The thesis presents detailed studies of the electronic, magnetic
and transport properties of selected vdW structures and provides practical guidance for designing
vdW materials for advanced nanodevices and spintronics applications.
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Appendix A: Introduction To the Used Code Packages

This thesis includes a range of electronic, magnetic, and transport properties. Obtaining all results
with self-developed code is both challenging and time-consuming. Therefore, in addition to our
code to obtain most of the results, we used the DFT code packages developed by others as the basis
of calculations and solved the self-consistent parts. Furthermore, some post-processing tools also
helped us obtain additional results in more efficient ways. This appendix briefly introduces the
utilized code packages in this thesis.

QuanTUuM ESPRESSO

f fA)uunnTuMESPRESSD

General Description

One of the popular open-source software packages in Density functional theory is Quantum
Espresso (QE). It performs first-principle simulations and can predict a wide range of properties,
such as mechanical, electronic, magnetic, optical, and transport properties. This code’s core is based
on the plane-wave pseudopotential methods with the highest possible accuracy and efficiency at
the atomic scale. QE is flexible and can perform single-atom simulations of complex molecular
dynamics or materials optimization and minimizations. Moreover, this code can calculate periodic
structures, such as crystals and, in this thesis, 2D materials and finite systems, like molecules like
0D nanodiscs. Quantum Espresso has many features, but the main one is its modularity. It uses
different programs to compute each part. For instance, it uses the pw.x program to solve the main
DFT problem; the ph.x program is used for phonon calculations; bands.x is used for electronic
bandstructure plotting, and many other *.x excavators are used for specific tasks. The QE uses
the input file to start the calculations, and it is user-defined for novel materials and advanced
functionalities. This code can be run in a single node, or its efficiency is enhanced by parallelization.
It is crucial in DFT calculations since we deal with a massive number of atoms. Fortunately, many
sources exist for various functional exchange correlations and pseudopotentials, which can be
chosen according to the investigating materials and the level of accuracy.

Role in this thesis

In this thesis, the QE was used to perform most of the DFT calculations directly, such as calculations
of the electronic and magnetic properties, or we used its KS states/magnetization information
to be used in other linked codes like Wannier90/Vampire tools. Moreover, we used this code to
cross-check some other codes like Quantum ATK. The major use of the QE in this thesis refers to
calculations of the electronic and magnetic proximity effect of the twisted graphene on the Crl3
monolayer. In this work, we use QE for the DFT part and then use Kohn-Sham states, and then using
Wannier90 code, we calculated our desired properties (for more details about the methodology,
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please see our paper in 7.1.3).

Resources and References

Quantum Espresso is distributed under the GNU General Public License (GPL) and is free and
only for academic and non-commercial use. Users can contribute to developing new features for
this code in addition to reporting bugs and solving them in the forums. For more details about
this code and all features it can compute, and also access to the source code, users can visit the
official Quantum Espresso website at www.quantum-espresso.org. This website provides all the
information concerning the code, different pseudopotentials, and many other handy information.
In a nutshell, Quantum Espresso is one of the most well-known and widespread tools. At the same
time, it is a powerful and versatile tool for researchers in materials sciences, condensed matter
physics, and chemistry.

QuanTtuMm ATK

SYNOPSYS® | euantumatk

General Description

Quantum ATK (Atomistix ToolKit) is one of the well-known code packages designed for performing
first-principle calculations and analyzing the properties of nanoscale materials and devices. ATK is
a totally commercial software package and has been designed for computing several methods, such
as Density Functional Theory [DFT], tight-binding, and classical simulations, which allows users
to have access to a wide range of simulations in one code package. This versatile code is popular
for studying the electronic, magnetic, optical, and transport properties. One of the unique features
of this code is that QATK is mainly combined with the non-equilibrium Green’s function (NEGF)
method to calculate the quantum transport properties. With this extra feature, one can model the
nanoscale devices and study them under applied bias. This code is excellent for those who do not
have enough knowledge concerning Unix as it is entirely user-friendly and has a NanoLab graphical
interface. The key feature of this code, as mentioned similarly for the QE, is the parallelization of
the nodes to compute the large structures efficiently. However, as commercial software, it usually
requires a license, which can be supposed to have weaknesses.

Role in This Thesis

Most of this thesis’s primary and main results were obtained using the Quantum ATK (QATK)
code package. We have obtained the electronic, magnetic, and transport properties of the structures
and published our results, or we have calculated the preliminary results to gain insight into the
material and generate a novel idea. For transport properties, using QATK and combined with the
NEGF method, we designed unique devices and then calculated the I-V curve characteristics.
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Resources and References

The official Quantum ATK website is www.synopsys.com provides an excellent tutorial with all the
background physics of all features used in the code, which is suitable even for those who want to
learn condensed matter physics without simulation.

WANNIER9) CODE PACKAGE

WANNIERZO

Wannier90 is an open-source code package for calculating maximally localized Wannier functions

General Description

(MLWEFs). It powerfully analyzes the electronic and magnetic structure of materials. Wannier
functions mainly interpret the electronic properties of materials in terms of localized orbitals and
can be applied to both metallic and insulating systems. To perform the calculations in Wannier90,
one needs to use one of the DFT code packages, like Quantum Espresso, to generate and manipulate
the Wannier functions from their results. As already mentioned in the QE’s section, one of the
key features of Wannier90 is projections of the KS states onto a chosen set of local functions and
subsequently constructing the maximally localized Wannier functions. This is much more useful for
several properties, such as electronic polarization, optical response, and conductivity. The accuracy
of the Wannier function highly depends on the DFT calculations.

Role in This Thesis

In this thesis, we first used Wannier90 to extract maximally localized Wannier functions from the
DFT calculations [QE code package]. Then, we used these functions to provide the electronics and
magnetic properties of twisted graphene on the Crlz monolayer, such as the nature of bouning,
hybridization of orbital, and the electronic density distribution. Then, we used these functions
to compute the topological properties and explore the effective tight-binding Hamiltonians. One
unique feature also conducted using Wannier90 in this thesis to obtain the post-processing calcula-
tions like Quantum Anamoulas Hall Conductivity [QAHC], Spin Hall Conductivity [SHC], Berry
Curvature [BC], Berry Curvature Dipole [BCD], and many other properties.

Resources and References

The official website of the Wannier90 code package is www.wannier.org. On the website, one can
get the source code plus all the examples in the repository, and also there is one helpful forum to
discuss and ask questions. Moreover, the Wannier90 developers conduct workshops every year, and
videos of them can be found on the website.
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WANNIERTOOLS

®

.“? WannierTools

WannierTools® AN OPEN-SOURCE SOFTWARE BASED ON TIGHT-BINDING MODELS

General Description

WannierTools is another open-source code package that uses the maximally localized Wannier
functions (MLWFs) generated by Wannier90 code. The primary idea of developing this code is to
study the topological properties of materials and their electronic structure in real and reciprocal
space. This code uses the tight-binding Hamiltonian extracted from the Wannier90 code to compute
a wide range of physical properties such as electronics and spin-resolved band structures, Fermi
surfaces, Berry curvature, orbital magnetization, spin texture, and surface states. One of the
prominent features of the WannierTools is its ability to visualize and analyze the surface electronic
states and Fermi arcs using the iterative Green’s function method. It makes this post-processing
code an excellent tool for studying topological materials like topological insulators, Weyl semimetal,
and Chern insulators. This code can also be parallelized with many cores, and its accuracy directly
depends on Wannier functions extracted from DFT code like Quantum Espresso.

Role in This Thesis

In this work, we used WannierTools to investigate the topological properties of our materials,
such as MnBi2Te4 and twisted Graphene on CrI3, by analyzing the surface states and Fermi arcs.
WannierTools gives us topological invariants such as Chern numbers, Berry Curvature, Fermi
surfaces, Spin texture, unfolding bands from the supercell to the primitive cell, and many other
features.

Resources and References

The official website for the WannierTools is www.wanniertools.org and you can find the repository
access to the source of code, user manual, examples, and a perfect tutorial step-by-step.
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VAMPIRE

VAMPIREG6

General Description

Vampire is another open-source code package explicitly designed for atomistic simulations of
magnetic materials. This code is mainly appropriate for studying magnetic dynamics at the atomic
scale, such as the ultra-fast magnetization process, spin waves, domain wall motion, and thermal
effects on magnetic materials. Vampire uses an atomistic spin model, which provides a detailed
and, most of the time, accurate definition of magnetic interactions. This software has a broad
framework for simulating different magnetic behaviors like equilibrium and non-equilibrium
processes, hysteresis loops, and temperature-dependent magnetic properties. The significant feature
of this code is that it supports realistic materials modeling and makes it a powerful tool for
understanding and predicting the magnetic behavior in new technologies such as spintronics, data
storage, and magnetic sensors. However, Vampire requires some input parameters like exchange
coupling constant for different neighbors and magnetic anisotropy energy in other planes, which
needs extra computations.

Role in This Thesis

In this thesis, we have used the VAMPIRE code package in several projects to simulate the magnetic
properties and dynamics of the considered systems. For instance, we have used this code to
investigate important properties like spin wave dispersion, domain wall motion, or the changes
of the magnetization as a function of the temperature to estimate the Curie/ Neel temperature,
calculate the changes of magnetization as a function of the magnetic field and plot the hysteresis
loops, and several other properties.

Resources and References

The official website of the VAMPIRE code is www.vampire.york.ac.uk . This website has an
excellent landing page with manuals, tutorials, and examples of input files for different structures,
from monolayer systems to multilayer. The website also lists all the publications published using
VAMPIRE, which is handy for users to find related works.
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TB2] CODE PACKAGE

B2J

General Description

Using DFT code packages such as QE or VASP, we are able to calculate the electronic structure calcu-
lations, and the TB2]J ( Tight-binding to ]) is an open-source tool that gives the Heisenberg exchange
coupling constant between atoms (] parameters). It constructures the Heisenberg Hamiltonian using
isotropic exchange calculations, Dzyaloshinskii-Moriya interaction (DMI), and anisotropic exchange
from tight-binding or Wannier Hamiltonians. This code is essential as we use the ] parameters in
different properties like Magnon spectrum calculations.

Role in This Thesis

In this thesis, we have used TB2] to calculate the Nearest neighbor, next-nearest neighbor, and
interlayer neighbor coupling constants and then constructed the Heisenberg spin model. We used
this to plot the magnon dispersion, VAMPIRE calculations, and other properties.

Resources and References

The official website of the TB2J is www.tb2j.readthedocs.io and it is an open source code with a lot
of examples and documents for introducing and analyzing.

Custom PytHON TOOLS

python’

In addition to the main codes described above, I built several small, focused Python tools to
close practical gaps in the thesis. These scripts add features missing in existing packages or replace


 https://tb2j.readthedocs.io
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heavy computations with faster routines. Most tools target twisted 2D magnets and proximity
systems, and they interoperate with Quantum ESPRESSO (QE), Wannier90, and TB2J. I also wrote
an automated script to fit DFT results to a k-p model with the optimization methods which make
the procedure of fitting easy and fast. Using Wannier tight-binding and the k-p model, few codes
developed to compute anomalous Hall conductivity (AHC) and anomalous Nernst effect (ANE)
versus temperature and chemical potential, and compare the two frameworks side-by-side. For
Berry-phase physics, the scripts evaluate Berry curvature (and related geometry) and, alongside
with DFT outputs, extract and analyze spin textures (Sy, Sy, S;)(k). Finally, using Heisenberg
exchange constants J;; from TB2J, I implemented a separate module that assembles magnon spectra
along chosen high-symmetry paths, with flexible control over neighbor shells. Overall, these tools
improve efficiency, reduce computational cost, and make the analysis reproducible and easy to
extend. Once a user-friendly version of the codes is finalized, they will be released as open-source
on GitHub.
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