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The rise of two-dimensional (2D) materials over the last one-and-a-half decades can be
attributed to two separate reasons. The first is the discovery of new materials with unique
properties that derive partially, if not entirely from their low dimensionality, as is the case for 2D
Chern insulators. The second is the ability to combine 2D materials together arbitrarily through
van der Waals stacking to form custom layered structures with engineered properties. But more
than just offering a new knob for controlling materials, van der Waals heterostructures have
produced to breakthrough discoveries in basic science, helping us create new electronic phases
and explore topology in new ways. Central to producing these effects are the different types of
interactions between layers, from the most trivial effects like dielectric screening to more complex
interactions like interlayer charge transfer and exchange interactions. Consequently, learning how
to control interlayer interactions and predict the physical outcomes they produce has become a key
scientific challenge in the 2D materials community.

In this dissertation, several approaches to engineering, controlling, and harnessing the
power of interlayer and interfacial effects in various 2D material systems are explored. First, we
introduce a new, powerful spectroscopic tool for understanding the effects of quantum
confinement on excitons, optically excited and bound electron-hole pairs, in 2D semiconductors,
and use it to explore the intricacies of the Hamiltonian of these 2D excitons. We then discuss the
novel properties of heterobilayers of 2D semiconductors which host interlayer excitons in which
the electron and hole reside in opposite layers, and present a simple approach to enhancing the
beneficial properties of these interlayer excitons for studying their many-body physics by
modifying the interlayer interaction with a tunneling barrier. Finally, we use various optical and

spectroscopic probes to investigate a new type of behavior found in layered magnetic van der



Waals materials, layered magnetism, which results from the fundamental anisotropy of the
materials. We analyze a simple approach to engineering the interlayer magnetic coupling in such
materials, and uncover a deep, underlying connection between the layered magnetic order and the

optical excitations in a newly discovered 2D magnetic semiconductor.
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1 - Introduction to 2D materials

1 - Introduction to 2D materials

1.1 Physics in two dimensions

Most physicists grapple with the concept of physics in lower dimensions in their very first physics
class. This is usually in the context of a discussion about Coulomb’s law, which describes the
electrostatic potential of an electric charge at a distance r away from the charge, and follows 1/r
dependence in 3-dimensions (3D) or log(r) dependence in 2-dimensions (2D). A young physicist
might be inclined to think, “We live in 3D, so what’s the point of studying this potential in 2D?”
Then perhaps the following year, in their statistical mechanics class, they learn that the heat
capacity of a gas (whether classical or quantum) takes a different form in 3D versus 2D. And again,
they might be inclined to think, “What in the real, 3D world, could this possibly apply to?”

Then come the boundary value problems in the advanced E&M course: charges on the
surface of a conductor, charges confined to dielectric slabs, and in fact a whole class of problems
in which the behavior is much more like the 2D case than the 3D case. What the young physicist
failed to consider in their early years is that there are ways of tricking nature into behaving like it
exists in a different number of spatial dimensions. This is the story of 2D materials. They are
crystals which exist in three spatial dimensions, having appreciable extent in along all three. The
catch is that, along one spatial direction, the crystal lattice is interrupted after each period of the
lattice by a narrow gap, typically of a few Angstroms?. The lattice is stitched together across this
gap, not by covalent, ionic, or polar bonds, but by the van der Waals force. This decouples the
layers of the material to some degree electronically, mechanically, thermally, and in every other
physical sense, confining their excitations to within a layer and endowing them with genuinely
2D properties.

Since the discovery of the quantum Hall effect in graphene?, for which the 2010 Nobel
Prize in physics was awarded to Andre Geim and Konstantin Novoselov, the study of 2D materials
has blossomed into a subfield of solid state physics in its own right. But like most endeavors in
modern physics, this decade-and-a-half old pursuit is firmly rooted in history. In 1924, William
Bragg and John Bernal performed x-ray crystallography measurements of graphite and confirmed

the long-standing assumption that the bulk material was in some way comprised of a layered



1 - Introduction to 2D materials

structure!, which made it flexible and allowed it to be easily cleaved and peeled apart along a
specific plane. But what they discovered was that this was the ultimate layered structure, a stack
of atomically thin sheets composed of carbon atoms arranged on a 2D honeycomb lattice. The
force which holds the layers together was not well understood for another three decades, when
in 1955 Evgeny Lifshitz performed the first detailed calculations and accurately described the van
der Waals force3. It is for this reason that 2D materials are often referred to by the moniker “van
der Waals materials”.

Further motivation to study 2D materials comes from a somewhat more recent subfield
of solid state physics, the study of thin films and quantum wells (QWs). These material systems
are thin, usually epitaxially grown layered structures of conventional 3D materials. The
motivation for studying such systems are twofold: first, to lower the density of bulk states relative
to the surface states, thus allowing surface physics to dominate the material’s behavior; second,
to confine the bulk excitations of a material to a great degree along the out-of-plane direction as
a means of quantum engineering. The quantum mechanical description of a particle existing and
moving freely through 3D space is more or less the same as that of a classical particle (notably,
the dispersion of the particle will generally differ if the particle is moving through any sort of
potential structure, whether periodic or disordered). But by confining the particle along one or
more dimensions on a length scale approaching its de Broglie wavelength, its quantum nature is
revealed immediately and will manifest, for example, a discretized energy spectrum. This is one

Ill

of the first quantum mechanics problems a young physicist will encounter, the canonical “particle
in a box”. The quantum confinement can reshape the particle’s wavefunction, and in doing so
break or reduce symmetries. For example, a particle in 3D free space in its center-of-mass frame
of reference will have a continuously rotationally symmetric wavefunction about all axes.
Confinement of the particle along one dimension, i.e. within a sheet, will destroy the rotational
symmetry about two of the axes, replacing it with mt rotational symmetry instead. Confinement
along two directions (i.e. within a wire) will restore the rotational symmetry about the axis lacking
confinement.

It's also worth noting that a large number of 2D materials, including many of the most

ubiquitous members of that family, have been studied in their bulk forms for many decades. For
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example, the study of graphite dates back about a century!. The wide-gap semiconductor (or
insulator) hexagonal boron nitride (hBN) was characterized by x-ray crystallography in 1950%. The
band structures of the semiconducting transition metal dichalcogenides (TMDCs) were calculated
in the 1960s and 70s>®. The layered ferromagnetic insulator Crl3 was discovered and
characterized in the 1960s’. In fact, with the exception of Crls, these material all have industrial
uses dating back at least a century. Graphite is used as a refractory material, and TMDCs (as well
as graphite) excel as industrial lubricants due to their layered structure which allow their layers
to slide past each other. But it wasn’t until 2004 that the mechanical exfoliation technique used
to produce mono- and few-layer samples of 2D materials was discovered®. And since then, the
family of 2D materials has grown substantially to include almost every class of material, from
mundane materials like semi-metals®, true metals'®, semiconductors'!, insulators!?, and
magnets’3, to more exotic materials like superconductors!®, topological insulators'®, and even
quantum anomalous Hall materials'® and candidates for hosting elusive quantum spin liquid
physics!’. These emergent quantum behaviors in most cases are contingent on the 2D nature of
the materials, and the manifestation of new physics and phases in low-D materials is reason

enough to study them.

1.2 van der Waals heterostructures

A limitation of quasi-2D materials systems such as lll-V group semiconductor QWs is the
need for lattice matching between the layered structure and the substrate it lies on, as well as
any other adjacent crystalline materials which are grown epitaxially as part of the assembled
structure'®. Because layers of such structures are stitched together by chemical bonds rather
than by the vdW force, they must be similar enough with one another to bond seamlessly and
periodically. The imposition of this condition severely restricts the number of materials which are
intercompatible, largely to analogue compounds involving elements of the same (or nearby)
group from higher or lower periods (e.g. aluminum and gallium in GaAs/AlAs structures), or
alloys.

This limitation is firmly avoided by vdW materials which, due to the lack of interlayer
chemical bonding, can be freely combined with each other (as well as with 3D materials, which

4



1 - Introduction to 2D materials

are often used as substrates or electrical contacts) to form heterostructures with diverse
properties. Stacked layers of disparate materials can interact weakly or strongly, depending on
their respective electronic or crystal structures, or other types of ordering.

An example of a weakly interacting heterostructure is graphene on hBN. Since graphene
is a gapless semimetal and hBN is an insulator, and the graphene Fermi level is well inside the
hBN electronic band gap, charge transfer and the formation of interlayer electronic excitations
are forbidden. That is not to say that they don’t interact; they do interact physically by means of
their crystal lattices, in fact to spectacular effect. The lattices of hBN and graphene are very
similar: they have the same honeycomb shape, and their lattice constants differ only by a fraction
of a percent. As a result, when their crystal axes are well aligned and they are placed in contact
with each other, a long-range superlattice is formed (this can be thought of as a spatial beat
pattern between the sublattices.) The 1% order effect of applying such a superlattice to a crystal
is the expansion of the unit cell and reduction of the Brillouin zone, and consequently the folding
of its band structure to lie within the reduced Brillouin zone. In many cases, where band folding
would cause the intersection of two or more bands, new band gaps are opened?®.

An example of a strongly interacting heterostructure is formed by stacking together two
distinct members of the family of semiconducting TMDCs, for example WSe; and MoSe;. In this
case, the two semiconductors have similar band gaps and slightly different work functions, which
create a staggered type-ll band alignment. This strongly couples their electronic structure and
facilitates charge transfer and the formation of interlayer optical excitations called interlayer
excitons, bound states comprised of an electron in one layer and a hole in the opposite layer?°.
And because the two TMDCs have similar lattices and similar lattice constants, they too form a
moiré pattern which has been demonstrated to create a periodic potential landscape which can

confine these interlayer excitons?%22,

1.3 Overview of dissertation
Most of physics happens at boundaries, or at least, due to boundaries. Classical and
guantum fields without boundaries produce simple and unexciting results most of the time.

Boundaries break symmetries and confine fields, paving the way for new types of excitations and

5
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altering the energy structure of a system. It is not surprising, then, that interfacial engineering is
ubiquitous in condensed matter physics, and many of the greatest technological
accomplishments of the field lie with the engineering of the boundary between dislike
semiconducting materials. The understanding of electronic and magnetic excitations at
boundaries, the ways in which they can be controlled by interfaces, and the ways in which
materials can be combined to produce new structure materials with engineered behaviors are
of vital interest to the solid state community. And of course, 2D materials present a plethora of
new opportunities to discover and design new phenomena thanks to their van der Waals nature.

In this dissertation, we won’t explore a specific material system. We won’t focus on any
particular type of experiment, or the design, revision, and perfection of a specific type of solid
state device. Instead, the intent of this dissertation is to explore some of the peculiar ways in
which physical phenomena—often phenomena which have been observed in one way or another
in quasi-2D or 3D systems—manifest in 2D materials thanks to their low dimensionality and
unigue way of interacting with their environment and with each other. We will discuss new ways
to engineer and manipulate materials through van der Waals heterostructures, new techniques
to probe the physics they host, and strategies to control and design their interactions with one
another.

In the second chapter, we will discuss the state-of-the-art in van der Waals
nanofabrication of 2D devices. The techniques developed and described in that chapter have
become standard practice in many labs thanks to their reliability and high throughput. This will
set the stage for the following chapters, in which the fabrication of high-quality multilayer devices
is desirable if not crucial to produce the intended result. In the third chapter, an important family
of 2D semiconductors, the semiconducting transition metal dichalcogenides, will be introduced.
These were among the first 2D materials to be exfoliated and studied extensively due to interest
in their unique spin-valley locking and direct band gap in the technologically useful near infrared.
The fourth chapter concerns the unique properties of excitons, excited and electrostatically
bound electron-hole pairs, in atomically thin transition metal dichalcogenides, where the
dimensionality plays an outsized role in shaping the basic quantum mechanical description of

their formation and interaction with their surrounding environment. We probe these 2D excitons
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optically, making use of massive magnetic fields to reveal their fundamental properties through
their diamagnetic shift. In the fifth chapter, we combine different members of the transition
metal dichalcogenides together to create heterobilayers which host interlayer excitons,
analogous to the spatially indirect excitons of 11l-V coupled quantum wells, and discuss a powerful
approach to tuning their optical and dynamic properties by van der Waals engineering of the
interlayer interaction. The sixth and seventh chapters concern the investigation of two brand
new layered 2D magnetic materials. First, in chapter six, a family of solid solutions of Crls and
CrBrs, a pair of recently discovered 2D magnets, are explored. By mixing the halide constituents
to form solid solutions of the two, we demonstrate the ability to control the basic magnetic
properties of these materials, most crucially the interlayer interaction in multilayered samples.
Then, in chapter seven, we present our discovery of magnetically coupled photoluminescence in
the layered ferromagnetic semiconductor CrSBr. The strongly layer-dependent coupling between
the magnetism and the electronic degrees of freedom are unique among not just 2D materials,
but demonstrate the ultimate potential for layered interactions to control symmetry and produce
new physical effects from interlayer interactions. Superficially, these disparate results from
numerous material systems might appear unconnected, but it is clear that 2D device engineering,
and specifically engineering of interlayer effects, have produced some of the most stunning
scientific breakthroughs in the one-and-a-half decade history of 2D materials. This is the thematic
thread woven throughout this dissertation, and the results presented within it hopefully

represent a useful foundation for future discoveries.
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2 - van der Waals nanofabrication

In this chapter, we will describe the step by step process for fabricating samples and
layered structures of 2D materials. Particular attention will be paid to the different techniques

that can be used to stack 2D materials together to form heterostructures.

2.1 Preparation of atomically thin 2D samples

The first step in preparing a sample of a 2D material is the growth of a bulk crystal. Crystal
growth is a complex topic which is beyond the scope of this dissertation. However, the
procurement of high quality (as in chemical purity, mechanical and physical quality, and absence
of defects and faults) crystals is crucial at every step of 2D materials research. Much gratitude is
owed to the skilled crystal growers of the 2D materials community for the availability of such high
quality crystals for the research discussed in this dissertation.

Bulk crystals of 2D materials most often take the shape of thin platelets and are generally
monocrystalline (fig. 2.1.1 a). They are typically a few square millimeters in lateral size and tens
to hundreds of micrometers thick. The flat faces of the platelets are parallel to the planes of the
material’s layers and are typically very shiny, indicating high chemical, crystal, and thickness
uniformity. Certain materials, such as CrSBr, grow as needle or matchstick-like crystals, several
millimeters long, one millimeter wide, and a fraction of a millimeter in thickness (fig. 2.1.1 b). The
color and opacity of the crystals reflects the band structure of a given material: graphite bulk
crystals, as a semimetal, are opaque and highly reflective (fig. 2.1.1 a); the semiconducting
TMDCs, with their red/NIR bandgap, are also opaque to visible light but transparent to infrared
light; and hBN, with its 6 eV bandgap (fig. 2.1.1 c)*2, or Chromium Chloride with its 3 eV bandgap
and mid-gap crystal field states?>24, are transparent to visible light with some coloration (fig. 2.1.1
d).

The most common approach to produce atomically thin layers of 2D materials in a
research setting is by means of mechanical exfoliation. In this technique, pioneered by Andre
Geim in the early 2000s2, bulk flakes of 2D materials are pressed against a few cm long piece of
adhesive tape (typically Scotch® tape or similar), and the tape is folded in on itself and peeled

apart repeatedly. Each time the tape is folded and peeled apart, the bulk crystal is cleaved in half
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and duplicated on the tape (fig. 2.1.2 a). The
crystal is typically cleaved in this way between 5

and 10 times, resulting in 2° to 20 duplications

of the original crystal. The result is a piece of
tape which is largely covered with a thin film of
cleaved bulk crystal, with typical thickness on
the order of 10s of nanometers to a
micrometer.

The crystal film covered side of the prepared

tapeis then carefully placed against a substrate,

Figure 2.1.1 Bulk crystals of 2D materials. so as to avoid trapping bubbles between the

a Graphite, b CrSBr, ¢ hBN, and d CrCls. substrate and the film of cleaved 2D material.

The two are then rubbed together a soft,
pointed implement (fig. 2.1.2 b). The implement is rastered across the entire tape/substrate with
gentle force in order to bring the 2D material into intimate contact with the substrate across the
entire interface. The most commonly used implements are round-nosed plastic tweezers, pencil
erasers, or the rear of a permanent marker. The relatively large radius of curvature (a few
millimeters) and relatively soft materials they are made from ensure that the pressure applied
by these implements, and the local strain gradients that would produce within the 2D material
and substrate, are small enough to not fracture it. Different implements may also be used for
different materials. Durable, pliable materials such as graphene can tolerate much more
aggressive agitation such as with a rounded plastic tweezer, while soft and brittle crystals like
hBN require a gentler touch, made easier by the use of a more gently curved and softer tool, such
as a pencil eraser.

Following this step, the tape is carefully peeled away from the substrate from one end at
arate of 0.1 to 1 mm/s, and the bend angle held between the released tape and the substrate is
typically around 45-90° (fig. 2.1.2 c). As the tape is peeled away, a fraction of the 2D material film
on the tape that was in contact with the substrate will remain adhered to the substrate and

separate from the tape (fig. 2.1.2 d) This is only possible if the van der Waals interaction between
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the 2D material and the substrate is stronger
than the interlayer cleavage energy. There is
also a dynamic aspect to this process; if the tape
is removed from the substrate too quickly, the
density of deposited flakes will generally be
lower than if it were removed slowly. And if the
tape is peeled away with an extreme bend
angle (close to 180°), a large differential strain
will be applied to the 2D material film, resulting

in the crystals being fractured and damaged.

Figure 2.1.2 Mechanical exfoliation process. a

The substrates used for exfoliation can
(left) Five bulk flakes of graphene on a piece of

Scotch tape are peeled apart by folding the tape
in on itself several times (right). The locations of
the original bulk flakes are circled in red. b The
tape is placed against a piece of Si/SiO, wafer

vary considerably depending on experimental
needs, but the most common substrate by far

is a chemically doped conductive [0 0 1] silicon

and they are rubbed together with rounded
tweezers. ¢ The tape is peeled away from the
substrate at a low angle (marked yellow). d A
scattering of exfoliated flakes are left behind,
giving the substrate a speckled appearance.

wafer covered with a thin (90-300 nm thick)
coating of thermally grown amorphous SiO;
(henceforth, this will be referred to as an
Si/SiO2 wafer or simply by the thickness of the
SiO; coating, i.e. as 90 nm oxide). Si/SiO, wafers are a good general purpose substrate: they are
mass produced for the semiconductor industry and are thus relatively cheap and abundant, the
polished finish of the oxide coating is fairly smooth (roughness typically on the order of 5 A), the
vdW attraction of most materials to this substrate is strong enough for a decent yield with
exfoliation, and the doped silicon itself is conductive enough to use it as a global electrostatic
gate. The choice to use other substrates is dependent on the vdW material being exfoliated or
specific experimental needs. For example, if one needs a transparent substrate in order to
perform an optical transmission experiment, sapphire, quartz, or polished fused silica wafers are
a good alternative. On the other hand, some materials have difficulty adhering to dielectric
substrates, in which case the use of a metal coated Si/SiO, wafer can improve exfoliation?>.

Examples of materials which exfoliate poorly on Si/SiO2 but exfoliate well on films of gold or other

10
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noble metals include TMDCs and MnBi;Tes. Exfoliation onto a soft, transparent polymer called
polydimethylsiloxane (PDMS)?® is sometimes used in preparation for creating layered- or
heterostructures of materials which have temperature sensitivity (this will be discussed in detail
in section 2.3), or in special applications which require the use of a flexible substrate?”?8, i.e. for
the application of strain to the 2D sample.

The adhesion between 2D materials and Si/SiO, wafers can be improved in a number of
ways. The simplest is by heating the substrate while the exfoliation tape is attached to it, usually
to between 100-120°C for 1-3 minutes?®. This results in more adhesive residue contaminating the
substrate, but also improves exfoliation yield for graphene, transition metal dichalcogenides, and
many other materials. It notably does not improve the adhesion of hexagonal Boron nitride. The
mechanism for this effect is unknown. Another approach to enhancing adhesion between vdW
materials and SiO; is oxygen plasma treatment of the substrate?®, which removes hydrocarbon
contaminants and makes it strongly hydrophilic, resulting in accumulation of charged OH* groups
on the substrate which attract van der Waals materials electrostatically. This method is known
to degrade some materials, including graphene, following exfoliation onto the treated

substrate3°.

2.2 ldentification and classification of thin 2D samples

The next step in the production of 2D samples is identification of thickness and
classification of the thin flakes of material deposited on the substrate during exfoliation. There
are many ways to determine the thickness of flakes which vary in accuracy and difficult. The most
commonly used technique is simple brightfield microscopy, in which case the thickness of a flake
is determined by comparing its color and optical contrast to those of a flake whose thickness has
been determined quantitatively (fig. 2.2.1 a). The optical characteristics of a flake under
broadband brightfield illumination derive from a combination of the wavelength-dependent
reflection and absorption coefficients and thin-film interference. This latter is especially relevant
when Si/SiO; wafers which have oxide thickness on the order of hundreds of nm are used as a
substrate. The optical contrast of a 2D material flake of a given thickness therefore depends on
the substrate used (fig. 2.2.1 b-d). In this case, the fully wavelength dependent complex index of
refraction must be taken into account, and the optical contrast can be modeled using the Fresnel

11
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R

Figure 2.2.1 Brightfield identification of 2D layers. a Graphite exfoliated on 90nm SiO, on Si.
Layer thicknesses are marked. b hBN exfoliated on 285 nm SiO,. Three and four layer thicknesses
are barely visible on this substrate. ¢ 3-6 layer thick hBN on 90 nm SiO,. The 3 layer sample is
more clearly visible on this substrate. d 6 layer thick hBN exfoliated on a sapphire wafer has poor
optical contrast due to a lack of thin-film interference effects. e A highly graduated flake of hBN,
which varies in thickness from a couple nm (faint blue) to white (about 60 nm). Green and pink
areas are hundreds of nm thick. f Periodicity of colored interference in extremely thick hBN,
which ranges from about 60 nm up to several micrometers thick.

equations®®. Not only will the apparent brightness or darkness of the flake change with thickness,
so too will the apparent hue of the sample which is often derived in part from thin film
interference from the substrate. The flake of 2D material alters the boundary conditions, adds an
additional interface, and changes the effective thickness of the interfering film. This effect is
especially pronounced with hBN3! which is purely refractive at visible wavelengths and is often
needed in relatively thick (20-100 nm) flakes which can substantially change the effective
thickness of interfering film (fig. 2.2.1 e-f). On highly reflective or highly transparent substrates
(i.e. gold films or sapphire, respectively), the optical contrast is generally more straightforward
and depends almost exclusively on the reflection or absorption spectrum of the material,
respectively. Comparison of optical contrast by a trained eye is possible and usually reliable,
especially for relatively thin samples which absorb light strongly, such as graphene or TMDCs.
However, this still relies on the brightfield microscope having a light source with a consistent
emission spectrum, and if the micrograph is being monitored by a camera, on having a consistent

white balance and exposure.
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Figure 2.2.2 Quantitative measurement of optical contrast. a Image of a multi-thickness
exfoliated WSe; flake. Layer thicknesses are labeled. b Image brightness resolved into the three
primary color channels (red, green, blue) along the white dashed line in panel a, starting at the
white circle (position 0). ¢ Optical contrast calculated as the average darkness of the color
channels. Note the uneven step height. By comparison, the step height of the red channel in
panel b is consistent from layer to layer, because WSe; absorbs red light while blue/green are
refracted/reflected to a larger degree. Contributions to the color in the blue/green parts of the
spectrum are largely from thin film interference effects, giving rise to the contrast nonlinearity in
those color channels.

In cases where it is difficult to identify a sample by eye, a quantitative measurement of
optical contrast can be performed by taking an image of the micrograph (done with a digital
camera attached to the microscope) (fig. 2.2.2 a) and using image analysis software to analyze
the pixel data of the image (fig. 2.2.2 b). This data can be normalized and corrected for differences
in illumination or white balance based on the color of the substrate (fig. 2.2.2 c). If the dielectric
function of a given material is known across visible frequencies, the layer dependent optical
contrast can be calculated with the Fresnel equations and projected onto the color space of the
camera. Thus it is possible to classify the thickness of a given flake entirely from brightfield
microscopy, without needing to compare it to a reference flake of known thickness. This is not
generally done, though, since measuring the full complex dielectric function is a considerable
experimental effort and in many cases the dielectric function depends again on the thickness of
the sample, thus reintroducing the need to determine the thickness of the sample by some other
quantitative means.

A straightforward approach to determining the thickness of a sample is to use atomic
force microscopy (AFM) to measure the sample topography. If one knows the interlayer spacing

of the material and the size of the vdW gap between the material and the substrate, the
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measured AFM height can be used to calculate the number of layers constituting the sample. The
interlayer spacing (or period) of a given material and its substrate-sample spacing can be
determined by numerical simulations, or they can be determined empirically using the following
method.

First, a number N of exfoliated flakes of varying thickness must have their thickness
measured by AFM. The measured thicknesses will have the form Ty,cqs = LT + T + E4pp, Where
L is the number of layers in a given flake, Tiayer is the interlayer spacing, tis the van der Waals gap
between the sample and the substrate, and Earm is the random error of the AFM reading. T is
typically 0.3-1.5 nm, tis typically 0.2-0.5 nm, and Earm can be as low as 0.1 nm for a careful, high-
resolution scan. We define the function A(T', 7", Trpeqs) = Mody (Trpeas — T')/T' and A as the
average of A over all values of Tmeas. Clearly A should be extremized in the vicinity of T'=T and
T'=t. This analysis makes it fairly simple to accurately estimate both T and t.

Measurement of a sample’s AFM topography has the added benefit of also determining
if there are any superficial contaminants on the exfoliated flake, such as polymer residue left
from the exfoliation tape or nanoscopic fragments of the 2D material itself. The AFM tapping
phase, which, in a sense, measures deviations in the anharmonicity of the interaction potential
between the tip and the sample, is even sensitive to molecular adsorbates like water32.
Superficial contamination can alter optical and electronic properties of a sample and are
especially problematic when stacking contaminated layers together to form heterostructures,
which will be explored more thoroughly in section 2.3 of this dissertation.

Intrinsic layer-dependent properties of some 2D materials can be used to determine their
thickness. A common technique for specifically identifying monolayers of materials which have
Raman-active interlayer phonon modes is to perform Raman spectroscopy, in which case the
absence of the interlayer mode in the Raman spectrum indicates that the sample is a
monolayer333* Other, less general examples include the use of photoluminescence (PL)
spectroscopy to identify TMDC monolayers!?, which have a direct band gap (and thus emit PL)
only in the monolayer thickness, or the use of the magneto-optical Kerr effect (MOKE) or

magnetoresistive effects to measure the magnetization of of Crls, whose monolayer has a simple
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hysteresis loop ferromagnetic response to an applied perpendicular magnetic field which evolves

into staircase magnetization in thicker samples'33>,

2.3 van der Waals transfers

Among the most useful and novel properties of exfoliated 2D materials is the ability to
stack them and combine them with each other without restriction to form functional
heterojunctions. A simple example of this is a hexagon boron nitride (hBN) encapsulated
graphene field effect device, shown schematically in figure 2.3.1 a. This device is made from four
separate exfoliated flakes of 2D materials, including a monolayer flake of graphene at the center
of the device which is the current channel, two thick (few to 10s of nm) flakes of hBN which serve
as atomically flat substrates for the graphene as well as dielectric barriers, and a few-layer
graphene flake to serve as conductive gate on top of the device, to which a voltage may be
applied in order to capacitively charge the graphene layer. The use of hBN as a substrate is very
common in multilayer samples for a number of reasons. Because they are atomically flat
monocrystals cleaved along crystal planes, they are an exceptionally smooth substrate, providing
an environment for samples placed on top which has minimal disorder. Boron nitride has a
relatively high breakdown voltage along the c-axis due to its wide band gap3®?’, high crystalline
quality, and most importantly the presence of van der Waals gaps between layers which act as
vacuum tunneling barriers. This makes it an excellent choice to use as a dielectric barrier in
capacitive structures. Lastly, it is transparent at optical frequencies'?3%38, which allows it to be
used to encapsulate air-sensitive samples to act as a protective barrier while allowing optical
probes and signals to penetrate to the sample and be collected open reflection, transmission, or
emission from the sample. Graphite is commonly used as gate electrodes in capacitive structures
because it retains good conductivity down to a thickness of about 3 layers (approximately 1
nm)&3942 at which point it transmits around 90% of incident visible and near-infrared light*344,
A comparably conductive layer of gold would be around 10nm thick and only transmit about 30%

of incident visible light#>4.
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Figure 2.3.1 Wet transfer technique. a Schematic
of a multilayered vdW field effect device, in
which the channel is monolayer graphene
(MLG), the dielectric barrier is hBN, and the gate
is few-layer graphene (FLG). The source (S) and
drain (D) are biased to produce a current while a
voltage Vg on the gate tunes the Fermi level. b
Cross section of a sample exfoliated onto a
substrate for wet transfer assembly. ¢ The
substrate is placed into water, which dissolves
the PVA layer, after which the sample floats on
the water meniscus by surface tension. d After
being picked up by a wire loop, the PMMA layer
with attached 2D material are placed onto a
target vdW layer for stacking. The PMMA is then
removed by solvent.

The assembly of multilayered vdW
structures is accomplished by means of a van
der Waals transfer. There are several
different types of transfers used which will be
described below, but all rely on the same
basic principle of temporarily attaching an
exfoliated 2D material to a polymer substrate,
placing this in contact with a second layer,
and then removing the polymer by some
means. For modern transfer techniques, the
pick-up/set-down process can be repeated
many times to build many-layered structures.

The first transfer technique developed
is the so-called wet transfer process*’. In this
early technique, the substrate is the adhesive
polymer layer, and consists of an Si/SiO, wafer
with a spin-coated layered structure of poly-
vinyl alcohol (PVA), a water soluble polymer,
then a layer of poly-methyl methacrylate
(PMMA), which is not water soluble. The 2D
materials are directly exfoliated onto the
PMMA layer and suitable exfoliated flakes are
identified (fig. 2.3.1 b). The wafer is then
cleaved to a smaller size (approximately 5 x 5

mm) with the 2D flake centered. The wafer is

then gently lowered into a beaker of water which gradually dissolved the PVA, leaving behind

just the PMMA membrane with the 2D material attached (fig. 2.3.1 c). Finally, the floating

membrane is picked up with a wire ring, inverted, and placed on top of a second 2D material

flake under a microscope before dissolving the PMMA away with acetone or dichloromethane
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(DCM) to leave a bare stacked 2-layer structure (fig. 2.3.1 d-e). This technique has several serious
drawbacks. First, it is incompatible with materials that are sensitive to water or solvent. Second,
it exposes both surfaces of the transferred flake to either water or polymer, potentially
contaminating it. Finally, it can only be used to stack one layer at a time, requiring time-
consuming and risky repeated transfers to assemble multilayered structures. Despite these
shortcomings, this technique was used to produce several important breakthroughs in the early
days of research into van der Waals heterostructures.

The next transfer process that was widely adopted by the 2D materials community was
the polycarbonate (PC) dry transfer4’48, which sought to resolve many of the problems with the
wet transfer process. The PC dry transfer begins with samples exfoliated directly onto an
inorganic substrate like Si/SiO, wafers, fused silica, quartz, sapphire, or any other smooth,
chemically inert substrate. This flexibility is one of the key advances with the PC dry transfer
process. The transfer is carried out using a sacrificial polymer substrate called a stamp (fig. 2.3.2
a), which consists of a small (3 x 3 x 1 mm) block of poly-dimethyl siloxane (PDMS) adhered to a
glass microscope slide. A piece of polyimide double-sided tape with a hole punched in the middle
is placed around the PDMS block and adhered to the slide. A piece of Scotch tape with a hole
punched in the middle is used to pick up a thin film of PC, which is then stretched over the PDMS
block and adhered to the double-sided tape, with the PDMS block centered on the window in the
Scotch tape.

The preparation of the PDMS is carried out in advance and is made from a liquid 2-
component kit, mixed together thoroughly in a ratio of 10 parts base to 1 part hardener. It is then
castin a flat-bottomed petri dish and placed in a vacuum chamber to remove trapped air bubbles.
Finally, it is cured in an oven at 40° C for 24 hours before being cut into small blocks. The PC film
is typically prepared fresh from a premade solution of 6-12% (weight) Poly-bisphenol-A
carbonate dissolved in chloroform. The solution is removed from its sealed bottle by a disposable
pipette and carefully squeezed onto a glass microscope slide in a long line stretching across the
entire slide. A second slide is then lowered onto the first slide, causing the PC solution to spread
across the entire interface by capillary action. This step must be done promptly as the chloroform

evaporates quickly. The viscosity of the PC solution is controlled by its concentration; if it is too

17



2 - van der Waals nanofabrication

Double-sided tape

(polyignide)

Glass slide \
|
M

PC membrane Scotch tape

(support)

PDMS

PC membrane

Si/Si0, wafer

Figure 2.3.2 PC dry transfer process. a Cross section view of a dome-shaped PC/PDMS stamp. b
Schematic of a transfer stage for manipulating and assembling multi-layered stacks. Components
are as follows. A: rotating sample translation stage. B: Heated vacuum chuck for securing sample,
on a black viton gasket. C: 3-axis micromanipulator for positioning stamp. D: Pivoting stamp
holder graps an assembled PC/PDMS stamp on a glass slide (blue). E: Microscope objective turret
with long working distance objectives. F: Microscope column with 3-axis positioning. G: imaging
camera. Degrees of freedom for each moving part are labeled. ¢ The micromanipulator pushes
the stamp down against a substrate mounted on the vacuum chuck, pushing into contact a 2D
material already attached to the stamp (purple) and a 2D material on the substrate (orange).

viscous, it won’t spread fully across the interface, and if it isn’t viscous enough, capillary action
will squeeze most of it out from between the microscope slides. The slides are then slid apart
horizontally (rather than pulling them apart). This must be done quickly and carefully, as the film
will dry almost instantly once exposed. The viscosity and quantity of PC squeezed onto the slide
initially determines the final thickness of the PC film, and the viscosity and manner in which the
slides are slid apart determine the surface quality of the surface exposed to air. On the other
hand, the side of the PC film attached to the glass will be as smooth as the glass itself. The PC film
is picked up from the glass slide by attaching the aforementioned Scotch tape with a punched

hole to the film. They are rubbed together with a smooth implement, much like in 2D material

exfoliation, to improve adhesion between them and loosen the PC from the glass. The section of
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PC film attached to the tape is then cut free from the film at the edges of the tape using a sharp
blade, and the tape and PC are peeled away.

The assembled stamp is then held by a micromanipulator attached to a microscopy probe
station which allows for independent x-y-z position control of the stamp, microscopy head, and
sample (fig. 2.3.2 b). The probe station is equipped with a heated vacuum chuck, consisting of an
aluminum block with a vacuum through port to secure the sample, with an embedded resistive
heater and temperature sensor. The transfer is carried out by attaching the 2D sample substrate
to the vacuum chuck and heating it to between 60 and 120° C as a means of increasing the
adhesion between the PC film and the 2D material. The stamp is then gently placed in contact
with the sample. This is either accomplished by using a stepper motor to lower the stamp, or by
raising the sample towards the stamp by increasing the temperature of the aluminum vacuum
chuck, resulting in thermal expansion. Contact must be made gradually to avoid sample damage
and trapping air at the interface. This is done by slightly angling the stamp so that the interface
is wedged, or by using a stamp made from a curved PDMS block (see appendix A) (fig. 2.3.2 c).
Once contact between the stamp and 2D material is made, a resting period of a few minutes is
used to ensure good adhesion between them. The stamp is then slowly lifted away from the
substrate (or the aluminum block is cooled, causing it to shrink away from the stamp), taking the
2D material with it. This process can then be repeated any number of times to produce many-
layered samples. A depiction of a successful pick-up of a 2D material layer by a domed stamp is
shown in figures 2.3.3 a-c.

Once the assembly is complete, the sample must be removed from the stamp. This is
accomplished by placing the stamp in contact with a clean substrate (or alternatively, the last
layer in the stack), pushing them together so as to contact a large area of the stamp with the
substrate, increasing the temperature of the substrate above the plastic point of PC (165° C), and
pulling the stamp away. The area of PC in contact with the stamp, in its molten state, tends to
stick to the substrate and not to the PDMS, and so it, along with the stacked 2D sample, will be
left behind on the substrate (fig. 2.3.2 d). The sample and substrate are then allowed to cool and
rest overnight to improve adhesion between the two, before being rinsed in a series of chemical

baths to remove the PC membrane on top of the stack. The procedure for chemical processing is
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Figure 2.3.3 Fabrication of a multilayer sample by dry transfer a A dome-shaped stamp in close
proximity to a substrate produces a ring pattern of interference fringes. Note that the spacing
decreases away from the center of the dome (right edge) as a result of the angle between the
stamp and the substrate increasing radially. The stamp has already been used to pick up a thin
layer of hBN (yellow outline), which is nearly invisible on the stamp. A thin flake of graphite to be
picked up from the substrate is positioned under it. b The stamp is brought into contact with the
substrate. The yellow colored area is the region in which the stamp has made contact with the
substrate. The hBN flake is now more clearly visible, and the color of the graphite flake has
changed slightly as well. ¢ The stamp is pulled away from the substrate, lifting the graphite flake
with it. Note that the color of the graphite flake has changed once again. The blurred spots are
flakes which remained on the substrate plane and are out of the focal plane, located at the raised
stamp. d The completed sample and PC film (yellow disc) are melted down against a substrate. e
After a series of solvent baths, the clean assembled multilayer structure is revealed. The area in
this picture is represented by the green box in panel d.

as follows: 1 hour in 100 mL chloroform, 4 hours in a second 100 mL bath of chloroform, followed
by a final 12 hour bath in isopropanol. The first bath removes the majority of the PC, while the
second bath dilutes any PC left on the surface of the substrate in equilibrium with the solution
produced in the first bath. The isopropanol bath removes many common contaminants found in
standard high purity chloroform. The transfer of the sample into and out of baths must be done
carefully and quickly. Fluid force at the meniscus can fold, tear, or remove van der Waals samples

from substrates. To minimize the chance of this happening, when transferring the sample
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Figure 2.3.4 Transfers onto optical fibers.

a Fiber chuck assembly for holding an optical
fiber for dry transfer. The copper base
conducts heat from the heated vacuum chuck
of the transfer stage. An aluminum clamping
fork is mechanically pressed into a slot in the
copper base and tightened against the fiber
ferrule (green) using an adjustment screw
(yellow). b Cross section of a fiber prepared
for transfer. Green: ferrule; blue: cladding;
white: core; yellow: drop cast PC film. ¢
multilayer sample transferred onto a fiber.
White light coupled through the other end of
the fiber is emitted from the fiber core near
the center. The dark circle is the cladding. The
rainbow-colored sheen across the sample is
the result of the thin, smooth PC film
underneath the sample. The slow variation of
the rainbow interference pattern indicates
the PC film is highly uniform. d Sharp PL
emission lines from MoSe; on an optical fiber
suggests high sample quality and low
disorder.

between baths, the solvent must not be
allowed to try on the wafer. A dropper is used
to continuously wet the sample between baths
using clean solvent from the next bath.

This technique has a number of clear
advantages compared to the wet transfer
process. Perhaps most important is the ability
to form clean interfaces between layers by only
one surface of the topmost layer coming into
contact with polymer, and the other surfaces
never coming into contact with any substance

other than atmospheric gas. Dry transfers offer
great convenience as well, being able to stack, in
principle, an arbitrarily large number of layers
together on a single stamp, thereby reducing
processing time, labor, and risk for multilayer
samples (fig. 2.3.3 e). The throughput is also
increased by its high reliability. Whereas in wet
transfers the sample is at a high risk of being
damaged when the floating PMMA membrane is
removed from the water bath, the stacked
sample sits on a mechanically stable substrate
(the stamp) throughout a multi-step dry transfer
process. Finally, the dry transfer technique allows
for arbitrarily complex samples to be deposited
on unconventional substrates. One particularly

relevant example of this is the deposition of van

der Waals heterostructures on the tip of a single mode fiber*®. This use case presents two

challenges to the dry transfer process. The first challenge is the method of holding the fiber while
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delivering adequate heating to the tip of the fiber, which can be addressed with a specialized
fiber chuck which funnels heat towards the fiber tip (fig. 2.3.4 a). The fiber chuck must be
mechanically stable, thermally conductive, and shield the fiber itself from contacting any hot
surfaces as its protective polymer coating will be damaged by excessive heat. The second
challenge is material adhesion. Optical fibers are polished to an optical quality surface, typically
with roughness on the order of 1/10, where A is the design wavelength of the fiber. This is
substantially rougher than typical semiconductor or crystal substrates, which are polished to a
sub-nm finish or cleaved along crystal planes. The relatively rough finish of optical fibers can
distort and strain 2D materials attached to them and introduce substantial inhomogeneity and
reduce van der Waals adhesion. To mitigate this problem, a thin film of PC can be drop cast on
the tip of the fiber by simply wiping the tip with a clean room swab dipped in a 1% solution of PC
(fig. 2.3.4 b). The resulting film is on the order of a few um thick based on the appearance of thin
film interference (fig. 2.3.4 c). When the fiber tip is heated and the sample placed against it during
the final step of the transfer, the deposited PC film and the PC film of the stamp are both semi-
fluid. When they meet and flatten together, the sample is effectively suspended in a viscous fluid
environment and doesn’t relax against the rough substrate. The benefit of this technique can be
seen through the nearly homogeneously broadened absorption resonance of hBN-encapsulated
WSe;, samples prepared in this manner, indicating very low disorder (fig. 2.3.4 d). Fiber substrates
can also be equipped with electrostatic gates, a process described in more detail in section 4.6.
As an entirely solvent-free alternative to the PC dry transfer, a film made of poly-
propylene carbonate (PPC) can be use rather than PC*°. The stamp assembly is exactly the same
as in the PC dry transfer, except the polymer film is prepared using a solution of 10% PPC
dissolved in anisole, which is then dried on a hot plate at 60° C for up to 24 hours. The transfer
itself is rather similar as well, but the key difference which allows the transfer to conclude without
a solvent bath to remove the sacrificial polymer layer after meltdown is that adhesion between
vdW materials and PC is highly sensitive to temperature. In a narrow range of temperatures,
roughly from 31° C to 35° C, select vdW materials, including hBN, adhere reliably to PC. However,
at higher temperatures, especially around 60° C, the adhesion between hBN and PC becomes

weak. This enables the assembly of multi-layered structures as long as each layer is picked up in
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the lower temperature window, and finally for the assembled structure to be deposited on a
target substrate by placing them in contact with one-another and retracting the stamp at a higher
temperature. In doing so, the vdW stack will be left on the substrate as the adhesion between
them is higher than the adhesion between the vdW stack and the PPC membrane. The difficult
of this technique is that the very first layer of the stack generally must be hBN, and it must be
large enough for all subsequent layers to fit under it, as they will not stick on their own to the
PPC; in essence, the first hBN layer must be used to pick up all subsequent layers. Finding large,
clean hBN can be challenging, and it is not always desirable to have hBN encapsulating the entire
vdW structure, e.g. if lithographic contact is to be made with some of the layers post-transfer.
Finally, a crude but effective transfer which can be done without temperature control or
solvent is the PDMS dry transfer?®4’, 2D samples are first exfoliated onto blocks of PDMS,
typically a few cm in lateral size and 1-2 mm in thickness. After identifying suitable exfoliated
flakes, the PDMS is cut down to a lateral size of a few mm, centered on the identified flake. The
PDMS is then attached to a glass slide and stamped against a target substrate (or on top of
another flake or stack of 2D materials). The adhesion between vdW materials and PDMS is poor,
and so the flakes exfoliated onto the PDMS are attracted to the substrate and remain attached
to it when the PDMS is pulled away. This has a couple obvious drawbacks: first, stacks assembled
using PDMS must be assembled layer-by-layer; second, interfacial contamination by the PDMS is
inevitable; third, because vdW adhesion to PDMS is poor, the exfoliation onto the PDMS has a
relatively low yield. Nevertheless, for extremely sensitive materials which degrade with exposure
to heat, solvent, or atmospheric gasses, this can be a convenient way to quickly encapsulate a
sample without much preparation or risk to sample integrity (aside from contamination by PDMS

residue.)

2.4 Angular alignment of layers in a van der Waals stack

When rotational alignment between crystal axes of subsequent layers in a vdW transfer
is important, a motorized rotation stage can be used to orient the crystal axes of a sample,
which must be determined ahead of time. For non-centrosymmetric crystals (e.g. transition
metal dichalcogenides), this may be accomplished using polarization-resolved second harmonic
generation (SHG)>™4. In this technique, ultrafast (150 fs) optical pulses are focused onto the
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sample to achieve enormous instantaneous electric fields (~10 MV/cm) which couples to its
non-zero second-order polarizability to produce light at twice the frequency of the incident
beam. The dependence of the second-order optical response on the polarization of the incident
light necessarily reflects the symmetries of the crystal lattice. This polarization response is
analyzed by rotating the polarization of the incident fundamental and measuring the intensity
of SHG either co-polarized with the fundamental, thus revealing the orientation of the sample
crystal axes. However, as this is an intensity-based measurement, there is a it rotational
ambiguity in the generated polarization pattern; hence a crystal with threefold rotational
symmetry will produce a sixfold polarization pattern, only allowing for the determination of
crystal axes modulo .

To resolve this ambiguity, an interferometric phase-resolved SHG technique® is
employed, in which a reference nonlinear crystal (crystalline quartz) with a fixed orientation is
placed in the excitation path. The sample to be analyzed, having already had its crystal axes
determined as described above, is aligned with its crystal axes collinear to the reference crystal.
As the fundamental pulse passes through the reference crystal on its way to the sample, a
colinear pulse of second harmonic is generated. Due to dispersion in the reference crystal and
other optics, a small time delay between the reference SHG pulse and the fundamental pulse is
introduced. This delayed reference SHG pulse then interferes with the SHG pulse generated at
the sample in the time domain, which can be observed spectroscopically (Fourier transform
interferometry) as a series of interference fringes superimposed on the SHG spectrum. The
interference pattern generated by two different samples are then compared: if the interference
fringes antialign, then the crystal axes of the samples are antialigned, and vice versa.

In the case of a twisted homobilayer, an alternative method for achieving precise
interlayer twist may be employed which eliminates the need to determine crystal axes. The tear
and stack method is a recent development®®, in which a single monolayer flake of a material is
cut into two pieces either through electrochemical etching using an atomic force microscope tip
in contact mode or through laser ablation. The two halves of the flake are then stacked on top
of each other with a twist angle introduced by rotating the second half before picking it up onto

the stamp with the first half.
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3 — Fundamental properties of the semiconducting transition

metal dichalcogenides

This chapter concerns a family of 2D semiconductors, a specific subset of transition metal
dichalcogenides (TMDCs) with the chemical formula MX;, where M is molybdenum or tungsten
and X is sulfur, or selenium. We will first discuss the scientific history of these unique materials
before describing their electronic and optical properties. We will then introduce the unique

locked spin-valley physics in these materials, and finally discuss the optical excitations they host.

3.1 The semiconducting transition metal dichalcogenides

Molybdenum disulfide has been known to humans for a very long time, although it was
historically referred to simply as molybdaena and confused variously for lead, lead sulfide
(galena), and graphite, despite these compounds all having rather different physical properties
(the word molybdenum descends from the ancient Greek word MoAuBS&oc, molybdos, meaning
lead). It is the most abundant source of molybdenum on earth, and the only TMDC which occurs
naturally in significant quantities. In the 18™ century, a series of Swedish chemists and
mineralogists (first Bengt Andersson Qvist>’, then Carl Wilhelm Scheele®, and finally Peter Jacob
Hjelm®®) performed extensive and often dangerous experiments to study molybdaena and
determined that the mineral in question was a sulfur salt of the metal which would eventually be
referred to by modern chemistry as molybdenum. In the 19t century, MoS; began to see
industrial use, both as a dry lubricant (like graphite, it inherits its lubricative properties from the
layered nature of its structure, which permits particles of the material to slide along each other,
and for caught particles to simply slide apart)®°, and as a dopant in metallurgy®.

Modern research of MoS; and other semiconducting TMDCs began following the
discovery of quantum mechanics and the development of a framework for studying crystalline
solids. Alongside MoS,, the analog compounds involving tungsten and selenium were synthesized
and studied. This included numerous modern experiments like electron energy loss spectroscopy,

electron spin resonance spectroscopy, photovoltaic measurements, and optical spectroscopy®?
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64, This period of focused research on bulk TMDCs lasted throughout the 1960s and early 1970s
before interest waned as other materials rose to prominence.

In the 2D era, the study of TMDCs has experience something of a renaissance. Following
the isolation of monolayer MoS; in 2010 and the discovery of bright photoluminescence in
monolayer TMDCs'!, they have become one of the most studied families of 2D materials, lagging
only behind graphene and black phosphorus. The reasons for the resurgent interest are
numerous. Key properties which have contributed to this interest can be largely distilled into two
categories. First, the semiconducting TMDCs all have direct band gaps (in the monolayer form),
with gap energies ranging from roughly 2 eV (WS;) down to 1.6 eV (MoSe;)%. This range of
energies, spanning from red to near infrared (NIR) is very accessible from an optical spectroscopy
standpoint and is technologically relevant as it approaches the frequency band used for short
distance fiber optic communication, is intercompatible with several llI-V semiconductor system,
color centers in diamonds, and a host of other leading solid state systems. The energy gaps of
these materials are also fully staggered, such that a junction formed by any two TMDCs will have
P-N behavior (type Il band alignment). Second, a robust valley pseudospin degree of freedom
develops in monolayers due to a combination of strong spin-orbit coupling and broken spatial
inversion symmetry®®. Excitations of the valley pseudospin can be long lived, up to microseconds,
and exhibit coherent evolution®’-%°. These properties and more are explored in greater detail in

section 3.2-3.5.

3.2 Band structure of TMDCs from bulk to monolayer

Central to the study of any material is the structure of the energy levels of the electrons—
particularly valence and bonding electrons. The emergence of a rich, many-level electronic
structure is necessary due to the Fermionic nature of electrons and the imposition of the Pauli
exclusion principle which prevents the overlap of these energy levels. The analysis of a system’s
energy levels begins with the construction of a Hamiltonian, the form of which varies
considerably depending on the nature of the material. This Hamiltonian must take into account
the large number of individual atoms out of which even a microscopic piece of an extended solid
is constituted. The specific ways in which those atoms are bound together must be treated
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appropriately (i.e. the valence structure of the atom and the bonding types which it permits).
Spin-orbit and hyperfine interactions must be considered. The resulting Hamiltonian is
incomprehensibly large and often intractable to solve directly for an arbitrary extended material,
but a large subset of extended solids—crystalline solids—can be treated in a more
straightforward way. Because the structure of the Hamiltonian is necessarily periodic for a
crystal, Schrodinger’s equation admits periodic solutions. This is the Bloch theorem and is central

in solid state physics. Explicitly, the Bloch theorem can be expressed as follows:

If a particle is subject to a Hamiltonian which is periodic in space, the (spatial)
eigenfunctions this Hamiltonian have the form l/)q(r) = eiq'ruq(r), where q
parametrizes the momentum of the state and u,(r) is a function which is
periodic in the lattice vectors of the crystal.

This result is quite general; no assumptions must be made about the nature of the particle
or the potential in which it resides (assuming it is a physical potential). Complications arise in
systems which consist of interacting particles, but for noninteracting particles, analysis with the
Bloch theorem is useful. The eigenvalues produced by the Hamiltonian corresponding to each ug,
which might be more suggestively be written as E(q) form a series of energy surfaces in
momentum space, the surfaces having dimensionality equal to the dimensionality of the crystal.
This is the band structure of the crystal, and depending on the particle or quasiparticle in
question, it can represent the energy levels of electrons within the crystal, vibrational modes
(phonons) associated with atomic motion of the crystal lattice, excitations of the spin population
of the crystal (magnons, spinons, skyrmions, etc.), or a plethora of other phenomena. Crucially,
the states represented by points in the energy bands have a representation in terms of the Bloch
functions (which, as eigenfunctions, form a complete basis); thus the bands can be decomposed
into constituent modes and reconstituted in more physical terms. For example, electronic bands
can be expressed as linear combinations of electronic orbitals, and vibrational bands can be
expressed as linear combinations of normal modes corresponding to simple motion of individual
or collections of atoms in the unit cell. The states which occupy the electronic band structure
take on many of the characteristics of the orbitals out of which they are constituted, e.g. if part

of an electronic band is wholly composed of a 3d,2 orbital, it has an orbital magnetic number of
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a b C d m; = 0, like the orbital itself. If it is composed
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Figure 3.2.1 The band structure of semi- in particular on the energy bands which lie

conducting TMDCs. a-c Evolution of the MoSe> near the energetic boundary below which all
band structure from bulk to bilayer and
monolayer, respectively. Black arrows indicate
the lowest energy transition. d K-point valleys in states are unoccupied, i.e. the Fermi level Er.
TMDC with spin-orbit coupling (SOC) in both the
valence and conduction bands. Color-coding and
arrows indicate the direction of electron spinina bands reside in the fully screened atomic
given band.

states are occupied and above which all

Deeply bound electrons in low-lying energy

cores which play a small role in the properties
of materials compared to the outsized roles of electrons in bonding orbitals which are close to
Er. Similarly, electronic bands far above Er, which under normal conditions are vacant, correspond
to highly excited states of atomic orbitals which generally relax quickly. It is the low energy band
structure, the bands nearest to Er, which govern the most prevalent electronic properties of
crystals. We will discuss the band structure of TMDs in the hexagonal representation of the
Brillouin zone, one of several possible representations, and perhaps the most suggestive since it
reflects the hexagonal shape of the crystal lattice. The low energy band structures of all four of
the semiconducting TMDs are very similar (though the high energy band structure on either side
of Er necessarily varies because the different elemental constituents have different numbers of
electrons); therefore we will first discuss the specific case of the band structure of MoS; as a
representative of semiconducting TMDs, then elaborate on the differences between them.

The calculated band structure of bulk, bilayer, and monolayer MoS; are presented in
figure 3.2.1 a-c1. The most prominent feature of this series is the upward shift of the conduction
band (CB) Q-point valley (midway between the zone center and the zone corner) and the
downward shift of the valence band (VB) I point (zone center) as thickness is reduced, which

leads, in the monolayer limit, to the emergence of the valence band maximum and conduction
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band minimum at the K point (zone corner) in both bands. The indirect-to-direct bandgap
transition when cleaved down to a single layer occurs in all four members of the semiconducting
TMDC family, and is driven by the loss of interlayer hybridization of the chalcogen orbitals which
contribute to the VB I and the CB Q valleys’®. By contrast, the K point valleys in both the CB and
VB are comprised primarily of transition metal orbitals which are protected by the chalcogen
layers from interlayer hybridization; thus the K point valleys remain relatively stationary as layer
number varies.

The orbital composition of the K point has profound consequences for the band structure
and electronic properties of TMDCs. Given the high atomic mass of the transition metals and
their d valence orbitals, we would expect spin-orbit coupling to play a role in determining the
electronic energy levels. Simple symmetry analysis gives us clues about how the spin-orbit
coupling should manifest. The only mirror symmetry of the lattice is along the out-of-plane
normal, indicating that g, is the only good spin basis. Furthermore, the broken inversion
symmetry and finite crystallographic momentum of the K points requires that spin-orbit coupling
take opposite sign in valleys with opposite crystallographic momentum, giving rise to the notion
of the valley index T = &, referring to the two inequivalent sets of K-points, related to each other
by time reversal symmetry and forming an alternating pattern at the corners of the hexagonal
Brillouin zone®® (fig 3.2.1 d). Furthermore, orbital analysis of the K-point valleys indicates that the
VB is comprised of transition metal d,z2_,2 and d,, orbitals which have magnetic quantum
numberm = 7 - 2, while the CB is comprised primarily of the m = 0 transition metal d,, orbital.
This results in large spin-orbit coupling in the VB on the order of hundreds of meV’!. A small
amount of spin-orbit splitting arises in the CB due to higher-order orbital contributions, on the
order of tens of meV. As suggested by the presence of the valley index in the magnetic quantum
number, the spin orbit splitting is opposite in opposite valleys, locking band edge carrier spin to
the valley index. Spin-valley locking also serves to suppress intervalley scattering, as it would
require either a spin flip or substantial change in energy in addition to a large change in
momentum.

Adding to the valley-contrasting effect of the orbital magnetic moment is the effect of

Berry curvature. In 2D crystals with broken inversion symmetry, the Berry curvature in a band n
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Q. (k) can take non-zero values in the z direction’>73, This is because k and —k crystallographic

momenta are related by both time reversal and parity operations, but (1,, ,(k) is odd under time

reversal and even under parity; thus only crystals for which parity is not a good operation can

support non-zero (), ,(k) in the absence of other symmetry breaking. The Berry curvature in

TMDCs can be calculated from first principles using the massive Dirac Hamiltonian, for which
a’t?A

" (4a?t2k + A2

QC,Z (k) = -2 _-Qv,z (k),

where c(v) indexes the conduction (valence) band, a is the lattice constant, t is the hopping
integral, and A is the band gap. The Berry curvature is maximized at the K points and carries
opposite sign in opposite valleys due to their being related by time reversal’*7>. The Berry
curvature necessarily vanishes at I via the symmetry arguments made above. Berry curvature
couples to electron wavefunctions with finite spatial extent (and thus nonzero distribution in the
Brillouin zone) causing an effective rotation of the wavepacket and leading to a Valley magnetic
moment, which is opposite for opposite valleys’®”’. This effective magnetic moment in
momentum space couples to magnetic fields in the same way that real magnetic moments would
and can otherwise be treated in exactly the same way as, e.g., an orbital magnetic moment or

spin magnetic moment.

3.3 Valley excitons in monolayer TMDCs

When a photon of sufficient energy is incident on a semiconductor, it has a chance to be
absorbed and promote an electron from the valence band to the conduction band, leaving behind
in the valence band a vacant state known as a hole with an effective positive charge. The
photoexcited electron and hole will experience an attractive electrostatic interaction, and if the
electron doesn’t relax too quickly, they will form a bound state known as an exciton’®. Moreover,
if the momentum difference between the electron and hole is sufficiently small, e.g. the band
gap is momentum direct, they may recombine by the emission of a photon, or photoluminescence
(PL). Absent nonlinear processes, the minimum energy of the absorbed photon must equal the
single-particle bandgap less the Coulomb binding energy in order to create an exciton. The

emitted photon will carry this energy precisely (up to convolution by broadening effects), with
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any excess energy having been deposited in the crystal lattice by electron-lattice interactions’®7°.

The photon energy also determines the allowed momentum mismatch, as the recombination of
the electron and hole must happen within the light cone of the photon, defined by the photon
momentum. The band gap of TMDCs is momentum direct, and in principle could give rise to
bright exciton PL. However, there are other factors which determine whether an electronic
transition will be optically bright.

To first order, the coupling between an electromagnetic field and an electronic orbital is
governed by the electric dipole operator. The transition matrix element between two states

k and [ is given by

m(Ex—E) . .
g = +(k|€'7|l),

where m” is the effective mass and € is the (complex) polarization vector of the electric field. It
can be seen from the spatial operator that opposite parity for the initial and final states is
required for the matrix element to be nonzero. The K-Kinterband transition in TMDCs is therefore
dipole allowed since the transition metal d,z_,2 and d,, orbitals that constitute the K-point VB
are odd and the d,2 orbital that constitutes the K-point CB is even. Optical transitions are also
subject to conservation of angular momentum, both spin and orbital. In MoSe;, WS;, and MoS;
the upper spin-split VB and lower spin-split CB within a given valley have the same spin; thus the
transition is spin allowed. However, in WSe;, the spin split CBs have opposite order, giving WSe;
a spin-dark ground state exciton8%8!, However, because the spin splitting is relatively small (and
thus the Boltzmann factor is relatively large), this makes the transition from the upper VB to the
upper CB bright at elevated temperatures?2.

The broadband PL spectrum of MoS; is shown in figure 3.3.1 a'!, and shows two dominant
peaks corresponding to the two spin-allowed K-point transitions in MoS;: from the upper VB to
the lower CB, and from the lower VB to the upper CB (fig. 3.3.1 b). These two transitions
correspond to two distinct excitonic species of different spin/valley pairing, commonly referred
to as the A and B excitons, respectively. But the impact of spin/valley physics in TMDCs goes far
beyond the production of the A and B excitons. The valley-associated magnetic moments, both
from the orbital magnetic moment and Berry curvature, give rise to an optical selection rule for

circularly polarized light, whereby the +K valley can be excited by right circularly polarized light,
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Figure 3.3.1 Valley physics in monolayer
TMDCs. a PL spectrum of monolayer MoS;
showing the A and B excitons. b Band
schematic of a TMDC K point showing the
electronic transitions corresponding to the A
and B excitons. ¢ Circularly polarized PL
generated by circularly polarized optical
pumping in MoS,. d Polarization-resolved
intensity plot of linearly polarized PL from
WSe; excited by linearly polarized light. Green
arrows indicate the excitation polarization
axis. The PL polarization follows the excitation
polarization as it is rotated.

and the -K valley can be excited by left circularly
polarized light®®®”. As discussed in section 3.2,
the valley degree of freedom is protected by the
large change in momentum and spin flip
required for intervalley scattering. Thus, an
exciton created by absorption of a circularly
polarized photon will tend to stay within one
valley, and upon recombination, emit a photon
with circular polarization matching that of the
absorbed photon. The photoluminescence of
TMDCs is therefore co-circularly polarized with
the excitation (fig. 3.3.1 c). In WSe3, the valley
coherence time is long compared to the radiative
lifetime, allowing for the preparation of
coherent superpositions of valley excitons by
linearly polarized light and observation of
linearly polarized photoluminescence with PL

polarization axis set by the excitation axis (fig.

3.3.1d)®%,
When TMDC monolayers are
electrostatically doped, the formation of

charged excitons (trions, if singly charged) is

favored. Free charges bind to excitons through polar interactions, partially screening the binding

energy; thus charged excitons appear at lower energies than neutral excitons (fig. 3.3.2 a)%384,

Both positive and negative trions can be seen. However, there are two different negative trions,

X" and X, corresponding to triplet and singlet trions, respectively®>. Besides the formation of

these two distinct trion species, different combinations of spin and valley pairing produce a wide

range of excitonic species in TMDCs, including the spin-dark ground state exciton in WSe;, dark

trions, singlet and triplet trions with intervalley carriers, and more (fig. 3.3.2 b)®. These states
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Figure 3.3.2 Excitonic species in TMDCs. a PL gate dependence of the PL spectrum in WSe;
showing the three bright trion species along with the neutral exciton. X' is the localized exciton
(defect) band. b PL gate dependence of high-quality encapsulated WSe; shows large number of
bright (X) and dark (D) excitons/trions with inter/intravalley character, along with several
phonon sidebands at low energy (dashed boxes). ¢ PL spectrum of a single defect emitter in
WSe; shows cross-linearly polarized doublet behavior (H and V out) with no substantial circular
polarization (+ out) in the absence of a magnetic field.

have low oscillator strengths and only become apparent in high-quality hBN encapsulated
monolayers of WSe,. TMDCs also host defect-localized excitons, in which an exciton binds to any
number of different chemical, structural, or extrinsic defects. These defects typically manifest as
low-energy, ultra-narrow emission peaks in the PL spectrum of TMDCs. Quantized light from
defect-localized excitons has been observed. Many common types of defects break the 3-fold
rotational symmetry of the lattice and thus destroy the optical selection rule for circularly
polarized light. Such defects have longitudinal-transverse hyperfine splitting, producing a cross-

linearly polarized, narrowly spaced emission doublet (fig. 3.3.2 ¢)®7-°,
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4 - Diamagnetism of 2D excitons

In this chapter, we discuss studies of the electrostatic potential which binds electrons and
holes to form excitons. In particular, we will focus on the use of the diamagnetic shift of excitons
in 2D semiconductors to understand the effect of nonlocal screening and reveal the size and
binding energy of excited states of excitons in 2D semiconductors. In turn this information can
be used to verify or improve theoretical models of the attractive electrostatic potential. At very
high magnetic fields, the cyclotron energy of the electron and hole bands become relevant and
allow us to put tight bounds on the exciton’s reduced mass. Experimental studies at high

magnetic fields present unique challenges which will be addressed as well.

4.1 The Coulomb interaction in semiconductors

The most basic description of an exciton is an electron excited to an unoccupied band or
orbital in a crystal, bound to the lattice by the Coulomb interaction with the positive hole left in
its initial state in the valence band. The electrostatic potential which binds the electron and hole
determines many of the fundamental properties of the exciton, most directly the binding energy,
wavefunction size, and the spectrum of excited states (analogous to Rydberg levels in hydrogen)
of the exciton. More subtle but nevertheless profound consequences of the electrostatic
potential include the formation of charged excitons (positive and negative trions)®3°,
biexcitons®>°3 and larger excitonic “molecules”?*. Indirectly, it influences the fine structure of
excitons and many of the dominant scattering mechanisms which lead to decoherence and

9597 |t is therefore crucial to the

depolarization via the electron-hole exchange interaction
theoretical understanding of excitons to know the form and parameters of their electrostatic

potential.
As a simple model, we first consider the Coulomb potential which describes the
interaction between two point charges of opposite sign separated by a distancerr,

2

V(r) =—

4mer’
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The fundamental challenge with this model is the interpretation of the dielectric constant € when
the separation r is similar to the spacing between atoms in the crystal. This challenge stems from
the microscopic picture of dielectric polarization, in which individual molecular orbitals are
polarized by an incident electric field according to their polarizability tensor y;;. In this case, each
polarized orbital produces a local electric field which adds to the incident field. The dielectric
constant is calculated by averaging the contributions of the polarized orbitals in the far field, and
thus provides little to no information about the local electrostatic environment of a single charge

embedded in a crystal.

There are two limits in which the effects of proximate polarized orbitals may be neglected.
First, if the average electron-hole separation is large compared to the lattice constant, the
dielectric screening of the material is well approximated by the macroscopic average described
above®®%, This is the continuum model, in which many microscopic details are neglected from
the exciton’s 2-body Hamiltonian and are instead accounted for in the single-particle band
structure that separately describe the electron and hole. That is to say, the 2-body wavefunction
can be solved absent any consideration of individual orbitals and then mapped as an envelope
function onto the single-particle Bloch states corresponding to the excited bands. Such excitons
are called Wannier-Mott excitons'®. The second such case occurs in the limit of the electron and
hole having separation comparable to the size of atomic/molecular orbitals. Such excitons are
called Frenkel excitons!®. In this case, both the electron and hole reside within orbitals around
the same lattice site and can be considered local excitations of particular orbitals. The spatial
scale of the electric field produced by a Frenkel exciton is small compared to a lattice constant,
and its dipolar electric field (outside the region between the electron and hole) falls off quickly.
Thus, its effect on neighboring orbitals is relatively weak compared to the direct electron-hole
interaction, and the nonlocal screening they provide may be neglected. However, in this limit,
the polarizability of the core and semi-core electrons of the atoms involved in the Frenkel exciton
cannot be neglected, and in general the modeling and calculation of Frenkel excitons is

challenging!®2.

Even when modeling Wannier-Mott excitons in the continuum limit, the dielectric
environment of an exciton provides further complications. Firstly, as suggested by the tensor
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form of the individual molecular

polarizability Yijs the electric
. € m
8 (D\ Ez — polarizability of a material y;; is itself a

rank-2 tensor, such that polarization of
the material is P; = €y x;;E;j. Anisotropy

of x;jcan be expected in anisotropic
Figure 4.1.1 Dielectric screening of Wannier excitons
at boundaries. a Exciton at the boundary of a
semiconductor slab. The electric field lines are largely ~ symmetric crystals without broken time
confined to the highly polarizable semiconductor. b
Exciton confined in a thin semiconductor sheet.

crystal  structures. In  inversion-

reversal symmetry, the off-diagonal
terms x;.; = 0, but uniaxial and biaxial
crystal anisotropy allows the diagonal elements to take on distinct values, resulting in an
ellipsoidal distortion of the electrostatic interaction. The second complication occurs at surfaces
and edges of crystals, where, in addition to finite-size crystal effects, the dielectric boundary can
strongly modify the electron-hole Coulomb interaction. If both the electron and hole reside at
the surface of a semi-infinite dielectric slab against vacuum, the dielectric screening of their
interaction is reduced by half (fig. 4.1.1 a). If they instead reside in a thin dielectric slab (thickness
much smaller than electron-hole separation), the interaction is mostly unscreened (fig. 4.1.1 b).
The loss of screening at boundaries results in a smaller, more tightly bound exciton, and effect

which has been readily demonstrated in quasi-2D semiconductor quantum wells!03:104,

All of the complications listed above come into play when modeling excitons in atomically
thin 2D materials: the size of the exciton is necessarily on the scale of the lattice constant along
at least one direction, the material inherently has uniaxial, if not biaxial anisotropy, and the
exciton necessarily resides at a dielectric interface. Consequently, the form and strength of the
electron-hole Coulomb interaction is difficult to model ab initio. Absent a more sophisticated
theoretical approach, the simplest model for the electrostatic potential [energy] of a hole in
proximity to an electron centered in a thin dielectric sheet with uniaxial (out of plane) anisotropy

is given by

b = g o () 3 ()
Kr_860r0 °\r, N1y /1
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where ry = 2m),p is the 2D screening length, x,p = ds(€, — 1) is the 2D polarizability, d; is the
interlayer separation, € is the bulk dielectric constant in the plane of the sheet, k is the average
dielectric constant of the media surrounding the sheet, and H, and Y, are the Struve and
Neumann functions of the first kind, respectively'>1%, This potential is often referred to as the
Keldysh potential, named for Leonid V. Keldysh. It is valid in the continuum model when the
electron and hole are localized within a 2D plane, such that the distance between them is much
larger than the size of their wavefunction perpendicular to the plane. In the limit of very large r,
the potential converges to — 1/r dependence, and in the limit of very small r, the potential

diverges logarithmically. This behavior can be understood intuitively in the following way:

e When the charges are far apart, the majority of the electric field lines which connect them
pass through the space outside of the confining slab, and very little of the electric field is
confined within the slab. Thus the geometry of the problem begins to approach that of
two charges sitting at the interface between two semi-infinite dielectric slabs, the solution
to which is scale-independent and has —1/r dependence.

e When the charges are very close, the majority of the electric field lines which connect
them are confined within the 2D slab, mirroring the behavior of electrostatics in a strictly

2D space, giving rise to the expected In(r) dependence.

Naturally, almost all real systems fall in between these two limiting cases. In particular, the
excitons in the semiconducting transition metal dichalcogenides (TMDCs) are predicted to have

1073 size comparable to the layer thickness, and in a regime

lateral sizes on the order of 1-2 nm
where it might not be appropriate to treat in the continuum limit nor as a fully localized
excitation. In turn, this calls into question the applicability of the Keldysh potential to these

systems and has made theoretical studies of the excitons they host challenging.

4.2 Probing the structure of excitons by static electromagnetic fields
The theoretical challenges described in section 4.1 motivate the need for experimental

studies to test the validity of proposed models. However, this is made difficult by the limited
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number of experimental tools available to study the structure and electrostatics of excitons. Due
to their small spatial extent and transient existence, there is no way to directly image the size or
map out the electric field of an exciton. There are, however, inferential tools that can be used to
probe excitons and learn about these very fundamental properties. In particular, the coupling of
an exciton to an external electrostatic or magnetic field can produce an energy shift which, in the

case of the Stark shift and the diamagnetic shift, can reveal the size of the exciton’s wavefunction.

When the binding energy of the exciton is large compared to the energy shift due to
polarization by an external field, the field couplings may be treated perturbatively. The 15t and
2" order perturbative Stark shift for the ki orbital of the exciton in the center of mass
representation (where k represents the full set of quantum numbers) is given by

1Pk’><¢k’ |Tj |1/Jk)
Ek - Ek’ ’

1 (Yiclril
Ep stark(F) = —eFi(y|rily) — EezFiFj Z L

k'+k

where F is the external electric field, e is the elementary charge, Y, is the wavefunction of the
k" orbital, E}, is the unperturbed energy of the orbital, and 7; is the position operator!®, This is
equivalent to calculating the difference in the Stark shift of the conduction and valence bands
occupied by the electron and hole respectively, taking into account the sign difference between
the Stark shift of the electron band and the hole band. In this case, k is the set of quantum
numbers composed of the band indices and the crystal momentum, and i, is the associated

Bloch wavefunction.

Generally speaking, the linear Stark effect for excitons vanishes due to mirror and axial
symmetries of the spatial wavefunction, but the quadratic shift is universally non-vanishing. For
s-wave excitons, the linear Stark shift is proportional to the permanent dipole moment. The
guadratic Stark shift is proportional to (rl-z), where 71; is the spatial operator along the direction
of the applied field, and can be thought of as resulting from the coupling of an induced electric
dipole moment to the external field. Thus, the quadratic Stark effect can be used as a probe of
the size of the exciton’s wavefunction along a particular direction. However, there is a
considerable challenge to implementing this effect experimentally when the electric field is

applied along a bulk direction of the crystal, namely that a sufficiently strong electric field to
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produce a measurable Stark shift will also drive charge separation, leading to significant screening
of the electric field. If charges are confined along one or more directions, as is the case for low-
dimensional materials, bulk screening is significantly reduced along the direction of confinement
and the Stark shift can in principle be measured. However, for excitons in TMDCs, the
wavefunction is confined to the metal d orbital which lie within a single atomic layer and has
negligible size in the out-of-plane direction, making the Stark shift unmeasurably small with the
electric fields that are currently achievable using 2D materials. Sufficiently large electric fields to
produce measurable quadratic Stark shifts often exceed material breakdown field limits for solid

state materials, but can be useful in the study of atomic systems%,

It is somewhat coincidental that the linear Stark shift is able to reveal structural
information via the exciton’s electric dipole moment. This is because the emergence of an electric
dipole moment is caused by spatial symmetry breaking and does not arise as a consequence of
intrinsic electrostatic moments of particles. However, this is not the case for linear magnetic field
coupling, thanks to the presence of magnetic moments of spins and quantized orbital angular
momentum that are intrinsic to particles. The linear magnetic field coupling of a closed shell state
is known as the Zeeman effect, and is independent of structural factors, instead depending only
on spin and orbital guantum numbers and the applied magnetic field. The energy shift of a given

state is given by

Ezeeman (B) = ;uBngjB:

where ug is the Bohr magneton, g, is the Landé g-factor inclusive of spin and orbital
contributions, m; is the total magnetic quantum number in the basis corresponding to the
direction of the magnetic field, and B is the applied magnetic field strength!®, The simplest
approach to calculating the g-factor for particles and quasi-particles (such as excitons) in solid
state systems is to calculate the orbital- or band-wise Zeeman shifts and sum over all involved
particles. The spin-valley physics in TMDCs leads to good spin/angular momentum quantum
numbers in the z basis. As discussed in chapter 3, the spin-allowed optical transition produces an
S = 0 exciton, thus the only contributions to the g-factor are from orbital and valley magnetic

moments, producing a g-factor of around -4.
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Figure 4.2.1 Diamagnetism of excitons. a Magnetic moment induced by an external magnetic field in an
exciton. b Evolution of the 15t and 2™ valence band Landau levels in a semiconductor as they cross the
Fermi level. ¢ Allowed inter-Landau level transitions for spins aligned and antialigned to the magnetic
field.

Analogous to the quadratic Stark effect, the quadratic coupling of a state to an external
magnetic field can be thought of as the interaction between the field-induced magnetic moment
and the field itself. Depending on context, this interaction can be paramagnetic or diamagnetic,
the former corresponding to the parallel alignment of magnetic moments to the magnetic field
and the latter corresponding to the antiparallel alignment of magnetic moments. There are
numerous physical mechanisms which result in paramagnetism and diamagnetism which are
situationally applicable. Generally speaking, a material or quantum system may have both
paramagnetic and diamagnetic responses which add together to produce a net response
depending on the size of both contributions. The only universal magnetism in closed shell systems
is Langevin diamagnetism which results from the dynamical screening of magnetic flux by an
electronic orbital, in a quantum analogy to Lenz’s law (fig. 4.2.1 a). The resulting diamagnetic shift

is given by
e? 2\p2
EDia = 8m (TJ_)B )
T

where m, = (m;1 + m; )1 is the reduced mass and r, is the position operator transverse to

the magnetic field'!°. The diamagnetic shift is thus proportional to the cross-sectional area of the
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state perpendicular to the magnetic field. For an s-wave state, the wavefunction envelope is

rotationally symmetric and therefore

(r2)z = (|r.]).

It is important to note that this picture is only valid for closed shell systems and thus is
inapplicable to the single-particle or single-band picture. Free charges in solid state systems
instead experience Landau diamagnetism, in which the energy shift is proportional to the

cyclotron frequency,

1\ e|B]|

ELandau x h (N + E) m*’

where m* is the band-derived effective mass of the charge and N is the quantum number of the
cyclotron orbit and takes integer values!'®. The quantization of this energy shift corresponds to
harmonic orbitals with multiples of the cyclotron frequency, and occupancy of higher energy
levels is made possible by Pauli exclusion. Crucially, this result is exact for a non-interacting Fermi
gas and is fully compatible with single-particle band structure, where the quantization gives rise

to Landau levels, replicas of the N=0 bands spaced by the cyclotron energy.

The consequences of Landau quantization in semiconductors and metals are well studied.
In electronic transport measurements, it results in the Shubnikov-de Haas effect!!*114: as the
Fermi level is tuned through a series of Landau levels by electrostatic doping, or as Landau levels
are tuned through the Fermi level by a changing magnetic field, the density of states at the Fermi
level oscillates, producing oscillations in the longitudinal resistivity (fig. 4.2.1 b). Landau
quantization also gives rise to the integer quantum Hall effect>!*>, which produces quantized
plateaus in the transverse resistivity which eventually saturates at a perfectly quantized value of
e?/h. Notably, the Nobel foundation believes this effect to be important enough to merit the
awarding of two separate Nobel Prizes in physics for discoveries related to the quantum Hall

effect, first for the initial discovery and then again for its rediscovery in graphene.

Since both conduction and valence bands in a semiconductor are subject to Landau

guantization, this raises the intriguing possibility of inter-Landau level optical transitions. Since
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Landau levels correspond to angular momentum eigenstates, it must be that allowed inter-
Landau level transitions conserve angular momentum. Since the hole left behind by an excited
electron in a valence band Landau level will carry opposite angular momentum, it stands to
reason that absorption of a photon must result in the excitation of the electron to a Landau level
whose quantum number N is different from the absolute value of the original by exactly 1, i.e.

from N=0 to N=1, N=-1 to N=2, etc. (fig. 4.2.1 c)*°.

4.3 Apparatus for high-field spectroscopy of 2D materials

The wavefunction envelope of a Wannier exciton in a 2D material can be calculated
through the Schrodinger equation in the effective mass picture with the knowledge of a few key
pieces of information, namely the effective masses of the electron and hole and the functional
form and parameters of the electrostatic potential (or alternatively a numerical approximation).
The latter can be determined from a calculated or measured band structure and the former can
be approximated from first principles (e.g. the Keldysh potential discussed in section 4.1). This
unfortunately leads to a situation wherein one must know ahead of time that the exciton
wavefunction in sufficiently large for the macroscopic interpretation of dielectric polarization to
be applicable in order to calculate the size of the wavefunction to begin with. One can always
make an ansatz about the wavefunction size and proceed with the calculation, or infer binding
energy from optical absorption measurements, in which the binding energy is approximately
equal to the difference in energy between the band edge and exciton resonance. These various
methods of estimation and approximation have led to the approximate determination of the size,
mass, and binding energy of excitons in TMDCs with limited accuracy and precision, all relying on

assumed models with multiple free parameters, each relying on an estimated value!®”117,

As discussed in section 4.2, the quadratic diamagnetic shift of provides a model-free
approach to determining the size of an exciton with just a single free parameter: the reduced
mass. The diamagnetic shift can be measured optically by tracking either the resonant absorption
or photoluminescence emission energy of the exciton!'8120 an approach which has been widely

used in various conventional 3D and quasi-2D semiconductor systems?%122 |n [II-V
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Figure 4.3.1 Destructive apparatus for achieving high magnetic fields. a Implosion magnet prior
to detonation, immersed in an external magnetic field. b Implosion magnet after detonation. The
imploding inductive vessel confines and concentrates the magnetic flux. ¢ Single turn magnet
prior to discharge. d Single turn magnet during discharge after coil is flashed to plasma.

semiconductor quantum wells, the exciton radius is on the order of 10 nm (depending on the
well thickness)??3 and the reduced mass (heavy-hole exciton) is about 0.05 me!?*. For the
diamagnetic shift to be determined accurately, the magnitude of the shift should be comparable
to the linewidth of the exciton resonance. In the case of IlI-V quantum wells, this requires a
magnetic field of around 10 T, which is easily accessible for tabletop experiments using
superconducting solenoid magnets. However, for monolayers of TMDCs, the estimated radius is
on the order of 1.5 nm, the estimated mass is approximately 0.2 me, and best achievable
linewidths in absorption experiments is typically about 2 meV, thus requiring a magnetic field
strength on the order of 100 T to achieve the same fractional diamagnetic shift, which is far from
achievable in the laboratory. There are, however, a few different approaches to produce such

large magnetic fields in specially equipped dedicated research facilities.

The earliest approach, also the approach capable of producing the largest magnetic fields,
is through flux confinement in implosion magnets'?®>. The operating principle of implosion
magnets is uniquely destructive, as the name suggests: The sample and measurement equipment
are placed at the center of a typically spherical or cylindrical metal confinement shell, which is
surrounded by shaped explosive charges. The assembly is placed in a moderately strong magnetic
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field generated by a resistive solenoid magnet, usually on the order of a few Tesla (fig. 4.3.1 a).
The experiment begins when the shaped explosive charges are detonated, causing the metal shell
to implode around the sample. The integrated magnetic flux contained by the shell is
momentarily conserved due to a reactive electric current produced by the Lorentz force on
electronsin the shell (i.e. Lenz’s law). The faster the motion of the shell walls and the less resistive
the shell, the greater the degree of flux confinement will be. As the flux is largely conserved but
the perpendicular cross sectional area of the confined volume decreases, the field strength is
increased proportionally. If mechanical failure of the shell can be avoided (so as to prevent the
“opening” of the circuit of the reaction current), the strength of the confined field will diverge
like 1/72, producing incredibly large magnetic fields, up to thousands of Tesla (fig. 4.3.1 b). The
downsides of such experiments are obvious: they inevitably lead to the complete destruction of
the sample and any measurement equipment which must be within the confined volume. The
success rate for these experiments is low, as asymmetric explosions and premature mechanical
failure of the confinement shell will result in failure to achieve the desired magnetic field or
premature destruction of the sample. Furthermore, the duration of the experiments is typically
only a few microseconds, requiring perfect timing and fast data acquisition, which were

extremely difficult to achieve at the time of the development of this technique.

A somewhat less catastrophically destructive apparatus for generating extreme magnetic
fields is the destructive split ring/single turn magnet'?®12’, The magnetic field is produced by
passing a large electric current, supplied by discharging a large parallel array of capacitors,
through a single split circular ring of copper (fig. 4.3.1 c). The initial Joule heating is sufficient to
vaporize and turn the split ring into a plasma, increasing the conductivity of the current channel
and further increasing the strength of the magnetic field it produces. Meanwhile, the outwardly
directed Lorentz force acts on the current channel, causing the plasma loop to expand and
eventually blow itself apart (fig. 4.3.1 d). The pulsed magnetic field that can be produced in such
magnets is on the order of hundreds of Tesla and persists for tens of microseconds. In the
process, the conductive split ring which generates the magnetic field is destroyed, but the sample
at its center, which is physically shielded from the exploding plasma, typically survives the

experiment, allowing it to be repeated once the split ring is replaced. Like with implosion
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magnets, the short timescale of the experiment demands precise synchronization of the
experiment and the discharge and fast data acquisition, but because the experiment is fairly
repeatable and survivable for the sample, it is a much more attractive approach for measuring

materials in extreme magnetic fields.

However, neither of the approaches discussed above are especially well suited to optical
study of TMDCs. Acquiring high-resolution optical spectrum data is typically done with a
spectrometer equipped with a charge coupled device (CCD) array, which records a 1D or 2D
image of the spectrally dispersed light in the spectrometer. The time required to read the image
from the CCD and prepare it for subsequent exposure is on the order of 1 ms, and minimum
exposure time is often limited to around 1ms as well, resulting in a maximum sampling rate of
around 500 Hz. A longer duration magnetic field pulse is thus required for such optical
experiments. Since the limitation on pulse duration for both of the above methods for generating
high magnetic fields is the destruction of the sample or the source of the magnetic field, it stands
to reason that a non-destructive approach is needed to achieve the pulse durations required for
optical spectroscopy. An obvious way to achieve a non-destructive pulsed magnet is to supply a
solenoid with a pulsed electric current, but there are significant engineering challenges for such

a magnet capable of providing magnetic fields in the 100 T regime.

The first engineering challenge is the design of the solenoid itself (fig. 4.3.2 a). The
magnetic field produced by a vacuum-core solenoid is B = pyIN /L, where I is the current passed
through the solenoid, N is the number of loops in the solenoid, and [ is the length of the solenoid.
It is then tempting to design a solenoid with a very high winding density N/l in order to achieve
a high field with a modest current. However, two problems arise: First, the resistance of the coil
is roughly cubic in the turn density, assuming the turn density is adjusted by reducing the
diameter of the wire while keeping the volume of the solenoid constant, thus requiring
significantly higher voltage to achieve the same current. If the magnet current is sourced by a
discharging capacitor array, capacitors must then be added in series to increase the achievable
discharge voltage. This also means that, all other quantities being equal, the ratio between the
dissipated power and the achievable magnetic field is proportional to (N/1) ~2, resulting in
excessive Joule heating if the winding density is too high. Secondly, the inductance is quadratic
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in the winding density, which slows down the response time of the system. Since the solenoid
and capacitor array together form an RLC circuit, and the capacitors used are typically polar, the
system must be overdamped in order to avoid current oscillation resulting in reverse-biasing the
capacitors. Consequently, the pulse duration for a high-inductance solenoid will be very long, and
the dissipated energy will be linear in the pulse duration. This combination of factors means that
solenoids with high winding density produce excessive Joule heating which raises the
temperature of the coil substantially. Since the resistivity of metals increases with increasing
temperature, this produces positive feedback which can cause a runaway increase in
temperature, resulting in mechanical or electrical failure of the coil. Consequently, the design of

high-field pulsed magnets tend towards lower inductance, higher current coils.

This leads to the next engineering challenge: The Lorentz force on the coil in high field
magnets is necessarily large and grows like I?, which means that at some point, reducing the
winding density to produce a more efficient, higher current magnet will increase the mechanical
stress on the magnet to the point of mechanical failure. The proper design of the coil must take
this into account and balance it against the need to minimize Joule heating, and there exists an
optimal winding density at which the mechanical design can cope with the stress and the Joule

heating is sufficiently low to not overheat the magnet.

The final engineering challenge is the provision of a cryogenic environment. Very often in
condensed matter physics, and as is the case for TMDCs, it is beneficial for experiments to be
carried out at cryogenic temperatures. Thermal broadening of an electronic resonance at room
temperature is on the order of 25 meV, and since the expected diamagnetic shift of the ground
state exciton in TMDCs is only a few meV even at 100 T, it is necessary to cool the sample to liquid
helium temperatures to achieve the required spectral resolution to measure the diamagnetic
shift accurately. The incorporation of the magnet within a cryostat assembly is also beneficial to
the performance of the magnet. If the magnet is cooled by a liquid nitrogen reservoir as part of
the cryostat’s radiation shield assembly, its resistance will be reduced by up to an order of
magnitude compared to room temperature if the coil is made from high-purity copper?®. This
means that, given a fixed design peak current, the coil density and therefore achievable magnetic
field can be increased by approximately a factor of 3 while dissipating the same power. The

46



4 - Diamagnetism of 2D excitons

C
N "
Circular
SMfiber  GRIN . ey
Cladding with Ierts-—",po arLZH\CUbe
L i*sa—p?m T reflector
—
Collection
A\ 4
fiber

Figure 4.3.2 Non-destructive pulsed magnets. a Schematic of solenoid magnet coil. b Cross-
sectional schematic of TMDC sample on a single mode optical fiber. Arrow indicates direction of
light propagation. ¢ Component layout of optical probe for measuring circularly-polarized
transmission spectrum of fiber sample. Arrow indicates direction of light propagation.

discharge of the magnet will necessarily heat the magnet, which will then need to be recooled by

the nitrogen reservoir.

Magnets of this type can be found in a number of research facilities around the globe,
most notably in Los Alamos National Laboratory’s National High Magnetic Field Laboratory —
Pulsed Field Facility (LANL NHMFL-PFF) where the first magnets of this type were developed.
There are a number of these magnets available at LANL NHMFL-PFF, each equipped with a liquid-
nitrogen-jacketed helium bath cryostat to enable measurement of samples around 4.0 K (and
optionally a 3He insert to achieve 400 mK) with the following field configurations: 100T for 15 ms
, 65T for 16 ms, or 60 T for 100 ms. The listed pulse durations are calculated as the full-width
half-max of the field pulse waveform. For the magnet offering 60 T for 100 ms, a flat-top profile

is achieved for the full 100 ms following a gradual buildup in field strength.

The work described in the following sections was carried out using the 65 T magnet at
LANL NHMFL-PFF equipped with a 4.0 K helium bath cryostat. The magnet is energized through
the discharge of a 19 MJ capacitor bank. The lower limit for the bath temperature is determined
by the boiling point of liquid helium at the reduced atmospheric pressure at LANL due to its
elevation. The diameter of the cold bore of the cryostat is only 15 mm (reducing the magnet

diameter reduces Joule heating), making optical access by free-space optical coupling
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challenging. But by far, the larger challenge to free-space optical coupling is the intense vibration
created by the discharge of the magnet which results from the self-force of the coil and the
inductive force of the magnet on the conductive material around it (including the cryostat
components). The design of measurement probes must be robust to vibration and optical access

must be achieved by optical fibers.

As mentioned previously in this section, the diamagnetic shift of an exciton can be
measured by tracking either the absorption resonance or the photoluminescence energy of the
exciton as a function of applied magnetic field. The low quantum efficiency of monolayer TMDCs,
especially for WSe; and WS; which have spin-dark ground states due to their inverted spin-split
valence band ordering, results in a relatively weak photoluminescence signal requiring exposure
times on the order of a few seconds for CCD-based spectrometers. It is therefore infeasible to
use photoluminescence spectroscopy to track the exciton’s energy during a magnetic field pulse
with a duration of a few tens of ms. On the other hand, absorption spectroscopy, whether
realized through transmission or reflection geometry, yields a signal strength independent of the
illumination intensity and a signal to noise ratio determined by the noise level of the
measurement instrument. In other words, in photoluminescence, there is an upper limit to the
number of photons which can be collected by the spectrometer in a given time, which is limited
by the sample itself, setting a relatively low limit on the signal to noise ratio for short exposure
times. On the other hand, the signal to noise ratio for absorption measurements is limited only
by the intensity of the light source and the collection efficiency, independent of the exposure
time. It is therefore easier by far to probe the diamagnetic shift of the exciton using absorption

spectroscopy.

A key challenge specific to carrying out this type of measurements with 2D materials is
the small size of mechanically exfoliated flakes, typically on the order of 100 um?, which requires
the use of microscopy for optical measurements. In turn, this means that the sample must be
spatially aligned to a focused light beam, usually in situ to compensate for drift that might occur
due to thermal expansion as the sample is cooled down from room temperature to cryogenic
temperatures. The small size of the experimental bore in the high field magnet makes this
approach infeasible. Earlier work of this nature was carried out using thin epitaxial films of
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TMDCs!8, a few mm in lateral size, which eliminated the need for careful alighment, but the
optical quality of such films is low due to inhomogeneous broadening arising from strain,
chemical inhomogeneity, structural and chemical defects, and the presence of overlapping
multilayers and amorphous seed sites?°713!, The highest optical quality samples of monolayer
TMDCs are mechanically exfoliated and encapsulated by hexagonal boron nitride (hBN) which
serves as an atomically flat dielectric substrate. Such samples can exhibit linewidths more than

an order of magnitude smaller than epitaxial films32133,

To capitalize on the benefits of using exfoliated flakes and overcome the challenges of
acquiring and maintaining focus on a microscopic sample, we designed a new sample probe in
which the sample itself was affixed to the core of a single-mode optical fiber (fig. 4.3.2 b). The
method for sample preparation is described in section 2.3. The probe itself consisted of the single
mode fiber with attached sample, through which white light is transmitted, a graded index lens
to collimate the transmitted light, a circular polarizer with fixed helicity, a retroreflecting corner
cube to redirect the transmitted light, and a large-diameter (0.5 mm) multi-mode optical fiber to
couple the redirected transmitted light back out of the sample probe. These elements were held
in place by a plastic bracket assembly and affixed to the end of a long fiberglass rod. A magnetic
field sensor and temperature diode were affixed to the end of the probe to read off the sample
conditions during the experiment. The probe stick was loaded into a vacuum tube, evacuated,
and filled with rarefied helium to serve as exchange gas and provide cooling to the sample (fig.
4.3.2 c). The vacuum tube was lowered into the helium bath cryostat in the magnet bore. The
optical fibers were then connected to long relay fibers running into the nearby optics lab. A laser-
driven plasma light source was used to generate a white light continuum which, after having UV
components removed by a spectral filter, was coupled into the single mode fiber via the attached
single-mode relay fiber. The light returning via the multimode fiber and its attached relay fiber

was coupled into a Czerny-Turner spectrometer with a liquid-nitrogen cooled CCD array.

49



4 - Diamagnetism of 2D excitons

Energetiq LDLS Spectrometer 2.3 ms

\ 4

-
L= ]|2s ry
£ - < E
2D |Z2® Trigger .
DAQ e Discharge
controller
A
T=
| Capacitor bank
Hall
sensor

Iin I
Iout T

Figure 4.3.3 Experimental block diagram for measuring the white light transmission spectrum
spectrum of a 2D semiconductor in a cryo-magnetic probe.

The experiment begins with the charging of the capacitor bank. Once the capacitor bank
is charged, the user presses a button which sends a trigger signal to the magnet controller to
initiate the “shot,” the synchronized discharge of capacitor bank through the magnet and
collection of data. The same trigger signal is routed in parallel to a pair of delay timers, which
after a programmable delay, trigger data collection by the spectrometer CCD and by a data
acquisition board connected to the magnetic field sensor attached to the sample stick. The delays
of the various trigger signals are synchronized so that the instantaneous magnetic field reading
can be precisely correlated to the frames recorded by the spectrometer, which collects data
continuously during the shot (fig. 4.3.3). A short CCD exposure time is used (about half of the
readoff time/sampling period) in order to measure a semi-instantaneous spectrum rather than a
spectrum averaged over the entire sampling period, during which the magnetic field and the
spectrum may change significantly. This measurement scheme allows for acquisition of a series
of spectra as the magnetic field increases towards its maximum and then recedes, producing a
field dependent data set. However, because the field changes rapidly in time around the field
maximum (up to 15 T/ms), data points in proximity to the highest fields are sparse. However, the
ability to adjust the trigger delay and the excellent repeatability of the field pulse enable

multisampling: the field pulse can be repeated with different trigger delays in order to acquire

50



4 - Diamagnetism of 2D excitons

data at field values in between previously recorded data points. Unfortunately, due to long time
(up to an hour) needed for the magnet to cool down between shots, it is impractical to

multisample with more than one or two interstitial delays.

4.4 Experimental measurement of the diamagnetic shift of 2D excitons

The individual spectra collected throughout the shot represent the net spectral
distribution of the transmitted light at a given magnetic field value, which is the multiplicative
product of the spectrum of the light source, the combined transmittance spectra of all of the
optical components, the efficiency of the spectrometer and CCD, and the transmission spectrum
of the sample itself. These convolving factors are typically removed in an experiment by dividing
the data by the sample-free background spectrum, collected with identical experimental
parameters, just absent the sample itself. This is unfortunately not possible in our experiment as
the sample can’t be removed from the single mode fiber without destroying it, and because of
variations in the transmission spectra between single mode fibers, it isn’t possible to simply swap
out the sample fiber for a blank fiber to acquire a background spectrum. As an alternative, the
background spectrum can be reconstructed inferentially based on three requirements: First, that
the background spectrum is mostly independent of magnetic field (it can experience spectrally
uniform intensity fluctuations); second, that the spectral feature(s) from the sample are localized
to a wavelength region 4; < 1 < A, at zero magnetic field; third, that at a sufficiently high
magnetic field, the spectral feature(s) from the sample fully shift outside of the region between
A1 and A,. If these conditions are satisfied, at magnetic fields in which the third criterion is
satisfied, the wavelength region between 1, and A, can be sampled free from the influence of
the sample and used to replace that spectral region at zero magnetic field, effectively patching
over the exciton resonance at zero field to produce a background spectrum. Given the expected
diamagnetic shift of 1-2 meV at maximum field and a best-case-scenario absorption resonance
width of 4 meV, it would seem that the third condition would not be met; the absorption peak
would still overlap its zero-field position at the highest magnetic field. Fortunately, the valley
Zeeman effect produces a shift (for a single valley) of around 7.5 meV at 65 T, shifting the

absorption peak well away from its zero-field position. The transmission data presented from
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Figure 4.4.1 High field optical spectroscopy of a 2D semiconductor. a Color map of A exciton
resonance from either valley shifting in a magnetic field. b Difference in energy between valleys vs.
magnetic field for the A and B excitons, shifting as a result of the valley Zeeman effect. ¢ Average
energy of the A and B excitons vs. magnetic field.

here on are normalized T /T, spectra, with T,, constructed as described above when possible, or
by interpolating across the exciton resonance using a cubic spline fit when the resonance width

is too large for reconstruction.

To decouple the Zeeman effect and the diamagnetic shift, it is helpful to have data
constituting a time-reversal pair. Zeeman splitting, in the absence of other time-reversal
symmetry breaking, can be defined as either Azeeman(B) = E1(B) — Er(—B) or Azeeman(B) =
E;(B) — E|(B), where the arrows denote the orientation of magnetic moments for the time-
reversal pair. In the context of TMDCs and the valley Zeeman effect, it is more suggestive to write
itas Azeeman(B) = EL(B) — E.(—B) or Azeeman(B) = EL(B) — E_(B), where E, (E_) indicate
the energy associated with the transition in the +K (-K) valley. For this experiment, it is much
more convenient to measure the energy of a single valley at positive and negative magnetic fields
than it is to measure opposite valleys at the same magnetic field, simply because the polarization
optic is fixed to the cryogenic probe and would require a lengthy thermal cycle to change.
Therefore, each data set presented consists as two separate shots with positive and negative
field (note: the direction of the field is reversed by switching the direction of current flow rather
than charging the capacitor array with opposite polarity, since the capacitors used are polar). The
data set collected during a shot is most clearly represented as a 2D colormap, where the color of
each pixel represents the signal strength and the horizontal and vertical axes represent the
recorded energy and magnetic field values respectively (fig. 4.4.1 a).
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Data analysis is carried out by first interleaving multisampled shots and then
concatenating positive and negative field shots together. The data set is then normalized to the
reconstructed Ty spectrum. For presentation purposes, color maps are interpolated along the B
axis using nearest-neighbor interpolation due to the inconsistent field spacing of the raw data.
For quantitative analysis, no B interpolation is used. The data are then fit using either a Gaussian
function or a numeric Voigt function, implemented with normal regression techniques. A table
of the field-dependent exciton resonance energy E(B) is then generated. Because of the
excellent repeatability of the magnetic field waveform and the use of precision timing
equipment, the discrepancies in the recorded field points between the positive and negative field
shots are small (< 0.5 T for shots near the maximum field rate of change, average of < 0.1 T across
all recorded data), generally being less than half the size of the field change during the spectral
integration period. It is then possible to separate out the functionally odd and functionally even
components of the field dependence by calculating A(B) = E(B) — E(—B) and E(B) =
[E(B) + E(—B)]/2, which should correspond to the Zeeman splitting (fig. 4.4.1 b) and the
diamagnetic shift (fig. 4.4.1 c), respectively. The Zeeman splitting is well fit by a linear model with
the energy intercept fixed to A(0 T) = 0 meV. The even component of the energy shift E(B) is
well approximated by a quadratic fit, whose parabolic coefficient can be directly related to the

perpendicular size of the exciton, assuming the mass is known:

2

8m,

E(B) = aB? = (r2)B2.

4.5 Nonlocal screening of 2D excitons

The screened Keldysh potential, introduced in section 4.1, reflects the electrostatic
potential of a charge embedded in a 2D dielectric slab with screening length ry = 2my,p,
surrounded by uniform dielectrics on either side with average relative dielectric constant k.
Therefor the binding energy and the radius of a 2D exciton will depend on these two material
parameters. Although not explicitly stated above, dielectric constants are dependent on

frequency/photon energy, and the relevant energy scale for the calculation of excitons is that of
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Figure 4.5.1 Effect of dielectric screening on 2D
excitons. a Schematic of samples in different
dielectric environments. b Diamagnetic shifts of
the samples depicted in panel (a). ¢ Exciton
radius and d binding energy for each sample
calculated from their diamagnetic shift at select
reduced masses.

the binding energy of the exciton. First
principles calculations indicate that the
excitons in TMDCs should have a binding
energy of a few hundred meV (depending on
degree of screening)!'’, and so dielectric

constants in this region of the IR are used.

To investigate the influence of a 2D exciton’s
dielectric environment on its size and binding
energy, several samples with different
dielectric environments were measured. The
first sample was a monolayer of WSe; with a
layer of hBN on one side and the fused silica
optical fiber on the other, having an average
dielectric constant Kk = 3.3013%135,  The
second sample was a monolayer of WSe; with
a film of polycarbonate on one side and the
fused silica optical fiber on the other, with
Kk = 2.253% The third sample was a thin film

of epitaxially grown (through chemical vapor

deposition) WSe; on a thermal silica substrate with vacuum on the other side, with k = 1.5534,

Notably, the third sample was measured in a slightly different way as it was used as-grown on an

opaque substrate (fig. 4.5.1 a). A separate sample probe which uses reflection geometry was

used, following the work of McCreary et al*'8. Analysis of the transmission or reflection spectra

from the three samples yields consistent g-factors of around —4.05 + 0.1, in agreement with

values previously reported in the literature, and diamagnetic shift coefficients o,gy = 0.32 +

.02 meV/T?, g,01, = 0.25+.02 meV/T?, and 0,4 = 0.18 +.02 meV/T?, respectively (fig.

4.5.1 b). To convert the diamagnetic shift coefficients into calculated exciton radii, the reduced

mass of the state must be known. The hole effective mass (derived from the valence band) has

been determined experimentally through angle-resolved photoemission spectroscopy (ARPES)*3’
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and both the electron and hole masses have been determined theoretically from tight binding®32.

Density functional theory has been employed to calculate the reduced mass more directly!?’.
Based on these previous works, a value of m, = 0.18 m, is assumed in this section unless
otherwise specified. Using this value for the reduced mass yields exciton radii of 1,5y = 1.62 nm,

Tpoly = 1.43 nm, and 7,5, = 1.21 nm, respectively.

More sophisticated analysis can be performed by numerical evaluation of the Schrodinger
equation using the screened Keldysh potential. The free parameters in the Hamiltonian are the
reduced mass m,., the 2D polarizability y,p, and the average surrounding dielectric constant k.
Using a theoretically predicted value for y,p'!” and leaving k and m,. as free parameters, the
exciton size (fig. 4.5.1 c) and binding energy —(V/) (fig. 4.5.1 d) can be calculated (dashed lines)
and compared to values calculated from the experimentally determined diamagnetic shift
(symbols). To determine the binding energy from the diamagnetic shift, the radius for a given
mass is calculated, and the solution to the Schrodinger equation which yields the calculated
radius is used to then calculate —(V'). Using the nominal reduced mass of 0.18 me, the resulting
binding energies vary from about 240 meV up to 490 meV, depending on dielectric environment.
This range of energies justifies the prior ansatz about the use of IR dielectric constants.
Interestingly, the optical transition energy is essentially independent of the binding energy, a fact
which has been attributed in other studies to bandgap renormalization due to dielectric

screening.

Crucially, the radii determined from the measured diamagnetic shift depend only on the
assumed mass and are model independent, while the calculated solutions depend on key
assumptions about the form of the electrostatic potential and the applicability of a macroscopic
model of dielectric susceptibility (and thus the use of macroscopic polarizability values). It is clear
from this comparison that the calculated solutions somewhat underestimate the degree to which
dielectric screening effects impact the exciton wavefunction and binding energy, as shown in
figures 4.5.1 c-d, pointing towards deficiencies in the theoretical model widely used to calculate

the properties of excitons in 2D materials, regardless of the value of assumed mass.
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4.6 Testing the Keldysh potential: the non-hydrogenic Rydberg series of 2D excitons

As introduced in section 4.1, the functional form of the electrostatic potential which binds
an electron and hole to form an exciton in a 2D semiconductor is substantially different from the
hydrogenic potential which is responsible for the structure of atoms or excitons in 3D
semiconductors. One consequence of this non-hydrogenic potential is seen in section 4.5, where
the fundamental properties of the exciton, such as wavefunction size and binding energy, are
shown to depend strongly on the surrounding dielectric environment. The other fundamental
property of closed shell systems which might be expected to change with the modification of the
functional form of the binding potential is the spectrum of excited states, analogous to the
Rydberg series in atomic hydrogen. The simplest example of this is the comparison of the 3D
hydrogenic model to the 2D hydrogenic potential. In the case of the former, the S-wave energy
levels have eigenvalues

Ry

b=

where Ry is the Rydberg energy, approximately 13.6 eV, and n is the principal quantum number.
This solution is highly degenerate and incomplete, but the consideration of relativistic corrections
and spin interactions leads to the notions of fine and hyperfine structure, which lift the
degeneracy and give rise to the well-known ordering of s, p, d, and f energy levels, corresponding
to different values of the azimuthal quantum number [. These levels are further split according
to their magnetic quantum numbers m. Nevertheless, a key result of the hydrogen atom model
is the ordering of energy levels primarily by the principle quantum number—that is to say, when
comparing two eigenkets |[nlm) and |n'l'm’), with n # n’, the ket with larger principal quantum
number will have the larger energy eigenvalue of the two. By comparison, the logarithmic
potential produces anomalous ordering of the energy levels E,; according to their principal
quantum number®3914°_ For example, in arbitrary units of energy, E, o = 2.83 < E3, = 2.88,and

Eso = 3.02 < E,, = 3.06.

Given the similarities between the logarithmic potential and the Keldysh potential, we
might expect similar behavior for 2D excitons. Anomalous ordering of energy levels has indeed
been predicted in TMDCs, but direct optical evidence is difficult to obtain because transitions to
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Figure 4.6.1 Spectroscopic evidence for excited states of excitons in TMDCs. a Excited s and p states
appear in the second-harmonic generation spectrum (top panel), 2-photon photoluminescence
excitation spectrum (middle panel), and photoluminescence excitation spectrum (bottom panel)
of WSe;. b Excited s states of the ground state exciton in WS; evident in reflectance contrast
spectroscopy. C Excited s states of the ground state exciton in WSe; evident in reflectance contrast
(top panel), photoluminescence (middle panel), and upconversion photoluminescence (bottom
panel).

states with [ # 0 are parity forbidden or require angular momentum greater than what can be
imparted by a single photon, thus requiring brightening from symmetry breaking, coupling to
vibrational modes, or multiphoton processes with weak cross sections. It would nevertheless be
beneficial to the theoretical understanding of the structure and spectrum of 2D excitons to study
the optically bright [ = 0 excited states. There have been numerous reports of a series of high-
energy optical resonances in proximity to the ground state exciton Xg'ls in TMDCs, observed
through a variety of linear and nonlinear optical spectroscopies (fig. 4.6.1 a-c)*%4%142 These
resonances have been frequently assigned to excited states X/?,ns, where ns refers to the [ = 0
energy level with principal quantum number n. This assignment has been largely based on
comparing the energy spacings of the optical resonances with values predicted theoretically for
the X3 s states. However, some of these resonances have also been assigned to exciton-phonon
complexes of Xg,ls and phonons from the TMD layer and hBN encapsulating layers!*3. This
assignment was based on photoluminescence excitation spectroscopy measurements and cast
some doubt on the origin of these high-energy resonances in the absence of concrete evidence

either way.
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In the interest of clarifying previous results on excited states of excitons in TMDCs, the
tools developed in section 4.5 offer a promising route forward. One hallmark of Rydberg states
is increasing wavefunction size with increasing principal guantum number. Given the ability to
measure exciton size in a model-free fashion, the diamagnetic shift of these resonances have the
potential to reveal the nature of the high-energy resonances observed in TMDCs with tangible
certainty, and in the process, enhance our theoretical understanding of the Coulomb interaction
in 2D semiconductors. But there are significant challenges to measuring the high-energy
resonances in the experimental context of a high-field study, chief among them the significantly
reduced oscillator strength of the high energy states and tight requirements on sample quality
needed to observe them. They are most prominent in samples consisting of a TMDC monolayer
sandwiched between two relatively thick (> 5 nm) layers of hBN, the general consensus being
that using hBN as an atomically flat substrate reduces the disorder potential which is typical of
rougher substrates'#>44 |t is also necessary for the sample to be nearly charge neutral,
otherwise trion formation is favored over the formation of neutral excitons and other neutral
states. Charge doping can be introduced by chemical impurity, charge traps in the substrate, or
electromechanically during fabrication. The presence of free or trapped charges can also change
electrostatic screening (and therefore the exciton’s radius and binding energy) by modulating the

local polarizability4.

To meet these requirements, electrostatically gated samples of monolayer WSe;,
sandwiched between two thick layers of hBN, were prepared on the tip of an optical fiber. The
method for preparing these samples was similar to the previously described method (section 2.3)
but with a few additional steps. The fibers are first prepared with a pair of metal gate electrodes
by masking the fibers by hand using polyimide tape (fig. 4.6.2 a). The key feature of the gate pair
is a narrow gap, approximately 50-100 um wide, centered on the fiber core. It is in this gap that
the sample will eventually be placed. The masked fiber is then placed in an electron-beam metal
evaporator angled at 45°, so that one of the electrodes on both the fiber end face and cylindrical
face are pointed towards the evaporation source (fig. 4.6.2 b). The fiber is then coated with 5 nm
of chromium to serve as an adhesion layer, followed by 50nm of gold [note that since the fiber is

angled 45° with respect to the path between the evaporation source and the fiber, the calibrated
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thickness during the evaporation was scaled by a factor of v/2.] The fiber was then rotated 180
degrees about its axis and the process was repeated in order to coat electrode which originally
faced away from the evaporation source. Following evaporation, the polyimide tape was
removed and the fibers cleaned with solvent, taking care not to allow the polymer fiber jacket to
come in contact with the solvent so as to avoid degradation by the solvent. The van der Waals
dry transfer technique described in (section 2.3) was used to assemble capacitively gated
structures as depicted in figure 4.6.2 ¢, and deposited on the tip of the prepared optical fiber (fig.
4.6.2 d). The samples were then loaded in a modified version of the experimental probe
described in section 4.5, equipped with a pair of conductors for gating the sample. The

conductors were adhered to the gold electrodes on the fiber tip using silver paste.

Prior to beginning magnetic field dependent data, the transmission spectrum of each
sample was measured as a function of applied gate voltage (fig. 4.6.2 f). The gate voltage was
applied to the electrode attached to the graphite sheet parallel to the TMDC layer, while the
electrode attached to the TMDC was grounded through a current preamplifier to detect any signs
of dielectric breakdown or gate leakage. The gate-dependent spectra divide predominantly into
3 regimes, corresponding to the Fermi level residing within the valence band, within the gap, and
within the conduction band. The spectra in the range of gate voltages over which the Fermi level
is within the gap is dominated by absorption by the neutral Xg'ls, while the spectra in the range
of gate voltages in which the Fermi level is in the valence or conduction bands are dominated by
absorption by the positive and negative trions X* and X, respectively. The gate voltage
corresponding to charge neutrality was assumed to be half way between the upper and lower
thresholds of the voltage range over which the neutral exciton persists. The gates were then held
at this voltage throughout the experiment. Magnetic field dependent data were collected and

analyzed according to the methods described in section 4.5.

An example of a multisampled shot is shown in figure 4.6.3 a, in which a number of
absorption resonances are observed to shift with the applied magnetic field. Based on the
analysis that follows, we tentatively assign them to the 1s, 2s, 3s, and 4s energy levels of the

neutral A exciton, in order of lowest energy to highest. The observed resonances were fit with
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Figure 4.6.2 Fabrication of an electrostatically gated semiconductor sample on an optical fiber. a The
single-mode optical fiber is first masked using narrow strips of polyimide tape. b The masked fiber is
placed in an electron beam evaporator at a 45 degree angle so that the gold coats one side of the
fiber along with the end face, before repeating the process after flipping the fiber. ¢ Cross section of
gated semiconductor heterostructure on an optical fiber. d Optical micrograph of sample after
transfer. Although the gold pads are irregular and jagged, the sample area is uniformly clean. e
Depiction of white light being transmitted through gated fiber sample. f Gate-dependent differential
transmission spectrum of WSe;.

Gaussian profiles and their field-dependent energies were recorded. The odd components of
their energy shifts, corresponding to the Zeeman shift, are plotted in the figure 4.6.3 b and fit
with a linear function to determine the g-factor. The g-factors of all four states are in close
agreement with the previously determined g-factor of around -4, indicating that all four states
have the same spin/valley configuration and have no additional magnetic moments from
electron-hole spin-orbit coupling. Photon absorption by a p-wave exciton resonance is possible
only if the photon carries orbital angular momentum, but since the light coupled through the
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Figure 4.6.3 High field behavior of excited states.
a Transmission spectrum colormap showing the
evolution of the WSez A1s-Ass exciton resonances
from either valley up to 65 T. b The homogeneous
zeeman splitting of the A, excitons. ¢ Valley-
averaged energy shifts of the A,s excitons. Blue
lines show numerically calculated diamagnetic
shifts, red dashed lines show low-field quadratic
fits. The band gap is shown in green.

fiber is necessarily in the fundamental
TEMo,0 mode, this possibility is precluded. It
is also notable that such transitions are also
dipole forbidden as they have net odd
symmetry, thought they could be weakly
brightened by electron-phonon coupling#.
At an experiment temperature of 4 K, such
absorption would be incredibly weak even
for photons carrying the correct orbital
angular momentum. This suggests that, if
the observed resonances are indeed
Rydberg-like excitations of the ground state
exciton, they must be the optically allowed

s-wave states.

Our tentative  assignment s
confirmed by the low-field diamagnetic
shifts, calculated by fitting the even
component of the resonance energy shifts
with quadratic functions up to a certain field.
At high magnetic fields, both the 3s and the
4s state show significant deviation from the

guadratic fit. The 4s state, excluded from this

analysis entirely, is not resolvable at low field, but the 3s state is resolvable and its diamagnetic

shift is well described up to around 30 T by the quadratic fit. The radii of the 1s, 2s, and 3s

excitons, according to their quadratic diamagnetic shifts, are 1.7 + 0.1 nm, 6.6 + 0.2 nm, and

14.3 £+ 1.5 nm respectively, assuming an exciton reduced mass of m,, = 0.20 m,. To compare

these results with theoretical expectations, ground state and excited state wavefunctions (fig.

4.6.4 a) were calculated using the Keldysh potential and the 2D hydrogenic potential, the results

of which are tabulated in figure 4.6.4 b. Required material parameters for the calculations are
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117 and the average dielectric

the 2D screening length 1y = 4.5 nm of the WSe, monolayer
constant of the encapsulating hBN layers'®>, k = 4.5. The values of these constants used in the
numerical calculations described here are taken from literature and are consistent with the
values used in section 4.5. The calculated energies of the states, as shown in figure 4.6.4 c, vary
as a function of k, and match well with the observed energies only at k = 4.5, confirming the
accuracy of the assumed material properties and the validity of the Keldysh potential. This is
supported further by comparing the measured exciton size to the sizes predicted by the Keldysh
and 2D hydrogenic potentials. The 2D hydrogenic potential substantially overestimates exciton

size, a clear result of overestimating the screening as compared to the Keldysh model in the case

of large electron-hole separation and a relatively weak surrounding dielectric environment.

The transition of the diamagnetic shift of the 3s and 4s states from quadratic in B to linear
in B at high fields, along with the trend of increasing oscillator strength of the excited states with
increasing magnetic field, are well explained as consequences of Landau diamagnetism. As
discussed in section 4.2, there are two diamagnetic effects which are universal to gapped
electronic systems: Quadratic closed-shell diamagnetism, which is quadratic in B, and Landau
diamagnetism, which is linear in B. The derivation of the former is a straightforward result of 2"
order perturbation theory for an electron-hole system with a generic attractive central potential,
while Landau diamagnetism is exact in the case of a free Fermi gas. But the inclusion of both of
these effects along with the electrostatic potential means that they must both be treated
perturbatively. Since it only applies to bound states, it must be the case that the quadratic
diamagnetic effect leaves the single-particle gap unchanged and thus must act only on the
guasiparticle gap, in effect borrowing some of the binding energy for the oscillator energy. Thus,
as the magnetic field strength increases, the electron and hole become less tightly bound until,

at some point, they are effectively unbound. This occurs when the diamagnetic shift is equal to

the zero-field binding energy, or equivalently when the magnetic length [ = \/m is equal to
the exciton radius. Once the electron and hole are unbound, closed-shell diamagnetism is no
longer valid. In reality, the Coulomb interaction acts over arbitrarily large distances, so the
disappearance of Landau diamagnetism and the crossover from the bound state to the unbound

state must happen asymptotically. As this occurs, the Landau quantization of the single-particle
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Figure 4.6.4 Comparison of measured and calculated exciton properties. a The calculated
wavefunctions of the A,s states superimposed over the confining Keldysh potential at B=0. b
Table comparing the exciton radii of their calculated wavefunctions to the experimentally
determined values. c The influence of dielectric screening on exciton binding energy is compared
to the actual binding energies determined from measured exciton energies. Only at the correct
average dielectric constant is the correct 1s-2s splitting possible.

gap begins to dominate the spectrum of the exciton. We can also think of the onset of Landau
diamagnetism in the high-field limit as resulting from the intrusion of cyclotron orbits into the
orbitals of the bound state. Since [ gives the radius of the 1t cyclotron orbit, as B increases, the
cyclotron orbits shrink. Once the cyclotron orbit is of the same size as the exciton radius, the
cyclotron orbits become a useful description of the bound state orbitals, i.e. (¢, |,,) becomes
large, where |¢,,) is the n™ cyclotron wavefunction and [y,,) is the bound state orbital with
principal quantum number n. It then stands to reason that this should occur when the cyclotron

energy of the nt" cyclotron orbital is equal to the binding energy of the ns exciton!?®.

Of course, the exact solution to the Hamiltonian with Coulomb and magnetic field
interactions would produce something that might as well be called the excitonic diamagnetic
shift, which produces limiting behavior at low and high field which mirrors the two more famous
effects, but crucially carries a single good orbital quantization number across all magnetic fields,
including the intermediate field regime where neither limit applies. In other words, this quantum
number should be conserved across the transition from Langevin-like behavior to Landau-like

behavior. In turn, as we seek to describe our observations of quantized energy levels transitioning
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between these two regimes, we can describe any given energy level n as having the properties
of the ns closed orbital at low field and the properties of the N Landau level (where N = n —
1) at high magnetic field. This understanding is necessary in order to determine the critical field
at which the crossover between low and high magnetic field regimes occurs, as we must be able
to compare the energy of the N* cyclotron level to the binding energy of the ns exciton. Based
on the calculations summarized in figure 4.6.4 c and experimentally determined electron and
hole reduced masses, we can deduce the binding energy of the 1s-4s states and calculate their
critical fields to be 580 T, 41 T, 11 T, and 3.5 T, respectively. Since this critical field reflects the
crossover point rather than the transition into one regime or the other, it is most aptly described
as representing the intermediate field regime in which neither limiting behavior is applicable.
Rather, Langevin diamagnetism applies when the magnetic field is much smaller than the
crossover field, and Landau diamagnetism applies when the magnetic field is much larger than
the crossover field. This suggests that, even for the 3s and 4s states, whose diamagnetic shifts
appear to be nearly linear, the highest achievable field is still in the intermediate field regime. If
one were able to measure the diamagnetic shift in the high field regime, the exciton’s reduced
mass could be calculated very precisely based on the cyclotron energy (which is inversely
proportional to the reduced mass). But since for the observed states the high field regime is not

reached, this simple calculation is not possible.

However, it is possible to use the information from the 3s and 4s states to put bounds on

the reduced mass. Given the net diamagnetic shift of the exciton

A(N +1)eB
AN(B)z(m—Z)'

T

the derivative of which is

dAy  h(N +3)e
dB  m,

and knowing that the slope of the measured diamagnetic shift should increase monotonically and
asymptotically towards this value, we can deduce a lower bound on the ultimate slope.

Therefore, based on the slope of the diamagnetic shift at the highest magnetic fields for the 4s
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state, we can calculate an upper bound on the reduced mass of m,, < 0.21 m,. At the same time,
the ratio of the splitting between the N and (N-1)" energy levels 6y to the cyclotron energy
should monotonically and asymptotically approach unity from above. We can thus use their
splitting at the highest magnetic field to place a lower bound on the reduced mass of m, <
0.19 m,. Because the upper bound is determined solely by the diamagnetic shift of the 4s state
which is close to the high-field regime, while the lower bound relies partly on the diamagnetic
shift of the 3s state, we can expect the upper bound to be a tighter and more accurate constraint
than the lower bound. This result represents the first time that the reduced mass of the exciton

in a 2D semiconductor has been directly constrained experimentally.

Another elegant result from this data arises from the consistency of the measured g-
factor for the 1s-4s states (fig. 4.6.3 b), along with the discovery of very large, spatially diffuse
wavefunctions for the excited states. In particular, it gives us insight into the distribution of
orbital and valley magnetic moments (see section 3.3) throughout the Brillouin zone. Since the
overall g-factor involves the contributions of all Bloch waves contained within the wave packet
and both orbital and Berry curvature derived magnetic moments can be expected to change
across the Brillouin zone, it might also be expected that the g-factor could deviate from the K
point value due to the wave packet’s finite size. This is especially true of the 1s exciton which
has a radius of around 1.7 nm, roughly 2.5 times the size of the lattice constant, and therefore
the 1s exciton’s wavefunction fills a substantial portion of the Brillouin zone and potentially
samples a varied distribution of magnetic moments. On the other hand, the 4s exciton, whose
radius is approximately 23 nm from calculations, samples only a minute section of the Brillouin
zone in the vicinity of K. Given the constant g-factor across excitons spanning over an order of
magnitude in size, we conclude that the distribution of magnetic moments in the Brillouin zone
is fairly homogeneous around K, at least when an azimuthal averaged (i.e. averaging along the

band edge at a constant momentum difference g away from the band edge minimum).
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5 - Engineering interlayer interactions in semiconducting

heterobilayers

In this chapter, we discuss the properties of heterobilayers semiconducting transition
metal dichalcogenides (TMDCs), composed of two monolayers of different TMDCs placed into
contact with each other. Their staggered band alignment allows for the formation of interlayer
excitons. We discuss seminal studies of these interlayer excitons, and present a new method for
controlling their behavior and enhancing their beneficial properties by separating the TMDC

layers with a thin tunneling barrier.

5.1 Heterobilayers of transition metal dichalcogenides: a coupled quantum well analogue

In chapters 3 and 4, we introduced the semiconducting transition metal dichalcogenides
(TMDCs), whose unique locked spin-valley physics and direct band gap make them an attractive
platform for studying spintronics and excitonic physics in the ultimate limit of 1D quantum
confinement in monolayer form. It was often helpful in these chapters to draw comparisons to
foundational works in quasi-2D semiconductor systems such as GaAs (and other IlI-V) quantum
wells (QWs), after which many studies of TMDCs have been modeled, such as the measurement
of the diamagnetic shift of excitons presented in chapter 4. Given that lll-V QWs have a 3-decade
head start, it’s not too surprising that, given their relative novelty, new fundamental discoveries
in TMDCs continue to be made at a rapid pace. Only in the last year was the full excitonic
spectrum of WSe; fully described, with its 15+ photoluminescence (PL) emission lines now fully

identified?®®.

One of the most exciting offshoots from the study of quasi-2D QWs is the coupling of two
or more QWs layered together to form double or coupled quantum wells (CQWs)'*7~10, The
typical 1lI-V CQW structure centers on an epitaxially grown five layer stack, with each layer
composed of Ali1xGaxAs with varying composition parameter x (fig. 5.1.1 a). The band gap of Al1.
xGaxAs decreases monotonically with increasing composition parameter x, and the band

alignment between two QWs with different x is type-l, i.e. the conduction and valence bands of
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Figure 5.1.1 Indirect excitons in coupled quantum wells. a Diagram of an AlGaAs/GaAs coupled
guantum well with the two quantum wells labeled L1 and L2. b,c Band schematic of the coupled
guantum well without and with an electric field applied in the perpendicular direction. d Cartoon
of an indirect exciton in the biased coupled quantum well. e Dependence of the coupled quantum
well photoluminescence on interwell bias U. T and D denote the two intrawell exciton species,
and le is the interwell species.

the QW with the smaller band gap fall entirely within the gap of the QW with the larger band
gap. This means that, in effect, the QW with lower x (and larger band gap) acts as an insulator for
carriers in the QW with higher x. The second and fourth layers in the CQW are the active layers
and are thin, high-x QWs, if not pure GaAs. The layer between them (layer 3) has a lower x than
the active layers, and thus acts as an insulating/tunneling barrier. The first and fifth layers are
low-x Ali-xGaxAs (if not pure AlAs) and act as dielectric substrates for epitaxial growth and
potentially lithographic patterning of a conductive gate layer. The low-energy band structure of
a symmetric CQW is depicted schematically in figure 5.1.1 b. Since the two QW layers are
degenerate in this design, carrier tunneling between them is essentially determined by quantum
fluctuations, and the tunneling probability can be tuned by the thickness or band gap of the
barrier layer (the difference in gap between the QWs and barrier layer sets the tunneling
potential barrier height). If an electrostatic bias between the two QWs is introduced, either using

electrodes directly in contact with the two QWs or by the application of a perpendicular electric
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field, the overall layered band structure becomes tilted (fig. 5.1.1 c¢), and the CQWs acquire
staggered (type-ll) band alignment'#®1>0, Ground state electrons will then preferentially tunnel
to the layer with the lower valence band, and holes to the layer with the higher conduction band.
Under optical excitation, biased CQWs host spatially indirect excitons, in which the electron
resides in layer with lower conduction band and the hole resides in the layer with the higher
valence band, giving them an out-of-plane electric dipole moment (not to be confused with the
optical dipole moment) (fig. 5.1.1 d). The optical transition for the indirect excitons remains
momentum direct®! though—a terminological distinction that may befuddle those outside the
CQW community. As the interlayer bias increases, the conduction band hosting the electron
decreases in energy and the valence band hosting the hole increases in energy, resulting in a net
decrease in the energy of the indirect exciton transition (fig. 5.1.1 e). Of course, in the case of
zero interlayer bias, the indirect exciton transition becomes degenerate with the direct
transition!>152, With a large enough interlayer bias, the conduction or valence bands of the QWs
become degenerate with the bands of the barrier layer, which will then stop acting as an insulator
and will then proceed to form type-Il alignment with both of the QW layers. This is especially a
concern if the composition parameter x is similar for the QWs and the barrier layer, and thus the

difference in their bandgaps is small to begin with.

The indirect excitons in CQWs have been of great interest to the scientific community for
a number of reasons. First, they have a relatively long lifetime thanks to the large electron-hole
separation, which suppresses recombination?®3. Second, the reduced e-h Coulomb interaction
increases their Bohr radius, exaggerating the effects of the vertical quantum confinement!>*,
Third, since their energy is broadly tunable by an external electric field, it is straightforward to
create customized lateral potential traps and landscapes for them through lithographic
patterning of gate electrodes!>!. Lastly, their permanent electrostatic dipole moment leads to
strong many-body interactions. This combination of factors opens the door to studying many-
body physics and potentially forming correlated states. There have been numerous reports of
electrostatically-trapped indirect excitons forming exciton condensates at high density and low
temperature, and the formation of spatio-temporal coherence in indirect exciton gasses'®>. There

is also potential to form electrostatically defined indirect exciton superlattices, analogous to
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Figure 5.1.2 Interlayer excitons in heterobilayers of transition metal dichalcogenides. a Band
offsets of the six gapped transition metal dichalcogenides. All sulfide and selenide members of
the family exhibit type-Il band alignment with each other. b The band offsets in the conduction
(valence) band A, (A,) drive electron (hole) transfer to the energetically favorable layer with
transition rate ye (yn). ¢ Cartoon depiction of interlayer exciton formation. First, a photon
generates a photoexcited electron/hole pair. Then, on a timescale similar to the time required
for the intralayer exciton to form, the electron or hole relaxes to the opposite layer. Finally, the
electron and hole become bound to form an interlayer exciton. d Depiction of the K-point band
structure of a heterobilayer in the case of AA or AB stacking, showing the different possible
ground state spin/valley configurations in the two cases.

optical lattices, for studying Hubbard model physics and other many-body interactions on a

synthetic lattice®®6-18,

In close analogy to the IlI-V semiconductor CQWs, it is also possible to form coupled
bilayers of 2D TMDCs, by stacking two layers of a given TMDC together with a barrier layer, then
applying an interlayer bias®°. However, a unique property of the TMDC family allows us to
simplify the construction of coupled bilayers, namely that any two different members of the
semiconducting TMDCs, when stacked together, naturally form type-1l band alignment®> without
any external interlayer bias (fig. 5.1.2 a), while the van der Waals gap between them serves as a

tunneling barrier. Since all four semiconducting TMDCs have different energy gaps, the interlayer
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potential difference between the upper valence and lower conduction bands will be different.
Depending on the pairing of TMDCs, the effective interlayer potential for either the valence or
conduction band can be anywhere from about 200 to 1000 meV. Upon optical excitation, the
excited electron and hole then have a chance to hop to the layer with the lowest potential for
the given carrier. The large interlayer potential driving the charge transfer ensures that the
process is ultrafast and occurs on the time scale of 10s to 100s of fs (fig. 5.1.2 b)'%0, Given the
radiative lifetimes of the excitons in TMDCs, typically several ps®!, this means that virtually all
intralayer excitons (Xa) that form are swiftly dismantled before they have a chance to recombine,
guenching their PL. Like the indirect excitons in CQWs, the Coulomb interaction for electrons and
holes in opposite layers remains strong enough for form excitons from an electron in one layer
and a hole in the other (fig. 5.1.2 ¢)?°. These are typically referred to as interlayer excitons, or 1X
(perhaps to the consternation of the reader, the same abbreviation is used for indirect excitons,
but in this dissertation, IX will refer exclusively to interlayer excitons in van der Waals layered

structures).

The electronic transition for indirect excitons in IlI-V semiconductor CQWs, like the
transitions within a single QW, are momentum direct!>?. Absent band hybridization effects which
can potentially change the location of the conduction or valence band extrema, this is necessarily
the case because the band extrema are both located at the I' point at the zone center!®?. Even if
the band extrema were at non-zero crystallographic momentum, the layered assembly of CQWs
is accomplished through epitaxial growth, and consequently, adjacent layers are
crystallographically aligned with one-another. On the other hand, the band extrema in TMDCs
are located at the K point, the corner of the hexagonal Brillouin zone, and because the two layers
constituting a heterobilayer are only held together by van der Waals forces, it is possible for them
to be rotationally misaligned. If they are misaligned, then the K point in one layer may not
overlap the K point in the opposite layer, resulting in an interlayer electronic transition that is
momentum indirect. However, using the van der Waals transfer technique outlined in section 2.3
and the polarization-resolved second harmonic generation (SHG) method for determining crystal
axes of non-centrosymmetric crystals (such as TMDC monolayers) outlined in section 2.4, it is

possible to build TMDC heterobilayers in which are rotationally aligned. In this case, the K point
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in one layer can be intentionally aligned with the K point or even the —K point in the opposite
layer (fig. 5.1.2 d), with the implementation of phase-resolved SHG. When the layers are
crystallographically aligned, the interlayer transition is nearly momentum direct, although a slight

radial misalignment is inevitable, due to the different lattice constants of the various TMDCs.

Given the small size of excitons in TMDCs (explored in chapter 4), their wavefunction fills
a large enough portion of the Brillouin zone for recombination to be relatively efficient despite
the radial misalignment, or even with slight angular misalignment!®3, although notably, interlayer
exciton PL will generally be absent in grossly misaligned heterobilayers. As a result, PL from the
IX can be observed, with the emission energy being much lower than the intralayer PL, due to
the large band offsets (fig. 5.1.3 a)?°. Although it is substantially quenched compared to
freestanding monolayers, PL from intralayer excitons can be seen in heterobilayers. Due to
hybridization and band bending, the emission energies of the intralayer excitons are slightly
different from the freestanding monolayers'®41%5, Emission from the charged trion species is
prevalent as a result of charge accumulation in either layer due to the built-in interlayer potential.
The IX PL is substantially inhomogeneously broadened compared to the intralayer exciton PL.
Because of its large out-of-plane permanent electrostatic dipole moment, the IX produces an
extended electric field and is very sensitive to contamination between layers and inhomogeneity
in its dielectric environment (fig. 5.1.3 b)?%211%¢_ Furthermore, the electrostatic dipole moment
of the IX causes strong dipolar repulsion between IX, resulting in a density-dependent energy
shift of the IX (fig. 5.1.3 c)!*®. An inhomogeneous distribution of IX density would therefore

contribute to the inhomogeneous broadening of the PL emission spectrum.

Because the carrier wavefunctions at the valence and conduction band edges are highly
localized to the transition metal orbitals at the very center of each TMDC layer, the electron and
hole wavefunctions of an IX have essentially no overlap. As with CQWSs, this suppresses
recombination and endows IX with an extremely long lifetime, on the order of 10s to 100s of
ns’1167.168 'yp to 5 orders of magnitude longer than the lifetimes of the intralayer species (fig.
5.1.3 d). The reduced Coulomb interaction also suppresses electron-hole exchange interactions,
the primary mechanism for Valley depolarization, thus extending the valley lifetime of IX out to

100s of ns or even ps'®®9 |f 3 heterobilayer is excited with a focused spot of pulsed light,
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Figure 5.1.3 Interlayer exciton photoluminescence. a PL spectra of monolayers of WSe; and
MoSe; and a heterobilayer formed from monolayers of each. Emission from the intralayer
species in either monolayer can be seen in the heterobilayer, along with a new dominant peak
which corresponds to the interlayer exciton. b Cartoon showing the effects of interfacial
contamination and disorder on the interlayer exciton energy distribution. ¢ Excitation density
dependent blueshift of interlayer excitons resulting from dipolar many-body interactions. d
Time-resolved spectral dynamics of interlayer excitons. At 0.2 ns, the heterobilayer is excited by
pulsed light, creating a dense, strongly interacting exciton gas. As the excitons diffuse and
recombine to lower the density, their spectrum redshifts as a result of reduced many-body
interactions. e Spatially-resolved interlayer exciton valley polarization provides evidence for
valley-dependent exchange interactions. At high excitation density, the majority valley
experiences stronger repulsive interactions than the minority valley, and preferential diffusion
creates a ring of high valley polarization.

forming a localized, momentarily high density cloud of IX, the long decay dynamics and strong
repulsive many-body interactions cause the IX cloud to expand superdiffusively. The time-
varying population density therefore results in a time-dependent energy spectrum, with the
initial high density producing a blueshifted spectrum which decays and redshifts over time (fig.
5.1.3 e), and decay dynamics that deviate significantly from simple exponential decay. Moreover,

the IX are subject to valley-dependent repulsive exchange interactions, meaning that in a valley-
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polarized cloud of IX, the majority valley type will expand more rapidly than the minority valley

type, leading to interesting valley texture (fig. 5.1.3 e)*°®,

5.2 Controlling interlayer exciton dynamics with a tunneling barrier

In CQWs, a tunneling barrier between the QWs is necessary to form discretized energy
levels and increase the size of their band offset in order to form indirect excitons. While this is
not necessary in TMDC heterobilayers to form IXs thanks to their naturally-occuring type-Il band
alignment, a tunneling barrier can be used to tune the properties of the IX. A similar mode of
control is used in CQWs, by tuning the thickness and composition of the barrier layert’%171, A
natural candidate for a tunneling barrier in a van der Waals heterostructure is hexagonal boron
nitride (hBN), a wide-gap insulator which is optically transparent. To study the impact of a
tunneling barrier on the IX in TMDC HBLs, we have built a series of devices consisting of
monolayers of WSe; and MoSe; separated by a thin hBN spacer layer with variable thickness,
allowing for systematic study of the effect of different spacer thicknesses on IX while controlling
for variations between samples (fig. 5.2.1 a), including twist angle and crystal composition. The
WSe,-hBN-MoSe; structure is encapsulated on either side by thick layers of hBN (10-30 nm) to
provide a homogeneous, pristine crystalline substrate. We refer to the resulting structure as a
forked heterobilayer, or FHBL. A micrograph of an assembled FHBL is shown in figure 5.2.1 b, and
this specific sample is referred to as FHBL-6, and has regions with no separation, monolayer hBN
separation, and 2 nm thick hBN separation (6 to 7 layers), and an interlayer twist angle of around
4 degrees. Unless otherwise noted, data presented below were collected at a sample
temperature of 5 K using a pulsed laser (pulse duration 6 ps) to excite the sample. Spectra were

acquired using a spectrometer equipped with a CCD array.

We begin by studying the intralayer exciton PL of FHBL-6. In these studies, the non-
resonant excitation wavelength used was 633 nm. Figure 5.2.1 c shows the typical PL spectra of
the freestanding monolayers and the PL spectra of the three HBL regions, in the energy region
corresponding to the WSe; and MoSe: intralayer exciton species. As expected, intralayer exciton

PL from both layers is visible in the directly contacted HBL, although significantly quenched and
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Figure 5.2.1 Boron nitride spaced heterobilayers. a Cross-section of a forked heterobilayer
(FHBL) with an hBN spacer of varying thickness. b Optical micrograph of a FHBL with monolayer
(ML) and 2 nm thick hBN spacers. Overlaid shape represent the outlines of important layers. ¢
PL spectra from select spots in each region of the FHBL. Color-coded dots in fig. c represent the
locations at which the spectra were taken. d-e Intensity change and redshift of various intralayer
exciton species (X]-S is the intralayer exciton in layer j with charge s) as a function of inverse layer
separation. Freestanding layers are taken to have inverse separation of 0 nm™ as they are
uncoupled. Both are measured relative to the freestanding layers. f-g Spatially resolved PL maps
integrated over the spectral regions corresponding to the intralayer excitons in either layer,
showing the effects of quenching and homogeneity of the sample.

hybridized compared to the freestanding monolayers. In the regions with hBN separator, the
degree of quenching and hybridization are reduced due to suppressed interlayer interactions and
charge transfer through the tunneling barrier (fig. 5.2.1 d-e). When the PL intensity in spectral
bands corresponding to the WSe; and MoSe; is mapped out spatially, the effect of the spacing
layer can be seen even more clearly (fig. 5.2.1 f-g), with the regions of different separation clearly

distinguished from one another. While the intensity distribution is fairly homogeneous across a
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Figure 5.2.2 Interlayer excitons in a spaced heterobilayer. a-c Characteristic photoluminescence
spectra from the three different separation regions of FHBL 6 normalized to excitation power and
integration time. d-e Spectrally integrated PL maps of FHBL 6 across the spectral regions of 910-
950 nm and 880-900 nm, respectively, showing the localization of the lowest energy peak to the
directly contacted portion of the FHBL.

given region, there are hot-spots corresponding to bubbles of contaminants between layers in

the stack (not necessarily between the TMDC layers, possibly at other interfaces).

The PL from the IX of FHBL-6 is somewhat less homogeneous than the intralayer exciton
PL, highlighting the sensitivity of the IX to disorder. Select spectra from each region are shown
in figure 5.2.2 a-c. The PL in the separated regions is notably weaker and less regularly structured
than the PL in the directly contacted HBL, and generally occurs at higher energies. In fact, when
a select spectral band (910-954 nm) is integrated and spatially mapped, we can see that PL of this
energy range is largely localized to the unseparated region (fig. 5.2.2 d). Examining the spectral
region of 880-900 nm, the distribution across the HBL is anything but consistent, showing up at
specific hot spots and even on the MoSe; monolayer (in the case of the monolayer, the
contribution to this energy band is from the exponential defect tail of the MoSe; and is distinct

from the spectra of the HBL) (fig. 5.2.2 e).
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A separate sample, FHBL-4 (fig. 5.2.3 a), had better crystallographic alignment between
layers (< 2 degrees) and produced substantially brighter interlayer photoluminescence, enabling
more careful study of the interlayer excitons in the separated regions. This sample had regions
of hBN barrier thickness of zero, one, and two layers. As with FHBL-6, the intensity of the
intralayer PL correlated positively with spacer thickness (see appendix C: supplementary data for
chapter 5). Substantial differences between the IX PL in the different regions of separation were
also observed, and the PL was relatively homogeneous across each region (fig. 5.2.3 b). A line cut
showing the evolution of the IX PL spectrum through the different regions is shown in figure 5.2.3
c. Each region is clearly identifiable by a unique energy spectrum, with the lowest and broadest
energy spectrum appearing in the unseparated region and the highest and narrowest spectrum
appearing in the bilayer separated region. The increasing energy with separation is expected from
the accompanying reduction in binding energy, however the narrowing of the spectrum remains

unexplained.

Another expected result from separating the electron and hole and inserting a tunneling
barrier between them is increased exciton lifetime. To study the interlayer exciton dynamics, we
excite the sample with a pulsed laser at 2 MHz with a pulse duration of 6 ps, resonant with the
WSe; trion at 735 nm. The photoluminescence is sent through a monochromator and into an
avalanche photodiode (APD) connected to a time-correlated single photon counting module,
which builds up a histogram of PL photon arrival time to the APD following triggering by the
pulsed laser’s timing output. This setup allows us to build up the energy-dependent PL dynamics
and distinguish the different PL features from each other. The normalized PL decay traces for the
directly contacted heterostructure and the monolayer-separated HBL are presented in figure
5.2.3 d. While the PL from the separated HBL initially (for the first 50 ns) decays rapidly compared
to the directly contacted HBL, the decay slows down substantially and the intensity beyond 100
ns appears to be virtually constant in time over the 500 ns decay trace shown here, indicating a
slow decay component with a lifetime much longer than 500 ns. To extend the histogram
collection window and reduce signal wraparound, the repetition rate was reduced further to 200
kHz. This enabled the collection of data out to 5 us of delay. Once again, the extremely long

lifetime component of the interlayer exciton in the separated region is clear, and with the
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extended data collection time, reaches an eventual single exponential decay with a lifetime of
8.5 s, as many as 7 orders of magnitude longer than the intralayer PL lifetime (fig. 5.2.3 ). When
we excite the sample with circularly polarized light and measure the decay dynamics of the co-
and cross-circularly polarized components, we can calculate the time-dependent valley
polarization p (fig. 5.2.3 f). Calculating the lifetime based on the individual lifetimes of the
circularly polarized components, we find the co-polarized emission has a PL lifetime of 8.4 ps and
the cross-polarized emission has a PL lifetime of 9.2 ps, yielding a PL polarization lifetime of up

to 40 ps.

Since the discovery of bright PL in monolayer TMDCs and the locked spin-valley physics,
scientists have proposed numerous applications for quantum devices based on exciton
valleytronics. However, the fast dynamics of excitons in monolayer TMDCs, and even the
interlayer excitons in heterobilayers, make the useful manipulation of TMDC valley excitons for
technological applications rather difficult. Here, we have demonstrated a straightforward way to
extend the exciton and valley lifetimes in TMDC heterobilayers by up to 7 orders of magnitude
by inserting a tunneling barrier between layers, bringing this material system closer to
technological utility. The extension of the lifetimes and quantum control afforded by this method
also has value in basic science—the long PL lifetime and single-exponential decay suggest a
stationary, cool population of excitons, a necessary requirement for realizing coherent and many-
body phases which are fragile at high electronic temperatures. The increased dipole moment due
to electron-hole separation enhances the dipolar repulsion of the IX and increases the coupling
strength of the IX to an external electric field, making possible deep electrostatic potential traps

which can confine dense populations of long-lived, strongly interacting IX.
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Figure 5.2.3 Excitons dynamics in a spaced heterobilayer. a Schematic of FHBL 4, with monolayer
(ML) and bilayer (BL) hBN separators. b Spatially resolved photoluminescence integrated over
the 905-935 nm (top) and 880-900 nm (bottom) spectral regions, respectively. ¢ Spatial
photoluminescence linecut of sample. The excitation/collection spot is moved across the white
dashed line in fig. a from left to right. Each separation region of the FHBL produces a distinct
photoluminescence spectral distribution. d-e PL dynamics of the directly contacted and
monolayer separated regions. f Polarization-resolved PL dynamics of the monolayer separated
region with tails fit to single exponentials. Decay constants are tabulated on the right. The
majority valley has a slightly shorter lifetime than the minority valley, yielding a calculated valley
lifetime of 43 us.
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6 - Magnetism in atomically thin flakes of mixed-halide chromium

trihalides

In this chapter, we introduce a prominent family of 2D magnetic materials, the chromium
trihalides, and discuss their layered magnetic behavior down to the atomically thin limit. Two
members of the family, Crls and CrBrs, both have out-of-plane anisotropy which stabilizes out-of-
plane magnetism within a given layer, but unlike CrBrs, antiferromagnetic interlayer coupling
results in layered antiferromagnetic ordering in Crls. Since the interlayer magnetic interaction is
controlled by superexchange between layers through the halide sites, we demonstrate the ability
to tune the interlayer magnetic order from antiferromagnetic to ferromagnetic by forming solid
solutions of Crlz and CrBr3 of the form CrlxBrs.«x. Curiously, these mixed-halide 2D magnets exhibit
coexisting ferromagnetic and antiferromagnetic domains at critical compositions, which we

speculate might arise from stacking faults.

6.1 Layered 2D magnetism in chromium trihalides

Layered magnetism arises in 2D and quasi-2D layered structures of magnetic materials in
which the intra- and interlayer magnetic coupling result from different mechanisms or are
independently tunable!’?7174, A classic example of this is in synthetic layered antiferromagnetic
(SAF) thin films, where Ruderman-Kittel-Kasuya-Yosida'’>~1’7 (RKKY) interactions between two
ferromagnetic layers are mediated by a nonmagnetic spacer layer!’®172, The spin component of
an electron wavefunction as it passes through the nonmagnetic layer has a dynamic phase which
depends on the thickness of the spacer and the magnetization of the two magnetic layers on
either side. Careful epitaxial growth therefore allows for the net magnetic interaction between
the layers to be ferromagnetic (FM) or antiferromagnetic (AFM), or even for the interlayer
interaction to be turned off completely by designing the spacer thickness to produce a specific

dynamic phase for spins transmitted between layers.

Perhaps the most ubiquitous example of interfacial engineering of layered magnetic

structures is exchange biasing in hard disk drive read heads'8%18!, These devices are based on
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Figure 6.1.1 Properties of exfoliated Crls . a The leaving the crystal plane which is in contact
crystal structure of a single layer of a chromium
trihalide viewed from the out-of-plane direction.
b Band structure of Crls. ¢ Energy dependence of permanently magnetized. Electron exchange
the various crystal field levels of chromium
trihalides for the various halogens. d Differential
reflectance and PL spectra of Crls at 4 K. the FM layer it is contacting produce an

with the exchange-biased FM layer

interactions between the A-AFM layer and

effective magnetic field in the FM layer®>182183 which shifts the center of its coercive loop, making
it effectively insensitive to the magnetic environment produced by the magnetic domains of the
hard drive platter in which information is stored. The second FM layer which is not exchange
biased, however, can have its magnetic orientation flipped by proximity coupling to the magnetic
field of the hard drive platter domains. Thus exposure of the MR junction to the magnetic data
on the hard disk platter will only affect the magnetization in one of the two FM layers, providing
control over the relative orientation of the magnetization of the FM layers, enabling data readout

via the magnetic junction’s magnetoresistance.

In both of the cases of SAFs and MR devices, their proper function of the device relies on
precise epitaxial growth which, while readily achieved with modern equipment, remains
expensive and slow!*. Furthermore, the lattice-matching requirements for high-quality

interfaces in layered epitaxial growth restricts material compatibility. Recent discoveries of 2D
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Figure 6.1.2 Layered magnetism in Crls. a Side view of Crls bilayer with arrows indicating the
alignment of the magnetic moments of each chromium site. b Magnetic field dependent Kerr
rotation measurement of monolayer Crls. Colored arrows indicate field sweep direction. c, d
Magnetic field dependent RMCD measurement of bilayer and trilayer Crls. Insets indicate the
alignment of the layers’ magnetic moments.

magnetic materials provide a possible solution to these challenges. One of the first discovered
families of 2D magnetic materials, the chromium trihalides CrXs, where X is Cl, Br, or |, are
particularly attractive for these types of engineered magnetic structures because they
encompass many different types of magnetic order within the family and remain magnetic even
in the atomically thin limit. Originally discovered in bulk in the 1960s”'8>, these simple binary
compounds are readily synthesized and exfoliated!>7%18¢_ They consist of two layers of halide
atoms sandwiching a layer of chromium atoms, which are arranged on a hexagonal lattice (fig.
6.1.1 a). The halide atoms form distorted octahedral cages around the chromium atoms, forming
highly polar bonds. The resulting band structures are wide-gap semiconductors or insulators!®’
(fig. 6.1.1 b), though each species hosts a number of bright localized excitons associated with d-

d and charge transfer transitions appropriate to the distorted octahedral crystal field around the

chromium (fig. 6.1.1 c-d)*e8,

The magnetic order they host originates from spin-polarized half-filled chromium d
orbitals, and is stabilized by strong magnetocrystalline anisotropy due to spin orbit coupling!®, a
thermodynamic requirement for 2D magnetism®°. Interactions between the spin polarized

chromium sites are mediated by superexchange through the halide sites. The magnitude and sign
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Figure 6.1.3 A family of air-sensitive layered
magnets. a, b Side view of CrBrz and CrCls
bilayers with arrows indicating the alignment of
the magnetic moments of each chromium site. ¢
(left) Exfoliated flake of Crl; exposed to room air
and light for 40 seconds. Lightly colored dots are
hydrated/degraded areas. (right) Exfoliated flake
of Crls exposed to air in the absence of light for
13 hours. Discolored halos around flakes have
degraded. d Copper sample capsule (spacer)
containing a silicon wafer, sealed from the
ambient environment by a glass window adhered
with vacuum grease.

ordered with out-of-plane magnetization,

of that exchange interaction is highly sensitive
to the bonding angles of the halides, as
described by the Goodenough-Kanamori-
Anderson rules’®"19, |nteractions between
layers are mediated by super-superexchange
interactions between Cr sites in adjacent
layers via the pair of halide layers between
them, which is also highly sensitive to

geometry, e.g. stacking order?®,

Crlz was the first member of the family
to be isolated and studied in the atomically
thin limit, and these initial studies culminated
in two major discoveries. First, it was found
that magnetism in Crls persists down to
monolayer thickness?'3, the first
demonstration of magnetism in the truly 2D
limit. Second, it was discovered that, while
bulk crystals of Crls are ferromagnetically
samples have layered

thin exfoliated

antiferromagnetic order. In other words, spins within a given layer are ferro-magnetically aligned

in the out of plane direction while adjacent layers have their magnetization aligned in the

antiparallel direction (fig. 6.1.2 a). As a result, with no applied magnetic field, samples with an

even number of layers have zero net magnetization, while samples with an odd number of layers

have a net magnetization equal to that of exactly one layer. When an out-of-plane magnetic field

is applied to monolayer samples, the magnetic response is a single rectangular hysteretic loop,

characteristic of highly anisotropic ferromagnetism (fig. 6.1.2 b). In multilayer samples, the

antiferromagnetic coupling between layers can be overcome by an out-of-plane magnetic field,

resulting in layer-wise spin-flipping transitions at critical fields. The resulting magnetization curve
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196

is reminiscent of the stairstep magnetism of SAFs'®°, with the number of steps equal to the

number of layers (fig. 6.1.2 c-d).

Since these initial discoveries, the other members of the chromium trihalide family have
been studied extensively. Like Crls, CrBr3'8 also has out-of-plane magnetic ordering within each
layer, but adjacent layers are ferromagnetically coupled, resulting in a net-ferromagnetic
material (fig. 6.1.3 a). On the other hand, the magnetism in CrCls manifests with in-plane spin
ordering within each layer with no directional anisotropy within the plane and AFM coupling
between adjacent layers (fig. 6.1.3 b)'®’. There is a trend within the chromium trihalides of
increasing magnetic ordering temperature with increasing atomic mass of the halide species,
with Crls having the highest Neél temperature of the family, 45 K in monolayer'®, CrBr; having a

198 and CrCl; having the lowest Neél temperature, 14 K

Curie temperature of 37 K in monolayer
in monolayer®®’. This result is consistent with the picture of increasing orbital size with increasing
atomic mass of the halides producing larger overlap integrals which enhance the Cr-Cr
superexchange interactions. It is also the case that as these materials are thinned down from
bulk, their transition temperatures tend to decrease by up to 50%!7%186 a5 a result of increased

guantum fluctuations in the smaller magnetic ensemble.

2D magnetic materials are frequently studied using the polar magneto-optical Kerr effect
(MOKE) or reflectance magneto-circular dichroism (RMCD)*°. These effects provide a convenient
optical probe of out-of-plane magnetization compatible with confocal microscopy. In the case of
MOKE, the out-of-plane magnetization M, couples to the real part of the off-diagonal
components of the first order polarizability tensor yx,, = —x,x < M,. When light polarized in the
x-y plane reflects off the sample, the polarization angle rotates in the plane by a characteristic
angle 6, «< M,. RMCD is a result of M, coupling to the imaginary part of y,,, and manifests as a
difference in the reflectivity for right- and left-handed circularly polarized light. Unlike Kerr
rotation, which is directly proportional to the magnetization, the dependence of the RMCD signal
on magnetization is nontrivial. This is manifestly clear from the fact that 6, is unbounded (the
rotation can wrap around any multiple of 2m), while the circular dichroism, when defined as

RMCD=(R; — R_)/(R; + R_) can not exceed *1. Since macroscopic magnetization density is
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not physically bounded, it is clear that the RMCD signal must not have a linear dependence on

M,.

On the other hand, since these two effects are governed by the real and imaginary
components of the same polarizability matrix element, they are related to one another through
the Kramers-Kronig relations, and given knowledge of the broadband spectral response of one of
these two effects, the response of the other can be calculated. The MOKE and RMCD spectra of
a given material are sensitive to its electronic (and in some case vibrational) resonances?®. This
can significantly impact the measurement of either effect if probed using a fixed single
wavelength of light tuned in proximity to a resonance since, in general, a resonance energy may
shift due to changing magnetization or magnetic field (i.e. from the Zeeman effect or diamagnetic
effects). Moreover, the optical dipole of an electronic transition can couple directly to
magnetization, resulting in brightening or darkening of the transition'®. Despite these
complications, it is often beneficial to use nearly-resonance optical probes to measure MOKE and
RMCD, as long as the detuning is sufficient that the effects discussed above can be assured to
play a small role in the magnetization dependence of the measurement. Away from resonances,
MOKE and RMCD are generally very weak (RMCD nearly vanishes below the electronic band gap,
for example), and the signal enhancement near a resonance can significantly improve signal

guality. The techniques used to measure these effects are detailed in appendix B.

An unfortunate liability with these materials is their chemical instability in the presence
of water and oxygen which quickly degrade the material, a reaction which is hastened by
exposure to light or elevated temperatures (fig. 6.1.3 ¢)?°1. They must therefore be exfoliated
and handled entirely inside an inert gas environment like a nitrogen or argon glovebox. They can
be doubly encapsulated between layers of air-stable 2D materials like hexagonal boron nitride or
graphene to shield them from contact with air, but the fabrication of such layered samples by
van der Waals transfer must also be carried out within a glovebox. But because the reaction of
CrX3 with moisture and oxygen is enhanced by high temperature, even in a glovebox with <0.5
ppm O3 and H,0, high temperature transfers can sometimes lead to the degradation of thinner
samples. It is often much more convenient to avoid transfers altogether if a simple exfoliated
sample is all that is needed for an experiment. To do so, the sample must be prepared inside a
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sealed sample vessel, typically a block of high purity copper with a milled pocket, sealed with a

thin glass window and vacuum grease (fig. 6.1.3 d).

Nevertheless, for the fabrication of functional 2D devices involving chromium trihalides,
assembly by van der Waals transfer usually can’t be avoided. Even to make electrical contacts
with exfoliated layers, they must be protected from oxygen and moisture for standard
lithography techniques used to create electrodes. Transfers done with these materials are done
at lower temperatures than usual to mitigate risk of degradation, around 40-60° C as compared
to the more common 90-130° C temperature range. But the ability to assemble multilayer stacks
incorporating chromium trihalides, especially Crls, have produced numerous remarkable results
that demonstrate the potential for utilizing layered magnetism in van der Waals devices3>2%2. The
first realization of a magnetic van der Waals device based on Crlz was in heterostructures of
multilayer Crl3 and monolayer WSe,. Zhong et al.?® discovered that the valley pseudospin in
WSe; can be strongly manipulated by the magnetic order in Crls. This is the result of valley-
selective charge transfer from the WSe; to the Crls—only charges whose spins are aligned with
the magnetization of the Crls layer that the WSe; is contacting are able to hop into the Crls, thus
selectively depopulating one valley of the WSe,. This results in fixed circularly polarized PL
emission from the WSe; originating from the valley which is not depopulated by charge transfer.
Furthermore, valley-selective exchange interactions produce an energy splitting between the
valleys which is equivalent to the Zeeman splitting produced by a magnetic field of around 14 T.
A corollary to this effect has also been demonstrated, in which optical pumping of the WSe; layer
can be used to control the magnetic order of the interfaced Crls.2%* As the excitation density is
increased, the critical field required to induce the spin-flip transition of a Crls decreases. This
effect is distinctly not thermal in origin, as the excitation energy dependence reveals that
excitation resonant with the WSe; A exciton enhances the effect. It has been shown separately
that electrostatic control of Crls bilayers can tune the spin-flip critical field, and in particular that
hole doping can decrease the critical field?°2. Given that the hole-type charge transfer from WSe>
to Crls must be faster than the sub-ps lifetime of the excitons in WSe;, and given that the charge

imbalance this creates relaxes nonradiatively, the continuous excitation of the WSe; leads to a

85



6 - Magnetism in atomically thin flakes of mixed-halide chromium trihalides

pileup of charge and effective hole doping of the Crls, consistent with the result in the case of

direct electrostatic gating.

6.2 Halide mixing for controlling magnetic coupling in chromium trihalides

The electrostatic and optical control of magnetism in Crls discussed in section 6.1 make
possible the precise extrinsic control of the IEC in Crls, but the magnitude of these effects remain
small compared to the degree of controllability in SAFs, in which the IEC can be continuously
tuned from AFM to FM'73. This control is realized by tuning the thickness of the nhonmagnetic
barriers in SAFs during growth, and necessarily lacks in situ tunability for SAF devices. However,
were such an intrinsic control available for chromium trihalides, it could potentially be combined
with optical or electrostatic control to substantially broaden the overall customizability of these
materials for practical device design. Given the isostructuralism of all members in this chemical
family2%, it raises the possibility that their halide constituents can be partially interchanged or
mixed to form new solid solution materials with the chemical formula CrLxMs«, where L and M
are different halogens. Whether or not the resulting mixed halide materials would host stable
magnetism is not clear from first principles. The growth and study of such materials was initially
carried about by Tafti et al.2%, in which CrBrClsx was grown and was demonstrated to have
macroscopic magnetic properties which fell part way between the two parent compounds. Given
that they are both layered antiferromagnets but have opposite anisotropy (with CrBrs having out-
of-plane magnetization and CrCls having in-plane magnetization within a given layer), the
resulting solid solutions appeared to have a canted magnetic easy axis. Furthermore, their
magnetic transition temperatures fell in between the transition temperatures of the parent
compounds, trending monotonically as the composition parameter x was varied. However, the
work did not rule out the possibility of chemical domain formation, and since the measurements
made were directly probing the macroscopic magnetization vector, the averaging of a mixture of
domains with out-of-plane and in-plane anisotropy would result in an apparently canted
anisotropy, and interactions between domains could stabilize magnetism at an intermediate

temperature?®” (in the mean-field sense). These preliminary studies were therefore unable to
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number of microscale optical techniques.

To establish the baseline properties of this chemical family, the magnetization curves of
bilayers of the two limiting members with x=0 (CrBr3) and x=3 (Crl3), measured by RMCD (see
appendix B) using a 633 nm laser at a sample temperature of 1.6 K, are shown in figure 6.2.1 a
and b, respectively. All following measurements were performed under these conditions unless
otherwise stated. The bilayer of CrBr3 has a single rectangular hysteresis loop centered at yugH =
0 T and a coercive field of ugH, = 0.028 T, with a slightly sloped background due to the slight
magneto-circular dichroism of the objective lens. On the other hand, the bilayer Crlz has the
expected staircase magnetization profile characteristic of layered antiferromagnetism with a spin
flip transition at uoH, = 0.75 T and appears to lack the sloped background visible in the CrBr3
data. This is because the magnitude of the RMCD for CrBrz at 633 nm is less than 25% of the
magnitude of the Crl3s RMCD at the same wavelength, as this wavelength is near the LMCT; charge
transfer transition in Crlz which provides pseudo-resonant enhancement of the circular
dichroism. The nominally antiferromagnetic zero-field configuration of the Crls appears to
produce a non-zero RMCD signal, effectively opening the loop and giving the appearance of an
open hysteresis loop. We speculate that this is the result of symmetry breaking from sample
environment, as the sample has vacuum on one side and an SiO; substrate on the other3>2%2, |t
is known that the zero-field layer magnetization configuration of bilayer Crlz depends on the

magnetic field sweep direction, with one sweep direction producing the Tl configuration and the
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other direction producing the time reversed |1 configuration3>2%, where the first arrow indicates
the magnetization direction of the top layer and the second arrow indicates the magnetization
direction of the bottom layer. If the contribution of the two layers to the RMCD signal is unequal,
the two possible ground states would produce opposite nonzero net RMCD signals, even if the
magnetization is effectively zero. The spin flip transition of the bilayer Crls also appears to onset
gradually; this is due to the formation of domains which partially fill and eventually traverse the

beam spot during the magnetic field sweep, as described by Huang et al.®3.

The introduction of the complementary halide into the lattices of CrBrz and Crls at low
levels (x = 0.44 and x = 2.6, respectively) produces clear changes in the magnetic behavior in both
compounds. Figure 6.2.2 a shows the magnetic behavior of bilayer Crlo44Brase. Like its parent
compound, it has a single rectangular hysteresis loop, although the coercive field is increased to
UoH. = 0.032 T, a change of approximately 15%. Given that both parent compounds have
similar exchange interaction strengths, but Crlz has far greater magnetic anisotropy compared to
CrBr32%, this is a clear indication that the halide mixing acts to change the effective global
magnetic anisotropy, regardless of whether chemical domains are formed. If chemical domains
are indeed present, they must be small enough that the long range magnetic interactions act to
stabilize the global magnetic order with properties that are on average somewhere between
those of either parent compound. Likewise, the magnetic behavior of Crl,6Bro. is similar to that
of Crls, showing the characteristic stairstep magnetism, albeit with a substantially reduced spin
flip transition field of ugH, = 0.45T, a reduction of approximately 40% (fig. 6.2.2 b). This
demonstrates immediately that the strength of the IEC in layered antiferromagnets can be
substantially tuned using the technique of halide mixing. And once again, if chemical domains are
present in the sample, they don’t appear to manifest as separate magnetic domains, as the
resulting signal would appear as a superposition of ferromagnetic and antiferromagnetic

magnetization curves.

The outcome is somewhat different in the case of heavily mixed solid solutions in the
vicinity of x = 0.95 to x = 1.1. Figure 6.2.2 c shows the magnetization curve of a bilayer with x =
0.95 showing a well-defined rectangular hysteresis loop and a large coercive field of ygH, =
0.18 T, consistent with the trend established by the bilayer with x = 0.44. However, other sample
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Figure 6.2.2 Control of bilayer magnetic order by halide composition. a, b RMCD field sweeps
taken on bilayer CrlxBrs« for x = 0.44 and x = 2.6. The former, having predominantly bromide,
behaves ferromagnetically. The latter, having predominantly iodide, behaves
antiferromagnetically. c-f RMCD field sweeps taken on bilayers with x =0.95 and x = 1.1. For
different exfoliated flakes of either composition, both ferromagnetic and antiferromagnetic
order can be seen.

flakes from the same exfoliation with nominally identical chemical composition show
antiferromagnetic stair-step magnetization (fig. 6.2.2 d). This mixture of observed behaviors
across a single exfoliation is reproducible in samples with x = 1.1 (figs. 6.2.2 e-f). The inconsistency
of results from different flakes from a single exfoliation raises questions about the chemical
homogeneity of the bulk crystals from which the samples were exfoliated. Since the bulk crystals
were synthesized by chemical vapor transport which produces directional growth, it is possible
that reaction or crystal growth dynamics could favor the formation of different mixtures at
different points in the growth of a single crystal. When the crystal is cleaved apart during the
exfoliation process (described in section 2.1), this would produce a varied distribution of

compositions and thus a distribution of compositions among the exfoliated flakes.
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However, we have isolated single microscopic flakes with nominal compositions of x =
0.95 and x = 1.1 which host both ferromagnetic and antiferromagnetic domains, thus excluding
the possibility of macroscopic chemical inhomogeneity. Figure 6.2.3 a shows a spatially-resolved
RMCD map of a bilayer with composition x = 1.1 at zero applied magnetic field, following
initialization at a positive magnetic field. In this color map, red corresponds to positive
magnetization, white corresponds to zero magnetization, and blue corresponds to negative
magnetization. This flake has a pair of small antiferromagnetic domains (white) with a lateral
width of 1-2 micrometers near its center, which are surrounded entirely by ferromagnetic
domains (red). A brightfield micrograph of the flake (fig. 6.2.3 b) shows that it has homogeneous
optical contrast, indicating that there are no gross defects or varying sample thicknesses in the
domain regions. Moreover, the domain patterns are found to be stable through thermocycling
above and below the transition temperature, indicating that their coexistence is not merely

thermodynamic in nature but is governed by some underlying structure.

To study these domains more carefully, a series of magnetic field sweeps were carried
out with the RMCD probe beam situated at different points along the flake, starting from the
AFM domain and moving into the FM region (figs. 6.2.3 c-f). Given that the size of the beam spot
(approx. 2 um) is similar to the size of the domains, it was impossible to sample the AFM domain
without also slightly sampling the surrounding FM region. Nevertheless, the spot centered on the
AFM domain is dominated by stairstep magnetization, and as the beam spot moves further and
further into the FM region, the magnetization transitions to a square hysteresis loop. In all of the
magnetization curves measured in this series, a combination of AFM and FM behavior is
observed, but notably, the spin-flip transition field associated with the AFM order is consistently
around poH, = 0.25T, and the ferromagnetic coercive field is consistently around poH, =
0.19 T. This suggests that the unusual multi-step magnetization seen in all cases is simply a
superposition of both behaviors. Regardless of the origin of these domains, their coexistence and
the deviation of their critical magnetic fields from those of the parent compounds indicates that
on the microscale, halide mixing is a viable technique to tune the inter- and intralayer exchange
couplings in chromium halides over a broad range, up to and including through a sign change in

the interlayer coupling.
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Figure 6.2.3 Coexistence of ferromagnetic and antiferromagnetic domains at critical
compositions. a RMCD map of a flake of exfoliated CrBrisli1 taken at zero magnetic field,
showing ferromagnetic regions (red) and antiferromagnetic regions (white). b Optical
micrograph of the above sample for reference. Scale bar is 5 um. c-f RMCD field sweeps taken
on different spots across the flake. Colored open circles indicate the location of data acquisition
on the RMCD map. The diameter of the circles approximates the beam spot size.

But while this discovery suggests that macroscopic chemical inhomogeneity is not
responsible for the inconsistency of magnetic order in this critical range of compositions, it forces
us to also consider that there may be microscopic chemical inhomogeneity, on the order of the
magnetic domain size or even much smaller. While measurement techniques like MOKE and
RMCD are capable of resolving magnetic domains, they aren’t useful for studying chemical
composition or crystal structure, and instead we turn to other optical probes which are more
directly sensitive to local structure. The first of these is Raman spectroscopy, in which the optical
phonon spectrum of the material is measured through optical spectroscopy of Raman-scattered
light. This technique is ubiquitous is chemical analysis and material science, and is useful for both
chemical and structural analysis as the optical phonon spectrum and light-matter coupling
depend on bond coordinates, bond rigidity, and local symmetry?%°. Figure 6.2.4 a-c shows the

Raman spectra of Crls, Crlo9Br2.1 and CrBrs taken using a Rayleigh wavelength of 633 nm. For a
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Figure 6.2.4 Hybridization of the Raman
spectrum of CrloosBraos. a-c Raman spectra
taken on bulk samples of CrBrs, Crlo.95Br2.05, and
Crlz. Dashed gray lines indicate the main Raman
peaks found in Crls, while dashed blue lines
indicate those of CrBrs. The red and black lines
in the Crls spectrum correspond to co-linearly
and cross-linearly polarized Raman spectra. d
Raman spectrum of four-layer CrlpgsBra.os,
nearly identical to the bulk spectrum.

more detailed description of the measurement
technique, see appendix B. While the Raman
spectra of the pure parent compounds consist
of narrow, well defined peaks, the Raman
spectrum of the mixed halide compound
presents with a broad mass of numerous ill-
defined peaks. Perhaps most importantly, the
prominent vibrational modes of the parent
compounds aren’t strongly present in the
Raman spectrum of the mixed halide
compounds. Both Crls and CrBrs have four
dominant Raman peaks at low energy, with the
peaks in Crl; falling between 50 and 150 cm™?,
and the peaks in CrBr; falling between 100 and
200 cm™. Crls has an additional pair of peaks
associated with the

around 250 cm?

antiferromagnetic interlayer coupling. In
CrlooBra.1, the lower energy Raman manifold
falls roughly in the energy range of the peaksin
CrBr3, although the exact positions of the peaks
don’t line up well between the two, and there
exists a higher energy manifold approximately
in the same energy range as the peaks
associated with AFM order in Crls, but broadly

smeared out an even so not lining up exactly in

energy. The spectrum of the mixed halide compound appears to be completely distinct and fully

hybridized, suggesting that the material is chemically well-mixed, and that there aren’t

segregated domains of predominantly one halide or the other. The spectrum in atomically thin

samples is almost identical to that of bulk. The Raman spectrum shown in fig. 6.2.4 d comes from
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an exfoliated four layer sample from a different crystal batch altogether, confirming that the
particular Raman spectrum of this composition is not stochastic or random at all, but composed
of specific, characteristic modes, which we speculate correspond to the normal modes of the
multitude of different atomic arrangements within a unit cell which are possible in these mixed

halide compounds.

Given the strong evidence for chemical homogeneity, there remains only the possibility
of the domain pattern being the result of a type of structural inhomogeneity that Raman
spectroscopy is insensitive to. Recent theory work has elucidated the role of stacking order in
determining the IEC in Crls'%. There are two nearly degenerate stacking orders for Crls,
corresponding to rhombohedral and monoclinic phases. In as-grown bulk, which is
ferromagnetic, the former is favored at low temperatures below around 230 K, while the latter
is favored at high temperatures. Calculations have shown that the rhombohedral phase produces
ferromagnetic IEC, while the monoclinic phase produces antiferromagnetic IEC. It then stands to
reason that during the mechanical exfoliation process, which necessarily deforms the crystals,
they could possibly undergo a structural transition at room temperature to the monoclinic phase
and remain with that stacking order through thermocycling. This effect was recently

211 which showed that by applying a pressure of over 2

demonstrated by high pressure studies
GPa, exfoliated samples can be converted back to the rhombohedral phase and become
ferromagnetic again. Applying this result to the mixed halide samples, we speculate that, due to
deformations in the lattice of each layer, strain domains form which trap different regions of an
exfoliated crystal in a particular structural phase. The strain domains themselves are inherent to
the mixed halide chemistry; since the Cr-Br and Cr-l bond lengths are different?%>2%, it is
inevitable that the lattice will be corrugated and irregular if the halide species are well mixed.
While this discussion is speculative, there are a number of possible experimental techniques that
could resolve the question definitively, such as tip-enhanced Raman spectroscopy, which could

reveal strain domains with a lateral resolution of a few nm, or perhaps most simply, the

application of high pressure to rearrange the lattice as was demonstrated by Song et al.

93



7 - Optical properties of the magnetic semiconductor Chromium Sulfur Bromide

7 - Optical properties of the magnetic semiconductor Chromium

Sulfur Bromide

In this chapter, we introduce a newly discovered 2D magnetic material, chromium sulfur
bromide, or CrSBr. We investigate the basic optical properties of exfoliated flakes of CrSBr
through absorption and photoluminescence (PL) spectroscopy. We find that the layered

antiferromagnetic (AFM) order of thin flakes of CrSBr heavily influences their optical spectra.

7.1 Optical excitations in chromium sulfur bromide
Magnetic semiconductors are of technological and theoretical interest due to coupling

between electronic structure and magnetism?'2-214 which enables spintronic and magnetoelectic

215 216

effects like spin injection?'®, magnetoresistive devices?!®, and direct-read magnetic memory?'’. If
a magnetic semiconductor also has a direct band gap or optically allowed crystal field transitions,
it may photoluminesce, adding light emitting and processing technologies to the list of potential
uses?18219 Selection rules for optical transitions are influenced by global symmetry, combining
symmetries from the crystal lattice, electronic orbitals, and spin/magnetic order present in the
material. It then stands to reason that control of magnetic order, e.g. through temperature or
external magnetic field, may generally impact the optical properties of a magnetic semiconductor
and offer new routes to material control. However, the number of magnetic semiconductors that
have been discovered remains small, some elementary examples being the europium
chalcogenides??9222 and magnetite (iron(ll,1ll) oxide, Fe304)*?3. While photoluminescence has

been reported in the former, neither are good semiconductors and neither have garnered great

attention for technological applications.

An alternative approach to harness the combined power of semiconductors and magnetic
materials is to endow an existing semiconductor with magnetic properties through chemical
doping to create what is referred to as a dilute magnetic semiconductor, or DMS?12224, The
approach typically used to create a DMS is to incorporate transition metal ions with strong spin-

orbit coupling and unpaired electrons at a low concentration into the growth of a conventional
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semiconductor. Success has been found with a wide range of semiconductors, including group
-V, IV-VI, and lI-VI semiconductors. Among the semiconductors which have been incorporated

218 3nd zinc oxide??>. Given

into DMSs, a number have direct band gaps, including gallium arsenide
the large spacing between the magnetic ions, the magnetism in DMSs is mediated by free
carriers??®. The Curie temperature of these materials tends to be well below 100 K, but they tend
to be highly controllable, as depleting or supplementing the carriers that mediate the magnetism
through electrostatic gating can tune the magnetic behavior substantially??”-228, At higher doping
levels, magnetic interaction between the dopant spins can be governed by superexchange,

establishing much stronger magnetic order than in low concentration DMSs with low dopant

concentrations and boasting Curie temperatures well above 100 K?%°,

Retreading the theme of long-forgotten van der Waals materials discovered many
decades ago and revisited in the present 2D materials boom, there exists a largely unexplored
family of magnetic semiconductors (at the time of writing), the chromium chalcogen halides,
which potentially have attractive properties for device applications and a number of unexplored
theoretical facets?3%231, This family contains numerous members, many of which are
semiconducting, and many of which host magnetism with a magnetic ordering temperature over
100 K or even up to room temperature?32233, Their crystal structure is highly anisotropic (fig. 7.1.1
a) with a rectangular unit cell which includes 2 atoms each of chromium, chalcogen, and halide.
The ligands coordinate in a distorted octahedral cage around the chromium sites, with the
chromium linked by chalcogens along the a and b crystal directions and additionally by the
halogens along the a direction. Like with the chromium trihalides discussed in chapter 6, the
magnetic polarization within a layer of a chromium chalcogen halide lies primarily at the
chromium sites and is mediated by superexchange through the attached ligands. In this case, the
magnetic behavior is best captured by the anisotropic Heisenberg model, and depending on
choice of ligands can produce easy axes in the a, b, or c crystal directions. In addition to this rich
magnetic behavior, they are predicted to have high carrier mobility with strong anisotropy due

to mass anisotropy at the band edge, making them potentially useful for electronic applications.
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Figure 7.1.1 Properties of CrSBr. a The unit cell of CrSBr. b Orbital-resolved calculated band
structure of bulk CrSBr. Majority spin bands are in red, minority spin bands are in blue. ¢ Brightfield
micrograph of assorted thicknesses of exfoliated CrSBr (1 layer, 2 layer, and 5 layer are labeled.)
Scale baris 5 um.

In this chapter, we will focus on one particular member of this family, CrSBr. Density
functional theory calculations?®? (fig. 7.1.1 b) predict a valence band maximum (VBM) at the T’
point of the Brillouin zone and nearly degenerate I' and X points as conduction band minima
(CBM), with a gap energy of 0.5 to 1.7 eV?32233 (DFT notoriously underestimates band gaps). Of
note is the considerable mass anisotropy in both the conduction and valence bands at I, with
light electrons and holes along the I' — X direction and heavy electrons and holes along the I' —
Y direction. The orbital composition of the bands is primarily from the sulfur in the valence band
and chromium in the conduction band. Given the anisotropy of the electronic structure, we might

expect the optical properties to be highly anisotropic as well.

While this material is nominally air stable, others have reported that thin samples can
degrade on unpassivated SiO; substrates?3*. To this end, samples reported below were exfoliated
onto Si/SiO; substrates passivated by 1-dodecanol inside an inert gas glovebox at less than 0.5
parts per million Oz and H,0. Sample thickness was identified by optical contrast as described in
section 2.2. Figure 7.1.1 c shows an image of an exfoliated sample of CrSBr with numerous layer
thicknesses identified by optical contrast. Crystal axes of exfoliated samples were determined
based on the orientation of the needle-like bulk crystals during exfoliation, whose long axis has
been identified by prior x-ray diffraction experiments to be the a direction?>. The exfoliated

samples were then loaded into a copper spacer and sealed with a glass cover slide using vacuum
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02 grease, as described in section 6.1 before being
d o[3L C
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02 transported to a cryostat for measurement.
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Figure 7.1.2 Low-temperature reflectance shown in figure 7.1.2 a. The data were taken
spectrum of CrSBr. a, b The broadband

differential reflectance spectra of monolayer
thin film interference in the cryostat’s vacuum . _ _
window. ¢, d Differential reflectance spectra of converted — to  normalized  differential

three and four layer CrSBr focused on the reflectance spectra by first subtracting and
energy region around the ground state exciton.

using an unpolarized thermal light source, and

then dividing by the reflected intensity
spectrum of the surrounding substrate. There is one clear absorption resonance in the measured
energy range, located at 1.313 eV. When the same measurement is made on the bilayer, the
strength of this resonance is increased substantially and the energy shifts to a somewhat higher
energy, around 1.338 eV. Furthermore, we can clearly see a pair of higher energy resonances
around 1.73 and 1.85 eV (fig. 7.1.2 b). Given the proximity of several other, more deeply bound
band extrema to the VBM and CBM?3?, it is possible that the observed higher energy resonance
are their corresponding optical transitions. However, we will focus on the energy region
surrounding the lowest lying resonance, which presumably corresponds to the ground state

excitation.

Curiously, as the sample thickness increases beyond bilayer, the complexity of the
reflectance spectrum around 1.3-1.4 eV increases, with two resonances visible in the trilayer
sample at 1.338 and 1.359 eV (fig. 7.1.2 c), and three resonances in the four-layer sample at
1.337, 1.356, and 1.376 eV (fig. 7.1.2 d). In samples thicker than four layers, the number of
resonances appears to be fixed at 3 (see appendix ¢, supplementary data for chapter 7). Notably,
the complexity of the high energy reflectance spectrum does not seem to increase beyond the

two peaks around 1.7-1.9 eV which become visible in bilayer samples.
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Figure 7.1.3 Linear dichroism in CrSBr. a-d Differential reflectance spectra of 1-4 layer CrSBr with
the reflected polarization analyzed along the crystal @ and b directions in the vicinity of the
ground state exciton manifold. e linear dichroism of 1-4 layer CrSBr, with linear dichroism (LD)
defined as (Ip- I)/ (Ip+ I;), where [; is the reflected intensity of light along the j crystal axis.

When the polarization of the reflected light is analyzed in the vector basis corresponding
to the a and b crystal directions, substantial linear dichroism is evident for the monolayer
absorption resonance (fig. 7.1.3 a). In fact, the resonance peak is completely absent from the a
direction and maximized along the b direction. And once again, this behavior is replicated in the
bilayer, trilayer, four layer, and thicker samples (figs. 7.1.3 b-d, appendix c, supplementary data
for chapter 7, respectively). The degree of linear dichroism, defined as (I, — I,)/(Ip + 1),
remains very high across all samples, reaching over 80% in the four layer (fig. 7.1.3 e). This strong
optical anisotropy cannot be explained by band curvature anisotropy®3*®, and suggests instead
that the optical dipole has a fixed orientation along the b direction, perhaps resulting from

reduced crystal field symmetry due to octahedral distortion.

This hypothesis is further reinforced by photoluminescence (PL) measurements. The
normalized photoluminescence spectra of monolayer through four layer CrSBr are shown in
figure 7.1.4 a. The PL data were taken using a helium-neon laser at 632.8 nm with excitation
polarization along the b crystal direction and detection of all PL polarizations by a spectrometer
with CCD array. The evolution of the peak energy from 1.31 eV in monolayer to 1.34 eV in bilayer
is consistent with the absorption data, as is the sudden appearance of an additional high energy

peak around 1.36 eV in samples thicker than two layers. However, a PL emission line above 1.36
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eV, which would presumably correspond to the absorption resonance around 1.38 eV observed
in four-layer and thicker samples, is absent. Rather, a number of lower energy PL peaks below
the dominant 1.34 eV peak emerge in thicker samples, with the complexity of the spectrum
increasing with sample layer number (see appendix c, supplementary data for chapter 7 for PL
data from samples thicker than four layers.) As was the case for the reflectance resonances, the
PL emission has a fixed polarization axis along the b direction when analyzed in the a/b basis,
with zero detectable PL intensity polarized along the a direction (fig. 7.1.4 b). When the
integrated PL intensity is plotted as a function of polarization angle (fig. 7.1.4b, inset), it fits well
to a sin? @ distribution, consistent with dipolar radiation emission with dipole orientation along
the b direction. It follows from the reflectance dichroism that there should be some excitation
polarization dependence of the PL emission. Figure 7.1.4 c presents the PL spectrum of bilayer
CrSBr with the PL collection polarization fixed along the b direction with excitation polarization
along either a or b. The spectral distribution is identical for either excitation polarization, but the
intensity with excitation along a is about 60% lower than with excitation along b. The excitation
polarization dependence can’t be explained by linear dichroism alone, as the linear dichroism at

the laser wavelength is only about 2% (fig 7.1.4 d).
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Figure 7.1.4 Photoluminescence of CrSBr. a Normalized photoluminescence of 1-4 layer CrSBr. b
PL spectrum of bilayer CrSBr analyzed for PL polarization ép; along the @ and b crystal axes with
excitation polarization along b. Inset: Integrated PL intensity analyzed as a function of collection
angle with a sin2 function for reference. ¢ PL intensity analyzed along the b polarization direction
with excitation polarization é,,. along the @ and b crystal axes. d Linear dichroism spectrum in
the vicinity of the laser energy Eiaser Showing the low degree of linear dichroism at Ejaser.
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Figure 7.1.5 Temperature dependence of photoluminescence. a PhotquminesAcence of bilayer
CrSBr at a temperature of 160 K with polarization analyzed along the @ and b crystal axes. b
Photoluminescence spectrum of bilayer CrSBr at two temperature below the magnetic ordering
temperature (5 K and 90 K) and at one temperature above (160 K). ¢ Photoluminescence of
trilayer CrSBr at select temperatures showing the emergence of a high-energy PL peak (near
1.36 eV at 5 K) below the ordering temperature.

Aside from the high degree of optical anisotropy, the other feature of interest in the
optical response of CrSBr is the layer-number dependent evolution of its PL and reflectance
spectra. A valuable clue to help us understand the origin of the anisotropy and the layered
behavior comes in the form of the PL temperature dependence. Figure 7.1.5 a shows the
polarization-resolved PL spectrum of bilayer CrSBr at 160 K, well above the expected magnetic
ordering temperature of 125-130 K for CrSBr. The PL remains linearly polarized to very high
degree, indicating that the optical anisotropy is unconnected to magnetic order. Though the
spectrum redshifts and becomes dimmer at the elevated temperature, it remains qualitatively
similar to the low temperature spectrum (fig. 7.1.5 b). The redshift is expected from thermal
expansion?3”238 and the decrease in intensity is consistent with the behavior of a direct optical
transition, which brighten at low temperature due to decreased thermal activation of carriers’®.
Indirect gap transitions darken at low temperature due to the lower availability of phonons to
assist the transition from the momentum-mismatched VBM and CBM. On the other hand, the PL
spectrum of samples of 3 layers or great show dramatic qualitative changes from the low
temperature spectrum to the high temperature spectrum (fig. 7.1.5 c). Specifically, they present
with a single broad PL peak at high temperature, rather than multiple peaks as seen at 90 K and

below. The width of the PL peak at high temperature is still comparable to the energy range

spanned by the multiple peaks at low temperature, and if multiple peaks were present they
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would likely still be distinguishable. This suggests that the peaks have either merged into a single
peak or that the extra peaks have disappeared above the magnetic ordering temperature. Given
that the most dramatic change in the PL spectrum occurs between 90 Kand 135 K, a temperature
range straddling the magnetic ordering temperature?34#23>, it seems plausible that the
appearance of additional peaks at low temperatures may correlate with the onset of magnetic

ordering.

7.2 Layered magnetism in chromium sulfur bromide

Theoretical predictions and initial experimental results on the magnetic properties of
CrSBr are in good agreement?0>232234235 The magnetic easy-axis is along the b direction, while
ferromagnetism (FM) is favored over antiferromagnetism (AFM) due to the threefold crystal field
splitting of the half-filled Cr3* t5; orbital being small compared to the spin pairing energy, resulting
in in-plane ferromagnetic order within a single layer?33. The a axis has been identified the
intermediate axis, and the c axis as the hard axis. The interlayer exchange coupling (IEC) is such
that antiferromagnetic alighment of adjacent layers is preferred, resulting in layered
antiferromagnetic order similar to that of Crls (albeit with an in-plane, rather than out-of-plane
easy axis)®3423>, Application of an external magnetic field along the easy axis (a) produces
stairstep like magnetization, with zero net magnetization along a low field plateau, jumping up
to saturation magnetization at a critical field. When applied along the intermediate axis (b), spin
canting occurs in which the projection of the magnetic moment along the b axis depending
linearly on the applied field up to a saturating field. However, when applied along the hard axis,
the spin canting is nonlinear, with a slower onset near zero field, increasing rapidly at higher
fields, perhaps the result of spin-flopping behavior in which the spins first rotate towards the

intermediate axis before finally rotating towards the hard axis.

Given the rich magnetic behavior of the bulk crystals and highly suggestive result of the
PL temperature dependence presented in section 7.1, in which a single PL peak observed at high
temperature transitions to a series of peaks below the magnetic ordering temperature of CrSBr,

it is prudent to explore the connection between its magnetic order and optical properties by
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controlling the magnetic order (i.e. by an external magnetic field) and measuring the response of
the optical spectra (either by PL or reflectance). The response of the monolayer and bilayer PL
spectra to a magnetic field along the easy axis are shown in figures 7.2.1 a and 7.2.1 b,
respectively. Most notable is the strong field dependence of the bilayer and complete lack of field
dependence of the monolayer. As the magnetic field is swept from O T upward or downward, the
spectrum of the bilayer remains constant up to a critical field, at which the single peak at 1.338
eV either disappears or jumps to lower energy. The spectrum at high positive or negative field,

beyond the critical field, is potentially composed of two overlapping peaks which are too strongly
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Figure 7.2.1 Magnetic response of photoluminescence in atomically thin CrSBr. a Normalized PL
spectrum of monolayer CrSBr in a magnetic field applied along the magnetic easy axis (b
direction) showing no dependence on magnetic field. b Normalized PL of bilayer CrSBr with a
magnetic field along the magnetic easy axis showing step-like changes at a critical field. c, d
Bilayer PL with a magnetic field swept along the intermediate (@) and hard () axes, exhibiting
continuous spectral changes up to a critical field. e Reflectance magneto-circular dichroism of
monolayer and bilayer CrSBr showing linear change in the magnetization along ¢ up to a critical
field in response to a magnetic field along ¢, indicating spin canting behavior and confirming that
the monolayer is magnetically ordered. F PL spectra of bilayer CrSBr at saturating fields along
each crystal axis. The similarity between the spectra suggest that, although the evolution of the
spectrum is different during field sweeps along each direction, the final emitting state(s) at
saturating field are identical.
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overlapped to distinguish by regression fitting uniquely (fig. 7.2.1 b, inset). The monolayer lacks
any magnetic field response whatsoever. When the magnetic field is swept along the
intermediate and hard axes (figs. 7.2.1 c-d), the bilayer PL responds by changing continuously
from the zero-field spectrum up to a terminal spectrum at a critical field, beyond which the
spectrum no longer evolves. As with the easy-axis field sweep, the monolayer shows no response
to the application of a magnetic field along the other two axes. On the other hand, reflectance
magneto-circular dichroism (RMCD) measurements show that magnetization of both the
monolayer and bilayer respond similarly to the application of a magnetic field along the hard axis
(figs. 7.2.1 e). Since RMCD is insensitive to in-plane magnetic moments, it cannot be used to
probe the magnetic response of CrSBr to applied magnetic fields along the easy and intermediate
axes. The measured RMCD signals are consistent with bulk magnetometry measurements

performed by others?3®

, indicating that the monolayer is indeed magnetically ordered. Together
with the magneto-PL measurements, this suggests that not only is the PL coupled to the magnetic
order, but it is specifically coupled to the interlayer magnetic order, and tentatively appears to
be governed by the angle between the magnetic moments of adjacent layers. This explains the
sudden change in the PL spectrum when a magnetic field is swept across a the critical field along
the easy axis, as the angle between the magnetic moments of the two layers of the bilayer jumps
from 180° to 0°, and why the PL spectrum changes continuously when the field is swept along
the intermediate or hard axes, as a result of the continuous rotation (canting) of the magnetic
moments of the two layers?3®. Because the angle between the magnetic moments of adjacent
layers is 0° at a saturating magnetic field, regardless of the direction, this hypothesis is compatible

with the near identicality of the bilayer PL spectra at saturating fields along the three principle

axes (fig. 7.2.1 ).

The behavior of the trilayer follows much the same pattern as the bilayer, with abrupt
spectral changes when the magnetic field is swept along the easy axis, corresponding to layer
flipping transitions, and continuous changes when the magnetic field is swept along the easy and
hard axes, corresponding to continuous canting of the magnetic moments of the layers (figs. 7.2.2
a-c). Of particular interest is the magnetic field response of the high energy, 1.36 eV peak which

is present below the magnetic ordering temperature in samples thicker than bilayer. The energy

103



7 - Optical properties of the magnetic semiconductor Chromium Sulfur Bromide

1.36
1.34

1.32

Energy (eV)

Hoom H o m Hom
oy Ho Ho e
; M
B
d 1.36 f () g
1
~ 1

HI b 1.34 / /}«l\
€ —~ - EE - Vil
£ 05 S a2 3 £ [
2 2 5 — 5 . \
< 5 s s '
2 = 13 > >
z & 2 2 |
E 1.28 g <« % / \
R o = o )
¢ 08 04 0 04 08 04 02 0 02 04 v S0

! } . } 2 0 - i 128 1.32 1.36 128 1.32 1.36
H(T Hom
Lo M Mo o Energy (eV) Energy (eV)

Figure 7.2.2 Layered magnetism and magneto-photoluminescence of 3 and 4 layer CrSBr. a, b, c
Trilayer magneto-photoluminescence magnetic field sweep with the magnetic field along the
easy axis, intermediate axis, and hard axis, respectively. d Intensity of the trilayer high energy
peak (near 1.36 eV) as a function of magnetic field along the easy and intermediate axes. Straight
lines are visual guides. e Four layer magneto-photoluminescence field sweep with magnetic field
along the easy axis showing layer flipping behavior. Arrows denote magnetization direction of
individual layers in the stack and represent only a few of the possible permutations. f Four layer
PL spectra at easy-axis magnetic field values of 0.15 T, 0.3 T, and 0.45 T, corresponding to zero,
half, and saturated sample magnetization. g PL spectra of four layer CrSBr at half magnetization
along the easy and intermediate axes.

shift of this peak roughly follows the trend of the lower energy peaks during spin canting;
however, as the absolute value of the magnetic field increases, the intensity of this peak falls off
linearly up to the saturating magnetic field, at which point the peak vanishes completely (fig.
7.2.2 d). During easy axis sweeps, the intensity of the 1.36 eV peak doesn’t change until the
critical field, at which point the peak disappears. Given that it appears only in samples with 3 or
more layers in the presence of layered antiferromagnetic order, we hypothesize that it arise
when parallel-aligned layers are coupled to each other through an intermediate anti-aligned
layer, perhaps from next-nearest-neighbor interlayer exchange interactions. Furthermore, the
linearly decreasing intensity of the peak during spin canting and sudden disappearance with layer

flipping suggests that the corresponding electronic state scatters efficiently into a lower energy

state in the absence of AFM order. This would imply that scattering between these two states at
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zero field is spin-forbidden, thus preventing the higher energy state from scattering into the

lower energy state and brightening its PL emission.

The behavior of the four layer is more complicated. The easy axis field sweep reveals an
extra magnetic field transition through the magneto-PL, the first transition (0.15 T) occurring at
approximately half the magnetic field of the second transition (0.31 T) (fig. 7.2.2 e). This behavior
is consistent with layer-by-layer flipping. Since, at zero field, the four layer consists of two layers
magnetically aligned in the b direction interleaved with two layers antialigned in the -b direction,
the first transition may correspond to the flipping of one antialigned layer, resulting in half
magnetization, and the second transition corresponding to the remaining antialigned layer
flipping to give fully saturated magnetization. The PL spectrum in the half-magnetized state is
largely a mixture of the peaks found at zero magnetization and those found at saturation, albeit
with reduced intensity (fig. 7.2.2 f). If the magnetic response of the PL spectrum depended on
net magnetization or any other global magnetic property, this would not be the case, as the half-
magnetized configuration would be expected to give a unique and distinctive spectrum. Rather,
this result suggests that the coupling between the magnetic order and PL depends on the
interlayer configuration /ocal to each individual layer, such that when a single layer in the four
layer flips to produce half magnetization, reducing the number of AFM interlayer interfaces, the

PL features which are signatures of the AFM order persist due to the remaining AFM interfaces.

The layer-by-layer flipping also gives us a chance to compare the PL spectra in the case of
half magnetization brought about by the flip of a single layer versus the case of half magnetization
resulting from spin canting. Based on bulk measurements?3>, we expect the net magnetic
moment along the a direction M, to be at half the saturated value M, ,¢/2 at magnetic field
along the a direction B, equal to half the saturation field along that axis B, s4¢/2. Since the
magnetic moments in the b direction cancel in the four layer, this means that half net
magnetization |[M 4. |/2 occurs at B, ¢4+ /2. Comparison of the half-magnetization spectra along
the a and b directions, unsurprisingly, shows that they are rather different (fig. 7.2.2 g). It is
obvious that this should be the case a priori from the fact that no energy shift of the 1.36 eV peak
occurs during easy axis field sweeps, whereas during intermediate and hard axis field sweeps,
the energy changes continuously. This comparison nevertheless highlights these two distinct
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Figure 7.2.3 Hysteretic magnetic behavior observed through magneto-photoluminescence. a PL
spectra of trilayer CrSBr in positive and negative magnetic fields (partial magnetization) along the
hard axis for both directions of field sweep (indicated by colored arrows. The different sweep
directions and field values constitute antisymmetric time reversal pairs. b Extracted PL center-
of-mass energy (top) and peak intensity of 1.36 eV peak (bottom) during a bidirectional hard-axis
field sweep, showing explicit hysteretic behavior. ¢, d Total integrated intensity and integrated
intensity of 1.36 eV peak (respectively) of bilayer and trilayer CrSBr PL during easy-axis field
sweeps, showing small hysteresis loops at the layer flip transition.

effects: intensity of a given PL peak depends on the degree of antiferromagnetic interlayer
coupling or the number of antiferromagnetic interfaces, whether due to layer flipping or
magnetization canting, while energy shifts seem to be governed by exclusively by canting

behavior.

One unusual aspect of the hard axis magnetic field response is the appearance of
antisymmetric (with respect to sweep direction) hysteresis observed in the shifting PL spectrum.
This is most clearly seen when the field-dependent center of mass energy E¢,y (B) or integrated
intensity (fig. 7.2.3 a-b) are plotted, in which the data depart from one another for the two
different sweep directions in an antisymmetric fashion at low fields, before once again

overlapping at a field value somewhere below the saturating magnetic field. We speculate that
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Figure 7.2.4 Magneto-reflectance spectroscopy. a-c Differential reflectance of bilayer CrSBr as a
function of easy, intermediate, and hard axis magnetic field. D Differential reflectance of trilayer
CrSBr as a function of intermediate axis magnetic field. Note that at no point do any resonance
features appear or disappear, in contrast to the field-dependent PL spectrum of trilayer.

this might be a signature of the intermediate-axis spin-flop transition, in which the sample plane
is slightly tilted, allowing coupling between the easy-axis crystal direction and the magnetic field
vector nominally corresponding to the hard axis direction. Careful inspection of easy-axis sweeps

of bilayer (fig. 7.2.3 c¢) and trilayer (fig. 7.2.3 d) reveal that the layer-flip transitions are slightly

hysteretic as well, with coercive fields of a few mT.

The evolution of the differential reflectance spectrum as a function of magnetic field
largely mirrors the behavior of the PL, highlighting the deep connection between the magnetic
order and the optical transitions in CrSBr. The easy, intermediate, and hard axis field sweeps trace
out the same qualitative behavior, with abrupt energy jumps visible across layer flips in easy axis
field sweeps and gradual redshift in off-axis field sweeps (fig. 7.2.4). An important distinction,

though, is that in intermediate and hard axis field sweeps, no reflectance resonances disappear
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(unlike in the PL, where certain peaks diminish linearly with field). This further supports the
hypothesis that the vanishing PL peaks arise from interlayer exchange rather than another effect

like interlayer hybridization, as the exchange effect is purely excitonic.

Systematic analysis of the saturating fields recorded by the temperature-dependent
magneto-PL or magneto-absorption can potentially provide an estimate of the transition
temperature, similar to the analysis of previously reported CrSBr bulk transport measurements.
By extracting the center-of-mass energy of the magneto-PL as a function of magnetic field, we
can define the saturating fields for intermediate and hard axis sweeps by a peak in the second
derivative, d?E,/dB?. For easy axis sweeps, we define the saturating field by the centroid of
the hysteresis loop corresponding to the layer flip transition to saturated magnetization (fig. 7.2.5
a). The extracted critical fields of trilayer as a function of temperature are plotted for the a, b,
and c directions in figure 7.2.5 b. The a and c axis critical fields fit well to a linear model with an
x-intercept of around 155-160 K. However, based on the previously reported field dependent

transport measurements?3>

, we expect the linear fit to overestimate the critical fields as
temperature approaches the transition temperature; thus the extracted x-intercepts
overestimate the transition temperature. We can therefore conclude only that for thin exfoliated
flakes, the critical temperature lies between our highest-measured temperature at which
magnetic response was observed, 130 K, and the overestimate provided by linear extrapolation

of the critical field data, 155-160 K, consistent with theoretical and experimental estimates in

bulk.
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Figure 7.2.5 Critical field temperature dependence a Determination of the critical field uoH,
along the easy axis, accounting for directional hysteresis. b Determined critical fields for
magnetization along all three crystal directions. Straight lines are guides to the eye.



Adapted figures

Adapted figures
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Appendix A: The role of stamp geometry in van der Waals transfers

During the assembly of a multilayer van der Waals structure by mechanical transfer, in-plane
strain on the sample is of particular concern as it could cause the layers to crack or shift relative
to one another. The role of stamp geometry in producing (or minimizing) in-plane strains

introduced by a van der Waals transfer is discussed below.

Consider a flat slab of elastic material being pressed into a rigid substrate at an angle 6
along the z direction (fig. Al). The elastic slab must necessarily deform at the interface with the
substrate if 8 is fixed as they are brought further and further into contact. Assuming 0 is small,
the portion of the elastic material in contact with the substrate will be compressed along the z
direction, nearly normal to the elastic slab. This will cause a corresponding expansion of the
elastic in the x-y plane according to its tensor modulus v;;. Furthermore, the compressive strain
will be nonuniform, being greatest at the lowest point of the elastic which made contact with

the substrate first, decreasing linearly towards the contact point.

To simplify this model, we impose certain boundary conditions, marked by yellow
dashed lines: first, that the top of the elastic is held rigidly (i.e. expansion along the top plane is
forbidden); second, that the elastic is prohibited from slipping along the substrate in the region
in which they have come into contact. Under these boundary conditions, the transverse strain
caused by the compression will cause the material to bulge outward from the middle of the slab
at the edge which first made contact, as both the top and the bottom of the slab are
constrained here. On the opposite side of the contact region, the bottom surface of the elastic
will be pushed away from the interface. These forces are indicated by red arrows. The latter
strain, directed to the left in the diagram, is cumulative: When the elastic is first brought into
contact, a small leftward strain is produced in the material adjacent to the contact point. When
the elastic is lowered a bit more, this strain will be trapped in the newly contacted area
(according to the second boundary conditions), and the strain in the material next to the new
contact point will increase further due to the compression of the newly contacted area. Thus,
as the two are brought further into contact, the transverse strain grows superlinearly from the

original contact point up to the current contact point. The strain then decays to zero towards
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the free edge of the elastic slab as it is unconstrained. The magnitude of the transverse strain
for a given contact length is proportional to tan 6, as the contact length is given by Az cot 6.
Thus, if one’s goal is to bring as much of the elastic into contact with the substrate while

minimizing strain, a small contact angle is desirable.

However, if the surface of the elastic is rough, a sufficiently small contact angle will
result in voids forming at the interface (fig. A2). If contact is made in a gas environment, gas will
then become trapped in these voids to form pressurized bubbles. If the contact angle is
sufficiently large, larger than the typical angular deviation of the surface topography of the
elastic, the voids will be “squeezed out,” resulting in fewer bubbles. Put another way, bubbles
can only form where there is a local maximum in the separation between the elastic and the
substrate, and by tilting the elastic, the separation can be made monotonic in x. Therefore, the
requirements to produce a uniform interface and an unstrained interface are at odds with one

another in this model of a van der Waals transfer.

One could of course perform a transfer using the edge of a stamp, i.e. pick up the 2D
layers directly at the point where the stamp first meets the substrate to minimized strain
despite a larger contact angle. There are practical limitations to this approach, though, namely
poor visibility at the edge of the stamp, and the tendency for the PC membrane to relax near
the edge of the PDMS block throughout a multi-step transfer, often resulting in the formation
of small wrinkles in the PC. It is therefore desirable to do the transfer as close to the center of
the stamp as possible. To this end, a domed stamp is beneficial: initial contact may be made in
the center of the stamp, and the contact angle increases continuously away from the center.
Since the contact angle is small (to vanishing) at the center, the transverse strain caused by
initial contact is negligible; and since the transverse strain is cumulative and superlinear,
reduction of the initial strain propagates throughout the contact process. Moreover, versus a
flat slab in which the transverse strain is distributed along one axis (in fig. A1, the x axis), the
transverse strain in a domed stamp is distributed along both the x and y axes and is thus overall

reduced for a given contact area.
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Az* ,

. Position
o
Figure Al An elastic slab (blue) is brought into
contact with a rigid substrate (gray) by pressing

along the z direction, causing longitudinal and
transverse strain (bottom)
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Figure A2 Contact angle plays a
role in evening out roughness

and reducing voids/bubbles in
the interface.
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Description of magnetization measurements using magneto-optical effects

The magneto-optical Kerr effect (MOKE) and reflectance magneto-circular dichroism (RMCD)
occur due to coupling the real and imaginary parts (respectively) of the off-diagonal terms of a
material’s polarizability tensor g; (i # j) and an incident optical field. They serve to retard or
attenuate (respectively) one circularly polarized component of light relative to the other,
resulting, for example, in the rotation of linearly polarized light or the conversion of linearly
polarized light into elliptically polarized light (respectively). The off-diagonal elements of the
polarizability vanish in an isotropic material and in the absence of broken time reversal
symmetry; however, any type of spin or orbital polarization can cause these tensor elements to
become nonzero. Thus, if linearly polarized light passes through a spin-polarized or magnetized
material parallel to the polarization/magnetization vector, it may undergo rotation (the Faraday
effect) or acquire elliptical polarization (magneto-circular dichroism). Light which reflects off the
material may be rotated as well (MOKE) or acquire elliptical polarization (RMCD). These two
polarization effects may therefore be used as probes of a material’s spin polarization or

magnetization.

A sensitive technique for measuring MOKE and RMCD has been described by Sato!®,
which makes use of polarization modulation and lock-in amplification to make possible the
measurement of very small Kerr rotation angles and small degrees of ellipticity. Polarization
modulation is carried out by means of a photoelastic modulator (PEM), in which an isotropic slab
of refractive medium is made anisotropic by a time-varying uniaxial strain produced by a
piezoelectric transducer. The amplitude of the strain can be varied by adjusting the driving
amplitude of the transducer, while the modulation frequency Q is fixed by the mechanical
resonance of the refractive slab. Defining the strain axis as X, collimated monochromatic light is
transmitted through the PEM along the 2 direction with polarization along the D = (% + 9)/V2
direction. The refractive index of the refractive slab is 71 = ngy + noz + (n, + Ansin(Qt))x. As
a result, a time-varying retardance is imprinted on the X component of the polarization (relative

to the ¥ component) which is proportional to dAn, where d is the thickness of the slab along the
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optical axis. An is tuned such that a particular retardance, in this case 1 /4, is achieved. As a result,
the polarization of the outgoing light will be modulated such that it is D polarized (unmodulated)
at the strain nodes and circularly polarized with opposite helicities (+ and =) at the positive and
negative strain antinodes. Thus, during each modulation cycle, the light takes on D polarization

twice and + and = once each.

The modulated light is then directed toward an objective lens which focuses it onto the
sample. Upon reflection, MOKE and RMCD act on the light’s polarization state. The reflected light
is then recollimated by the objective lens and split off from the ingoing light by a beamsplitter
before being directed through a linear polarizer and onto a photodiode. The key to this technique
is that the Kerr effect does not affect circularly polarized light, while circular dichroism does not
cause the major axis of polarization to rotate (even if it causes linearly polarized light to become
elliptical). Consequently, if the light is subject only to MOKE, only the D portion of the
polarization modulation cycle will be affected, and since D polarization is achieved twice per
cycle, MOKE will affect the light polarization at a frequency of 2(). On the other hand, RMCD will
enhance reflectance for + while reducing it for = (or vice versa for opposite magnetic
polarization). Thus RMCD produces a modulation of the reflected intensity with a one maximum
per modulation period and one minimum per modulation period, rendering an oscillating signal
at Q. Strictly speaking, the polarizer is not necessary for RMCD as it produces a time-oscillating
intensity in the modulated beam. The polarizer is necessary for measuring MOKE; it should be
oriented along the X or 9 directions. Thus, as D polarized light passes through the analyzer, the
intensity will be reduced by sin /4. The same reduction applies to both circular polarizations of
light. However, when the D light is rotated by an angle 8, the intensity is reduced by
sin(r/4 + 0k) when it passes through the polarizer, hence converting the Kerr rotation signal
from a polarization effect to an intensity effect, which can be read off by the photodiode. The
two effects can therefore be distinguished from one another by means of a lock-in amplifier

tuned either to () for RMCD or 2() for MOKE.
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Description of Raman scattering spectroscopy

Phonons are quantized lattice vibrations in molecular matter. Certain vibrational normal modes
in matter can produce an electric dipole moment and are called optical phonons (as compared
to acoustic phonons, which do not produce an electric dipole moment). Raman scattering occurs
when a photon incident on matter excites a virtual electronic state, which can either absorb or
emit an optical phonon by coupling to its electromagnetic field. When the virtual state decays,
light is emitted with an energy that has increased (phonon absorption) or decreased (phonon
emission). At low temperatures, the phonon population is low, and thus phonon absorption is
much less likely than phonon emission. The typical energies of optical phonons in crystalline
solids range from a few meV to tens of meV. Thus, spectroscopic measurement of Raman
scattering, or Raman scattering spectroscopy, benefits from the use of narrowband single-
frequency light in order to spectrally separate the Raman modes from the un-scattered light. This
is typically accomplished by using an interference filter such as a Fabry-Perot interferometer,

etalon, multilayered dielectric filter, or Bragg filter.

In our case, a series of Bragg filters are needed for the following reason: The strength of
Raman scattering is directly proportional to the interaction length of the light with the material
being studied. In atomically thin samples, the interaction length is necessarily very small, and
thus the Raman scattering is weak. Thus, laser sidebands must and unscattered light must be

suppressed to a high degree in order to resolve the weak Raman signal.

Laser light from a 633 nm HeNe laser or a 532 nm diode pumped solid state laser are
employed. First, the light is reflected off a Bragg reflective bandpass filter, tuned to the Bragg
angle corresponding to the laser line such that the reflected power is maximized and sidebands
are suppressed by a factor of 10%. The light is then reflected off a Bragg notch filter, again tuned
to the laser line, before being sent to an objective lens to be focused onto the sample. Upon
reflection, Raman scattering occurs. The objective lens recollimates the reflected light which then
intercepts the aforementioned Bragg notch filter. At this point, the unscattered laser light is
rejected by the notch filter with a rejection ratio of 10* and the Raman scattered light passes
through. However, at this point, the amount of laser light overwhelms the Raman scattered light
and will overwhelm any detector which is sensitive enough to detect the weak Raman signal.
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Therefore, the light is passed through another pair of Bragg notch filters to extinguish the
unscattered light by an additional factor of 108 total. Thus, the laser sidebands undergo a total
suppression of 10® before reaching the sample, and the unscattered light undergoes a total
suppression of 10%?2 before reaching the spectrometer/detector. The Raman spectrum is then
analyzed by dispersal in a high-resolution spectrometer (500 mm focal length, 1200 or 1800

lines/mm diffraction grating in Czerny-Turner geometry).
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Supplementary data for chapter 5
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(Left) photoluminescence map of FHBL-4 integrated from 700-720 nm (over the WSe,

neutral exciton). (Right) photoluminescence map of FHBL-4 integrated from 750-765 nm

(over the MoSe, neutral exciton).

Supplementary data for chapter 7
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(left) Differential reflectance spectrum of 5L CrSBr at 5K and B=0 using light polarized
along the b direction. (right) Magnetic field dependence of differential reflectance, with

field swept along magnetic easy axis.
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(left) Differential reflectance spectrum of bulk exfoliated CrSBr at 5K and B=0 using light

polarized along the a (orange) and b (blue) direction.
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Magneto-photoluminescence spectrum of bulk CrSBr at 5K with the magnetic field

swept along the easy axis. Bidirection sweep reveals hysteretic behavior.
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