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Abstract

At finite temperatures, free-standing two-dimensional (2D) materials were originally the-

orized to be thermodynamically unstable, let alone possess magnetization. However, in 2018,

the first ferromagnetic 2D semiconductor CrI3 was successfully exfoliated from bulk. Ow-

ing to its atomically thin and magnetic properties, CrI3 became an exceptional 2D material

candidate for spintronic research. Shortly following the discovery of monolayer CrI3, the fab-

rication of graphene/few-layer CrI3 based magnetic tunnel junctions (computer memory com-

ponents) was realized. Through the use of an external magnetic field, these low temperature

devices were able to successfully modulate tunneling current through few-layer CrI3 chan-

nels, producing tunneling magnetoresistances of 95%, 300%, and 550% in bilayer, trilayer, and

tetralayer CrI3 junctions, respectively. Although remarkable magnetoristances are achieved in

these 2D based junctions, tunneling current is exceptionally low compared to conventional de-

vices due to graphene’s low density of states. More fundamentally, the transport mechanisms in

graphene/few-layer CrI3 based devices were not fully understood due to inconsistencies found

between experiment and theory.

In our work, we are the first to characterize graphene/N-layer CrI3 (N = 1, 2, and 3) based

magnetic tunnel junctions using first principles calculations within the density functional the-

orem and Landauer’s formalism for ballistic transport. We identify that tunneling is indeed

the dominant transport mechanism in graphene/CrI3 junctions based on their electronic band

structures and our ballistic transport calculations, where we achieve tunneling magnetoresis-

tances values of approximately 170% and 350% in bilayer and trilayer junctions, respectively.

Moreover, we find that quantum confinement and interlayer coupling play a significant role in

describing spin transport through these devices.

Furthermore, we characterize electronic band alignments between N-layer graphene (N =

1, 2, and 3) and monolayer CrX3 (X = F, Cl, Br, and I) using pseudohybrid Hubbard density

functionals, key descriptions missing in the literature. For increasing graphene layers, we note
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that Ohmic graphene/CrX3 contacts transform into Schottky contacts, requiring no external

field or force. Additionally, graphene band gaps as large as 173 meV are produced in Bernal

stacked graphene/CrF3 heterojunctions due to significant charge transfer. We offer a simple

electrostatic model that describes charge screening in graphene/CrX3 junctions using isolated

material properties.

Lastly, we identify several transition metal dichalcogenide candidates as a graphene sub-

stitute, which offer several orders of magnitude greater spin transmission. In addition, we

propose a scheme that provides transmission estimates through CrX3 (X = Br and I) channels

based on the complex band structure of bulk CrX3. This technique is not limited to the 2D

materials found in this study, rather it can be extended to incorporate a multitude of material

systems.
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Chapter 1

Introduction

1.1 2D Material Background

Unlike bulk crystals which extend in all three dimensions, two-dimensional (2D) crystals pos-

sess one nano-sized dimension, producing a free-standing layer(s) of atoms. 2D materials were

originally theorized to be thermodynamically unstable nearly ninety years ago by Peierls and

Landau [18, 19], followed by work of Mermin three decades later [20]. In 2004, however,

the first single-atom thick material known as graphene was mechanically exfoliated from its

bulk counterpart graphite using a piece of Scotch tape [21]. Soon following the discovery of

graphene, a plethora of free-standing 2D crystals were successfully isolated from bulk through

mechanical exfoliation or liquid exfoliation via a solvent [22, 23, 24, 25]. Currently, thousands

of 2D materials are theorized to be stable based on high-throughput calculations [26].

A 2D material is characterized as a single to a few atoms thick layer, in which strong

covalent bonds exist between the in-plane atoms. Moreover, 2D materials weakly interact with

neighboring layers (or nonreactive surfaces) by means of the van der Waals (vdW) forces due

to the lack of dangling bonds [27]. These 2D structures are commonly referred to as vdW

materials in literature based on their interlayer interactions. Some materials like graphene offer

unique or enhanced properties compared to conventional materials such as 10 times greater in-

plane electron mobility (13,000-15,000 cm2V−1s−1) than silicon at room temperature [28, 29]

and nearly 100 times greater tensile strength than steel [30, 31]. Due to the absence of dangling

bonds, 2D materials can be readily stacked on top of one another regardless of epitaxy, where

nonidentical (identical) stacked layers form heterostructures (homostructures). The formation
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of 2D heterostructures (vdW engineering) enables the properties of one or more materials to be

modifiable such as the band gap [32]. Alternatively, by changing the stacking order of layers via

translational or turbostratic (rotational) displacements, the electronic properties of the structure

can also be modified as seen in the case for graphene (Fig. 1.1). Lastly, the most common 2D

crystals belong to one of six main 2D material families: Xenes, nitrides, MXenes, transition

metal (di)chalcogenides, transition metal (tri)halides, and organic materials.

Figure 1.1: Electronic band structure of (a) graphene monolayer (b) turbostratic (rotated)
graphene bilayer (c) Bernal stacked graphene bilayer (d) Bernal stacked graphite.
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1.1.1 Xenes

Xenes are 2D allotropes of nonmetal or metal elements that remain stable down to the mono-

layer. The most popular Xene is semimetallic graphene (monolayer of graphite), a single atom

thick hexagonal sheet of C atoms. Graphene is the first Xene that was mechanically exfoli-

ated from its bulk counterpart through the famous “Scotch tape method” [21]. Furthermore,

graphene is also classified as a 2D Dirac material which produces a crossing of electronic

states at a single point in reciprocal space [Dirac point as seen in Fig. 1.1(a)] due to the hexag-

onal symmetry of the three sp2 orbitals [33]. Consequently, Dirac fermions with zero effective

masses reside at the Fermi energy (highest occupied energy level: E = 0), enabling the high

electron mobility in graphene [23]. In addition to graphene, many other Xenes with various

properties exist such as silicene [24, 34], germanene [35, 36], phosphorene [37], borophene

[38], stanene [39], antimonene [40], bismuthene [41], and plumbene [42].

1.1.2 Nitrides

Figure 1.2: Crystal structure of h-BN from a top view (left) and side view (right). Note that
h-BN forms a flat hexagonal sheet at one atom thick similar to graphene.

Nitrides are chemical compounds in which pnictogens (nitrogen) are combined with ele-

ments with comparable or lower electronegativity. Like carbonides, nitride materials are cate-

gorized as covalent, ionic, or interstitial compounds. One of the most popular two-dimensional

(2D) nitrides is hexagonal-BN (h-BN), a single atom thick honeycomb sheet composed of al-

ternating B and N atoms (Fig. 1.2). Predicted roughly three decades ago [43] and later chem-

ically synthesized into monolayers [22, 44], h-BN is classified as a wide band gap (∼ 5.9 eV)
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semiconductor. Similarly, flat and buckled 2D allotropes of GaN exist [45], which serve as

alternative wide band gap semiconductors. Moreover, the growth [46, 47] and chemical ex-

foliation [48] of graphitic carbon nitride (g-C3N4) was achieved, where the semiconducting

g-C3N4 monolayer is comprised of triangular domains of C and N atoms. Lastly, a new 2D

metallic nitride Si2BN is predicted to be stable [49].

1.1.3 MXenes

MXenes are 2D transition metal carbides, nitrides, or carbonitrides with the general formula

Mn+1XnTx, where M denotes a transition metal, X denotes C and/or N, Tx denotes surface ter-

minations (commonly T = O, OH, or F), and n = 1 to 4. These 2D materials are derived from

MAX bulk crystals with the formula Mn+1AXn, where A commonly denotes a group 13 or 14

element. Almost a decade ago, Titanium carbonides Ti3C2Tx were the first MXenes produced

through the exfoliation of Ti3AlC2 crystals (Fig. 1.3) via chemical etching (Al layer removal).

Depending on the chemical terminations, Ti3C2Tx layers possess metallic or semiconducting

properties [50]. Following the discoveries of 2D transition metal carbides, titanium carboni-

trides Ti3CNTx were more recently produced [51, 52, 53]. Currently, there are over thirty

MXenes that exist [54].

Figure 1.3: Crystal structure of a MAX bulk crystal Ti3AlC2 before chemical etching, where
Al atoms (red) divide potential MXenes.

4



1.1.4 Transition Metal (Di)chalcogenides

Transition metal dichalcogenides (TMDs) are comprised of three atom thick layers with the

general formula MX2, where M denotes a transition metal and X denotes a chalcogen. TMDs

exist in several polymorphs such as in the 1H / 2H / 3R (hexagonal), 1T (trigonal), or 1T’ / 1T” /

Pbca (distorted 1T) phases as shown in Fig. 1.4. Both MoS2 and NbSe2 are the first TMDs that

were mechanically exfoliated from bulk following the discovery of graphene [23]; although,

monolayer WS2 and MoS2 were achieved via intercalation-assisted exfoliation a decade or two

prior, respectively [55, 56]. Depending on the phase, MoS2 (or WS2) layers possess metallic

(1T) or semiconducting (2H) properties. More recently, alternative TMD’s have been exfoliated

or even grown using molecular beam epitaxy (MBE) such as metallic 1T-MnSe2, 1T-VS2, and

1T-VSe2, which all display ferromagnetic properties down to the monolayer [57, 58, 59, 60].

Figure 1.4: Crystal structure of four common TMD polymorphs: 1H, 1T, 1T’, and Pbca from a
side view.

1.1.5 Transition Metal (Tri)halides

Transition metal trihalides are comprised of three atom thick layers with the general formula

MX3, where M denotes a transition metal and X denotes a halide. At room temperature, tran-

sition metal trihalides adopt a monoclinic (C2/m) structure; while for low temperatures, they

adopt a rhombohedral (R3̄) structure as seen in Fig. 1.5. For over fifty years, bulk MX3 crystals

were known to exhibit magnetic properties below their respective Curie temperatures [61, 62].

The existence of magnetic order in 2D material systems, especially as inherited from their bulk

counterparts, was an open question until recent years. Early work by Mermin and Wagner based
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on an isotropic Heisenberg model with long-range order determined that at T > 0 spontaneous

magnetism and antiferromagnetism is absent in two dimensions [63, 64].

However, owing to the extension into a third dimension of most 2D materials, theoretical

analyses using first-principles calculations predicted 2D ferromagnetic semiconductors from

the exfoliation of K2CuF4 or CrXTe3 (X = Si, Ge) crystals [65, 66]. Subsequent experi-

ments in CrGeTe3 [67, 68, 69] and CrI3 [70] have recently confirmed the attainment of spin

order (ferromagnetic or antiferromagnetic) in 2D material systems via magneto-optical Kerr

effect microscopy (MOKE) at low temperatures. The first single layer ferromagnetic semi-

conductor CrI3 was mechanically exfoliated from bulk [70]. Identical to its bulk counterpart

[13], monolayer CrI3 retains a 1.2 eV band gap based on optical absorbance measurements

[70]. Following this achievement, alternative single layer ferromagnetic semiconductors such

as CrCl3 and CrBr3 were mechanically exfoliated or grown using MBE [71, 72, 73, 74]. Based

on optical absorbance and photoconductivity measurements, bulk CrCl3 and CrBr3 possess 2.3

and 2.1 eV band gaps, respectively [12]. Moreover, monolayer ferromagnetic half-metals VCl3

and VI3 are theoretically predicted to be stable [75].

Figure 1.5: Crystal structure of monolayer CrI3 from a top view (left) and side view (right).
Below its Curie temperature, monolayer CrI3 is ferromagnetic in which magnetic moments
(blue arrows) are formed via three unpaired electrons in each Cr atom.
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1.1.6 Organic Materials

Organic materials are carbon based compounds which commonly contain other light elements

such as H, N, and O. These compounds can be classified as cellulosic materials, proteina-

ceous materials, or organic polymers. One popular 2D organic material is Ni3(HITP)2 (HITP

= 2,3,6,7,10,11-hexaiminotriphenylene), an open honeycomb structure (P6/mmm constrained

symmetry) grown in 2014 via chemical bath deposition. Ni3(HITP)2 is classified as a semi-

conducting metal-organic graphene analogue (s-MOG) and is one of the most conductive (≈

40 S·cm−1) 2D organic materials at room temperature [76]. Properties of these 2D materials

under the metal-organic framework (MOF) are modified by changing either the organic func-

tional groups or simply the metal as seen with Cu3(HITP)2 [77, 78]. Additionally, an alternative

allotrope of carbon known as graphyne has been proposed, an open honeycomb structure [79];

although, semiconducting graphdiyne (graphyne with diacetylene groups) currently exists [80].

1.2 Heterostructures

As briefly mentioned prior, due to the lack of dangling bonds, vdW materials may be assembled

on top of one another to form heterostructures. These novel structures are formed by means

of mechanical assembly (via adhesive tape) or grown using chemical vapor deposition (CVD)

and MBE techniques [81]. Over the past decade, some of the most widely studied 2D materials

based heterostructures involve the stacking of graphene and h-BN layers [82, 83]. In a study

performed by Hunt et al. (2013), monolayer graphene/multilayer h-BN heterostructures were

assembled above graphite using a dry transfer technique (polymer and tape) [84]. For structures

in which graphene was well oriented with the adjacent h-BN, the formation of a small energy

gap of ∼30 meV was observed in graphene based on conductivity measurements, as illustrated

in Fig. 1.6(a). However, for structures in which graphene was misaligned (∼5 degrees) with the

adjacent h-BN [Fig. 1.6(b)], the band gap in graphene reduced to∼10 meV due to weaker inter-

layer interactions (coupling) [3]. Beyond this achievement in band gap engineering, numerous

2D material based heterojunctions and devices currently exist [81].
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Figure 1.6: Schematic of graphene/h-BN/graphite heterostructure for (a) well oriented
graphene/h-BN junctions and (b) turbostratic graphene/h-BN junctions, adapted from [3]. Note
that the Dirac point of isolated graphene is marked by gray dashed lines.

1.3 Applications

Recently, 2D materials have become a prime focus in device applications due to their diverse

properties, atomic thicknesses, and free-standing assembly. The successful implementation

of graphene in a variety of device applications has encouraged researchers to explore the in-

corporation of alternative vdW materials within 2D based devices [85]. 2D materials offer a

broad range of applications including gas sensors, filters, batteries, supercapacitors, transistors,

photodetectors, spintronics, and many more [86, 87]. Below, we describe a few applications

relevant to our research.

1.3.1 Filtration/Energy Storage Devices

Porous graphene membranes were recently demonstrated as effective desalination devices, ca-

pable of filtering nearly 100% of salt from water, rivaling conventional polymer-based mate-

rials. This feat was accomplished by etching nanosized pores within the graphene membrane

through the use of an oxygen plasma [88]. Beyond filtration, porous graphene membranes have

applications in gas sensors [86, 89] and in energy storage devices beyond standard lithium-ion

batteries, where the porous graphene sheet serves as a catalyst [90, 91].
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Figure 1.7: Schematic of symmetric oxygen-passivated graphene nanopore interacting with
alkali metal elements (or cations), where nanopores behave as docking sites.

In order to characterize porous graphene membranes, we investigated in a prior study the

interactions between various oxygen-passivated graphene nanopores and the alkali metals (Li,

Na, K, Rb, Cs) via ab initio calculations (Fig. 1.7). We find that each alkali metal binds the

strongest to graphene nanopores with openings that match the alkali metal’s van der Waals

(vdW) radius. The binding energy can also be approximated based on the energy difference

between an alkali metal’s valence s-state and the Fermi energy of the combined system. As a

result of the neighboring alkali metal donating its outermost electron to the porous graphene

sheet, the Fermi level draws closer to the localized s-state. Moreover, interactions between al-

kali metals and pristine graphene can be approximated using the Langmuir–Gurney adsorption

model, which treats the graphene layer as an infinite conducting plane. Our work is currently

published in Physical Chemistry Chemical Physics 20, 25822-25828 (see Ref. [92] for more

details). Additionally, this work was presented at Oak Ridge National Laboratory during the

2017 Center for Nanophase Materials Sciences (CNMS) User Meeting as well as an oral pre-

sentation at the 2018 American Physical Society (APS) March Meeting.

1.3.2 Field Effect Transistors

Metal–oxide–semiconductor field effect transistors (MOSFETs) are one of the most frequent

logic components found in electronic devices. The conventional MOSFET is comprised of

9



Figure 1.8: (a) Schematic of a conventional silicon based MOSFET where n-type silicon serves
as the channel material, adapted from [4]. (b) Schematic of a 2D material 1H-MoS2 based
MOSFET where monolayer MoS2 serves as the channel material, adapted from [5]. Both
p+ and p++ materials represent p-type silicon in the conventional MOSFET. Note that device
dimensions are not drawn to scale.

source and drain electrodes linked by a semiconducting channel (commonly silicon). Addi-

tionally, a top metal gate lies above the semiconducting channel, separated by a thin oxide film

[Fig. 1.8(a)]. Through the use of a top gate voltage VG, commonly in tandem with a back gate

bias VB, carrier concentrations within the channel are modified. For gate voltages above a par-

ticular threshold (“on” state), a drain-to-source voltage VDS can be used to modulate current.

One common metric used to gauge the performance of MOSFET devices is the on/off current

ratio, a comparison between the total drain current measured with a “high” applied gate voltage

versus a “low” applied gate voltage. Moreover, another measure is the subthreshold swing (SS)

which measures how readily a device can be swung from an “off” to an “on” state, where an

ideal SS value is ∼60 mV·dec−1 [93].

Due to its high in-plane electron mobility, graphene was one of the first 2D materials suc-

cessfully used as a MOSFET channel substitute roughly ten years ago. These devices utilized

bilayer graphene channels to produce on/off ratios on the order of 102 at room temperature with

the assistance of a 120 V back-gate bias, where the applied electric field opens a small band

gap in the bilayer graphene [94]. Following this achievement, single layer 1H-MoS2 based

MOSFETs were fabricated [Fig. 1.8(b)], where the intrinsic 2D semiconductor MoS2 serves as

the channel [5, 95, 96, 97]. These devices offer comparable performance to conventional bulk
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Si and GaN based MOSFETs [4, 98, 99], producing on/off current ratios on the order of ∼108

and SS values ∼70 mV·dec−1 [5]. Additionally, alternate MoS2 based MOSFETs were fabri-

cated with a 1H-MoS2 channel length below 10 nm enclosed by 1T-MoS2 metal leads [100].

Recently, dozens of 2D semiconducting materials have been proposed as MOSFET channels,

potentially offering a scheme that expands Moore’s scaling law for transistors [101].

1.3.3 Magnetic Tunnel Junctions

Figure 1.9: (a) Schematic of a conventional iron based MTJ in a antiferromagnetic (left) versus
ferromagnetic (right) state, adapted from [6]. (b) Schematic of a 2D material CrI3 based MTJ in
a antiferromagnetic (left) versus ferromagnetic (right) state, adapted from [7]. Note that device
dimensions are not drawn to scale.

Magnetic tunnel junctions are modern components found in computer storage and mem-

ory devices such as magnetoresistive random-access memory (MRAM) [102]. Similar to the

MOSFET, the conventional magnetic tunnel junction (MTJ) is comprised of magnetic source

and drain electrodes (typically Fe) separated by a thin semiconducting or insulating barrier

such as MgO [Fig. 1.9(a)]. Depending on whether the left and right electrodes are magnetized

in the same direction (ferromagnetic) or in opposite (antiferromagnetic) directions, the amount

of spin current passing (tunneling) through the barrier is modulated [103]. This modulation in

total tunneling current is caused by changes in the number of available spin states in each elec-

trode based on magnetization as demonstrated in Fig. 1.10. Like the on/off ratio performance

metric, tunneling magnetoresistance (TMR) measures the relative difference in resistivity (or

conductivity) between the ferromagnetic (magnetically aligned electrodes) and antiferromag-

netic (magnetically misaligned electrodes) MTJ. Common MTJs are found to produce TMR
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values roughly between 100-200% [6, 104, 102, 105], although low temperature devices have

achieved TMR values on the order of 103% by utilizing electrodes made of cobalt-iron alloys

[106].

Figure 1.10: Schematic illustrating the relative spin up and down states available within each
magnetic lead of a conventional MTJ in the (a) antiferromagnetic and (b) ferromagnetic state,
adapted from [6] and [8]. Note that the line width of blue (spin up) and red (spin down) arrows
represent the amount of tunneling current.

The discovery of the single layer ferromagnetic semiconductor CrI3 enabled fundamen-

tal studies on the impact of dimensionality on strongly correlated phenomena and offered a

desirable building block for 2D based spintronic devices. Recent works have successfully in-

corporated few-layer CrI3 within 2D based MTJs at low temperatures [7, 107]. These newly

fabricated graphene/CrI3 based MTJs exploit the magnetic and semiconducting properties of

CrI3, where few-layer CrI3 serves a dual role as both a magnetic switch and insulating barrier

[Fig. 1.9(b)]. Under the Curie temperature (TC =45 K) of few-layer CrI3, the magnetic mo-

ments (3 µB/Cr) in adjacent CrI3 layers oppose one another, resulting in an interlayer antifer-

romagnetic state. Through the use of a strong magnetic field (∼1 T), the magnetic moments in

adjacent CrI3 layers align, producing a ferromagnetic state [13]. These ultrathin 2D devices are

capable of producing TMR values of 95% for bilayer channels and up to 550% for tetralayer

channels [7], comparable values observed in conventional bulk junctions. Additionally, new

studies have examined CrCl3 and CrBr3 based devices, where bilayer channels using CrCl3

produce comparable results to CrI3 based junctions. Unlike CrCl3 and CrI3, the magnetic state

of few-layer CrBr3 does not change under an external magnetic field due to its ferromagnetic

ground state [108].
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1.3.4 Limitations

Regarding the application of 2D materials within MOSFETs, many of these 2D based devices

operate at significantly higher threshold voltages (∼10 volts) compared to conventional bulk

devices [109]. Although, through the use of high dielectric thin films in tandem with 2D ma-

terials, threshold biases can be reduced by roughly one magnitude [95]. In addition, carrier

mobilities in MoS2 based MOSFET channels are roughly ten times lower than in silicon [5].

Unlike standard bulk MTJ devices, current 2D based magnetic tunnel junctions require sub-

100 K temperatures and large external magnetic fields (∼1 T) to alter the magnetic order of

the channel material [7, 108]. Several theoretical studies show that various point defects such

as vacancies and substitutions can significantly alter local magnetization in monolayer CrI3,

resulting in ferromagnetic to antiferromagnetic phase transitions [110, 111, 112].

Furthermore, graphene leads found in 2D based junctions exhibit perpendicular electron

mobilities comparable to silicon and are further limited by their low carrier densities, producing

conductivity values perpendicular to their basal plane (≈ 3 S·cm−1) [113, 114, 115] roughly

105 times lower than in iron [116, 117] at room temperature. Due to the low perpendicular

conductivity in graphene, alternative 2D lead materials are desired. Several metallic TMDs

such as 2H-NbSe2 demonstrate two orders of magnitude greater perpendicular conductivity

(≈ 200 S·cm−1) than in graphene, yielding promising electrode candidates [118]. Moreover,

this is further illustrated by comparing the disproportionately low density of states (DOS) of

graphite with the DOS of 2H-NbSe2 as seen in Fig. 1.11. Apart from large operational costs

in 2D based devices, the mass production of 2D materials themselves still remains a challenge

[119, 120]. Although limitations currently exist regarding the implementation of 2D materials

in practice, 2D materials offer unique properties and unparalleled scalability due to their atomic

thicknesses [121].
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Figure 1.11: Electronic band structure of (a) graphite and its (b) corresponding density of
states (DOS). Note that the DOS of graphite vanishes at the Fermi energy (E = 0) or Dirac
point. Electronic band structure of (c) 2H-NbSe2 and its (d) corresponding DOS with the DOS
of graphite overlaid in red.
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Chapter 2

Methodology

2.1 Electronic Band Structure

Figure 2.1: Electronic band formation as a result of energy level splitting for increasing num-
bers of lithium atoms, adapted from [9]. Note that occupied levels are indicated in orange while
the unoccupied are indicated in gray, where darker colors refer to more states.

Within an isolated atom, bound electrons posses discrete energies pertaining to atomic

orbital occupation. Through the introduction of an additional atom(s) to the system, atomic

orbitals begin to interact (overlap), which causes energy level splitting due to the formation of

molecular orbitals. As the number of atoms become sufficiently large in a system, such as in

a solid crystal, the atomic states broaden or split to such an extent that energy levels within a

range appear continuous, resembling a “band” of energy [122]. The formation of electronic
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bands is illustrated in Fig. 2.1 for the case of lithium. Note that no gap is formed between

the occupied valence bands (orange) and the unoccupied conduction bands (gray) in lithium.

Materials that exhibit no band gap at the Fermi energy are referred to as metals, while materials

that do exhibit a band gap are referred to as semiconductors or insulators, if the gap is large

[123].

2.1.1 k-Space

Figure 2.2: (a) Schematic of a 2D hexagonal crystal, where lattice vectors a1 and a2 trace
two sides of the primitive unit cell (dotted lines), a periodically repeating unit. (b) Hexagonal
symmetry expressed in reciprocal space, where reciprocal lattice vectors b1 and b2 map out
an area in reciprocal space known as the (2D) Brillouin zone, adapted from [10]. The first
Brillouin zone (traced in red) features three in-plane symmetry points: Γ, M, and K.

For a perfect crystal system, a group of atoms within a volume (unit cell), defined by a

set of lattice parameters (lengths and angles), periodically repeat across the Bravais lattice of

the crystal [124]. This is shown in Fig. 2.2(a) for a 2D hexagonal crystal, where lattice vectors

a1 and a2 mark points along the Bravais lattice in which the unit cell (area within dashed line)

repeats. Due to the periodicity of the crystal, the potential and eigenfunctions of the system

may be expressed in terms of a translation vector, a sum of displacements that repeat the crys-

tal pattern, imposed by Born–von Karman boundary conditions [125]. As demonstrated in the

formalism of Bloch’s Theorem, the periodically repeating potential can be transformed using

a Fourier series expansion into reciprocal space or “k-space”, physically interpreted as crystal

momentum space [126]. Similar to position space, atomic information is contained within a
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unit cell of k-space known as the Brillouin zone (BZ) [127]. This is illustrated in Fig. 2.2(b)

for the hexagonal crystal, where the reciprocal lattice vectors b1 and b2 trace two sides of a unit

cell. Due to symmetry (periodicity), the rhombohedral cell may be expressed in terms of the

first Brillouin zone (red hexagon). A consequence of the system being represented in reciprocal

space is that eigenvalues are k-dependent, requiring k-point sampling (evaluation) within the

BZ. However, rather than trying to visualize a four-dimensional space, the k-dependent eigen-

values (or bands) are plotted by taking cuts (paths) through k-space between various symmetry

points as seen in Fig. 1.11(a) and (c).

2.1.2 Complex Band Structure

Figure 2.3: The complex band structure of ferromagnetic bulk CrI3 along the kz-direction (per-
pendicular to the basal plane) relative to the K-point for both spin majority (blue) and spin
minority (red). Note that spin majority imaginary wavevectors κ within the band gap Eg are
shorter than the spin minority wavevectors, resulting in greater spin majority transmission prob-
abilities T through CrI3 for a distance L.

Beyond the conventional electronic band structure (BS) of a crystal where electron eigen-

states are a function of the real wavevector k, the complex band structure (CBS) of the crystal

introduces an imaginary wavevector component κ [128], as seen in Fig. 2.3 for the magnetic
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semiconductor CrI3. This generalization of the band structure provides information on the dy-

namic properties of the system, notably, electron transport. These imaginary or evanescent

states govern the likelihood an electron at a fixed energy passes through one unit cell of the

crystal to the next, where the imaginary wavevector κ represents the decay constant [129]. In

the case of ferromagnetic bulk CrI3 (Fig. 2.3), imaginary wavevectors κ for spin up (blue) elec-

trons within the CrI3 band gap are shorter than the spin down (red) wavevectors perpendicular

to the K-point, resulting in lower spin up barriers compared to the spin down barriers.

2.2 Hartree-Fock Method

The Hartree-Fock (HF) method approximates the energy of an N-body electron system by

utilizing the variation principle, where a single Slater determinant of single particle orbitals

is used as the trial wavefunction for the ground state [130, 131, 132, 133, 134]. In order to

calculate the energy of the system, the HF method introduces a single particle Fock operator

F̂ (1), an element in the Fock matrix, which provides the energy of an electron occupying orbital

φi:

εi =< φi(r)|F̂ (1)|φi(r) > (2.1)

=< φi(r)|Ĥ0(1)|φi(r) > +
e2

4πε0

N∑
j=1

(2Jii −Kij) (2.2)

=< φi(r)|
−h̄2

2me

∇2 − e2

4πε0

Nα∑
α=1

Zα
|r −Rα|

|φi(r) > +
e2

4πε0

N∑
j=1

(2Jii −Kij) (2.3)

= Ts(φi) + UeN(φi) + UH(φi) + EX(φi), (2.4)

where Ĥ0(1) is the hydrogen-like operator, Jii =< φi(r)φj(r
′)| 1
|r−r′| |φi(r)φj(r

′) > are the

Coulomb integrals, and Kij =< φi(r)φj(r
′)| 1
|r−r′| |φj(r)φi(r

′) > are the exchange integrals.

Moreover, the expectation value of the core operator Ĥ0 provides the single particle kinetic

energy Ts and the Coulomb interaction energy UeN between an electron and Nα atomic nuclei.

The electron repulsion integrals (ERI), Jii and Kij , provide the electron-electron Coulomb UH

and exchange EX energies [135].
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2.3 Density Functional Theory

Density Functional Theory (DFT) originates from the semiclassical Thomas-Fermi model [136,

137], which attempts to express the energy of a many-body electronic system in terms of the

electron (probability) density n to reduce the number of degrees of freedom (spatial coordi-

nates) required in the solution:

E = Ts[n] + UeN [n] + UH [n] (2.5)

=
3h2

40me

(
3

π

)2/3 ∫
n(r)5/3d3r +

∫
n(r)V (r)d3r +

e2

2

∫ ∫
n(r)n(r′)

|r − r′|
d3rd3r′, (2.6)

where Ts is the non-interacting (single particle) kinetic energy found via statistical mechanics,

UeN is the Coulomb interaction between electrons and atomic nuclei, and UH is the classi-

cal electron-electron Coulomb interaction. The DFT framework, however, is succinctly intro-

duced through the Hohenberg–Kohn (H-K) theorems [138], which establish that the ground

state energy for an interacting many-body system may be expressed by a universal functional

of the density. By invoking the variational principle, the second H-K theorem demonstrates

that the ground state wave function coincides with a unique electron density which minimizes

the energy of the system. Moreover, the H-K theorems propose a gradient expanded den-

sity functional to account for the kinetic and exchange terms. Building upon H-K theory,

Kohn–Sham (KS) DFT [139] attempts to decouple the many-body problem by treating the

exchange-correlation energy EXC as a correctional term (effective potential):

E = Ts[n] + UeN [n] + UH [n] + EXC [n], (2.7)

where EXC [n] = (T [n] − Ts[n]) + (Uee[n] − UH [n]) in which T and Uee represent the ex-

act kinetic and electron-electron interaction energy, respectively. Similar to the Hartree-Fock

method, the ground state solution using KS DFT is an expansion of single-particle wavefunc-

tions known as Kohn-Sham orbitals, solutions for independent particles within an effective

potential.
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2.3.1 Local Density Approximation

The local-density approximation (LDA) of the exchange-correlation energy may be expressed

as an explicit functional of the electron density:

ELDA
XC [n] =

∫
n(r)εHEGXC (n(r))d3r (2.8)

=

∫
n(r)εHEGX (n(r))d3r +

∫
n(r)εHEGC (n(r))d3r (2.9)

= ELDA
X [n] + ELDA

C [n], (2.10)

where εHEGXC (n) represents the exchange-correlation energy per particle of a homogeneous elec-

tron gas (HEG), a single particle effective potential. Moreover, the exchange-correlation energy

functional is separable: EXC [n] = EX [n] + EC [n] [140]. Through Dirac’s corrections on the

Thomas-Fermi model of the HEG, an analytical expression of the LDA exchange functional

exists [141]:

ELDA
X [n] = −3

4

(
3

π

)1/3 ∫
n(r)4/3d3r. (2.11)

Unlike the exchange energy, exact analytical expressions of the correlation energy for HEG

only exist for the low and high electron density limits [142, 143]. In order to estimate the

correlation energy at intermediate densities, various studies propose interpolations of quantum

Monte Carlo (QMC) results for the HEG [144, 145, 146, 147], such as the Perdew-Wang 1992

(PW92) functional:

EPW92
C [n] = −2A(1 + α1rs) ln

(
1 +

1

2A(β1r
1/2
s + β2rs + β3r

3/2
s + β4r

p+1
s )

)
, (2.12)

where rs = (4πn(r)/3)−1/3 while β1, β2, β3, β4, and p are fit parameters [148].
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2.3.2 Generalized Gradient Approximation

The generalized gradient approximation (GGA) of the exchange-correlation energy may be

expressed as a functional of both the electron density and gradient of the density:

EGGA
XC [n] =

∫
n(r)εGGAXC (n(r),∇n(r))d3r (2.13)

=

∫
n(r)

[
εHEGXC (n(r)) +H(n(r),∇n(r))

]
d3r, (2.14)

where εGGAXC (n) is the gradient expanded single particle exchange-correlation function in which

the first-order expansion is assumed to be the exchange-correlation term for a HEG εHEGXC (n)

while the second-order expansion corresponds to a perturbative term H(n,∇n). The gradi-

ent correction H(n,∇n) helps capture inhomogeneity in the electron density, a key feature

missing in the LDA. The LDA alone commonly underestimates the exchange energy while

overestimating the correlation energy due to the assumption of uniformity [138, 149]. Similar

to the LDA, various studies propose viable gradient corrections [150, 151, 152], such as the

Perdew–Burke-Ernzerhof (PBE) functional:

EPBE
XC [n] =

∫
n(r)εHEGXC (n(r))FXC(n(r),∇n(r))d3r, (2.15)

where FXC is the enhancement factor, a non-trivial gradient expanded correction to LDA that

satisfies both the high and low density limits of the HEG [153].

2.3.3 ACBN0 Hubbard Density Functional

The Agapito-Curtarolo-Buongiorno Nardelli (ACBN0) Hubbard density functional [154] is

denoted as a pseudohybrid functional that modifies local approximations of the exchange-

correlation energy by introducing an effective Hubbard correction (DFT+U), obtained self-

consistently. The Hubbard correction introduces two parameters Ū (on site Coulomb term)

and J̄ (on site exchange term) or more simply the effective Hubbard term U = Ū – J̄ . This

Hubbard correction, in effect, represents a parameterized version of the Hartree-Fock (HF)

exchange-correlation. The ACBN0 approach attempts to solve for these Hubbard parameters
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by directly calculating the HF Coulomb and exchange terms using the resulting electron density

from local approximations of DFT and setting this HF estimate equal to the Hubbard correc-

tion. Before computing the electron repulsion integrals (ERI) found in the HF method, the

ACBN0 approach projects the electronic density onto pseudo-atomic orbitals (PAO) in order

to preserve orbital localization found in HF theory. By factoring in localization effects and

reducing the self-interaction error (SIE), the ACBN0 functional improves DFT approximations

of the electronic band structures (such as band gaps) of insulators.

2.3.4 Heyd–Scuseria–Ernzerhof Functional

The Heyd–Scuseria–Ernzerhof (HSE) exchange-correlation functional [155] belongs to a class

of hybrid functionals that attempt to correct the exchange energy from DFT by hybridizing

the Hartree-Fock exchange with local approximations of the exchange energy [156]. HSE is a

parameterized expansion of the PBE0 functional which mixes the HF exchange (or Kohn–Sham

exchange in the case of a crystal system) with the exchange-correlation energy from PBE. More

specifically, the Coulomb operator used to calculate the exchange terms is expanded into a short

and long range screened potential as shown below:

1

r
=

1− erf(ωr)
r

∣∣∣∣∣
SR

+
erf(ωr)
r

∣∣∣∣∣
LR

, (2.16)

where the decay constant ω is a parameter. Here, the short range screened Coulomb potential

is used to calculate the HF exchange energy, enabling higher electron localization and conse-

quently improved approximations for the electronic band structures, particularly, of insulating

systems. The full hybrid functional is given by the following expression:

EωPBEh
XC = αEHF

X (ω)

∣∣∣∣∣
SR

+ (1− α)EPBE
X (ω)

∣∣∣∣∣
SR

+ EPBE
X (ω)

∣∣∣∣∣
LR

+ EPBE
C (ω), (2.17)

where α is the mixing parameter [155].
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2.4 Transport

The mechanisms behind electronic transport in electronic devices, comprised of a channel ma-

terial enclosed by two metal contacts or reservoirs, are highly dependent upon the dimensions

of the scattering region. More general than the Drude-Sommerfield formulation of the free

electron model [157, 158], the semi-classical Boltzmann transport equation predicts diffusive

electron current density jz in microscopic channel devices:

jz = −e
∫

d3k

(2π)3
vz(k) [fL(E(k))− fR(E(k))] (2.18)

= −e2

∫
d3k

(2π)3
vz(k)

[
Ezvz(k)τ(E(k))

(
−∂f

FD

∂E

)]
, (2.19)

where vz is the electron drift velocity along the scattering channel while fL and fR are the

Fermi-Dirac distribution functions of the left and right reservoirs (Fig. 2.4). Through the linear

response method, the electron current density may be expressed in terms of a small perturbative

field Ez and a scattering quantity known as the relaxation time τ , the average time between

collisions an electron experiences. The relaxation time approximation offered in the Boltzmann

approach, however, begins to break down as the length of the device channel approaches several

characteristic lengths such as the de Broglie wavelength of the charge carriers, the mean free

path, or the phase relaxation length, where the last two quantities represent the average travel

distance of an electron before undergoing elastic or inelastic scattering, respectively [159].

Figure 2.4: Simplified illustration of diffusive transport through a channel with length L,
adapted from [11]. Note that the mean free path λ of electrons are smaller than the channel
length L, resulting in scattering events (yellow symbols).
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Figure 2.5: Simplified illustration of ballistic transport through a spin dependent barrier U0

produced by a thin magnetic channel of length L, adapted from [8]. Note that the mean free
path λ of electrons are comparable or larger than the channel length L.

In order to determine the current through channels where scattering processes play a neg-

ligible role in transport, the Landauer-Büttiker formalism of ballistic transport was developed

[160, 161]. Unlike diffusive transport, the Landauer-Büttiker approach treats electron conduc-

tion through the channel as a transmission or tunneling problem based on quantum scattering

theory (Fig. 2.5), which is given by the Caroli expression [162, 163]:

jz =
−e2

(2π)2h

∫
dE

∫
BZ||

d2k||
∑
i,j

ti,j(k||, E)

[
µL − µR

e

(
−∂f

FD

∂E

)]
(2.20)

= σz

[
µL − µR

e

]
, (2.21)

in which the current density is comprised of planar k||-resolved electron transmission ampli-

tudes ti,j(k||, E) between subband i in the left reservoir and subband j in the right reservoir,

where µL and µR represent the chemical potentials of the left and right reservoirs, respectively

[164, 165]. In general, the conductivity of a magnetic channel following Landauer’s formalism
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is given by:

σm =
G0

A

∑
s=↑,↓

Tms (E). (2.22)

where G0 = e2/h ≈ 38.7 µS represents the conductance quantum [166], A represents the

channel’s cross-sectional area, s represents the electron spin (majority or minority) channel,

and Tms (E) represents the average transmission probability corresponding to a spin channel (↑

or ↓) for a system in the magnetic state m. The average transmission probability can be defined

by inserting Eq. 2.22 into the definition of Ohm’s law in Eq. 2.21 [166, 167, 168]:

Tms (E) ≡ A

(2π)2

∫
dE

∫
BZ||

d2k‖
∑
i,j

ti,j,s(k||, E)
df

dE
, (2.23)

where the transmission probability is an average of the momentum-resolved transmissions over

the 2D-BZ.

2.5 Computational Details

Regarding results obtained in the forthcoming Chapters 3-5, first principles calculations (DFT)

are carried out using the Quantum Espresso software [169, 170, 171, 172], where the exchange-

correlation energy is parameterized by spin polarized generalized gradient approximation (PBE)

functionals [173] including dispersion forces (vdW-DF-C09) [174, 175, 176]. Atomic cores

are characterized via projector augmented wave (PAW) pseudopotentials [177, 178] with cutoff

energies of 50 Ry and 500 Ry regarding the Kohn-Sham wave functions and densities, respec-

tively. Note that these energy cutoffs define the number of Fourier terms (plane-waves) used in

each expansion. For magnetic 2D material systems, metal atoms in each layer are assigned a

starting magnetization. Additionally, the projected density of states (PDOS) and the electronic

band structures of various systems are computed to analyze the results. Due to the large su-

percells employed in these studies (as large as ∼300 atoms or ∼103 electrons), we perform all

calculations on the Hopper Cluster and the new Easley Cluster (two of Auburn’s supercomput-

ers). The remaining computational details are found later within each Chapter.
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Chapter 3

CrI3 Magnetic Tunnel Junction

3.1 Summary and Background

Here we describe the tunneling magnetoresistance (TMR) in graphene/CrI3/graphene heterostruc-

tures using first principles calculations within the density functional theory (DFT) and Lan-

dauer’s formalism for ballistic transport. Our results reveal that tunneling is the dominant trans-

port mechanism, reconciling atomistic descriptions to experimental observations [7]. Analysis

of the band structure of few-layer CrI3 junctions reveals that the interplay between quantum

confinement and interactions between layers is essential to defining band alignments and the

resulting tunneling barriers. As a consequence, the effective spin tunneling barriers vary with

both thickness and magnetic ordering in the CrI3 layers. The magnetoresistance values ob-

tained by employing Landauer’s formalism to various metamagnetic states in bilayer and tri-

layer junctions exhibit quantitative agreement with available experimental results [7]. We also

discuss limitations in the use of bulk CrI3 complex band structures to gauge tunneling rates

in these ultrathin junctions. The results of this work highlight the dependence of metamag-

netic tunneling barrier heights on quantum confinement and interlayer coupling, that may be

exploited in magnetic tunnel junctions. Our work is currently published in Physical Review B

101, 195439 (Ref. [1]) and received a Best Student Finalist Award Poster Presentation at Oak

Ridge National Laboratory during the 2019 CNMS User Meeting. Additionally, this work was

presented as an oral presentation at the 2019 APS March Meeting.
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In 2018, the successful fabrication of few-layer CrI3 based magnetic tunnel junctions

(MTJs) was achieved by Klein et al. (2018). Each device consisted of a graphite/N-layer

CrI3/graphite (N = 2, 3, and 4) heterojunction encapsulated by h-BN as illustrated in Fig. 3.1,

where layers were sequentially exfoliated from a SiO2/Si substrate using the stamp-based dry

transfer technique (tape) [179]. As discussed in Chapter 1.3.3, a strong external magnetic field

was applied to these junctions to suddenly switch the magnetic order (metamagnetic state) of

the few-layer CrI3 channels, altering the electrical resistivity. Tunneling magnetoresistance

(TMR) values of 95%, 300%, and 550% were measured in the bilayer, trilayer, and tetralayer

junctions, respectively. This original study characterized the change in resistivity using a

semiempirical spin filter (barrier) model based on conductance measurements. In addition, the

original study provided an electronic band structure calculation; however, the resulting Fermi

level resided just above the CrI3 conduction band edge rather than lying within the CrI3 band

gap (tunneling regime), in contrast to their spin barrier model [7].

Figure 3.1: Simplified schematic of a graphite/2-layer CrI3/graphite magnetic tunnel junction
[7]. Note that device dimensions are not drawn to scale.

Although promising experiments exist for graphene/CrI3 MTJs [7], nonetheless, a quan-

titative link between the heterostructure composition and experimental observations is still

missing. For instance, previous calculations fail to explain the observed tunneling-dominated

regime as the CrI3 majority bands cross the graphite leads’ Fermi energy [7]. Furthermore,
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spin filter models proposed to describe these experiments treat layers as independent and can-

not capture quantum confinement effects [180, 181]. Recent work using DFT calculations has

shown that 3,000% tunneling magnetoresistance can be attained in CrI3 based tunnel junctions

using Cu leads [182]. However, comprehensive studies examining the composition and mag-

netic configuration dependence of spin transport properties in these junctions are still missing.

For example, the small Fermi surface of graphene leads and quantum confinement are expected

to alter these responses. Hence, atomistic descriptions accounting for layer interactions, elec-

trodes, and external fields are required to not only understand and control the mechanisms gov-

erning spin transport in these systems [183, 184], but also to design complex heterostructures

based on 2D materials [32] exploiting the spin degree of freedom.

3.2 Crystal Structures

The systems considered here are formed by CrI3 junctions and few-layer graphene electrodes.

The magnetic tunnel junction supercells consist of up to three CrI3 layers arranged by ABC

stacking [13]. The epitaxy of these cells accommodates 1×1 CrI3 layers on
√

7×
√

7 graphene

where the in-plane lattice constant is set to that of the CrI3 (a ≈ 6.79 Å), yielding a 4% lateral

tensile strain applied to the few-layer graphene electrodes. By applying strain to the semimetal

leads, we ensure the preservation of the CrI3 band structure (see Fig. 3.7). In order to diminish

thickness dependent dispersion found in Bernal stacking [180, 185] and avoid band splitting,

graphene layers are turbostratically stacked (rotated every other layer) ABθ (θ = 21.79o) to

form few-layer graphene electrodes[186, 187, 188], as illustrated in Fig. 3.2. By effectively

decoupling the graphene layers through the use of turbostratic stacking, we find that three

graphene layers on each side of the junction suffice as the leads, which reduces computational

costs. Additionally, periodic boundary conditions are assumed in all three dimensions. The

equilibrium configurations for the graphene/CrI3 heterojunctions are obtained by holding the

in-plane lattice constant a fixed while allowing the out-of-plane lattice parameter c of the entire

supercell and all atoms to fully relax. Note that these vdW materials are not constrained by

conventional epitaxies in practice, rather, these are computational limitations.
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Figure 3.2: Schematic of the supercells: (1× 1)-CrI3/(
√

7×
√

7)-graphene leads. Solid lines in
the different cross-sections mark the unit cell of each layer.

In addition to the computational details described in Chapter 2.5, the 2D Brillouin zone

(2D-BZ) is sampled using a 6 × 6 Monkhorst-Pack mesh [189], where BZ integration is per-

formed using Methfessel-Paxton first-order spreading [190]. Quantum transport calculations

are performed using the transportPAO code [191, 192] which allows efficient sampling of the

2D-BZ by producing tight-binding models from the projection of plane-wave pseudopoten-

tial wave-functions onto atomic orbitals. For these transport calculations, a turbostratically

stacked bilayer of graphene serves as the bulk leads. The convergence thresholds of total energy

and forces for ionic minimization is set to their default values of 1.0×10−4 Ry and 1.0×10−3

Ry·a−1
0 , respectively. The convergence threshold for self-consistent calculations are set to their

default of 1.0×10−6 Ry.

The resulting interlayer distances between adjacent CrI3 layers is approximately 6.44 Å re-

gardless of the system’s magnetic configuration while graphene/CrI3 separations are around

3.54 Å, in good agreement with other studies [13, 182, 193]. For the sake of comparison,

atomic structure relaxations of CrI3 junctions enclosed by AB stacked 3 × 3 graphene leads

with large (9%) compressive strain, explored by a previous study [7], are performed as well.
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Unlike graphene/CrI3 systems with moderate tensile strain that exhibit flat and pristine crys-

talline interfaces, systems with large compressive strain applied to the graphene leads produce

significant buckling in the graphene layers with standard deviations of 0.3 Å as seen in Fig. 3.3.

Figure 3.3: (a) Schematic of bilayer CrI3 junction between
√

7 ×
√

7 turbostratic stacked
graphene leads. All layers appear flat with standard deviations – indicated in parenthesis –
of 3×10−3 Å and up to 5×10−3 Å for CrI3 and graphene layers, respectively (similar results
for
√

7 ×
√

7 AB stacked graphene leads). (b) Schematic of bilayer CrI3 junction between
3×3 AB stacked graphene leads. The CrI3 layers appear flat but the graphene layers display
buckling with standard deviations around 0.3 Å.

3.3 Band Structures of Isolated Few-Layer CrI3

First, the electronic band structures of isolated monolayer, bilayer, and trilayer CrI3 in several

non-equivalent metamagnetic configurations for multilayer structures are analyzed. Note that

a bilayer of CrI3 provides a parallel ↑↑ (spins in both layers are aligned) and an antiparallel ↑↓

(spins in each layer oppose each other) magnetic state while the trilayer structure provides a

parallel ↑↑↑ and two antiparallel (↑↑↓ and ↑↓↑) magnetic states. The supercell of each structure

includes at least 15 Å of perpendicular vacuum space relative to the CrI3 plane in order to miti-

gate the effects of periodic boundary conditions. In order to visualize each layer’s contribution

to the overall electronic structure, atomic projections for each CrI3 layer are superimposed on
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Figure 3.4: (a) Electronic band structure of an isolated monolayer of CrI3. (b) Electronic band
structure of an isolated bilayer of CrI3 for ↑↑ (top) and ↑↓ (bottom) metamagnetic configura-
tions. (c) Electronic band structure of an isolated trilayer of CrI3 for ↑↑↑ (top), ↑↑↓ (middle),
and ↑↓↑ (bottom) metamagnetic configurations. Decomposition based on projections onto lo-
calized atomic orbitals on each of the layers for both spin majority (blue) and minority (red)
are plotted (left to right).
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the band structures for both spin majority (blue) and minority (red) as seen in Fig. 3.4. This

is achieved by projecting the Bloch states (eigenfunctions) ψn′(k) onto pseudo-atomic orbitals

φαnlm, which produces momentum-resolved projections:

|cαn′nlm(k)|2 = | < ψn′(k) | φαnlm > |2 (3.1)

where α denotes the species, n′ denotes the band index while n, l, and m represent the orbital

quantum numbers [194, 195]. The size of the projection markers in Fig. 3.4 are scaled based

on the summation of all atomic projections constituting each CrI3 layer for every k-point along

the paths of symmetry. Based on these band decompositions, the electronic states from one

CrI3 layer to the next are nearly identical in ferromagnetic (FM) systems. For systems with

antiparallel configurations, the spin majority and minority states switch sites from one mag-

netic layer to an opposing magnetic layer. Consistent with experiments [13, 196], monolayer

and antiparallel (↑↓ and ↑↓↑) few-layer CrI3 band gaps are roughly 1.2 eV. Regarding the al-

ternative magnetic configurations (↑↑, ↑↑↑, and ↑↑↓), band gaps appear dependent upon the

metamagnetic state. FM trilayer CrI3 produces a band gap roughly 0.2 eV smaller than the

monolayer and roughly 0.1 eV smaller than the FM bilayer system. Consistent with prior DFT

studies [197, 198, 199] yet contrary to experimental observations, we find that the ↑↑↑ (↑↑)

configuration is 34 meV (18 meV) lower than the ↑↓↑ (↑↓) state for trilayer (bilayer) structures

[7, 200].

3.4 Band Structures of Graphene/CrI3 Heterostructures

Similarly, the electronic band structures of few layer CrI3 based MTJ’s in several metamagnetic

configurations are computed and decomposed onto atomic orbitals localized on different mag-

netic layers and colored according to their spin population (blue, majority; red, minority). In

this study, we primarily focus on turbostratic (rotational) stacking of semimetal graphene leads

as opposed to highly oriented AB stacking. Regardless of graphene stacking (turbostratic or

AB) in the
√

7 ×
√

7 leads, single layer CrI3 within graphene/CrI3 heterojunctions produces
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nearly identical band gaps to that of the isolated case as seen in Figs. 3.5 and 3.4(a), respec-

tively. Furthermore, the graphene Dirac point (DP), easily identifiable at the supercell’s K-

point for this epitaxy, resides within the CrI3 band gap. Unlike the turbostratically stacked

leads which preserve the linear dispersion of graphene by limiting interlayer interactions, AB

stacked electrodes produce parabolic band dispersion which is dependent upon lead thickness

as seen in Fig. 3.5(b) [180, 185].

Figure 3.5: (a) Electronic band structure of monolayer CrI3 between (a)
√

7×
√

7 turbostratic
and (b) AB stacked graphene leads where atomic projections for both spin majority (blue) and
minority (red) are plotted.

The bilayer CrI3 MTJ with
√

7 ×
√

7 graphene leads produces similar band alignments

to the monolayer case as seen in Fig. 3.6(a). However, bilayer MTJs display metamagnetic

dependent CrI3 band gaps similar to the isolated bilayer case, where the band gaps differ by

roughly 0.1 eV between antiparallel and parallel configurations. By introducing highly com-

pressed 3×3 AB stacked graphene leads, used in a prior study [7], the Dirac point of graphene

lies at the conduction band edge of CrI3 [Fig. 3.6(b)]. These band alignments are contrary to

experimental observations that exhibit electron tunneling due to Schottky contacts [7], cases

where the graphene Dirac point resides below the conduction band edge of CrI3. To further

investigate the effects of strain on a graphene/CrI3 junction, compressive strain is applied to the
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Figure 3.6: (a) Electronic band structure of bilayer CrI3 between
√

7×
√

7 turbostratic graphene
leads for ↑↑ (left) and ↑↓ (right) metamagnetic configurations. (b) Electronic band structure of
bilayer CrI3 between 3×3 AB stacked graphene leads for ↑↑ (left) and ↑↓ (right) metamagnetic
configurations. Atomic projections for both spin majority (blue) and minority (red) are plotted
for each layer.

CrI3 layer itself rather than the graphene electrode material. The compression of the CrI3 layer

produces distortions in the CrI3 band structure and a small reduction of the band gap (Fig. 3.7).
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As shown in a prior study [201], reduction in the CrI3 band gap due to compressive strain is

caused by small downward energy shifts in Cr d-states and hybridization of the I p-states.

Figure 3.7: Electronic band structure of monolayer CrI3/monolayer
√

7×
√

7 graphene with (a)
total tensile strain on graphene (a = 6.79 Å for the supercell) and with (b) total compressive
strain on CrI3 (a = 6.51 Å for the supercell). In these band structures, the spin majority
(minority) are represented in blue (red).

Similar to the monolayer and bilayer junctions, results for the 2D band structures of tri-

layer CrI3 MTJs with different metamagnetic states (Fig. 3.8) indicate that tunneling is the

governing transport mechanism in the magnetic junctions. In all cases, the Fermi level (E = 0),

located at the tip of the Dirac cone, lies between the CrI3 conduction and valence bands. The

few-layer CrI3 band gaps (Fig. 3.8) are comparable to both experimental and DFT+U values

[202, 203, 200, 196]. Moreover, bulk CrI3 electronic dispersion and graphene/CrI3 band align-

ments attained using a pseudohybrid Hubbard density functional (ACBN0) are similar to those

of DFT alone [Fig. 3.9(b)-(e)] [154]. Yet other approaches beyond DFT [Fig. 3.9(a)] predict

larger gaps [193, 204] that may impact the resulting transmissions probabilities and related

quantities (TMR and polarization) in these systems. We also point out that the parallel metam-

agnetic configurations appear to be more stable than the antiparallel ones. For instance, the ↑↑↑

(↑↑) system is 23 meV (12 meV) lower than ↑↓↑ (↑↓) counterpart for trilayer (bilayer) systems.
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Despite being consistent with previous works within DFT [197, 198, 199], experimental mea-

surements found that the antiferromagnetic state is the most stable in few-layer CrI3 [7, 200],

which remains an open question.

Figure 3.8: Band diagrams and corresponding band structures in trilayer graphene/trilayer
CrI3/trilayer graphene junctions for various metamagnetic states: (a) ↑↑↑ state; (b) ↑↑↓ state;
and (c) ↑↓↑ state. In each subpanel, Bloch states are projected onto localized atomic orbitals
of different CrI3 layers in the MTJ, allowing the band alignments to be identified for the spin
majority (blue) and minority (red) populations. In all cases, graphene electrodes preserve the
linear dispersion of the monolayer (no gap) and the Fermi level resides within the band gap of
CrI3, demonstrating that tunneling transport is the dominant mechanism.

While the coupling between layers does not form gap states at the graphene/CrI3 interface,

it is sufficient to alter field-modulated transport. We exemplify this using the trilayer CrI3 case

(Fig. 3.8) that offers three different metamagnetic states (↑↑↑, ↑↑↓ and ↑↓↑) which yield more

diverse tunneling resistances than configurations in the bilayer junctions (↑↑ and ↑↓). In the

case of the parallel trilayer configuration (↑↑↑), the obtained band gap for the spin majority

(minority) is approximately 0.05 eV (0.02 eV) smaller than the parallel bilayer configuration

and 0.17 eV (0.07 eV) smaller than the monolayer. Similar to other layered systems [181, 205],

we find that band gaps depend on thickness although not as strongly as in transition metal

dichalcogenides.
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Figure 3.9: (a) Band structure of the monolayer graphene/monolayer CrI3 HSE calculation
(α = 0.25). For comparison, the HSE results of the full bilayer CrI3/graphene junction in
the ↑↑ metamagnetic state (circles) is also plotted. (b) Band structure of bilayer CrI3/graphene
junction in the ↑↑ state using ACBN0 (UCr

eff = 0.9 eV, U I
eff = 1.7 eV, UC

eff = 3.0 eV) and (c) in
the ↑↓ state using ACBN0 (UCr

eff = 0.6 eV, U I
eff = 1.6 eV, UC

eff = 3.0 eV). (d) Band structure
of bilayer CrI3/graphene junction in the ↑↑ state using PBE and (e) in the ↑↓ state using PBE
for both spin majority (blue) and minority (red).

Notwithstanding the weak thickness dependence, external magnetic fields allow for the

modulation of band alignments, as depicted in Fig. 3.8. For large magnetic fields, interlayer

coupling is strengthened when the magnetization of all CrI3 layers is parallel, forming smaller

band gaps (tunneling barriers) than in cases where the magnetization of adjacent layers is oppo-

site. As magnetic fields diminish and one of the layers flips its magnetization, band gaps exhibit

an increase, which varies depending on the metamagnetic state. For instance, the conduction

band edge of the CrI3 spin majority population in the ↑↑↓ configuration is sensibly closer to

the Fermi level than in the ↑↓↑ case as a result of the stronger magnetic coupling between the
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first two layers [199]. Interlayer coupling, albeit weak, precludes junctions with the same to-

tal magnetization (|M | = 6µB per layer) yet different magnetic ordering from being treated

as equivalent spin barriers, as illustrated by schematics found in Fig. 3.8. Consequently, the

effects of non-equivalent spin barriers is later manifested in transport calculations.

3.5 Ballistic Transport

In order to characterize quantum transport in these junctions, the conductance is computed

from the transmission probability of states in the few-layer graphene leads through the scatter-

ing region containing the 2D magnetic junction. A priori, transport across junctions is ballistic

and occurs mainly via tunneling [206] as thermionic-field emission [207, 208] appears to be

negligible. Due to experimental conditions corresponding to the spin transport measurements

(T ∼ 4 K and high-quality junctions), contributions from phonons or spin-flip mechanisms are

omitted. In this context, zero-bias conductance per unit area (which accounts for the present

metal electrodes) is computed from the transmission probability following Landauer’s formal-

ism [166, 167, 168] defined in Eq. 2.22 whereG0/A ≈ 97 S/µm2. The transmission probability

Tms (E) corresponding to a spin channel s (↑ or ↓) for the system in a metamagnetic state m is

calculated according to Eq. 2.23. Note that thermionic emission of either electrons or holes as

well as tunneling or hopping mechanisms are implicit in Eq. 2.23.

Tunneling current in these systems is a combination of available states in the electrodes

and their tunneling probability. In Fig. 3.10, we plot the spin and momentum resolved trans-

mission probability tms (k‖, E) found in Eq. 2.23 for the trilayer CrI3 in metamagnetic states

(↑↑↑, ↑↑↓, and ↑↓↑) that produce distinct tunneling currents. It is important to note that due to

the peculiar dispersion of graphene, contributions to transport around the Fermi energy origi-

nate in a small portion of reciprocal space near the K-point, requiring high k-point sampling.

These transport calculations are then sampled using a fine k‖-grid (120×120) [191, 192]. In all

cases, this low density of states in the electrodes unpropitiously yields low conductance values.

Net transmissions increase as the energy moves away from the Dirac point due to the expanded

circular Fermi contour of the graphene electrodes. These enhancements are asymmetric be-

cause the CrI3 conduction bands reside closer to the Fermi level than the valence bands. As
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a result, net transmissions significantly increase at higher energies, consistent with recent ex-

periments that employ dual-gated graphene/CrI3 devices which augment carrier concentrations

within the graphene electrodes [203, 107, 209]. We note that the absence of threefold rotation

near the K-point is likely due to spatially dependent interactions at the graphene/CrI3 interfaces

[210, 211, 212].

Figure 3.10: Spin and momentum-resolved transmission profiles [tms (k‖, E)] near the supercell
K-point for trilayer CrI3 between graphene leads for several metamagnetic states: (a) ↑↑↑; (b)
↑↑↓; and (c) ↑↓↑. In each set of plots, the top (bottom) row corresponds to the spin majority
(minority) channel and columns (from left to right) correspond to energies E = -0.4, -0.2, 0.0,
0.2 and 0.4 eV. The dashed line denotes a corner of the hexagonal Brillouin zone. Logarithmic
scale is provided on top.
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At fixed energies, transmission profiles show a strong dependence on the metamagnetic

state m, even if they have the same total magnetization. The ↑↑↑ case shows the strongest

(weakest) transmission for the spin majority (minority). As one of the layers flips its magne-

tization, the transmissions of spin populations change differently depending on the location of

the layer with opposite magnetization. The ↑↑↓-configuration exhibits a larger transmission

than the ↑↓↑ case due to smaller spin majority barriers (band gaps) produced in the first two

layers through the enhanced coupling between the adjacent layers [Fig. 3.8(b)].

Figure 3.11: Transmission probabilities (left) and the spin polarization in the current (right) for
(a) monolayer CrI3, (b) bilayer CrI3 in the ↑↑ metamagnetic configuration, and (c) bilayer CrI3

in the ↑↓ metamagnetic configuration between
√

7 ×
√

7 turbostratic graphene leads for spin
majority (blue) and minority (red).

Next, the net transmissions Tms through CrI3 MTJs as a function of the electron energy for

non-equivalent metamagnetic configurations m are produced. We apply Fermi-Dirac smooth-

ing to all transmission curves with a broadening term of kBT = 0.01 eV. For monolayer and

bilayer junctions, transmissions for both spin up (blue) and down (red) channels exhibit a dip

near the Fermi level. This reduction, due to the vanishing DOS in graphene [213], is overcome

when carrier energies move toward the CrI3 band edges. Due to the inequivalent spin barriers

present in the monolayer or parallel bilayer MTJ, spin minority tunneling current is signifi-

cantly lower than the spin majority current for energies within the CrI3 band gap. Contrarily,
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comparable spin minority and majority currents are seen in the antiparallel bilayer MTJ, where

charge carriers encounter similar spin barriers [Fig. 3.11].

For a given metamagnetic state m, we also compute the spin polarization of the tunneling

current as:

Pm =
Tm↑ − Tm↓
Tm↑ + Tm↓

. (3.2)

A high spin polarization is attained for the the monolayer (P↑ ≈ 0.79) and parallel bilayer

configuration (P↑↑ ≈ 0.92) while a near zero spin polarization is attained for the antiparallel

bilayer MTJ (P↑↓ ∼ 0) at the Fermi level as seen in Fig. 3.11. Note that systems which demon-

strate high spin polarization in the tunneling current behave as efficient spin filters [184]. Due

to asymmetry between the graphene/CrI3 interfaces on both sides of the antiparallel bilayer

junction, nonzero polarization is observed close to the CrI3 band edges [Fig. 3.11(c)].

Figure 3.12: Transport analysis of trilayer CrI3 tunneling junctions in different metamagnetic
states: (a) ↑↑↑, (b) ↑↑↓, and (c) ↑↓↑. For each case, we plot (from left to right) the transmission
Tms (E) in logarithmic scale; the polarization of the tunneling current; and the bulk CrI3 CBS
along the tunneling direction for both spin majority (blue) and minority (red) carriers.

The net transmissions Tms through trilayer CrI3 junctions for the three metamagnetic con-

figurations m are produced in Fig. 3.12. Like the monolayer and bilayer cases, the parallel

trilayer junction produces the highest spin polarization in the tunneling current. Consistent

with the profiles in Fig. 3.10, the difference between the spin majority and minority tunnel-

ing probabilities shrinks when more adjacent layers have opposite magnetization. Near the
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Fermi level and within the band gap, the strong polarization of the spin current through the

parallel configuration ↑↑↑ (P↑↑↑ ≈ 0.94) diminishes as one of the layers flips its magnetization

(P↑↑↓ ≈ 0.73 and P↑↓↑ ≈ 0.35). We note that spin current in these last two configurations

remains polarized due to the odd number of CrI3 layers.

3.6 Complex Band Structures

In MTJ’s, the energy dependent decay rates of evanescent wave functions can be estimated

from the junction’s complex band structure (CBS) [183, 184]. For the different magnetic con-

figurations of the trilayer case, we compute the bulk CrI3 CBS along the Γ-A, M-L, and K-H

directions, all perpendicular to the 2D plane (imaginary and real). In order to compute the CBS

of the antiparallel (↑↓↑) configuration, we use a six layer supercell (↑↓↑↓↑↓) to avoid unin-

tended stacking (↑↓↑↑↓↑) due to the periodic boundary conditions. Note that band alignments

in the bulk CBS are set to reflect those obtained in graphene/CrI3 junctions (Fig. 3.13). For all

metamagnetic configurations and symmetry points, we notice that the slowest decaying evanes-

cent states for spin majority and minority populations exhibit weak energy dependence near the

middle of the band gap and substantial dependence close to the band edges. Furthermore, spin

majority evanescent states in ferromagnetic (↑↑↑) CrI3 decay slower than the spin minority

states within the gap along the M-L and K-H directions due to their shorter (less negative)

decay constants κ, enabling greater spin majority tunneling.

We find that trilayer MTJ net transmission curves as shown in Fig. 3.12 deviate from the

bulk CrI3 CBS along the K-H direction. Due to the (
√

7×
√

7)-graphene/(1× 1)-CrI3 epitaxy

found in the trilayer junctions, graphene states reside about the K-point. Although spin majority

transmissions seen for the junction (↑↑↑ configuration) resemble the slowest decaying spin

majority evanescent states in bulk CrI3 in the ↑↑↑ configuration, spin minority transmissions are

fairly different to those of the spin minority within the band gap while exceptionally different

near the band edges (Fig. 3.12). The use of the CBS to estimate decay rates for few-layer

CrI3 channels poses important limitations which we attribute to size effects as well as coupling

to the electrodes [214] in these ultrathin junctions. For instance, the CBS of the antiparallel

configuration should a priori yield a tunneling current with no spin polarization. However,
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Figure 3.13: Complex band structures for bulk ABC stacked CrI3 in (a) ↑↑↑, (b) ↑↑↓, and
(c) ↑↓↑ metamagnetic configurations for spin majority (blue) and minority (red). Different
subpanels correspond to different symmetry points perpendicular to the basal plane of CrI3 (left
to right): Γ-A, M-L and K-H. The unit cell used for the ↑↓↑ state contains 6 layers (↑↓↑↓↑↓).
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Figure 3.14: Spin-dependent complex band structure of (a) ABC stacked CrI3, (b) ABC
stacked CrI3 using GGA+U (UCr

eff > 6 eV), and (c) AB stacked CrI3 at symmetry points of
hexagonal lattices: Γ, M and K, where blue (red) lines correspond to the spin majority (minor-
ity) for the parallel metamagnetic states (↑↑↑ and ↑↑).
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when the system has an odd number of layers in the antiparallel configuration, the CrI3 net

magnetization is nonzero and, in return, a spin-polorized current is produced [Fig. 3.12(c)].

Although our electronic band structure calculations appear to be in agreement with ex-

periments [13, 196], local approximations within DFT commonly underestimate band gaps

[138, 149]. In order to address this, we compute bulk CrI3 CBS derived from a GGA+U ap-

proach which yields comparable complex wave-vectors to conventional PBE near the junction’s

Fermi level [Fig. 3.14(b)], suggesting minor corrections to our results. By artificially expanding

the CrI3 band gap by applying a substantial effective Hubbard term to the Cr atoms, we demon-

strate that evanescent states close to the majority conduction band edge are largely preserved,

regardless of the formation of larger majority and minority band gaps in CrI3.

Lastly, in order to investigate the effects of quantum confinement (size effects) on the

evanescent states of bilayer systems, we examine the CBS of bulk CrI3 with the alternative

AB stacking order. The supercell of bulk CrI3 with AB stacking is comprised of two CrI3

layers. Based on the results of AB stacked CrI3 as seen in Fig. 3.14(c), we find deviations

between the CBS of bulk CrI3 with alternate stacking orders. Complex wave-vectors relative

to the K-point differ significantly in conventional ABC stacked CrI3 compared to AB stacked

structures, where an even greater disparity exists between spin majority and minority complex

wave-vectors close to the band edges. As a result, spin majority transmission in AB stacked

CrI3 are expected to be greater about the K-point compared to standard ABC stacked CrI3.

3.7 Tunneling Magnetoresistance

The tunneling magnetoresistance (TMR) for an arbitrary metamagnetic state m is defined:

TMRm =
σm − σAP

σAP
(3.3)

=
(Tm↑ + Tm↓ )− (TAP↑ + TAP↓ )

TAP↑ + TAP↓
, (3.4)

where the antiparallel (AP) configurations correspond to the ↑↓ and ↑↓↑ states for the bilayer

and trilayer cases, respectively. Magnetoresistances based on the parallel configurations de-

termined in this study (TMR↑↑ ≈ 170% and TMR↑↑↑ ≈ 350%) are in good agreement with
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experiments (TMR↑↑ ≈ 95% and TMR↑↑↑ ≈ 300%) [7]. A difference in tunneling magne-

toresistance (TMR↑↑↓ ≈ 70%) is evident between the two antiparallel states with the same net

magnetization, ↑↑↓ and ↑↓↑ (Fig. 3.15), which we associate to the increase in conductance ob-

served experimentally at intermediate fields (TMR↑↑↓ ∼ 50%) [7]. Thereby, these variations

in effective spin barriers may provide a method to probe the dynamics of metamagnetic con-

figurations in the system during the switching process via external fields. The TMR increase

for energies above the Fermi level is due to an enhanced transmission of Bloch states near the

conduction band edge of CrI3. This phenomenon allows for the modulations of the TMR by a

few orders of magnitude as recently demonstrated in dual-gated TMJ’s [203, 107, 209]. Over-

all, weak layer-layer coupling plays a crucial role regarding electron transport prediction and

intermediate state identification in these 2D layer channels.

Figure 3.15: Tunneling magnetoresistances [Eq. 3.4] for graphene/CrI3 MTJs as a function of
energy for both trilayer (TMR↑↑↑ and TMR↑↑↓) and bilayer (TMR↑↑) systems.

In order to estimate the TMR of tunnel junctions in different metamagnetic states regard-

less of epitaxy, the CBS may be employed, provided that the band alignments between junction

and electrodes are known. To produce these estimates, we approximate the transmission for a
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channel of length L in the metamagnetic state m as:

T̃ms (E) =
A

(2π)2

∫
2D−BZ

d2k‖
∑
i

e−2κmi,s(k‖,E)L, (3.5)

where κmi,s(k‖, E) are the imaginary components of the complex bands i at energy E, where

all transmission contributions are averaged over the full 2D Brillouin zone. In Fig. 3.16 we

compare the TMR for ABC stacked CrI3 obtained using Eq. 3.5 to the actual values obtained

from Landauer’s formalism for the graphene/trilayer CrI3 heterojunction. We note that we

obtain comparable estimates for the TMR↑↑↑ near the conduction band edge by sampling the

full BZ of the complex band structure; however, we observe departures in energy ranges close

to the valence band (Fig. 3.16). This suggests that these TMR values may persist for other

epitaxies with similar band alignments.

Figure 3.16: A comparison between the TMR↑↑↑ in the trilayer CrI3 junction obtained from the
ballistic transmission (solid lines) versus estimates derived from the bulk CBS (dashed line).
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Chapter 4

Graphene/CrX3 Heterojunctions

4.1 Summary and Background

In this chapter, we probe the electronic properties of turbostratically stacked N-layer (N = 1,

2, 3) graphene/CrX3 (X = F, Cl, Br, I) heterojunctions via first principles calculations within

DFT+U, where pseudohybrid Hubbard density functionals are utilized to improve band esti-

mates over conventional DFT. We find that graphene (Gr)/CrX3 systems with lighter halides

promote greater charge transfer from graphene sheets. As the number of graphene layers in-

crease, CrX3 band gaps slightly shrink while charge screening is observed in the neighboring

graphene layers. Furthermore, an increase in graphene layers switches Gr/CrX3 Ohmic het-

erojunctions into Schottky contacts, where no external field or strain is required. In regards to

Gr/CrF3 junctions, charge transfer to the CrF3 layer induces band splitting. Moreover, Bernal

stacked Gr/CrF3 junctions display graphene band gaps of 173 meV and 104 meV in bilayer and

trilayer graphene systems, respectively. A portion of this work was uploaded as a presentation

at the 2020 APS March Meeting due to its cancellation over the COVID-19 pandemic.

Apart from investigating exotic magnetic tunnel junction materials [215, 216], recent the-

oretical studies have explored alternative metal interfaces [182, 217] or 2D material inser-

tion (vdW engineering) [218, 219] in metal/CrX3 (X = Br, I) heterojunctions to modify de-

vice properties such as tunneling magnetoresistance (TMR). Although a number of theoretical

studies exist that attempt to characterize graphene (Gr)/CrX3 (X = Cl, Br, I) heterojunctions

[220, 193, 221, 222, 223, 1, 224, 225], a comprehensive overview of few-layer Gr/CrX3 (X

= F, Cl, Br, I) junctions is still missing. Namely, band alignments in N-layer (N = 1, 2, 3)
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Gr/CrX3 structures are yet to be fully explored. Although band alignments in multilayer metal-

semiconductor heterojunctions are commonly approximated based on monolayer/monolayer

junctions, this strategy overlooks thickness dependent effects due to quantum confinement.

4.2 Crystal Structures

Figure 4.1: Top and side schematic of the
√

13×
√

13-Gr/
√

3×
√

3-CrF3 supercell. Solid lines
in the different cross-sections mark the unit cell of each layer.

The epitaxy for each Gr/CrX3 heterostructure is selected based on minimizing the strain

imposed by lattice mismatches between graphene and CrX3. In order to ensure commensurate

Gr/CrX3 supercells and preserve CrX3 band structures, low amounts of strain (<2%) are per-

mitted in the graphene layers (Table 4.1). For few-layer Gr/CrX3 junctions, graphene layers are

turbostratically stacked [186, 188, 187] to avoid band splitting and reduce thickness dependent

dispersion seen in Bernal stacked graphene [180, 185]. Due to out-of-plane periodic boundary

conditions, heterojunctions include at least 15 Å vacuum space. Moreover, equilibrium con-

figurations are reached via atomic relaxation, while the in-plane CrX3 lattice constant a is held

fixed.

In addition to the computational details described in Chapter 2.5, the 2D-BZ in the two

smallest heterojunction supercells are sampled using a 12×12 Monkhorst-Pack mesh [189]

while the two largest cells are sampled using a 6×6 mesh (see Table 4.1), where BZ integration

is performed using the tetrahedron method [226, 227]. The effective Hubbard terms in DFT+U
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calculations are determined self-consistently by utilizing the ACBN0 pseudohybrid Hubbard

density functional [154]. The convergence thresholds of total energy and forces for ionic mini-

mization is set to their default values of 1.0×10−4 Ry and 1.0×10−3 Ry·a−1
0 , respectively. The

convergence threshold for self-consistent calculations are set to 1.0×10−8 Ry. All electronic

band structures are plotted using the PAOFLOW utility [228].

Table 4.1: CrX3 (X = F, Cl, Br, I) PBE (experimental) lattice constants a, effective CrX3 unit
cells (UCs) in Gr/CrX3 epitaxies, effective Gr unit cells in Gr/CrX3 epitaxies, and vdW gaps
dvdW (≈ RC

vdW + RX
vdW) between graphene and CrX3.

Gr/CrX3 a (Å) [229, 71, 74, 13] CrX3 UCs Gr UCs dvdW (Å) [230]
CrF3 5.11 (4.99) 3 13 2.98 (2.93-3.17)
CrCl3 5.91 (5.94) 7 39 3.27 (3.28-3.45)
CrBr3 6.26 (6.30) 3 19 3.39 (3.40-3.55)
CrI3 6.79 (6.87) 4 31 3.52 (3.57-3.68)

Below their respective critical temperatures Tc, CrX3 layers adopt the R3̄ hexagonal struc-

ture. In Table 4.1, we provide the calculated CrX3 lattice parameters a, in good agreement with

experimental bulk values [229, 71, 74, 13]. By introducing graphene to monolayer CrX3, the

two layers in the resulting 1L-Gr/CrX3 junction appear flat with a vdW gap roughly equal to

the sum of vdW radii for C and the respective halide X (Table 4.1), demonstrating largely vdW

interlayer interactions as opposed to chemical bonding [193, 224].

4.3 Graphene/CrX3 Junctions

We present the resulting electronic BS and projected density of states (PDOS) side-by-side

of each 1L-Gr/CrX3 junction in Fig. 4.2 using the PBE functional and in Fig. 4.3 using the

pseudohybrid ACBN0 functional. Compared to their respective isolated CrX3 monolayers, the

majority spin CrX3 conduction bands, which are composed of mainly Cr d-states and halide

p-states [196], appear largely preserved in all 1L-Gr/CrX3 structures. The CrX3 DFT (PBE)

band gaps are negligibly affected after the introduction of a graphene layer. Through the imple-

mentation of ACBN0 corrections, the presence of graphene on monolayer CrX3 causes both the

minority and majority CrX3 band gaps to slightly shrink, apart from the majority gap of CrI3

which largely remains unperturbed (Fig. 4.3). Similarly observed in Gr/MoS2 junctions [231],
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Figure 4.2: Electronic band structure and PDOS of (a) 1L-Gr/CrF3, (b) 1L-Gr/CrCl3, (c) 1L-
Gr/CrBr3, and (d) 1L-Gr/CrI3 under the PBE approximation. Both the spin majority (blue; left)
and minority (red; right) are plotted (bands; PDOS). Note that the PDOS of each system is
normalized by the respective CrX3 supercell area.

Figure 4.3: Electronic band structure and PDOS of (a) 1L-Gr/CrF3, (b) 1L-Gr/CrCl3, (c) 1L-
Gr/CrBr3, and (d) 1L-Gr/CrI3 under the ACBN0 description. Both the spin majority (blue; left)
and minority (red; right) are plotted (bands; PDOS). Note that the PDOS of each system is
normalized by the respective CrX3 supercell area.

semimetal graphene charge screening reduces the semiconductor bandgap through induced en-

ergy level shifts. Moreover, the majority conduction band edge (CBE) of all CrX3 reside at the

Fermi level while the DP of graphene in these 1L-Gr/CrX3 junctions lie above the CBE due to
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charge transfer. Band alignments attained via the ACBN0 method display significantly greater

p-doping of the graphene states compared to PBE results, where ACBN0 alignments for CrI3

are in good agreement with prior GGA+U and HSE calculations [193].

All 1L-Gr/CrX3 junctions are found to exhibit partial charge transfer from graphene, in

which charge accumulates not only at the CrX3 layer but extends within the Gr/CrX3 vdW

gap as illustrated in previous studies of 1L-Gr/CrX3 (X = Cl, Br, I) junctions [193, 221, 223,

224, 225]. Additionally, inhomogeneous layers of charge form at graphene surfaces, leading

to the formation of interface dependent dipoles between the two charged sheets [222, 223].

Consequently, the formation of out-of-plane dipoles produce small upward shifts in the CrX3

CBE and valence band edge (VBE) relative to vacuum [232, 233]. Through the use of a strong

external electric field [223] or large out-of-plane compressive strain [193, 221], past theoreti-

cal studies have demonstrated band modification in 1L-Gr/CrX3 (X = Br, I) junctions, where

these Ohmic systems are switched to Schottky contacts. Although band manipulation using the

aforementioned extensive electrical and mechanical techniques offers phenomenal responses

and insight, these processes are not viable in conventional devices.

4.4 Multilayer-Graphene/CrX3 Junctions

In order to quantify the effects due to lead thickness, bilayer (2L-Gr) and trilayer (3L-Gr)

graphene contacts are analyzed in addition to a full 4L-Gr/2L-CrF3/4L-Gr MTJ. Like the 1L-

Gr/CrX3 junctions, the majority CBE of CrX3 reside near the Fermi energy within 2L-Gr/CrX3

and 3L-Gr/CrX3 (X = F, Cl, Br) heterostructures, except the majority CBE of CrI3 which lies

above the Fermi level (Fig. 4.5 and 4.6). Based on ACBN0 descriptions, both the minority and

majority CrX3 band gaps continue to moderately shrink as the number of graphene layers in-

crease, excluding the majority gap of CrI3 which remains consistent [Fig. 4.4(c)-(d)]. Similarly

demonstrated in single-layer MoS2 [234], the CrX3 electronic states are fairly susceptible to the

electrostatic environment as a result of quantum confinement [235]. In all multilayer Gr/CrX3

systems, graphene layers display charge screening, where the DP of outermost graphene layers

lie the lowest in energy (Fig. 4.5 and 4.6). Unlike the outer two graphene layers in 3L-Gr/CrX3
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junctions, the graphene layer adjacent to the halides appears to behave as a buffer layer, where

the DP of the adjacent graphene layer resides at significantly higher energies (Fig. 4.5 and 4.6).

Figure 4.4: Electronic band gaps of (a) PBE majority states, (b) PBE minority states, (c)
ACBN0 majority states, and (d) ACBN0 minority states.

For multilayer Gr/CrI3 structures, the CrI3 majority CBE no longer lies at the Fermi level

as the graphene DP falls within the CrI3 band gap as shown in Figs. 4.5(d) and 4.6(d). Unlike

the lighter halide systems, CrI3 holds an electron affinity (EA) comparable to the work func-

tion (WF) of graphene [193]. Through the addition of graphene layers, the Gr/CrI3 junction

readily switches from an Ohmic contact to a Schottky contact, which would account for elec-

tron tunneling observed in Gr/CrI3 based MTJ experiments [236, 237, 203, 209]. Moreover, a

Schottky contact in 1L-Gr/CrI3 junctions may be reached by applying (∼4%) tensile strain to

the graphene layer as demonstrated in our previous study [1]. Similar to the Gr/CrI3 systems,

the alternative multilayer Gr/CrX3 (X = F, Cl, Br) junctions begin to transition into Schottky

contacts [Fig. 4.5(a)-(c) and Fig. 4.6(a)-(c)]. For the 4L-Gr/2L-CrF3/4L-Gr MTJ (Fig. 4.7), a

Schottky barrier is formed between semi-bulk graphene and the CrF3 channel. Here we demon-

strate that Gr/CrX3 Schottky contacts can be achieved through graphene WF engineering as

opposed to the employment of strong external forces.
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Figure 4.5: Electronic band structure of (a) NL-Gr/CrF3, (b) NL-Gr/CrCl3, (c) NL-Gr/CrBr3,
and (d) NL-Gr/CrI3 under the PBE approximation for N = 1, 2, and 3 (left to right). Both spin
majority (blue) and minority (red) are plotted.
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Figure 4.6: Electronic band structure of (a) NL-Gr/CrF3, (b) NL-Gr/CrCl3, (c) NL-Gr/CrBr3,
and (d) NL-Gr/CrI3 under ACBN0 descriptions for N = 1, 2, and 3 (left to right). Both spin
majority (blue) and minority (red) are plotted.
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Figure 4.7: Electronic band structure of (a) 1L-Gr/CrF3, (b) 2L-Gr/CrF3, (c) 3L-Gr/CrF3, (d)
4L-Gr/2L-CrF3/4L-Gr, (e) AB-Gr/CrF3, and (f) ABA-Gr/CrF3 under ACBN0 descriptions.
Both spin majority (blue) and minority (red) are plotted.

In terms of doping, lighter halide systems promote the greatest charge transfer from graphene

due in part to their larger electron affinities, based on PBE and ACBN0 approximations found

in Table 4.2. We observe graphene p-doping as high as∼1013 e/cm2 in Gr/CrF3 heterojunctions

[Fig. 4.6(a)]. Due to the sizable charge transfer in Gr/CrF3 systems under the ACBN0 method,

significant valence and conduction band splitting as large as 116 meV is observed in the 1L-

Gr/CrF3 junction as shown in Fig. 4.7(a). This electronic configuration is a product of Hubbard

and crystal field splitting induced by conduction band occupation, where the degeneracy of

Cr dzx and dzy states are broken above the CBE (Fig. 4.8) [238]. Moreover, band splitting in

the 1L-Gr/CrF3 structure is augmented via the Stark effect due to the presence of out-of-plane

dipoles. As the number of graphene layers grow in multilayer Gr/CrF3 junctions, CrF3 band

splitting is successively suppressed [Fig. 4.7(a)-(c)] due to diminishing charge transfer. For the

alternative Gr/CrX3 (X = Cl, Br, I) systems, negligible band splitting is observed.
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Figure 4.8: Electronic band structure of 1L-Gr/CrF3 with superimposed Cr dzx (blue) and dzy
(green) projections.

In addition to turbostratically stacked graphene contacts, we explore Bernal stacked (AB

and ABA)-Gr/CrF3 heterojunctions as seen in Fig. 4.7(e)-(f). Besides the thickness dependent

dispersion of graphene, both AB-Gr/CrF3 and ABA-Gr/CrF3 junctions generate sizable band

gaps of 173 meV and 104 meV in the few-layer graphene, respectively. Previous studies have

demonstrated graphene band gap formation in Gr/CrI3 junctions via strong external electric

fields [223] or in-plane strain [225]; however, Bernal stacked Gr/CrF3 heterojunctions require

no external force to induce graphene band gaps. Instead, graphene band openings within AB-

Gr/CrF3 and ABA-Gr/CrF3 junctions stem from large charge screening in the graphene layers

due to substantial charge transfer to the CrF3 layer.

Table 4.2: CrX3 (X = F, Cl, Br, I) PBE (ACBN0) electron affinities EEA, graphene PBE
(ACBN0) WF in Gr/CrX3 epitaxies, monolayer CrX3 PBE (ACBN0) band gaps, and exper-
imental bulk CrX3 band gaps [12, 13]. Note that electron affinities are calculated based on
energy differences between the CBE of CrX3 and vacuum levels.

Gr/CrX3 EEA (eV) Gr WF (eV) Eg (eV) Bulk Exp. Eg (eV)
CrF3 6.93 (7.82) 4.33 (5.04) 1.98 (3.96) -
CrCl3 4.88 (6.42) 4.51 (5.20) 1.78 (2.49) 2.3
CrBr3 4.72 (6.05) 4.45 (5.15) 1.54 (2.06) 2.1
CrI3 4.55 (5.69) 4.28 (5.00) 1.21 (1.26) 1.2
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4.5 Band Alignment Estimation

Figure 4.9: Electrostatic band alignment model between CrX3 (leftmost) and three layers of
graphene, where V12, V23, and V34 represent voltage drops from one layer to the next.

Foreknowledge of heterojunction band alignments are crucial in the development of novel

devices. In order to approximate the band alignments in the Gr/CrX3 heterojunctions we apply

an electrostatic based model, which treats the graphene and CrX3 layers similar to capacitors in

series [239] as seen in Fig. 4.9. Using the chemical potential equalization principle, the band

offsets ∆E of layer i and the successive layer i+ 1 may be described through the following:

(eφi + ∆Ei)− (eφi+1 + ∆Ei+1) +
e2Li,i+1

κi,i+1ε0

i∑
j=1

∆Nj = 0 (4.1)

where φ represents the work function of each layer while the last expression describes the volt-

age drop across layers, in which L represents the interlayer distance, κ represents the dielectric

constant, and ∆N represents the charge on the layer. Note that Eq. 4.1 provides a system of
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NL− 1 equations where NL defines the total number of layers in the junction. Furthermore, an

additional equation may be defined based on the conservation of charge:

NL∑
j=1

∆Nj = 0 (4.2)

where the total charge for all layers must equal zero. Lastly, the charge transfer from each sheet

can be approximated at low temperatures:

∆Nj ∼
∫ ∆Ej

EF=0

gj(E)dE (4.3)

where g(E) represents the density of states of an isolated layer. For small energy shifts ∆E,

the DOS of graphene is characterized by its linear dispersion:

gGr(E) ≈ 2

πh̄2v2
F

|E| (4.4)

where vF ∼ 106 m/s denotes the Fermi velocity of graphene [240]. The charge transfer from

the CrX3 layer may be expressed as a polynomial expansion:

∆NCrX3(E) =
∞∑
m=1

CmE
m (4.5)

where the coefficients Cm are fitting parameters of the integrated DOS (IDOS). We find that a

simple linear fit (NCrX3(E) ≈ C1E) as seen in Fig. 4.10(b) provides consistent results to higher

degree approximations in the Gr/CrX3 systems, where energy shifts occur mainly in graphene

due to its disproportionately low DOS compared to the conduction band states of CrX3. More-

over, we find that generalizing the definitions above to take into account temperature produces

negligible changes in energy shifts for temperatures under the critical temperatures of CrX3.

Band alignments in all Gr/CrX3 heterojunctions are calculated by solving for the band off-

sets ∆E in Eq. 4.1 using work functions φ of isolated layers derived from PBE and ACBN0

methods (Table 4.2). For graphene, the work function is defined as the energy difference be-

tween the Fermi energy and the vacuum level, while the work function of monolayer CrX3 is
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Figure 4.10: (a) Monolayer CrX3 DOS close to the conduction band edge. (b) Integrated DOS
(IDOS) of monolayer CrX3 relative to the Fermi level.

defined as the energy difference between its midgap energy and the vacuum level. Note that

the vacuum energy in each system is calculated based on the planar average of the electro-

static potential. The resulting band alignment predictions are plotted below PBE and ACBN0

results shown in Figs. 4.11 and 4.12, respectively. By treating layers in Gr/CrX3 junctions as

capacitors in series, the band alignment model helps capture overall charge screening trends

in the graphene layers. For the Gr/CrF3 heterojunctions, the band alignment model produces

comparable results to that of PBE or ACBN0 methods. Model prediction begins to break down

for systems with heavier halides due to substantial decreases in charge transfer. One of several

assumptions made in the band alignment model is that charged layers within a junction behave

as uniformly charged planes. This approximation fails in systems characterized predominantly

by interface (spatially) dependent dipole interactions, key descriptions captured via ab initio

calculations.
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Figure 4.11: Band alignments between graphene Dirac point(s) and CrX3 CBE determined via
(c) PBE results or (d) electrostatic model for NL-Gr/CrX3 junctions (N = 1, 2, 3).

Figure 4.12: Band alignments between graphene Dirac point(s) and CrX3 CBE determined via
(c) ACBN0 results or (d) electrostatic model for NL-Gr/CrX3 junctions (N = 1, 2, 3).
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Chapter 5

Transition Metal Dichalcogenide/CrX3 Heterojunctions

5.1 Summary and Background

Regarding the material contained in this chapter, we are the first to probe tunneling magnetore-

sistance (TMR) in MSe2/CrX3 (M = Nb and Ta; X = Cl and I) and 2H-TaS2/CrI3 based mag-

netic tunnel junctions (MTJs) using first principles calculations within the DFT and Landauer’s

formalism for ballistic transport. Close to the Fermi level, 2H-MSe2/2L-CrI3 (M = Nb and

Ta) junctions produce roughly 103 times greater transmission than in graphene/2L-CrI3 MTJs.

Moreover, we produce average transmission estimates through ideal N-layer (N = 2, 3, and 4)

CrX3 (X = Br and I) junctions using the complex wavevectors from bulk. Based on complex

band structure (CBS) transmission estimates, we discover two promising electrode candidates

(1T-TaSe2 and 2H-TaS2) for CrI3 based junctions, enabling TMR values on the order of 102%

or greater in bilayer and tetralayer systems. Additionally, analysis of layer resolved projected

density of states (PDOS) of 2H-MSe2/CrX3 (M = Nb and Ta; X = Cl and I) junctions reveals the

formation of metal-induced gap states (MIGS) in CrX3 caused by interlayer coupling, which

significantly alters transmissions through these devices at energies above the Fermi level. This

work was presented as an oral presentation at the 2021 APS March Meeting.

Recent MTJ experiments based on graphene/N-layer CrX3 (N = 2, 6, 8, 10, and 12; X

= Cl, Br, and I) heterostructures have demonstrated TMR values ranging between 50-200%

for bilayer junctions and upwards of 106% in multilayer CrI3 channels below 2 K. Although

colossal TMR is achievable in these devices, graphene leads in concert with the CrX3 channel

yield low current densities of ∼0.1 mA·cm−2 at near-zero bias and ∼100 mA·cm−2 at high
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bias [108]. In a recent theoretical study, the use of Cu leads has been proposed [182], which

estimates nearly 100% spin majority transmission in Copper/bilayer-Cr3 junctions with TMR

values on the order of 103%. Due to their vast properties and atomic thicknesses, transition

metal dichalcogenides (TMDs) such as magnetic 1T-VX2 (X = Se and Te) and 2H-MoS2 have

also been proposed by theoretical studies as lead or channel materials in 2D based MTJs capable

of TMR on the order of 102% [241, 242, 243]. Apart from controlling the magnetic order of 1T-

VSe2 in theoretical 1T-VSe2/CrI3 junctions, exfoliation of 1T-VSe2 flakes remains a challenge

since 1T-VSe2 is highly unstable in air [244]. Current experimental work on the incorporation

of TMD layers is limited to their use as channel materials, producing low TMR values on the

order of 0.1% to 10% [245, 246, 247, 248, 249].

5.2 Crystal Structures

The systems considered here are formed by CrX3 (X = Cl and I) channels and few-layer TMD

electrodes, where the thickest tunnel junctions consist of four CrI3 layers arranged by ABC

stacking. The epitaxy of these cells accommodates (1 × 1)-CrI3 layers on (2 × 2)-MSe2 (M =

Nb and Ta) or (1× 1)-CrCl3 on (
√

3×
√

3)-MSe2 (M = Nb and Ta), where the in-plane lattice

constant is set to that of the CrX3 (see Table 4.1), yielding roughly 1% (3%) or less lateral

strain applied to the few-layer MSe2 (2H-TaS2) electrodes. Three TMD layers on each side of

the junction serve as the leads for the heterostructure, as illustrated in Fig. 5.1. Additionally,

periodic boundary conditions are assumed in all three dimensions. The equilibrium configura-

tions for all TMD/CrX3 heterojunctions are obtained by holding the in-plane lattice constant a

fixed while allowing the out-of-plane lattice parameter c of the entire supercell and all atoms to

fully relax.

In addition to the computational details described in Chapter 2.5, the 2D-BZ is sampled us-

ing a 12×12 Monkhorst-Pack mesh [190], where BZ integration is performed using Methfessel-

Paxton first-order spreading [190]. Similar to Chapter 3, quantum transport calculations are

performed using the transportPAO code[191, 192], where two (one) TMD layers in the 2H (1T)

phase serve as the bulk leads. The convergence thresholds of total energy and forces for ionic
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minimization is set to their default values of 1.0×10−4 Ry and 1.0×10−3 Ry·a−1
0 , respectively.

The convergence threshold for self-consistent calculations are set to 1.0×10−8 Ry.

Figure 5.1: Schematic of a (2 × 2)-MSe2/(1 × 1)-CrI3 magnetic tunnel junction, where solid
lines mark the supercell of the structure.

We calculate the average interlayer distances between adjacent CrX3 (TMD) layers within

TMD/2L-CrX3 heterojunctions. Note that interlayer distances are computed as the difference

between average in-plane heights of Cr (or M = Nb and Ta) atoms with the average in-plane

heights of metal atoms in the adjacent layer. As seen in Table 5.1 for bilayer MTJs, the resulting

interlayer distances dCrI3
CrI3 between adjacent bilayer CrI3 layers between MSe2 or 1T-TaS2 leads

are nearly identical to those found in Gr/2L-CrI3 junctions. The interlayer distances dCrCl3
CrCl3

between adjacent bilayer CrCl3 layers within 2H-MSe2 (M = Nb and Ta) leads are close to

0.8 Å smaller than distances between CrI3 layers due to the smaller vdW radius of chlorine

[230]. Furthermore, the average interlayer distances dTMD
TMD between adjacent MSe2 (M = Nb

and Ta) or 1T-TaS2 layers are comparable to experimental bulk values [14, 15, 16, 17]. Lastly,

average interlayer distances dTMD
CrI3 between CrI3 and 2H-NbSe2 are roughly 0.1 Å smaller than

distances between CrI3 and TaSe2 layers.
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Table 5.1: Number of CrX3 unit cells (UCs) in TMD/CrX3 epitaxies, number of TMD unit
cells in TMD/CrX3 epitaxies, interlayer distances between adjacent CrX3 layers dCrX3

CrX3
, average

interlayer distances via PBE+vdW results (experimental bulk value [14, 15, 16, 17]) between
adjacent TMD layers dTMD

TMD, and average interlayer distances between CrX3 and TMD layers
dCrX3

TMD . All interlayer distances are calculated based on bilayer CrX3 junctions.
CrX3 TMD CrX3 UCs TMD UCs dCrX3

CrX3
(Å) dTMD

TMD (Å) dCrX3
TMD (Å)

CrI3 2H-NbSe2 1 4 6.35 6.15 (6.27) 6.55
CrI3 2H-TaSe2 1 4 6.47 6.21 (6.35) 6.67
CrI3 1T-TaSe2 1 4 6.39 6.19 (6.27) 6.66
CrI3 2H-TaS2 1 4 6.43 5.85 (6.05) 6.44

CrCl3 2H-NbSe2 1 3 5.67 6.16 (6.27) 6.35
CrCl3 2H-TaSe2 1 3 5.60 6.24 (6.35) 6.32

5.3 2H-MSe2/2L-CrX3 Electronic Structures

First, the electronic band structures of (2 × 2)-bulk 2H-NbSe2 and 2H-TaSe2 which serve as

MTJ electrodes, are analyzed as shown in Fig. 5.2 (left). We find that 2H-NbSe2 and 2H-TaSe2

are both metallic and do not display spin polarization (i.e., spin majority and minority states

overlap one another), as similarly found in prior studies [250, 251, 252, 253, 254]. Furthermore,

bulk 2H-NbSe2 and 2H-TaSe2 produce similar band structures in which flat bands just above

the Fermi energy are visible at the Γ-point. These flat (heavy) bands correspond to small spikes

in the DOS at those energy levels as seen in Fig. 5.2 (right). In addition, bulk 2H-NbSe2 and

2H-TaSe2 offer comparable DOS close to the Fermi level, drastically larger than the vanishing

states (red) of graphene based leads. As a result, significantly higher current is expected to be

produced in TMD/CrX3 heterojunctions compared to Gr/CrX3 based devices.

In Fig. 5.3 (left), we present the 2D electronic band structures of the 2H-NbSe2/2L-CrI3

MTJ in the (a) ↑↑ and (b) ↑↓ metamagnetic configurations for both spin majority (blue) and

minority (red) states. For both junction configurations, the Fermi level resides within the CrI3

band gap (tunneling regime). Moreover, the CrI3 conduction bands are visible in each case

above 0.7 eV. As similarly observed in the Gr/2L-CrI3 junction, the conduction band edge

(CBE) of CrI3 in the antiparallel heterojuntion [Fig. 5.3(b)] lies roughly 0.1 eV higher in energy

than in the parallel configuration. Furthermore, the 2D band structures of the 2H-NbSe2/2L-

CrI3 MTJ in the (a) ↑↑ and (b) ↑↓ metamagnetic configurations are plotted in Fig. 5.4 (left).

Like the 2H-NbSe2/2L-CrI3 MTJ, the resulting Fermi level falls within the CrI3 band gap for
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2H-NbSe2/2L-CrI3 heterojunctions, where the CBE of CrI3 in the antiparallel configuration lies

∼0.1 eV higher in energy compared to the parallel configuration.

Figure 5.2: (a) Electronic band structure of (2 × 2)-bulk 2H-NbSe2 (left) for spin majority
(blue) and the total density of states (right). (b) Electronic band structure of (2 × 2)-bulk 2H-
TaSe2 (left) for spin majority (blue) and the total density of states (right). The density of states
(DOS) of turbostratic graphene (red) is plotted alongside each TMD (black), where the DOS is
normalized based on the area of each unit cell containing two layers.
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Figure 5.3: Electronic band structures (left) and layer resolved PDOS (right) of the 2H-
NbSe2/CrI3 MTJ in the (a) parallel ↑↑ and (b) antiparallel ↑↓ configurations. Both spin majority
(blue; left) and minority (red; right) states are plotted in band structures and the PDOS. Note
that the PDOS are normalized based on the area of the junction.
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Figure 5.4: Electronic band structures (left) and layer resolved PDOS (right) of the 2H-
TaSe2/CrI3 MTJ in the (a) parallel ↑↑ and (b) antiparallel ↑↓ configurations. Both spin majority
(blue; left) and minority (red; right) states are plotted in band structures and the PDOS. Note
that the PDOS are normalized based on the area of the junction.
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To visualize the resulting band alignments produced in MSe2/2L-CrI3 (M = Nb and Ta)

magnetic tunnel junctions, layer resolved PDOS are computed using the PAOFLOW utility

[228], presented on the right-hand side of Fig. 5.3 and Fig. 5.4. As described in Chapter 3.3,

this is achieved by summing projections onto pseudo-atomic orbitals for elements residing in

layers 3, 4, 5, and 6 at MSe2/2L-CrI3 interfaces, where the sum of all projections (black), the

sum of metal d-states (magenta), and the sum of chalcogen or halogen p-states (green) are

plotted for each layer. In 2H-MSe2/2L-CrI3 heterojunctions, the Fermi energies reside∼0.3 eV

above the valence band edge (VBE) of CrI3 for systems in either the ↑↑ or ↑↓ metamagnetic

state (Fig. 5.3 and Fig. 5.4). As similarly observed in Gr/2L-CrI3 based MTJs, CrI3 band gaps

within the parallel (↑↑) configuration are roughly 0.1 eV smaller than in the antiparallel (↑↓)

configuration for 2H-MSe2/2L-CrI3 MTJs due to stronger magnetic coupling.

Figure 5.5: A zoomed in view of MIGS present in CrX3 (Layer 5) induced at (a) 2H-
NbSe2/CrI3, (b) 2H-TaSe2/CrI3, (c) 2H-NbSe2/CrCl3, and (d) 2H-TaSe2/CrCl3 interfaces for
parallel MTJ configurations. Note that the PDOS are normalized based on the area of the
junction.

As demonstrated in the layer resolved PDOS of the 2H-NbSe2/2L-CrI3 heterojunction

(Fig. 5.3), weak interlayer coupling exist between the 2H-NbSe2 and CrI3 layers close to the
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2H-NbSe2/CrI3 interfaces. The overlapping of states between the metal and the adjacent semi-

conductor results in the formation of metal-induced gap states (MIGS) at the 2H-NbSe2/2L-

CrI3 interface [255], a feature also observed in metal/2H-MoS2 interfaces with vdW separa-

tions [256, 257]. Gap states in 2H-NbSe2/2L-CrI3 junctions visibly extend from the bottom of

the VBE of CrI3 and beyond the Fermi level as seen in Fig. 5.5(a). These low density MIGS

are comprised of mainly I p-states followed by Cr d-states. Moreover, enhancements in the

DOS of NbSe2 layers are visible between 0.2-0.3 eV due to heavy bands that pass through the

Γ-point (Fig. 5.3). Additionally, spatial asymmetry between the left and right 2H-NbSe2/CrI3

interfaces, due to stacking orders, produces differing interfacial interactions on each side of

the CrI3 channel. Like 2H-NbSe2/CrI3 junctions, the formation of low density MIGS at 2H-

TaSe2/CrI3 interfaces exist but to a lesser extent. Gap states in 2H-TaSe2/2L-CrI3 junctions

visibly extend roughly 0.3 eV above the VBE of CrI3 before tapering [Fig. 5.5(b)]. Similar to

2H-NbSe2/2L-CrI3 junctions, enhancements in the DOS of TaSe2 layers are visible between

0.3-0.4 eV due to heavy bands that pass through the Γ-point (Fig. 5.4).

Additionally, we present in Fig. 5.6 and Fig. 5.7 the 2D electronic band structures and

layer resolved PDOS of 2H-MSe2/2L-CrCl3 MTJs (M = Nb and Ta) in the (a) ↑↑ and (b)

↑↓ metamagnetic configurations for both spin majority (blue; left) and minority (red; right)

states. Note that (
√

3 ×
√

3)-MSe2 (M = Nb and Ta) leads are used in 2H-MSe2/2L-CrCl3

junctions to mitigate the effects of strain. We find that the Fermi energies in 2H-NbSe2/2L-

CrCl3 heterojunctions reside nearly 1.0 eV above the VBE of CrCl3 (Fig. 5.6) while the Fermi

energies in 2H-TaSe2/2L-CrCl3 junctions reside closer to 1.1 eV above the VBE (Fig. 5.7).

The CrCl3 conduction bands are visible 0.7 eV above the Fermi level in all cases. Similar to

the bilayer CrI3 based junctions, 2H-NbSe2 and TaSe2 leads display coupling with the CrCl3

channels, albeit fairly weaker [Fig. 5.5(c)-(d)].
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Figure 5.6: Electronic band structures (left) and layer resolved PDOS (right) of the 2H-
NbSe2/CrCl3 MTJ in the (a) parallel ↑↑ and (b) antiparallel ↑↓ configurations. Both spin ma-
jority (blue; left) and minority (red; right) states are plotted in band structures and the PDOS.
Note that the PDOS are normalized based on the area of the junction.
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Figure 5.7: Electronic band structures (left) and layer resolved PDOS (right) of the 2H-
TaSe2/CrCl3 MTJ in the (a) parallel ↑↑ and (b) antiparallel ↑↓ configurations. Both spin ma-
jority (blue; left) and minority (red; right) states are plotted in band structures and the PDOS.
Note that the PDOS are normalized based on the area of the junction.
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5.4 Transport in 2H-MSe2/CrX3 Junctions

In Fig. 5.8, we initially examine the available k‖-resolved transmission channels (modes) in

bulk (2× 2)-NbSe2 and 2H-TaSe2 to gauge ideal transmissions. Contrary to the small contours

offered by graphene around the K-point, both 2H-NbSe2 and 2H-TaSe2 leads produce states

that occupy a vast majority of the hexagonal BZ near the Fermi energy. At the Fermi level,

both TMD leads offer the largest transmission about the Γ-point (roughly three modes on av-

erage). For increasing energies, available momentum-resolved transmission channels begin to

vanish near the K-points followed by diminishes near the M-points for both TMD leads. These

vanishing modes consequently produce drops in average transmission as a function of energy.

Figure 5.8: Momentum-resolved subband transmissions (modes) across the full hexagonal Bril-
louin zone (outlined in black) for bulk (a) 2H-NbSe2 and (b) 2H-TaSe2. In each set of plots, the
columns (from left to right) correspond to energies E = -0.4, -0.2, 0.0, 0.2 and 0.4 eV. Note
that a (2× 2)-MSe2 cell is used to match the unit cell of CrI3.

In order to characterize quantum transport in 2H-MSe2/2L-CrX3 junctions, the conduc-

tance is computed from the transmission probability of states in the few-layer 2H-MSe2 leads

through the CrX3 scattering region. As discussed prior in Chapter 3.5, the tunneling current in

these systems is a combination of available states in the electrodes and their respective tunnel-

ing probabilities. Moreover, the conductance per unit area is computed from the transmission
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Figure 5.9: Spin and momentum-resolved transmission profiles [tms (k‖, E)] across the full
hexagonal Brillouin zone (outlined in black) for 2H-NbSe2/2L-CrI3 MTJs in the (a) parallel
(↑↑) and (b) antiparallel (↑↓) configurations. In each set of plots, the top (bottom) row corre-
sponds to the spin majority (minority) channel and columns (from left to right) correspond to
energies E = -0.4, -0.2, 0.0, 0.2 and 0.4 eV. A logarithmic scale is provided on top.

probability defined in Eq. 2.22 where G0/A ≈ 97 S/µm2. The transmission probability Tms (E)

corresponding to a spin channel (s =↑ or ↓) for the system in a metamagnetic state m is cal-

culated according to Eq. 2.23, where all transmissions are standardized based on the unit cell

area of CrI3 over the unit cell area of the heterojunction (ACrI3/AMTJ ).

In Fig. 5.9, we plot the spin and momentum-resolved transmission probabilities tms (k‖, E)

found in Eq. 2.23 for 2H-NbSe2/2L-CrI3 junctions in the ↑↑ and ↑↓ metamagnetic states. Note

that these transport calculations are sampled using a 36×36 k‖-grid [191, 192]. For increasing
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Figure 5.10: Spin and momentum-resolved transmission profiles [tms (k‖, E)] across the full
hexagonal Brillouin zone (outlined in black) for 2H-TaSe2/2L-CrI3 MTJs in the (a) parallel (↑↑)
and (b) antiparallel (↑↓) configurations. In each set of plots, the top (bottom) row corresponds
to the spin majority (minority) channel and columns (from left to right) correspond to energies
E = -0.4, -0.2, 0.0, 0.2 and 0.4 eV. A logarithmic scale is provided on top.

energies, momentum-resolved transmissions in 2H-NbSe2/2L-CrI3 junctions begin to dimin-

ish near the K-points followed by the M-points, a consequence of the vanishing modes in the

bulk electrodes (Fig. 5.8). Due to the coupling between the TMD leads and the CrI3 chan-

nel, large transmission values encompass the Γ-point at energies close to 0.2 eV, where heavy

NbSe2 bands cross (Fig. 5.3). As seen in several energy slices plotted in Fig. 5.9(a), spin

minority transmissions in the parallel junction prevail over the spin majority transmissions at

or surrounding the Γ-point. As previously demonstrated in the CBS of ferromagnetic CrI3 in

Chapter 3.6 Fig. 3.14 (or upcoming Fig. 5.13), larger spin majority barriers exist along the Γ-A
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(perpendicular) direction compared to the spin minority. For the antiparallel (↑↓) configuration

[Fig. 5.9(b)], spin minority and majority transmissions are nearly identical; although, small

deviations exist due to asymmetric interfaces.

Again, we plot the spin and momentum-resolved transmission probabilities tms (k‖, E) for

2H-TaSe2/2L-CrI3 junctions, found in Fig. 5.10. Although the momentum resolved transmis-

sions resemble those in 2H-NbSe2/2L-CrI3 heterojunctions, spin minority and majority trans-

missions in 2H-TaSe2/2L-CrI3 junctions are significantly lower near the Fermi energy. For

2H-TaSe2/2L-CrI3 junctions in either the ↑↑ or ↑↓ metamagnetic configuration, significant in-

crease in spin transmissions at the Γ-point are observed at higher energies (0.3-0.4 eV) due to

heavy TaSe2 bands. Similarly found in 2H-NbSe2/2L-CrI3 junctions, spin minority and major-

ity transmissions are nearly identical in antiparallel 2H-TaSe2/2L-CrI3 junctions [Fig. 5.10(b)].

Figure 5.11: Transmission probabilities through (a) 2H-NbSe2/2L-CrI3, (b) 2H-TaSe2/2L-CrI3,
(c) 2H-NbSe2/2L-CrCl3, and (d) 2H-TaSe2/2L-CrCl3 based MTJs in the parallel ↑↑ (blue;
red) and antiparallel ↑↓ (black) configurations, where all transmissions are normalized by
ACrI3/AMTJ. The corresponding bulk 2H-MSe2 transmission is marked by a dotted line. Both
the valence (Ev) and conductance (Ec) band edges of CrX3 are denoted.
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Next, the net spin transmissions Tms (E) through bilayer CrI3 MTJs as a function of the

electron energy for parallel and antiparallel configurations are produced in Fig. 5.11 using

Eq. 2.23, where the CrX3 band edges are marked for convenience. We plot both spin up (blue)

and down (red) channels for junctions in the ↑↑ configuration, while we average spin channels

(black) for the ↑↓ configuration due to minor differences between spin transmissions. Addi-

tionally, we apply Fermi-Dirac smoothing to all transmission curves with a broadening term of

kBT = 0.01 eV.

Regarding 2H-MSe2/2L-CrI3 (M = Nb and Ta) junctions in the ↑↑ or ↑↓-state [Fig. 5.11(a)-

(b)], net transmissions drop beyond the VBE of CrI3 and into the gap. Apart from transmission

drops due the semiconducting barrier, spin transmissions exhibit an overall downward trend for

increasing energy due to the vanishing modes in the electrodes. As seen by the dotted lines

in Fig. 5.11(a)-(b), spin transmissions in bulk 2H-NbSe2 and 2H-TaSe2 electrodes slowly di-

minish over energy. Moreover, spikes in spin majority (blue) transmissions occur just above

the CrI3 CBE in parallel (↑↑) junctions, while minority (red) transmissions prevail throughout

most of the gap. For energies just above the Fermi level (∼0.2 eV), spin transmissions dramat-

ically increase in 2H-NbSe2/2L-CrI3 heterojunctions [Fig. 5.11(a)]. Contrarily, spin transmis-

sions dramatically dip in 2H-TaSe2/2L-CrI3 junctions for energies just above the Fermi level

[Fig. 5.11(b)]. As mentioned prior, the increase in spin transmissions just above the Fermi en-

ergy in 2H-NbSe2/2L-CrI3 junctions is due to coupling between the leads and channel, which

results in MIGS. Just above the Fermi level in 2H-TaSe2/2L-CrI3 junctions, a dip in available

transmission modes in the TaSe2 electrode itself [dotted line in Fig. 5.11(b)] is further accentu-

ated by the CrI3 barrier, producing large drops in spin transmissions.

For the 2H-MSe2/2L-CrCl3 junctions [Fig. 5.11(c)-(d)], spin transmissions significantly

drop beyond the VBE of CrCl3 and into the gap. As demonstrated in the 2H-NbSe2/2L-CrI3

system, the 2H-NbSe2/2L-CrCl3 junction in the ↑↑ or ↑↓-state exhibits spikes in spin transmis-

sions just above (∼0.2 eV) the Fermi energy due the presence of MIGS [Fig. 5.11(c)]. Likewise,

2H-TaSe2/2L-CrCl3 junctions display dips in spin transmission above the Fermi level caused

by vanishing modes in the electrode [Fig. 5.11(d)]. The disparity between spin majority (blue)
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and minority (red) transmission in parallel (↑↑) 2H-MSe2/2L-CrX3 junctions increases by sub-

stituting bilayer CrI3 with bilayer CrCl3 channels. Furthermore, 2H-MSe2/2L-CrI3 junctions

are capable of producing 100 times greater transmission than 2H-MSe2/2L-CrCl3 junctions and

nearly 1,000 times greater transmission than Gr/2L-CrI3 junctions [Fig. 3.11(b)-(c)].

Figure 5.12: TMR values in (a) 2H-NbSe2/2L-CrI3, (b) 2H-TaSe2/2L-CrI3, (c) 2H-NbSe2/2L-
CrCl3, and (d) 2H-TaSe2/2L-CrCl3 based MTJs. The TMR for the ↑↑-state is plotted in black
while the TMR for the ↑↓-state (in reference to the parallel) is plotted in green. Both the valence
(Ev) and conductance (Ec) band edges of CrX3 are denoted.

Assuming a MTJ in the parallel (↑↑) configuration produces a low resistance state, the

TMR is defined by Eq. 3.4. If the antiparallel (↑↓) configuration produces the low resistance

state, the TMR is redefined:

TMRAP
m =

(Tm↑ + Tm↓ )− (T P↑ + T P↓ )

T P↑ + T P↓
, (5.1)
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where the parallel (P) configuration serves as reference. In Fig. 5.12, both TMR↑↑ (black)

and TMRAP
↑↓ (green) are plotted for each 2H-MSe2/2L-CrX3 junction. Based on Eq. 3.4 or

Eq. 5.1, the magnetoresistance computed at the Fermi energy for 2H-NbSe2/2L-CrI3 and 2H-

TaSe2/2L-CrI3 junctions are TMR↑↑ ≈ 30% and TMR↑↑ ≈ 10%, respectively. Likewise, the

magnetoresistance computed at the Fermi energy for 2H-NbSe2/2L-CrCl3 and 2H-TaSe2/2L-

CrCl3 junctions are TMR↑↑ ≈ 90% and TMRAP
↑↓ ≈ 30%, respectively. The magnetoresistance

values in these 2H-MSe2/2L-CrX3 MTJs are slightly lower or comparable to experimental val-

ues (TMR↑↑ ≈ 50-100%) in Gr/2L-CrI3 based devices [7, 108]. Moreover, giant TMR values

in 2H-MSe2/2L-CrX3 junctions are observed near CrX3 band edges as seen in Gr/2L-CrI3 junc-

tions (Fig. 3.15) due to the overlap between metal and CrX3 states. For 2H-NbSe2/2L-CrI3 and

2H-NbSe2/2L-CrCl3 junctions [Fig. 5.12(a) and (c)], large TMR on the order of 100% exists

roughly 0.2 eV above the Fermi level due to the coupling between the leads and channel. We

note that coupling in 2H-NbSe2/2L-CrX3 heterojunctions may be epitaxially dependent.

5.5 Transport Approximations via Complex Wavevectors

The 2H-MSe2/CrX3 interfaces constructed in this chapter posses highly commensurate epitax-

ies, however, many lead materials do not form basic interfaces with CrX3. In order to approx-

imate transmissions through CrX3 (X = Br and I) channels with ideal metal leads (regardless

of epitaxy), we compute k‖-resolved (12×12 k-point mesh) energy dependent decay rates of

evanescent wave functions in bulk CrX3 for both parallel and antiparallel magnetic configura-

tions as previously demonstrated for CrI3 in Chapter 3.6. In Fig. 5.13, we present the perpen-

dicular complex wavevectors in bulk (a) CrBr3 and (b) CrI3 for both parallel and antiparallel

magnetic configurations with respect to Γ, K, and M hexagonal symmetry points, where the

spin majority (blue) and minority (red) wavevectors in ferromagnetic CrX3 are superimposed

on the spin majority/minority (gray) wavevectors in antiferromagnetic CrX3 (Fig. 5.13). The

CBS of both parallel and antiparallel CrX3 configurations are aligned by their midgap energies.
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Figure 5.13: Perpendicular imaginary wavevectors to the hexagonal BZ plane for bulk (a) CrBr3

and (b) CrI3. Gray lines represent majority/minority evanescent states produced in the antipar-
alell configuration (↑↓↑↓↑↓), which have been scaled to reflect a three layer unit cell. Blue
(red) lines represent majority (minority) evanescent states produced in the paralell configura-
tion (↑↑↑).

We note that antiferromagnetic cases are constructed using six layers of CrX3 (↑↓↑↓↑↓)

versus three layers for the ferromagnetic case (↑↑↑). We find that bulk CrBr3 [Fig. 5.13(a)]

produces stronger spin barriers than bulk CrI3 [Fig. 5.13(b)] for energies within its band gap.

This is due to CrBr3 possessing a larger band gap than CrI3, in which longer (more negative)

complex wavevectors κ are produced within its gap. Moreover, wavevectors (blue and red) pro-

duced in ferromagnetic bulk CrBr3 are appreciably closer to the wavevectors (grey) produced

in the antiferromagnetic case compared to those in CrI3 (Fig. 5.13). For ferromagnetic CrX3 (X

= Br and I), spin minority (red) barriers are comparable or shorter than the spin majority (blue)

perpendicular to the Γ-point, enabling greater spin minority transmission.

Using Eq. 3.5, we estimate spin-resolved transmissions through NL-CrX3 (N = 2, 3, and 4)

channels. We denote transmission estimates using complex wavevectors as T̃ms (E), where all

spin transmissions for CrBr3 systems are normalized by the unit cell area of CrI3 (ACrI3/ACrBr3).

In Fig. 5.14, spin-resolved transmission values T̃ms (E) for N-layer CrX3 channels in parallel

(blue and red) and antiparallel (black) configurations are plotted as a function of energy. In

both CrBr3 and CrI3 channels, spin transmissions diminish for energies beyond the valence
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Figure 5.14: Approximate transmission probabilities using bulk properties through N-layers
(N = 2, 3, and 4) of (a) CrBr3 and (b) CrI3 for the parallel (blue; red) and antiparallel (black)
configurations, where all transmissions in CrBr3 systems are normalized by ACrI3/ACrBr3 while
bilayer, trilayer, and tetralayer systems are colored from faint to dark, respectively. Note that
all transmission curves are centered around the middle of the CrX3 band gap.

Figure 5.15: Approximate TMR using bulk properties through N-layers (N = 2, 3, and 4) of (a)
CrBr3, and (b) CrI3, where TMRm is plotted in black while TMRAP

m is plotted in green. Bilayer,
trilayer, and tetralayer systems are colored from faint to dark, respectively.

band edges (VBEs) and into the gap (Fig. 5.14), where longer complex wavevectors reside. For

parallel configurations, spin minority (red) transmissions prevail over the spin majority (blue)

for energies just above the VBE of CrX3 (X = Br and I). Moreover, spin transmissions (black)

in antiparallel junctions are comparable to spin majority transmissions (blue) in parallel cases

for energies near the middle of the gap (Fig. 5.14). For consecutively thicker CrI3 channels,

spin transmissions decrease roughly by an order of magnitude for every additional layer as

seen in Fig. 5.14(b). Due to larger spin barriers produced in CrBr3, spin transmissions in
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CrBr3 channels decrease nearly two orders of magnitude for every additional layer as seen in

Fig. 5.14(b). Spin transmission estimates T̃ms (E) close to the Fermi level for ferromagnetic

bilayer CrI3 [Fig. 5.14(b)] are comparable in magnitude to spin transmissions Tms (E) (blue and

red) found in the 2H-NbSe2/2L-CrI3 MTJ [Fig. 5.11(a)].

Figure 5.16: Calculated (a) TMRm and (b) spin transmission in 2H-NbSe2/NL-CrI3 junctions
as well as estimated (c) TMRm and (d) spin transmission through N-layers (N = 2, 3, and 4) of
bulk CrI3. Bilayer, trilayer, and tetralayer systems are colored from faint to dark, respectively.

Furthermore, spin transmissions T̃ms (E) based on the CBS of bulk CrX3 (X = Br and I)

are used to estimate energy dependent TMR in ideal NL-CrX3 (N = 2, 3, and 4) channels. In

Fig. 5.15, both TMRm (black) and TMRAP
m (green) are plotted for CrBr3 and CrI3 channels

using CBS derived transmissions. Regarding bilayer approximations (faint lines), TMR on the

order of 100% or greater is observed near the CrX3 band edges (Fig. 5.15), in good agreement

with TMR found in 2H-MSe2/2L-CrX3 junctions (Fig. 5.12). Within the CrX3 band gaps,

a significant competition exists between net transmission through parallel versus antiparallel

channels. As seen in 2H-TaSe2/2L-CrI3 and 2H-TaSe2/2L-CrCl3 junctions [Fig. 5.12(b) and
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(d)], spin transmissions in antiparallel (↑↓) configurations prevail over those in parallel (↑↑)

configurations slightly above the Fermi level.

As the number of CrX3 layers are increased in each system, spin transmissions in the par-

allel CrX3 (X = Br and I) junction begin to dominate (Fig. 5.15). These transmission disparities

between the two magnetic states consequently leads to increases in TMR for thicker junctions

while simultaneously results with drops in net transmission. To illustrate this phenomenon, we

calculate the magnetoresistances in 2H-NbSe2/NL-CrI3 (N = 2, 3, and 4) based MTJs as seen

in Fig 5.16. For reference, we plot the TMR derived through CBS estimates under the results

for 2H-NbSe2/NL-CrI3 junctions. Although deviations exist due to varying state overlap be-

tween leads and channel and the formation of MIGS, which causes transmission spikes above

the Fermi level, overall TMR trends in 2H-NbSe2/NL-CrI3 heterojunctions mimic bulk CBS

approximations [Fig. 5.15(a) and (b)]. Moreover, drops in spin transmissions as a function of

channel thickness in 2H-NbSe2/CrI3 systems can also be roughly estimated using bulk CBS

approximations [Fig. 5.16(b) and (d)].

5.6 Alternative TMD Electrode Search

Apart from being one of the most widely studied 2D material families [258], transition metal

dichalcogenides (TMDs) offer a large array of combinations between Group III-XII and Group

XVI elements, in addition to various polymorphs. Based on band alignments found prior in

the 2H-MSe2/2L-CrI3 junctions and preknowledge of the CBS of bulk CrI3, we investigate

alternative TMD leads with significantly higher and lower work functions. By choosing TMD

materials that offer higher (lower) work functions, a boost in TMR is expected for resulting

Fermi level alignments close to the VBE (CBE) of CrI3. In order to determine sufficient TMD

candidates for electrode materials, we developed a high-throughput material workflow that

computes relative stabilities and work functions of all monolayer TMDs MX2 (X = S, Se, and

Te) in the 1H, 1T, 1T’, and Pbca phases as seen in Fig. 5.17.

In the workflow, lattice parameters for TMDs with a set chalcogenide and phase are ini-

tially extracted from the open-source Automatic - FLOW for Materials Discovery (AFLOW)

repository [259]. Remaining structures with unknown lattice parameters are estimated based
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Figure 5.17: Material (TMD) computational workflow used to compute relative energies, lattice
parameters, atomic geometries, and work functions in mass.

on periodic table groups. For each chalcogenide and phase, a Quantum Espresso [171] tem-

plate input file is copied then modified to reflect the appropriate material. Based on these input

files, atomic relaxation calculations are performed in order to solve for the equilibrium con-

figurations. Lastly, a final SCF calculation is performed using the relaxed TMD structure to

determine relative energies or additional quantities such as the work function.

All first principles calculations are carried out using the Quantum Espresso software [169,

170, 171, 172], where the exchange-correlation energy is parameterized by spin polarized gen-

eralized gradient approximation (PBE) functionals [173] including dispersion forces (vdW-DF-

C09) [174, 175, 176]. Atomic cores are characterized via projector augmented wave (PAW)

pseudopotentials [177, 178] with cutoff energies of 75 Ry and 750 Ry regarding the Kohn-

Sham wave functions and densities, respectively. The 2D-BZ is sampled using a 30 × 30

Monkhorst-Pack mesh [190], where BZ integration is performed using the tetrahedron method

[226, 227]. The convergence thresholds of total energy and forces for ionic minimization is set

to their default values of 1.0×10−4 Ry and 1.0×10−3 Ry·a−1
0 , respectively. The convergence
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Figure 5.18: Most stable monolayer TMD polymorphs calculated using PBE functionals dis-
played in a periodic table format. Elements within the periodic table denote the respective
transition metals M .

threshold for self-consistent calculations are set to their default of 1.0×10−6 Ry. Due to pe-

riodic boundary conditions, at least 15 Å of perpendicular vacuum space is set in TMD unit

cells.

In Fig. 5.18, the most stable (via PBE functionals) MX2 (X = S, Se, and Te) structures are

provided. Based on their relative energies, TMDs consisting of Groups III and IV transition

metals (TMs) mainly adopt the 1T structure while TMDs consisting of Groups V and VI metals

prefer the 1H phase. By continuing down the periods, TMDs adopt the 1T’ followed by the

1T and lastly the Pbca phase. As previously reported in a past study [260], TMD phases are

determined by ligand field splitting in which the splitting of the t2g orbital leads to trigonal

prismatic geometry (1H phase). Next, we identify which of the most stable structures are
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Figure 5.19: Most stable monolayer TMD found in the 1H phase and predicted to be metallic
based on PBE functionals, displayed in a periodic table format. Note that 1H polymorphs with
energy differences within 0.1 eV per formula of the most stable phase are also included. Ele-
ments within the periodic table denote the respective transition metals M , where a cell’s color
indicates the TMD work function while a transparent symbol color indicates lower stability.

metallic, including any polymorphs with energy differences smaller than 0.1 eV per formula

compared to the most stable phase. The work functions for all predicted stable metals in the

1H and 1T are presented in Fig. 5.19 and Fig. 5.20, respectively. Work functions in these

monolayer systems are calculated as the difference between the Fermi energy and the vacuum

level as described in Chapter 4.5.

As illustrated in Fig. 5.19, only TM elements belonging to Groups V and XI are predicted

to form metallic TMDs in the 1H phase. Moreover, heavier chalcogenide systems in the 1H

phase produce lower work functions. As seen in Fig. 5.20, significantly more TM elements are

capable of forming metallic TMDs in the 1T phase. As similarly found for the 1H structures,

heavier chalcogenide systems in the 1T phase also produce lower work functions. By cross
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Figure 5.20: Most stable monolayer TMD found in the 1T phase and predicted to be metallic
based on PBE functionals, displayed in a periodic table format. Note that 1T polymorphs with
energy differences within 0.1 eV per formula of the most stable phase are also included. Ele-
ments within the periodic table denote the respective transition metals M , where a cell’s color
indicates the TMD work function while a transparent symbol color indicates lower stability.

referencing our list of stable metals with those found experimentally, we find that 1T-TaSe2 with

one of the lowest calculated WF (∼ 4.8 eV) and 1H-TaS2 with one of the highest calculated

WF (∼ 6.1 eV) form fairly commensurate (2 × 2) epitaxies with (1 × 1)-CrI3 (Table 5.1).

Note that commensuration between these vdW materials is not a restraint in practice, rather a

computational limitation.
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5.7 Low and High Work Function TMD Junctions

Again, we calculate the transmission probability Tms (E) corresponding to a spin channel s (↑

or ↓) for 1T-TaSe2/NL-CrI3 and 2H-TaS2/NL-CrI3 (N = 2 and 4) MTJs in a metamagnetic state

m using Eq. 2.23. In Fig. 5.21(a), we present both TMRm (black) and TMRAP
m (green) using

Eqs. 3.4 and 5.1 for CrI3 junctions with low work function 1T-TaSe2 electrodes. Addition-

ally, spin transmissions for 1T-TaSe2/CrI3 junctions in parallel (blue and red) and antiparallel

(black) configurations are plotted in Fig. 5.21(b). By selecting a low work function TMD,

the resulting Fermi level resides close to the CBE of CrI3, where sizable increases in spin

transmissions are observed in CBS estimates. As a result, TMR values of TMR↑↑ ≈ 80% and

TMR↑↑↑↑ ≈ 420% are achieved in 1T-TaSe2/2L-CrI3 and 1T-TaSe2/4L-CrI3 junctions at the

Fermi energy [Fig. 5.21(a)], consistent with CBS estimates near the band edge [Fig. 5.15(b)].

The 1T-TaSe2/2L-CrI3 junction produces a TMR value comparable to that of the Gr/2L-CrI3

MTJ at the Fermi energy, yet offers two orders of magnitude greater spin transmissions. Fur-

thermore, the 1T-TaSe2/4L-CrI3 junction produces comparable spin transmissions to that of the

Gr/2L-CrI3 MTJ, yet offers four times larger TMR at the Fermi level.

Similarly, we present both the TMR and spin transmission curves for CrI3 junctions with

high work function 2H-TaS2 electrodes in Fig. 5.21(c) and (d), respectively. By choosing a high

work function TMD, the resulting Fermi level falls nearly at the VBE of CrI3. TMR values

of TMR↑↑ ≈ 60% and TMR↑↑↑↑ ≈ 120% are achieved in 2H-TaS2/2L-CrI3 and 2H-TaS2/4L-

CrI3 junctions at the Fermi energy, respectively. Although a slightly lower TMR value is pro-

duced in the 2H-TaS2/2L-CrI3 junction compared to the Gr/2L-CrI3 MTJ at the Fermi level,

the 2H-TaS2/2L-CrI3 junction offers nearly 1,000 times greater spin transmissions. Moreover,

the thicker 2H-TaS2/4L-CrI3 junction offers a comparable TMR to the Gr/2L-CrI3 MTJ at the

Fermi energy, yet produces 100 times greater spin transmissions.
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Figure 5.21: Calculated (a) TMR and (b) spin transmissions in 1T-TaSe2/NL-CrI3 junctions
and the calculated (c) TMR and (d) spin transmissions in 2H-TaS2/NL-CrI3 junctions (N = 2
and 4). Note that TMR and transmission curves for bilayer junctions are indicated by dashed
lines while TMR and transmission curves for tetralayer junctions are denoted by solid lines.
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Chapter 6

Summary and Outlook

Regarding the published work in Chapter 3, our study was the first to characterize graphene

(Gr)/NL-CrI3 (N = 1, 2, 3) based magnetic tunnel junctions (MTJs) using first principles cal-

culations within the density functional theory and Landauer’s formalism for ballistic transport.

Through our analysis of the electronic band structure of few-layer CrI3 junctions, we find that

tunneling is the primary transport mechanism based on Gr/CrI3 band alignments, consistent

with experimental findings. Furthermore, metamagnetic dependent band gaps (spin barriers)

are observed in few-layer CrI3 for isolated or heterojunction systems due to quantum confine-

ment and interlayer magnetic coupling. Consequently, these small changes in band alignments

due to the magnetic order of the CrI3 channel significantly impact spin-resolved transmission

probabilities in Gr/CrI3 junctions. Additionally, we show that average transmissions in trilayer

junctions are roughly characterized by the complex band structure (CBS) of bulk CrI3 for each

respective magnetic state. Based on our ballistic transport calculations, we calculate tunnel-

ing magnetoresistance (TMR) values in remarkable agreement to experiment for bilayer and

trilayer MTJs.

In Chapter 4, we characterize electronic band alignments in low-strain NL-Gr/CrX3 (N =

1, 2, 3; X = F, Cl, Br, I) heterojunctions via ACBN0 pseudohybrid Hubbard density functionals,

which enable self-consistent Hubbard corrections to be applied to these large systems. We find

that CrX3 with lighter halides promotes greater charge transfer with adjacent graphene layers,

producing a significant charge screening effect in multilayer graphene. Due to the sizable

charge transfer in Gr/CrF3 systems, conduction band splitting is observed in CrF3 d-states.

Additionally, theAB (ABA)-Gr/CrF3 heterojunction exhibits the formation of a graphene band
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gap of 173 meV (104 meV) due in part to the Stark effect. We also find that an increase

in the number of graphene layers transforms several Gr/CrX3 Ohmic junctions into Schottky

contacts, requiring no external field or force to be applied. Furthermore, we provide an intuitive

electrostatic band alignment model for 2D material heterojunctions, which relies on the isolated

properties of each material.

In Chapter 5, we identify several metallic transition metal dichalcogenide (TMD) can-

didates as potential 2D material based MTJ electrodes, offering several orders of magnitude

greater conductivity than in current graphene based junctions. Based on our first principles

calculations, MSe2 (M = Nb, Ta) and 2H-TaS2 electrodes offer between 102 to 103 greater spin

current densities than turbostratic graphene leads for bilayer CrI3 channels. Moreover, TMR

values on the order of 100% are achievable by means of increasing the number of CrI3 lay-

ers within the channel or choosing low/high WF TMDs which produce Fermi level alignments

close to the band edges of CrI3. We also find that TMDs such as 2H-NbSe2 and 2H-TaSe2 cou-

ple with the CrI3 channel, inducing MIGS at the interfaces. Lastly, we introduce a technique for

both transmission and TMR approximation in CrX3 (X = Br and I) channels using the complex

wavevectors of bulk. This technique serves as a guide for future vdW engineering in 2D based

devices.

The newly found ferromagnetic 2D semiconductor CrI3 has opened various avenues in

spintronic research and applications such as magnetic tunnel junctions. Although current CrI3

devices are capable of producing substantial magnetoresistance values, they are limited to low

temperatures and require strong external fields to operate. Beyond Gr/NL-CrI3 based mag-

netic tunnel junctions, the search for alternative room temperature magnetic 2D semiconducting

junctions is imperative in the design and application of 2D material based spintronic devices.

Regarding our research, we offer an underlying blueprint that may be used to characterize al-

ternative and future devices using their isolated or bulk properties such as complex band struc-

tures. We find that the complex band structure is a crucial quantity in describing spin transport

in thin channels and offers atomistic insights on the underlying physical phenomena, applicable

to both magnetic or nonmagnetic insulators. By proposing several TMD electrode candidates
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and offering an additional list of potentially viable metallic TMD leads via high-throughput

calculations, we hope to facilitate experimental design.
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