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Abstract

Two-dimensional materials and their van der Waals heterostructures offer unforeseen po-
tential for electronics and spintronics. At present, the available two-dimensional material
repertoire covers semiconductors, ferromagnets, superconductors, and topological insula-
tors, which already feature highly interesting physics. Remarkably, one can manipulate
the properties of a two-dimensional material by proximity effects, while still preserving a
great degree of its own autonomy. The ability to control and modify the electronic, spin, and
optical properties of two-dimensional materials is extremely valuable for investigating novel
physical phenomena, as well as a potential knob for device applications. In this thesis, we
investigate graphene, bilayer graphene, and transition-metal dichalcogenides in proximity
to various two-dimensional materials. We quantify the spin-orbit and magnetic proximity
effects by fitting suitable model Hamiltonians, which capture the relevant low energy elec-
tronic and spin properties, to realistic first-principles calculations. As we show, the obtained
results can be used for calculating charge and spin transport or optical properties, and are
vital for the interpretation of experiments.

Zusammenfassung

Zweidimensionale Materialien und ihre van der Waals Heterostrukturen bieten unvorherge-
sehene Moglichkeiten fiir konventionelle und spin-basierte Elektronik. Momentan ste-
hen viele verschiedene zweidimensionale Materialien zur Verfligung, wie zum Beispiel
Halbleiter, Ferromagnete, Supraleiter und topologische Isolatoren, welche bereits selbst
auferordentliche physikalische Eigenschaften besitzen. Erstaunlicherweise lassen sich diese
Eigenschaften von zweidimensionalen Materialen durch sogenannte Naherungseffekte
manipulieren. Dadurch, dass man die intrinsischen elektronischen, spin-basierten und
optischen Eigenschaften kontrolliert verdandern kann, erdffnen sich neue Moglichkeiten fiir
Forschung und Industrie. In dieser Dissertation untersuchen wir Ein- und Zweischicht
Graphen, sowie Ubergangsmetall-Dichalkogenide, welche durch Naherungseffekte, aus-
gehend von verschiedensten anderen zweidimensionalen Materialien, beinflusst werden.
Wir berechnen dafiir die Bandstrukturen fiir eine Reihe von interessanten van der Waals
Heterostrukturen mit Hilfe von Dichtefunktionaltheorie. Die Spin-Bahn-Kopplung und
magnetischen Ndherungseffekte werden néher charakterisiert, indem wir die relevanten En-
ergiebdander der Bandstruktur durch geeignete Modelle und passende Parameter beschreiben.
Wir zeigen, dass die daraus resultierenden Modellbeschreibungen verwendet werden kon-
nen, um sowohl Spin- und Ladungstransport, als auch optische Eigenschaften zu berechnen,
was wiederum essentiell ist, um experimentelle Ergebnisse zu interpretieren.
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PART I

Motivation and Overview






CHAPTER 1

Spintronics

What is spintronics?

Conventional electronics is based on the charge degree of freedom of the electron. Any
information can be encoded into two discrete binary states, 1 and 0, represented by a finite
or absent flow of charge in an electronic circuit. In contrast, modern spintronics [1-4] is
based on another degree of freedom of the electron: the spin. The two degrees of freedom,
charge and spin of the electron, are linked and cannot be directly decoupled from each
other. Imagine the electron as a tiny charged sphere that can rotate either clockwise or
counter-clockwise around its own axis, while moving in the Coulomb field of the atomic
nuclei. This intrinsic rotational sense of the electron is called spin, which can be either up or
down with respect to the chosen quantization axis, usually the z one. Similarly, the earth is
rotating around its own axis while moving in the gravitational field of the sun. However,
spin is of purely quantum mechanical nature, while the rotating earth can be described by
classical physics. Binary data, 1 and 0, can now be encoded in those two spin states, up and
down, similarly to the presence or absence of charge in electronics. We can measure the spin,
because it is associated with a magnetic moment of a rotating charge. Some materials, such
as cobalt, nickel, and iron are magnetic, because enough electron spins are aligned (rotate in
the same direction), generating a global magnetization.

The field of spintronics rooted in the early 1920s, when O. Stern and W. Gerlach first
demonstrated the quantization of the atomic magnetic moment in a magnetic field [5].
Only a few years later, W. Pauli formulated the quantum mechanical description of the
electron’s spin with the help of simple matrices [6]. When people then started to study
spin-polarized transport, they found out that electrons of majority and minority spin flow
rather independently in a ferromagnet [7, 8], and charge currents can be spin-polarized.
A major role in the understanding of spin-polarized transport is attributed to tunneling
experiments through metal/ferromagnetic insulator (FMI)/metal junctions [9]. An unpo-
larized current can become spin-polarized when passing through the FMI tunnel layer,
as proven by the magnetic field dependence of the current-voltage characteristics [10-12].
Experimentalists also studied ferromagnet/insulator/superconductor [13, 14] and ferromag-
net/insulator/ferromagnet junctions, and M. Julliére was able to derive a formula for the
tunneling magnetoresitance (TMR), which depends on the spin polarization of the ferro-
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magnets [15]. In a ferromagnet/insulator/ferromagnet junction, the relative direction of
the two magnetizations affects tunneling, founding the basis of the spin-valve effect, see
Fig. 1.1. A subsequent major discovery, that was awarded with the Nobel Prize [16] and
revolutionized hard disk technology, is the giant magnetoresitance (GMR) effect [17-19]. In
ferromagnet/metal /ferromagnet junctions, parallel and antiparallel aligned ferromagnets
lead to significantly different resistances when passing a current through the junction. For
TMR and GMR, the magnetization switching of the ferromagnet is therefore essential to
control the flow of spin-polarized currents. Also the reverse process is possible: a spin-
polarized current can switch the magnetization of a ferromagnet, due to transfer of angular
momentum. This effect is known as the spin-transfer torque (STT) [20].

Insulator

Ferromagnet Ferromagnet A I] I]

C=r= ) ===> B,

Figure 1.1: Left: Schematic structure employed for the TMR effect, consisting of two ferro-
magnetic layers separated by an insulating tunnel barrier. The magnetizations M; and M,
of the two ferromagnets are aligned parallel, but can be switched with an external magnetic
field B, along the z axis. Right: The tunneling resistance as function of the magnetic field
B, (red = up-sweep, blue = down-sweep), when current is injected along the x axis across
the ferromagnet/insulator/ferromagnet junction. For parallel M; and M, the junction
resistance is low (Rp), while for antiparallel alignment, the resistance is high (Rap), due to
spin-dependent electron tunneling and scattering. The relative resistance change is given by
(Rap — Rp) /Ry and defines the efficiency of the TMR effect.

Applications and challenges of spintronics

In electronic devices, e. g., personal computers, millions of transistors are responsible for
logic operations, which require special semiconducting materials that control the charge
flow. In spintronics, we actually do not need these specially designed materials, as spin
can be measured by common ferromagnets and metals. People also argue that the power
consumption is much lower in spintronics [21]. By applying electric fields, the magnetization,
or equivalently the spin polarization can be changed quite easily, while in electronics a lot
of power is consumed by maintaining the charge flow. Additionally, the switching rates
for spin states are very high. Because spin is an intrinsic property of the electron and not
energy dependent, spins can in principle maintain their direction, even after shutdown of the
power source. Especially this last property is important for the design of novel nonvolatile
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memory devices, where the information could be practically stored forever without power
consumption. However, these considerations are very idealistic. For example, spins will
always interact with their surroundings, especially in solid media, such that scattering
leads to the loss of the spin information. In addition, the amount of energy to generate
and maintain the spin dependent properties of a device might overcome the low power
consumption needed for the actual spin operations. Moreover, to master the mentioned
obstacles for spintronics, we are also bound to special materials and novel device designs.

Is spintronics ready for the mass market industry? Certainly, the answer is Yes! In
2007, when A. Fert and P. Griinberg received the Nobel Prize for the GMR effect [16], their
discovery had entered industry for about 10 years. In 1997, IBM was the first company to
implement GMR structures in hard disk read heads [22]. By employing the GMR effect,
storage densities were drastically increased, while simultaneously decreasing resistance
and thus speeding up the reading and writing processes. The key ingredient for the GMR
effect is a ferromagnet/metal/ferromagnet junction. One of these ferromagnets can easily
switch its magnetization direction (soft ferromagnet), while the magnetization direction
of the other ferromagnet is practically fixed (hard ferromagnet). The bits are stored in
magnetic units on rotating disks. When the read head is above a magnetic unit of the disk,
the soft ferromagnet adapts its magnetization direction. Whenever the soft ferromagnet
switches its magnetization direction, the junction resistance of the read head will drastically
change, which can be measured by passing a current across the junction. Similar things
hold for the TMR effect, where the metal layer is replaced by a tunneling barrier, see
Fig. 1.1. Microscopically, electrons with their spin parallel to the magnetization of the
ferromagnet will experience less scattering than electrons with antiparallel spin, leading to
giant magnetization dependent differences in resistance. Of course, the efficiency of the GMR
effect is a matter of device engineering and the search for optimal material combinations with
appropriate thicknesses. The current generation of data storage solutions are based on this
magnetic random access memory (MRAM) technology, which employs even more advanced
spin-based phenomena, such as the TMR effect, STT, and spin-orbit torque (SOT), leading to
even smaller devices with giant storage densities and ultrafast information processing [23].
At this point, two-dimensional (2D) materials enter the game, which are promising for
pushing this field to the ultimate limits, regarding size and efficiency.

Despite these very general advantages and first applications, there are also some chal-
lenges. The main goal in spintronics is to transport information, represented by the spin
of the electron, while optimally no net charge current flows in the transport channel. In
order to do so, we need to efficiently generate, inject, on-demand manipulate, and detect
the spin information. The injection of spins can be achieved electrically by conventional
ferromagnet/insulator tunnel junctions, where the conductivity mismatch plays a major
role [24]. Another possibility is the hot-electron spin injection [25] method, which circum-
vents conductivity mismatch. Spins can be also injected optically in semiconductors [26],
employing the difference in the absorption of left- and right-handed circularly polarized
light and the special optical selection rules. More advanced spin injection methods are



Part 1 — Motivation and Overview

based on spin pumping, driven by magnetization dynamics [27], or by current-induced spin
orientation via spin Hall effect (SHE) and spin-orbit interaction [28]. The detection of the
spin information is typically just the inverse of one of the injection processes.

Once the spins are injected into the desired material, we need to transport the information
that they carry. There are several mechanisms that can influence the spin information and
lead to a temporal evolution of the spin density [3], according to

0s 2 s
— = —v;,Vs+DV<s+sxwy— —. (1.1

ot Ts
The four terms correspond to spin drift, diffusion, precession, and relaxation. The final spin
density s(r,t) depends then on the initial spin density sy(r), the spin diffusivity D of the
system, the drift velocity v; due to an applied electric field, the precession frequency wy
due to an applied magnetic field, and the spin relaxation (SR) via a characteristic lifetime 7.
As we can see, there are a lot of external influences on the spin density, which are strongly
determined by the actual materials that are used. For example, the drift velocity depends
on the electron mobility and the actual band structure. The relaxation rate depends on the
impurity and doping density, temperature, spin-orbit coupling (SOC), etc. Of course, the
individual parameters also mutually influence each other. In the end, everything boils down
to find the most adequate material combinations and the optimal settings, suitable to achieve
the desired spin transport qualities, while simultaneously maintaining an efficient way to
control the spin information. However, this is a highly nontrivial task and a lot of efforts are
necessary to bridge the gap between the basic idea and final mass market devices.

Figure 1.2: Schematics of the Datta-Das spin field-effect transistor (FET) [29]. Source and
drain ferromagnetic contacts with parallel magnetizations are used to inject and detect the
spins (small arrows). The transport in the 2D electron gas channel depends on the precession
of the electron spins, which is due to SOC, i. e., an effective magnetic field. The SOC in the
channel can be manipulated with a gate voltage V;. (a) In the ON state, when there is no
gate voltage applied, spins experience no precession and keep their original alignment. The
current is large. (b) In the OFF state, spins precess and have opposite alignment compared to
the ferromagnetic drain contact. The current is small. Figures are from Ref. [30].
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A particular example of this is the still elusive Datta-Das spin FET, shown in Fig. 1.2,
which has been proposed 30 years ago [29]. The basic idea is to inject spin polarized electrons
from the ferromagnetic source contact into a, for example, 2D electron gas formed at a
GaAs/AlGaAs interface. The electrons flow ballistically along the transport channel and
arrive at the ferromagnetic drain contact. Depending on the orientation of the electron spin
with respect to the drain contact magnetization, they can either enter the contact or not, i. e.,
current flows or not. The gate voltage V; is responsible for generating an effective magnetic
field in the transport channel, which is due to SOC and leads to precession of the spins.
Depending on the gate voltage, precession and consequently the current flow can be turned
on and off.

The current generation of spintronics devices employs hybrid geometries consisting of
several ultrathin 2D materials in order to overcome intrinsic limitations of the transport
medium via proximity effects. For example, the previously introduced concept of the spin
FET can be potentially realized in a bilayer graphene (BLG)/transition-metal dichalcogenide
(TMDC) heterostructure [31]. In addition, TMR structures have been investigated, which
exclusively consist of 2D materials and show giant efficiencies [32]. As a result, a new branch
of condensed matter physics has emerged, which is solely dedicated to the interface and band
structure engineering of 2D layers. In this context, also new subfields such as straintronics,
valleytronics, and optospintronics have emerged, where additional control possibilities and
degrees of freedom enter the game. The ability to precisely control and modify the electronic,
spin, and optical properties of materials would be extremely valuable for investigating novel
physical phenomena, as well as a potential knob for device applications. In this thesis, we
consider several such 2D material heterostructures and analyze the proximity effects, always
with regard to possible spintronics applications. In the next chapter, we will first introduce
2D materials and van der Waals (vdW) heterostructures, and summarize some application
prospects.






CHAPTER 2

2D materials and van der Waals heterostructues

What are 2D materials?

In solid state theory, one typically deals with crystals that have finite extensions along all
three spatial directions. Such materials, where the electronic motion is unconfined within
the crystal, is called three-dimensional (3D) or commonly termed bulk. Even if the material
is only a micrometer in size, we still call it a bulk crystal because the spatial extensions
along all directions x; of the crystal are much larger than the thermal de Broglie wavelength

A = \/27h? /mkpT of the electron (A ~ 4.3 nm for T = 300 K). Consequently, electrons will
effectively not feel the surface boundary of such a bulk crystal. Conversely, this means that if
the motion of the electron is spatially confined, we talk about quantum confinement and new
physical phenomena can appear [33]. A very general classification of crystals can be done
via their dimensionality.

If we confine the electronic motion within a layer with thickness d < A, for example by
thinning down a material, we get a two-dimensional (2D) system. A typical example for
quantum confinement in 2D is a AlGaAs/GaAs/AlGaAs heterostructure. If the central GaAs
region is thin enough, we speak of a quantum well, where the electronic and optical properties
can be strongly altered compared to the bulk GaAs crystal. In this scenario, the confinement
is due to the potential well that forms in the GaAs layer because of the surrounding AlGaAs
layers. Similarly, one can apply confinement along two spatial dimensions and we end
up with a one-dimensional system, a so-called quantum wire. It is even possible to confine
electrons in all three spatial dimensions and the system is then zero-dimensional. Such
a zero-dimensional system is called quantum dot, which can be regarded as an artificial
atom with discrete energy levels. Nowadays, when we speak of 2D materials, we actually
mean true monolayers of a crystal. Their bulk materials are formed by individual ultrathin
layers that are held together by weak van der Waals (vdW) forces. These monolayers have
interesting physical properties and can even be combined in a lego-like fashion in vdW
heterostructures [34].

The most prominent and prototypical example of a 2D material is graphene. It is a single
layer of carbon atoms that are arranged in a honeycomb lattice [35, 36]. Consequently, it
is the ultimate limit that can be reached for quantum confinement because the thickness
of graphene equals the size of an atom. Remarkably, graphene displays extraordinary
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properties [37, 38], such as giant mobility, mechanical robustness, optical transparency, and
much more. Therefore, it is applicable in several devices in diverse fields, such as chemical
sensors [39] and flexible electronics [40]. If we replace the carbon atoms in graphene by
boron and nitrogen atoms, we get its insulating “analog” hexagonal boron nitride (hBN) [38].
hBN is a wide band gap insulator and, due to its chemical inertness, it is frequently used
as encapsulation material for other 2D materials to protect them from the environment and
degradation [41].

Graphene (Semimetal)

Bi;Se; (Topological Insulator)

2H-NbSe, (Superconductor)

Phosphorene (Semiconductor)

Crl; (Ferromagnet)

2H-MoS; (Semiconductor)

Figure 2.1: Examples of a few different and important 2D vdW crystals with diverse proper-
ties. For each material, we show the structure of a “monolayer”.

A huge class of 2D materials are transition-metal dichalcogenides (TMDCs) [42]. Bulk
TMDC:s are layered vdW crystals, where each monolayer is formed by a layer of transition-
metal atoms surrounded by top and bottom layers of chalcogen atoms. Interestingly, several
different polytypes of TMDCs exist, such as the 2H, 1T, and 1T’ forms, that only differ by
the relative arrangement of transition-metal and chalcogen atoms in the unit cell, which can
have drastic consequences for electronic properties. For example, the bulk 2H-form of MoS,
is an indirect band gap semiconductor, while a monolayer has a direct band gap in the visible
optical range [43, 44]. In contrast, the 1T-form of, for example, TaS; is a metal and can exhibit
a series of rather exotic electronic states, including superconductivity or a charge density
wave (CDW) phase [45]. Even though TMDCs are experimentally known since about the
1920s [46], the monolayers have been prepared and properly characterized just recently, as in
the case of MoS, [43]. Especially the semiconducting TMDCs are technologically important
building blocks for spintronics, optics, and transistors [47-49].

10
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Another important class of 2D materials are the magnetic ones [50-53], which are indis-
pensable for devices that require magnetism, such as the giant magnetoresitance (GMR) and
tunneling magnetoresitance (TMR) effects. Examples of vdW layered magnetic crystals are
the transition-metal trihalides (TMTHSs) Crl; and CrBr3, as well as transition-metal trichalco-
genides (TMTCs), such as Cr,Ge,;Teg (CGT), in which ferromagnetic order is present in the
monolayer limit [51, 52]. For a long time, people believed that long-range magnetic order
could not be present in a 2D system [54]. However, since these materials have perpendicular
magnetic anisotropy (PMA), ferromagnetic order is stabilized even for the monolayers. Simi-
larly to the TMDCs, the vdW magnets are known to physicists for quite some time, but just
recently monolayers were successfully fabricated and characterized [55]. A drawback for
applications is the reduced Curie temperature of the monolayers compared to their bulk
counterparts, which is already well below room temperature [51]. Another issue is the
stability of these magnetic materials under ambient conditions [50], an obstacle that can be
overcome by the encapsulation with hBN.

Above are just a few examples of 2D materials with diverse properties. Fortunately,
for every 3D material class, we now have at least one 2D analog available, be it metal,
insulator, superconductor, ferromagnet, antiferromagnet, semiconductor, or topological
insulator. In Fig. 2.1, we summarize a few very important representatives of 2D crystals,
which offer unforeseen opportunities, but also challenges, to electronics, spintronics, optics,
and magnetism.

How to create a 2D material?

The creation of a 2D material is a delicate task and a lot of efforts are needed to achieve
large scale and high purity samples, which are the ultimate requirement for mass market
applications. In general, two different approaches can be distinguished: 1) separation of
individual monolayers from the bulk compound and 2) direct growth of the monolayer
material via assembling the atomic constituents.

The first technique is, from a theoretical point of view, a very simple one. Take a piece of
sticky tape and apply it to the material of interest, provided that it is a vdW layered crystal.
Eventually, one will peel off a monolayer of the vdW crystal, which is sticking to the tape.
The tape will then be pressed on a suitable substrate, such that the peeled off monolayer will
be transferred from the tape to the substrate. This process is called mechanical exfoliation or
Scotch-tape method [56]. Typically, the peel off process is repeated many times to enhance the
probability for monolayer generation, before the tape is pressed on the substrate. Subsequent
scanning of the substrate via an optical microscope is often used to search for regions where
a monolayer is present. The advantage of this method is that no chemical reactants are
present during the exfoliation process, which could degrade the sample quality. However,
one has no direct control of monolayer generation and the sample sizes are usually small.
This technique, which is still frequently used, was the first one to peel off graphene layers
from the graphite crystal [57], which initialized the whole field of 2D material research.

11
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Another technique to separate the monolayers from each other is the liquid exfoliation
method [58-60], where several fine tuning options exist. The basic idea is to suspend the
vdW material, typically in powder form, in a special liquid solvent. Among sonication of
the liquid mixture, microbubbles are created and annihilated due to the pressure pulsations.
The bubble cavitation lead to shock waves which provide the normal and shear forces that
act on the vdW material, separating the layers from each other. The success of monolayer
generation strongly depends on the sonication power, but primarily on the solvent that is
used to efficiently overcome the vdW forces between the layers. The exfoliated flakes can be
extracted via filtration or drop casing, typically including some residuals from the exfoliation
process, which is just one drawback of this method. In addition, the monolayer yield is
usually low and the flake sizes are small, having also high defect densities.

One of the most frequently used growth techniques for large scale production of 2D
materials is the chemical vapour deposition (CVD) [61-63]. For the CVD growth process,
some precursor materials are necessary, which already contain the atomic constituents of
the desired monolayer material. In the case of graphene, typically a mixture of CHs/H,
gas is used, for which the flow rate can be easily controlled. For TMDCs, metal oxides
or foils in combination with sulfur or selenium powders are heated to create the gasified
solid precursors. These precursor gases are lead into a heated furnace, where they react
with each other such that the desired 2D material will grow on a suitable substrate. The
substrate itself can have an additional catalytic functionality to improve the overall growth
success. Especially for the CVD growth process, it is vital to stick to specific guidelines,
concerning temperature, gas pressure, and time duration, to get high quality monolayer
samples [61]. Remarkably, under well-controlled growth conditions, many features, such
as grain sizes, number of layers, the orientation, or crystal phase (especially important for
TMDC:s), can be precisely tuned. It is even possible to grow vdW heterostructures with CVD-
based techniques. Already in 2010, macroscopic graphene films were grown on Cu-foils [64],
showing the indispensable role of CVD for the mass market production of 2D monolayers.

Another technique to create 2D materials is the molecular beam epitaxy (MBE) [65],
which is one of the most important methods for industry, as it allows to easily grow clean
semiconductor heterostructures with sharp interfaces. The MBE growth process takes
place in an ultrahigh vacuum chamber to reduce impurities from residual atmospheric
gases. Effusion cells, containing the pure atomic constituents, are heated such that directed
molecular beams can be shot on a substrate within the chamber. The whole growth process
can be monitored in situ with the help of the reflection high-energy electron diffraction
(RHEED) technique. Several control knobs, such as temperature and substrate material,
decide on the overall growth process, quality, and resulting deposited crystal. MBE holds
promise for continuous and scalable growth, especially for TMDC mono- and multilayers [66—
68], but also for graphene [69] and hBN [70].

The mentioned creation techniques are briefly summarized in Fig. 2.2. For industrial
purposes, it is incredibly important to grow 2D materials in a large scale, cheap, and repro-
ducible way. Remarkably, since the first mechanical exfoliation of graphene, researchers
made a great progress towards realizing this, especially by customizing CVD and MBE for
the growth of monolayers.
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(a) Mechanical Exfoliation

(b) Liquid-phase Exfoliation
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Figure 2.2: Creation techniques for 2D materials. (a) Micromechanical exfoliation with the
help of an adhesive tape and subsequent transfer on a substrate. (b) Liquid exfoliation
method, where graphite powder is placed in a liquid solution and among sonication the
mono- and multilayer flakes are created. (c) Powder-based CVD method, where a carrier
gas transports the source powders to the substrate within a heated quartz tube. (d) MBE
method, where directed molecular beams from effusion cells are shot on a substate. Figure
(a) from Ref. [71], (b) from Ref. [72], and (c,d) from Ref. [73].

Application prospects of 2D materials and their heterostructures

For field-effect transistor (FET) device applications, operating at high frequencies, it is
important that the channel material has a large carrier mobility [74]. Conventional bulk
semiconductors (Si, Ge) have mobilites typically ranging in between 102-10* cm?/Vs, while
III-V compounds (InAs, InSb) can even reach up to 10° cm?/Vs [75, 76]. In contrast, 2D
monolayer graphene flakes, grown by CVD on copper and encapsulated in hBN, show
mobilities of around 10° cm?/Vs [77]. Recent experiments could even demonstrate that
graphene in a vdW heterostructure with a TMDC can have a giant room temperature mobility
as high as 350.000 cm?/Vs [78], well above the predicted limits due to acoustic phonons [79].
Graphene-based FETs begin now to outperform Si-based technology [80-82]. Moreover,
charge carriers in graphene are ultra-sensitive to external influences, such as adatoms and
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admolecules that are attached to it. Even single molecule absorption can be detected, due
to relatively large changes in graphene’s resistivity [39]. Thus, graphene can be used as a
powerful detector for poisonous gases.

Nevertheless, for transistor applications, semiconducting materials with a band gap are
advantageous to semimetallic graphene. One such 2D material is phosphorene, which shows
good ambipolar device performance with relatively high mobilities and on/ off ratios [83, 84].
In addition, the anisotropic transport, optical, and mechanical properties of phosphorene,
which originate from its puckered crystal structure, could be relevant for novel flexible device
designs [85], see Fig. 2.3(d). Furthermore, phosphorene shows a layer dependent band gap
ranging from 0.3 eV (bulk) to 2 eV (monolayer), thus bridging the gap between near-infrared
and the visible spectrum. Phosphorene is also a superior thermoelectric material and can
be used in photodetectors with similar response times as graphene [83, 86]. Recent studies
also demonstrate that phosphorene-based heterostructures are suitable candidates as water
splitting photocatalysts [87].

Also TMDCs are semiconductors, with band gaps in the visible spectrum, that can be
used for ambipolar FET device applications, which are highly efficient when an electric
double layer (ionic liquid) is used as gate dielectric [42, 48, 91]. One pecularity of TMDCs
is the spin-valley locking, the helicity selective optical excitation of carriers with certain
spin in a certain valley! at the same excitation energy. The spin-valley locking provides
another degree of protection for charge carriers, important for information technology. In
particular, it is a very attractive property for the field of valleytronics [92], for example as a
spin and valley-polarized current source. Another possible application area for TMDCs is in
photonics devices [48, 93, 94], as they are highly sensitive to polarized light and can be used
in photodetectors and light emitting devices with controllable emission helicity.

The recently discovered magnetic materials, such as CGT and Crlz are long-awaited
building blocks in spintronics for nonvolatile magnetic random access memory (MRAM)
technology [50-52, 95]. For example, magnetic tunnel junctions consisting of Crlz [90, 96],
showing giant magnetoresistance ratios up to 10.000%, are ideally suited for novel TMR
devices, see Fig. 2.3(c). Furthermore, the distinct resistance states can be controlled and
tuned fully electrically by gating and doping in multilayer Crl; structures. Unfortunately,
the operation is limited to low temperatures due to the Curie temperature of the currently
known 2D magnetic materials.

Heterostructures formed by 2D materials are also very attractive from another point of
view, since we can easily stack them in a lego-like fashion so that proximity effects can play
an important role. The first demonstration of proximity-induced phenomena dates back to
1932 in normal-metal /superconductor junctions, where superconductivity “leaks” into the
normal-metal [97]. Similarly, combining a strong spin-orbit coupling (SOC)? or magnetic
material, with a generic 2D crystal layer, one can induce spin-orbit or exchange coupling

LThe term “valley” denotes a local minimimum/maximum in the conduction band (CB)/valence band (VB) of
the band structure. For the direct band gap semiconducting monolayer TMDCs, the valleys are located at the
K and K’ points of the Brillouin zone (BZ).

ZA strong SOC material would be for example a TMDC or a topological insulator (TI), where the characteristic
band structure features are dominated by SOC.
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Figure 2.3: Device schemes employing 2D materials and their heterostructures. (a) Opti-
cal spin injection into graphene with the help of a semiconducting TMDC. The circularly
polarized light generates spin-polarized electrons in the TMDC, which are transferred to
graphene and subsequently detected as a Hanle signal by the ferromagnetic electrode.
(b) Sketch of the geometry to measure the proximity-induced inverse spin Hall effect (SHE)
in graphene/ TMDC heterostructures. The precession of the spins and the spin-to-charge con-
version is sketched. (c) Schematics of a spin tunnel FET based on a gate-tunable ferromagnet-
to-antiferromagnet transition in bilayer Crl3 and the spin filtering in the tunnel junction.
Arrows indicate the magnetization in each Crl; layer. The left and right panels correspond
to a low and a high tunnel conductance state, respectively. (d) Illustration of the device
structure of a flexible back-gated black phosphorus FET on a polyimide substrate. Even after
5.000 bending cycles, the device performance did not degrade. Figure (a) from Ref. [88], (b)
from Ref. [89], (c) from Ref. [90], and (d) from Ref. [85].

by the proximity effect [30]. Therefore, one can effectively add multiple spin interactions
to a 2D material which intrinsically lacks superconductivity, strong spin-orbit, or magnetic
exchange coupling. Nowadays, vdW heterostructures are considered for proximity effects,
exclusively consisting of 2D crystal layers. In fact, proximity effects offer new opportunities
in condensed matter physics. On the one hand, different materials can mutually benefit from
each other and allows for the efficient manipulation of electronic and spin properties. On the
other hand, proximity effects in 2D vdW materials typically leave the characteristic intrinsic
properties of the individual materials intact.
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Figure 2.4: (a) Schematic view of a Crl3/TaSe, vdW heterostructure consisting of an
insulating antiferromagnetic bilayer-Crlz and a nonmagnetic metallic monolayer TaSe;.
The spin-orbit torque (SOT) switches the magnetization m; to get an antiferromagnet-to-
ferromagnet reversible phase transition. (b) A read-out current I,.,4 can be used to probe
the TMR(0) = [R(6) — R(0)]/R(0) of the heterostructure, as function of the angle 6 between
magnetizations m; and m; on two monolayers of Crl3. Here, R denotes the resistance of the
junction. Figures are from Ref. [98].

For example, highly discussed material combinations are graphene/TMDC heterostruc-
tures. Graphene lacks a band gap, has very low optical absorption, nearly no intrinsic SOC,
but excellent electronic and spin transport properties. In contrast, TMDCs display excellent
optical absorption in the visible range with spin-valley locking, but with poor mobilities. In
addition, TMDCs have strong intrinsic SOC. Consequently, graphene/TMDC heterostruc-
tures are very well suited for optospintronics devices, where spin polarization is optically
generated in the TMDC and subsequently transferred to graphene [88, 99], see Fig. 2.3(a).
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Chapter 2 — 2D materials and van der Waals heterostructues

Recent experiments have focused also on the proximity-induced SOC in graphene, due to the
nearby TMDC, which causes a giant lifetime anisotropy in graphene’s spin transport [100].
Remarkably, the intrinsic SOC of graphene can be enhanced by two orders of magnitude,
by the proximity effect, while still preserving the characteristic Dirac dispersion. Moreover,
interconversion between spin and charge currents in graphene/TMDC heterostructures
can be achieved via SHE, see Fig. 2.3(b), and Rashba-Edelstein effect (REE) [89, 101-103].
The conversion can be tuned in sign and magnitude by gating, which offers a route for
fully electrical spin generation and manipulation, without further need of ferromagnetic
electrodes.

One particular example of an all 2D material vdW heterostructure, especially interesting
for novel SOT-based MRAM technologies, is shown in Fig. 2.4(a). In the Crl3/TaSe, vdW
heterostructure, consisting of an insulating antiferromagnetic bilayer-Crl; and a nonmagnetic
metallic monolayer TaSe, an antiferromagnet-to-ferromagnet reversible phase transition can
be induced by SOT [98]. The unpolarized charge current is injected parallel to the interface by
a small applied bias voltage V}, between the left and right electrodes. The charge current in
the strong SOC TaSe; layer, leads to a transverse spin current across the Crlz/TaSe; interface.
Due to SOT, a reversible switching of the magnetization m; of the lower Crlz layer can
be achieved, by passing short current pulses. A transverse read-out current I..,q can be
used to probe the TMR ratio of the heterostructure, as function of the angle 6 between the
magnetizations m; and my of the two monolayers of Crl3, see Fig. 2.4(b). By employing
suitable graphene/hBN tunneling electrodes, the magnetic states of the bilayer-Crlz can be
well distinguished, with a maximum TMR ratio of about 240%.

Another example for applications of vdW heterostructures are TMDC-based p-n junctions
as high performance photodetectors [104-106]. By combining two different TMDC layers
in a heterobilayer, very efficient charge separation is possible. Depending on the combined
TMDC monolayers, a special type-II band alignment is achieved, where the conduction band
(CB) is formed by one layer, while the valence band (VB) is formed by the other TMDC layer,
such that electrons and holes are located in different layers. The resulting photodetectors can
operate with zero bias voltage, due to the built-in field of the heterostructure. Furthermore,
they show fast response times, high on/off ratios, and wide wavelength detection ranges.
The mentioned application prospects give just an initial impression of what is possible with
2D materials and heterostructures. We are not yet at a stage, where these new 2D-based
device developments can drastically outperform the conventional state-of-the-art technology.
Nevertheless, 2D materials and their heterostructures offer a rich playground for basic
research, and hold promise for novel devices in diverse fields. In the following chapters, we
will show our results on proximity effects in 2D material heterostructures and discuss their
significance for research and industry.

More specifically, in the next part we will talk about graphene-based structures. After
introducing a low energy model Hamiltonian, suitable to describe the proximity-modified
Dirac states of graphene, we first focus on graphene/hBN heterostructures. Based on ex-
tensive density functional theory (DFT) calculations, we find that graphene’s characteristic
dispersion is preserved with additional weak proximity SOC in the peV regime. Subsequent
spin lifetime and spin relaxation (SR) anisotropy calculations allow us to discuss the signifi-
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cance of these structures for charge and spin transport experiments. In particular, we will see
that spin lifetimes are on the order of few to tens of nanoseconds, while SR anisotropies are
gate tunable and can reach giant values. Next, we discuss the proximity SOC in graphene/TI
heterostructures. In great contrast to hBN, the TI induces a much larger SOC in graphene
on the order of few meV. The magnitude of the induced SOC depends on an external gate
voltage, the atomic constituents of the TI, and the interlayer distance, which are tuning
knobs to find ideal experimental conditions for, e. g., spin-to-charge conversion efficiencies
in graphene/TI stacks. In the last chapter about graphene, we discuss the proximity-induced
exchange coupling due to the Ising antiferromagnet MnPSes. Surprisingly, antiferromagnetic
exchange is induced in graphene, i. e., the effective couplings in the model have opposite
sign for the different sublattices in order to fit the DFT dispersion. This behavior has never
been reported before and opens new avenues for the design of topologically protected edge
states in graphene.

In Ch. 7, we switch gears and introduce the basic properties of bilayer graphene (BLG).
Especially its unique gate tunable low energy dispersion, with sublattice- and layer-polarized
bands, is important for exotic device concepts where spin interactions can be turned on and
off. In particular, we will discuss multiple heterostructures comprising BLG, semiconducting
TMDCs, and the ferromagnetic insulator (FMI) CGT. Due to the short-range proximity
effects, only adjacent layers influence each other. Consequently, spin-orbit and exchange
couplings can be fully electrically turned on and off or swapped in the conduction electrons of
BLG. Our results provide a basis for unique multifunctional device architectures, employing
the full potential of vdW heterostructures and related proximity-induced phenomena.

In the last part of this thesis, we will discuss TMDCs. One important key ingredient
for flexible electronics are 2D materials because of their mechanical strength. In this con-
text, especially the semiconducting TMDCs are attractive and this is why we study their
strain tunable band structures and optical properties in Ch. 9. Even though these results
are not directly related to proximity effects, they are still vital for the interpretation of
experiments and heterostructure DFT calculations. In the last main chapter, we consider
TMDC/(hBN/Crlz)/Crl; structures. The proximity-induced exchange coupling is short-
ranged and originates from the adjacent magnetic Crl; layer only. The induced magnetism,
combined with the giant intrinsic SOC of the TMDCs, breaks the valley degeneracy in the dis-
persion. The relevant TMDC band edges at the K and K’ points experience a valley splitting
on the order of a few meV, which can be tuned by gating and twisting the TMDC/Crl;3 het-
erostructures. Technologically, this offers a way for persistent valley polarization in TMDCs,
and the valley degree-of-freedom could be employed in novel valleytronics heterostructure
devices.
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CHAPTER 3

The basics of monolayer graphene

In this chapter, we introduce the basic properties of monolayer graphene, such as unit cell,
band structure, and low energy Hamiltonian. The Hamiltonian is based on effective p,
orbitals of graphene that can be modified by proximity effects. The modification of the
Dirac bands due to proximity of graphene to other materials, such as monolayer transition-
metal dichalcogenides (TMDCs) or ferromagnets, can be described by a series of parameters,
including orbital, spin-orbit, and exchange effects. The parameters can be determined
by fitting the Hamiltonian to a first-principles calculated band structure of a graphene-
based heterostructure system. Finally, we briefly analyze the impact of proximity spin-orbit
and exchange coupling on the low energy band structure by employing realistic model
parameters according to density functional theory (DFT)-calculation examples.

3.1 Unit cell, Brillouin zone, and band structure

The element carbon is very important, especially for life on earth, since all living (organic)
compounds contain it. Due to the special electronic configuration [He] 2s22p?, with 4 valence
electrons, it has the ability to form complex molecules and shows the greatest diversity
of chemical combinations among all elements. For example, carbon is found in complex
hydrocarbon chains, such as in fossil fuels and plastics which are essential for industry. In
great contrast, diamond, one of the hardest and most precious crystals on earth, is also
formed by carbon atoms.

A highly discussed material, which exclusively consists of carbon atoms, is graphene.
Its prominent properties, like giant electron mobility, optical transparency, and mechanical
robustness [77, 107-109], make it very appealing for research, especially in the fields of
electronics and spintronics. Monolayers of graphene can be produced via mechanical
exfoliation [109] or by chemical vapour deposition (CVD) on metal substrates [110]. The
lattice of graphene is shown in Fig. 3.1, which has a lattice constant a = V3ay ~ 2.46 A,
where gy = 1.42 A is the distance between next-nearest carbon atoms [35]. Graphene contains
two non-equivalent atoms in the unit cell, thus it is made up from two trigonal sublattices
Ca and Cg. The reciprocal lattice is also hexagonal, containing the non-equivalent high
symmetry points I', M, K, and K'.
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(a) (b) K

Figure 3.1: Unit cell and Brillouin zone (BZ) of graphene. (a) Real space lattice of graphene
with labels for the sublattices Cs and Cg. One unit cell is emphasized by the dashed line.
(b) First BZ of the reciprocal lattice, where I', M, K, and K’ are non-equivalent high symmetry
points.
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Figure 3.2: Calculated band structure and corresponding orbital resolved density of states
(DOS) of graphene. (a) Band structure along the high symmetry path I'-M-K-T'. (b) Orbital
resolved DOS, where the contribution of d orbitals is multiplied by a factor of 10.

In Fig. 3.2, we show the band structure and the corresponding orbital resolved DOS of
graphene, as calculated from DFT. Thess, py, and p, orbitals in graphene form sp? hybridized
covalent o-bonds in the plane, lying low in energy, which are responsible for the mechanical
robustness of graphene. The remaining p, orbitals, which point out of the graphene plane,
are responsible for the 7r-bands near the Fermi energy and determine the electronic and
spin transport properties [35, 111]. At the corners of the BZ (K and K’ points), valence
band (VB) and conduction band (CB) touch. The K/K' points are called Dirac points, since
the dispersion is linear in their vicinity and the charge carriers show a similar behavior
as massless Dirac fermions, with a Fermi velocity of roughly 10° m/s. The bands at the T
point, for energies larger than 3 eV are parabolic, which is an artifact of the DFT calculation
when simulating a monolayer surrounded by vacuum. Tight-binding descriptions [35, 112]
and experimental [113] studies of the electronic structure of graphene match well with the
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DFT results. Especially tight-binding model descriptions are very useful in exploring the
electronic, spin, and transport properties of graphene under several external influences, such
as adatoms and substrates [88, 100, 112, 114-117].

Since the first exfoliation, monolayer graphene has attracted a lot of attention due to its
theoretically predicted very long spin relaxation (SR) times of T ~ 1 us and SR lengths
of Is =~ 100 ym, making it the ideal material for spintronics [118-124]. However, first
experimental studies found much shorter SR times in the picosecond range [125-135]. From
several investigations we now know that adatoms like hydrogen [117, 136] locally enhance
the spin-orbit coupling (SOC) strength up to 1 meV, giant compared to graphene’s intrinsic
SOC of about 10 ueV [111, 137-139]. In addition, DFT studies have shown that also substrates
such as TMDCs can strongly enhance the SOC in graphene [88, 140]. All these external
sources of SOC significantly reduce the spin lifetimes in graphene.

Still, graphene is one of the most frequently used transport channel materials in spintronics.
In principle, the weak intrinsic SOC of graphene is ideal for long-distance spin transport,
but detrimental for manipulating (or even generating) spin currents. Thus, we desire to
induce and control spin interactions in graphene. Because graphene is only one atomic layer
thick, it is ideally suited for van der Waals (vdW) heterostructures and short-range proximity
effects can be used to manipulate its electronic properties. In the following chapters, we will
discuss several examples of vdW heterostructures, where graphene gets proximitized by
other (not necessarily two-dimensional (2D)) materials. Proximity-induced spin-orbit and
exchange couplings will modify the low energy Dirac bands, but leave the characteristic
linear dispersion of graphene intact.

3.2 Hamiltonian of spin-orbit and exchange proximitized
graphene

In this part about graphene, our main goal is to answer the question how another material
in proximity to graphene modifies the low energy Dirac bands at K/K'.

Several studies of spin-orbit and exchange proximitized graphene, motivate us to introduce
the following minimal Hamiltonian [88, 115, 141-144] (as derived from symmetry [112, 145,
146]), which is based on effective p, orbitals. The basis of the Hamiltonian is ¢ ©® s, where ¢
denotes the sublattice/pseudospin space (Ca, Cg) and s the spin space (1, ), resulting in the

four basis states [Cs 1), |Ca 1), [Cg 1), and |Cp |) with four eigenvalues 8932/ Ve,

As already mentioned, the low energy bands of graphene near the Fermi level display a
linear energy-momentum relation and pristine graphene can be described by the massless
Dirac Hamiltonian. In the vicinity of K (K’) points,

Ho = hop(thkeox — kyoy) @ so, (3.1)
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where vr denotes the Fermi velocity, and k. and k; are the Cartesian components of the elec-
tron wave vector measured from +K, corresponding to the valley index T = +1. The Pauli
spin matrices are s; and 0; are pseudospin matrices, where i = {0, x,y,z}. The Hamiltonian
Ho describes a gapless linear dispersion near the Dirac points K (K’). The bands are two-fold
spin-degenerate.

When graphene is situated above a substrate, the two sublattice atoms Cp and Cg feel
different effective surrounding potentials. The Hamiltonian

Hpa = Ao,sg, (3.2)

where A is the staggered potential gap, describes this difference in the sublattice potentials.
The Hamiltonian H 5 essentially describes a mass term, which breaks the pseudospin sym-
metry. The two terms H + Ha describe spin-degenerate parabolic bands near K/K’ points,
with an orbital band gap.

Naturally, each carbon atom possesses some amount of intra-atomic SOC A°™. In the
case of our effective p,-based Hamiltonian, this atomic SOC only marginally affects the
dispersion near the Dirac points K (K’), in which we are mostly interested in [138]. The
parameter we use to model the impact of the atomic SOC on the linear dispersion is Ay,
which we call intrinsic SOC. For freestanding graphene, the two sublattices (C4 and Cg) can
be seen as equivalent — there is yet no obvious reason for two carbon atoms to differ. One
can translate this into A* = AP = A; and SOC opens just a tiny gap of about 20 eV in the
spectrum, even though the spin-orbit splitting of p states is on the order of 10 meV [111].
Actually, the value of A1 = 12 pyeV is dominated by the atomic SOC from d orbitals, as they
contribute in first order, while p orbitals contribute only in second order, as deduced from
perturbation theory [138]. From the DOS, see Fig. 3.2(b), one can actually see that d orbitals
contribute in a similar way as p, orbitals near the Dirac point.

When graphene is located on a substrate, the pseudospin symmetry gets explicitly broken.
Furthermore, the substrate can induce some additional amount of SOC by proximity. Thus,
the intrinsic SOC values get modified by the proximity effect such that A{* # AP. This can be
described by the Hamiltonian

Hi = T(Moy +APr ) ®s,, (3.3)

with A& and AP being the sublattice-resolved intrinsic SOC parameters, and o+ = (0 %+ 0p)
for shorter notation. Because the SOC is, in most cases, proximity modified, the term
“intrinsic” should not be taken too literally.

The presence of a transverse electric field (vertical to the graphene layer) or a substrate
breaks all symmetries that would allow to flip the orientation of the transverse z axis
(inversion with respect to z or mirror with respect to the xy plane). Two additional terms
arise due to this symmetry breaking, namely

24



Chapter 3 — The basics of monolayer graphene

and
Hpia = a(Apiacs — APa0-) ® (kxsy — kysy). (3.5)

The first term is the Rashba SOC Hamiltonian with parameter Ag, which describes the
amount of space inversion asymmetry. The second term is the sublattice-resolved pseudospin
inversion asymmetry (PIA) SOC Hamiltonian, with parameters A%, and AB;,, which de-
scribe the strength of the mirror plane asymmetry. Note that the Rashba and PIA terms,
leading to in-plane spin-orbit fields, compete with the intrinsic SOC term, favoring out-of-
plane spin textures. This will have important consequences for SR, as we will see in the next
chapter.

When graphene is situated above a magnetic substrate, we explicitly break also time-
reversal symmetry. In the style of the sublattice-resolved intrinsic SOC Hamiltonian Hj, we
introduce a proximity-induced exchange Hamiltonian

Hex = (A0t + Ax0-) @52, (3.6)

with A2 and A8 being sublattice-resolved exchange parameters. The impact of the proximity
exchange Hamiltonian on the low energy Dirac bands can be seen as an effective magnetic
(Zeeman) field that simply shifts spin-up and spin-down bands in energy.

The full low energy graphene Hamiltonian we consider in the following chapters is

Her = Ho + Ha + Hi + Hr + Hpia + Hex, (3.7)
or in matrix form
A+TAR = AL —AB, (ke 4+ ky)a  hop(thy + iky) 2iARS K 1K
_/\IéIA(_ikx + ky)ﬂ A— T)\IA + )‘eAx ZiARéTK’_K T’l?)p(Tkx + iky)
Her = . (3.8)
hog(tky — iky) —2IARSK, K —A—TAP = A8 AR (ikx + ky)a
—2iARS K 1K hop(thy —iky)  —ABu(—ikx +ky)a  —A+TAP +AB

In order to find the parameters, we fit the model Hamiltonian, Eq. (3.7), to DFT-calculated
band structures of graphene in proximity to various other materials, which provide either
magnetism or strong SOC. Depending on the specific system we consider, some terms can be
neglected. Note that the model Hamiltonian, Eq. (3.7), is centered around zero energy Fermi
level. For the first-principles calculated band structures, this is not necessarily the case, as
charge transfer between the layers can occur, resulting in doping of the graphene. Therefore,
we introduce another parameter Ep, which shifts the model band structure up (down) in
energy, and we call it Dirac point energy, representing the amount of hole (electron) doping
of graphene. Consequently, the actual full Hamiltonian is Hgr + Ep.
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3.3 Band structure topologies of proximitized graphene

Let us now analyze the different Hamiltonian terms by looking at their individual effects on
the band structure. In Fig. 3.3, we show a series of low energy band structures for different
parameter sets, without including proximity exchange parameters A¢x such that time-reversal

symmetry is preserved.

K [10"/A]

M « K » r M « K - r

M « K = r M « K = r

Figure 3.3: Low energy graphene band structures for different parameter sets of the Hamil-
tonian Hcr. In all subfigures, we use vp = 8 x 10°2, while unspecified parameters are
zero. In these cases, time-reversal symmetry is preserved and we show the bands at the K
point only. Color of the lines (symbols) corresponds to the s, (pseudospin) expectation value.
(a) A = 1.6meV, A\> = AF = 0.8meV. (b) A = 1.6 meV, Af\ = —/\}3 = 0.8meV. (c) A = 0.4 meV,
Ap = —AP =0.8meV. (d) A =04 meV, A} = —AP = 0.8 meV, A\gx = 0.8 meV.
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In the case of A > (A = AP), see Fig. 3.3(a), we find that the CB (VB) is formed by the Ca
(Cp) sublattice. Compared to the case where A > (A = —AP), see Fig. 3.3(b), the VB spin
ordering is reversed, while the pseudospin ordering is preserved. Thus, the spin ordering of
the bands is determined by the sign of the intrinsic SOC parameters, while the pseudospin
order is determined by the sign of the staggered potential parameter A. Note that the choice
of the sublattices is arbitrary in the geometry, see Fig. 3.1. However, once we have assigned
Ca and Cg to the lattice, the sign of A can be fixed by the pseudospin expectation values,
determined from DFT.

(a) k[10"Y/A] k [10"%/A]

M « K » r M « K - r

Figure 3.4: Same as Fig. 3.3, but here, time-reversal symmetry is broken and we show the
bands at the K (left panels) and K’ (right panels) points. (a) A = 0.4 meV, A& = —AP =
0.8 meV, Ag = 0.8 meV, /\ﬁx = AEX = 1.6 meV. (b) A = 0.4 meV, /\f\ = AF = 0.8 meV,

AR = 0.8 meV, A5 = —AB = 1.6 meV.
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When we decrease the staggered potential parameter A, to be smaller than the intrinsic
SOC parameters, see Fig. 3.3(c), we allow for crossing of the highest VB with the lowest
CB. Including a finite Rashba SOC parameter, see Fig. 3.3(d), the crossing becomes avoided
because AR allows for mixing of the two spin components and opens a band gap. From the
topological point of view, we obtain an inverted band structure with respect to both spin
and pseudospin. Such a case can be realized in graphene/TMDC heterostructures, such that
protected pseudohelical edge states can be present in graphene nanoribbons [140, 147].

Once we introduce a proximity exchange term, originating from a magnetic substrate, we
explicitly break time-reversal symmetry and the degeneracy of the K and K’ valleys, see
Figs. 3.4(a,b). In the case of uniform exchange and staggered SOC, see Fig. 3.4(a), quantum
anomalous Hall (QAH) states can be realized [148-150]. In the case of staggered exchange
and uniform SOC, see Fig. 3.4(b), it is possible to address a spin- and sublattice-polarized
state only near the K valley, for an energy of about —1 meV below the Fermi level [151].

Note the following similarities when comparing the effects of exchange and intrinsic
SOC parameters on the Dirac band splittings. For uniform proximity exchange (A% = A2)),
the splitting is reminiscent of the Zeeman splitting from an external magnetic field [152].
Similarly, for staggered intrinsic SOC (A#* = —AP), the Dirac bands of different valleys (K
and K') are split as if a valley dependent Zeeman field would be present. Hence, staggered
intrinsic SOC is also called valley Zeeman SOC. For uniform intrinsic SOC parameters (A* =
AP), we arrive at the Kane-Mele SOC Hamiltonian [118, 144]. In analogy, staggered exchange
parameters (A% = —AB ) would produce a similar dispersion, since the Hamiltonians #;
and Hex are quite similar.

Throughout the following chapters, we will encounter almost all possible situations and
various parameter sets, where we have either normal or inverted bands. For example, in the
case of graphene on hexagonal boron nitride (hBN), in Ch. 4, we will find that proximity SOC
is comparable to the intrinsic SOC in pristine graphene, which will lead to extraordinary
long spin lifetimes and giant SR anisotropies. In contrast, when graphene is situated above
a topological insulator (TI), see Ch. 5, strong proximity-induced SOC will be imprinted,
which is of valley Zeeman type, roughly corresponding to the situation shown in Fig. 3.3(d).
Once a ferromagnetic substrate (Crlz or CryGeyTeg (CGT)) is used, we find strong uniform
proximity exchange, but also weak (one order of magnitude smaller than exchange) induced
SOC in graphene, similarly as shown in Fig. 3.4(a). Such a case is discussed in Ref. [153].
The situation shown in Fig. 3.4(b), can be realized when graphene is in proximity to an Ising
antiferromagnet, such as MnPSe3 [151], where staggered proximity exchange can be induced,
as will be discussed in Ch. 6.
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CHAPTER 4

Spin relaxation anisotropy in graphene/hBN structures

This chapter is based on the publication: K. Zollner, M. Gmitra, and ]. Fabian, Physical Review B 99,
125151 (2019), "Heterostructures of graphene and hBN: Electronic, spin-orbit, and spin relaxation
properties from first principles”.

4.1 Introduction

Graphene encapsulated in hexagonal boron nitride (hBN) is regarded as one of the most
important van der Waals (vdW) heterostructures for two-dimensional (2D) spintronics [2,
4,154]. When experimentalists started to study spin transport in graphene, typical devices
were based on SiO,/Si substrates [125-135]. Unfortunately, spin transport qualities of
graphene were tremendously reduced due to the SiO; and maximum spin lifetimes of only
a few hundreds of picoseconds were obtained. In contrast — and that is why people were
puzzled from experimental results — theory predicts only few peV spin-orbit coupling
(SOCQ) in pristine graphene [111, 137, 138], which should give rise to outstanding spin
lifetimes in the nanosecond range [120-124]. This issue has been resolved since then since
electron-hole puddles [155, 156], surface roughnesses, defects, and impurities [157, 158] are
present in experiments. Consequently, graphene’s weak SOC can be significantly increased,
substantially influencing charge and spin transport properties. In addition, there is no
indication of different lifetimes for out-of-plane and in-plane spins, i. e., a spin relaxation
(SR) anisotropy!, in these devices [159-161]. Due to the presence of magnetic resonant
scatterers [114, 162, 163], an efficient SR and spin flip channel is present, randomizing the
directions of the spins, which leads to the absence of a SR anisotropy.

In the context of SR, graphene/TMDC heterostructures are found to be important.
Graphene in proximity to a TMDC acquires large Rashba and valley Zeeman SOC (1 meV)
[88], leading to giant SR anisotropies [100, 164, 165], see Fig. 4.1. In general, the SOC induced
by the TMDC substrate strongly reduces spin lifetimes to the picosecond range. However,
as theoretically predicted [100] and experimentally confirmed [164, 165], in-plane spins relax

IThe SR anisotropy is defined via the ratio & = . /Ts . In 2D electron gases, the out-of-plane electron spins
have lifetimes (7; ;) smaller than in-plane spins (T; x) because of the strong interfacial Rashba SOC [2], which
typically leads to ¢ = 1/2.
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Figure 4.1: Spin lifetime anisotropy in graphene/transition-metal dichalcogenide (TMDC)
heterostructures. (a) Sketch of the graphene/MoSe; structure on a SiO, /Si substrate with
top hBN as tunneling barrier and Co spin injection and detection contacts. White arrows
are the Co magnetizations and black arrows depict the spins. (b) The non-local resistance
Ry as function of the applied in-plane magnetic field By. The spins are injected from Co
contact 2 and the non-local voltage V}, is measured between contacts 3 and 4 for parallel
(blue) and antiparallel (red) magnetizations of contacts 2 and 3. By fitting these so-called
Hanle curves, the spin lifetimes for out-of-plane (7, ) and in-plane (7)) spins can be obtained.
Due to the proximity-induced giant valley Zeeman SOC in graphene, the lifetimes are short
(picoseconds) and out-of-plane spins live much longer than in-plane spins (7, = 10 - 7))).
(c) The formula represents the ratio of spin lifetimes, i. e., the SR anisotropy as deduced
from spin dynamics model considerations, taking into account valley Zeeman (Ayz) and
Rashba (Ar) SOC, as well as the momentum relaxation (7,) and intervalley scattering (T;,)
times. The figure schematically illustrates SR in graphene/TMDC heterostructures. The tall
arrows depict the effective spin-orbit fields for the Dirac bands at K and K’ valleys. The
spin dynamics model in Ref. [100] reveals that in-plane spins predominantly relax due to
intervalley scattering, while out-of-plane spins relax due to momentum scattering. Figures
(a,b) are from Ref. [164] and (c) from Ref. [100].

much faster than out-of-plane spins. Regarding spin lifetimes, one possibility to counteract
the influence from the substrate is to suspend graphene [166-168]. Indeed, recent resonance
microwave measurements of suspended graphene on SiO; were used to experimentally
determine the intrinsic spin-orbit gap of graphene to be 42 ueV [139], in agreement with
theory [111]. Even though suspended samples can have high mobilities, one major drawback
is that their spin transport qualities are limited. The search for new substrates revealed that
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hBN, the 2D insulating graphene analog, is the material of interest. It cannot only efficiently
protect graphene from environmental influences, but also serve as a tunnel barrier for spin
injection [141]. In addition and most important, the outstanding spin transport properties of
graphene will be preserved, due to the chemical inertness of hBN.

The current generation of graphene spintronics devices relies on hBN as substrate
or encapsulation material [38, 169-180]. These (hBN)/graphene/hBN heterostructures
show outstanding spin and charge transport qualities. The mobilities can be giant, up to
10° cm?/Vs [77, 107, 108], and go beyond the values reported for III-V semiconductors in
state-of-the-art field-effect transistor (FET) technology [75, 76]. Also record spin lifetimes
have been achieved. In early experiments, only a few nanoseconds, but recently pushed
beyond the value of 10 ns [174] because of the improved growth techniques. We are now
at a stage, where large scale, defect free, and smooth interfaces of graphene and hBN [155,
181-185] can be easily produced, which is certainly helpful for mass market applications.
The mentioned experimental findings about the spin and charge transport properties of
graphene/hBN heterostructures demonstrate their importance and potential for the future
generation of spintronics and spin-logic devices [2, 3, 154, 170, 171, 186-197].

In this chapter, we will discuss (hBN)/graphene/hBN heterostructures, in the context of
spin lifetime limits and SR anisotropies. By combining first-principles calculations and the
low energy graphene model Hamiltonian, introduced in Sec. 3.2, we describe the Dirac states
of graphene in a variety of important structures. We present the extracted SOC parameters
for proximitized graphene, which are in the peV-range. The fitted model parameters, includ-
ing SOC and also orbital ones, are very sensitive to the actual atomic arrangement in the
heterostructure. Moreover, the parameters depend on the interlayer distance and especially
the Rashba SOC can be precisely tuned by applying a transverse electric field. Armed with
the fitted model parameters, we employ the Dyakonov-Perel formalism to calculate spin
lifetimes for graphene in the nanosecond range, in agreement with recent experimental
measurements. The values of the SR anisotropy ¢ = T,/ Ts x are giant and maximal close
to the charge neutrality point, decreasing with the doping level. Most important, we find
that the anisotropy can be tuned within a few orders of magnitude by applying an external
electric field, which controls the magnitude of the Rashba SOC.

4.2 Geometry, computational details, and band structure

In order to calculate the electronic band structure of (hBN)/graphene/hBN heterostructures
from first-principles, we have to use a common unit cell for graphene and hBN. Therefore,
we fixed the lattice constant of graphene [35] to 2 = 2.46 A and changeed the hBN lattice
constant from its experimental value [198] of 2 = 2.504 A to the graphene one. The lattice
constants of graphene and hBN differ by less than 2%, which justifies our assumption of
commensurate geometries. Typically, only three high-symmetry stacking configurations
are usually considered when graphene is placed above hBN, see Fig. 4.2. From previous
density functional theory (DFT) studies, we also already know the configuration with the
lowest energy, with one C atom over the B atom and the other C atom over the hollow site of
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Figure 4.2: Three high-symmetry commensurate stacking configurations of graphene on
hBN, i. e., the (aB, BH), («N, pH), and («N, BB) geometries. The (HaH, BBB) stacking is an
example of hBN encapsulated graphene. The stacking terminology is described in the text.

hBN [199]. However, in real samples, the small lattice mismatch leads to the observation of a
moiré-pattern, which consists of several local stacking geometries [200-202]. Even though
the low energy bands of graphene differ among various stackings, the global band structure
remains qualitatively the same [199, 203]. By considering all structural arrangements of
graphene on hBN, we can get a more quantitative feeling for SOC in a realistic experimental
setup.

The stacking of graphene on hBN is a crucial point and we first have to define a common
terminology to distinguish them. We label the three relevant sites in hBN as the B site (Boron),
the N site (Nitrogen), and the H site (hollow position in the center of the hexagon). Similarly,
we have two graphene sublattices a (Ca) and B (Cg). We call the energetically most favorable
configuration («B, BH), where Cj, is located above Boron, and Cg is above the hollow site.
According to this definition, we define the other configurations as («N, H) and («N, BB).
Due to symmetry, the configurations with interchanged Ca and Cp sublattices give the same
results. Not only the stacking is an important point, but also the interlayer distance between
graphene and the hBN. A previous study has shown that the energetically most favorable
interlayer distance slightly varies between the stackings [199]. We include a distance study
for all three configurations in order to cross-check what the corresponding lowest energy
distances are and to obtain a qualitative and quantitative feeling about how the proximity
SOC depends on the interlayer distance.

In analogy to the graphene/hBN structures, a stacking sequence of hBN encapsulated
graphene is then abbreviated as (UaV, XBY), indicating that the « (8) sublattice of graphene
is sandwiched between the U and V (X and Y) sites of top and bottom hBN, each of which
can take the values {B, N, H}. It has been shown [203] that the energetically most favorable
sandwich structure is (HaH, BBB), which agrees with our findings, as we will see later. This
means that the graphene « () sublattice is sandwiched between the two H sites (B sites) of
top and bottom hBN. For a very accurate description of the encapsulated structures, one
would have to vary both interlayer distances and check for the energetically most favorable
situation. However, this is computationally very demanding and, for simplicity, we use
the distances determined from the non-encapsulated structures. Of course, we respect the
stackings between graphene and the top and bottom hBN layer individually, which can
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Figure 4.3: Calculated electronic band structure of the (HaH, BBB) geometry, see Fig. 4.2.
The bands of graphene (hBN) are plotted in brown (green). The left inset shows a sketch

of the low energy dispersion close to the K point. Due to the presence of the hBN layer(s),

graphene’s low energy bands are split into four states e??z/ VB separated by a band gap.

have different interlayer distances. In Fig. 4.2, we show the three commensurate stacking
configurations of graphene on hBN, as well as the (HaH, BBB) geometry, as an example of
hBN encapsulated graphene.

The following first-principles calculated results were obtained with a full potential lin-
earized augmented plane wave (FLAPW) code based on DFT [204] and implemented in
WIENZ2K [205]. Exchange-correlation effects were treated with the generalized gradient
approximation (GGA) [206], including a long-range vdW dispersion correction [207] and
using a k-point grid of 42 x 42 x 1 in the hexagonal Brillouin zone (BZ) if not specified
otherwise. The values of the Muffin-tin radii we used are R¢c = 1.34 for C atoms, Rg = 1.27
for B atoms, and Ry = 1.40 for N atoms. The Mulffin-tin radius R in WIEN2K is defined in
atomic units, i. e., R = 1 equals the Bohr radius a9. We used the plane wave cutoff parameter
RKpax = 9.5. In order to avoid interactions between periodic images of our slab geometry,
we added a vacuum of at least 20 A in z direction.

The calculated band structure of encapsulated graphene in the (HaH, BAB) configuration
is shown in Fig. 4.3, as a representative example for all considered geometries. The other
encapsulated stacking geometries, as well as graphene on hBN, exhibit a similar global band
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structure. The Dirac bands of graphene are located within the hBN band gap. In general,
all geometries we consider in the following break the pseudospin symmetry, and open a
band gap in graphenes spectrum. Then, for example, the orbitals from the C4 sublattice
form the conduction band (CB), while orbitals from the Cp sublattice form the valence
band (VB). In addition, the low energy bands split into four states 8832/ VB, see left inset in
Fig. 4.3. The splitting of the bands originates from a combination of (proximity-induced)
intrinsic and Rashba SOCs. In the following, we focus on the graphene Dirac bands in such
(hBN)/graphene/hBN geometries. The DFT-computed low energy bands, which roughly
look like the ones from the left inset of Fig. 4.3, are fitted to the model Hamiltonian, Eq. (3.7),
introduced in Sec. 3.2. The fitted model parameters are extremely valuable for subsequent
spin and charge transport simulations. Here, we finally use them to calculate spin lifetimes

and SR anisotropies.

4.3 Graphene on hBN

In this section, we first discuss the non-encapsulated graphene/hBN heterostructures. For
one exemplary case, we explicitly show a comparison between the DFT-calculated and
model band structures. For all other stacking configurations, we only summarize the fitted
model parameters in a tabular form. In addition, we analyze the influence of the interlayer
distance between graphene and hBN on the extracted orbital and SOC model parameters.
Moreover, we show the tunability of the parameters by applying a transverse electric field
for one specific stacking configuration. We then introduce the Dyakonov-Perel formalism,
from which we calculate spin lifetimes. Finally, we discuss the SR anisotropy and its electric
field tunability.

4.3.1 Low energy bands

In Fig. 4.4, we show the calculated low energy Dirac bands of graphene in the vicinity of the
K point, together with a fit to our minimal Hamiltonian Hgg for the (B, BH) configuration
of graphene on hBN. We can see that the orbital band structure is perfectly reproduced by
our model, see Fig. 4.4(a), in quite a large energy window of about +=100 meV around the
Fermi level. The splittings of the bands are shown in Figure 4.4(b), which are in the yeV
range and are defined as AEcg = sgB — sz and AEyg = 8\2/]3 — SYB. Also the band splittings
can be reproduced by the model, with a maximum discrepancy of about 10% compared
to the first-principles data. More specifically, the model overestimates (underestimates)
the splittings along the K-M (K-I') path. The reason for the discrepancy of the fit is the
influence of the hBN substrate. Our model Hamiltonian is based on effective p, orbitals of
graphene only. However, in the presented case, the states forming the Dirac bands have
an additional small contribution of p orbitals of hBN, as we find from the DFT-calculation.
In particular, Boron p. orbitals and Nitrogen (px + py) orbitals are contributing close to the
charge neutrality point and are the origin of this difference [142]. However, the overall fit
results are still very accurate and sufficient for our needs.
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Figure 4.4: Calculated band properties of graphene on hBN in the vicinity of the K point
for the («B, BH) configuration and an interlayer distance of 3.35 A. (a) DFT-calculated band
structure (symbols) with a fit to the model Hamiltonian (solid line). (b) The splitting of the
CB AEcp (blue) and the VB AEy5 (red) close to the K point and calculated model results.
(c)-(e) The spin expectation values of the bands ¢} and sz with a comparison to the model
results. The fit parameters are given in Tab. 4.1.

Table 4.1: Fit parameters for the three graphene/hBN stacks for their energetically most
favorable interlayer distances, employing the Hamiltonian Hcg, Eq. (3.7). The Fermi velocity
vr, the gap parameter A, Rashba SOC parameter AR, intrinsic SOC parameters A? and /\IB,
and pseudospin inversion asymmetry (PIA) SOC parameters Af;, and A5, are summarized.
In the last row we average over the configurations for each parameter.

Configuration distfmce UE A AR Af* AIB AIQI A AEI A

[A]  [10°2] [meV] [ueV] [peV] [ueV] [ueV] [peV]
(«B, BH) 3.35 8308 —17.08 10.65 5.00 9.37 33,58 37.57
(aN, BH) 3.50 8.197 1631 12,67 11.78 1396 4.431 26.68
(«N, BB) 3.55 8.128 23.50 17.89 1221 15.82 1291 29.73
average 347 8.211 7577 1374 9.66 13.05 16.97 31.33

Finally, Figs. 4.4(c)-(e) display the spin expectation values of the bands £y© and ¢{8, which
are in perfect agreement with the model. The s, and s, spin expectation values show a
pronounced signature of Rashba SOC, with a sign change around the K point. The s,
expectation values have a maximum at the K point, and slowly decay towards the M and I
points, as we go to higher energies in the dispersion.
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The model parameters are summarized in Tab. 4.1 for the three non-encapsulated
graphene/hBN structures, considering their individual lowest energy interlayer distances.
The interlayer distance results are discussed in the following section. All of the stacking
configurations can be fitted with the same Hamiltonian Hcg, Eq. (3.7), just using different
parameter sets. In general, the proximity-modified graphene Dirac spectrum is dominated by
the pseudospin symmetry breaking (A), introducing a mass gap of tens of meV. Nevertheless,
the band splittings and the SOC parameters, which will dominate spin lifetimes and SR, are
small and in the yeV range.

4.3.2 Distance study

As already mentioned, different stacking configurations lead to different interlayer distances
between graphene and hBN when minimizing the total energy of the individual geometries.
In this regard, DFT-predicted results can, sometimes significantly, differ from reality because
the energetically most favorable interlayer distance varies between the employed methods,
which use different vdW interactions [208]. Therefore, it is important to know how the
proximity SOC parameters evolve with distance. In Fig. 4.5, we show the fit parameters of
Har as a function of the distance between graphene and hBN and for the different stacking
configurations. Overall, the lowest energy is obtained for the («B, pH) configuration with
an interlayer distance of 3.35 A, see Fig. 4.5(a). The energetically most favorable interlayer
distances for the (N, BH) and («N, BB) configurations are obtained at distances of 3.50 Aand
3.55 A. Translating this into real samples, where a moiré-pattern is present, leads to a wave-
like graphene sheet above hBN [209-211].

The Fermi velocity vr, see Fig. 4.5(b), which reflects the nearest neighbor hopping strength

f%’; [112], grows as a function of distance, especially for the («N, BH) and («IN, fB)

configurations. For all three structures, vr converges to a common value of about 8.3 x 10°2.
Once, the interlayer distance approaches infinity, we recover the band structure properties of
a freestanding graphene sheet. Thus, it is not surprising that the Fermi velocity converges to
a common value for all geometries. In contrast to that, the gap parameter A decreases with

viat =

distance, in agreement with literature [199]. Once we spatially separate graphene and hBN,
the sublattice (pseudospin) symmetry breaking reduces, the staggered potential parameter
A decreases, and the mass gap in the Dirac spectrum diminishes.

One at first glance illogical observation is that the gap parameter A of the (aB, fH)
configuration is opposite in sign compared to the other two stackings, as seen in moiré-
pattern geometries [209-211]. An issue which can be easily resolved, remembering that
the parameter A determines the pseudospin ordering of the bands, as already discussed
in Sec. 3.3. In the («B, BH) configuration, the C4 sublattice is located above the Boron. By
projecting onto the basis states of the two carbon atoms in the DFT calculation, we find that
the orbitals from sublattice Ca form the VB. Consequently, we need a negative value of A
in the model to match the sublattice character of the DFT results. In contrast, the other two
stackings we consider have the C, sublattice above the Nitrogen. Then, C, orbitals form
the CB leading to a positive value of A. In experiments, typically micrometer size flakes of
graphene and hBN are considered. As already mentioned, all of our stacking configurations
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Figure 4.5: Fit parameters as a function of interlayer distance between graphene and hBN
for the three different stacking configurations. (a) The total energy, (b) the Fermi velocity v,
(c) the gap parameter A, (d) the Rashba SOC parameter Ag, (e) the intrinsic SOC parameter
)\f‘ for sublattice A, (f) the intrinsic SOC parameter AIB for sublattice B, (g) the PIA SOC
parameter A4, for sublattice A, and (h) the PIA SOC parameter AJ;, for sublattice B.

appear simultaneously in a moiré-pattern geometry. With that in mind, there can be a region
with A < 0, spatially separated from a region with A > 0. Consequently, there must be local
regions, where the orbital gap closes when the two sublattices feel the same surrounding
potential, and the low energy dispersion is solely dominated by SOC.

The Rashba SOC parameter, see Fig. 4.5(d), also decreases with distance. By varying the
interlayer distance within our considered range of about 3.1-3.6 A, the Rashba parameter
can be significantly tuned by about a factor of 2-3. When the distance between graphene
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and hBN approaches infinity, we practically recover the properties of pristine graphene
and the Rashba SOC parameter vanishes. The two intrinsic SOC parameters A and AP
approach the intrinsic SOC of 12 peV of pristine graphene [111] as we increase the distance,
see Figs. 4.5(e f). However, for small interlayer distances the hBN substrate induces quite a
significant contribution to graphene’s SOC, as can be seen for the («B, BH) geometry, where
negative values of A#* can be achieved. Especially the AP parameter shows a giant relative
tunability with respect to the interlayer distance.

Finally, we find that the two PIA SOC parameters A@I A and /\%1 A see Figs. 4.5(g,h), also
decrease with distance. Overall, as expected, we restore the pristine graphene properties as
the interlayer distance gradually increases. However, by pushing the graphene towards the
hBN, one could open a large mass gap and induce a significant amount of proximity SOC
in graphene. A recent experiment [212] could demonstrate the band gap opening due to
external hydrostatic pressure, which diminishes the interlayer distance in a graphene/hBN
moiré-structure, confirming the presented findings. What remains to be proven is the
distance-tunability of SOC.

4.3.3 Transverse electric field

For such heterostructures, transverse electric fields can be used in experiments to control
the Fermi level. With the help of top and back gate electrodes, one can tune the doping
level and simultaneously apply an electric displacement field across (hBN)/graphene/hBN
structures. How does the electric field influence the low energy Dirac states? To answer this
question, we consider our lowest energy configuration («B, BH) for graphene on hBN, as
an exemplary case. Similar observations hold for the other geometries. In a similar way,
DEFT calculations have revealed that the Rashba SOC in pristine graphene can be tuned with
an electric field [111]. In the DFT-code WIENZ2K, that we employ here, the electric field is
modeled by a zig-zag potential along the z direction (transverse to the heterostructure).

For every magnitude of the electric field we extract the DFT-calculated low energy band
structure of graphene and employ the model Hamiltonian to find the best-fitting parameters.
In Fig. 4.6 we summarize the fit parameters for the (B, pH) configuration as a function of
the external electric field. Indeed, most of the parameters can be influenced by the field. In
Fig. 4.6(a), we display the evolution of the VB edge with respect to the Fermi level, which is
negative and independent of the electric field. Consequently, the Fermi level will always be
located within the orbital gap of the Dirac states and no doping occurs for our DFT-calculated
results.

The Fermi velocity g, as well as intrinsic SOC parameters A{* and AP, are barely affected.
Within the used field range of +5 V/nm, which are experimentally accessible, we find that
the intrinsic SOC parameters can be changed by only about 1 yeV. However, the field tunes
the orbital gap parameter A quite significantly. The built-in sublattice asymmetry can be
increased (decreased) with a negative (positive) electric field. Since the orbital gap in the
Dirac spectrum is roughly calculated as 2A, it can be tuned by nearly 100% in magnitude
when switching the field from 5 V/nm to —5 V/nm.
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Figure 4.6: Fit parameters as a function of the applied transverse electric field for the («B, BH)
configuration. (a) The VB edge with respect to the Fermi level, (b) the Fermi velocity vf,
(c) the gap parameter A, (d) the Rashba SOC parameter AR, (e,f) the two intrinsic SOC
parameters A* and AP, and (g) the PIA SOC parameters A5, and A5,

Even more fascinating, and this will have significant impact on the spin lifetimes, is that the
Rashba and PIA SOC parameters drastically change with the field. As we know from theory,
the Rashba SOC dictates the in-plane spin lifetimes [2, 3]. In Fig. 4.6(d), we show that the
Rashba parameter changes linearly from about 40 yeV to —20 peV with the field, translating
into a giant tunability that includes a zero transition at about 2 V/nm. Remarkably, one
can precisely control the Rashba SOC and even tune it to zero. We notice that near 2 V/nm,
where the Rashba parameter is zero, the PIA SOC parameters show a huge jump in their
electric field behavior. We were not able to find an intuitive explanation for this, but believe
that it is connected with the zero transition of the Rashba SOC.
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4.3.4 Spin relaxation anisotropy

Measuring the SR anisotropy is gaining strong attention at the moment [159-161], because
spin lifetimes depend on the actual spin orientation. Experiments could show that in
hBN encapsulated bilayer graphene (BLG), there is evidence for strong and gate tunable
spin lifetime anisotropy, which is solely due to SOC [213, 214]. In these encapsulated
BLG heterostructures, out-of-plane spins show a long lifetime of nearly 10 ns, similarly to
monolayer graphene samples. In addition, a marked SR anisotropy of ¢ ~ 10 is observed
near the charge neutrality point. The resolution lies in the intrinsic SOC of BLG, being now
strong enough to play the dominant role for spin manipulation due to encapsulation with
hBN. Analogously to hBN encapsulated BLG, graphene on TMDCs also shows ¢ ~ 10. In
contrast, the origin is not the weak intrinsic SOC (10 ueV [111, 139]), but graphene acquires
strong valley Zeeman SOC (1 meV [88, 140]), being induced from the TMDC. However,
these giant spin-orbit fields detrimentally influence the spin lifetimes, reducing them to the
tens of picosecond range. Moreover, heterostructures of BLG on a TMDC show even larger
anisotropies ¢ ~ 40 — 70 [215], with intermediate out-of-plane spin lifetimes of about 1 ns.

Theory predicted [100], and experiments confirmed [165, 213, 214, 216], that 2D materials
can give unique control over ¢. For example, the SR anisotropy ¢ in encapsulated BLG can
be tuned by two orders of magnitude by a transverse electric field [214] at a fixed doping
level. Remarkably, near the charge neutrality point, ¢ increases with the field. This is in
contrast to the expectation of increasing the Rashba SOC and reducing the out-of-plane spin
lifetime. Fortunately, we know from DFT studies that the BLG low energy band splittings are
not sensitive to moderate electric fields [217] and keep their intrinsic value of about 24 peV.
Under this condition, only the out-of-plane spin polarization s, controls the anisotropy,
which indeed increases with moderate applied fields [214]. From recent theoretical consid-
erations, giant SR anisotropies can be also expected in graphene/topological insulator (TT)
heterostructures [218]. Similar to graphene/TMDC structures, the valley Zeeman SOC is
the origin. In addition, a marked electron-hole asymmetry in the anisotropy can be present,
which is due to a significant contribution from the PIA SOC. Given all these results, measur-
ing the SR anisotropy can be a tool to determine the strength and type of the induced SOC
in graphene.

What about the spin lifetime limits and SR anisotropies in our graphene/hBN structures?
We have seen that the model Hamiltonian Hgg, Eq. 3.7, is capable of reproducing the orbital
band structure, band splittings, as well as spin expectation values near the K point, see
Fig. 4.4. In the following, we employ the model in combination with our fit parameters for
different geometries summarized in Tab. 4.1 and for an electric field shown in Fig. 4.6, to
calculate spin lifetimes and SR ratios. We set up a dense mesh near the K point and calculate
for each k point the eigenvalues, as well as the corresponding spin expectation values, of the
four Dirac bands. To calculate the SR times, we define the spin-orbit field components wy ;

as [3]
_ DB ski

n s (4.1)

Wk i
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where k is the momentum and si; are the spin expectation values along the direction
i = {x,y,z}. The energy splitting of the Dirac bands is AE; (either CB or VB) and

Sk = \/ S%/X + si/y + S%,z is the absolute value of the spin. By that, we obtain at each k

point the spin-orbit vector fields, for the CB and VB. Following the derivation in Refs. [100,
219], we then calculate the SR times as follows

T, x1 E) = <w]%,y> + Ty - <w]%Z> (4-2)
Toy (B) = 1 - (w}) + Tio - (@} ), (4.3)
T, 1(E) Tp + (Wi T Wiy )- (4.4)

The average (-) is performed over all k-points that have the same constant energy E, either
belonging to the CB or VB. For the calculation of the averages (-), we use energy steps of
100 peV with a smearing of +50 peV, corresponding to a temperature of 0.58 K. In the energy
region of the orbital gap, no states are available and spin lifetimes cannot be calculated. The
momentum relaxation time is 7, and Tj, is the intervalley scattering time. Measurements [171-
174] provide SR lengths of As ~ 20 um, SR times of T; ~ 8 ns, and spin diffusion constants
of D; ~ 0.04 mTZ With the relation A; = /7;Ds and using that the spin diffusion constant
is roughly equal to the charge diffusion constant Ds &~ D, = 027, and vp ~ 8 x 10° =, we
get 7, = 125 fs, which we use in the calculations. The value for 7, is reasonable, assuming
ultraclean samples. Since intervalley scattering times are hard to estimate from experiments,
we consider it as a tunable variable, T;, = N - 7, with N = {1, ..., 15}, for our calculations. By
that, we obtain the SR time as a function of the energy, for spins along x, y, and z directions
and for each ratio N = T;,/T1,. More interesting than the individual SR times is the SR
anisotropy ¢ = T,/ Ts x, because this can be experimentally detected and gives information
about the SOC of the system.

As we have discussed above, it is most likely that one deals with a moiré-structure in
experiments, containing all different stacking configurations. One can expect that electron
spins will feel all kinds of local spin-orbit fields while traveling through graphene in proximity
to hBN. Therefore, we consider directly the averaged parameters of graphene on hBN given
in Tab. 4.1, for the calculation of spin lifetimes. In Fig. 4.7(a), we show a colormap of the
calculated anisotropy ¢ as a function of N (the intervalley scattering time) and the energy
using the averaged parameters. We find that electrons have an anisotropy ratio ¢ ~ 3 almost
independent of N and the energy, see Fig. 4.7(b). The out-of-plane (in-plane) spin lifetimes
are about 10 (5) nanoseconds for electrons, in good agreement with experiments [171-174].
Note that for our isotropic model Hamiltonian, in-plane spin lifetimes for x and y direction
are the same.

Close to the band edges, which would correspond to the charge neutrality point in
experiment, the anisotropy can reach very large values. The explanation is that at the
band edges (directly at the K point), the s, spin expectation value is maximal, while in-
plane spin expectation values are zero, see for example Fig. 4.4. Consequently, the in-plane
spin-orbit field components are zero, leading to infinite out-of-plane spin lifetimes and
a giant anisotropy. The more we move away from the band edges, the greater will be
the contribution from in-plane spin-orbit field components and the anisotropy shrinks. In
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Figure 4.7: Calculated SR times and anisotropies for graphene on hBN. Here, we use the
averaged parameters of the graphene/hBN heterostructures given in Tab. 4.1 (a) Colormap
of the SR anisotropy ¢ = 7,/ T;x as a function of N = T,/ 7, and the energy. (b) Individual
SR times as a function of energy, corresponding to the dashed line in (a) with 7, = 125 fs
and T;, = 8- Tp. The grey lines indicate the band edges.

contrast to electron doping (¢ ~ 1/2), the anisotropy varies around ¢ ~ 1 for holes and
moderate doping densities. The energy range for which one can observe the giant anisotropy
depends weakly on the intervalley scattering time. Comparing our model calculations with
measured values for graphene on hBN and SiO; [159, 160, 172, 220, 221], yielding ¢ ~ 1,
we find good agreement to the presented case of the averaged parameters. Always keep
in mind that in real experiments, spin lifetimes can locally drastically vary, but individual
regions in macroscopic samples are not accessible.

We have seen now how the anisotropy depends on the doping level and intervalley
scattering time. What about the electric field dependence? By employing top and back gate
electrodes, one can individually tune the doping level and the displacement field across
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Figure 4.8: (a) Calculated SR anisotropy ¢ = T,/ Tsx as a function of energy and applied
transverse electric field for the («B, BH) configuration, using 7, = 125 fs and 7;, = 8 - 7.
(b) Anisotropy ¢ at energies E = +80 meV, corresponding to the dashed lines in (a).

the graphene/hBN interface. In Fig. 4.8 we show the SR anisotropy ¢ specifically for the
(«B, BH) configuration as a function of energy and electric field. For the calculation, we have
employed the model parameters summarized in Fig. 4.6. For every value of the electric field,
the individual parameter sets were used to calculate the spin lifetimes and anisotropy as
functions of the energy, assuming an intermediate (but fixed) intervalley scattering time
Ty = 8- Tp. The result is plotted as a colormap in Fig. 4.8.

For all electric field values the anisotropy is giant near the charge neutrality point (the
band edges), as explained above. Overall, one can see that the anisotropy is strongly tunable
by means of external gating. Let us focus on the dashed line at E = 80 meV in Fig. 4.8(a).
The corresponding evolution of the anisotropy, as a function of the field, is plotted in
Fig. 4.8(b). At a strongly negative field value (=5 V/nm), { ~ 1/2,i. e., in-plane spin-
orbit fields dominate the spectrum, which is consistent with our picture of a large Rashba
SOC parameter, as seen in Fig. 4.6(d). By increasing the field to more positive values, the
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Rashba parameter decreases, while ¢ increases due to the competition between the different
spin-orbit field components. Once Ag ~ 0, at around 2 V/nm, the Dirac bands are mainly
s;-polarized, leading to giant values of 7; , and to anisotropy ratios § > 1. Further increasing
the electric field again increases the magnitude of the Rashba SOC and in-plane spin-orbit
fields once more start to play a significant role until they dominate the spectrum for large
enough positive electric fields. In Fig. 4.8(b), we explicitly show that an electric field can
tune the anisotropy by two orders of magnitude at a fixed doping level. The presented
gate-tunability of the anisotropy should be also valid for the other geometries and especially
in graphene/hBN moiré-structures. Due to the high computational efforts, we restricted
ourselves to the presented («B, BH) configuration.

Why is the tunability of the SR anisotropy important? Experimentally, one can manipulate
the “survival” of injected in-plane and out-of-plane spins by their different lifetimes. In the
case of a large (small) anisotropy, out-of-plane (in-plane) spins will survive for a longer time
than in-plane (out-of-plane) spins. As we have demonstrated, the electrical tunability of the
anisotropy is giant and can be employed in novel dual-gated hybrid spintronics devices.

4.4 hBN encapsulated graphene

Similarly to the previous section, we now discuss the encapsulated (hBN)/graphene/hBN
heterostructures. Again, we focus on the results for one specific geometry only, for which
we show the model band structure fit, as well as the tunability of the orbital and spin-orbit
parameters by applying a transverse electric field. Finally, we calculate spin lifetimes and SR
anisotropies, and briefly discuss the obtained results.

4.4.1 Low energy bands

In the last section about graphene on hBN, we have found the energetically most favorable
interlayer distance for each stacking geometry. Note that for the encapsulated geometries,
depending on the relative stacking of the top and bottom hBN with respect to graphene,
different interlayer distances can be present. For the encapsulated structures, we use the
lowest energy distances from the non-encapsulated structures, respectively. In the very
beginning of this chapter, when we have discussed the geometrical setup, the stacking
sequences have been already defined. Just to remind the reader, the general notation is
(UaV, XBY), indicating that the a () sublattice of graphene is sandwiched between the U
and V (X and Y) sites of top and bottom hBN. The sites of hBN are labeled as {B, N, H}.

In Fig. 4.9, we show the low energy band properties of the (HaH, BBB) configuration, along
with a fit to our model Hamiltonian. In the following, we denote the stacking (HaH, BSB)
as the C1 configuration for shorter notation. For the C1 structure, the model is in perfect
agreement with the DFT-computed data. Especially for the C1 configuration, the structure
recovers the z-mirror symmetry of graphene, see Fig. 4.2. The model reduces to the Dj,
symmetric version of the Hamiltonian with vanishing Rashba and PIA terms [112]. Indeed,
it is enough to include just the four parameters v, A, /\?, and AIB, summarized in Tab. 4.2, for
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Figure 4.9: Calculated band properties of hBN encapsulated graphene in the vicinity of the
K point for the (HaH, BBB) = C1 configuration and interlayer distances of 3.35 A between
graphene and the hBN layers. (a) DFT-calculated band structure (symbols) with a fit to the
model Hamiltonian (solid line). (b) The splitting of the CB AEcg (blue) and the VB AEyp
(red) close to the K point and calculated model results. (c)-(e) The spin expectation values
of the bands €)® and ¢{® with a comparison to the model. The fit parameters are given in
Tab. 4.2.

the fitting, Rashba and PIA SOC parameters are not necessary. As a consequence, the bands
are purely s,-polarized and we expect to get giant out-of-plane spin lifetimes and anisotropy
ratios for this structure.

For all of the investigated structures, the low energy bands are somewhat similar, but each
configuration has a very individual parameter set, as can be seen in Tab. 4.2. Overall, the
magnitudes of the SOC parameters are tens of peV, while the parameters can differ (also
in sign) from structure to structure. For configurations, where the surrounding potentials
for the two graphene sublattices become equal, the orbital gap parameter A vanishes. For
configurations, which belong to the D3, subgroup, the only allowed SOC parameters are
/\f* = /\IB = A1 [112]. For z-mirror symmetric structures, also Rashba and PIA SOC parame-
ters vanish. We see that symmetry plays an important role for encapsulated heterostructures
and the obtained parameter space is an interesting playground for spin physics.

Keep in mind that, as a consequence of the slightly different lattice constants of graphene
and hBN, a moiré-pattern is formed between graphene and the surrounding hBN layers.
Experimentally, one can therefore expect local regions where no symmetry is present and
our simple model, which is based on symmetry, would fail to describe the dispersion there.
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Table 4.2: Fit parameters for the different hBN encapsulated graphene geometries, using
the energetically most favorable graphene-hBN interlayer distances. The energy difference
AE with respect to the C1 configuration, the Fermi velocity vg, the gap parameter A, the
Rashba SOC parameter AR, the two intrinsic SOC parameters )\f* and )\}3, and the PIA SOC
parameters by, and AB;, . In the case of hBN/graphene/2hBN, the energy difference is with
respect to the (BaBN, HBHH) configuration.

Configuration AL oF A AR A A Aia Apia
[meV] [10°2] [meV] [ueV] [ueV] [ueV] [peV] [neV]
(HaB, BBH) 0.01 8.296 0 0 2.19 2.19 0 0
(HaN, NBH) 26.60  8.068 0 0 13.31 1331 0 0
(NaB, BBN) 32.05 7.931 0 0 1576  15.76 0 0
(HaH, BpB) =C1 0 8294  34.24 0 6.65 —2.05 0 0
(NaN, HBH) 26.09 8.070  34.10 0 11.38 1547 0 0
(BaB, NSN) 31.76 7932 —48.00 0 18.95 12.34 0 0
(HaB, NBH) 1312 8175 3485 —-197 6.51 9.05 3.15 31.35
(NaB, BBH) 15.89  8.110 6.29 -775 509 1284 1.26 22.72
(BaN, NBH) 2920 7998 —-650 —497 1523 1392 -6134 49.22
(NaB, HBH) 1316 8176 —0.069 —-258 476 11.01 16.02 15.98
(BaB, NSH) 1585 8108 —4150 737 831 9.55 6.71 16.36
(NaN, BAH) 28.82 8.000 41.14 329 1189 1726 9483 —106.79
(HaBN, BBHH) 0.07 8296  0.093 0.40 2.06 222 0 0
(BaBN, HBHH) 0 8298 —34.06 031 —223 6.66 0 0

Still, by considering several geometries, one can get a very good qualitative and quantitative
feeling for spin-orbit phenomena in these structures. Of course, experimentalists may also
consider asymmetric hBN encapsulated graphene structures, say with two hBN layers below
graphene and one hBN layer above it. The fit parameters for some asymmetric configurations
are also summarized in Tab. 4.2, considering hBN to be AA’ stacked? with an interlayer
distance of 3.35 A. Comparing, for example, the (HaH, BBB) and (B«aBN, HBHH) structures,
one sees that the fitted parameters do not differ much, except that the graphene sublattices
are interchanged.

We have seen earlier in this chapter, that SR is due to the interplay of the competing intrin-
sic and Rashba SOC parameters. Due to the hBN encapsulation, the average Rashba SOC can
be significantly reduced, while intrinsic SOCs show similar magnitudes, when compared to
the non-encapsulated structures. With regard to spin transport, hBN encapsulated graphene
should therefore display much longer lifetimes for out-of-plane spins.

ZAA stacking corresponds to the situation when the upper layer Boron (Nitrogen) atom is above the lower
layer Nitrogen (Boron) atom.
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4.4.2 Transverse electric field
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Figure 4.10: Fit parameters as a function of the applied transverse electric field for the C1
configuration. (a) The VB edge with respect to the Fermi level, (b) the Fermi velocity vf,
(c) the gap parameter A, (d) the Rashba SOC parameter AR, (e f) the two intrinsic SOC
parameters )\? and /\}3, and (g,h) the PIA SOC parameters A?I A and /\EI A

Analogously to before, we study the effects of a transverse electric field on the low energy
Dirac bands and the fit parameters for the C1 configuration of hBN encapsulated graphene.
The obtained results of the tunability of the orbital and SOC parameters are summarized in
Fig. 4.10. The VB edge is again lower in energy than the Fermi level for every field value we
consider, i. e., no doping occurs in the structure. The sudden jump of the VB edge energy at
about 2.5 V/nm can be attributed to the assigned Fermi levels in the DFT calculations, but
has no consequences for the relevant results. The orbital parameters vr and A depend in a
symmetric fashion on the applied field, see Figs. 4.10(b,c), in contrast to the non-encapsulated
case presented in Figs. 4.6(b,c). We also observe that the parameter A of the C1 configuration
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is roughly twice as large as compared to the non-encapsulated (B, BH) structure because of
the enhanced sublattice potential asymmetry. However, the absolute tunability in magnitude
of vr and A is larger in the non-encapsulated case.

Let us now discuss the SOC parameters. Similarly to the orbital parameters, also the
intrinsic SOC parameters A#* and AP are even functions and only weakly affected by the
applied transverse electric field. Their functional behavior with respect to the field is
again different, but the tunability in magnitude is roughly the same compared to the non-
encapsulated case. In contrast to the already discussed parameters, the Rashba and PIA
ones are odd functions, depend almost linearly on the electric field, and are strongly tunable.
By applying an external field, we find a linear tunability of roughly 5 ueV per V/nm of
AR, analogously to freestanding graphene [111]. By tuning the field amplitude within the
considered electric field limits of 5 V/nm, we can precisely control the Rashba parameter
within the range of £25 peV. The two PIA parameters can be tuned even more drastically
within the considered field range since A5;, (AB;,) changes in between £75 peV (40 peV).

In summary, we observe a strong electric field tunability of the SOC parameters, which is
related to the band splittings and, consequently, will have an impact on the spin lifetimes.
As we have seen before for the non-encapsulated structure, this tunability can be used as an
experimental control knob for varying the SR anisotropy ratio.

4.4.3 Spin relaxation anisotropy

In analogy to the previous section, we calculate the spin lifetimes and SR anisotropies for
the considered C1 configuration as an example of hBN encapsulated graphene. In Fig. 4.11,
we show the SR anisotropy § = 7;,/Ts;x as a function of energy and transverse electric
field, fixing the intervalley scattering time. We find that ¢ exhibits a giant maximum around
zero field amplitude, which is connected to Agr = 0 for this symmetric geometry. For other
structures, where a finite Rashba SOC is already present at zero field, we expect ¢ to be giant
for finite electric field amplitudes, as demonstrated above for the non-encapsulated («B, SH)
structure. If we increase the field amplitude at a fixed doping level, the anisotropy sharply
decreases and converges to the Rashba limit = 1/2. Again, this is connected to the strongly
field-tunable Rashba parameter, while intrinsic SOCs stay nearly constant in value. Since the
fitted parameters, see Fig. 4.10, have already shown symmetric behavior with respect to the
applied field, this is manifested also in §. This can be seen best by looking at the evolution of
¢ for fixed doping levels, shown in Fig. 4.11(b). Independent of the sign of the electric field,
the anisotropy can be strongly tuned in this case of a symmetric geometry. Once again, we
want to emphasize that the Rashba parameter dictates this behavior. If Ay is large, in-plane
spin-orbit fields dominate the spectrum and the anisotropy becomes ¢ = 1/2. In contrast,
when AR =~ 0, out-of-plane spins have a giant lifetime and ¢ > 1.

The overall tunability of ¢ in our monolayer graphene heterostructures is comparable to
recent experiments in dual-gated BLG [214]. Similarly, the anisotropy can be tuned within
two orders of magnitude by applying an electric field for a fixed doping level. However, in
encapsulated BLG, the SR anisotropy increases with increasing the electric field amplitude,

48



Chapter 4 — Spin relaxation anisotropy in graphene/hBN structures

~
&
~
O = N W R W

| |
[\®] —

electric field [V/nm]

-100 -80 -60 -40 -20 0 20 40 60 80 100
E — Eg [meV]

H.H‘HH‘HH‘HH‘HH

T,
SN OO

LI | T 17T | T T T | LI | T 1T | T T T | T 17T | T 1T | LI | T 17T [
5 4 -3 2 -l 0 1 2 3 4 5
electric field [V/nm]

Figure 4.11: (a) Calculated SR anisotropy ¢ = T, ./ Tsx as a function of energy and applied
transverse electric field for the C1 configuration of hBN encapsulated graphene, using
T, = 125 fs and 7, = 8 - Tp. (b) Anisotropy ¢ at energies E = 80 meV, corresponding to the
dashed lines in (a).

opposite to the behavior that we found. The reason is that in BLG, it is not the spin splitting
that is primarily affected by the field [217], but rather the out-of-plane spin expectation
values of the relevant bands [214].

4.5 Summary and conclusion

In summary, we have performed extensive DFT calculations for several encapsulated and
non-encapsulated (hBN)/graphene/hBN heterostructures. In combination with our low
energy tight-binding model Hamiltonian (Hcr) we were able to extract valuable orbital and
SOC parameters of graphene in contact to hBN. The extracted parameters depend on the
actual stacking configuration, each having its own energetically most favorable interlayer
distance. These observation are important for the understanding of realistic moiré-pattern
geometries. In addition, a transverse electric field can be used to tune the SOCs and band
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splittings. As a consequence, spin-orbit fields, spin lifetimes, and most importantly spin
transport properties can be controlled in dual gated structures, where the doping level, as
well as the displacement field, can be tuned. From the calculation of spin lifetimes, we predict
that the SR anisotropy ¢ = T,/ Ts x can reach giant values (¢ > 1) and is strongly tunable by
the field due to the precise control of the Rashba SOC in graphene/hBN heterostructures.

Recent experiments, reporting on the spin-orbit gap in mono- and bilayer graphene have
found that a few tens of peV can now be spectrally resolved [139, 222]. Thus, we believe that
also our obtained results, which are precisely in this energy regime, can be experimentally
verified. Based on our observations, we expect the most striking impact to be in SR anisotropy
measurements, as we have shown a wide tunability of the relevant SOC parameters.
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CHAPTER D

Proximity spin-orbit coupling in graphene on Bi,Se;

This chapter is based on the publications: K. Zollner and |. Fabian, Physical Review B 100, 165141
(2019), "Single- and bilayer graphene on the topological insulator BiySes: Electronic and spin-orbit
properties from first principles”, and K. Zollner and |. Fabian, Physica Status Solidi (b) 258, 2000081
(2020), "Heterostructures of graphene and topological insulators BipSes, BipTez, and SbyTes”.

5.1 Introduction

Proximity effects [30] enable us to induce custom-made properties in two-dimensional
(2D) materials within van der Waals (vdW) heterostructures [34, 223, 224]. In this context,
also three-dimensional (3D) topological insulators (TIs) [225], such as BiySes, BirTes, and
SbyTes, are important because of their strong spin-orbit coupling (SOC) and protected
Dirac surface states with spin-momentum locking [226-229], which can couple to other
materials. As demonstrated by angle resolved photoemission spectroscopy (ARPES) [230]
and density functional theory (DFT) calculations [231-233], about 56 quintuple layers (QLs)
are necessary to decouple the surfaces of the TI such that the topologically protected Dirac
states emerge.

First approaches to manipulate the surface states have focused on magnetically doping the
TI, which breaks time-reversal symmetry and opens a mass gap [234, 235]. The combination
of magnetism, strong SOC, and the gap opening leads to the observation of the quantum
anomalous Hall (QAH) effect in magnetic TIs [236, 237] if the Fermi energy is located in the
magnetization gap. Similarly, the topologically protected surface states can be manipulated
by magnetic materials via proximity effects. For example, when Bi;Se3 is in proximity
to the magnetic insulators MnSe [238] or EuS [239], also a gapped Dirac state emerges.
Such TI/ferromagnetic insulator (FMI) hybrids are also a playground for new physical
phenomena, such as the axion insulator state [240], where the topological magnetoelectric
effect occurs [241]. The axionic state can be realized when all surface states are gapped, i. e.,
the magnetization is perpendicular to all surfaces of the TI [242]. Also other novel states
can be potentially realized in TI hybrids. For example, (ferromagnet)/TI/superconductor
structures show indications for Majorana fermions [227, 243, 244], which are seen as vital
ingredients for quantum computing [245, 246].
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Figure 5.1: Spin-to-charge interconversion in a graphene/transition-metal dichalcogenide
(TMDC) heterostructure. (a) Sketch of the graphene/WS; heterostructure encapsulated
by top monolayer hexagonal boron nitride (hBN) and bottom bulk hBN with Ti/Au and
Co electrodes and on a SiO,/doped-Si substrate. (b) The measured non-local resistance
(Rn1) as function of the applied in-plane magnetic field B,. The non-local voltage (V}y) is
measured at the Co when charge current is injected at the Ti/ Au electrodes. Due to Rashba-
Edelstein effect (REE) and spin Hall effect (SHE), a charge-to-spin conversion happens in
the proximitized graphene region. The right lower inset shows the inverse measurement
result, i. e., spin-to-charge conversion when spins are injected from the Co and the voltage is
measured at the Ti/ Au electrodes. The upper left inset shows the decomposition of the signal
into symmetric and antisymmetric components, in order to discriminate the contributions
dominated by SHE and REE, respectively. (c) Schematic band structure diagram of the
proximity spin-orbit split graphene Dirac bands. A charge current (J), shifts the Fermi
contours and leads to a non-equilibrium spin density (5) due to REE, with a spin polarization
perpendicular to the current direction. (d,e) Measurement schematics and corresponding
spin accumulations for the REE and SHE, respectively. Red arrows represent the generated
spin density, with in-plane (out-of-plane) spins for REE in (d) (SHE in (e)). The white arrow
in (d) represents the Co magnetization. Figures are from Ref. [101].

Not only the TI itself can be subject to proximity effects, but it can also provide them.

Especially graphene/TI bilayers have been investigated in several studies [218, 247-262].
One cannot only epitaxially grow high-quality Bi;Ses on graphene [252, 253], but also a
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significant amount of proximity SOC is induced. Moreover, graphene on a 3D TI can exhibit
quantum spin Hall states [254, 258] and spin transport experiments have demonstrated
spin-to-charge conversion in such bilayers [261, 263]. Remarkably, the proximity SOC can
be tuned in type and magnitude by twisting the layers [218, 249]. By comparing recent
studies of graphene/TI [218, 247, 248, 264] and graphene/TMDC heterostructures [88, 140],
one can certainly find similarities. For example, in both cases the Dirac bands of graphene
are preserved, giant SOC is induced by the proximity effect, and spin-to-charge conversion
has been demonstrated [89, 101, 102, 263]. In Fig. 5.1, we summarize the main results
from Ref. [101], where the spin-to-charge conversion in the graphene /WS, heterostructure
is due to both SHE and REE. Similar results can be obtained in graphene/TI structures.
However, for example, in Ref. [263] only an antisymmetric signal due to REE was measured
in graphene on (Big 155bg g5)2Tes. In contrast, recent measurements in graphene on WSe;
have shown only a symmetric signal due to SHE [89]. These different results originate from
the different relative strengths of proximity-induced valley Zeeman and Rashba SOCs in
graphene, as pointed out in Ref. [89]. Nevertheless, these heterostructures are important for
the generation and detection of spin currents.

In transport experiments, one does not directly notice the presence of the semiconducting
TMDC, but only indirectly via the signatures of the proximitized graphene [102]. When a
Tl is used, with topologically protected surface states at the Fermi level, it is much harder
to disentangle the signatures from both materials [263] and experimental studies need to
rely on the help of theory. In this chapter, we investigate graphene on the TI Bi,Se3, using
first-principles calculations. The SOC proximity effects are quantified by the previously
introduced model Hamiltonian Hgg, Eq. (3.7). From our studies, we find that valley Zeeman
(staggered) SOC of about 1-2 meV is induced in graphene, in agreement with Ref. [218].
Moreover, graphene gets strongly hole doped due to the significant amount of charge
transfer to the TI. Adding more QLs to the TI has a negligible effect on the spin splitting
of the graphene Dirac states, while topological surface states emerge. Most important are
the three potential tunability knobs that we investigate here: i) gating, ii) the interlayer
distance, and iii) the atomic constituents of the TI. In the case of a transverse electric
field, the band alignment and SOC parameters can be tuned, affecting spin lifetimes and
spin relaxation (SR) anisotropies. In addition, external pressure can be used to reduce the
interlayer distance between graphene and the TI surface, thereby dramatically increasing
band splittings and the corresponding SOC parameters. Moreover, by tuning x and y of a
generic 3D TI substrate Bi, _,SbyTes—,Sey, also band alignment and proximity SOC can be
controlled. Experimentally, such graphene/TI hybrids are promising for the simultaneous
study of two kinds of Dirac electrons. The following results should be certainly helpful to
interpret experimental transport and spin-to-charge conversion data of such bilayers.

5.2 Geometry and computational details

For the calculation of graphene on the family of 3D TI materials, we considered a 5 x 5
supercell of graphene on top of a 3 x 3 supercell of Bi>Ses. Initial atomic structures were set
up with the atomic simulation environment (ASE) [265]. We strained the lattice constant
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Figure 5.2: Geometry of graphene above 1 QL of (Bi/Sb),(Se/Te)s. Different colors corre-
spond to different atomic species (gray = C, red = Bi/Sb, blue = Se/Te).

of graphene by about 1% [35] to a = 2.486 A and left the Bi,Se; lattice constants [266]
unchanged, with 2 = 4.143 A and ¢ = 28.636 A, using the atomic parameters (1,v) =
(0.4008,0.2117). According to Ref. [266], BixSe; crystallizes in the space group R3m with
atomic positions of Bi at +=(u, u, 1) and Se at (0,0,0) and £(v,v,v). In general, the TI
materials consist of vdW-bonded QLs, made up from alternating chalcogen (Se, Te) and
pnictogen (Bi, Sb) atoms. If nothing else is specified, we considered only geometries without
relaxation, using interlayer distances of 3.5 A between the graphene layer and the topmost
QL of BiySes, according to recent studies [218]. In Fig. 5.2, we show the geometry of graphene
on top of 1 QL of (Bi/Sb)2(Se/Te)s, representing a generic case of graphene on a 3D TI. The
heterostructures we consider here have Cz, symmetry.

The electronic structure calculations were performed by DFT [204] with QUANTUM
ESPRESSO [267]. Self-consistent calculations were performed with the k-point sampling
of 9 x 9 x 1. Only for the largest heterostructures, when 3QLs of the TI are considered, a
smaller k-point sampling of 6 x 6 x 1 was used due to computational limitations. We used
an energy cutoff for charge density of 500 Ry and the kinetic energy cutoff for wavefunctions
was 60 Ry for the relativistic pseudopotentials within the projector augmented wave (PAW)
method [268] employing the Perdew-Burke-Ernzerhof (PBE) exchange correlation func-
tional [206]. We also added vdW corrections [269, 270], and dipole corrections [271] were
included to get correct band offsets and internal electric fields. In order to simulate quasi-2D
systems, we added a vacuum layer of 24 A to avoid interactions between periodic images in
our slab geometry.

5.3 Band structures and fit results

How does the TI Bi,Se3 affect the low energy bands of graphene? This question has already
been partially answered in Ref. [218], where two interface configurations have been discussed.
In the “small unit cell” case, a so-called Kekulé lattice distortion [218, 272-275] is present,
leading to a nearest neighbor hopping asymmetry [276] and opening the orbital band gap

54



Chapter 5 — Proximity spin-orbit coupling in graphene on Bi,Se3

M
Figure 5.3: DFT-calculated band structures of graphene on (a) one and (b) three QLs of

BisSes. The color corresponds to the s, expectation value. In (a), we define the Dirac point
energy Ep and the doping energy of the TI Ery.

of graphene. In addition, uniform proximity-induced SOC is present. In contrast, for the
“large unit cell” case, staggered (valley Zeeman) SOC is induced in graphene. According to
our geometry definition, we focus on the “large unit cell” case and want to address some
outstanding questions. How do additional QLs, i. e., a thicker TI, influence the results of
the induced valley Zeeman SOC? Can a transverse electric field tune the magnitude of the
induced SOC? How does the interlayer distance affect the proximity SOC?

In Fig. 5.3, we show the full band structures of graphene above one and three QLs of
BisSes. The two QL case does not provide us with additional information and is thus not
shown. At the K point, one finds the linearly dispersing bands from graphene. Due to the
significant amount of charge transfer between graphene and the TI, the Dirac point is shifted
to higher energies, about 350 meV above the heterostructure Fermi level, i. e., graphene is
hole doped. At the I' point, we can already recognize the precursor surface states from the
TI. Since we consider only 1QL of Bi,Ses, the true topologically protected surface states have
not yet formed [230, 232, 233]. Still, in Fig. 5.3(a), we define the Dirac point energy, Ep, and
the doping energy of the TI, Ety, for comparative reasons that will be useful later. For the 1QL
structure, the TI is electron doped and Et; ~ —250 meV. By considering a 3QL thick TI, see
Fig. 5.3(b), we notice two differences in the heterostructure dispersion. First, graphene gets
even more hole doped, with the Dirac point now at about 500 meV above the Fermi level.
Second, the topological surface states have nearly! formed since top and bottom surface of
the TI are now almost decoupled, i. e., the wavefunction overlap is minimized. Since the
surface states feature in-plane spin-momentum locking [226, 277], they appear gray in the

11f one would zoom in to the T point, one would still see a tiny hybridization gap.
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Figure 5.4: Calculated low energy band properties (symbols) for the graphene/1QL-BiySe3
heterostructure, with a fit to the model Hamiltonian Hgr (solid lines). (a)-(d) The spin
expectation values of the four low energy bands, as labeled in (e). (e) The low energy band
structure of proximitzed graphene. The color corresponds to the s, expectation value. Labels
A /B denote the sublattice character of the four bands at the K point. (f) The splitting of the
valence band (VB) (conduction band (CB)) in blue (red).

band structure, as the color denotes the s, expectation value. Moreover, the topological states
at the I' point from opposite surfaces are split in energy, see Fig. 5.3(b). The origin is the
heterostructure itself, having a built-in dipole that causes a potential asymmetry between the
top and bottom QL of the TI. Anyway, we are mainly interested in the proximity-induced
SOC in graphene, which we analyze in more detail now.

In Fig. 5.4(e), we show a zoom to the low energy Dirac bands for graphene on 1QL of
Bi,Ses, with a fit to the model Hamiltonian Hgg, Eq. (3.7). The model dispersion perfectly
agrees with the DFT data, using the fit parameters summarized in Tab. 5.1. In the dispersion,
the two inner bands (CB; and VB,) are inverted near the K point, i. e., the spin and
sublattice characters are flipped, as recently observed also for graphene on WSe, [140].
As a consequence, graphene proximitzed by the TI could host protected pseudohelical
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Table 5.1: Fit parameters of the Hamiltonian Hggr, Eq. (3.7), for the graphene/Bi;Ses stacks
for different number of QLs. The Fermi velocity vg, gap parameter A, Rashba SOC parameter
AR, intrinsic SOC parameters )\? and )\IB, and pseudospin inversion asymmetry (PIA) SOC
parameters A4, and AB;,. The Dirac point energy Ep, as defined in Fig. 5.3(a).

oLs A AR Af AP ABia Mbia Ep
[10°®] [pueV] [meV] [meV] [meV] [meV] [meV] [meV]
1 8.134 0.6 —-0.771 1.142 —1.135 0465 0565 353.2

2 8.131 1.1 —-0.691 1221 -—-1.211 1.834 1733 3521
3 8.126 04 —-0.827 1343 —-1.330 2904 2976 509.1
11 8.110 2132 —-0.799 1.638 —1.517 2708 2433 3412

! In this case, we considered a hBN/graphene/Bi,Se; trilayer structure. The
parameter A is given in meV.

states [147]. In addition, the SOC-induced spin splittings are giant, up to 3 meV near the
K point, see Fig. 5.4(f), and much larger than for pristine graphene [111, 139]. The spin-
expectation values of the four bands, see Fig. 5.4(a-d), are predominantly out-of-plane (s,)
with additional Rashba SOC in-plane (s, and s;) contributions. Not only the dispersion is in
perfect agreement with the model, but also the spin splittings of the CB and VB, as well as
their spin expectation values.

From the parameters in Tab. 5.1, we find that the sublattice potential asymmetry, encoded
in the parameter A, is tiny and in the peV range. Apparently, due to our supercell approach,
the sublattice symmetry breaking in graphene is negligible. In addition, we find significantly
large Rashba and PIA SOC parameters, consistent with the deduced in-plane spin expecta-
tion values. Most interesting are the intrinsic SOC parameters, Af* and /\}3, which are about
1 meV in magnitude and opposite in sign, i. e., they are of valley Zeeman type. By adding a
second and a third QL to Bi,Ses, the overall band structure picture and the fitted parameters
remain nearly the same, see Tab. 5.1. In conclusion, proximity-induced SOC is mainly due to
adjacent layers. Still, we want to be precise in our analysis, where we find: 1) The intrinsic
SOC parameters increase from about 1.1 meV to 1.3 meV in magnitude, keeping the opposite
sign, 2) the sublattice potential asymmetry (A) and the Rashba SOC are unaffected, and 3)
surprisingly, the PIA SOC parameters? increase from 0.5 meV to 3 meV by increasing the
number of QLs from one to three. The strong valley Zeeman SOC significantly reduces spin
lifetimes in graphene, but leads to a giant SR anisotropy, as recently demonstrated [100,
215, 218]. The large PIA couplings lead to a marked electron-hole asymmetry in the SR
anisotropy [218], i. e., an experimental tool to verify their magnitude and increasing behavior
with additional QLs.

For experimental studies, it may also be interesting to consider a hBN/graphene/Bi>Ses
structure. The hBN layer protects graphene from the environment and significantly boosts
its spin and charge transport qualities, while not inducing much additional proximity SOC,
as we have seen in Ch. 4. The fitted parameters of the hBN/graphene/Bi;Se; structure,

2The PIA SOC parameters represent spin-flipping next nearest neighbor matrix elements [112].

57



Part Il — Graphene

when using 1QL of the TI, are also summarized in Tab. 5.1. At first glance, we immedi-
ately notice that the parameter A is much larger, about 20 meV, in agreement with the
relatively strong sublattice potential asymmetry, found in commensurate graphene/hBN
structures [142]. Including the hBN layer, the Dirac point energy Ep is nearly unchanged,
while Er; ~ — 110 meV. In addition, the intrinsic SOC parameters are strongly enhanced
by about 0.5 meV, comparing the cases with and without hBN. As we have seen in the
last chapter, SOC induced by hBN is in the peV range and cannot be the origin. Also the
PIA parameters are enhanced, now similarly in magnitude to the case of graphene on 3QLs
of BiSe3. From where does the SOC come from? One possibility could be the built-in
dipole field. As we will see in the next section, a transverse electric field can tune the band
alignment and SOC. Similarly, additional hBN or Bi,Ses layers change the electrostatics and
the band alignment, which would explain the increase of SOC in our scenarios.

5.4 Transverse electric field

For the electric field study, we focus on our smallest possible geometry — graphene on
1QL of BiySes. In Fig. 5.5, we show the evolution of the fit parameters of Hgr as functions
of the transverse electric field. As mentioned before, the field tunes the full dipole of the
structure, i. e., built-in plus external field. For zero electric field, our structure already
possesses an intrinsic electric field of about 2.5 debye. Within our applied field range of
+2.5 V/nm, the full dipole can be significantly tuned, see Fig. 5.5(c). Certainly, this affects
the band alignment. The Dirac point energy Ep stays nearly unchanged with respect to the
Fermi level. In contrast, the doping level of 1QL of BirSes, Etj, diminishes for negative field
amplitudes, see Fig. 5.5(f). The orbital parameters vr and A, are nearly unaffected by the
field. The Fermi velocity changes by less than 0.1%, but with a linear trend. The sublattice
symmetry breaking, represented by A, does not show a noticeable behavior with respect to
the field. Nevertheless, it stays in the yeV regime.

Most important for the control of spin interactions are the field tunable SOC parameters,
see Figs. 5.5(d,e). By tuning the field from —2.5 V/nm to 2.5 V/nm, the intrinsic SOC
parameters A* and AP can be increased from 1 meV to 1.2 meV, a giant relative enhancement
of 20%. In addition, they remain opposite in sign, independent of the field. Especially
important for SR properties is the relative strength of the Rashba SOC compared to the
intrinsic ones. Here, Ag can be tuned in magnitude from 0.6 meV to 0.9 meV within our field
range, an even larger relative enhancement of 50%. As a consequence, A;/Agr, which more or
less represents the ratio between out-of-plane and in-plane spin-orbit fields, and which also
affects the spin lifetimes, can be tuned by gating. In SR anisotropy measurements, the gate
tunability should be detectable [142, 218]. In addition, the spin-to-charge interconversion
efficiency depends on the overall strength of the induced SOC and is therefore gate-tunable,
as for example demonstrated in Ref. [263]. Moreover, the PIA parameters can be tuned from
about 0.2 meV to 0.8 meV. According to our previous explanations, one could experimentally
control the electron-hole asymmetry of the SR anisotropy by gating.
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Figure 5.5: Fit parameters of the Hamiltonian Hggr for the graphene/1QL-Bi;Ses stack as a
function of the transverse electric field. (a) The gap parameter A, (b) the Fermi velocity vg,
(c) the dipole of the structure, (d) Rashba SOC parameter Ag, intrinsic SOC parameters )\f*
and AP, (e) PIA SOC parameters A5, and A}, and (f) the Dirac point energy Ep and the
doping energy of the TI Ety, as defined in Fig. 5.3(a).

5.5 Distance study

As we have seen in the previous chapter for graphene/hBN structures, the interlayer distance
between graphene and the TI should also significantly influence the magnitude of the
induced SOC. So far, we have considered only a distance of 3.5 A. What happens to the
proximity SOC if we go to larger or smaller interlayer distances?

In Fig. 5.6, we summarize the parameters of the Hamiltonian Hggr, matching the DFT
calculated low energy graphene Dirac bands for a series of interlayer distances. From
the total energy, we find the equilibrium at a distance of 3.4 A, in good agreement with
literature [218]. Note that the energetically most favorable interlayer distance depends on
the specific DFT methodology, e. g., as shown for graphene on metal surfaces [278]. The
sublattice potential asymmetry (A) diminishes with increasing distance, but it is still in the
ueV range, which is small compared to the SOC parameters. The Fermi velocity, representing
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Figure 5.6: Fit parameters of the Hamiltonian Hgr for the graphene/1QL-Bi;Se; stack as
a function of the interlayer distance. (a) The gap parameter A, (b) the Fermi velocity vg,
(c) the total energy with respect to the minimal energy Eo, (d) Rashba SOC parameter Ar
and intrinsic SOC parameters /\f* and /\IB, (e) PIA SOC parameters Al‘f}l A and /\}3,1 A, and (f) the
Dirac point energy Ep and the doping energy of the TI Ety, as defined in Fig. 5.3(a).

the nearest neighbor hopping amplitude via t = f%’; [112], is quite strongly affected by the

interlayer distance, see Fig. 5.6(b). The closer graphene and the TI get, the stronger the p,
orbitals of graphene are influenced, which is not only reflected in vg, but also in the induced
SOC. Especially the two intrinsic and the Rashba SOC parameters show a giant relative
change, well above 100% within our considered distance limits. For example, Ar can be
increased from about 0.2 meV at 3.8 A to nearly 2 meV at 3.2 A, an enormous tunability by
one order of magnitude. Similarly, A#* and AP can be drastically enhanced to about 3 meV at
our lowest interlayer distance, while simultaneously keeping their opposite sign.

The distance between vdW materials, and consequently their interactions, can be (easily)
reduced by external pressure. As spectacularly demonstrated in graphene/hBN moiré-
structures [212], hydrostatic pressure could reduce the interlayer distance by more than 5%,
thereby doubling the induced band gap of graphene. In combination with our predictions, a
change in the interlayer distance should be accompanied by tuning the proximity-induced
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SOCs, see Figs. 5.6(d,e). Of course, also the band alignment changes with the distance,
as can be seen from the Dirac point energy, Ep, and the doping energy of the TI, Ety, see
Fig. 5.6(f).

Note that the PIA couplings roughly follow the trend of —Ery in both cases, electric field
(Fig. 5.5) and distance (Fig. 5.6) study. We believe that the PIA parameters, which give a
linearly increasing contribution to the band splittings away from the K point, are sensitive
to the band alignment. Since the Dirac bands anti-cross with states from the TI at higher
energies, see Fig. 5.3, the band splittings are affected by hybridization, which should directly
influence the PIA parameters.

5.6 Different topological insulators

From the experimental perspective, 3D TIs typically have some unintentional intrinsic
defect doping. In order to compensate this, artificial TI crystals like Bij_ bexTeg,_ySey are
considered to push the topological surface states towards the Fermi level and suppress
bulk transport [279, 280]. How does the proximity SOC and band alignment depend on
the TI itself? To answer this, we take our heterostructure of graphene on 1QL of Bi;Ses
and replace the atomic constituents without changing the interlayer distance of 3.5 A and
the overall geometry. We replace full atomic layers of the 1QL structure such that the Cs,
symmetry of the graphene/TI heterostructure remains®. For each of them, we calculate the
low energy dispersion of graphene and employ our model Hamiltonian to obtain the relevant
orbital and SOC paramaters. Of course, different TI materials have different in-plane lattice
constants [266], so this is just a simple approximation to obtain qualitative differences.

Table 5.2: Fit parameters of the Hamiltonian H g for the different graphene/1QL-TT bilayers.
The Fermi velocity vg, gap parameter A, Rashba SOC parameter AR, intrinsic SOC parameters
A and AP, and PIA SOC parameters A%, and AB;,. The Dirac point energy Ep and the
doping energy of the TI Ey, as defined in Fig. 5.3(a).

I OF A AR AR AB AMa AR Ep Emy
[10°™] [ueV] [meV] [meV] [meV] [meV] [meV] [meV] [meV]
Bi,Ses 8.134 0.6 —0.771 1142 —1.135 0.465 0.565 3532 —250.2
BiyTes 8.120 0.6 —0.882 1.243 —1.234 1.247 0.527 —1.5 13.7
Sb,Tes 8.119 0.2 —0.221 0.147 —-0.139 2.623 1.177 —2.0 416.5

Biy Te,Se 8.123 03 —-0669 1353 —-1351 —-1.091 -1209 4.0 1.2
BiSbTeSe,  8.095 23 —1.050 0.343 —-0.316 3.240 2805 3387 714

In Tab. 5.2, we summarize the fit parameters of the Hamiltonian Hgg for graphene on 1QL
of different TIs. Even though the results are somewhat similar, i. e., all of them lead to valley
Zeeman and Rashba SOC, there are huge variations in magnitude. For example, the intrinsic
SOC values from SbyTes are only about 0.15 meV, compared to the 1.2 meV provided by

3For Biy Te,Se, the middle layer of the 1QL is formed by Se atoms. For BiSbTeSe,, the layer sequence of the full
heterostructure is Se-Bi-Te-Sb-Se-C.
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BiySes or BiyTes. In the case of BiSbTeSe;, the Rashba SOC is much larger than the intrinsic
ones, while for BiySes, they are of similar magnitude. Based on the results from Tab. 5.2,
we suggest that for different TI materials the charge-to-spin conversion efficiency and its
origin might vary. The measured non-local voltage in experiment — either being symmetric
due to SHE, antisymmetric due to REE, or a mixture of both, with respect to an external
in-plane magnetic field — depends on the relative strengths of the induced valley Zeeman
and Rashba SOCs [89]. In addition, the band alignments are very different. For Sb,Tes, the
Dirac point is located at the Fermi level, while it is at about 350 meV above Ef for Bi;Ses.
Also the TI doping energies Etp differ by more than 600 meV. In contrast, for Bi;Te;Se, both
energies, Ep and Ery, are located at the Fermi level, while the SOC parameters are similar to
BiySes. By explicitly comparing the results of Bi;Te; and Sb,Tes, we find that the Sb content
pushes Etp to higher energies, in agreement to ARPES observations [279, 280], while Ep stays
nearly unchanged. From the comparison of BirSe; and Bi,Te;Se, we find that the Se content
pushes Ety (Ep) to lower (higher) energies.

Recent transport measurements of graphene on Bi; 55bg5Te; 7Seq 3, which has suppressed
bulk transport, have found proximity SOC of at minimum 2.5 meV [248]. How does this
compare to our results? As we have seen, the interlayer distance plays a significant role and
the experimental one could be slightly smaller than our predicted energetically favorable
value of 3.4 A for Bi,Ses. Furthermore, the overall electrostatics and band alignment can be
different, since experimentally additional hBN encapsulation layers and a Si/SiO, substrate
are present. Finally, also the atomic constituents of the TI play a role for the band alignment
and the magnitude of proximity-induced SOC.

5.7 Summary and conclusion

We have shown that graphene in proximity to the TI BirSez experiences giant valley Zeeman
SOC of about 1-2 meV. By increasing the number of QLs of the TI, the proximity effect is
marginally influenced, because of its short rangeness. A transverse electric field, i. e., gating,
can be used as an experimental control knob to significantly tune the intrinsic, Rashba, and
PIA SOCs, which will strongly affect spin transport properties, where giant electron-hole
asymmetric SR anisotropies are expected [218]. Recent experiments could even demonstrate
that spin-to-charge conversion in graphene/TI heterostructures, which is due to proximity
SOC, can be tuned in sign and magnitude by gating [263]. Our electric field results can
definitely provide further insights for experimental interpretations. Another tunability knob
that we investigated is the interlayer distance. We have found that one can strongly enhance
the induced SOC by one order of magnitude with external pressure, tuning the interlayer
distance by about 10%, which is within the experimental possibilities for graphene-based
structures [212, 281, 282] . Finally, the band alignment and the proximity SOC depends on
the atomic constituents of the TI, as we have found by considering a variety of compositions
(x and y) of the more generic Biy_,Sb,Tes_,Se, substrate below graphene. At least in theory,
our results reveal the ingredients to tune both Dirac states towards the Fermi level and
simultaneously maximize the induced SOC.
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CHAPTER 6

Proximity exchange in graphene on MnPSe;

This chapter discusses the first-principles results presented in the publication: P. Hogl, T. Frank,
K. Zollner, D. Kochan, M. Gmitra, and |. Fabian, Physical Review Letters 124, 136403 (2020),
"Quantum Anomalous Hall Effects in Graphene from Proximity-Induced Uniform and Staggered
Spin-Orbit and Exchange Coupling”.

6.1 Introduction

A major breakthrough in condensed matter physics has been the recent discovery of atom-
ically thin magnets [283, 284], which has opened new avenues for basic research [51, 285]
on magnetism in the two-dimensional (2D) limit, as well as for applications in spintron-
ics [52, 95, 286-288]. The family of van der Waals (vdW) layered magnetic materials is
continually growing and already includes conductors (such as FesGeTe;) and insulators
(such as CryGe,Teg (CGT) and Crlz), as well as ferromagnets (such as Fe3GeTe, and CGT)
and antiferromagnets (such as few layer Crl; and MnPSe3) [51]. In addition, the available 2D
material family covers also semimetallic graphene, semiconductors [289-293] (such as MoS;
and WSe,), superconductors [294-296] (NbSe;), and topological insulators [297] (WTey),
which offer unforeseen potential for novel device architectures [2, 3].

Due to their sensitivity to external manipulations, such as gating, straining, and coupling
to other materials within vdW heterostructures, we can dramatically change the electronic
structure of mono- and few-layer 2D materials. The commonly considered prototype material
is graphene, which is neither magnetic nor has a strong spin-orbit coupling (SOC) [111]
relevant for spin manipulation. With the whole 2D material repertoire as a playground,
proximity effects can be used to change this. For example, recent theoretical studies have
shown that a transition-metal dichalcogenide (TMDC) in proximity to graphene can induce
giant SOC (1 meV) in graphene [88, 140], which was quickly confirmed by experiments [99,
165, 194, 216, 298, 299]. Interestingly, the induced SOC is of valley Zeeman type, i. e,
A~ —AP, in agreement with spin relaxation (SR) anisotropy measurements [100, 164, 300].
In contrast, graphene on a topological insulator (TT) can experience proximity SOC of both
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Kane-Mele [118, 144] (uniform) or valley Zeeman (staggered) type, depending on the twist
angle [218, 301]. This valley Zeeman type SOC leads to protected pseudohelical edge states
with a trivial Z, invariant [147].

40 20 0 20 40
band gap [10'3 1]

(b)

04-02 0 02 04
M= 7 (1]

(©) (d)

Figure 6.1: Topological states in proximity-modified graphene. (a) Schematic graphene
lattice with proximity-induced hopping parameters. Empty (full) dots denote sublattice
A (B), while the color of the hoppings indicates the action on spin. The minimal model
Hamiltonian in Ref. [151] is similar to Hgr, Eq. (3.7), containing the spin neutral nearest-
neighbor hopping ¢, staggered on-site potential A, spin-flipping nearest-neighbor Rashba
SOC Ag, spin and sublattice resolved next nearest-neighbor intrinsic SOCs )\? and AF, and on-
site sublattice resolved proximity exchange couplings A2 and AZ. In this thesis, specifically
in Hcr, Eq. (3.7), the exchange couplings are denoted as A%, and AS . The orientation of the
reciprocal lattice is indicated by K and K’ and the magnetization orientation in real space
is specified by m. (b) Topological phase diagram of proximitized graphene for staggered
exchange and uniform intrinsic SOCs and out-of-plane magnetization i = £. The calculated
Chern number C is indicated in white, while the bulk band gap is color-coded. (c,d) Sketch of
the quantum anomalous Hall (QAH) states along zigzag and armchair edges, corresponding
to different exchange and spin-orbit parameters. Color indicates the s, spin expectation
value (red = spin-up, blue = spin-down, gray = unpolarized). Figures are from Ref. [151].
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However, by adding the proper ingredients, graphene can also host topological states [147,
151], see Fig. 6.1, which do not only display intriguing physics, but they are also relevant
for applications in dissipationless electronics and spintronics [2, 154]. One limiting issue
is the absence of magnetism in graphene. By combining magnetic exchange coupling with
SOC, one would enter the QAH regime, where time-reversal symmetry is broken. For
example, the monolayer ferromagnetic insulator (FMI) CGT with perpendicular magnetic
anisotropy (PMA) induces significant proximity exchange (5 meV) in graphene with addi-
tional small (0.1 meV) valley Zeeman SOC [148, 153, 264]. In the case of doubly proximitized
graphene — by a top layer TMDC and bottom layer CGT — significant amounts of both
couplings, exchange and spin-orbit, can be induced [153]. Nevertheless, so far only uniform
(ferromagnetic), A% ~ AS, proximity-induced exchange coupling was observed in graphene
[141, 152, 264, 302-311], even when an antiferromagnetic substrate was considered [149].

A detailed analysis of the role of uniform and staggered proximity-induced spin-orbit and
exchange couplings in graphene for possible topological phases is given in Ref. [151]. One
of the main results is shown in Fig. 6.1(b) — the topological phase diagram for proximity-
induced staggered exchange and uniform intrinsic SOC in graphene — showing that a
QAH phase with Chern number of 1 can be realized, see Fig. 6.1(c). Can we actually realize
staggered (antiferromagnetic), A4, ~ —AZ, proximity exchange in graphene? Suitable
material candidates would have to be layered semiconducting Ising antiferromagnets, which
could eventually induce staggered exchange. Fortunately, there is a whole bunch of them
available. Metal phosphorous trichalcogenides (MPX3) are vdW magnets [312, 313], each
of which shows a different antiferromagnetic ground state. In this chapter, we propose
a material platform that induces staggered exchange in graphene. By combining density
functional theory (DFT) calculations with our model Hamiltonian from Sec. 3.2, we extract
the proximity exchange coupling in graphene induced by a monolayer MnPSes, which
is an Ising-type antiferromagnetic semiconductor. The Dirac states of graphene are well
preserved and located within the band gap of MnPSes. Surprisingly, but fortunately, we find
staggered proximity exchange parameters on the order of 100 peV. By decreasing the vdW
gap (interlayer distance) between the materials, the magnitude of the staggered exchange
can be further enhanced.

6.2 Computational details and geometry

The electronic structure calculations and structural relaxation of graphene on MnPSes, were
performed by DFT [204] with QUANTUM ESPRESSO [267]. Self-consistent calculations
were performed with the k-point sampling of 30 x 30 x 1 to get converged results for the
proximity exchange splittings. We performed open shell calculations that provide the spin
polarized antiferromagnetic ground state of MnPSe;. A Hubbard parameter! of U = 5 eV
was employed for Mn d orbitals, similar to recent calculations [316, 317]. We used an energy
cutoff for charge density of 700 Ry and the kinetic energy cutoff for wavefunctions was

In the Hubbard model, interactions of localized electrons are modeled by an on-site Coulomb repulsion.
A similar approach is used in the so-called DFT+U method, typically employed for strongly correlated
materials [314, 315], e. g., Mott insulators.
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Figure 6.2: (a) Top and (b) side view of the graphene/MnPSe; heterostructure geometry. The
colored spheres around the Mn atoms indicate the magnetization direction (red =7, blue =)
with antiferromagnetic Ising-type magnetic ordering.

65 Ry for the scalar relativistic pseudopotential within the projector augmented wave (PAW)
method [268] with the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [206].
For the relaxation of the heterostructures, we added van der Waals corrections [269, 270]
and used the quasi-Newton algorithm based on trust radius procedure. In order to simulate
quasi-2D systems, we added a vacuum of 20 A to avoid interactions between periodic images
in our slab geometry. To determine the interlayer distances, the atoms of graphene were
allowed to relax only in their z positions (vertical to the layers) and the atoms of MnPSe3
were allowed to move in all directions until all components of all forces were reduced below
103 [Ry/ap], where ag is the Bohr radius.

We place graphene on the Ising antiferromagnet MnPSe3 [318, 319]. MnPSej is an antiferro-
magnetic semiconductor with an optical gap of about 2.3 eV [320] and a Néel temperature of
74 K [319]. The heterostructure of graphene/MnPSe; contains a 5 x 5 supercell of graphene
on a2 x 2 MnPSes supercell. We stretched the lattice constant of graphene [321] from 2.46 Ato
2.48 A and compressed the lattice constant of MnPSe; by roughly 3% from 6.387 A [319] to
6.20 A. The considered heterostructure model has a lattice constant of 12.4 A and contains
90 atoms in the unit cell. The average interlayer distance was relaxed to 3.46 A, but we
performed an interlayer distance study of the proximity effects. In Figs. 6.2(a,b), we show the
geometry of the graphene/MnPSejs stack. The Mn atoms of MnPSe3 form a hexagonal lattice
with alternating magnetization within a monolayer, which is the experimentally predicted
ground state [319].

6.3 Band structure and fit results

The first-principles calculated band structure of the graphene/MnPSejs stack is shown in
Fig. 6.3, where we use a decreased interlayer distance of 3.16 A compared to the DFT-relaxed
one. The reduced distance allows for a more clear analysis of the low energy band structure
features, as proximity effects are enhanced. The Dirac states of graphene are nicely preserved
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Figure 6.3: (a) Calculated electronic band structure of the graphene/MnPSe; heterostructure
without SOC for an interlayer distance of 3.16 A. Bands in red (blue) correspond to spin
up (down). (b) Zoom to the calculated low energy bands (symbols) with a fit to the model
Hamiltonian (solid line). (c) The splitting between spin-up and spin-down bands, Eup — Eg4n,
for the valence band (VB) and conduction band (CB).

and reside within the band gap of MnPSez. A zoom to the low energy bands around the K
point reveals the proximity-induced exchange splitting of the bands. Our model Hamiltonian
clearly reproduces the low energy dispersion and spin splittings, see Figs. 6.3(b,c), of our
DFT calculation without including SOC effects. From the low energy dispersion at the K
point, we find that spin-down bands from both CB and VB reside near the zero energy Fermi
level, while spin-up bands are shifted to higher energies.

So far, only cases of uniform (ferromagnetic) exchange are known in literature where
sublattice resolved exchange parameters have the same sign [148-150, 153]. The reason is,
that in all these cases, the effective underlying substrate is a ferromagnet, even in the case of
the antiferromagnet BiFeO3(111) [149], where the ferromagnetic Fe(111)-plane proximitizes
graphene. To induce antiferromagnetic exchange by proximity (sublattice resolved exchange
parameters with opposite sign), the substrate has to have antiferromagnetic ordering within
the underlying monolayer and must optimally be commensurate with the graphene lattice.
For our heterostructure, the splitting between spin-up and spin-down bands, Eyp — Egy, for
the VB is negative, while the one for the CB is positive at the K point, see Figs. 6.3(b,c). Even
though, the antiferromagnetic hexagonal Mn-lattice is not commensurate with the graphene
lattice, we effectively get different spin splittings (opposite in sign) for the VB and CB.

67



Part Il — Graphene

(@) (©)
2
% | 200
208 > 150
S i [}
04 - 2100
| )
3 - < 50
- 07 \ \ 0 - I I
3 3.2 34 3.6 3 3.2 34 3.6
distance [A distance [A
(b) [A] (d) [A]
_ 82 > 300 A = 2B =
72] B 3. = X X
E | = 150
£ o8l 5 ]
= il kot o N .
= I
= 8 £ —150
T T \ & | S E— —
3 3.2 34 3.6 3 3.2 34 3.6
distance [A] distance [A]

Figure 6.4: Fit parameters as a function of the interlayer distance for the graphene/MnPSe3
heterostructure. (a) Total energy of the system, (b) the Fermi velocity v, (c) the staggered
potential A, and (d) the two proximity exchange parameters AL and AB.

X

The fit parameters of the low energy model Hamiltonian for several interlayer distances,
see Fig. 6.4, show that the sublattice resolved proximity exchange couplings are opposite in
sign. Therefore, our first-principles results indeed show that graphene on MnPSe3 displays
staggered proximity exchange with spin splittings on the order of 100 ueV. Decreasing the
interlayer distance, the staggered potential, and most importantly the proximity exchange
parameters, can be increased, while the Fermi velocity decreases. The exact values of the
parameters as functions of the interlayer distance are summarized in Tab. A.1. This behavior
has never been reported so far in the literature and paves the way for the realization of a new
Hamiltonian term. Reminding ourselves about the exchange Hamiltonian Hex from Sec. 3.2

and employing the condition of staggered exchange parameters, i. e., /\g( = —)\eBX = Aex,
we find Hex = —Aex0z ® s, which is reminiscent of the Kane-Mele SOC Hamiltonian [118,
144].

We also compare the results of the DFT calculations and model fitting to the case when the
MnPSej is in the ferromagnetic state, i. e., all Mn atoms have magnetization pointing towards
graphene. The total energies of the graphene/MnPSe; heterostructure, see Tab. A.1, show
that the antiferromagnetic state is about 200 meV lower in energy than the ferromagnetic
one (for one specific interlayer distance of 3.36 A). This confirms that the antiferromagnetic
state is the ground state of the MnPSe3 monolayer, consistent with experiments [319]. In the
ferromagnetic case, we should induce uniform proximity exchange in graphene. The band
structure, see Fig. 6.5, shows again that the graphene Dirac cone is located within the band
gap of the ferromagnetic MnPSes. Surprisingly, the MnPSe3 remains semiconducting even
in the ferromagnetic phase, but with a reduced band gap compared to the antiferromagnetic
phase. The zoom to the low energy Dirac bands in Fig. 6.5(b) shows that spin-down bands
are shifted towards lower energies, while spin-up bands are shifted to higher energies. The
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Figure 6.5: (a) Calculated electronic band structure of the graphene/MnPSe; heterostructure
without SOC for an interlayer distance of 3.36 A and when the MnPSej is in the ferromagnetic
state. Bands in red (blue) correspond to spin up (down). (b) Zoom to the calculated low
energy bands (symbols) with a fit to the model Hamiltonian (solid line). (c) The splitting
between spin-up and spin-down bands, Eyp — Egp, for the VB and CB.

spin splittings for VB and CB have the same sign, see Fig. 6.5(c). The full model Hamiltonian
Har, Eq. (3.7), is again in very good agreement with the first-principles results, see Fig. 6.5,
with proximity exchange parameters of about —200 peV. The fitted parameters are also
summarized in Tab. A.1. In the ferromagnetic phase, we find roughly uniform exchange
parameters, i. e., /\?X = AEX = Aex. The Hamiltonian reduces to Hex = —Aex 0, ® S,, and

proximity exchange is similar to the Zeeman splitting from an external magnetic field [152].

Which orbitals take part in the hybridization causing the proximity exchange? In Fig. 6.6,
we show the atom resolved DOS of the graphene/MnPSe; heterostructure with MnPSe;
in the antiferromagnetic phase, as depicted in Fig. 6.2. For the DOS, we considered the
energetically favorable interlayer distance of 3.46 A. We find that, as expected, the C atoms
of graphene form the low energy Dirac states, linearly dispersing near the Fermi level. The
band edges originating from the MnPSes, which are about £0.8 eV away from the Fermi level,
are mainly formed by the Se atoms. In addition, the CB edge has a significant contribution
from P atoms, while the DOS from Mn atoms is the smallest. Both Mn atom species, Mny
and Mn|, give the same contributions to the DOS, but majority and minority spins are
interchanged because of their opposite magnetization directions in the antiferromagnetic
phase. The hybridization can be best seen in the band structure, Fig. 6.3, at energies of
about —1 eV along the K-T" line, where the graphene Dirac states and the MnPSe; bands
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Figure 6.6: The atom resolved density of states (DOS). The contribution from the Se atoms is
multiplied by a factor of 1/2. We differentiate into Mn; and Mn |, corresponding to the Mn
atoms with different magnetization, as shown in Fig. 6.2.

('a) :

Figure 6.7: The calculated spin polarization Ap = p; — p| of the graphene/MnPSe; het-
erostructure, where p;, are the electronic charge densities for spin-up/spin-down. The
color red (blue) corresponds to Ap > 0 (Ap < 0). In (a), we show the isosurfaces correspond-
ing to the isovalues of Ap = +103A . In (b), the isovalues are Ap = +10-5A". The white
dashed line emphasizes the unit cell.

anticross. From the atom resolved DOS, we find that mainly Se p orbitals are responsible for
the hybridization with the C p, orbitals. We conclude that the magnetization of the MnPSes,
which is due to the partially filled Mn d orbitals, is mediated via the Se p orbitals over the
vdW gap that in turn proximity magnetize the C atoms.

Another way to visualize the proximity effect is by looking at the spin polarization,
Ap = py — py, in real space. The spin densities o1/ (r) = ¥, & |4>1’§’T ,1(1) |? are sums over the
eigenstates with the corresponding spin and energy below the Fermi level. In Fig. 6.7(a),
one can see the alternating spin polarizations around the Mn atoms, in agreement with the
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structural setup in Fig. 6.2. The P and C atoms display no polarization for the chosen isoval-
ues, while around the Se atoms there is a spin polarization in the shape of p orbitals. From
there it is evident that the Se atoms (p orbitals) couple to the magnetic Mn atoms (d orbitals)
and get spin polarized. For smaller isovalues, see Fig. 6.7(b), the spin polarizations around
the C atoms, which are of p, orbital shape, can be visualized. We find that neighboring C
atoms have nearly always alternating polarizations, which, on average, lead to an effectively
“antiferromagnetic graphene”. These findings are in agreement with the band structure and
model Hamiltonian analysis, where we have found staggered exchange couplings.

At the end of this chapter, we would like to add a few words of precaution. Note that
the effects of SOC have been neglected in the presented results. In reality, we believe that
SOC plays an important role and the graphene Dirac states will additionally experience
some amount of proximity SOC, given the structural similarities of MnPSe3z and TMDCs.
Without any calculations and experimental data, we can only speculate about the values, but
we expect that the induced SOC is at least of similar magnitude than proximity exchange.
Moreover, the calculated proximity exchange parameters are only about 50 eV in magnitude
for our predicted energetically most favorable interlayer distance, see Tab. A.1. In this regard,
one can ask the questions whether the staggered exchange coupling survives if 1) we tune the
Hubbard U for the Mn d orbitals, which is a parameter in the DFT calculation, 2) the lattice
constant of MnPSes is not compressed, as we considered in our commensurate geometry,
and 3) one uses a different DFT implementation to describe the heterostructure dispersion
like in the full potential linearized augmented plane wave (FLAPW) code WIEN2K [205].
We also want to note that maybe a different material in the MPX3 family [312, 313] might be
even more suitable to achieve staggered proximity exchange coupling in graphene. Certainly,
not only the presented case, but all graphene/MPX3 structures deserve a more extended
theoretical and experimental analysis. We leave this as an exercise for the reader and hope
that the presented findings will be confirmed in the near future.

6.4 Summary and conclusion

In summary, we have shown that the antiferromagnetic Ising semiconductor MnPSe; is a
material platform for inducing staggered exchange coupling in graphene. Our calculations
and model fitting study has shown A%, ~ —0.7A8 , which is already a good basis on realizing
exact staggered exchange coupling in graphene. We have also seen that diminishing the
interlayer distance enhances the strength of the exchange coupling in graphene due to
stronger hybridization with the magnetic substrate. By switching from the antiferromagnetic,
which is the ground state, to the ferromagnetic phase of MnPSe3, which can be experimentally
achieved by an external magnetic field, we can swap from staggered to uniform proximity
exchange in graphene. Our fitted parameters, together with the model Hamiltonian, can be
used to study electronic and spin transport properties in proximity magnetized graphene.
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Bilayer graphene
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CHAPTER 7

The basics of bilayer graphene

In this chapter, we introduce the basic properties of bilayer graphene (BLG), such as its unit
cell, band structure, and low energy Hamiltonian. The Hamiltonian is based on effective p,
orbitals of two monolayer graphene sheets. In contrast to the monolayer scenario, additional
interlayer couplings are present in BLG. The modification of the low energy band structure,
due to proximity of BLG to other materials, can be described by a series of parameters that
include orbital, spin-orbit, and exchange effects. The parameters can be determined by fitting
the Hamiltonian to a realistic density functional theory (DFT)-calculated band structure of
a BLG-based system. Due to the short-rangeness of proximity effects, only the graphene
layer that is adjacent to the proximitizing material gets modified. Here, we also briefly
analyze the low energy band structure, employing different parameter sets obtained from
DFT-calculations.

7.1 Unit cell, Brillouin zone, and band structure

BLG is formed by two monolayer graphene sheets that are stacked on top of each other.
The most natural form of the stacking is the AB one, shown in Fig. 7.1(a), which is also
termed Bernal stacking. In the Bernal stacking case, the sublattice atom Ca; of the lower
layer is directly underneath the sublattice atom Cg; of the upper layer. Because of their
direct connection via interlayer hoppings, we name this pair of atoms the dimer ones, while
the other two atoms Cg; and Cyx, are the non-dimer ones. The non-dimer atom Cp, (Cg)
is located above (below) the center of the hexagon of the lower (upper) graphene layer.
Since BLG has a hexagonal lattice structure, also its Brillouin zone (BZ) is hexagonal, see
Fig. 7.1(b), similarly to monolayer graphene. The stacking of the two graphene layers can
have significant ramifications for its band structure and related physical properties. For
example, recent studies have shown that even superconductivity can arise in twisted BLG!
for twist angles of about 1.1° [322, 323]. In the following chapters, we will only consider
BLG in Bernal stacking due to its idiosyncratic low energy band structure.

IDue to the small twist angle of the two graphene sheets, a moiré-pattern arises and strong electron confinement
and correlation is present in regions of AA stacking.
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Figure 7.1: Unit cell and BZ of BLG. (a) Lattice of BLG with labels C4; and Cp; (Caz and
Cgy) for the sublattice atoms of the lower (upper) layer. The dimer atoms are vertically
connected (dashed lines) via direct interlayer couplings. (b) First BZ of the reciprocal lattice,
where I', M, K, and K’ are non-equivalent high symmetry points.
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Figure 7.2: (a) Zoom to the low energy bands of BLG near the K point for a transverse electric
field of 0 V/nm. Different colors correspond to projections onto different atoms of the unit
cell. (b) Same as (a), but for a field of 2 V/nm.

The band structure of BLG near the Fermi level is shown in Fig. 7.2(a) and consists of
four parabolic bands. We find two low energy bands, touching at the Fermi level, which are
formed by the non-dimer atoms. In addition, there are two high-lying energy bands, at about
+400 meV in the vicinity of the K point, which are formed by the dimer atoms. Since the
dimer atoms are connected by direct interlayer hoppings, see Fig. 7.1(a), the corresponding
bands are split off in energy.
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A pecularity of the low energy bands of BLG is the tunability of the band gap by an
external electric field that is applied transverse to the graphene sheets [217, 324-328]. In
Fig. 7.2(b), we show the low energy bands when a transverse electric field of 2 V/nm is
applied across the BLG. We find that we can open a significantly large band gap of about
100 meV. At the K point, each band is now primarily formed by a specific layer and sublattice
atom. The reason is that, once a field is applied, each graphene layer is situated in a different
potential energy V. Since the low energy bands are formed by the non-dimer atoms, from
two different layers, a band gap opens where each band reveals a specific sublattice and
layer character. In reality, already a substrate below BLG is enough to introduce a band gap,
since an intrinsic dipole will then be present in heterostructures with BLG, as we will see
later. The continuous electrically tunable band gap of BLG is an ideal control knob for device
applications. Similarly to monolayer graphene, the intrinsic spin-orbit coupling (SOC) of
BLG is nearly negligible for the description of the low energy bands near the K and K’ valleys.
Recent transport experiments have found an intrinsic spin-orbit gap of about 40 peV [222],
in agreement with DFT calculation predictions [217].

7.2 Hamiltonian of spin-orbit and exchange proximitized bilayer
graphene

In what follows, we want to describe the low energy band structure of BLG in the vicin-
ity of the K and K’ valleys, when proximity effects, due to other two-dimensional (2D)
materials, are present. Therefore, we introduce the following Hamiltonian derived from
symmetry [217],

HBLG = Horb + Hsoc + Hex + Ep, (7-1)

A+V  yof(k)  yaf*(k) T
Hop = Yof* (k) 14 Yaf(k)  vaf*(k) 0, 72)
vaf(k) yaf*(k) =V yof(k)

T Yaf(k)  nf (k) A=V

(TAP —AAD)s, (A 4+ 2AR)sT 0 0
—i(Ag +2AR)sT  (—TABl — ABl)s 0 0
Mo Hox = | O IREETAT A 0 , (@3)
0 0 (TAPS = AL0)s:  —i(Ag — 2AR)sT
0 0 i(Ag —2AR)sT  (—TABZ —ABZ)s,

where we keep only the most relevant terms. For simplicity, we use the linearized version
of the nearest-neighbor structural function f(k) = —@(Tkx — ik,), with the graphene
lattice constant a and the Cartesian wave vector components k, and ky measured from
+K for the valley indices T = +1. The Pauli spin matrices are s;, with i = {0,x,y,z},
and sT = %(sx +itsy). Here, vj, j = {0,1,3,4}, describe intra- and interlayer hoppings
in BLG when the lower (upper) graphene layer is placed in the potential V (V). The
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parameter A describes the asymmetry in the energy shift of the bonding and antibonding
states. The parameters A1 (Aex) describe the intrinsic SOC (proximity-induced exchange) of
the corresponding layer and sublattice atoms (Ca1, Cg1, Caz,Cp2). The combination of Ag
and A describe the global and local breaking of space inversion symmetry, similarly to the
Rashba term in graphene.

For a more detailed description of the parameters, we refer the reader to Ref. [217]. We
use the basis [Ca1,7T), |Ca1, ), |Cs1, 1), |CB1, 1), [Ca2, 1), [Caz, 1), |Cr2, 1), and |Cg, ).
Note that the model Hamiltonian is centered around zero energy Fermi level. This is
not necessarily the case for the first-principles results as doping can occur. Therefore, we
introduce another parameter Ep, which introduces an energy shift on the global model band
structure and we call it the Dirac point energy, similarly to the monolayer graphene case.
Depending on the investigated heterostructure system, some terms in the Hamiltonian can
be further neglected. For example, when there is no magnetism in the game we set the
proximity-induced exchange couplings (Aex) to zero.

7.3 Band structure topologies of proximitized bilayer graphene

Similarly to the graphene chapter, let us now especially analyze the effects of proximity
spin-orbit and exchange parameters on the band structure. The parameters 1;, describing
intra- and interlayer hoppings, are more or less fixed by the BLG structure itself. As we have
already seen, the parameter V can be tuned by a transverse electric field and is responsible
for the orbital band gap. The exchange and SOC terms are influenced by proximity effects.
Consequently, the impact of other 2D materials in proximity to BLG will be mainly on the
parameters V, Aj, and Aex. In Fig. 7.3, we summarize some important low energy band
structure cases for different parameter sets. In Fig. 7.3(a), we show the case when there
would be, for example, a transition-metal dichalcogenide (TMDC) above BLG [31] such that
strong SOC is induced only in the top graphene layer due to short-rangeness of proximity
effects. In other words, only the intrinsic SOC parameters of the top layer, Afz and AIBZ, are
proximity enhanced to the meV range. We can see that the low energy valence band (VB)
is formed by Cy orbitals, especially by the Ca, atom, because as previously explained, the
non-dimer atoms form the low energy bands. The low energy conduction band (CB) is
then formed by the non-dimer atom Cg;. As we have set V > 0 in this case, bands formed
by orbitals from the upper layer are at a lower potential energy, as reflected in the band
structure. In a realistic DFT calculation, the parameter V reflects the built-in electric field
of the heterostructure. Once a transverse external field is applied, V can be tuned. The
short-range proximity-induced SOC affects only bands of the upper layer — in our case just
the VB, which displays a finite spin splitting.

Now, we exploit the field tunability of the low energy bands of BLG. Similarly to Fig. 7.3(a),
we still imagine a TMDC on top of BLG. In Fig. 7.3(b), we show the case for V' < 0 such that
bands formed by orbitals from the lower layer are situated in a lower potential energy. We
effectively invert the band structure and it is now the CB that is spin-split because proximity
SOC still affects only this graphene layer that is adjacent to the TMDC. In experiments,
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Figure 7.3: Low energy BLG band structures for different parameter sets of the Hamiltonian
Hprc. For all of the subfigures, we use 79 = 2.45 eV, 71 = 365 meV, 93 = —270 meV,
74 = —165 meV, and A = 10 meV, while unspecified parameters are zero. Color of the lines
(symbols) corresponds to the s, (pseudospin) expectation value. In the case, in which time-
reversal symmetry is preserved (broken), we show the bands at K (K and K'). (a) V = 10 meV,
/\f*z = AIBZ = 2 meV. (b) Same as (a), but V = —10 meV. (c) Same as (a), but with additional
ASL = ABl =2 meV.

one would have to apply a transverse electric field that counters the built-in dipole of
the mentioned BLG/TMDC heterostructure, in order to close the orbital band gap. By
further increasing the amplitude of the external field, the gap reopens with switched band
characters. The tuning of the SOC from the VB to the CB is a crucial knob to control the
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spin relaxation (SR) of conduction electrons in BLG, as recently shown in Ref. [31]. A
similar effect, but with proximity exchange coupling, can be achieved in BLG/ferromagnetic
insulator (FMI) heterostructures [311]. We will explicitly discuss these scenarios in the next
chapter.

Finally, Fig. 7.3(c) illustrates the case of BLG sandwiched between a strong SOC and a
magnetic material, as for example realized in TMDC/BLG/Cr,Ge,Teg (CGT) heterostruc-
tures. Such a case is interesting since we simultaneously create proximity magnetism and
SOC in BLG, where the individual proximity effects are limited to one of the graphene
layers. In Fig. 7.3(c), we show the band structure around the K and K’ valleys. The VB,
which is split by proximity SOC, displays time-reversal symmetry, while the CB, which is
split by proximity exchange, does not. The band structure can be tuned fully electrically as
previously shown, thus yielding on-demand exchange and SOC of conduction electrons in
BLG. In the next chapter, we will explicitly discuss realistic examples of proximity effects
in BLG on the basis of DFT-calculation results. With the help of our Hamiltonian, we can
extract valuable parameter sets, describing the proximitized BLG bands. In addition, we also
elaborate on some potential spintronics device proposals due to the unique tunable band
structure of proximitized BLG.

80



CHAPTER 8

Heterostructures of bilayer graphene, WS,, and Cr,Ge,Teg

This chapter is based on the publications: K. Zollner, M. Gmitra, and |. Fabian, New Journal of
Physics 20, 073007 (2018), "Electrically tunable exchange splitting in bilayer graphene on monolayer
CraXpTes with X = Ge, Si, and Sn”, and K. Zollner, M. Gmitra, and |. Fabian, Physical Review
Letters 125, 196402 (2020) "Swapping Exchange and Spin-Orbit Coupling in 2D van der Waals
Heterostructures”.

8.1 Introduction

Since the first successful exfoliation of graphene, two-dimensional (2D) van der Waals (vdW)
materials have become indispensable for spintronics [4, 154]. Because adjacent materials
mutually influence each other via proximity effects [30], several interactions, such as super-
conductivity, magnetism, and spin-orbit coupling (SOC), can be induced on demand, while
simultaneously each individual layer maintains its characteristic properties. Moreover, and
this is a key ingredient, gating is a tool to control these proximity-induced spin interactions,
as impressively demonstrated in several studies [99, 101, 102, 164, 194, 264, 329-333]. Espe-
cially the recently discovered vdW layered magnets [283, 284] have opened new avenues
for basic research [51, 285] on magnetism in the 2D limit, as well as for applications [52,
95, 286-288]. The family of 2D magnetic materials includes conductors, insulators, ferro-
magnets, and antiferromagnets. Prominent examples, which are frequently considered now
are Fe;GeTey, CryGepTeg (CGT), Crls, and MnPSes [51, 334]. In addition, the available 2D
material family includes also the semiconducting transition-metal dichalcogenides (TMDCs),
such as MoS; and WSe;, which provide giant SOC, spin-valley locking, and are a favorite
platform for optical experiments [289-293, 335].

Another particularly high-ranking material in this context is bilayer graphene (BLG),
which features an idiosyncratic! low energy band structure [217], as we have seen in the
last chapter. BLG itself is already full of surprises as it provides a playground for strongly
correlated physics, given the right twist of its layers [322, 323]. However, and this is a
major drawback for spin manipulation, it has negligible intrinsic SOC [217] and additionally
lacks magnetism. Fortunately, we can add all the necessary ingredients via proximity

IThe low energy bands are layer- and sublattice-polarized, and an external electric field can tune the band gap.
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coupling [31, 88, 140, 153, 264, 311]. For AB-stacked BLG in proximity to a TMDC, recent
capacitance measurements [336] demonstrated that SOC of conduction electrons can be
turned on and off by gating, see Fig. 8.1, in accordance to previous predictions [31, 337]. In
the experiment, they measured the so-called penetration field capacitance C;, as function of
the displacement field and the electron density in a dual-gated structure. Since the measured
capacitance C, is essentially inversely proportional to the density of states (DOS) [338]
of the proximitized BLG, electronic gaps will manifest as C, maxima. With the help of
hexagonal boron nitride (hBN)/graphite junctions as top and bottom gate electrodes, the low
energy band structure of the proximitized BLG can be tuned and the doping density can be
controlled. The measured capacitance, see Fig. 8.1(b), suggests that proximity-induced SOC
in BLG is layer resolved and thus can be switched from valence band (VB) to conduction
band (CB) and vice versa. Similarly, when BLG is in proximity to a magnetic material,
exchange coupling can be switched on and off [311, 339, 340].

©) ¢s)
Cp (a.u.) z
= 010 0.1

> 14 0 1 o -0040 004
n (10" cm™) k, (1/a)

Figure 8.1: Measurement of the layer resolved SOC in BLG. (a) Schematic view of the
geometry of the BLG/WSe; heterostructure, with hBN/graphite junctions as top and bottom
gate electrodes. (b) Colormap of the measured penetration field capacitance, Cp, as function
of the displacement (transverse electric) field D and the doping density n. The measured
capacitance C,, = ¢/ (2c + dn/9dy) depends on the geometric capacitance ¢ and the electronic
compressibility d1/9du, so that gaps in the band structure manifest as maxima in C,. The
white arrows in (b) indicate the proximity spin-orbit split bands of BLG. (c) The low energy
model band structures of proximitized BLG that would correspond to fixed values of positive
(top) and negative (bottom) displacement fields. Figures are from Ref. [336].

In this chapter, we investigate the mentioned BLG vdW heterostructures in detail by com-
bining first-principles calculations with our model Hamiltonian, and provide a well founded
basis for further considerations. First, we discuss BLG in proximity to CGT and explicitly
show that an external transverse electric field can switch the exchange splitting from the
VB to the CB. An additionally important case is that of CGT encapsulated BLG, where the
in-plane conductance can be turned on and off via switching the magnetization direction in
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one of the CGT layers. Second, we investigate BLG in proximity to the strong SOC TMDC
WS; and explain the most important band structure features. The gate tunability is similar
as for the CGT case. For the singly proximitized structures, we briefly discuss some appli-
cation prospects. Finally, we come to the case of the doubly proximitized CGT/BLG/WS;
sandwich structure, providing both spin interactions simultaneously, SOC and exchange. We
demonstrate the fully electrical swapping of two different spin interactions in a single heterostructure
device.

8.2 Computational details

The electronic band structure calculations and structural relaxation of the BLG-based het-
erostructures were performed by density functional theory (DFT) [204] with QUANTUM
ESPRESSO [267]. Self-consistent calculations were performed with the k-point sampling
of 12 x 12 x 1 to get converged results for the proximity exchange and SOC. Only for the
CGT/BLG/WS; sandwich structure, when SOC is included, a smaller k-point sampling of
6 x 6 x 1 was used due to computational limitations. We performed open shell calculations
that provide the spin polarized ground state of CGT. A Hubbard parameter of U = 1 eV was
used for Cr d-orbitals, being in the range of proposed values for CGT [283, 311]. We used
an energy cutoff for charge density of 500 Ry and the kinetic energy cutoff for wavefunc-
tions was 60 Ry for the scalar relativistic pseudopotential within the projector augmented
wave (PAW) method [268] with the Perdew-Burke-Ernzerhof (PBE) exchange correlation
functional [206]. When SOC was included, we used the relativistic versions of the pseudopo-
tentials. For the relaxation of the heterostructures, we added vdW corrections [269, 270] and
used quasi-Newton algorithm based on trust radius procedure. Dipole corrections [271]
were also included to get correct band offsets and internal electric fields. In order to simulate
quasi-2D systems, we added a vacuum of 20 A to avoid interactions between periodic images
in our slab geometry. To determine the interlayer distances, the atoms of BLG and WS,
were allowed to relax only in their z positions (vertical to the layers), and the atoms of CGT
were allowed to move in all directions until all components of all forces are reduced below
1073 [Ry/ag], where g is the Bohr radius. The obtained interlayer distances are of typical
vdW size and summarized in Fig. 8.7(b).

8.3 Exchange valve in bilayer graphene on Cr,Ge,Teg

For the BLG/CGT heterostructure, we used a 5 x 5 supercell of BLG in Bernal stacking and
a3 x V3CGT supercell, i. e., the CGT substrate is twisted by an angle of 30° with respect
to BLG. We kept the lattice constant of graphene unchanged at a = 2.46 A and stretched
the CGT lattice constant by roughly 4% from 6.8275 A [341] to 7.1014 A. The supercell of
BLG on CGT has a lattice constant of 12.3 A and contains 130 atoms in the unit cell. The
average calculated magnetic moments are: Cr (+3.217 ug), Ge (4-0.032 ug), Te (—0.104 up),
G1 (—0.0002 pg), and G (0.0 ug), where Gy, denotes the bottom/top graphene layer. The
bottom graphene layer displays a proximity-induced magnetization along the —z direction
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Figure 8.2: (a,b) Calculated band structure without SOC and geometry of BLG on CGT with
labels for the sublattices. (c) Zoom to the calculated low energy bands (symbols) around the
K point with a fit to the model Hamiltonian (solid lines) Hgprg, Eq. (7.1). Bands in red (blue)
correspond to spin up (down). (d) Energy splittings of the CB and VB.

(parallel to the magnetic moments of the Te atoms), while the magnetization of Cr atoms
in CGT points along the z direction. In Figs. 8.2(a,b) we show the DFT-calculated band
structure and a side view of the geometry of BLG on CGT. Overall, the dispersion near
the Fermi level closely resembles the band structure of bare BLG since we can identify the
four parabolic low energy bands. Nearly all other bands originate from the CGT layer. By
zooming into the fine structure around the Fermi level, see Fig. 8.2(c), we find an orbital
band gap of about 10 meV. In addition, the VB is spin split by about 8 meV, while the CB
splitting is negligible near the K point, see Fig. 8.2(d). How does this come about?

First of all, the low energy bands are formed by the non-dimer atoms B; and A;. As
demonstrated in the previous chapter, a transverse electric field opens the band gap of BLG
because we introduce a potential difference between the two graphene layers. Here, no
field is applied, but our considered structure has an intrinsic dipole, i. e., a built-in electric
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field, which essentially has the same effect as an external one. The built-in field of the
structure is about 0.4 V/nm. In addition, the graphene layer adjacent to CGT experiences
proximity-induced exchange coupling, splitting the VB in energy. In contrast, the CB is not
split because its states are formed by the top graphene layer, which is far away from the
magnetic substrate and short range proximity effects are nearly absent. The coupling to the
magnetic substrate is limited to the bottom graphene layer. By fitting the low energy model
Hamiltonian Hgrc, Eq. (7.1), to the first-principles data, we find perfect agreement for the
dispersion and band splittings, see Figs. 8.2(c,d). The fitted parameters are summarized in
Tab. A.2 for the CGT/BLG heterostructure. In order to fit the DFT-data, most relevant are the
exchange parameters corresponding to the bottom graphene layer, which are about —4 meV
in magnitude. The ones for the top layer can be neglected. The negative sign originates from
the fact that the proximity-induced magnetization of the bottom graphene layer points along
the —z direction, as mentioned above.
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Figure 8.3: Calculated sublattice resolved band structures around the K valley for transverse
electric fields of (a) —0.75 V/nm, (b) —0.375 V/nm, (c) 0.0 V/nm. The circles’ radii corre-
spond to the probability of the state being localized on the non-dimer atoms B, (red filled
circles) and A; (blue open circles).

Let us now discuss the switching of the exchange coupling from the VB to the CB. In
Fig. 8.3, we show the evolution of the low energy bands of BLG for a series of transverse
electric fields. At zero field strength, see Fig. 8.3(c), the situation is as explained above; the
exchange split VB is formed by p. orbitals of B;, while the nearly unsplit CB is formed by
A orbitals. Because of the short range proximity effect, only the atoms from the bottom
graphene layer are affected by the exchange coupling. The built-in electric field (dipole),
which points from CGT towards BLG, determines the band ordering such that states from
B form the VB at zero external field. Because we know that the built-in electric field points
along the positive z direction, a positive external field would have an additive effect, simply
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increasing the orbital band gap and leaving the exchange splitting nearly unchanged. Here,
we are interested in the switching behavior. By applying a negative field (along —z direction),
we can counter the built-in field. When the external field has roughly compensated the
dipole field, the orbital gap closes. As we can see in Fig. 8.3(b), the band gap is closed for a
field of —0.375 V/nm because the states from the non-dimer atoms B; and A, are almost
at the same potential energy. By increasing the negative field further, we again introduce a
potential difference between the graphene layers and the band gap reopens, see Fig. 8.3(a). In
contrast to the zero field case, it is now the CB that is formed by B; orbitals, while A, atoms
form the VB. Still, it is the lower graphene layer that experiences the proximity exchange
coupling, splitting now the CB. This switching of the exchange splitting from VB to CB is
only possible due to the short range proximity effect in combination with the layer-polarized
low energy bands of BLG. A proximity exchange valve is realized.

What are the consequences of the switching and how can it be employed in devices? Simple
model calculations predicted that BLG on a generic ferromagnetic insulator (FMI) substrate
can be a platform for field-effect magnetic or spin devices [339, 342-345]. In dual gated
BLG/CGT structures, where we can apply a transverse electric field across the structure and
simultaneously tune the Fermi level, 100% spin polarization can be achieved. Imagine the
Fermi level in Fig. 8.3(a) to lie in between the two spin-split CBs. If an unpolarized current
is then injected into BLG, which is subject to proximity exchange from a FMI substrate,
one spin component is perfectly filtered. A spin polarized current could be analyzed as
well because, for a given spin-ordering of the bands, which is determined by the proximity
magnetization, only one spin channel is addressed. By tuning the electric field, say to the
situation shown in Fig. 8.3(c), no spin filtering occurs because both spin channels can be
addressed in the CB. Therefore, BLG/FMI heterostructures could be employed as fully
electrically operating spin-filters or detectors.

We have also considered CGT encapsulated BLG, see Fig. 8.4. In this case, both graphene
layers are getting proximitized. Depending on the magnetization directions of the two
individual CGT layers, different low energy band structures can be realized. Our results
show that in the ferromagnetic configuration, where the magnetizations of both CGT layers
point along the z direction, both graphene layers are getting equally proximitized, see
Fig. 8.4(a). The full band structure, see Fig. 8.4(b), is similar to the non-encapsulated case,
shown in Fig. 8.2(a). In contrast to before, this CGT/BLG/CGT sandwich structure is more
or less z-mirror symmetric and the built-in dipole is almost zero. Consequently, the orbital
band gap of BLG is closed, see Fig. 8.4(c). Moreover, now both graphene layers experience
proximity exchange coupling, and the VB and the CB are spin split. As a consequence,
the spin-split low energy bands cross the Fermi level and the system is conductive, see
Fig. 8.4(c).

For the antiferromagnetic configuration, in which the magnetization of the bottom (top)
CGT layer points along the z (—z) direction, see Fig. 8.4(d), the proximity effect is still present,
but the sign of the exchange coupling for the top graphene layer changes. Consequently,
the spin splitting will be of similar magnitude, but of opposite sign. Remarkably, the fine
structure near the K point reveals that a sizable band gap of about 5 meV opens, such that
no bands cross the Fermi level and zero in-plane conductance can be expected, see Fig. 8.4(f).
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In this case, it is not an electric field that is responsible for the gap opening, but rather the
unique sublattice- and layer-polarized low energy band structure of BLG itself, being subject
to layered antiferromagnetic proximity exchange.

Our CGT/BLG/CGT geometry is similar to the recently proposed Crlz/BLG/Crl3 spin-
valve heterostructure [340], in which the in-plane conductance can be controlled by switching
the magnetic configuration. The advantage of our presented structure is that only the bands
of the proximitized BLG are present at the Fermi level, while for the Crl3 /BLG/Crlj3 structure
also bands originating from the Crl3 layers reside near the Fermi level [340]. Moreover, we
have also extracted the relevant fit parameters for both configurations, ferromagnetic and
antiferromagnetic, of our sandwich structure by employing the model Hamiltonian Hp; G,
Eq. (7.1). The results are summarized in Tab. A.2, and can be used for further spin and charge
transport simulations.
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Figure 8.4: Band structure, geometry, and low energy model fit of BLG encapsulated by
CGT for different magnetic configurations of the top and bottom CGT. In the geometries,
the background color is the (proximity) magnetization of the corresponding layer (red = T,
blue = |). (a)-(c) Ferromagnetic and (d)-(e) antiferromagnetic configuration of the two CGT
layers.
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8.4 Spin-orbit valve in bilayer graphene on WS,

(@)

© k [10 %/A]

25 | | | |

DFT o
Model —

0.5

E - Eg [eV]

E — Eg [meV]

-0.5

(b)
@
%
g
OC =
g
00-00—00—00-00-00 00 =
A, B, &
AlB,

Figure 8.5: (a,b) Calculated band structure with SOC and geometry of WS, on BLG with
labels for the sublattices. (c) Zoom to the calculated low energy bands (symbols) around the
K point with a fit to the model Hamiltonian (solid lines) Hgrg, Eq. (7.1). The color of the
bands corresponds to the s, spin expectation value. (d) Energy splittings of the CB and VB.

Before we come to our most important and final CGT/BLG/WS; trilayer structure, we
also summarize the findings for the BLG/WS; stack. For the WS, /BLG heterostructure, we
used a 5 x 5 supercell of BLG in Bernal stacking and a 4 x 4 supercell of WS,. We stretched
the lattice constant of the BLG by roughly 2% to 2.5 A and the WS, lattice constant was
compressed by about 1% from 3.153 A [346] to 3.125 A. The supercell of WS, on BLG has a
lattice constant of 12.5 A and contains 148 atoms in the unit cell.

In Figs. 8.5(a,b), we show the calculated band structure and a side view of the geometry of
WS; on BLG. Similarly to before, we identify the four parabolic bands of BLG, located near
the heterostructure Fermi level and within the band gap of the TMDC. The presented results
are in perfect agreement with Ref. [31]. The low energy bands can be already understood

88



Chapter 8 — Heterostructures of bilayer graphene, WS,, and Cr, Ge; Teg

from our previous analysis of the BLG/CGT structure. The orbital gap of about 5 meV is due
to the built-in electric field of the heterostructure, introducing a potential difference between
the graphene layers. In addition, the VB is spin split because of short range proximity-
induced SOC, which is limited to the top graphene layer. The built-in field is oriented from
the TMDC towards the BLG, dictating the given band ordering for zero external field. We
would like to emphasize that the two systems, BLG/CGT and TMDC/BLG, indeed show
similar low energy band structure features. Despite the similarity, we break time-reversal

symmetry in the case of the FMI, and the spin-split bands at K and K’ are the same. In
contrast, for the TMDC-based case, time-reversal symmetry is still preserved.

In addition to the mere prediction of this scenario in Ref. [31], we go one step further and fit
our BLG low energy model Hamiltonian Hprg, Eq. (7.1), to the DFT-calculated bands. As can
be seen in Figs. 8.5(c,d), we find perfect agreement for the dispersion and the band splittings.
The fitted parameters are also summarized in Tab. A.2 for the BLG/WS; heterostructure. In
analogy to before, an external transverse electric field can be used to switch the spin-orbit
splitting from the VB to the CB because of the layer-polarized low energy bands and short

range proximity effects. Here, we do not explicitly show the electric field tunability, but refer
the reader to Ref. [31].

(a)

Py 2130312

(b)

electric field

Figure 8.6: Spin field-effect transistor (FET) based on a BLG/TMDC heterostructure. The
two ferromagnetic electrodes have opposite magnetization and serve as injector and detector
for the spins. (a) In the ON state, spins effectively feel large SOC, spin precession is strong,

and they can enter the ferromagnet. (b) In the OFF state, spins feel weak SOC, spin precession
is absent and no current can flow. Figures are from Ref. [31].
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Again, we can ask about application prospects of this switching behavior [31]. In Fig. 8.6,
a particular device scheme for a BLG-based spin FET is illustrated, similar to the Datta-Das
one in Fig. 1.2, but with opposite magnetization for injector and detector contacts. Essentially
this device relies on the tunability of SOC of conduction electrons. Since the spin-orbit
field components w are proportional to the energy splitting AE of the bands, see Eq. (4.1),
and the spin relaxation (SR) rate is proportional to w?, one can tune the spin precession
of electrons by gating. For an electric field, pointing from BLG towards the TMDC, see
Fig. 8.6(a), electron spins will be injected in the bottom graphene layer, which experiences
strong proximity-induced SOC. Consequently, SR is strong, injected spins will precess, and
the detected spin signal is large in case of antiparallel magnetized contacts. By switching the
electric field direction, see Fig. 8.6(b), spins are injected in the top graphene layer, which is
practically “free” from proximity SOC. No precession takes place and the detector signal is
(in the ideal case) zero. A spin-orbit valve can be realized.

For completeness, we have also calculated and fitted the band structure of BLG encap-
sulated by WSy, see Fig. A.1. Again, due to the roughly z-mirror symmetric structure,
the orbital band gap is closed and both graphene layers experience the same amount of
proximity-induced SOC. The corresponding fit parameters are also summarized in Tab. A.2.
Remarkably, recent capacitance measurements, see Fig. 8.1, could confirm the gate tun-
able low energy band structure of the proximitized BLG for both scenarios, BLG/WS; and
WS, /BLG/WS; [336]. The experimental confirmation of the predicted spin-orbit switch-
ing [31, 336] unambiguously proves the importance of 2D material vdW heterostructures to
tailor spin interactions.

8.5 Doubly proximitized bilayer graphene

Finally, we study the trilayer geometry consisting of BLG, WS,, and CGT. For the considered
heterostructure, we choose a 5 x 5 supercell of BLG in Bernal stacking, a V3 x /3 CGT
supercell, and a 4 x 4 supercell of WS,. We stretched the lattice constant of BLG by roughly
2% to 2.5 A [321] and stretched the lattice constant of CGT by roughly 6% to 7.2169 A [341].
The WS, lattice constant is compressed by about 1% to 3.125 A [346]. The supercell of
WS, /BLG/CGT has a lattice constant of 12.5 A and contains 178 atoms in the unit cell. In
Fig. 8.7(b) we show the exact geometry of the WS, /BLG/CGT hybrid structure, including the
DFT-relaxed interlayer distances. The lower (upper) graphene layer, formed by sublattices A;
and By (A; and By), is proximitized by the CGT (WS,) only due to the short-range proximity
effects. With the knowledge from the previous sections, we expect to find proximity exchange
(SOC) in the BLG bands originating from the lower (upper) graphene layer. In Fig. 8.7(a), we
show the full band structure of the WS, /BLG/CGT trilayer stack. In analogy to the previous
sections, the bands near the Fermi level closely resemble the parabolic bands of pristine BLG.
The low energy bands of BLG are now located within the band gaps from both surrounding
materials, WS, and CGT. Keep in mind that time-reversal symmetry is broken in the trilayer
structure due to the FMI.
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Figure 8.7: (a) Calculated electronic band structure of the WS, /BLG/CGT heterostructure
with SOC along the high symmetry path M-K-I'. Color corresponds to the s, spin expectation
value. (b) Side view of the WS, /BLG/CGT heterostructure. Different colored spheres
correspond to the different atomic species. The lower (upper) graphene layer of BLG is
formed by sublattices A; and B; (A2 and By). The relaxed interlayer distances are also
indicated.

In Fig. 8.8, we show the evolution of the gate tunable low energy bands of doubly proxim-
itized BLG for a series of transverse electric fields between £1 V/nm. In the upper (lower)
row, we show the evolution of the bands near the K (K’) valley, and the external electric field
is tuned from —1 V/nm to 1 V/nm from left to right. At first, we focus on the —1 V/nm
case, where an orbital gap is present and the bands, originating from different layers, are
well separated in energy. The orbital gap is due to the total, external plus built-in, transverse
electric field. We find that the CB is split by about 10 meV, while the VB has only about
2 meV splitting. The spin ordering in the CB at K and K’ is the same, thus showing broken
time-reversal symmetry. The VB spin ordering is different in both valleys with nearly pre-
served time-reversal symmetry, despite the magnetism in our structure. Our conclusion is
that the CB is split by exchange and the VB by SOC due to short range proximity effects
and layer-polarized bands. By decreasing the field amplitude to —0.5 V/nm, the orbital gap
starts to close because we tune the potential difference between the graphene layers, while
the band characters and their splittings remain nearly unchanged.

For a positive external electric field of 1 V/nm, the orbital gap is similar to the —1 V/nm
case. However, we have switched the band characters. Now, the VB is split by exchange
and the CB by SOC. Similarly, the exchange (SOC) split bands lack (nearly display) time-
reversal symmetry, comparing them at K and K’ valleys. By decreasing the field amplitude
to 0.4 V/nm, the band gap can be diminished with preserved band characters and splittings.
For zero external electric field, the gap is then solely determined by the built-in electric field,
which points from CGT towards the WS,. The internal field is small, but finite, as BLG is
sandwiched between two different materials, only approximately restoring the z-mirror
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Figure 8.8: Low energy bands of BLG around the K (top) and K’ (bottom) points for the
WS, /BLG/CGT heterostructure. The color of the bands corresponds to the s, spin expec-
tation value. The yellowish (reddish) background color indicates that the bands are split
by SOC with a down-up (up-down) spin ordering along increasing energy. The greenish
background is for exchange split bands, where spin ordering is always up-down, as deter-
mined by the CGT magnetization. From left to right the transverse electric field is tuned
from —1 V/nm to 1 V/nm. For electric fields of —0.5 V/nm, 0 V/nm, and 0.4 V/nm, we
compare model (solid lines) and DFT data (symbols). For electric fields of +1 V/nm, we
use the model parameters with extrapolated values for V, assuming a linear dependence on
the field. Parameters V = {7.1,3.2, —0.5, —3.6, —8.1} meV correspond to the field values of
{—1,-05,0,04,1} V/nm, respectively.

symmetry. The dispersion, near the K and K’ valleys is a result of this small built-in field
in combination with the layer polarization and short-range proximity effects. As we have
demonstrated in Fig. 8.8, an external electric field can be used to fully electrically swap the
two proximity-induced spin interactions.

In the case of three electric field values, we have fitted our effective Hamiltonian Hg g,
Eq. (7.1), to the DFT-calculated low-energy dispersion, see Fig. 8.8. In all cases, we have
obtained great agreement. A more detailed view, comparing model and DFT, is given in
Fig. A.2 for zero electric field and in Fig. A.3 for fields of —0.5 V/nm and 0.4 V/nm. For
the fitting itself, we first focused on the zero field case and obtained the orbital parameters
7, as well as the potential difference V and asymmetry A. In the second step, the relevant
exchange and SOC parameters were determined. We have found large uniform proximity
exchange (AL! = AB!) for the lower graphene layer and valley Zeeman SOC (A2 = —AP2)
for the upper layer. Since the spin expectation values are predominantly out-of-plane, we
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bilayer
proximity graphene

Electric Field

Figure 8.9: Ex-so-tic vdW heterostructure. Top: BLG sandwiched between a monolayer
TMDC (such as WS, or MoSe;) and a monolayer ferromagnetic semiconductor (such as CGT
or Crl3). The magnetization of the ferromagnet is indicated by the arrows. The top layer of
BLG is proximitized by the TMDC, acquiring giant SOC, while the bottom layer of the BLG
is proximitized by the ferromagnet, acquiring exchange coupling. Bottom: Electric tunability
of the low-energy bands at K and K'. The colors red and blue indicate out-of-plane spin. For
a fixed Fermi level (here in the CB), the Dirac electrons experience either exchange or SOC,
depending on the electric field. The figures were created with the help of M. Gmitra.

could neglect the parameters Ay and Ar. The fit parameters for the zero field case, with and
without inclusion of SOC, are summarized in Tab. A.3. Turning on SOC in the calculation
essentially activates the proximity effect from the WS,. The parameter set yields an almost
perfect agreement between model and DFT, see Fig. A.2.

Already the zero-field parameters can be used to study the charge and spin transport
properties of the WS, /BLG/CGT system. By considering two values of a finite electric
field, —0.5 V/nm and 0.4 V/nm, we check the gate tunability of the parameters. As already
discussed, the external field tunes the potential difference V between the graphene layers.
Indeed, the investigated cases of a finite electric field can be fitted with the zero field
parameters from Tab. A.3, just adapting V in our model. The agreement is shown in Fig. A.3
for —0.5 V/nm and 0.4 V/nm of external electric field. When a transverse electric field
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of 0.4 V/nm is applied, we use V = —3.6 meV, while for —0.5 V/nm of external field,
we have V = 3.2 meV. The presented V tunability should be extendable to higher electric
field values, a fact that we already exploited for the model band structures in Fig. 8.8 for
+1 V/nm, assuming a linear dependence of V on the external field. Most important, Fig. 8.8
demonstrates that proximity exchange and SOC can be switched from the VB to the CB fully
electrically and reversibly, in agreement with our DFT analysis.

In Fig. 8.9, we summarize our findings in an illustrative picture. Each of the two materials,
CGT and WS;, induces a different spin interaction in only one of the two graphene layers,
which will be imprinted on the low energy dispersion of BLG. We call it an ex-so-tic structure,
as a reference to both exchange (ex) and spin-orbit (so) couplings blended into an “exotic”
sounded sniglet?. One of the bands is split by exchange and the other by SOC due to short
range proximity effects and layer polarization. An external gate voltage can be used to
switch between the two interactions. With regard to experiments, this vdW heterostructure
offers on-demand exchange and SOC, which are accessible by top and back gate electrodes,
as already demonstrated for proximity SOC alone [336]. It is also worth to mention that
the presented switching operation is not restricted to BLG sandwiched between TMDC and
FMI monolayers. Also multilayers should work since proximity effects are short-ranged and
limited to adjacent layers. In addition, any proximity-induced interaction can be in principle
turned on and off with this approach. The swapping is a new milestone for vdW engineering
that goes well beyond the two spin interactions.

8.6 Summary and conclusion

In this chapter, we have investigated proximity effects in BLG, induced by the FMI CGT
and by the TMDC WS;. The strong SOC material WS, induces significant amount of SOC in
the adjacent graphene layer by the proximity effect. Similarly, the magnetic material CGT
induces strong proximity exchange in the adjacent graphene layer only. Due to the layer
polarization of the low energy BLG bands, only the VB is spin split because these bands are
formed by the proximitized graphene layer. The orbital band gap of the BLG dispersion
is determined by the total, built-in and external, transverse electric field and can be used
to switch the splitting from the VB to the CB. Consequently, we can turn on and off either
spin-orbit or exchange coupling in singly proximitized BLG.

Combining the knowledge in a doubly proximitized WS, /BLG/CGT structure, results
in a unique multifunctional device, in which two fundamental spin interactions, exchange
and SOC, can be swapped fully electrically. As a consequence, we can also on-demand turn
on and off time-reversal symmetry in the electronic states at a given doping. In principle,
the demonstrated swapping behavior is not limited to the investigated structure. Due to the
amount of available 2D materials, comprising ferro- and antiferromagnets, superconductors,
and other strong SOC materials, the possibilities to achieve electrical tunability of other
effects are endless.

2 A sniglet is a word that does not appear in the dictionary.
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CHAPTER 9

The basics and strain effects of TMDCs

This chapter is based on the publication: K. Zollner, P. E. Faria Junior, and ]. Fabian, Physical
Review B 100, 195126 (2019), "Strain tunable orbital, spin-orbit, and optical properties of monolayer
transition-metal dichalcogenides”.

In this chapter, we introduce the basic properties of semiconducting transition-metal
dichalcogenides (TMDCs) such as their lattice geometry, band structure, and low energy
Hamiltonian. The Hamiltonian is based on different 4 orbitals of the transition-metal atom
that form the relevant band edges around the K and K’ valleys. The latter are important for
the description of optical and excitonic properties of the monolayer TMDCs. We also include
additional terms into the Hamiltonian that are due to a magnetic substrate material in close
proximity to the TMDC. Proximity exchange effects will be important in the next chapter,
when we discuss TMDC/Crl; heterostructures. In general, when considering TMDCs in van
der Waals (vdW) heterostructures for periodic density functional theory (DFT) calculations,
usually lattice mismatch is present and the TMDC needs to be strained. Here, we analyze
the effects of biaxial strain on the orbital, spin-orbit, and optical properties of the monolayer
TMDCs.

9.1 Introduction

Recent advances in condensed matter physics show, that two-dimensional (2D) vdW materi-
als and their hybrids are vital for miniaturized spintronics devices [30]. As we have already
mentioned in the previous chapters, TMDCs are an important material class. Monolayer
TMDCs (MoS,, MoSe,, WS;, and WSe,) are direct band gap semiconductors with optical
gaps in the visible spectrum [44, 289-293, 347, 348]. Especially their optical properties
make them appealing for several theoretical and experimental considerations, such as in the
tields of optoelectronics [349], optospintronics [88, 99, 194], and valleytronics [350-352]. For
example, TMDCs have been used for optical spin injection in graphene [88, 99, 194] due to
their helicity- and spin-selective optical excitations [353].

In general, 2D materials are sensitive to external influences, which can be used to control
the electronic and related spin and optical properties. We have seen in the previous chapters
that proximity effects modify the low energy bands of graphene within vdW heterostructures.
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Figure 9.1: Strain-tunable direct-to-indirect band gap transition. (a) A three-dimensional (3D)
atomic force microscopy image of one WS, dome or nanobubble (enlarged view of the upper
right figure). The domes, which are filled with H; gas, form between the two uppermost
monolayers of the TMDC after proton irradiation. At each position r away from the dome
apex, the dome height as well as the principal components of the strain tensor — along
the circumferential (¢;) and radial (e;) in-plane directions and the perpendicular out-of-
plane direction (e,) — are extracted. (b) The normalized micro-photoluminescence (PL)
spectra across one dome, where the differently colored lines correspond to the different
measurement positions, with the color-code as in (a). At the apex (purple), where strain
is isotropic and large, an indirect band gap transition () is assigned, while at the edge of
the dome (red) the direct transition (A) is assigned. (c) Energy dependence of the direct
(blue dots) and indirect (red dots) transitions on the in-plane strain tensor, & p =€ +¢&,as
extracted from (b). The solid blue/red lines are linear fits to the data points according to
Eai(ep) = Eai(0) — Aaep, allowing to extract the zero strain transition energies E4 1(0)
and their shift rates A, 1, taking into account the funnel effect (exciton drift towards regions
of lower energy before recombination). The blue/red dashed lines display the actual (free
from funneling) strain dependent exciton transition energies (shaded areas are due to fitting
uncertainties). The upper right inset in (c) shows the evolution of the transition energies
across the dome. Figures are from Ref. [354].

Gating and external pressure can be also used to even tune the proximity-induced phenom-
ena. However, what often remains undiscussed in experimental and especially theoretical
studies, is the fact that strain also plays an important role. For example, as demonstrated
experimentally, straining the crystal can be used as an efficient knob to fully reversibly tune
the optical transitions of TMDCs by hundreds of meV within accessible strain limits of a few
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percent [355-364]. In graphene, by combining doping with biaxial strain!, one can signifi-
cantly enhance the electron-phonon coupling [366], eventually leading to superconductivity.
In the case of the 2D magnetic transition-metal trihalides (TMTHs), straining can be used
to tune the magnetic anisotropy [367] and induce a ferromagnet-to-antiferromagnet phase
transition.

Here, we focus on the biaxial strain engineering of monolayer TMDCs, which can be
employed experimentally not only to spatially localize, but also spectrally tune the optical
emission of those 2D materials [368-371]. In theoretical approaches, where we calculate the
band structure of vdW heterostructures from DFT, strain plays an important role. Because
one needs to fulfill the periodic boundary conditions, we need to rely on commensurate
lattices and therefore typically strain the involved materials. In the previous chapters, we
have seen that the material of interest was usually left unstrained (if possible) because
we were mainly interested in proximity and not in strain effects. With biaxial strain, the
electronic structure of the TMDC will be modified and a systematic analysis of its behavior
might provide valuable insights and further understanding of experiments [354]. The main
experimental results of Ref. [354] are summarized in Fig. 9.1, demonstrating the role of strain
for the tunability of the optically active band gap transition from the direct to the indirect
regime in monolayer TMDCs.

In this chapter, we first introduce the TMDC related basics such as their lattice structure,
orbital resolved dispersion, and low energy Hamiltonian. Then, we proceed to study the
effect of biaxial strain on the orbital, spin-orbit, and optical properties of pristine monolayer
TMDCs. We find that by tuning the lattice constant, the orbital band gap, and the spin
splittings of the valence band (VB) and conduction band (CB) drastically change. Specifically,
the orbital gap can be tuned by about 100 meV /% with the applied biaxial strain. Also
the VB and CB spin splittings are affected by strain in a nonlinear fashion. The observed
behavior is universal for all studied TMDCs (MoS;, MoSe;, WSy, WSe,). Finally, we address
the transition from the direct to the indirect band gap regime due to strain, as demonstrated
in recent experiments of, for example, WS, nanobubbles [354], as shown in Fig. 9.1.

9.2 Geometry, band structure, and model Hamiltonian

In the following, we deal with TMDC monolayers that are biaxially strained and/or in
proximity to magnetic substrates. Therefore, we need a Hamiltonian that describes the low
energy bands of bare TMDCs around the K and K’ valleys, including spin-valley locking
as well as proximity exchange effects. In Fig. 9.2(c), we show the orbital decomposed band
structure of MoS,, calculated from DFT and without inclusion of SOC, as a representative
example of a TMDC, in general termed MX; (M for the transition-metal atom, X for the
chalcogen atom). As expected, we find that there is a direct band gap at the K point. The VB
and CB are formed by a combination of 4,2, d Py and d., orbitals of Mo, with an additional
small contribution from S p orbitals.

IThe graphene lattice can be strained up to 25% without breaking, making it the strongest material ever
measured [365].
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Figure 9.2: (a,b) Geometry of a TMDC monolayer with general structure MX,, where M is
the transition metal (Mo, W) and X is the chalcogen atom (5, Se). (a) Side and (b) top view
of the geometry with labels for the lattice constant 4, distance dyix (between the transition
metal and the chalcogen atom), and dxx (between the two chalcogen atoms). (c) Calculated
orbital decomposed band structure of MoS; as a representative example of a TMDC. Here,
spin-orbit coupling (SOC) is not included and the different colors correspond to projections
onto different atomic orbitals as indicated.

Since we are interested in the electronic, spin, and optical properties in the vicinity of the
band edges (K and K’ points) and the chalcogen contribution is negligible compared to the
transition-metal one, we use |¥Ycp) = |d,2) and [¥{5) = %(|dx2,yz> +it|dyy)) as the orbital
basis for the Hamiltonian. These states correspond to the CB and VB at the K and K’ valleys,
see Fig. 9.2(c), in agreement with literature [289]. The final basis set, including spin, is then
Ye, 1), [¥yp 1), ¥, d), and [¥{5, |). The model Hamiltonian to describe the low energy
band structure — including SOC and proximity exchange — of the TMDC close to K (T = 1)
and K’ (t = —1) is [335, 353, 372]

Hrvoe = Ho + Ha + Hsoc + Hex + Hr, (9-1)
A

Ha=5s0@0z 9.3)

Hsoc = TSy ® ()\CO-‘F + }\VOL), (94)

%ex - _SZ ® (BC(TJ,- + BVU—)I (9-5)

which is reminiscent of the graphene Dirac Hamiltonian, introduced in Sec. 3.2. Similarly, vg
is the Fermi velocity, representing the effective mass of the bands, and can be seen as the
effective hopping amplitude between d,> and d,, , ,»_,» orbitals. The Cartesian components
ky and k, of the electron wave vector are measured from K (K’). The pseudospin Pauli
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matrices are ¢j, acting on the (CB,VB) subspace and spin Pauli matrices are s;, acting on the
(1, ) subspace, with i = {0, x, y, z}. For shorter notation, we introduce oy = %((70 +0;). As
already mentioned, TMDCs are semiconductors and the term H, introduces a gap in the
band structure. In contrast to the graphene cases, the corresponding parameter A will be
much larger here. The two terms H + H describe a gapped spectrum with spin-degenerate
parabolic CB and VB. In addition, the bands are spin-split due to SOC, which is captured by
the term Hgo with the parameters A. and Ay, describing the spin splitting of the CB and VB,
respectively. The Hamiltonian Hy 4+ Ha + Hsoc is already suitable to describe the spectrum
of bare monolayer TMDCs around the band edges at K and K'.

In the case when we have a magnetic substrate, such as mono- and few-layer Crlz or
a ferromagnet/hexagonal boron nitride (hBN) junction adjacent to the TMDC, proximity
exchange effects will be present [373, 374]. The two parameters B. and B, describe the
proximity-induced exchange splittings of the CB and VB, similarly to the sublattice resolved
exchange parameters (Aex) in graphene. The Rashba SOC parameter (ARr) is due to a z-mirror
asymmetry when the TMDC forms a heterostructure with other 2D materials. Especially
the term Hey will be important for the next chapter. In the following sections, we neglect
the proximity exchange and the Rashba term since only biaxial strain effects in freestanding
monolayer TMDCs are considered.

The electronic structure calculations and structural relaxation of our geometries were
performed with DFT [204] employing the QUANTUM ESPRESSO [267] code. Self-consistent
calculations were performed with the k-point sampling of 30 x 30 x 1 for bare TMDC
monolayers. We used an energy cutoff for charge density of 560 Ry and the kinetic energy
cutoff for wavefunctions was 70 Ry for the scalar relativistic pseudopotential within the
projector augmented wave (PAW) method [268] with the Perdew-Burke-Ernzerhof (PBE)
exchange correlation functional [206]. When SOC was included, the fully relativistic versions
of the pseudopotentials were used. In order to simulate quasi-2D systems, a vacuum of at
least 16 A was used to avoid interactions between periodic images in our slab geometries.
Structural relaxations of the monolayers were performed with quasi-Newton algorithm
based on trust radius procedure until all components of all forces were reduced below
1074 [Ry/ao], where ay is the Bohr radius.

Before we address the strain effects, we also introduce the exact geometry and discuss
more aspects of the electronic structure of TMDCs. In Figs. 9.2(a,b), we show the lattice
structure of a TMDC monolayer with general formula MX;, where M is the transition metal
(Mo, W) and X is the chalcogen atom (S, Se). The distance between two chalcogen atoms
is dxx, the distance between the transition metal and the chalcogen atom is dyx, and the
distance between two transition metal atoms is the lattice constant a.

The calculated band structure of MoS,, including SOC, is shown in Fig. 9.3 as a repre-
sentative example for all considered TMDCs. Compared to the situation without SOC, see
Fig. 9.2(c), the band edges at the K point are now spin split. The VB edge is strongly split, by
more than 100 meV, while the CB is split much less, by only a few meV, see Figs. 9.3(b,c). Due
to time-reversal symmetry, the bands at the K and K’ points are energetically degenerate, but
opposite in spin. In agreement with previous calculations [289, 290, 377, 378], we observe the
spin-valley coupling at the K and K’ points, which arises due to the combination of strong
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Figure 9.3: (a) Calculated band structure of MoS, including SOC. The color corresponds to
the s, spin expectation value. (b,c) Calculated low energy CB and VB around the K point
(symbols) with a fit to the model Hamiltonian, Eq. (9.1) (solid line).

Table 9.1: Overview of the lattice parameters for all TMDCs, as well as the fit parameters
of the Hamiltonian H1vpc, Eq. (9.1). The first-principles relaxed monolayer TMDC lattice
constant a (calc.), distances dxx and dyix, as defined in Fig. 9.2. The orbital gap parameter A,
the Fermi velocity vg, and the SOC parameters A and Ay. The experimental lattice constants
a (exp.) [346, 375, 376] of the bulk systems are given for comparison.
MOSZ WSZ MOSez WSez
a (exp.) [A] 315 3153 3288 3.282
a (calc.) [A] 3185 318 3319 3319
duix (cale) [A] 2417 2417 2547 2550
dxx (calc.) [A] 3138 3.145 3357  3.364

A [eV] 1.687 1.812  1.461 1.525
UF [105%] 5338 6.735 4597 5948
Ac [meV] —-1.41 1572 -1045 19.86
Ay [meV] 74.6 21346 9325 233.07

SOC and the lack of inversion symmetry in monolayer TMDCs. As a consequence, one can
optically excite electrons with a certain spin in one valley using circularly polarized light
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of one helicity only. The other valley can be addressed by the other light helicity, exciting
electrons with opposite spin at the same excitation energy. This can be attibuted to the optical
selection rules in monolayer TMDCs in combination with the spin-valley coupling [33].

We are able to fit the Hamiltonian Htvpc, Eq. (9.1), to the low energy band edges of
the TMDC at the K and K’ valleys and obtain a very good agreement with the calculated
band structure, as can be seen in Figs. 9.3(b,c). The fit parameters for the different TMDCs
are summarized in Tab. 9.1, considering the equilibrium lattice constants obtained from
tirst-principles lattice relaxation.

9.3 Strain effects on orbital and spin-orbit properties

The typical approach to consider vdW heterostructures from DFT, is to find a common unit
cell for the individual materials because of lattice mismatch. For example, in the previously
discussed case of graphene on hBN, we mentioned that the lattice constants differ by less
than 2%. This small lattice mismatch leads to the formation of a moiré-pattern. Without
straining the lattices, one would have to consider a 56 x 56 graphene supercell on a 55 x 55
hBN supercell, fulfilling the condition (ratio of lattice constants) 2.46/2.504 ~ 0.982 ~ 55/56.
Hence, one would have to deal with more than 10.000 atoms in the unit cell, which is an
unpractical approach. Thus, it is better to use the lattice constant of pristine graphene,
being the material of interest, and adapt the hBN lattice by about 1.8%. We end up with
a heterostructure containing 4 atoms in the unit cell, which will significantly reduce the
computational cost without altering the qualitative results? too much. In the case of proximity
effects, where multiple 2D materials are interfaced, lattice mismatch can be even larger.
It is sometimes unavoidable that all individual layers must be slightly strained to get a
compromise between strain minimization, reduction of computational cost, and leaving the
intrinsic electronic properties of the materials unchanged.

When we consider TMDC-based heterostructures and strain has to be applied (up to a
reasonable limit), what are the physical consequences for the TMDC? In other words, will the
biaxial strain influence the intrinsic properties such as orbital gap and spin-orbit splittings?
In order to answer this, we consider the four monolayer TMDCs MoS,, MoSe;, WS;, and
WSe; in a1 x 1 unit cell, and calculate their band structures for different lattice constants.
The amount of strain we consider is about £3% with respect to the theoretically predicted
lattice constants, as listed in Tab. 9.1. Consequently, also the experimental lattice constants
are covered within the considered strain limits.

For every lattice constant, we first perform a relaxation of the internal positions of the
metal and chalcogen atoms within the unit cell. In our case, it is enough to relax the z
positions of the chalcogen atoms since biaxial strain does not change the symmetry, but only
the inter-atomic distances. Also in reality, when biaxial strain is applied to the monolayer
TMDCs, the distances dxx and dyx will be affected. For the analysis of strain effects, we then
calculate the low energy band structure near the K and K’ valleys for several lattice constants
within our strain limits. In each case, we fit the model Hamiltonian Htmpc, Eq. (9.1), to

20f course, moiré-pattern effects are not captured, but proximity-induced SOC ones are.
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Figure 9.4: Summary of the fit parameters for MoS; as functions of the lattice constant.
(a) The gap parameter A and the total energy E;.:. The black data (SOC on M,X) correspond
to calculations where SOC is included for both atoms M and X, while for the red data (SOC
on M), we turned off SOC on the X atoms, respectively. Dashed vertical lines indicate
the equilibrium lattice constant. (b) The Fermi velocity vg. (c) The distances dxx and dyx.
(d,e) The SOC parameters A. and Ay. The difference (blue curve) is between the black and
the red cures.

the DFT-calculated bands and obtain the relevant orbital and SOC parameters that describe
the band edges around the K and K’ points. By taking the spin expectation values of the
bands and the fact that time-reversal symmetry is present into account, it is enough to fit the
Hamiltonian only in one valley to determine the correct signs of the parameters A. and Ay.
In the following, we explicitly discuss the results for MoS; as the representative case.

In Fig. 9.4, we show the evolution of the inter-atomic distances, the total energy, and the
fitted parameters as functions of the lattice constant, i. e., biaxial strain. Since we employ the
PBE functional in the DFT calculations, the total energy Eio is minimized for the theoretically
predicted lattice constant [289] a = 3.185 A, see Fig. 9.4(a). However, the total energy for
the experimental lattice constant (@ = 3.15 A) is only about 20 meV higher in energy. In
Fig. 9.4(c), we show the evolution of the distances dxx and dyx with respect to the lattice
constant. By applying tensile strain, i. e., tuning from smaller to larger lattice constants,
the distance between the two chalcogen atoms dxx is getting smaller, while the distance

104



Chapter 9 — The basics and strain effects of TMDCs

between the transition-metal atom and the chalcogen atom dyix is getting larger. If we
remind ourselves about the orbital decomposed band structure in Fig. 9.2(c), combined with
the fact that inter-atomic distances can be tuned with strain, one can easily understand that
the whole band structure will be affected. The distances determine the overlap between the
orbitals, and consequently the matrix elements in a tight-binding model perspective [379,
380]. As a result, the band energies at a given k point will be strongly strain dependent. We
will see later in more detail that this will have significant consequences for the active optical
transitions.

The orbital gap at the K point, represented by the parameter A, decreases linearly with
increasing lattice constant, being consistent with literature [363, 381-385]. Remarkably, in
between our considered range of lattice constants, the gap can be drastically tuned by about
0.7 eV with a maximal strain of only +£3%. As already mentioned, the overall band structure
gets modified with strain. In the case of MoS, and strains beyond +1%, the band gap
becomes indirect, in agreement with literature [382-384]. For the other TMDCs, different
strain amplitudes are necessary to achieve this, as we will see. The Fermi velocity vg, shown
in Fig. 9.4(b), exhibits a maximum at around 3.16 A and decreases for smaller or larger lattice
constants. Remember that vg o at [353], the product of the effective hopping amplitude ¢,

between d,» and d 2 orbitals, and the lattice constant a. It is therefore not surprising

xy+x2—
that vp changes by ’?uning atomic distances.

The strain tunability of the SOC parameters A. and Ay is shown in Figs. 9.4(d,e). We find
that the CB spin splitting, represented by the SOC parameter A, is on the order of a few
meV. For the case of our smallest lattice constant, i. e., —3% of strain, A. is positive. With
increasing lattice constant, the parameter first reduces in magnitude, then switches sign, and
finally increases again and reaches about —1.5 meV in the equilibrium case. The transition
from a positive to a negative value reflects a change in the ordering of the corresponding
spin-split bands. For the VB splitting, the responsible SOC parameter is A,, which increases
in a nonlinear fashion with increasing lattice constant.

For monolayer TMDCs, in general denoted as MXj, the unit cell consists of two different
atoms, one metal atom M and two chalcogen atoms X. The two SOC parameters A, and Ay
represent the spin splitting of the CB and VB. How do the fit parameters depend on the
SOC from the two different atomic species M and X? In order to answer this, we artificially
turned off the SOC of the chalcogen atoms by using a scalar-relativistic pseudopotential. In
this case, the only contribution to the spin splittings is given by the metal atom. Similarly to
before, we extract the fit parameters from the low energy band structure for every lattice
constant. The results are also summarized in Fig. 9.4, where the red data points represent
the case with SOC on the metal atom M only.

Since vr and A are orbital parameters, they are not affected by turning off SOC on the
chalcogen atoms. In contrast, the spin splittings are strongly affected. Note that the blue
curve (difference between black and red data points) in Figs. 9.4(d,e) represents the contribu-
tion from the chalcogen atoms to the SOC parameters. The qualitative behavior of A. and A,
with respect to the lattice constant is unchanged. However, their values are different, which
can be easily understood from the fact that spin splittings result from an interplay of the
atomic SOCs [378]. By turning off the spin-orbit contribution from one atom (in our case
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from the two chalcogen atoms), the spin splittings and the corresponding parameters will
be affected. In Fig. 9.4, we explicitly show how both atomic species contribute in the case
of MoS,. In agreement with perturbation theory [378], we can confirm that the chalcogen
atoms give a negative (positive) contribution to the CB (VB) splitting [the blue curves in
Figs. 9.4(d,e)], while the metal atom contributes to both splittings in a positive way [the red
curves in Figs. 9.4(d,e)]. To gain an even better understanding, one would need to consider a
microscopic orbital-based description and determine how the splittings depend on overlap
matrix elements, which themselves depend on inter-atomic distances.

The fit parameters as functions of the lattice constant are summarized in Tab. A.4 for all
TMDCs. In general, we notice that the SOC parameter A. for Mo-based systems is negative,
while the one of W-based materials is positive, as already pointed out in the literature [289,
377, 378]. Consequently, the spin ordering in the CB is opposite. In addition, heavier
elements (W, Se) result in larger spin splittings than lighter ones (Mo, S), which is reflected
in the larger values of the SOC parameters A. and A,. Overall, the strain dependence of the
fitted parameters and distances is similar for all TMDCs, as excplicitly shown in Ref. [386].

As stated in the beginning, we consider strain of +3% with respect to the theoretically
predicted lattice constants, which slightly deviates from the experimental values, see Tab. 9.1.
In general, the employed PBE exchange correlation functional [206] is not the best to describe
equilibrium crystal properties. For this purpose, we additionally employed the PBEsol
functional [387] which is an improved version of the PBE one to properly describe crystal-
lographic ground state properties. In Fig. A.4, we compare the two exchange correlation
functionals for the case of MoS,. From the total energy minimization, we find an equilib-
rium lattice constant of a = 3.15 A for PBEsol, in agreement with the experimental value,
while PBE overestimates the lattice constant by about 1%. Nevertheless, we find that both
functionals predict a similar dependence of the fitted parameters and atomic distances on
strain. Consequently, PBE and PBEsol are equally valid in terms of electronic structure, even
though equilibrium lattice geometries differ a bit.

9.4 Strain tunable optical transitions

What are the consequences of straining the monolayer TMDC crystals, in terms of their
optical properties? Recent experiments demonstrated, that strain not only tunes the band
gap, as we have shown, but also influences the PL spectrum, exciton-phonon coupling,
or circular dichroism [361, 388-390]. In addition, and technologically important, strain
can be used to control the response time in MoS;-based photodetectors [364]. Moreover,
basic strain research is vital in the design of novel wearable electronic and optoelectronic
devices [391], as 2D materials can withstand significantly more strain than conventional bulk
semiconductors [391, 392]. As already mentioned, biaxial strain induces a direct to indirect
band gap transition. Now, we want to explicitly discuss the strain dependence of the optical
transitions for all TMDCs on the level of the single-particle DFT spectra. Excitonic® features

3Excitons are strongly bound quasi-particles created due to the Coulomb interaction between electrons and
holes [393, 394]. In 2D materials, excitons have large binding energies due to the weak screening and
dominate the optical spectra [44, 347, 395, 396].
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and their strain tunabilities are discussed in more detail in Ref. [386], where also results
from theory and experiments are compared. The following single-particle perspective is
enough for a qualitative description of the main results. The presented results in this section
were obtained with the help of Paulo E. Faria Junior.
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Figure 9.5: (a) Band structure of MoS; at zero strain, highlighting the important optical
transitions mostly affected by strain. The transitions are identified by the reciprocal space
point (K, Q, I') and by the energy band (subindices v and c for VB and CB). Evolution of the
transition energies depicted in subfigure (a) as function of strain for (b) MoS;, (c) MoSe,,
(d) WS,, and (e) WSe;. The shaded regions indicate indirect band gap regimes (K-Q for
negative strain and I'-K for positive strain).

In the previous section, we have demonstrated that strain can tune the direct band gap
parameter A which is valid for the optical transition at the K point. However, the overall
band structure modifications due to strain are more complicated. For example, in the case
of MoS,, we observe that the VB edge at the I' point shifts up in energy by applying tensile
strain. The VB edge at the I" point lies higher in energy than the one at the K point for about
1% of tensile strain. Similarly, for about 1% compressive strain, the CB edge at the Q point is
lower in energy than the one at the K point. In Fig. 9.5(a), we again show the band structure
of monolayer MoS,, indicating all relevant optical transitions. The strain evolution of the

107



Part IV — Transition-Metal Dichalcogenides

Table 9.2: Gauge factors (in meV /%) for the single-particle transitions presented in Fig. 9.5,
extracted by linear extrapolation within the whole considered strain region.
MOSZ M0862 WSQ WSez
Ky-Ke —-1123 -982 —1335 1188
I-Ke —2399 -2102 -—-2540 -2134
Ky-Q. 443 45.7 37.0 32.8

transitions is summarized in Figs. 9.5(b-e) for MoS,, MoSe;, WS,, and WSe;, respectively.
For all TMDCs, compressive strain activates the K,-Q. transition, while tensile strain leads
to the I'y-K, transition. Without any strain, the K,-K. direct band gap optical transition has
the lowest energy. For Se-based TMDCs, the amount of tensile strain that we considered is
not large enough to activate the indirect transition. In addition, we notice that for all TMDCs,
the Ky-Q. transition energy increases, while the K,-K. and I'y-K, transition energies decrease
with strain.

For a more qualitative comparison, we extracted the rates at which strain changes the
transition energies. Such a rate is commonly termed gauge factor and given in meV/%. In
Tab. 9.2, we summarize the gauge factors for all TMDCs, assuming, for simplicity, a linear
behavior of the transition energies with respect to strain. We find that the indirect I'y-K.
transition shows the largest gauge factors (between —200 to —250 meV /%), about twice as
large as the direct K,-K, transition. The indirect K,-Q, transition has the smallest gauge
factors, which are additionally opposite in sign compared to the other ones. In summary, the
extracted gauge factors are important to identify and track the optically active transitions in
TMDCs under the influence of strain.

How do our results compare with experimental data? Unfortunately, the amount of exper-
imental results of biaxially strained TMDCs is very limited. Still, the available experimental
gauge factors for MoS; range within —94 to —105 meV /% [357, 360, 363, 364], as determined
from the A exciton peak in PL measurements. Experimentally, the gauge factors of the A
exciton (the first allowed optical transition between the VB and CB) correspond to the ones of
the direct K,-K. transition in our single particle picture. Note that our simple DFT approach
does neither take into account a dielectric environment nor the Coulomb correlation between
electrons and holes, which is important for excitons [44, 347, 395-397]. With that in mind, our
extracted K,-K. gauge factor for MoS, of about —112 meV /% is in fairly good agreement.

9.5 Summary and conclusion

In this chapter, we have first introduced the basics of monolayer TMDCs such as lattice
structure, dispersion, and effective low energy Hamiltonian. The Hamiltonian, comprising
orbital and SOC parameters, can reasonably well describe the relevant band edges near the
K and K’ valleys of unstrained and biaxially strained TMDCs. From the evolution of the fit
parameters with respect to the lattice constant, we have found that the orbital band gap at
the K point is strongly tunable by about 100 meV /% of applied strain. In addition, the SOC

108



Chapter 9 — The basics and strain effects of TMDCs

parameters, representing VB and CB spin splittings, are highly strain tunable in a nonlinear
tashion. Both splittings result from an interplay of transition-metal and chalcogen atomic
SOCs.

Most important, strain induces a direct to indirect band gap transition for all TMDCs. In
the case of an unstrained TMDC, the optically active transition is at the K point, as expected
from experiments. For tensile strain, the I'y-K. transition gets active, while for compressive
strain the K-Q. transition energy is the lowest. Our results provide valuable insights on
how strain modifies the optically active transitions of monolayer TMDCs. The extracted
gauge factors are essential for a qualitative and quantitative assessment of strain effects, and
should be helpful to interpret experimental PL spectra of strained TMDCs.
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cHAPTER 10

Proximity exchange effects in MoSe; and WSe; on Crl;

This chapter is based on the publication: K. Zollner, P. E. Faria Junior, and ]. Fabian, Physical Review
B 100, 085128 (2019), "Proximity exchange effects in MoSe, and WSey on Crlz: Twist angle, layer,
and gate dependence”.

10.1 Introduction

The advantage of transition-metal dichalcogenides (TMDCs) is the fact that they are direct
band gap semiconductors in the two-dimensional (2D) monolayer limit with their gaps in
the visible part of the spectrum [43, 44, 289-293, 386]. Thus, they are well suited for device
technologies such as photodetectors, light emitters, and field-effect transistors (FETs) [49,
398]. In addition, monolayer TMDCs have another interesting property, the so called spin-
valley locking [353], which stems from spin-orbit coupling (SOC) and the lack of inversion
symmetry, making them highly interesting for the field of valleytronics [92, 350-352, 399]
that exploits the valley as an additional degree of freedom. With circularly polarized light,
say 0_, one can address charge carriers in the K valley with spin-up, while ¢ addresses
the K’ valley and spin-down carriers at the same energy. One major issue for persistent
valley polarization is the limited lifetime of (optically created) excitons [400], which can be
significantly enhanced by spatially separating the charge carriers. By combining two different
monolayer TMDCs in a van der Waals (vdW) heterostructure, a type-II band alignment is
formed. Then, e. g., electrons will flow into one layer, while holes reside in the other layer,
both assigned to a certain valley and spin. These so-called interlayer excitons have much
longer lifetimes [401, 402] compared to intralayer excitons, where electrons and holes reside
in the same layer.

An alternative route to gain control over the valley polarization is to break the valley
degeneracy in monolayer TMDCs. By breaking the time-reversal symmetry via a magnetic
exchange field, the degeneracy of the valleys gets lifted. Initial studies have shown that an
external magnetic field perpendicular to the TMDC layer leads to a valley splitting of about
0.1-0.2 meV per Tesla [403-406]. Hence, giant field amplitudes are required to get sizable
effects, which seems unpractical for applications. As we have seen in the last chapters,
proximity effects, could be highly suitable for this purpose being intrinsically present in
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vdW heterostructures. Recent experiments and density functional theory (DFT) calculations
indeed demonstrated that giant valley splittings can be achieved, when placing the TMDC
on a magnetic substrate [335, 352, 399, 407—414]. In the following, we focus on the layered
compound Crlz, which belongs to the family of chromium trihalides CrX3 (X = Cl, Br, I) and
should provide us with the necessary proximity-induced exchange coupling.
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Figure 10.1: Tunable valley splitting in a WSe; /Crl3 heterostructure. (a) The geometry of
monolayer WSe, on a magnetic Crlz multilayer sample for the photoluminescence (PL)
measurement. (b) Schematic band structure diagram of WSe; in the presence of proximity-
induced exchange coupling, showing the optical selection rules for the different valleys.
(c) The oy (0—) PL spectrum under o (0_) excitation at a fixed external magnetic field
of 1 T, shown in red (blue). Due to proximity exchange, the peak positions of ¢y and o_
are at different energies. The peak intensity of one light helicity is quenched due to an
additional nonradiative relaxation channel via spin-polarized Crl; in-gap states, see for
example Fig. 10.2(c). (d) Colormap of the valley splitting A, as function of an external
magnetic field and the laser excitation power. The valley splitting A is extracted from the
energy difference of the o4 PL peak positions. Figures are from Ref. [412].

At around 2010, shortly after the advent of 2D materials, the chromium trihalides got
rediscovered [415] and DFT calculations confirmed their ferromagnetic order found by early
experiments [416—418]. The reexamination of the crystallographic and magnetic proper-
ties [55] of CrI3 has finally given the starting shot for the triumph of 2D magnets. Nowadays,
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researchers show massive interest in magnetic chromium trihalides due to their easily
cleavable and layered vdW structure. In particular, Crl; is a ferromagnetic semiconductor
with a Curie temperature of Tc = 68 K and an optical band gap of about 1.2 eV [418]. A
monolayer of Crlz maintains its ferromagnetic ground state with perpendicular magnetic
anisotropy (PMA) [284, 419]. Comprehensive DFT calculations [420, 421], combined with
experiments [55], are the foundation in understanding the electronic and magnetic properties
of Crl3. X-ray diffraction experiments on bulk Crl; [55] show that the crystal structure at low
temperature is in the rhombohedral R3 space group with lattice constants a = 6.867 A and
¢ = 19.807 A. At around 220 K, a crystallographic phase transition occurs, transforming
the crystal into the monoclinic C2/m space group. Interestingly, bilayer Crls is a layered
antiferromagnet, as experiments demonstrated [96, 284, 422]. Apparently, the stacking of
the individual monolayers strongly influences the type of interlayer exchange coupling [419,
423, 424], either favoring a ferromagnetic or an antiferromagnetic order in bilayer Crl;.

Recent measurements [330, 352, 412, 425, 426] have already found a few meV of proximity
exchange in TMDC/chromium-trihalide heterostructures, which has attracted also our
interest. In particular, in Fig. 10.1 we summarize the main results from Ref. [412], where a
monolayer of WSe; on multilayer Crl; was investigated. Due to proximity exchange, the
valley degeneracy of the WSe, gets lifted, as schematically shown in Fig. 10.1(b), resulting
in different excitation energies at K (¢) and —K (¢—). This energy difference, defining the
valley splitting, can be seen in the helicity-selective PL spectra, see Fig. 10.1(c), where the PL
peak positions for o and o_ are at different energies. The proximity-induced valley splitting
can be tuned in the range of about +5 meV, see Fig. 10.1(d), either optically by varying the
laser excitation power or via an external magnetic field. Essentially, the magnetization in the
Crl; layer adjacent to the TMDC, being responsible for proximity exchange, can be tuned
optically or magnetically.

In this chapter, we present results from extensive DFT calculations of TMDC/CrI3 het-
erostructures. The TMDCs, MoSe; and WSe;, couple weakly to the magnetic Crl; monolayer,
as the heterostructure dispersions show. In addition, the relevant band edges of the TMDC
experience spin splittings due to the combination of intrinsic SOC and proximity-induced
exchange interaction, breaking the valley degeneracy. We quantify the proximity effect by a
low energy model Hamiltonian for the TMDC, capturing both effects, and find exchange
parameters of about 2 meV. Remarkably, twisting the layers changes the sign of the prox-
imity spin splitting in the valence band (VB), leading to an enhanced valley splitting of
the first intralayer exciton peak. The short-rangeness of the proximity-induced exchange
is explicitly confirmed by investigating MoSe, /bilayer-Crl; and MoSe; /hexagonal boron
nitride (hBN)/Crl; structures. In the former case, proximity exchange in the TMDC is only
due to the magnetization of the adjacent Crl; layer. In contrast, the hBN buffer layer sig-
nificantly reduces the induced spin splitting by an order of magnitude. Finally, we look at
the gate tunability of proximity exchange by applying a transverse electric field across the
TMDC/Crl; heterostructures. With experimentally accessible electric fields of a few V/nm,
the valley splitting can be tuned by a few meV.
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10.2 Geometry and computational details
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Figure 10.2: Calculated band structure without SOC and geometry of the MoSe; /CrI; het-
erostructure. (a,b) Side and top view of the small supercell geometry (0° twist angle) with
labels for the different atoms and the definition of the interlayer distance drympc/cr,- The
heterostructure unit cell is emphasized by the red dashed line in the top view. (c) Band
structure along high symmetry points. The energy gap of the full heterostructure is AE.
The bands corresponding to MoSe; are highlighted by red (spin up) and blue (spin down)
filled circles. (d,e) Zoom to the conduction band (CB) and VB edge corresponding to MoSe,.
Symbols are DFT data and solid lines refer to the model Hamiltonian fit.

For our study of proximity exchange effects, we have set up TMDC/Crl3 heterostructures
with the atomic simulation environment (ASE) [265]. In general, we distinguish two kinds
of unit cells with different twist angles. For 0° twist angle between the TMDC and Crl3, we
end up with 20 atoms in the heterostructure unit cell because we used a 2 x 2 supercell of
the TMDC (MoSe; and WSe,) and a 1 x 1 cell of Crlz. The lattice constants of the individual
materials need to be strained to get commensurate layers for periodic DFT calculations. For
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Crl3, we applied about —1.7% of tensile strain and compressed the lattice constant [55] from
6.867 A to 6.748 A. For the TMDC MoSe; (WSejy), we stretched the lattice constant [346, 376]
by around 2.6% (2.8%) from 3.288 A (3.282 A) to 3.374 A. All strain values are still within
an acceptable strain limit. However, as discussed in the previous chapter, this will have
consequences for the band structures of the individual materials. In the case of the TMDCs,
the orbital band gap will be diminished. The 0° twist angle heterostructure is built such that
a chalcogen atom of the TMDC is located atop a Cr atom of the Crl; layer, see Figs. 10.2(a,b).
Other stacking configurations can give slight variations in the band alignment and spin
splittings [374, 427], and are not discussed here.

In addition to the 0° case, we consider a larger 7 x 7 supercell of MoSe, on top of a
(2v/3 x 24/3)R30° supercell of Crl;. We changed the lattice constant of MoSe; [376] to
a = 3.358 A and the one of Crl; [55] to a = 6.785 A, resulting in strains of 2.13% and
—1.19%, which is roughly equal to the strains in the 0° case. In a similar way, we considered
such a large supercell for WSe; on Crls. These geometries contain then 243 atoms in the
unit cell, where the two monolayers have a relative twist angle of 30° with respect to each
other. We considered these two differently twisted geometries, 0° and 30°, because the
exact layer alignment is typically hard to control experimentally. Consequently, we can
give at least some qualitative insights on how the proximity exchange coupling depends
on the twist angle. Here, we want to mention that the twist angle can have significant
impact on proximity effects, as demonstrated in the case of proximity-induced SOC for
graphene/topological insulator (TI) and graphene/TMDC heterostructures [218, 428].

The electronic band structure calculations and structural relaxation of our heterostructures
were performed by DFT [204] with QUANTUM ESPRESSO [267]. Self-consistent calcula-
tions were performed with the k-point sampling of 36 x 36 x 1 for the small non-twised
TMDC/Crl3 heterostrucures (6 x 6 x 1 for the large supercells with 30° twist angle). We
performed open shell calculations that provide the spin polarized ground state of Crl; with
the magnetization of Cr atoms pointing along the z direction. We used an energy cutoff for
charge density of 500 Ry and the kinetic energy cutoff for wavefunctions was 60 Ry for the
scalar relativistic pseudopotential within the projector augmented wave (PAW) method [268]
with the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [206]. When SOC
was included in the calculation the fully relativistic pseudopotentials were used. In addition,
we included the Hubbard correction for Cr atoms with U = 4 eV [315], if not indicated
otherwise. For the relaxation of the heterostructures, we added vdW corrections [269, 270]
and used quasi-Newton algorithm based on trust radius procedure. In order to simulate
quasi-2D systems, a vacuum of at least 20 A was used to avoid interactions between periodic
images in our slab geometry. Dipole corrections [271] were also included to get correct
band offsets and internal electric fields. Structural relaxations were performed until all
components of all forces were reduced below 103 [Ry/ag], where 4y is the Bohr radius. In
order to gain proper interlayer distances, we allowed the atoms of the TMDC, as well as
the Cr atoms of CrI3, to relax their z positions, while the I atoms were allowed to move in
all directions during relaxation since they form a distorted octahedral surrounding around
the Cr atoms [429]. The relaxed interlayer distances drypc/cy1, are summarized in Tab. 10.1.
They are about 3.5 A and of typical size for vdW systems.
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Since we will also show and discuss results from absorption spectra calculations of TMDCs
being subject to proximity exchange, we provide the most important details in the following.
If the reader is interested in more details, we refer him/her to Refs. [373, 374, 386], where the
exact formalism is described. For the calculation of the absorption spectra, we employed
the effective Bethe-Salpeter equation (BSE) [430-433], with the electron-hole interaction
mediated by the Rytova-Keldysh potential [434—437], to gain insights into intralayer excitons
and valley splittings. We considered TMDC layers with vacuum on top (¢; = 1) and with
Crlz underneath (with the dielectric constant ¢, = 1.8 estimated from experiment [284]).
For the screening lengths of MoSe; and WSe,, we used 9y = 5.1 nm and ry = 4.5 nm,
respectively, based on the values provided in Ref. [437]. The BSE absorption spectra calculations
were performed and analyzed by Paulo E. Faria Junior.

10.3 Band structure and twist effects

At first, we focus on the results obtained for the non-twisted geometries. As a reference,
we have calculated and fitted the band structure of the bare monolayer TMDCs with the
strained lattice constants from the heterostructure. The results are summarized in Tab. 10.1.
In Fig. 10.2(c), we show the DFT-calculated band structure of the MoSe, /Crl; stack for the
0° twist angle without including SOC. The overall dispersion of the TMDC is preserved and
proximity-induced exchange coupling, originating from the magnetic Crlz layer, spin splits
the bands. Within the band edges of the TMDC, spin-polarized in-gap states are located,
which originate solely from the Crl; layer. Recent experiments have already demonstrated
that the PL spectrum of one light helicity gets quenched due to an additional nonradiative
relaxation channel via these in-gap states [330, 352, 412], see Fig. 10.1(c). The band gap of
the MoSe; in the heterostructure is about 1.3 eV, in agreement with the strain tunable band
gap results from the previous chapter, see Tab. A.4, and with our reference calculation of the
bare MoSe; monolayer. However, the band gap of the full MoSe, /CrlI3 heterostructure is
AE ~ 400 meV, as defined in Fig. 10.2(c). The TMDC and Crl; form a type-II band alignment,
where the CB is formed by the energetically lowest spin-polarized in-gap state from Crl3
and the VB originates from the TMDC.

We are mainly interested in the proximity exchange coupling that is induced in MoSe; by
Crl;. The band edges of the TMDC are spin split by about 5 meV due to magnetic exchange,
see Figs. 10.2(d,e). Our model Hamiltonian H1vmpc, Eq. (9.1), can be used to fit the spectrum
of the TMDC near the K valley. The parameters (without SOC) from Tab. 10.1 provide a
reasonable match between DFT and model data, see Figs. 10.2(d,e). Most important here
are the exchange parameters, being about 2 meV in magnitude and negative in sign. From
the DFT calculation, we also extracted the average atomic magnetic moments and found:
Cr (+3.53 up), I (—0.19 up), Mo (—0.0039 up), and Se! (—0.0046 ug). This reveals that the
proximity-induced magnetization of the TMDC points along the —z direction, i. e., parallel

IFor the average, we considered only the Se atoms in the MoSe; layer which are closer to the Crlj substrate, as
they mediate the proximity exchange coupling.
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to the I atoms, but opposite to the Cr atoms magnetization. As a consequence, we obtain
negative proximity exchange parameters for a net Crl; magnetization pointing along the z
direction.
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Figure 10.3: Calculated band structure of MoSe;,/Crl; with SOC for the 0° twist angle
structure. (a) Band structure along high symmetry lines. Color corresponds to the s, spin
expectation value. (b,c) Zoom to the CB edge corresponding to MoSe; at K and K’. Symbols
are DFT data and solid lines refer to the model Hamiltonian fit. (d,e) Same as (b,c) but for
the VB edge.

Similarly to an external magnetic field, proximity exchange coupling breaks time-reversal
symmetry and we must consider the band edges of the TMDC near both valleys, K and K'.
As we have previously seen, SOC effects dominate the spin splittings of the TMDC band
edges and we cannot neglect it for the calculation of the dispersion. In Fig. 10.3, we show
the DFT-calculated band structure of the 0° twist angle MoSe; /Crl; stack, now including
SOC. Overall, turning on SOC, the dispersion is strongly modified but the TMDC bands are
still well recognizable. One should keep in mind, that strain significantly modifies the band
gaps of the TMDCs and the presented band alignments might differ from experiments. For
example, in Sec. 9.4 we have seen that the direct band gap at the K point is tunable by about
—100 meV /% of applied strain. Thus, the CBs of the TMDC are actually located at much
higher energies than presented in Fig. 10.3. However, we are interested in proximity exchange
effects in the TMDC and we can still extract the relevant band edges, see Figs. 10.3(b-e).
The fit parameters (with SOC) from Tab. 10.1 lead to a satisfactory agreement between our
model and the DFT data. We also find that the combination of the fit parameters of the
bare monolayer and the ones from the heterostructure case without SOC barely differ from
the results of the full calculation with SOC; compare the relevant columns in Tab. 10.1.
Consequently, SOC is not important here to get realistic proximity exchange parameters and
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a full description of the relevant bands. We also want to mention that the Rashba parameter
is not essential here, as spin expectation values near the band edges are predominantly
out-of-plane.

Table 10.1: Summary of fit parameters, calculated dipoles, distances, and valley splittings for
the TMDC/Crl; systems with different twist angles. The valley splitting extracted from the
single-particle picture (s. p.) at K/K’ and from the absorption spectra of the Ajs exciton peak
(contribution from Paulo E. Faria Junior). The orbital gap A of the TMDC and the Fermi velocity
vr. The parameters A. and Ay describe the SOC splittings, and B. and By are the proximity
exchange parameters for the CB and VB. The built-in electric field of the heterostructure is
the dipole. The distance dvpc/cyi, is defined in Fig. 10.2(a). The individual columns are for
calculations of the bare TMDC (B) with the modified lattice constant from the heterostructure,
the heterostructure without SOC (no SOC), and with SOC.

TMDC MoSe; WSe; MoSe; WSe,
dipole [debye] 0.103 0.156 0.172 0.790
distance [A] 3.506 3.497 3517  3.529
twist angle [°] 0 0 30 30

s. p. [meV] 1.25 1.61 4.29 7.09
A1 [meV] 1.13 1.43 3.89 6.35
calculation B no SOC  SOC B noSOC SOC noSOC noSOC
A [eV] 1.302 1.305 1.301 1.327 1.358 1.327 1.351 1.417
vp [10°m/s] 4591 4.579 4.591 5.863 5.799 5.845 4.597 5.863
Ac [meV] —9.647 - —9.678 13.90 - 13.81 - -
Ay [meV] 94.56 - 9443  241.79 - 240.99 - -

B. [meV] - —2.081 —1.592 - —2223 —1.783 —1.641 —1.648
By [meV] - —1.454 —1.426 - —1.446 —1583 0.502 1.896

Here is a good point to remind the reader about the spin-valley coupling. In pristine
monolayer TMDCs, one can excite electrons at the K valley with a certain light helicity, say
o_. Electrons at the K’ valley can be excited with o. The excitation energy is the same for
both valleys. In our calculated heterostructure dispersion, the valley degeneracy is broken
especially when comparing the CB edges at the K and K’ valleys, see Figs. 10.3(b,c). Since
the additional exchange field breaks the valley degeneracy of the bands, also the optical
excitation energies will be different in different valleys. This energy difference between o
and o_ polarizations is the valley splitting. One can either look at this valley splitting from
the single-particle perspective of the DFT-calculated band structure or, more realistically,
take into account electron-hole pairs with Coulomb interaction and look at the splitting of
the Ais exciton peakz. The latter is extracted from the BSE calculated absorption spectra,
employing the model Hamiltonian and the fitted parameters from Tab. 10.1.

2 An exciton is a bound electron-hole pair due to their Coulomb interaction. In analogy to the hydrogen atom,
the bound state energies are E, (1) = —Ry/n? and follow a Rydberg series, where R, is the exciton binding
energy and 7 is the principal quantum number. The energy of the exciton is then E(n) = Eg + E,(n), where
Eq is the band gap of the material. The A excitons are formed by holes in the first VB and electrons in the first
(second) CB in pristine Mo(W)-based TMDCs. The subindex “1s” corresponds to the first s-like exciton state
[33, 386].
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The single particle spectrum provides a valley splitting of 1.25 meV, in good agreement
with the exciton splitting of 1.13 meV. The numbers of the extracted valley splittings are
also summarized in Tab. 10.1 for all relevant heterostructures. In contrast to an externally
applied magnetic field, the valley splitting is intrinsically present in the heterostructure and
due to the magnetic Crl; layer. In addition, an external field splits the valleys by only about
0.15meV /T [403-406] such that large fields are necessary to get sizable effects. Our proximity
exchange splitting would correspond to magnetic fields of about 10 T. The presented results
are in agreement with recent experiments [330, 352, 412, 425] and other DFT calculations [414,
427, 438]. In Tab. 10.1, we also provide results for the WSe, /Crl; structure with 0° twist
angle. In contrast to MoSe,, WSe; shows a bit larger exciton peak splitting of 1.43 meV.

Does the twist angle enhance the valley splitting? For our large heterostructure supercells
(30°), we calculated the band structure only without SOC to extract the orbital and proximity
exchange parameters, see Tab. 10.1. Including SOC is computationally too demanding due
to the large number of atoms in the unit cell. Fortunately, based on the knowledge for the 0°
twist case, the absorption calculations can be already performed by combining the fit results
from the bare monolayers and the ones from the heterostructure without SOC. We find that
the overall band structure features of the large supercell are nearly unchanged, see Ref. [374],
compared to the small cell. Surprisingly, the VB proximity exchange parameter (By) has
changed its sign, while the CB one (B.) remains nearly unchanged compared to the 0° case,
see Tab. 10.1. The averaged magnetic moments for the 30° twist angle case are also nearly
unaffected: Cr (+3.46 up), I (—0.18 up), Mo (—0.0029 yp), and Se (—0.0031 yp). The origin
of the sign change remains unknown and demands further investigations, especially with
respect to different values of the twist angle. Nevertheless, this has significant consequences
for the optical signatures. In the case of MoSe, (WSe;), the twist angle strongly enhances the
valley splitting of the first exciton peak by a factor of 3.4 (4.4) to 3.89 (6.35) meV. This would
correspond to giant external magnetic fields of at minimum 25 T.

It is also important to analyze the effect of the Hubbard U, which is a tunable parameter
in the DFT calculation, on the proximity-induced exchange splittings. Taking into account
recent DFT calculations [421, 439-443], reasonable U values for Cr d orbitals of Crlz should
lie between 1 eV and 4 eV. For several values of U, within these limits, we calculated the band
structure of MoSe; on Crlz without SOC for the 0° structure, and fitted our Hamiltonian to
extract the model parameters. In Fig. 10.4, we show the fitted parameters, as well as the
average magnetic moments of the Cr, I, Mo, and Se atoms, as functions of the Hubbard U.
The orbital parameters A and vr barely depend on U since they are roughly fixed by the
TMDC itself and are nearly independent of proximity effects. In contrast, the proximity
exchange parameters B, and B, increase linearly in magnitude with increasing U. More
specifically, the CB proximity exchange splitting being roughly 2B, changes from —2 meV to
—4 meV within the considered U limits. Similarly, the VB exchange splitting (~ 2By) can
be tuned from —1 meV to —3 meV. In addition, the band gap of the full heterostructure AE
is very sensitive and can be tuned from 650 meV to 400 meV, by increasing U from 1 eV to
4 eV. This is not surprising since the Hubbard U affects the location of the Cr d levels in the
band structure, i. e., the spin-polarized in-gap states shown in Fig. 10.2(c) are affected. We
also show the evolution of the average magnetic moments, see Figs. 10.4(g,h), as functions of
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Figure 10.4: Fit parameters as functions of the Hubbard U for the MoSe, /CrI3z heterostructure
and for 0° twist angle. Results are obtained from calculations without SOC. (a) The orbital
gap A of the spectrum, (b) the Fermi velocity vg, (c,d) the proximity exchange parameters B,
and By, (e) the dipole of the heterostructure, and (f) the band gap AE as defined in Fig. 10.2.
(g/h) The average magnetic moments of the Cr, I, Mo, and Se atoms. We averaged only over
the Se atoms closer to the Crlz substrate. The magnetic moment of the I atom is enhanced by
a factor of 10.

the U value. All of them increase in magnitude with increasing U, but their directions do
not change. The induced magnetic moment in Mo is directly connected to the amplitudes
of the exchange parameters B. and B,. Even though the proximity exchange parameters
depend linearly on U, their order of magnitude does not change. Therefore, we believe that
our presented results will not be affected much; only the magnitudes may be somewhat
different.

10.4 Short-rangeness of proximity effects

An important question is what happens if we add more layers to our bilayer heterostructure,
that only consisted of TMDC and Crlz monolayers so far. In order to address this question,
we first introduce a second Crl; layer, i. e., we consider a MoSe; /bilayer-Crls heterostructure.
Experimentally, it has been demonstrated that monolayer Crl; is a ferromagnet [284, 419],
while the bilayer is a layered antiferromagnet [96, 284, 422]. In contrast, theory predicted the
ground state of bilayer Crl; to be also ferromagnetic for the low temperature rhombohedral
phase [419, 423, 424]. The origin of this contradiction can be attributed to the interlayer
exchange coupling between two Crl3 layers, which is sensitive to the stacking order [419, 423,
424]. Remarkably, the magnetization of the Crl; can be tuned by optical excitation, external
magnetic fields, gating, and current-induced spin-orbit torque (SOT) [98, 412, 444, 445]. Such
diverse control possibilities open new avenues for novel technologies, such as gate tunable
spin-filter tunnel junctions [96, 331, 446], and for antiferromagnetic spintronics devices [447,
448]. For our bilayer Crl3 considerations, the most important feature is, that one can switch
from ferromagnetically to antiferromagnetically coupled layers [98, 284, 445].
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Table 10.2: Summary of the fit parameters for MoSe; /bilayer-Crl3 systems for 0° twist
angle, where the bilayer-Crl; is in the ferromagnetic or antiferromagnetic configuration, and
arrows (T, ]) denote the magnetization of the first and second Crl; layer below MoSe,. The
orbital gap A of the TMDC and the Fermi velocity vg. The parameters A. and Ay are the
SOC splittings, and B. and By are the proximity exchange parameters for the CB and VB.
The dipole of the structure is 0.072 debye for all configurations. The individual columns are
calculations with and without SOC.

configuration ferromagnetic (1) antiferromagnetic (1))
calculation no SOC SOC no SOC SOC

A [eV] 1307 1303 1307 1.303
op [10°m/s] 4582 4588 4585 4.582
Ac [meV] - —9.69 - —9.66
Ay [meV] - 94.41 - 94.36
B [meV] 1766 —1542 —1.703 —1.408
B, [meV] ~1.184 —1192 —1.191 ~1.192

Here, we have calculated the band structure for MoSe; on top of bilayer Crlz with and
without SOC. For the bilayer Crl3, we consider the low temperature rhombohedral phase
stacking [419, 423, 424]. Specifically, we are interested in the results for the ferro- and antifer-
romagnetically coupled bilayer Crl3. In the ferromagnetic case, the magnetizations are along
the z direction for both Crl; layers. In the antiferromagnetic case, the magnetization of the
Crl3 layer directly below the TMDC is pointing along z, while the magnetization of the other
Crl; layer is pointing along —z. In agreement with other DFT calculations that considered
bare bilayer Crl; [419, 423, 424], we find a total energy difference Earpm — Epm =~ 24 meV for
the whole MoSe, /bilayer-Crl; stack, predicting the ferromagnetic state to be energetically
tavorable for our rhombohedral stacking order. The overall band structure features are
not very different compared to the monolayer Crlz case shown in Fig. 10.2. Thus, we only
summarize the obtained fit results in Tab. 10.2, which describe the spin-split band edges
of the TMDC. We find that the parameters A, vg, and especially the proximity exchange
couplings B. and By are nearly independent of the magnetic configuration of the bilayer Crl;.
The parameters are also similar to the ones obtained for the case of MoSe, on monolayer Crl3,
presented in Tab. 10.1. In principle, one could have expected that the total magnetization
of the bilayer Crl; somewhat influences the proximity-induced exchange in the TMDC.
However, this does not seem to be the case, given the fit parameters extracted from realistic
DEFT calculations. Even though the antiferromagnetic bilayer Crlz has no net magnetization, we still
find proximity exchange in MoSe;. We conclude that proximity exchange is limited to adjacent
layers [412] and of short-range nature.

From the experimental perspective, the stability of Crl; under ambient conditions is very
poor [449]. The stability can be significantly improved by minimizing the exposure to light,
while simultaneously encapsulating Crlz in hBN to protect it from environmental impurities
and degradation [449]. As a consequence, we ask the question whether the MoSe; on top of
the hBN-protected Crl; still experiences proximity exchange?
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Figure 10.5: (a) Side view of the MoSe; /hBN/Crl; stack. (b) Calculated band structure along
high symmetry lines. The bands corresponding to MoSe; are emphasized by red (spin up)
and blue (spin down) open circles. (b) Zoom to the MoSe, CB edge around the K point.
(c) Same as (b), but for the VB edge.

Therefore, we considered a MoSe, /hBN /CrI; heterostructure, which consists of a 4 x 4
cell of MoSep, a 5 x 5 cell of hBN, and a 2 x 2 cell of Crlz. In Fig. 10.5(a), we show the
geometry of the stack. We adapted the lattice constant of MoSe, [376] to a = 3.314 A, the one
of hBN [198] to @ = 2.651 A, and the one of Crl;3 [55] to a = 6.627 A, resulting in strains of
0.79%, 5.87%, and —3.49%. Even though the hBN layer is strained beyond the typical limits,
we can still get an insight on how the buffer layer influences the proximity exchange. The full
MoSe, /hBN/Crl3 geometry contains 130 atoms in the supercell. Interlayer distances were
relaxed to 3.46 A (3.36 A) between the hBN and Crl3 (MoSe,). Self consistent calculations
were performed with a k-point sampling of 12 x 12 x 1.

The calculated averaged magnetic moments for the case of MoSe,/hBN/Crl; are:
Cr (+3.50 pg), I (—0.19 up), N (—0.0016 up), B (0.0 up), Mo (—0.0001 yp), and Se (—0.0001 yp).
Already here, we notice that the magnetic moments in the TMDC are reduced by one order
of magnitude compared to the case without the hBN layer. In Fig. 10.5(b), we show the
DFT-calculated band structure of the MoSe, /hBN/CrI3 stack. Similarly to before, the TMDC
bands are recognizable and preserved. The spin-polarized bands of Crl; reside within the
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band gap of MoSe;. Only the number of in-gap states has increased, which can be attributed
to the larger supercell size of Crl3 within this heterostructure. The relevant TMDC band
edges are shown in Figs. 10.5(c,d), where nearly no spin splitting is visible. Even though
the hBN buffer layer might protect the Crl3, it also significantly reduces the proximity
exchange and the resulting valley splitting. The spin splittings are drastically diminished
to about 100 ueV compared to several meV without the hBN layer. The fit parameters are
A = 1474 eV, vp = 4.638 x 10°m/s, B. = —0.069 meV, and B, = —0.057 meV. The hBN
layer reduces the proximity exchange by one order of magnitude. We believe that additional
protection layers would even further decrease the coupling between the TMDC and the
magnetic substrate, as demonstrated for graphene on hBN/ferromagnet junctions [141].

10.5 Gate tunable proximity exchange and valley splitting

Another important point that we would like to address here is the gate tunability of proximity
exchange in our MoSe; /Crlz and WSe; /Crl; heterostructures. In the following, we consider
only DFT calculations without SOC, as this already suffices to give reasonable proximity
exchange parameters. In addition, we focus on the 0° twist angle structures only. As already
mentioned, gating can control the magnetism in Crl3 [284, 444, 445]. Does a transverse electric
tield, applied across the TMDC/Crl3z heterostructure, also influence proximity exchange?

For several electric field values, we calculate the band structure, fit our model Hamiltonian
to the spin split TMDC band edges, and extract the relevant parameters. In Figs. 10.6(a,b) we
show the electric field evolution of the orbital parameters A and vg, which are barely affected
by the field. Since the TMDCs are semiconductors, their band gaps A and the band edge
curvatures, captured by v, are independent of external gating. However, what drastically
changes is the full band gap AE of the band structure, see Fig. 10.6(f), which is defined in
Fig. 10.2(c). The explanation is as follows. The materials are weakly coupled and in the
simplest picture the full band structure is just an overlay of the individual band structures of
the TMDC and the Crl;. As already mentioned, the materials form a type-II band alignment.
The gap AE is defined as the energy difference between the spin-polarized in-gap states from
Crl; and the VB edge of the TMDC, see Fig. 10.2(c). A transverse electric field introduces a
potential difference between the monolayers, thus shifting the bands that originate from the
individual materials, relative to each other in energy. One can conclude that the field tunes
the band alignment. Important for us is the fact that the Crl; in-gap states are shifted within
the TMDC band gap, which drastically influences AE. The tunability of the band alignment
could have important consequences for the lifetime of interlayer excitons, i. e., electron-hole
pairs localized in different layers. Since the in-gap states are also spin-polarized, one could
speculate about additional valley control, having the spin-valley coupling of the TMDC in
mind.

Essential for technological applications is the gate tunability of the proximity exchange
parameters B. and By, see Figs. 10.6(d,e). Within the experimentally accessible field range
of £4 V/nm, the CB spin splitting (=~ 2B.) can be tuned between 2 meV to 8 meV, while
the VB splitting (= 2By) changes from 2 meV to 5 meV. In general, the proximity exchange
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Figure 10.6: Fit parameters as functions of a transverse electric field for TMDC/CrI3 het-
erostructures and for calculations without SOC. (a) The gap A of the TMDC spectrum, (b)
the Fermi velocity vf, (c) the dipole of the heterostructure, (d,e) the proximity exchange
parameters B. and By and (f) the full band gap AE, as defined in Fig. 10.2(c). (g) Schematic
representation of the exchange interaction in the band structure of MoSe; and WSe; at K
and K’ points, indicating the lowest energy optically allowed transitions (vertical dashed
arrows). (h) Single-particle and intralayer exciton valley splitting as functions of the external
electric field. Figures (g) and (h) are contributions from Paulo E. Faria Junior.

increases when the external field is tuned from —4 V/nm to 4 V/nm, which also enables
gate control of the valley splitting. In Fig. 10.6(g), we sketch the energy levels for the top
VB and the first two CBs at K and K’ valleys for MoSe; and WSe;. The top of the VB is set
to zero. We look at the lowest energy optical transitions, which are from the VB to the first
(second) CB in MoSe, (WSe;). As stated earlier, the optical selection rules allow transitions
with different light helicity in different valleys. Due to the interplay of proximity exchange
and SOC, the valley degeneracy is broken, and the energy difference between o and o_
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excitations represents the valley splitting. In Fig. 10.6(h), we show the electric field evolution
of the valley splitting, as calculated from the first exciton absorption peaks within the BSE
framework® and from the single-particle picture. Despite the nonlinear behavior of the
exchange parameters, the valley splitting shows a roughly linear tunability with respect
to the applied field. The results from the single-particle picture show the same trends as
the ones from the absorption spectra calculations. Remarkably, we find not only a strong
tunability for both TMDCs, but also a sign change in the valley splitting of MoSe; at around
—2.5 V/nm. For WSe,, a further increase of the field amplitude could also lead to such a
transition. In reality, we expect and interplay of both the electric field tunability and the
previously discussed twist angle dependence of the valley splitting.

At the end of this chapter, we want to mention a few words of precaution when comparing
our results to experiments. From our considerations and from recent results [450, 451], we
conclude that twisting, gating, and stacking influences the proximity exchange. Experimen-
tally, when moire-patterns are present in relatively large samples, an interplay of all effects
occur and local variations in the proximity exchange strength can be expected. Since the
overall electrostatics play a role for the band alignment, additional SiO, or hBN substrates
and capping layers can influence the results as well. Apparently, for both materials, TMDCs
and Crl3, the optical spectra are dominated by strongly bound excitons [347, 452], which
certainly complicates the analysis of the heterostructure spectra. In conclusion, further
extensive considerations are necessary to gain a full understanding of experimental data.

10.6 Summary and conclusion

In this chapter, we have considered vdW heterostructures consisting of TMDCs (MoSe;
and WSe;) and Crl3. The magnetic Crlz substrate induces significant proximity exchange
coupling in the monolayer TMDCs, which spin splits the relevant VB and CB edges. With
the help of a low energy model Hamiltonian, we were able to extract proximity exchange
parameters and valley splittings of a few meV. Remarkably, twisting the layers changes the
sign of the VB spin splitting, which significantly enhances the valley splitting, as we found
by comparing 0° and 30° twist angle cases. Another efficient tuning knob for the valley
splitting is a transverse electric field, through which band offsets and the proximity-induced
spin splittings can be controlled. More precisely, twisting from 0° to 30° can enhance the
valley splitting roughly by a factor of 34, depending on the TMDC. Tuning the electric field
from —4 V/nm to 4 V/nm can change the valley splitting from —1 meV to 4 meV. From our
considerations of bilayer-Crl; and an additional hBN-buffer layer, we found that proximity
exchange coupling is short-ranged. One can expect, that these observations are generally
valid for 2D vdW heterostructures, where proximity effects play a role.

3For the absorption spectra calculations, we employed the model Hamiltonian together with the fixed values
of A, v, Ac, and Ay, given in Tab. 10.1, and the electric field tunable parameters B. and By presented in
Figs. 10.6(d,e).
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Recapitulation

Throughout this thesis, we discussed several two-dimensional (2D) materials and van der
Waals (vdW) heterostructures with the potential for novel spin-based device technologies.
Some of the most important results obtained in this thesis are summarized in Fig. 11.1. In all
considered cases, an effective low energy model Hamiltonian was fitted to the first-principles
data in order to quantify the relevant proximity effects. In the first part, we have seen that
proximity-induced spin-orbit coupling (SOC) and exchange effects are a valuable and simple
route to modify the Dirac states of monolayer graphene according to our needs. In addition,
an external transverse electric field can be used to tune the magnitude of proximity effects.
In the second part, we have shown that the major advantage of bilayer graphene (BLG)
is its gate-tunable band gap. Since proximity effects are short-ranged and the low energy
bands of BLG are layer-polarized, spin-orbit and exchange coupling of conduction electrons
can be switched on and off. In the last part, we have seen that, by straining monolayer
transition-metal dichalcogenides (TMDCs), one can gain control over the type (direct or
indirect) and size of the band gap, which has a great impact on optical properties. Moreover,
with proximity exchange effects, originating from a magnetic substrate, one can break the
valley degeneracy of a TMDC, which is tunable by gating and twisting.

More precisely, in Ch. 4 we have seen that, when graphene is encapsulated by the wide
band gap insulator hexagonal boron nitride (hBN), the linear dispersion can be well pre-
served. Moreover, proximity-induced SOC effects are weak and graphene’s intrinsic elec-
tronic and spin transport properties are only barely affected. We concluded that in ultraclean
graphene/hBN heterostructure devices, one can expect high mobility charge carriers with
ultralong spin lifetimes well beyond a few nanoseconds. In addition, the spin lifetimes
exhibit giant and gate-tunable anisotropies, which are experimentally detectable fingerprints
of our results. From our studies of monolayer graphene on the three-dimensional (3D)
topological insulator (TI) material Bi;Ses in Ch. 5, we have seen that a strong valley Zeeman
type SOC is induced by the proximity effect, in analogy to graphene/ TMDC heterostructures.
The magnitude of the proximity-induced SOC can be strongly controlled by the interlayer
distance, as well as by gating the heterostructures. Moreover, for a different TI material,
e. g., BipTe;Se, band offsets are significantly different, while the induced SOC strength stays
similar in magnitude. In Ch. 6, we studied graphene on the antiferromagnetic Ising semicon-
ductor MnPSes. In contrast to all previously reported graphene-based proximity-induced
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Figure 11.1: Pictorial summary of some important results obtained in this thesis. Top:
Proximity exchange in graphene on the Ising antiferromagnet MnPSe3. Middle: On-demand
spin-orbit and exchange in doubly proximitized bilayer graphene. Bottom: Twist-angle and
gate-tunable valley splitting in TMDC /Crl3 heterostructures.
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exchange studies, we could demonstrate staggered exchange coupling in graphene. This
new type of proximity exchange leads to opportunities in designing novel graphene-based
devices that potentially host topologically protected edge states. By reducing the vdW gap
between the monolayers or eventually employing another member of the MPX3 family, the
antiferromagnetic proximity effect might even be further enhanced.

The second main part of this thesis was dedicated to BLG structures. In Ch. 8, we first
recapitulated the spin-orbit valve effect in BLG/TMDC and the exchange valve effect in
BLG/CrGe;Teg (CGT) heterostructures. With the help of our low energy BLG model
Hamiltonian, we also quantified the proximity effects in these structures, which is vital for
further theoretical studies. As the next logical step, we considered a trilayer heterostructure
consisting of BLG sandwiched between monolayers of WS, and CGT such that each graphene
layer of BLG almost exclusively experiences one kind of proximity effect. The low energy
bands of the doubly proximitized BLG display an exchange split valence band (VB) and
a spin-orbit split conduction band (CB) for a positive electric field of 1 V/nm. The band
structure can be swapped by tuning the electric field to negative values, say —1 V/nm, where
now the CB is split by exchange and the VB by spin-orbit. Doubly proximitized BLG is a
unique platform for investigating fundamental spin physics and demonstrates the potential
of vdW engineering using 2D crystal multilayers.

In the last part of this thesis, we considered TMDCs. In Ch. 9, we investigated bare TMDC
monolayers under the influence of biaxial strain. We provided a systematic assessment of bi-
axial strain effects on the orbital, spin-orbit, and optical properties of the monolayer TMDCs.
Most important, strain induces a direct-to-indirect band gap transition and our results are
particularly useful for interpreting experiments that study strain-tunable optical spectra of
TMDC:s. Finally, in Ch. 10, we considered proximity exchange effects in TMDCs due to the
magnetic transition-metal trihalide (TMTH) Crl;. We have shown that proximity exchange
splittings can be strongly tuned by gating the TMDC/monolayer-Crl; heterostructures, but
also twisting is an efficient control knob to tune the valley splitting of the proximitized
TMDC. Moreover, the TMDC is only affected by the adjacent magnetic layer, as we found by
considering bilayer-Crls as the substrate, which is a layered antiferromagnet. Even though a
hBN layer on top of the Crl3 substrate can protect it from environmental influences and degra-
dation, the proximity exchange effect on the TMDC is strongly weakened. The observed
twist angle dependence, electric field tunability, and short-rangeness of proximity exchange
can be verified experimentally in optical reflectance or transmittance measurements, and
should be generally valid for other 2D vdW heterostructures.
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CHAPTER 12

Novel 2D materials

Physicists and engineers are striving to design novel spintronics devices with extraordinary
functionalities. Thus, basic research is challenged more than ever to find the most suit-
able two-dimensional (2D) material candidates and their heterostructure combinations for
whatever applicative reason. Moreover, new materials have to be found, synthesized, and
characterized, which can potentially outperform known materials and additionally broaden
the spectrum of combination possibilities. A very nice example are the atomically thin
magnets, which have just recently opened new avenues for basic research on magnetism in
the 2D limit, as well as for applications in spintronics. What kind of innovative 2D materials
are explored at the moment?

A whole bunch of interesting van der Waals (vdW) layered magnetic materials can be
summarized in the MPX3 family, which are currently under intense investigations [312, 318,
453-459]. As we have seen in Ch. 6 of this thesis, MnPSej3 is an Ising-type antiferromagnetic
semiconductor with the potential to induce staggered exchange coupling in graphene. Gener-
ally, the magnetic properties of the MPX3 crystals can be tuned by gating and straining [460].
Remarkably, in Ni-based transition-metal trichalcogenides (TMTCs), there is evidence of
topological superconductivity [457] and a coherent many-body exciton state [461]. How-
ever, one limiting issue of the known 2D ferro- and antiferromagnets, such as Crl3, VI3,
CryGeyTeg (CGT), and MnPSes, are their Curie and Néel temperatures, which are well below
ambient conditions [55, 319, 341, 462] and thus limiting their application prospects. Fortu-
nately, there are now candidates such as Crs.,Teg [463] and Fes,GeTe; [464—467], which
hold promise for room temperature applications due to their intrinsically high and tunable
Curie temperature. In both of them, the transition metal concentration x can be used to tune
Tc, while it can be additionally tuned by gating in Fes, ,GeTe;, see Figs. 12.1(a,b). Besides
them, monolayers of VSe; [468] and MnSe [469] already intrinsically show evidence for
strong room temperature ferromagnetism.

Also the family of non-magnetic 2D materials is growing almost every day. The ultrathin
insulator hexagonal boron nitride (hBN) was roughly the first material that soon followed
after the discovery of graphene. Remarkably, hBN has become one of the most important
materials for electronics and spintronics. Especially in the 2D limit, it is frequently used
as tunnel barrier to overcome the conductivity mismatch or as protection layer for other
materials. In analogy to hBN, there are now similar insulating materials, hexagonal alu-
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Figure 12.1: Tunable Curie temperature in magnetic vdW materials. (a) Magnetic phase
diagram (FM = ferromagnet, AFM = antiferromagnet, PM = paramagnet) of Cr5,Teg as
function of temperature and Cr-concentration x. (b) Magnetic phase diagram of a trilayer
Fe3GeTe, sample as function of temperature and gate voltage. Figure (a) from Ref. [463] and
(b) from Ref. [464].
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Figure 12.2: The normalized capacitance of an all-solid-state, flexible, and fiber-based MXene
supercapacitor after bending, twisting, and knotting. Figure taken from Ref. [470].

minum nitride (hAIN) and hexagonal gallium nitride (hGaN) [471-477], which seem to be
very promising 2D monolayers. For example, heterostructures consisting of hAIN combined
with a transition-metal dichalcogenide (TMDC) or blue phosphorene are predicted to be
important visible-light-driven photocatalysts for water splitting [478, 479]. Also excitonic
effects have been studied in hAIN and hGaN [475, 480], with absorption spectra dominated
by strongly bound excitons, similarly to TMDCs. Both materials are becoming of interest
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for optoelectronic applications [481] due to their 2D nature, while also their heterostructure
stacks [482] show novel electronic and optical properties. GoWy-calculations provide indirect
band gaps for hAIN (5.8 eV [483]) and hGaN (4.55 eV [484]) comparable to the one of hBN
(6.0 eV [485]). Based on these results, one may argue that hAIN and hGaN are an alternative
to hBN, even though few- and monolayers are hard to synthesize at the moment.

Elemental 2D materials, such as germanene, stanene, and silicene, are also very interesting,
displaying extraordinary electronic, mechanical, optical, and thermal properties [486—492].
In analogy to graphene, they form a honeycomb lattice, but with a buckled structure,
and feature a Dirac-like linear dispersion. In addition, and in contrast to graphene, their
intrinsic spin-orbit coupling (SOC) is large, which is inevitable for topological transport
properties. For example, monolayer stanene shows a large (=~ 100 meV) intrinsic spin-orbit
gap [486], thus potentially hosting quantum spin Hall (QSH) and, under the right conditions,
quantum anomalous Hall (QAH) states at room temperature [487]. Furthermore, theory
predicts enhanced thermoelectric performance, topological superconductivity, and perfect
spin filtering for those 2D topological insulators (TIs) [487, 488, 491].

Another relevant and highly discussed 2D material family are the MXenes [493, 494],
which are promising and long-awaited candidates for miniaturized energy storage solutions,
see Fig. 12.2(a). The above examples are by far not a complete overview about all currently
known 2D materials. In this context, it is worth to mention the work of Mounet et al. [495],
in which hundreds of potential 2D materials were identified by first-principles calculations.
Even though most of them show prominent features and are important for basic research,
only some of them will find their way to mass market industry. At the moment, 2D material
research is a platform for novel low power device designs at the nanoscale.
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APPENDIX A

Supplementary Material

A.1 Supporting Information for chapter 6

Table A.1: The fit parameters of the model Hamiltonian Hgr, Eq. (3.7), for the
graphene/MnPSes heterostructure as functions of the interlayer distance. The Fermi velocity
is vg, A is the staggered potential gap, A%, and AE, are the sublattice-resolved exchange pa-
rameters, Ep is the Dirac point energy, and Ei; is the total energy of the system, relative to the
lowest energy case. FM/AFM denotes the ferromagnetic/antiferromagnetic configuration of

MnPSes.

UF A /\g( )\eBx ED Etot
dist. FM/AFM [10° 8] [ueV] [peV] [peV] [meV] [meV]
3.56 AFM 8.187 22 —-31 45 0.111 36.2
3.46 AFM 8.171 32 —45 65 0.233 0
3.36 AFM 8.148 49 —66 95 —0420 334
3.26 AFM 8.114 76 —96 137 0.0320 180.5

3.16 AFM 8.064 123 —-140 201 0.001 4979
3.06 AFM 7.991 210 =200 292 —-0.356 1050.5
3.36 M 8.149 51 —-251 205 0476 2441
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A.2 Supporting Information for chapter 8
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Figure A.1: (a,b) Band structure with spin-orbit coupling (SOC) and geometry of bilayer
graphene (BLG) encapsulated by WS,. (c) Zoom to the calculated low energy bands (symbols)
around the K point with a fit to the model Hamiltonian (solid lines). The color corresponds

to the s, expectation value. (d) Energy splittings of the conduction band (CB) and valence
band (VB).

140



Appendix A — Supplementary Material

Table A.2: Most relevant fit parameters of the model Hamiltonian Hprg, Eq. (7.1), for
the (WS, /)BLG/WS,; structures including SOC and for the Cr,Ge;Teg (CGT)/BLG(/CGT)
structures without SOC.

system BLG/WS, WS,/BLG/WS, CGT/BLG CGT/BLG/CGT CGT/BLG/CGT
(SOQ) (SOC) (no SOC) (no SOC, FM) (no SOC, AFM)

70 [eV] 2.453 2.444 2.541 2.519 2.524

71 [eV] 0.372 0.395 0.384 0.387 0.387

73 [eV] —0.269 —0.288 —0.296 —0.296 —0.295

74 [eV] —0.162 —0.170 —0.179 —0.189 —0.189

V [meV] 4.226 0.924 —8.499 —0.495 —0.423

A [meV] 10.208 12.331 10.434 9.303 9.255

AR [meV] —0.059 0 0 0 0

AP [meV] 0 1.082 0 0 0

ABl [meV] 0 —1.058 0 0 0

A$2 [meV] 1.070 1.082 0 0 0

A2 [meV] —1.179 —1.058 0 0 0

ALl [meV] 0 0 —4.567 —3.447 —3.254

AB! [meV] 0 0 —4.224 —3.625 —3.460

ASZ [meV] 0 0 0 —3.447 3.254

ABZ [meV] 0 0 0 —3.625 3.460

Ep [meV] —3.844 2.815 —1.003 0.987 1.051

dipole [debye]  —1.089 0.020 1.527 0.051 0.054

Table A.3: Most relevant fit parameters of the model Hamiltonian Hgig, Eq. (7.1), for the
WS, /BLG/CGT heterostructure. The parameters fit the first-principles results with and
without SOC. Based on the fit parameters for the individual BLG/CGT and WS, /BLG

subsystems, we assumed A2 = —AB2 and A4l = AB! for the fit when SOC is included.
no SOC  SOC
Yo [eV] 2.434 2.432
71 [eV] 0.365 0.365
73 [eV] -0.269 —0.273
74 [eV] —0.165 —0.164
V [meV] —0479 —0.474
A [meV] 8.649 8.854
A22 [meV] 0 1.132
AP2 [meV] 0 -1.132
ASL [meV] —4.257 —3.874
ABl [meV] —3.997 —3.874
Ep [meV] —0.336  0.348
dipole [debye]  0.366 0.398
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Figure A.2: (a) Zoom to the calculated low energy bands (symbols) around the K point with
a fit to the model Hamiltonian (solid lines) for the WS, /BLG/CGT heterostructure and zero
external electric field. (b) Energy splittings of the CB and VB. (c,d) Same as (a,b), but for the
K’ point.
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Figure A.3: Calculated (symbols) low energy band structures with a fit to the model Hamil-
tonian (solid lines) around K and K’ points for WS, /BLG/CGT heterostructure. (a,b) For

a transverse electric field of +0.4 V/nm and a resulting dipole of 2.755 debye. (c,d) For a
transverse electric field of —0.5 V/nm and a resulting dipole of —2.649 debye.
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A.3 Supporting Information for chapter 9

Table A.4: Fit parameters of the model Hamiltonian Hrmpc, Eq. (9.1), for all four transition-
metal dlchalcogemdes (TMDCs) and different values of biaxial strain. The lattice parameter
a is given in A, Ais given in eV, v is given in 10° m/s, and A, A, are given in meV.

MoS, MoSe;

a A UE Ac Av a A UE Ac Av
3.0854 2.071 5205 0.666 69.95 3219 1779 4429 -9.120 89.10
3.1104 1.969 5287 -0.336 71.34 3244 1.696 4507 -10.22 90.39
3.1354 1.871 5.331 -0.887 72.54 3269 1.615 4.560 -10.59 91.54
3.1604 1.777 5.347 -1207 73.64 3294 1536 4.587 -10.64 9250
3.1854 1.687 5.338 -1410 74.60 3.319 1461 4597 -1045 93.25
3.2104 1.602 5310 -1479 75.43 3.344 1389 4589 -10.15 9395
3.2354 1.522 5263 -1.550 76.16 3369 1320 4.564 -9.760 94.42
3.2604 1.446 5202 -1518 76.82 3394 1255 4526 -9.309 94.78
3.2854 1.375 5.128 -1450 77.42 3419 1194 4480 -8.780 94.98

WSz WSez
a A UR Ac Av a A UE Ac Av
3.080 2274 6.752 43.08 191.46 3219 1917 5964 51.18 212.16
3.105 2153 6.815 31.80 197.68 3.244 1816 6.011 3840 218.12
3.130 2.035 6.820 24.40 203.40 3269 1716 6.019 29.87 223.60
3.155 1921 6.795 19.35 208.64 3294 1.619 5995 24.00 228.56
3.180 1.812 6.735 15.72 213.46 3.319 1525 5948 19.86 233.07
3205 1.710 6.655 13.07 217.83 3.344 1437 5.881 16.85 237.10
3230 1.614 6542 11.11 221.81 3.369 1353 5.798 14.63 240.72
3.255 1526 6.437 9.62 225.37 3394 1276 5.702 13.02 243.86
3.280 1.443 6.311 846 228.57 3419 1203 5.59 11.81 246.58
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Figure A.4: Comparison between the Perdew-Burke-Ernzerhof (PBE) (black squares) and
PBEsol (red dots) functional for MoS; as a function of the lattice constant. Dashed vertical
lines indicate the equilibrium lattice constants. (a) Total energy Eq.t, (b) the Fermi velocity vg,
(c) the gap parameter A, (d,e) the distances dxx and dyx, and (f,g) the SOC parameters A,
and Ay.
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APPENDIX B

Employed program packages

The Atomic Simulation Environment (ASE) is a set of tools and Python modules for setting
up, manipulating, running, visualizing, and analyzing atomic simulations [265]. It was
used to create the individual two-dimensional (2D) monolayers, the van der Waals (vdW)
heterostructures, and to set up the input files for the calculations.

XCrySDen is a crystalline and molecular structure visualization program aiming to dis-
play isosurfaces and contours, which can be superimposed on crystalline structures, and
interactively rotated and manipulated [496]. It was used to view the structures we generated
and to produce the k-path for band structure calculations. After relaxation of atomic posi-
tions, it was used to measure the distances between the single layers in the vdW systems.

VESTA is a three-dimensional (3D) visualization program for structural models and
volumetric data such as electron/nuclear densities, and crystal morphologies [497]. It was
used to visualize the crystal structures, spin polarizations, or other volumetric data. All
tigures, showing crystal structures, were produced with VESTA.

QUANTUM ESPRESSO is an integrated suite of Open-Source computer codes for
electronic-structure calculations and materials modeling at the nanoscale. It is based on
density functional theory (DFT)!, plane waves, and pseudopotentials. It is able to calculate
ground state properties, perform structural optimizations, quantum transport, and many
more [267, 500]. It was used for structural relaxation of the systems and the calculation of
electronic properties, such as band structure and density of states (DOS).

The program package WIEN2k allows to perform electronic structure calculations of solids
employing DFT. It is based on the full potential linearized augmented plane wave (FLAPW)
plus local orbitals method, one among the most accurate schemes for band structure calcula-
tions. WIEN2K is an all-electron scheme including relativistic effects [205]. It was mainly
used to crosscheck the results obtained from QUANTUM ESPRESSO suite.

The fitting of the model Hamiltonians to the calculated band structures was performed
with the Imfit package implemented in Python, employing the least-squares method. For
accurate fit results, we took into account the relevant band energies, their energy differences,
and spin expectation values where possible and necessary.

1A detailed introduction to DFT and its methodologies can be found in Refs. [498, 499]
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Acronyms

2D

3D
ASE
ARPES
BZ
BLG
BSE
CB
CDW
CGT
CVvD
DFT
DOS
FET
FLAPW
FMI
GGA
GMR
hAIN
hBN
hGaN
MBE
MRAM
PAW
PBE
PIA

PL

two-dimensional
three-dimensional

atomic simulation environment
angle resolved photoemission spectroscopy
Brillouin zone

bilayer graphene
Bethe-Salpeter equation
conduction band

charge density wave

Cr,GeyTeg

chemical vapour deposition
density functional theory
density of states

field-effect transistor

full potential linearized augmented plane wave

ferromagnetic insulator
generalized gradient approximation
giant magnetoresitance
hexagonal aluminum nitride
hexagonal boron nitride
hexagonal gallium nitride
molecular beam epitaxy
magnetic random access memory
projector augmented wave
Perdew-Burke-Ernzerhof
pseudospin inversion asymmetry

photoluminescence
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Acronyms

PMA perpendicular magnetic anisotropy
QL quintuple layer

QAH quantum anomalous Hall

QSH quantum spin Hall

REE Rashba-Edelstein effect

RHEED reflection high-energy electron diffraction

TI topological insulator

TMDC transition-metal dichalcogenide
TMR tunneling magnetoresitance
TMTC transition-metal trichalcogenide
TMTH transition-metal trihalide

SHE spin Hall effect

SR spin relaxation

SOC spin-orbit coupling

SOT spin-orbit torque

STT spin-transfer torque

VB valence band

vdW van der Waals
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