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In the past 20 years, 2D van der Waals materials have garnered broad interest across a wide 

range of scientific and engineering disciplines. They provide a highly tunable platform for 

exploring emergent quantum phenomena in solid state systems. Their low defect density, atomic 

thickness, and high surface-to-volume ratio make them stand out in two ways in particular:  

First, their charge carrier density can be tuned dramatically with only an electrostatic gate. 

Moiré superlattices formed by stacking 2D crystals with either a twist angle or lattice mismatch 

have provided a highly tunable platform for exploring remarkably rich physical phenomena. Since 

the moiré pattern arises from interfering lattices, its wavelength and symmetry are highly sensitive 

to the effects of strain, which modifies the lattice parameters of the constituent layers. The 

combination of a large, experimentally tunable “superlattice” constant and the ability to fine-tune 

the carrier density in a single device at cryogenic temperatures provide unprecedented control over 
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the electronic environment and have made gated moiré systems one of the most promising material 

platforms for exploring and simulating the physics of strongly correlated 2D electron systems. 

Second, 2D materials can be stretched, bent, and compressed more than bulk materials 

before they yield. Due to their remarkable strength, one particularly enticing tuning knob is strain 

since the ability to break rotational symmetries and change interatomic spacing both have 

significant implications for nearly all material properties that are rooted in the multi-orbital 

makeup of band structure and the crystal symmetries that underlie the tensors governing essentially 

all material properties. Despite the importance and potential for strain in tuning moiré systems, 

there have been limited experimental investigations utilizing in-situ strain control to date, not 

mentioning gated device geometry. 

In this dissertation, I tackle the challenge of simultaneously implementing cryogenic, 

tunable uniaxial strain in a high-quality, gated moiré superlattice. After establishing optical 

techniques as a probe of crystal symmetries in Chapter 2 and exploring how localized, out-of-plane 

strain pulses generated by an ultrafast laser can be used to perturb and probe material properties in 

2D van der Waals crystals in Chapter 3, the following three chapters build on each other 

sequentially.  

In Chapter 4, I directly image the effects of applying uniaxial stress to an exposed 

WS2/WSe2 moiré superlattice with piezoresponse force microscopy (PFM). I use a combination of 

basic FFT analysis as well as an implementation of Geometric Phase Analysis (GPA) to 

qualitatively and quantitatively understand how this uniaxial stress strains the moiré superlattice. 

In Chapter 5, I report our work to address the strain transmission problem—graphene and hBN do 

not transmit strain from the substrate to a target layer in a functional device, requiring that we 

explore alternative dielectric substrates that provide an insulating, atomically flat, uniform 
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dielectric surface that also transmits significant strain. I show that bismuth oxy-selenite is a suitable 

material for this purpose that transmits ~1% uniaxial tensile strain to a gate-tunable monolayer 

WS2 flake. 

Finally, in Chapter 6 I unify the previous results by demonstrating the ability to fabricate 

high-quality, top-gated WS2/WSe2 moiré heterostructure devices that can be continuously, 

reversibly strained up to 1% at cryogenic temperatures. I report, for the first time, an interlayer 

exciton strain gauge factor, a splitting of the interlayer exciton into two distinct species with 

distinct dipole moments, optical selection rules, and gate-dependent oscillator strengths.   
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Chapter 1 | Introduction 

 Most introductory physics courses begin by introducing the kinematic equations of motion 

for Newtonian physics in one dimension. This approach evades the details of working with vector 

quantities and makes learning the physical concepts and equations simpler, at least in theory. Once 

students are comfortable with the fundamentals, they begin working with 2 and 3 spatial 

dimensions, incorporating the uniqueness of a gravitational pull in the “up and down” direction 

and the ability for objects to exist and move freely in the three-dimensional world we live in. From 

the perspective of the equations of motion, each dimension is independent, but not particularly 

unique. Objects can have positions and velocities, experience forces that cause accelerations, and 

so forth in any dimension. There is a general understanding that the physics of each dimension is 

not unique and that while it’s easier to learn a new equation in one dimension, moving to higher 

dimensions is merely a matter of keeping your i-hats and j-hats straight; a small price of tedium to 

pay to describe how any object moves in the real world around us, not on the 1D cart track of a 

physics laboratory. 

 But already in the 3D macroscopic world of blocks on planes and cars turning on 

racetracks, there is an awareness that the 3 dimensions of our world are not all the same. In 

Cartesian coordinates, we usually call the direction parallel to gravity the z-axis; in polar 

coordinates, it is the r-axis, and the physics that governs how objects move along this axis is 

understood to be fundamentally different than the other two axes, typically because of gravity. The 

existence of a gravitational field makes one direction unique, not because the laws of physics are 

themselves unique along that axis but because in the world we live on, gravity is what gathered us 

here in the first place. We agnostically label axes x-, y-, and z-, but I dare you to walk, for example, 
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10 paces along the x-axis, 10 paces along the y-axis, and 10 paces along the z-axis. One of these 

is not like the others. 

 The observation that gravity makes “up and down” different from “forward and backward” 

or “left and right” doesn’t sound particularly profound, but there is a kernel of much of the richness 

of physics in this simple realization. The globe is spherical (or nearly so) because of gravity—

which is itself a spherically symmetric force (or field). The symmetry of gravity that pulls masses 

directly toward each other, and the fact that all fundamental forces have this property, is why we 

think about physics the way we do.  

In Phil Anderson’s famous 1972 Science article “More is Different”, he writes that "it is 

only slightly overstating the case to say that physics is the study of symmetry"1. The relationship 

between the symmetries that systems, objects, or equations have and how their effects manifest in 

the world is profound. As noted above, the world is round because of the symmetry of gravity, 

though it is also not completely symmetric because of (1) inhomogeneity, and (2) the fact that 

gravity is not the only force acting on the mass that makes up the earth. 

In “hard” condensed matter physics, the world of interest is the world of crystal structures, 

and the first symmetries that govern what properties emerge in these systems are the symmetries 

that govern how atoms can pack together to form a crystal lattice. In a universe with 118 different 

known elements and a near-endless number of possible bonding configurations that join atoms 

together, it is perhaps surprising that in total, there are only 32 different point group symmetries 

that crystals can have. This constraint is enacted by the requirement that for a crystal to exist as a 

single entity, rather than a cluster of molecules, the structure must be periodic in as many 

dimensions as it exists in, be that 1, 2, or 3.  Because symmetry is so important to physical laws 

and to the behavior of physical systems, symmetry-breaking effects have a uniquely powerful 
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effect on these material systems. While there are many ways to break various symmetries in 

condensed matter systems, one of the most obvious and direct ways to alter a crystal symmetry is 

by stretching, or straining the crystal. If a uniaxial strain is applied that only stretches the crystal 

in one direction, this in-plane symmetry is reduced to a 2-fold symmetry. This transformation can 

be imaged by picturing a square, which has four-fold symmetry (4 90o rotations), being stretched 

into a rectangle (which only looks identical when rotated 180o). As will be discussed later, 

atomically thin crystals turn out to be extremely well suited for strain studies. 

 The terms “2D material” and “van der Waals material” are often used somewhat 

interchangeably, but they are not strictly the same. Generically, a useful definition of a 2D material 

rooted in physics is that a 2D material is any material in which quantum confinement in the out-

of-plane dimension becomes significant. (A 1D material, like a nanowire or carbon nanotube, 

experiences this quantum confinement in two dimensions but not along the axis of the wire.) There 

is a rich history of studying 2D electron gases (e.g. on the surface of helium) and confined electron 

systems (e.g. GaAs-based quantum wells) that predate the study of 2D vdW materials. 

Van der Waals crystals have layered crystal structures that can be thought of like a ream of 

printer paper. Atoms within the plane are covalently bonded together, while only the relatively 

weak van der Waals force keeps adjacent layers stuck together. This property makes it easy to 

cleave vdW materials into layers because the vdW bond is far more likely to break when stressed 

than the in-plane covalent bonds. Van der Waals materials make good 2D materials because this 

cleaving process can be repeated until there is only a single layer of crystal—a monolayer—

remaining.  

This cleaving process can, remarkably, be accomplished with off-the-shelf Scotch tape 

(which, 20 years after the first exfoliations, remains the first choice of most 2D materials research 
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groups). The exfoliation process to obtain monolayer flakes from bulk crystals is shown in Figure 

1.1. First, a bulk vdW crystal is prepared (Graphite from 2D Semiconductors in Figure 1.1a). 

Scotch tape is then used to peel the bulk crystal into a field of thinner bulk flakes (Figure 1.1b), 

which are subsequently pressed onto a substrate (typically a silicon wafer coated with a layer of 

silicon dioxide to enhance flake contrast via thin film interference, Figure 1.1c). When the tape is 

peeled away (Figure 1.1d), the crystal cleaves at the vdW interface (Figure 1.1e) and a random 

assortment of flakes of various thicknesses, shapes, and sizes is left behind. The chip is then 

searched using an optical microscope (Figure 1.1f) until flakes that suit a given research purpose 

are found. Typically, this process is performed manually, although there are examples of robotic 

searching based on computer vision that can be used as well2,3. As the story goes, the experimental 

discovery of monolayer graphene—the first monolayer material ever isolated from bulk crystal—

by Novosolov and Geim in 2004 was made using exactly this technique4. 
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Figure 1.1: Scotch tape exfoliation process. Bulk crystal (a) is peeled into thin flakes on scotch 

tape (b), which is then pressed onto a Si/SiO2 substrate (c) and peeled away (d), which cleaves 

vdW crystals at the vdW interface (e), leaving a chip covered with a variety of atomically thin 

flakes that can be searched with an optical microscope (f). 

 While there are many different measurements that can be performed on bare flakes, most 

of the appeal of 2D materials lies in the physics that can be uncovered when multiple flakes are 

stacked together to form heterostructures. Originally, flakes were combined using a wet transfer 

process5–7 which leverage capillary forces to separate a 2D material from a growth substrate; 

however, today dry transfer techniques based on selective use of polymer films have become the 

first choice for most 2D labs because of their precision, repeatability, and versatility7,8. There are 

many slight variations in the dry transfer process, but the essential concepts are universal and 

depicted in Figure 1.2. Central to the transfer process is a simple technology called a “stamp” that 
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provides an accurate, gentle way to pick up and deposit nearly any van der Waals material. A stamp 

consists of a thin adhesive layer (typically polycarbonate or polypropylene carbonate) stretched 

over a rubbery layer that can be curved or flat (typically polydimethylsiloxane) affixed to a 

transparent glass slide (Figure 1.2a). By loading the stamp into a transfer stage that allows precise 

control over the chip temperature, chip position, stamp position, and microscope position (Figure 

1.2b). The transfer process is repeatable, and stacks of flakes can be assembled “top-down” by 

picking up one flake after another until a device is fully assembled (Figure 1.2c). 

 

Figure 1.2: Dry transfer technique for assembling vdW heterostructures. (a) A “stamp” 

consisting of a sticky polymer (PC or PPC) extended over a squishy polymer (PDMS) creates a 

gentle, controllable adhesive surface for picking up and transferring a wide variety of 2D materials. 

(b) A “transfer stage” that allows independent positioning of a substrate holder, stamp holder, and 

optical microscope facilitates the transfer process. (c) An example of a stacked heterostructure 

before the PC film has been removed from the final substrate. 
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 Precise, on-chip electrical contact can be made to different flakes in a 2D device using 

electron beam lithography (EBL). After transferring a heterostructure, the entire chip is coated 

with a polymer resist layer. Polymethyl-methacralate (PMMA) provides the necessary resolution 

for most of our purposes, although more expensive resists that provide sub-200 nm feature 

resolution can also be used when required. A scanning electron microscope (SEM) is then used to 

selectively expose portions of the resist layer, which breaks up polymer chains in the resist (Figure 

1.3a). When the chip is exposed to a solvent (a combination of isopropanol and water), the channels 

with weakened resist dissolve quickly, leaving selected portions of the chip and heterostructure 

exposed (Figure 1.3b). The chip can then be loaded into a metal evaporation chamber (e-beam or 

thermal) in which thin films of different metals can be evaporated with precise thickness control 

(Figure 1.3c). Finally, solvents are used to completely remove the mask, leaving the 

heterostructure with on-chip electrical connections (Figure 1.3d, e). 

 

Figure 1.3: Making electrical contact to 2D materials with electron beam lithography and 

metal evaporation. (a) Schematic side-view showing how electron beam exposure and solvent 

use define precise channels in a PMMA mask spin-coated over the whole device. When gold is 
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evaporated over the whole surface and the PMMA is washed away with solvents, only the gold 

contacts to the 2D device remain. (b) Microscope image of channels left behind in PMMA after 

EBL. (c) Microscope image of finished device with metal contacts to the target flakes. 

 Since the discovery of graphene and the first exploration of its remarkable electronic 

properties, which include semi-metallic Dirac-like linear dispersion around its K-points and a 

Fermi energy pinned at charge neutrality4,9–11, a vast swathe of 2D materials with different unique 

properties have been discovered. In addition to the existence of a variety of metals, 

semiconductors, and insulators, the field has seen the discovery of monolayer magnetism12,13, 

superconductivity in atomically thin flakes14, and the eruption of topological insulators and 

topologically nontrivial materials and heterostructures. Beyond individual material properties, 2D 

vdW materials offer the opportunity to probe layer-dependent changes in electronic and 

topological properties, to engineer proximity effects, and to fabricate complex heterostructures that 

enable unparalleled control over materials by tuning carrier type, carrier density, and symmetry-

breaking electric fields.  

One of the most important experimental tools for a materials scientist or engineer is the 

ability to tune carrier density—to dope a crystal. Carrier density, be that the density of electrons or 

holes in a crystal, has a dramatic effect on material properties. The periodic table itself is organized 

primarily by counting how many total electrons each atom has, and this is because the number of 

valence electrons nearly single-handedly determines an element’s chemistry. In crystalline 

materials, the number of excess electrons can be altered by selectively substituting a certain 

percentage of one element with a different element that occurs neutrally with more or fewer 

electrons. For bulk crystals, this stoichiometric doping is the only way to meaningfully and change 

carrier density across the whole sample, and it has been used to great effect to explore the phase 
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space of high-Tc cuprate superconductors, for example. The downside of this approach is that 

achieving a given doping level requires growing a new crystal. This is a time-consuming process 

that is susceptible to fluctuations in repeatability, and it makes fine-tuning carrier density over a 

large range an intractable problem.  

One of the most appealing aspects for studying the electronic properties of 2D materials is 

the ability to tune carrier density with an electrostatic gate rather than stochiometric doping. When 

a 2D material or heterostructure is sandwiched between a capacitor-like structure consisting of 

dielectric insulating layers between metallic flakes (Figure 1.4a), applying voltages to the top or 

bottom gates alters the electrostatic potential seen by electrons in the 2D material or 

heterostructure. In bulk crystals, electronic screening at the material’s surface prevents the 

application of homogenous potentials across the entire sample; however, in 2D the screening is 

reduced sufficiently for this gating to have a significant effect. For a dual-gated device architecture, 

the application of arbitrary voltages to each plate results in a combination of electrostatic doping 

and out-of-plane electric field. With knowledge of the dielectric environment and layer thickness, 

it is possible to perform a change of basis from axes of top-gate and bottom-gate voltages to axes 

of pure carrier density and pure electric field (Equations 1.1 and 1.2, Figure 1.4b) 
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Figure 1.4: Electrostatic gating of 2D materials with capacitor-like device structure. (a) Schematic 

of a 2D heterostructure sandwiched between stacks of insulating, dielectric hBN and conductive 

graphite with electrical connections to apply voltage to the top and bottom gate while keeping the 

sample grounded. (b) Schematic showing the change of basis from top- and bottom-gate voltages 

to electric field and carrier density, using Equations 1.1 and 1.2. 
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While graphene was both the first vdW material to be exfoliated as well as a profoundly 

rich physical system for study over the past 20 years, the transition metal dichalcogenide (TMD) 

semiconductor family is a close rival. Graphene’s semi-metallic nature makes its electronic 

properties most readily probed by electrical transport measurements, while the monolayer TMDs 

are direct-bandgap semiconductors with gaps in the visible to near-IR spectrum, making them easy 

to probe with light and technologically promising for a variety of lighting applications. TMDs have 

the stochiometric formula MX2 where M is a transition metal—typically W or Mo, although Ti, 

Cr, and V-based compounds also go by this name—and X is a chalcogen S, Se, or Te. From a 

theoretical perspective, the TMDs share several unifying properties. They all have direct bandgaps 
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at the K-point in the monolayer with all but MoTe2 becoming indirect in even bilayer. They all 

share the D3h point group, which lacks inversion symmetry, giving rise to strong nonlinear optical 

response15–25. Monolayer TMDs have strong spin-orbit coupling and exhibit spin-valley locking at 

the K-points, which establishes optical selection rules that govern the lowest level optical 

excitations that dominate their tunable optical properties 26–37. Beyond small quantitative 

differences, the main qualitative theoretical differences between different species of TMDs is a 

reversed spin-splitting in the conduction band K-points for Mo- and W-based TMDs36, giving them 

different selection rules and optical ground states. 

For the past 8 years, the aspect of 2D materials that has garnered the most attention is the 

moiré superlattice, which results when two similar periodic structures that differ by a small spatial 

mismatch or relative twist angle are placed in proximity. This effect can be seen clearly by eye at 

macroscopic length scales, shown in Figure 1.5a by the interference seen from a screen door. This 

phenomenon, which is an interference effect analogous to beating between sound waves and was 

well-known in the photography community—particularly in the era of pixelated digital 

photography, is important in materials science because it introduces a new periodic length-scale to 

the electronic environment. Moiré superlattices can have periodicities ten to hundreds of times 

those of the constituent crystalline materials. An example of the moiré superlattice formed by a 4o 

twisted WS2/WSe2 heterostructure is shown in Figure 1.5b. Commensurate with this larger 

periodicity is a potential landscape that can localize electrons, holes, and other quasiparticles. 

Furthermore, since 2D materials are amenable to electrostatic doping, moiré superlattice sites can 

be precisely filled with enough electrons or holes for one to inhabit each site, or each other site, or 

each third site, etc. A vast amount of theoretical and experimental work has been done to study 

how moiré superlattices offer platforms in which intersite hopping is sufficiently quenched to 
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produce flat, low-energy moiré bands that exhibit correlated many-body physics38–56. Since 

correlated electronic phenomena are not the focus of this dissertation, the curious reader should 

consult the many excellent reviews that have been published about moiré systems in graphene and 

TMD homo/heterostructures57–64. 

 

Figure 1.5: Moiré patterns around us and in 2D crystals. (a) Moiré pattern formed by a screen 

door showing the pattern resulting from interfering mesh screens (left) that is absent when only a 

single screen is present (right). (b) Moiré superlattice formed by a WS2/WSe2 heterostructure, 

which results from a combination of the ~4% lattice constant mismatch between the two crystals 

and the 4o relative twist angle. 

 Yet another aspect of 2D materials that makes them stand apart from bulk crystals is their 

unparalleled flexibility. The combination of low dimensionality and low defect density makes it 

possible for 2D materials to bend, fold, and stretch far more than most crystal structures before 

they break, or “yield.” Figure 1.6a schematically demonstrates a variety of ways that the unique 

flexibility of 2D materials can be leveraged to do things that would not be possible with bulk 

crystals. Figure 1.6b and Figure 1.6c show scanning electron microscopy (SEM) images of 2D 
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crystals that have experimentally been significantly deformed in some of the ways depicted in 

Figure 1.6a. This property is scientifically interesting and potentially technologically useful in two 

somewhat orthogonal ways. First, a crystal structure that can be easily molded around an irregular, 

soft, or moving surface is a promising platform for flexible electronics, and the 2D nature of these 

materials also makes them lightweight and low-profile which furthermore enhances their potential 

utility. Already, studies about the potential for wearable electronics from 2D materials abound65–

67. Alternatively, the ability to stretch a crystal lattice without breaking it opens the path toward 

strain tuning electronic properties.  

 

Figure 1.6: Flexibility of 2D crystalline materials. (a) Schematic of the ways that a monolayer 

2D material can be deformed in myriad ways. (b) SEM images of 2D material rolled back on itself 

many times. (c) SEM image of 2D MoS2 wrinkling on a soft substrate. Panel (a) reproduced from 

ref.68, panel (b) reproduced from ref.69, and panel (c) reproduced from ref.70 . All panels reproduced 

with permission. 
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Strain impacts material properties for two reasons. To begin with, the electronic properties 

of crystals are inherited from the wavefunction overlap of adjacent atoms. While a single atom has 

an electronic structure described by orbitals and interacting atoms exhibit “hybridized” orbitals, a 

crystal can be considered as a heavily hybridized electron orbital that is smeared out across space 

and more commonly described by a band structure. If atoms are pushed closer together or pulled 

apart, the overlap of their electron wavefunctions with those of adjacent atoms changes, altering 

the electronic properties of the whole crystal. Furthermore, strain can lift crystal symmetries and 

break degeneracies. While the van der Waals gap already makes the out-of-plane axis unique, 2D 

materials often exhibit 3, 4, or even 6-fold symmetry within the plane. These symmetries underpin 

the physical properties that the material has. If a uniaxial strain is applied that only stretches the 

crystal in one direction, this in-plane symmetry is reduced to a 2-fold symmetry. This 

transformation can be imaged by picturing a square, which has four-fold symmetry (4 90o 

rotations), being stretched into a rectangle (which only looks identical when rotated 180o). 

 The differences between straining a bulk 3D crystal and a 2D material are profound, but to 

understand these differences, it is important to understand the fundamentals of strain, which is 

really the purview of mechanical engineering or materials science. To stretch a material, a “stress” 

must be applied. This stress, which has units of Pascals, describes a force (or really, a pressure) 

applied to a material in a given direction. “Strain,” on the other hand, is a unitless quantity that 

describes the deformation of the material that occurs because of this applied stress. In one 

dimension, a rod of length 𝐿 lying on the x-axis that experiences a stress 𝜎𝑥 in the x-direction and 

elongates a length 𝛥𝐿 has been strained an amount ∆𝐿 𝐿⁄ . As the stress on the rod increases, the 

strain also increases. At a certain point, depending on the material composition of the rod, the 

applied stress exceeds the threshold of the material to stretch, and the rod will “yield,” which often 
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takes the form of permanent plastic deformation or fracturing. Materials can be characterized by 

stress-strain curves (Figure 1.7d), and all materials have a “linear” regime over which the applied 

stress results in a proportional strain that is reversible without causing permanent damage to the 

material. The slope of the stress/strain curve in this linear regime is referred to as the materials 

Young’s modulus or elastic modulus and quantifies the “stretchiness” of a material. Soft polymers 

typically have a Young’s modulus on the order of GPa or lower71 (e.g. Polyimide, which has a 

Young’s modulus of ~2.5 GPa72), while metals have moduli in the tens to hundreds of GPa73. 

 In two dimensions, the strain tensor is a 2 ×  2 matrix resulting from the two independent 

directions along which stress can be applied and strain can be experienced. This tensor can be 

considered with its cartesian component matrix elements or broken down into a biaxial strain 𝜖𝑐 

and a pure shear strain 𝜖𝑠 (Eq. 1.3). 

𝜖 =  (
𝜖𝑥𝑥 𝜖𝑥𝑦

𝜖𝑥𝑦 𝜖𝑦𝑦
) =  𝜖𝑐𝕀 +  𝜖𝑠𝑆𝜙𝑠

  1.3 

Biaxial strain, which describes equal stretching or compression in both directions and only changes 

the size of the unit cell, takes the form of Eq. 1.4 and is depicted schematically in Figure 1.7a. 

𝜖𝑐 =  
𝜖𝑥𝑥 + 𝜖𝑦𝑦 

2
 

1.4 

Pure shear strain, which changes the shape of the unit cell without changing the size, takes the 

form of Eq. 1.5 and is depicted schematically in Figure 1.7b. 

𝜖𝑠 =  √(
𝜖𝑥𝑥 − 𝜖𝑦𝑦 

2
)

2

+  𝜖𝑥𝑦
2  

1.5 

 Shear strain has a matrix representation, the shear matrix, which takes the form 𝑆𝜙𝑠
 (Eq. 1.6), and 

a shear angle 𝜙𝑠 (Eq. 1.7). 

𝑆𝜙𝑠
=  cos(𝜙𝑠) 𝜎𝑥 + sin(𝜙𝑠) 𝜎𝑧 1.6 



38 

 

𝜙𝑠 =  cos−1 (
𝜖𝑥𝑦

𝜖𝑠
)  1.7 

  

From an experimental perspective, the most accessible ways to uniformly stress a 2D material are 

by applying biaxial or uniaxial strain. Uniaxial strain, depicted in Figure 1.7c, involves a material 

stretching along an axis due to stress applied to the same axis. For uniaxial strain along the x-axis, 

the strain tensor takes the form of Eq. 1.8, where 𝜈 is the Poisson ratio, a material-specific 

parameter ranging from -1 to 1 that describes how much a given material shrinks in the direction 

transverse to the direction of applied stress. 

𝜖𝑢𝑛𝑖𝑎𝑥𝑖𝑎𝑙 =  (
𝜖𝑥𝑥 0
0 −𝜈𝜖𝑥𝑥

)  
1.8 

Uniaxial strain can is mathematically a combination of biaxial and shear strain with a shear angle 

𝜙𝑠 = 90𝑜, and it is this strain that will be the focus of Chapter 4 - Chapter 6. While the information 

in this paragraph is general knowledge, the conceptual outline and specific formulations were 

adapted from ref. 74. 
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Figure 1.7: Fundamental aspects of strain in 2 dimensions. Depiction of (a) biaxial tensile, (b) 

shear, and (c) uniaxial tensile strains. The red dotted outline indicates the original shape, while the 

black outline indicates the shape after said strain is applied. (d) Typical stress-strain curve for a 

material. In the reversible, linear regime at low stress, the linear relationship between stress and 

strain is defined by the Young’s modulus. Panel (d) reproduced from ref. 75. 

 When a crystalline material is stretched, the elastic energy must be absorbed. At an atomic 

level, a material strains under stress because the interatomic spacing between atoms increases, 

changing bond angles and orbital overlap. Typically, crystal defects are the limiting factor that 

determine the maximum strain that a crystal can experience. Defects, including atomic vacancies, 

atomic substitutions, line defects, etc., are nucleation sites for tearing because they represent a 

disruption in the periodic web of ionic or covalent bonds that bind the crystal together. Defect 

density, consequently, has a significant impact on how much strain a crystal can repeatedly sustain 

before it yields. 3D bulk materials typically yield at strains below 1%, particularly at cryogenic 

temperatures, though there are examples of bulk crystals that can sustain much higher strains. 
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Reduced dimensionality offers two advantages for achieving high strain. First, the increased 

flexibility of a single atomic layer opens many different avenues for achieving large, local strains 

that would not be possible for bulk crystals (e.g. conforming over features in a substrate). Second, 

regardless of defect density, which can vary widely in both 2D and 3D crystals, the overall number 

of defects is significantly reduced in an atomically thin crystals. Since defects are naturally weak 

points in the crystal lattice that nucleate further separation, materials with fewer defects can sustain 

significantly higher strains76. These aspects together have resulted in experimental reports of 

monolayer MoS2 withstanding strains of 11% before rupturing at stresses equal to ~11% of the 

Young’s modulus77, comparable to the theoretical limit of 10% for a defect-free crystal78. This 

corresponds to the point at which the covalent bonds between atoms, not local defects, break to 

release the elastic energy.  

 From the perspective of experimental techniques, the approaches to straining 3D crystals 

and 2D flakes are also naturally different. While 3D crystals are characterized by an indisputable 

degree of “hardness” or “brittleness”, 2D materials evoke images of shear fabrics, flexible 

membranes, and sheets of paper. Their atomic thickness gives them the flexibility to fold back on 

themselves many times, roll into spirals, and conform to the shape of a substrate. The conventional 

technique to apply strain to a bulk crystal involves glueing a flake of crystal on the order of 

millimeters in length across a gap. To apply strain, this gap is widened, typically either by a manual 

micrometer or piezoelectric device79. This technique can easily apply strains up to fractions of a 

percent to bulk crystals using conventional and home-built strain apparatuses79–82. 2D materials, 

on the other hand, are not only much thinner than bulk crystals, but typically much smaller. With 

thicknesses ranging from a single atomic layer (~0.3 nm) to tens of nanometers and lateral 
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dimensions ranging from 2-5 μm up to hundreds of microns or more, the approaches required to 

stretch them are distinct.  

 

Figure 1.8: Commonly employed techniques to generate strain in 2D materials and 2D 

heterostructures. (a) A stressed film that either contracts or expands upon contact with the 2D 

material is applied to the exposed surface to generate compressive or tensile strain. (b) The sample 

is placed on a bendable substrate that can be deformed to create uniaxial tensile strain on the top 

surface. (c) 2D flakes are deposited over cavities and pressed with a narrow tip. (d) Ultrafast laser 

pulses create a localized, dynamic strain pulse in a crystal that traverses the material. (e, f) Raised 

microscale structures are created that generate a specific, localized strain profile in 2D materials 

or heterostructures that are deposited onto these structures. Panel (a) reproduced from ref. 83. Panel 

(b) reproduced from ref. 84. Panel (c) reproduced from ref. 77. Panel (d) reproduced from Chapter 

3. Panel (e) reproduced from ref. 85. Panel (f) reproduced from ref. 86. All panels reproduced with 

permission. 
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 Experimental approaches for inducing strain vary widely and fall into several different 

categories with unique advantages and disadvantages. A number of different approaches are 

depicted in Figure 1.8 and discussed at greater length below. There is instantaneous, or dynamic 

strain, imparted via a traveling wave of light or sound, and there is persistent strain. There is 

localized strain induced where a 2D material stretches over an irregularity in the substrate, and 

there is global strain where a large region of a flake is uniformly stretched. There is fabrication-

induced strain, which occurs naturally, either accidentally or intentionally, and there is tunable 

strain, which can be reversibly and repeatably applied to a sample. There are techniques that work 

well at room temperature but are incompatible with cryogenic measurements, and there are 

techniques that work with scanning-probe techniques but not with far-field optics or electrical 

transport measurements. Appendix D includes Table 1, which is a library of 105 recent papers 

studying strain in graphene, TMDs, or heterostructures of these materials. Of these, 85 are 

experimental studies, with a particular focus on MoS2 (29 papers). The choice experimental 

technique for tunable strain is bendable substrates (Figure 1.8b), which is employed in 32 of the 

85 experimental works. There is also a growing body of work that employs process-induced strain, 

which was a technique borrowed from the silicon industry and developed for 2D materials 

primarily by Tara Peña in Steven Wu’s group at the University of Rochester83,87–91. 

  While there is a significant body of literature studying strain in vdW crystals from both 

theoretical and experimental perspectives, the vast majority of strain experiments are either (1) 

room-temperature studies of tunable strain on bare flakes25,66,67,92–127 or (2) cryogenic studies of 

fabrication-induced strain intentionally or unintentionally added to bare flakes or functional 

devices86,89,128–130. Though somewhat reductive, this categorization captures the fact that the 

techniques used to apply strain are difficult to implement on electrostatically gated 
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heterostructures. The first challenge is that state-of-the-art 2D device fabrication, particularly for 

moiré heterostructures, is predicated on the clean, rigid, smooth, silicon-silicon dioxide substrates 

that facilitate both device fabrication and measurement. Strain substrates that allow for the 

application of high strain, on the other hand, are soft, pliable plastics that are bent, stretched, or 

otherwise deformed to apply a strain. The second challenge is that vdW crystals, by their very 

nature, are weakly bonded to adjacent layers and do not typically transfer strain efficiently from 

one flake to the next. Graphene and hBN are particularly “slippery,” and in a typical device both 

flakes would separate the target material from the substrate. In fact, before the discovery of 

graphene, bulk graphite and TMDs were already heavily used in some industries as dry 

lubricants131–133, and since then low-friction and superlubricity have been reported134–138. You try 

building a heterostructure of low-friction lubricants and then stretching it! 

One core challenge that this dissertation addresses is whether it is possible to apply large, 

tunable strains to a high-quality 2D materials device. Typically, the approaches that apply strains 

to 2D crystals are somewhat incompatible with the device architectures required for high quality 

devices, particularly when these devices involve moiré superlattices that need atomically smooth 

substrates and a high degree of homogeneity over the order of hundreds of moiré unit cells 

(microns).  

Chapter 1.1| Outline of Dissertation 

In Chapter 2, we begin with a study of surface SHG from topological magnet MnBi2Te4. 

In this chapter, we will explore how optical measurements such as SHG are sensitive to the crystal 

symmetries of 2D materials as well as how magnetism can alter the electronic symmetries relevant 

for SHG. Though the role of strain was not directly explored in this project, SHG’s sensitivity to 

symmetry makes it an ideal way to quantitatively measure strain in 2D TMDs24,25. Furthermore, it 
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introduces MnBi2Te4 as an interesting material system in which magnetism, topology, and layer-

number intertwine to produce a rich phase diagram worthy of future optical study.  

Chapter 3 delves deeper into the ways that ultrafast optical techniques can probe the 

physics of MnBi2Te4 and introduces dynamic, localized strain as a potential avenue to control and 

probe physical properties. It explores how a combination of two different techniques—pump-

probe and time-resolved magneto-optical Kerr effect (TR-MOKE) can be used in conjunction to 

first generate localized, dynamic strain wavepackets that traverse the top and bottom surfaces of a 

2D crystal and subsequently to probe the effect of these strain wavepackets on the magnetism of 

MnBi2Te4.  

In Chapter 4, we shift gears to focus explicitly on applying large, uniform, global strain to 

2D materials. In particular, we focus on how a moiré superlattice can be uniaxially strained, and 

how the effects of this strain can be directly imaged by an atomic force microscope. We also 

explore how the direct nature of PFM images of the moiré superlattice lend themselves to 

quantitative analysis of “global” strain using basic FFT techniques and a home-built geometric 

phase analysis (GPA) algorithm. This chapter sets the stage for subsequent chapters that build 

toward applying large, tunable strains to fully functional gated moiré heterostructure devices at 

cryogenic temperatures.  

In Chapter 5, the problem of limited strain transfer through vdW crystals (specifically 

graphene and hBN) and the implications this has for straining 2D devices is addressed directly. 

Capitalizing on prior experience with high strain-transfer through CrSBr, we show that bismuth 

oxy-selenite (Bi2SeO5), a recently proposed high-𝜅 candidate to replace hBN, provides an 

atomically smooth, strain-transmitting dielectric layer that makes it possible to achieve flake-wide, 

reversible, cryogenically tunable strain transfer up to 1% to a gated monolayer flake of WS2. 
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 Chapter 6 concludes with an as-yet unpublished report of how these developments in strain-

transfer and moiré strain tuning can be combined to fabricate high-quality, top gate-tunable moiré 

superlattice devices that can be uniaxially strained up to 1% at cryogenic temperatures. In doing 

so, we observe not only the expected redshift in PL from the intralayer and interlayer (IX) excitons, 

but also a peak splitting in the IX emission. The emergent peak exhibits a distinct dipole moment 

and degree of circular polarization—features that can only be fully characterized because of the 

ability to tune the amount of uniaxial strain independently and continuously and/or the electric 

field/carrier density with an electrostatic gate.    
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Chapter 2 | Anomalous Second Harmonic Generation from Atomically 

Thin MnBi2Te4 

This chapter consists of my published work: Jordan Fonseca†, Geoffrey M Diederich†, 

Dmitry Ovchinnikov, Jiaqi Cai, Chong Wang, Jiaqiang Yan, Di Xiao, Xiaodong Xu “Anomalous 

Second Harmonic Generation from Atomically Thin MnBi2Te4” Nano Letters (2022). Aside from 

minor formatting changes, the work appears as it was published139. Author contributions are as 

follows: X.X conceived the experiment. J.F. prepared samples, assisted by D.O. and J.C. G.M.D. 

and J.F. performed the RMCD and SHG measurements. C.W. and D.X. verified the SHG 

theoretical calculations. J.Y. synthesized and characterized the bulk crystals. J.F., G.M.D., D.O., 

and X.X. analyzed the data and wrote the paper, with input from all authors. All authors discussed 

the results. J.F. and G.M.D. contributed equally to this work. 

MnBi2Te4 has attracted broad interest in recent years due to its potential to host intertwined 

intrinsic magnetic and topological properties that persist to the atomically thin limit.140–146 It is a 

van der Waals crystal in which each stoichiometric septuple layer (SL) can be thought of as a 

quintuple layer of Bi2Te3 intercalated with an MnTe bilayer (Figure 2.1a).147,148 The Mn spins in 

each SL couple ferromagnetically to each other with magnetic moments along the easy c-axis; 

however, exchange coupling causes spins in adjacent layers to anti-align, giving rise to A-type 

AFM ordering below the Néel temperature of 𝑇𝑁  ≈  25 𝐾.140,146 The interplay of thickness, 

magnetic state, and band topology conspire to produce a rich topological phase diagram. MnBi2Te4 

is predicted to host a trivial magnetic insulator in 1 SL flakes, the zero-plateau quantum anomalous 

hall effect or “axion insulator states” in thin even-layer flakes, and quantum anomalous hall (QAH) 

states in thin odd-layer flakes.149 
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Despite the excitement precipitated by this theoretical work, robust and consistent 

experimental evidence for MnBi2Te4’s thickness dependent physics has remained elusive. Shortly 

after the initial theoretical prediction,149 the material was synthesized in bulk crystal form and 

confirmed to be the first AFM topological insulator.147,148 Subsequent experimental works on 

atomically thin flakes partially confirmed initial predictions, with the observation of the QAH 

effect in a 5 SL device145 and transport signatures of the axion insulator state in 6 SL samples.150 

Nevertheless, reproducing the QAH effect has been difficult. Instead, quantized transport in the 

field induced ferromagnetic state has been repeatedly observed and become a robust phenomenon 

in both even- and odd-layer samples.  Thus, the nature of MnBi2Te4’s layer-dependent topological 

and magnetic states remains an open question.  

Besides numerous transport studies indicating similar magnetic-state-dependent 

topological properties of even- and odd-layer number samples,142,150–156 ARPES measurements 

provide inconclusive results regarding whether the surface state is gapped at zero magnetic 

field.157–159 These experimental incongruities might be related to the impact of atomic defects on 

magnetism,160 defect-induced surface reconstruction in few-layer samples,161 or a possible 

exfoliation-induced structural or magnetic phase transition,162–164 all of which could alter the 

expected layer-dependent magnetism and topology of the studied samples. This situation calls for 

a non-invasive probe that is sensitive to MnBi2Te4’s layer-dependent structural, magnetic, and 

surface symmetries.  

Optical second harmonic generation (SHG) is an ideal tool to investigate MnBi2Te4’s 

structural and magnetic properties. Within the 2D materials field, SHG arising from structural 

inversion symmetry breaking has found utility as a non-invasive means to optically identify crystal 

axes,19,22 measure strain,25 and identify relative twist-angle in layered materials.165–168 
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Furthermore, inversion symmetry can be broken by an A-type AFM order (Figure 2.1b), leading 

to so-called c-type SHG. It has been employed to explore structural and magnetic properties of a 

variety of materials including bulk Cr2O3,
169 atomically thin MnPS3,

170 bilayer CrI3,
171 and 

monolayer MnPSe3.
172 Studies have shown that MnBi2Te4 crystalizes in the centrosymmetric 𝑅3̅𝑚 

(𝐷3𝑑
5 ) space group.173–175 With A-type AFM magnetic ordering included, this becomes the magnetic 

space group RI-3c 176 with the crystal and magnetic structure depicted in Figure 2.1a, b. In even 

(odd) layers, strong (zero) c-type SHG is predicted,177 making optical second harmonic generation 

a feasible probe of both AFM order and the symmetries of the underlying crystal structure with 

particular sensitivity to the surface. 

 

Figure 2.1: MnBi2Te4 crystal structure and magnetic ordering. (a) MnBi2Te4 crystal structure. 

(b) Schematic showing how symmetry is preserved (broken) in odd (even) layer crystals. Red/blue 

arrows indicate the magnetic ground state below the Néel temperature. (c) Atomic force 
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microscope image of MnBi2Te4 flakes down to a monolayer with linecut of 1 SL, 2 SL, and 3 SL 

steps taken along red line. Inset shows optical image of the same region. (d)-(f) RMCD sweeps of 

1 SL, 2 SL, and 3 SL flakes measured at ~4.5 K. Magenta insets indicate MnBi2Te4 layer number 

measured in each plot.  

In this work, we perform polarization resolved SHG and polar reflectance magnetic circular 

dichroism (RMCD) measurements on MnBi2Te4 flakes ranging in thickness from bulk to 

monolayer. Contrary to our expectations, we find that the observed SHG is independent of 

magnetic state, temperature, exfoliation substrate, or crystal thickness. We conclude that any c-

type SHG arising from the AFM ordering is obscured by a much stronger signal that likely arises 

from the interface between MnBi2Te4 and vacuum. Our findings are consistent with the expected 

structural symmetry of MnBi2Te4 and call for additional studies to address the underlying reasons 

for the absence of observation of c-type SHG. 

 After preparing 1 - 4 SL flakes of MnBi2Te4 (Figure 2.1c, Methods), we characterize the 

layer-dependent magnetic state using RMCD, which is a sensitive optical probe of out-of-plane 

magnetization for 2D materials.12 We demonstrate that our layer assignment, magnetization curves, 

spin-flip coercive fields, and spin-flop/spin-canting fields are consistent with existing literature 

(Figure 2.1d-f, Figure 2.8a).143,146 We then employ polarization resolved SHG measurements on 

the same 1 - 4 SL flakes characterized with RMCD to compare their magnetic state with their SHG 

response. We measure the co-linear (XX) and cross-linear (XY) SHG response in Faraday 

geometry, which enables us to maximally probe the elements of the nonlinear susceptibility tensor 

given the normal incidence restrictions of our measurement apparatus.  
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Figure 2.2: 2 SL MnBi2Te4 magnetic field and temperature dependent SHG.  (a) Polarization-

resolved SHG from 2 SL MnBi2Te4 with no applied field below the Néel temperature. Black (blue) 

dots are co(cross)-linearly polarized experimental data with solid line fits to Eq. 1 (Eq. 2). XY data 

are excluded from subsequent subfigures for clarity. (b) Out-of-plane magnetic field dependence 

of the SHG. (c) Temperature dependence of the SHG above TN. Magenta insets indicate MnBi2Te4 

layer number measured in each plot. All data in (b) and (c) are taken at a cryostat base temperature 

of ~4.5 K, and only XX data are shown for clarity. 

 At first glance, the SHG response from 2 SL MnBi2Te4 is consistent with the theoretical 

prediction (Figure 2.2a). A six-fold pattern emerges in both XX and XY channels, which have 

identical amplitudes and can be fit well by the predicted theoretical model based on AFM time 

reversal symmetry breaking (Appendix A).177 Unexpectedly, the observed pattern remains 

unchanged under applied magnetic field up to 3 T (Figure 2.2b), which is above the 2 SL spin flop 

field of ~2 T.143,146 For an SHG signal arising from AFM ordering that breaks inversion symmetry, 

we expect a change in the underlying magnetic state to manifest as a change to the shape or 

amplitude of the SHG rotational anisotropy. Experimentally, we do not see this change, which 

suggests that time reversal symmetry breaking is not the mechanism that explains the observed 

signal. We more conclusively demonstrate the independence of the measured SHG signal on 

magnetic ordering with temperature-dependent measurements. As shown in Figure 2.2c, the SHG 
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anisotropy and amplitude from the 2 SL remain nearly unchanged up to 150 K (Figure 2.2c) which 

far exceeds the Néel temperature of ~25K.   

 

Figure 2.3: 1 SL & 3 SL magneto- and temperature dependent SHG. Dependence of the XX 

SHG on an out-of-plane magnetic field for 1 SL (a) and 3 SL flakes (b) at a base temperature of 

~4.5 K.  Temperature dependence of the XX SHG for 1 SL (c) and 3 SL (d) flakes above TN. 

Magenta insets indicate MnBi2Te4 layer number. XY data, which exhibit the same behavior, are 

omitted for clarity. 

 We observe nearly identical behavior in 1 SL and 3 SL samples. Regardless of magnetic 

state, all odd-layer flakes of MnBi2Te4 possess an inversion center located at the middle Mn layer, 

which should make these layers second-harmonic dark. Surprisingly, we find that the SHG from 1 

SL and 3 SL flakes is as strong as that from the 2 SL with identical polarization dependence. As 

with the 2 SL flake, SHG from 1 SL and 3 SL samples exhibits no magnetic field dependence up 

to 3 T (Figure 2.3a, b) and remains unchanged at temperatures far above the Néel temperature 
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(Figure 2.3c, d). Therefore, the observed SHG has no magnetic origin. A 4 SL sample also exhibits 

nearly identical behavior (Figure 2.8). The fluctuations in intensity observed in the temperature 

dependence data do not reflect a real change in the sample, but rather imperfect experimental 

conditions across the wide temperature range. 

 

Figure 2.4: Thickness and substrate dependence of polarization resolved SHG. Polarization-

resolved SHG from (a) a few-layer flake on Au, (b) a bulk flake on Au, (c) a few-layer flake on 

SiO2, (d) Bulk flake on SiO2, (e) a bulk flake cleaved on Scotch tape before exfoliation, and (f) a 

pristine bulk flake oriented to have the beam incident on the (0001) surface. All data are taken at 

cryogenic temperature with no applied magnetic field. Black (blue) dots are co(cross)-linearly 

polarized experimental data with solid line fits to Eq. A.1 (Eq. A.2). 

 To ensure that our fabrication methods have not introduced any unwanted signal 

contributions, we explore how the SHG from MnBi2Te4 depends on flake substrate and crystal 
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thickness. For example, charge transfer between the Au substrate and the atomically thin MnBi2Te4 

flakes we measured could result in a symmetry breaking electric field arising within the crystal.178 

To understand the impact this effect has on our data, we compare the SHG from thin and thick 

flakes exfoliated onto either Au or SiO2 (Figure 2.4a – d). Although there is variation in intensity 

across the plots shown, no pattern emerged in our measurements that would allow us to identify a 

consistent trend between flakes exfoliated on gold versus SiO2. Crucially, choice of substrate does 

not explain the presence of the SHG signal that we observe. Finally, we rule out an exfoliation-

induced structural transition by performing SHG measurements at various stages of our flake 

preparation. We measure SHG from the (0001) surface of bulk MnBi2Te4 (Figure 2.4f) as well as 

from flakes that have been cleaved onto scotch tape but not deposited onto any substrate (Figure 

2.4e). We find that the SHG from unexfoliated bulk flakes is typically ~5 times weaker than that 

measured from exfoliated bulk flakes, but that otherwise the shape and presence of MnBi2Te4’s 

rotational anisotropy SHG response is independent of crystal thickness, exfoliation substrate, and 

exfoliation process. At 800 nm, the nonlinear susceptibility of exfoliated bulk MnBi2Te4 is ~50 

times weaker than the susceptibility of monolayer WSe2 (Figure 2.5). While the five-fold change 

in the SHG intensity across a wide variety of sample thicknesses and preparation methods may be 

indicative of some symmetry-breaking process that occurs during the exfoliation, it does not 

explain the presence of SHG in the remainder of our measurements. 
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Figure 2.5: Comparison of SHG intensity from MnBi2Te4 and WSe2. Polarization resolved 

SHG from (a) exfoliated bulk MnBi2Te4 and (b) 1L WSe2 showing that the normalized intensity 

of SHG from MnBi2Te4 is approximately 3,000 times weaker than that from 1L WSe2. All data 

are taken in the same experimental conditions other than excitation power, which was 850 µW in 

(a) and 600 µW in (b). 

Our experimental results conclusively reveal that the dominant second harmonic response 

of MnBi2Te4 crystals of all thicknesses under 800 nm excitation is unrelated to the material’s 

magnetic properties. Rather, the system exhibits a layer-, magnetic-state-, and temperature- 

independent response which cannot arise from the centrosymmetric crystal structure of both bulk 

and monolayer flakes. We note that our experiment does not preclude the existence of the predicted 

c-type SHG, which might be much stronger for mid-IR excitation wavelengths.177 If there is any 

c-type SHG, any additional contribution this makes to the dominant i-type signal cannot be 

resolved in our measurements. More specifically, this may be because our excitation energy of 

~1.55 eV (800 nm) is much smaller than the spin splitting between the Mn d-bands179 that would 

give rise to a strong c-type SHG signal. 

 The unexpectedly strong and magnetic-state-independent SHG response of MnBi2Te4 calls 

for further investigation into the origin of this signal. SHG in centrosymmetric crystals can arise 
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from magnetic dipole or toroidal moments,180 though we rule out any magnetic contributions to 

our signal on the grounds that these contributions would depend on applied magnetic field and 

temperature, contrary to our observations. For a more plausible explanation of the origin of the 

anomalous SHG signal, we look to MnBi2Te4’s parent materials Bi2X3 (X = Te, Se), both of which 

exhibit SHG arising from the inversion symmetry broken surface of the crystal where the 

crystallographic point group symmetry is reduced from 𝐷3𝑑 to 𝐶3𝑣,178,181 as is the case for 

MnBi2Te4. In Bi2Se3, rotational anisotropy and surface oxidation dependent SHG measurements 

confirm that the six-fold SHG pattern originates from the anharmonic hyperpolarizability of the 

Bi-Se and Se-Se bonds at the surface.178 SHG from MnBi2Te4 also exhibits strong dependence on 

the surface oxidation (Figure 2.6) as well as a rotational anisotropy consistent with the 𝐶3𝑣 point 

group. Both facts point toward anharmonic polarizability of the in-plane Te-Te bonds at the crystal 

surface as the main source of the SHG reported here. Because the point group symmetry at an 

interface is related to the bulk material's point group, our surface SHG measurements corroborate 

MnBi2Te4's expected crystal structure and stacking order. 
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Figure 2.6: Effect of MnBi2Te4 surface degradation on SHG. Data shown in each panel taken 

from a different flake. Insets show a polarization resolved measurement before (blue) and after 

(orange) the time-dependent measurement. For the exposure time dependence, the SHG was 

collected at the polarization marked in the inset with a red arrow. SHG intensity decreases 

dramatically within the first 60 minutes following exfoliation. 

In conclusion, we use RMCD to characterize the layer dependent magnetic ordering of 

few-layer MnBi2Te4 down to a monolayer. We subsequently employ polarization resolved 

magneto- and temperature dependent SHG to show that, contrary to expectations, the measured 

SHG pattern at 800 nm excitation is independent of the material’s magnetic ordering and layer 

thickness. We emphasize that our most important finding is that the SHG generated from widely 

available Ti:sapphire sources does not probe AFM magnetic order in MnBi2Te4, but rather likely 

arises from an inevitable structural symmetry breaking at the crystal surface. Our results lay the 

experimental groundwork for nonlinear optical probe of the magnetic and structure properties in 

topological antiferromagnet MnBi2Te4. 

Methods 
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Crystal growth and sample preparation 

MnBi2Te4 bulk crystals were grown out of a Bi-Te flux as previously reported.182 All 

samples were prepared inside an Argon-filled glovebox. We isolate thin flakes using standard 

scotch-tape exfoliation technique. To reliably procure flakes down to monolayer thickness, we 

evaporate a ~2 nm layer of Cr or Ti followed by a ~ 3 nm layer of Au onto 285 nm thick SiO2/Si 

wafers and use the gold assisted exfoliation technique.183,184 Optical and atomic force microscope 

images of few-layered flakes (Figure 2.1c) were taken inside the glovebox before sealing flakes in 

a copper spacer and transferring them to a cold-finger 4 K cryostat for measurement. The schematic 

crystal structures in Figure 2.1a and Figure 2.1b were drawn using VESTA.185 

Optical measurements 

All optical measurements were performed with light normally incident on the (0001) 

surface of the crystal. Measurements were conducted in a variable temperature cryostat including 

a superconducting magnet in Faraday geometry (Montana Instruments). The polar RMCD 

measurements were performed with a 632.8 nm HeNe laser, which was intensity-modulated by a 

mechanical chopper and polarization-modulated by a photoelastic modulator (Hinds PEM100). 

HeNe laser power was kept below 1 µW for all measurements. The SHG measurements were 

performed using femtosecond pulses from a 76 MHz Ti:sapphire oscillator (Coherent Mira 900F). 

The central output wavelength was chosen to be 800 nm for most measurements. The beam was 

focused onto the sample by a microscope objective (Olympus LUCPLFLN40X), which also 

collected the second harmonic signal. SHG is typically detected using a photomultiplier tube 

(Hamamatsu H8259) connected to a Time Interval and Frequency Counter (Stanford Research 

SR620). Polarization-resolved measurements were achieved by rotating the incident and collected 

beams together using a half-wave plate, while an additional half-wave plate and polarizer in the 
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collection path allow for independent measurement of colinear (XX) and cross-linear (XY) SHG. 

The measurement is corrected for Faraday rotation in the objective and cryostat window by 

adjusting the rotation angles of the two waveplates based on calibrated measurements of the 

wavelength dependent Faraday rotation. To ensure that laser-induced heating does not melt 

magnetic ordering, we perform RMCD measurements at various ultrafast excitation powers and 

establish that at a cryostat base temperature of ~ 4.5K, laser powers below 500 µW do not locally 

heat the sample above TN (Figure 2.7). To expedite measurements, all SHG data (except those 

shown in Figure 2.5b) were collected for 180o of polarization. Data taken at angle 𝜃 were then 

duplicated to angle 𝜃 + 180o. The validity of this approach was experimentally verified 

intermittently throughout our measurements.  

 

Figure 2.7: Temperature and power dependent RMCD. (a) Temperature dependent RMCD 

around the central hysteresis loop for a 3 SL sample. (b) RMCD signal for the same 3 SL measured 

as a function of ultrafast laser power when the SHG excitation beam is also on the sample. These 

data are overlapped with the RMCD data taken at 17.5 K when no ultrafast pulses were present. 
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Below 500 μW, the local heating from the ultrafast beam does not raise the temperature of the 3 

SL above its Néel temperature. 

 

Figure 2.8: RMCD & SHG from a 4 SL sample. (a) RMCD from a 4 SL flake of MnBi2Te4 

exfoliated on gold. (b) Magnetic field dependence of XX SHG from showing no change up to 3 

T. (c) Temperature dependence of XX SHG flake showing a weak change in intensity of signal at 

higher temperatures, which we attribute to experimental artifacts. 

Chapter 3 | Picosecond Ultrasonics in Topological Magnet MnBi2Te4 

This chapter consists of my submitted work: Jordan Fonseca†, Geoffrey M Diederich†, Dmitry 

Ovchinnikov, Jiaqiang Yan, Di Xiao, Xiaodong Xu “Picosecond Ultrasonics in Topological 

Magnet MnBi2Te4” in review, Nano Letters (2024). Aside from minor formatting changes, the work 

appears as it was submitted. Author contributions are as follows: X.X. and G.M.D. conceived the 

experiment. J.Y. synthesized bulk crystals. J.F. prepared exfoliated samples and performed atomic 

force microscopy measurements, assisted by D.O. J.F. and G.M.D. performed the optical 

measurements. G.M.D., J.F., D.O., and X.X. analyzed the data and wrote the paper, with input 

from all authors. All authors discussed the results. J.F. and G.M.D. contributed equally to this work. 

Introduction 
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In crystalline structures, the density, type, and location of defects have a significant impact 

on the material’s physical properties. Consequently, developing metrology techniques to probe 

structural properties and diagnose these defects is a core goal of materials science and engineering. 

MnBi2Te4 is an archetypal example of a quantum material in which the intertwined magnetic, 

topological, and electronic properties sensitively depend on crystal quality. This material platform 

has generated intense interest as the first intrinsically magnetic topological insulator147–149 with 

potential to exhibit exotic quantum phenomena such as the quantum anomalous hall effect186  and 

axion insulator state150. Additionally, it hosts interesting electron-phonon and spin-lattice 

coupling187,188. In the years following MnBi2Te4’s synthesis, it was shown that Te-vacancies could 

induce a surface structural collapse161. Mn-Bi anti-site defects also have a significant impact on 

the material’s magnetic and topological properties189–191. Subsequent STM work on 

MnBi2Te4
192,193 and on the analogous alloy MnBi2-xSbxTe4

194,195 have further established the 

connection between defect type and distribution and the resultant impact on critical properties such 

as the Dirac cone on the topologically gapped surface. More recently, stacking faults were 

predicted to have significant impact on the topologically nontrivial surface states and may 

reconcile the findings of both gapped and gapless surface states in few-layer MnBi2Te4
196. The 

intimate relationship between crystal defects and topological order in these materials encourages 

development of new metrology techniques that can identify subsurface defects. 

While scanning probe experiments have evolved to provide atomic resolution of crystal 

surfaces and made the precise identification of atomic defects on the surface of MnBi2Te4 possible, 

detecting stacking faults buried deep within the van der Waals structure is challenging. 

Nevertheless, because of MnBi2Te4’s A-type AFM interlayer coupling between adjacent layers, 

identifying the presence of these faults may be important for device performance and magnetic 
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properties. Although techniques such as cross-sectional high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) can provide a side-on image of a van der 

Waals crystal with atomic resolution8, utilizing such a technique requires vertically milling the 

crystal and subsequently provides an image of only a narrow slice of the freshly cut surface. This 

approach damages the sample and may still miss localized stacking faults if they are not present at 

the milled surface. Ultrasonic force microscopy is sensitive to subsurface features197,198; however, 

this technique requires an atomic force microscope, which is challenging to implement in a 

cryogenic environment. It also applies force to the crystal structure and can introduce layer 

shearing in vdW materials. It would thus be desirable to employ a non-destructive optical 

metrology technique for identifying stacking faults among other structural properties in-situ under 

a wide variety of experimental conditions. Such a technique could advance the understanding of 

how structural changes alter MnBi2Te4’s quantum properties while providing a more versatile tool 

for defect metrology of a wider variety of van der Waals materials.  

Picosecond ultrasonics (PU) emerged in the 1980s as a method to probe mechanical and 

acoustic properties of materials with high spatial and temporal resolution199–201. Typically 

implemented via an optical pump-probe experiment, the technique consists of first generating a 

strain wavepacket comprised of coherent acoustic phonons with an ultrafast pump pulse. The 

wavepacket propagates through the sample, modulating the local optical and structural properties 

of the medium through which it passes. Subsequent changes in reflectivity can be monitored by a 

time-delayed probe pulse (Figure 3.1a). This technique has been employed to measure 

fundamental mechanical properties such as the speed of sound202,203, anisotropic stiffness 

coefficients204, strain generation mechanisms205, and phonon lifetimes202 in a wide variety of 

materials, as well as how these properties depend on experimental parameters such as 
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temperature199,200,206. Furthermore, PU has been used to identify defects such as subsurface 

monolayers207,208 or grain boundaries209 in thin films and thus emerges as a natural choice for 

defect characterization in van der Waals materials. 

PU inherits its micron lateral spatial resolution and nanometer vertical spatial resolution 

from the small beam spot size and sub-picosecond temporal resolution of optical pump-probe 

measurements. It is thus suited for nano- and meso-scale samples that may be too small or too thin 

to accommodate other techniques. In the past, PU has been used to characterize nanomechanical 

resonator cavities fabricated from silicon210
 and 2H-MoSe2

211, to measure the interlayer elastic 

properties of exfoliated bulk MoSe2 and WSe2
202, for THz phononic engineering in suspended van 

der Waals heterostructures212,  and as an acoustic tomography tool for heterostructures fabricated 

from monolayer WSe2 encapsulated in hBN33. While these studies have lain important groundwork 

by introducing PU to the field of 2D materials202,203,211,213–215, the possibilities for this technique 

have not been fully explored. So far, PU studies of van der Waals (vdW) materials have focused 

on transition metal dichalcogenides, which have been the subject of intensive research for over a 

decade. One appealing aspect of the field of 2D materials, however, is the ability to realize and 

control a broad range of materials and phases of matter (e.g. insulators, metals, semiconductors, 

superconductors, and magnets) in the 2D limit. Understanding how picosecond strain pulses 

interact with these phases of matter could provide a new probe of a wide variety of order 

parameters that are sensitive to how strain modifies crystal structure and material properties.  

In this work, we employ picosecond ultrasonics on exfoliated MnBi2Te4. Unlike similar 

studies, we do not suspend our samples over cavities210–212 or evaporate a metal transduction layer 

onto the sample213, which simplifies our fabrication procedures (Methods). We show that thin-slab 

(100-200 nm) MnBi2Te4 is an excellent acoustic phonon cavity. By measuring the acoustic phonon 
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wavepackets, we can determine the crystal thickness, identify stacking faults in the MnBi2Te4 

crystal, and measure their depths with nanometer precision in situ. Additionally, we show that the 

magnetic ordering in MnBi2Te4 does not couple to these out-of-plane vibrations through 

magnetostriction by simultaneously performing magneto-optical measurements. Despite the 

unique capabilities of this technique and its recent application to vdW materials, the results 

described in this work are the first report of these acoustic strain pulses in a topological quantum 

material. 

 

Figure 3.1: Formation of the acoustic frequency comb. (a) Time trace of transient reflectivity 

as a function of delay time between pump and probe pulses showing periodic spikes in addition to 

the typical exponential decay. (b) FFT of the time trace shown in (a) highlighting the sharp comb 
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teeth that emerge in the frequency domain. Red dashed line is a guide to the eye of the comb’s 

gaussian envelope. (c) Cartoon of the strain pulse (shaded blue for tensile strain, green for 

compressive strain, and red for unstrained) forming at the top surface of the crystal, propagating 

through the material, and reflecting from the bottom interface. The thick black arrow to the right 

of the cartoon indicates time increasing downward. (d) Expanded view of a single strain pulse in 

time (left) and the associated FFT (right) with color shading corresponding to tensile, compressive, 

or zero strain as in (c), and highlighting that the individual comb teeth are lost when only a single 

temporal pulse is Fourier transformed. 

 

Figure 3.2: Identification of vertical stacking faults from pulse timing and phase. (a) Time 

trace of transient reflectivity from a fault-free flake showing a single train of identically phased 

pulses. (b) Time trace of transient reflectivity from a different flake of similar thickness that hosts 

two sets of periodic pulse trains that are out of phase with each other and temporally offset by 

~100 ps. The phase-flipped and temporally offset train of pulses arise from a partial reflection of 

the strain pulse off a stacking fault located 42 nm below the top surface of the crystal. (c) Cartoon 
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illustration of how a stacking fault causes a partial reflection of the strain wavepacket within the 

crystal. Cartoon insets of (a) and (b) depict the distinct real-space pictures of how a defect causes 

partial reflection of the pulse within the crystal bulk. 

We begin by presenting the formation of a phonon frequency comb through the addition of 

cavity modes in a thin bulk flake of MnBi2Te4. For these measurements, we employ 100 kHz 

amplified pulses (< 200 fs FWHM) from a 76 MHz oscillator split into a broadband pump ranging 

from 490 nm to 530 nm and a probe at 800 nm. Pump and probe powers were 6 μW and 4 μW, 

respectively, and the sample was held at 10 K in an optical cryostat. Figure 3.1a and Figure 3.1b 

show the transient reflectivity data and its Fourier transform. The time domain data clearly show 

a series of peaks superimposed on the typical exponential decay seen in time resolved optical 

reflectivity experiments. These peaks correspond to the arrival of the phonon wavepacket at the 

sample surface after a round trip through the crystal (shown in Figure 3.1c), where the strain-

induced change to the local optical properties is measured by a change in reflectivity of the probe 

pulse. The frequency domain data show a microwave frequency comb whose sharp peaks 

correspond to the acoustic phonon cavity modes that contribute to the strain wavepacket. Figure 

3.3a-c shows an 8-peak Lorentzian fitting of the comb teeth and the extracted quality factor 𝑄 and 

product 𝑓 × 𝑄 for the series of cavities modes spanning the 80 GHz comb bandwidth. At 60 GHz, 

Q>30, while 𝑓 × 𝑄 ≈ 2 THz, which far exceeds the characteristic thermal frequency of 𝑘𝐵𝑇 ℎ⁄ =

300 𝐺𝐻𝑧 at 10 K. 
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Figure 3.3: Characterization of the frequency comb in MnBi2Te4 cavities. (a) Frequency comb 

for the data presented in Figure 3.1, fit with an 8-peak Lorentzian to identify the mode frequencies 

𝑓and FWHM 𝑑𝑓. (b) Calculated quality factor (𝑄 =  𝑓 𝑑𝑓⁄ ) versus frequency for each mode. (c) 

Calculated 𝑓 × 𝑄 product for the same data in (b). 

Figure 3.1d zooms in on the first time-domain peak, where the local strain at a given delay 

time has been color coded. Its Fourier transform consists of a Gaussian phonon distribution. Here, 

the frequency comb has been lost due to the limited resolution present in the FFT of such a short 

time signal. This loss of frequency-domain resolution when only a single pulse can be Fourier 

transformed emphasizes that it is the cavity-nature of repeated, periodic acoustic reflections that 
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make it possible to resolve the thickness-dependent cavity modes in MnBi2Te4 that comprise the 

frequency comb and study their interaction with the material’s magnetic order. 

Since the inception of PU, the technique has been most directly employed to measure the 

acoustic properties of materials and to identify subsurface structures in layered materials. Using a 

combination of atomic force microscopy (AFM) to measure flake thickness 𝑑𝑀𝐵𝑇 and PU to 

measure roundtrip phonon travel time ∆𝑡, we experimentally determine the speed of sound in 

MnBi2Te4 to be 𝑣𝑠 = 2𝑑𝑀𝐵𝑇 ∆𝑡⁄ = 2.447 km/s (Methods, Figure 3.6). Throughout the rest of this 

work, we calculate thickness of MnBi2Te4 flakes measured based on this speed of sound, which is 

somewhat slower than the value extracted from a linear chain model by Bartram et al.214 

Furthermore, we extend the technique to identify additional pulses in the time trace that we 

attribute to a stacking fault in the vdW crystal, a type of defect that is otherwise difficult to detect. 

Specifically, phase shifts in the phonon wavepackets can indicate discontinuities in the acoustic 

medium through which the wavepacket travels. In layered vdW materials, these discontinuities 

can arise from stacking faults that result in partial reflections of the strain pulse at the fault216. 

These reflections carry a 180o phase shift from those that are only reflected off the substrate once.  
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This effect can be seen by contrasting data from two flakes of MnBi2Te4, shown in Figure 

Figure 3.4: Absence of magnetostrictive coupling between cavity modes and magnetic 

order. (a) Time trace of transient reflectivity (black) and TR-MOKE (red) with exponential 

decay removed to highlight a picosecond pulse at 680 ps. (b) Expanded view of pulse in (a) 

demonstrating a negligible change in TR-MOKE concomitant with a significant change in 

reflectivity due to the strain pulse returning to the top surface of the crystal. (c) Dependence of 

the TR-MOKE on an external magnetic field applied along the crystal c-axis. The white dashed 

line emphasizes the metamagnetic transition at 3.5T that is easily identifiable from the change in 

sign of the MOKE signal. (d) FFT of the transient reflectivity as a function of magnetic field, 

collected simultaneously with the data in (c), showing that the comb spectrum remains 

unchanged across the metamagnetic transition. 
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3.2a and Figure 3.2b. The data in Figure 3.2a show a single series of phonon reflections with a 

travel time of 144 ps (176 nm crystal thickness). In contrast, the data in Figure 3.2b shows a similar 

series of phonon reflections with a travel time of 150 ps (184 nm thickness) and a second series of 

reflections with opposite sign and a travel time of 240 ps. Based on the return times of the echoes, 

we infer that there is a stacking fault in this crystal 42 nm below the top surface. This stacking 

fault acts as a phonon beamsplitter, reflecting a portion of the incident acoustic wave each time it 

passes the fault. Figure 3.2c schematically presents this process, showing how the pump pulse 

generates the wavepacket that propagates, reflects from the back surface, and is then split at the 

discontinuity. In reality, the stacking fault reflects strain wavepackets incident on the fault from 

both directions. However, in our data, we do not observe reflections in the “upward” direction, 

either because the defect is close to the surface and reflections cannot be distinguished from the 

primary echo signal or because the defect reflects strain pulses asymmetrically. Consequently, we 

have chosen to omit a reflection from the discontinuity in the forward direction of our schematic 

to match our data.  

The additional pulses that we observe have a period roughly 100 ps longer than the main 

pulse train, which could also arise from a secondary mechanism in which MnBi2Te4 transduces the 

strain pulse to the SiO2 substrate and then is re-excited by the returning pulse, as was observed by 

Bartram et al.214 We rule out this explanation on the following grounds: First, we would expect to 

see this kind of transduction in all of our samples exfoliated onto SiO2, while we observe it in only 

a single sample. Second, the PU technique is expected to be sensitive to subsurface discontinuities 

in the acoustic impedance207–209. Third, our data are consistent with reflections from a “phononic 

beamsplitter” that most strongly reflects pulses toward the bottom surface of the crystal. Lastly, it 

is worth noting that because the acoustic impedance of SiO2 (ZSiO2 = 12.55 MRayls217) is smaller 
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than that of MnBi2Te4 (ZMBT = 23.9 MRayls214) and silicon (ZSi = 19.7217), the phase difference 

between the two pulse sequences, which are longitudinal waves, is expected in both cases and thus 

does not favor one explanation or the other (see Figure 3.5). Unidirectional acoustic beamsplitters 

are expected to involve crystal defects, however, and would have interesting practical 

applications214,218 that encourage further study of this behavior in MnBi2Te4.  

 

Figure 3.5: Depiction of two explanations for additional pulse reflections. (a) Same time-trace 

data as in Figure 3.2b with origin (or absence) of strain pulses highlighted in different colors. Red 

arrows denote the main PU pulse that reflects off the SiO2-MnBi2Te4 interface. Dark blue arrows 

denote the additional phase-flipped reflections that we attribute to a subsurface defect, and light 

blue arrows mark where additional pulses should appear if the subsurface defect back-reflected the 

top-down incident strain pulse. (b) Cartoon depicting two possible origins for the additional 
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reflected signal. On the left, a subsurface defect that acts as a nearly unidirectional beamsplitter is 

depicted, with arrow color corresponding to panel (a). On the right, the possibility of transduction 

of the strain pulse through the SiO2 substrate is shown, again with arrow color corresponding to 

panel (a). Reflections at interfaces that induce a 180o phase flip are shown with blue dots, while 

reflections at interfaces that induce no phase flip are shown with a yellow dot. 

In addition to measuring structural properties, a fascinating potential application of PU is 

to investigate materials physics that will exploit its acoustic nature to study the coupling of physical 

phenomena to those structural properties. As one example, magnetostriction describes changes in 

the parameters of a given crystal lattice under different magnetic states, which provides an avenue 

to employ PU to study magnetic effects. Figure 3.4a and Figure 3.4b compare the transient 

reflectivity signal with a simultaneously collected time-resolved magneto-optical Kerr effect (TR-

MOKE) signal. TR-MOKE measures the transient rotation of linearly polarized light reflected 

from a sample due to pump-induced magnetization. As the phonon echo reaches the surface in 

Figure 3.4b, where we have zoomed in on the phonon echo presented in Figure 3.4a, we see a 

drastic change in the transient reflectivity signal. However, no appreciable change in the TR-

MOKE signal over the course of the echo is present. Given that the primary strain generated by 

this method is in the out-of-plane direction, these data indicate that the moderate changes to the 

interlayer lattice parameters generated by the strain pulse do not induce changes to the magnetic 

ordering in MnBi2Te4. Quantifying the change in lattice spacing from the exact strain magnitude 

via PU is a nontrivial task that requires understanding of electronic and thermal diffusion that is 

beyond the scope of this work. Sufficiently large strains are expected to alter the interlayer 

magnetic coupling in MnBi2Te4. 
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Further, we find that the change of the magnetic state does not cause appreciable changes 

to the lattice parameters either. Figure 3.4c presents TR-MOKE data as a function of magnetic 

field applied along the out-of-plane c-axis of the crystal. There is a clear magnetic transition at 

µ0𝐻 ≈ 3.5 𝑇, highlighted with a white dashed line, which has previously been identified as a 

metamagnetic transition146. Figure 3.4d presents the spectrum of the acoustic phonons present in 

transient optical reflectivity measurements performed simultaneously with the TR-MOKE 

presented in Figure 3.4c. The spectra show no drastic change at the critical field that correlates to 

the transition seen in the TR-MOKE data, indicating no significant change to the structural 

properties of the crystal under different magnetic configurations. The decrease in amplitude with 

increasing field, particularly of the higher frequency modes, is a consequence of the continual 

decrease in overall transient reflectivity signal but does not exhibit a sharp change in behavior at 

the metamagnetic transition. Simply put, MnBi2Te4 presents no evidence of coupling between these 

cavity phonons and the magnetic order.  

The above finding is consistent with a previous report that used similar measurements to 

investigate the interlayer breathing mode phonons intrinsic to the MnBi2Te4 crystal214. However, 

it is important to note that in the data we have presented here, the phonon modes are cavity modes 

of the system defined by the thickness of the crystal. In our case, many of these standing cavity 

modes coherently add to produce a propagating wavepacket. In the case of thinner crystals214, these 

modes are not supported and a reduction in crystal symmetry allows the measurement of the out-

of-plane breathing mode. In contrast to these findings, a recent study219 found that MnBi2Te4’s A1g 

modes, which are present in thicknesses down to monolayer, do couple strongly to the magnetic 

order. This implies that magnetostriction in MnBi2Te4 is sensitive to the specific vibrational mode 

and its associated symmetry. However, the sensitivity of PU to crystal strain and the advantages 
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derived from its all-optical nature (compatibility with cryogenic measurements, ease of integration 

with applied magnetic fields, etc.) establishes the PU technique as a probe that can measure out-

of-plane magnetostrictive effects, an important capability for the growing field of 2D magnets 

which often present out-of-plane magnetic ordering.  

The application of PU to thin vdW materials is still in its nascent stage, yet it holds the 

power to measure structural properties of the sample as well as phenomena that couple to the 

lattice. Exchanging information or energy between lattice, optical, magnetic, and charge degrees 

of freedom is both scientifically interesting and technologically relevant for applications in energy 

efficient information processing and quantum technologies. 2D materials represent an ever-

growing platform in which to explore such coupling. The results presented here highlight that PU 

can be deployed on cleavable topological quantum materials and point to the power of PU for 

measuring the magnetic properties of thin vdW materials. The presence of multiple pulse trains in 

the data allows for the identification of stacking faults in the crystal. The lack of correlation 

between PU and magneto-optical measurements shows that there is no magnetostriction effect 

when considering cavity phonon modes. Finally, given the sharp peaks present in the frequency 

combs and their strong dependence on the acoustic properties of the host crystal, this technique 

should enable high resolution measurements of material properties that couple to the lattice. We 

hope that our work will motivate further application of this technique to vdW materials, both as a 

metrology tool for crystal quality and as a powerful technique for measuring the physical 

properties intimately connected to lattice parameters. 

Methods 

Crystal growth and sample preparation: MnBi2Te4 bulk crystals were grown out of a Bi-Te flux 

as previously reported147. All samples were prepared inside an Argon-filled glovebox. We isolate 
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thin flakes using standard scotch-tape exfoliation technique. For these measurements, we use two 

different substrates. Data shown in Figure 3.4a and Figure 3.4b were obtained from a bulk flake 

cleaved onto Scotch tape but never exfoliated onto a substrate. All other data were obtained from 

flakes exfoliated onto 285 nm thick SiO2/Si wafers coated with ~ 2 nm of Cr or Ti followed by ~ 

3nm of Au. We observe no qualitative difference in the PU behavior across different substrates. 

Optical and atomic force microscope images of few-layered flakes were taken inside the glovebox 

before sealing flakes in a copper spacer and transferring them to a cold-finger 4 K cryostat for 

measurement.  

Optical Measurements: Transient optical reflectivity measurements were performed by using the 

output of a titanium sapphire amplifier tuned to 800 nm with a repetition rate of 100 kHz. The 

output was separated into pump and probe arms by a beamsplitter, and the pump light was passed 

through a sapphire crystal to generate broadband white light, which was subsequently filtered to a 

bandwidth from 490-530 nm. The probe beam was sent to a retroreflector mounted on a motorized 

translation stage to produce the pump-probe delay. Each beam was sent through a waveplate and 

polarizer to simultaneously attenuate the beams and set their polarization to a known orientation. 

The beams were then recombined and sent through a 0.6 NA microscope objective onto the sample. 

The pump and probe pulses carry ~1.5 mJ/cm2 at the sample. The back-reflected probe beam was 

sent through a Wollaston prism to separate components of the beam that were parallel or 

perpendicular to the input polarization. The two components were directed onto the sensors of a 

balanced photodiode with a lock-in amplifier demodulating the signal at the frequency of a 

mechanical chopper placed in the pump arm of the experiment. The sum of the components 

produces the transient optical reflectivity measurements, while their difference produces the TR-

MOKE measurements. To produce the time domain data, the delay stage was continuously swept 
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at low speed while streaming data from the lock-in amplifier to the host computer at a high 

sampling rate (> 100 kHz), which produced time traces with ~2 picosecond resolution in the data 

presented here. Multiple traces (25 < N < 100) were recorded and averaged, depending on the 

desired signal-to-noise ratio. The samples were kept at ~10 K, far below the Neel temperature of 

~25 K in thin bulk samples146, in an optical cryostat with an integrated out-of-plane magnet capable 

of applying fields up to 4 T. 

Comb Characterization: Of the tens of samples of various thicknesses measured, we have 

presented data for the thinnest sample in which we observed clear pulses comprised of a discernible 

frequency comb. In thinner flakes (~10-20 layers, or ~15-30 nm), individual coherent interlayer 

phonon modes can be observed as oscillations in the reflectivity with a frequency of ~ 50 GHz; 

however, no pulsing is observed by previous work220. This coherent interlayer mode is a cavity 

mode, but several distinct modes must be supported before a frequency comb emerges. A true PU 

frequency comb can be used to study atomically thin samples, but it requires sandwiching these 

target layers between bulk crystals and using transducer layers to create an acoustic cavity that 

supports enough modes for pulse formation213 . Below we include a basic cavity calculation that 

indicates that a minimum flake thickness of ~ 62 nm is required to see the 8-tooth frequency combs 

such as the ones that we have observed: 

𝑁𝜆 = 2𝐿 

𝑓𝜆 = 𝑣 

𝑣 = 2.45 nm/ps 

𝜆 =
𝑣

𝑓
= 123 nm (20 GHz) 

𝜆 =
𝑣

𝑓
= 37.7 nm (65 GHz) 
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So, to see down to the 20 GHz mode, a cavity of length L = 𝜆/2 = 61.5 nm is required. 

Calculation of the Speed of Sound: We include a report of the speed of sound in our supplementary 

information based on the AFM data available to us because (1) it falls out naturally from doing 

these measurements, and (2) it provides a self-consistent way for us to determine flake thicknesses 

and defect depth. We have averaged two measurements together based on available AFM data 

(Figure 3.6); however, there is a ~15% discrepancy between these values. It is well known that 

MnBi2Te4 is laden with defects and that replicating device physics can take tens of samples. This 

suggests that there is significant variation in crystal quality (either from growth or material 

preparation) even within batches, and we believe that this variation could explain a 15% difference 

in measured speed of sound. Specifically plausible mechanisms for this variation include antisite 
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defects or vacancies that modulate interlayer coupling, which can have a dramatic effect on the 

out-of-plane speed of sound in vdW materials203. 

 

Figure 3.6: Determination of the speed of sound in MnBi2Te4 from Picosecond Ultrasonics. 

(a, d) Optical photographs of two MnBi2Te4 flakes used to determine the speed of sound. (b, e) 

AFM tapping mode topography of flakes measured. Inset: line cut taken at horizontal red lines in 

AFM image showing flake thickness. (c, f) Time-traces of optical reflectivity showing periodic 

pulses. Delay times corresponding to three phonon pulses are highlighted, with text insets showing 

average time delay between pulses and corresponding speed of sound 𝑣𝑠 =  2𝑑𝑀𝐵𝑇 ∆𝑡⁄ . 
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Chapter 4 | Strain Tunable Moiré Geometry and Geometric Phase 

Analysis  
  

This chapter consists of my as-yet unpublished work: Jordan Fonseca, John Cenker, Yuzhou 

Zhao, Ying Xia, Shuai Zhang, Juan Carlos Idrobo, Xiaodong Xu, “Strain-tunable moiré geometry 

revealed by piezoresponse force microscopy and geometric phase analysis,” in preparation (2024). 

X.X. conceived of the experiment. J.F. prepared samples, assisted by J.C. J.F. performed PFM 

measurements, assisted by J.C., Y.Z., Y.X., and S.Z. J.F. performed the data analysis and wrote the 

GPA analysis script, with input from J.C., Y.Z., and J.-C.I. J.F. wrote the paper, with input from all 

authors. All authors discussed the results.  

Introduction: 

 There are many compelling reasons that 2D materials have attracted the interest of 

theoretical and experimental physicists, materials science researchers, and engineers. Perhaps chief 

among these reasons is the unique platform of a 2D moiré superlattice. Because there is a 2D 

material that offers nearly every imaginable material property (metals, insulators, semiconductors, 

semimetals, magnetic materials, superconductors), it is possible to create heterostructure devices 

consisting of layered structures of different materials. When two different crystal lattices that differ 

slightly, either from a mismatch in atomic spacing or a relative rotation between crystal axes, are 

overlapped, a moiré superlattice forms with a moiré wavelength governed by Equation 4.1221. 

When the two crystal lattices are different materials, an average lattice constant and lattice 

mismatch can be computed using Equation 4.2 and Equation 4.3, respectively. Hence, the moiré 

wavelength introduces a new length scale and corresponding potential landscape to the system, 

and this length scale and energy landscape can have profound impact on the behavior of electrons, 

phonons, and excitons in the system21,57,222–232. 
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 There are a number of models of electronic interactions in two dimensions that explain a 

surprising variety of electronic behavior. Simplest among these models is the Hubbard model, 

which accounts for intersite hopping 𝑡 and an onsite potential 𝑈. This simple model can be 

extended to include repulsion 𝑉 between particles on neighboring sites57. Since the hopping 

parameter depends strongly on the distance between adjacent lattice (or moiré superlattice) sites, 

hopping can be controlled by adjusting twist angle between flakes, making moiré superlattices a 

platform in which the ratio 𝑡 𝑈⁄  can be widely tuned. Because the hopping energy, or kinetic energy 

can be quenched relative to the onsite interaction, it is possible to engineer moiré superlattices in 

which Coulomb interactions between electrons are the dominant energy scales, giving rise to 

correlated electronic phenomena38,40,41,43–49,51,52,56,233,234. 

𝜆𝑚 =  
(1 + 𝛿)𝑎

√2(1 + 𝛿)(1 − cos 𝜙) + 𝛿2
 

4.1 

𝑎 =  
𝑎1+𝑎2

2
 4.2 

 𝛿 =  
|𝑎1−𝑎2|

𝑎
 4.3 

 For as long as researchers have been fabricating moiré heterostructures to study the 

behavior of electrons, excitons, and other quasiparticles that respond to the moiré potential, the 

important role of inhomogeneity, strain, and disorder have been apparent111,235–238. During 

fabrication, 2D flakes are subject to forces that induce strain and rotation. Bubbles and 

contaminants can be trapped between or underneath layers239–242, and thermal and strain gradients 

occur naturally in the course of typical flake transfer and fabrication processing steps. This issue 

can be turned on its head, however, to ask how homogenous and inhomogeneous strains can be 

used to alter the moiré geometry and thereby control the electronic and optical properties.  

 Long before the discovery of vdW materials, strain was recognized as an important control 

parameter for tuning important material properties such as superconductivity243–246. Shortly after 
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the isolation of monolayer graphene, it was discovered that 2D materials not only offer an 

unparalleled flexibility compared to bulk crystals, but also an unparalleled strength. Graphene is 

often heralded as being “stronger than steel,” a phrase that refers to a number of properties, 

including a Young’s modulus over 1 TPa247. Mechanical measurements of MoS2 reported 

monolayer flakes sustaining strains up to 11% before yielding at stresses of 11% of the Young’s 

modulus77, a value approaching the theoretical 2D yield strength of 1/8 the Young’s modulus78. 

In the past 20 years, there have been a vast number of experimental and theoretical works exploring 

how uniaxial, biaxial, and shear strains alter the electronic, vibrational, and optical properties of a 

wide variety of 2D materials, particularly graphene and TMDs (see Table 1 in Appendix D for a 

compiled list of over 100 papers based on what material system, strain approach, and maximum 

strain each approach achieved). Because a moiré superlattice consists of two loosely adhered layers 

of crystal, studies of strain in moiré systems must consider a wider variety of factors, such as how 

well strain transfers from one layer to the next, how relative twist angle or edges change interlayer 

friction, how strain transfer differs when the two flakes are the same crystal (e.g. graphene on 

graphene) versus when the two flakes are different (e.g. WSe2 on WS2)
84,135,248–254.  

 There are many different approaches to visualizing and measuring strain in 2D crystals and 

their moiré heterostructures. Common optical techniques include Raman spectroscopy107,113,125,255 

and optical SHG24,25, although PL and reflectance can be used as well since strain strongly tunes 

the bandgap of atomically thin TMDs. These techniques, which are typically implemented via 

microscopy, have the intrinsic spatial resolution of a diffraction-limited beam spot (~1-5 µm2) and 

must be rastered across the sample to provide a spatial map. Near-field optical techniques such as 

nano-SHG and techniques that probe atomic structure such as HRTEM and STM provide atomic 

resolution and thereby are an excellent way to resolve strain in each layer as well the resulting 
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moiré; however, both techniques require expensive, specialized equipment and careful sample 

preparation to be compatible with either approach. Lastly, atomic force microscopy (AFM) and 

related scanning probe techniques (Kelvin probe force microscopy—KPFM, conductive AFM, 

PFM, torsional force microscopy, etc.) offer a cost-effective way to directly image moiré 

superlattices with the potential for atomic resolution256–261. During 2D device fabrication, PFM has 

become the dominant technique for imaging the moiré superlattice before completing the device 

with a top layer. 

 In parallel with the AFM techniques that provide an image of the moiré superlattice, there 

remains a question of how to interpret these data quantitatively and qualitatively. While a sense of 

“homogeneity” can be seen by eye and an average moiré wavelength can be measured from an 

FFT (e.g. Figure 4.3a,d, Figure 4.4a), to truly create a spatially resolved measure of local moiré 

wavelength (and thereby underlying relative twist angle and strain), additional analysis is required. 

There have been a handful of research works that tackle this task of quantitatively extracting 

spatially resolved strain and rotation238,262,263. 

 In this chapter, we will explore how Geometric Phase Analysis (GPA), a technique 

developed for HRTEM and STM data, may still have a lot to offer for the analysis of AFM images 

of moiré superlattices that lack the resolution to resolve constituent lattices. While this technique 

is over 20 years old, it has only been implemented a handful of times on low-energy electron 

microscopy images of moiré superlattices262,264. While GPA is a technique rooted in the physics of 

a periodic image and its Fourier transform, it is agnostic to the source of these data, and is therefore 

well suited to be ported over as a tool for adding spatially resolved quantitative understanding to 

analysis of moiré images. Running GPA on typical data sets requires relatively low computational 
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power and can be done in reasonable time on an average personal computer, making it a natural 

addition to a data analysis pipeline. 

Results 

We begin our study of strain-tunable moiré geometry with one of the most straightforward 

samples possible: a monolayer flake of WSe2 aligned to a thin bulk flake of WS2, which are picked 

up and transferred onto a polyimide substrate, as shown in Figure 4.1b, c. This sample is secured 

to the PI substrate with Au clamps, which at the time of fabrication were believed to enhance strain 

transfer from the PI through the bulk of the WS2. Since the preparation of this sample, subsequent 

measurements have indicated that using metal to clamp TMDs to the substrate is not a viable 

approach to improving overall strain transfer, although there is some reason to believe that clamps 

can introduce a strain-transfer-pinning effect that helps generate vertical strain gradients265. By 

clamping only the WS2 and not the WSe2, the chances of generating heterostrain between the TMD 

layers increase. While the moiré heterostructure would typically be encased in hBN to provide a 

uniform dielectric environment and the possibility of electrostatic gating for optics or transport 

measurements266,267, we leave the moiré interface intentionally exposed to facilitate direct imaging 

of the moiré interface with an atomic force microscope. We employ the well-established technique 

of PFM to image the moiré257 (Figure 4.1d), though we note that since then there has been a report 

that the AFM that we use (Bruker Dimension Icon) images the moiré because of crosstalk from 

torsional modes, not the inverse piezoelectric effect256. 

After device fabrication, we attach the sample to a strainer adapted for room-temperature 

measurement (Figure 4.1a). Because the maximum field limit for tensile and compressive strains 

of the piezo is symmetric at cryogenic temperatures, our cryogenic strainers are wired with the 

central piezo stack shorted backwards to the outer stacks (Figure 4.2a). This scheme has two main 
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advantages: first, the piezos are all oriented the same direction, so the natural thermal expansion 

during cryostat warmup and cooldown causes a sample displacement, minimizing the strain 

induced during sample cooling. Second, the piezos (which are much less efficient at cryogenic 

temperatures) can achieve maximum strain without displacing the sample by applying tensile 

strain to the outer stack and compressive strain to the inner stack. For room temperature 

measurement, only ~20V of compressive strain can be applied compared to the ~120V of tensile 

strain that is possible. With the cryogenic shorting scheme, our strain measurements would be 

limited to 20V. By disconnecting the central piezo and shorting it to itself (Figure 4.2b), we can 

apply 120V of tensile strain at room temperature at the cost of losing the symmetric gap opening 

that prevented sample displacement and provided a nominal factor of 2 increase in the maximum 

gap width. One consequence of this wiring scheme is that the sample will be displaced as the gap 

opens since the outer piezos are moving while the inner one remains fixed. To accommodate this, 

the AFM scan area must be manually adjusted at each strain value to track the same region of the 

sample. Lastly, it is worth noting that because all piezos have a “butterfly” hysteretic voltage-

displacement curve (Figure 4.2c), it is important to perform comparable measurements over the 

same strain/voltage range and to always compare measurements that were swept in the same 

direction. 
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Figure 4.1: In-situ imaging a strain-tunable moiré superlattice with piezoresponse force 

microscopy. (a) Schematic of piezoelectric strain apparatus and PI substrate. (b) Schematic of 

sample consisting of monolayer WSe2 aligned to bulk WS2, which is clamped to PI using gold. 

The sample leaves the moiré interface exposed for PFM measurements. (c) Optical photo of the 

heterostructure before Au clamping. (d) PFM image of the WSe2/WS2 superlattice with no applied 

strain. 
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Figure 4.2: Temperature-dependent wiring scheme for piezoelectric strainer. (a) Wiring 

scheme of cryogenic use of the strain cell. (b) Schematic of wiring scheme for room temperature 

use of the strain cell. (c) Typical butterfly-hysteresis diagram for displacement vs. applied 

voltage/electric field. Reproduced from ref 268. Red arrows show the direction of 

displacement/expansion when a positive voltage is applied in (a) and (b). 

 

As the sample is stretched, the effects of strain are readily apparent in the PFM images. 

Figure 4.3a and Figure 4.3d show a representative example of data at two different strain values 

— 0V and 75V. While it is clear from the PFM image that the moiré pattern changes under strain, 
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it is difficult to quantify these changes in real space. To quantify these changes, we take the 2D 

FFT of each image and select the three most prominent distinct spatial frequencies (Figure 4.3b, 

e). For simplicity, we pick out only a single set of peaks and omit the set of peaks that are 180o out 

of phase since the information is redundant.  Finally, we can take inverse FFT of these three main 

peaks, which represent the dominant/average moiré reciprocal lattice vectors. This process leaves 

a significantly filtered real space image of the moiré superlattice that captures the average moiré 

pattern present in the PFM data at each strain value (Figure 4.3c, f). While this technique elides 

the granular features within each image, it makes it possible to see by eye that the moiré lattice 

stretches (and possibly rotates) under uniaxial strain. 

Having established a way to extract three dominant moiré reciprocal lattice vectors from 

each image, we can now explore the trends as we apply uniaxial tensile strain. Figure 4.4a clarifies 

how the three peaks in each PFM FFT can be converted to an amplitude and direction of a moiré 

lattice vector. For peak 𝑖 with 𝑖 = 1, 2, 3, the reciprocal space magnitude is 𝑘𝑚𝑎𝑔
𝑖 =  √𝑘𝑥

2 + 𝑘𝑦
2 . 

The real space periodicity 𝜆𝑚
𝑖   is then the reciprocal of this value, 𝜆𝑚

𝑖 = 1 𝑘𝑚𝑎𝑔
𝑖⁄ , and the direction 

of the moiré lattice vector is  𝜃𝑖 =  tan−1(𝑘𝑦
𝑖 𝑘𝑥

𝑖⁄ ). Figure 4.4b shows the magnitude of each of 

the moiré lattice vectors versus strain, while Figure 4.4c shows the directions versus strain. It is 

worth noting that while the red and green dots represent the real moiré periodicities, the blue dots 

are a secondary, higher-order correction to the shape of the moiré geometry, which is why they 

appear to have a periodicity roughly half of the real moiré periodicity and why they are offset by 

only ~30o from the real moiré lattice vectors. 
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Figure 4.3: Strain-dependent PFM with FFT and filtered peaks showing how moiré patter 

stretches under applied strain. Strain-dependent PFM data at 0V (a) and 75V (d) applied to the 

piezoelectric strainer. PFM data with simple data processing (line scan alignment and quadratic 

background subtraction) are shown in the top row. (b) and (e) are FFTs of the data shown in (a) 
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and (d), respectively, and red pixels pick out the three most prominent peaks from the FFT. (c) and 

(f) show an inverse FFT of the three red peaks picked out in plots (b) and (e).   

 

Figure 4.4: Expansion and rotation of the average moiré wavelength under uniaxial strain. 

(a) Example of how a moiré wavelength and peak angle can be extracted from the filtered FFT of 

each PFM image. Red and green dots are the lowest-wavelength moiré peaks corresponding to a 

real moiré wavelength, while the blue dot corresponds to a higher-order periodicity of the moiré 

wavelength resulting from the non-sinusoidal shape of the real moiré potential landscape. (b) 

Extracted moiré wavelength plotted for each strain value. (c) Extracted peak angle plotted for each 

strain value. 

 There are two main aspects of these data in particular that are worth highlighting. First, 

even though taking a handful of dominant peaks from the FFT is a crude approach, a clear trend 

emerges in the change in magnitude of the moiré lattice vectors. Up to ~60V, there is a clear 

upward trend in the magnitude of the vectors shown by blue and green dots in Figure 4.4b and 

little change in direction as shown by Figure 4.4c. Above 60V, the magnitude data become much 

noisier, not indicative of real fluctuations in the moiré periodicity but rather in the noisiness of the 

raw PFM data. Interestingly, though noisy there is also a sudden counterclockwise rotation of ~10o 
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in all moiré lattice vectors. These data, taken together, suggest that after a certain point, the moiré 

may release strain energy by undergoing a rotational relaxation rather than a slipping or continued 

stretching, though further measurements or theoretical modeling would help corroborate this 

claim. The second clear take-away is that the moiré patterns measured here are not completely 

uniform, even across the 200 × 200 nm2 measured area. Quantifying this inhomogeneity and 

understanding how strain is locally or globally transferred to the moiré superlattice is the focus of 

the remainder of this chapter.  

 

Figure 4.5: PFM image of a traditional, aligned WS2/WSe2 heterostructure from Heonjoon 

Park (UW)  
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Figure 4.6: GPA-generated strain matrix on a PFM of a WS2/WSe2 heterostructure. GPA 

computed 𝜖𝑥𝑥 (a), symmetrized 𝜖𝑥𝑦 (b), anti-symmetrized 𝜔𝑥𝑦 (c), and 𝜖𝑦𝑦 (d) revealing subtle 

inhomogeneities across the image in lattice strain and twist angle. All GPA images computed on 

the PFM image shown in Figure 4.5.  

 Geometric phase analysis is a technique that can be used to quantify strain in a periodic 

structure such as a crystal lattice. It has been used extensively in analyzing HRTEM and STM 

images of grain boundaries, local defects, and lattice strains269,270. The theory of GPA, including 

examples of how our home-built GPA algorithm can be used on a moiré superlattice, are included 

in Appendix B. We begin by showing the results of applying GPA to a PFM of a high-quality 
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WS2/WSe2 moiré superlattice fabricated on a typical hBN/graphite back gate on a Si/SiO2 substrate 

(Figure 4.5 and Figure 4.6). The raw PFM data are shown in Figure 4.5, while the matrix 

elements 𝜖𝑥𝑥, 𝜖𝑥𝑦, 𝜔𝑥𝑦, and 𝜖𝑦𝑦 are shown in Figure 4.6a-d, respectively. Note that in this case, 

the strain terms have been symmetrized while the rotation matrix 𝜔𝑥𝑦 is antisymmetric. From these 

data, a few salient aspects stand out. First, by eye the PFM data look exceptionally uniform across 

the 500 × 500 nm2 scanned area. This device, which was completed and studied optically (Figure 

4.7) exhibited correlated electronic phenomena as indicated by clear, sharp changes in PL intensity 

and energy, suggesting that this is a high-quality and uniform moiré superlattice by the traditional 

standards of the field. Nevertheless, GPA reveals localized strains and rotations that can be 

quantified in a way that would not be possible from simple FFT analysis alone and may offer a 

way to rigorously quantify moiré homogeneity either as part of the general fabrication pipeline or 

as a quick, convenient, and inexpensive way to quantitatively analyze arbitrary moiré patterns.  
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Figure 4.7: Doping-dependent photoluminescence from a dual-gated WS2/WSe2 device. The 

sharp jumps in PL intensity and energy as a function of gate voltage correspond to integer and 

fractional electron/hole fillings of the moiré superlattice. These data were collected from the moiré 

device whose moiré landscape was imaged with PFM and shown in Figure 4.5. 

 While the ability to resolve atomic positions and the moiré pattern simultaneously is 

typically an advantage, there are problematic artifacts that emerge when using GPA on lattices that 

form a moiré pattern. Figure 4.8 demonstrates how what initially appears to be relaxation-induced 

strain in a system that is known to exhibit this phenomenon is actually a result of moiré-induced 

artifacts. Figure 4.8a shows a large, high-resolution HRTEM image of a WS2/WSe2 moiré 

superlattice shared by Juan Carlos Idrobo (UW). Figure 4.8d shows the corresponding GPA-

calculated 𝜖𝑥𝑥 for this image, in which a periodic, rhombohedral strain field that matches well with 

the high-symmetry points of the moiré emerges. Since lattice relaxation is a known phenomenon 
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in this material system, it at first appears that GPA has successfully revealed and quantified the 

strain profile within the moiré unit cell.  However, GPA-calculations (Figure 4.8e, f) on simulated, 

perfect WS2/WSe2 moiré superlattices with a 1o twist angle that are not relaxed (Figure 4.8b, c) 

show a nearly identical pattern. The challenge arises because GPA is rooted in singling out a 

reciprocal lattice vector, building a mask around it in Fourier space, and then measuring how peaks 

within the vicinity of the masked area vary across the image. Moiré patterns introduce new, long-

wavelength (small reciprocal lattice vector) periodicities that create not only new peaks in the FFT 

close to the origin, but also satellite peaks around the crystallographic reciprocal lattice vectors. If 

these moiré satellite peaks are within the applied mask, they result in the artifacts seen in Figure 

4.8, which have also been studied elsewhere271. For this reason, there is precedent for using GPA 

on images in which only the moiré superlattice can be resolved and then performing the analysis 

on the moiré reciprocal lattice vectors.  
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Figure 4.8: Artifacts in GPA analysis of moiré images with lattice resolution. (a) HRTEM 

image of a WS2/WSe2 moiré superlattice. Adapted from: "Atomic-Scale Insights of Exciton-Moiré 

Coupling in WSe2/WS2 Superlattices,” Elizaveta Tiukalova, Yuzhou Zhao, Xiao-Wei Zhang, 

Rohan Mewada, Andrew R. Lupini, Jihui Yang, Di Xiao, Ting Cao, Xiaodong Xu, and Juan Carlos 

Idrobo, unpublished (2024). (b) Simulated WS2/WSe2 moiré superlattice with a 1o twist. (c) 

Different way to simulate a moiré lattice with a 1o twist. (d) GPA-calculated 𝜖𝑥𝑥 for the data in (a) 

showing emergence of what appears to be a strain field with a rhombohedral tiling. (e, f) GPA-

calculated 𝜖𝑥𝑥 +  𝜖𝑦𝑦 (biaxial strain) for the simulated moiré lattices in (b) and (c), respectively 

reveal that the rhombohedral strain field that emerges is an artifact since the simulated lattices 

include no relaxation that could give rise to a real lattice strain. 
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Figure 4.9: PFM images at 3 different strains and corresponding 𝝐𝒙𝒙 maps. PFM data at 0V 

(a), 15V (b), and 35V (c) of applied strain. (d-f) GPA computed 𝜖𝑥𝑥 maps at each strain value.  

Having established the validity of applying GPA on a moiré superlattice, we can now use 

it as a tool to understand the localized strain transfer to the WS2/WSe2 moiré interface as we 

increase strain. Figure 4.9a-c shows PFM images at 0V, 15V, and 35V of applied strain, while 

Figure 4.9d-f plots the 𝜖𝑥𝑥 component of the strain tensor at each applied strain voltage. GPA 

requires the use of “reference” reciprocal lattice vectors, and for the strain-dependent GPA, the 

dominant lattice peaks at 0V applied strain are used as a reference, so all subsequent strain maps 

are relative to the “unstrained” PFM image. Despite using the 0V image as a reference, 

inhomogeneous variation in 𝜖𝑥𝑥 can still be observed as variation in color within the image (Figure 

4.9d). Figure 4.9d-f show a clear trend of increasing overall longitudinal strain across the entire 

image; however, they also revel the gentle variation within each image that demonstrates 
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inhomogeneous strain transfer on a length scale on the order of 2-3 times the moiré unit cell. The 

singularities observed in Figure 4.9e toward the bottom of the image are artifacts where the 

distortion measured by the AFM (most likely due to a line scan artifact) are too great to be 

accurately captured by GPA, which is specifically sensitive to very small deviations in the 

reciprocal lattice vector and cannot be expected to capture all forms of variation that can introduce 

larger aperiodicities to the image269,270,272. PFM images and GPA-calculated 𝜖𝑥𝑥 and 𝜖𝑦𝑦 maps for 

all strain values 0V – 40V can be found in Appendix C, Figure C.1 and Figure C.2 

 

Figure 4.10: Comparison of average GPA-calculated uniaxial and Poisson strain with FFT-

calculated strain analysis. (a) Mean 𝜖𝑥𝑥 (black dots) and 𝜖𝑦𝑦 (red dots) versus applied strain 

voltage. Dotted purple lines serve as a guide to the eye. (b) Magnitude of the moiré lattice vectors 

from Figure 4.4b replotted.  

 Having used GPA to quantify a percentage change in the moiré periodicity parallel to and 

perpendicular to the applied stress and to visualize the localized inhomogeneity in this strain, we 

can also compare these results to our original FFT analysis. We begin by extracting the average 
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uniaxial strain 𝜖𝑥𝑥 and Poisson strain 𝜖𝑦𝑦 =  −𝜈𝜖𝑥𝑥 at each strain value and plotting them against 

applied strain voltage (Figure 4.10a). From 0V to 60V, the mean 𝜖𝑥𝑥 increases by 10% while the 

mean 𝜖𝑦𝑦 is reduced by ~ 5%. The increase in longitudinal periodicity of 10% matches well with 

the FFT analysis, which shows a comparable increase over the same voltage range (Figure 4.10b, 

replotted for convenience). Furthermore, because GPA produces a strain matrix with axes aligned 

with the applied strain, we see that the trend in increasing average 𝜖𝑥𝑥 is even clearer than the 

corresponding increase in moiré lattice vector magnitude. This can be explained because the 

Poisson shrinking requires a compression transverse to the strain, but since the FFT peaks do not 

lie purely along Cartesian axes, their change in position is not exactly representative of the sample 

strain since only biaxial strain would cause all moiré periodicities to increase. 

 It is worth noting that while 10% uniaxial strain is within the plausible limit for a 2D 

material, it is more likely that there is a heterostrain effect that causes the WS2 crystal to be strained 

more than the WSe2 monolayer on top and that a 10% change in moiré wavelength actually 

represents a combination of homostrain and heterostrain. In the limit of pure heterostrain on a 1o 

twisted WS2/WSe2 heterostructure a lattice strain of less than 0.5% produces an increase in moiré 

wavelength of 10% (calculated based on equations 4.1, 4.2, and 4.3). 

 In conclusion, this chapter outlines how the technique of geometric phase analysis has 

been ported over from the fields of electron and scanning probe microscopy and employed on 

comparatively low-resolution AFM images of moiré superlattices as a new metrology tool for an 

accessible measurement technique on a particularly widely studied material system. In this 

chapter, I have demonstrated how from this analysis, moiré wavelength variation across the AFM 

scan window can be quantified and spatially resolved. Additionally, I have shown how the strain-

induced change in moiré wavelength can be characterized as uniaxial strain is applied in-situ to a 
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WS2/WSe2 moiré heterostructure. Some of the known artifacts271 of employing GPA on the 

underlying crystal lattice vectors when a moiré pattern is present are also explored. As far as this 

author is aware, this is the first instance in which this technique has been used to extrapolate and 

quantify strain transfer and strain inhomogeneity from a PFM image of a moiré superlattice, 

though this preliminary investigation has only scratched the surface of what utility may be found 

from using this inexpensive, computationally accessible technique on the wide variety of AFM 

images of moiré superlattices generated in the course of 2D materials research. Future 

experimental work and theoretical investigation will likely provide clearer bounds on the 

limitations and opportunities for this technique, as well as on the underlying lattice strain and 

rotation. 
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Chapter 5 | Engineering robust strain transmission in van der Waals 

crystals and heterostructures 
 

This chapter consists of my as-yet unpublished work: John Cenker†, Jordan Fonseca†, 

Mai Nguyen†, Chaowei Hu, Jiun-Haw Chu, Xiaodong Xu, “Engineering robust strain transmission 

in van der Waals crystals and heterostructures,” in preparation (2024) X.X., J.F., and J.C. 

conceived of the experiment. C.H. synthesized and characterized bulk Bi2SeO5. J.C., J.F., and M.N. 

prepared samples. J.C., J.F., and M.N. performed optical measurements. J.C., J.F., and M.N. wrote 

the paper, with input from all authors. All authors discussed the results. J.C., J.F., and M.N. all 

contributed equally to this work. 

The mechanical deformation of a crystal lattice by strain can have profound effects on the 

material’s properties79,273–275. In bulk crystals, strain has been shown to be an effective tuning knob 

of several quantum phenomena including magnetic12,13, superconducting14,276, and topological 

states of matter143,277.  The accessible strain range in standard experiments is limited by the strength 

of the crystal, which depends on the number of defects and imperfections in the crystal. Reducing 

the dimensionality of the crystal from the 3D bulk to the 2D limit reduces the total number of 

defects, making atomically thin van der Waals (vdW) crystals the strongest materials ever 

measured77,247. In addition to their exceptional strength, these materials and their heterostructures 

host fascinating 2D quantum phases including correlated insulating states44,47,52, nematicity278–281, 

frustrated magnetic orders46,172,282–284, and integer and fractional quantum Hall effects233,277,285–288. 

The combination of unique mechanical durability and rich physics make atomically thin van der 

Waals crystals a promising platform for strain engineering.  
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An essential ingredient for many of the quantum phases to emerge, however, is high device 

quality and the ability to control the carrier density and applied electric field via electrostatic 

gating. This is usually achieved via encapsulation267 with hexagonal boron nitride (hBN) and/or 

graphite. Sandwiching the atomically thin crystals between hBN flakes screens the charge traps 

and roughness of the silicon substrate267,289, protects air-sensitive materials from the 

environment290, and enables the in-situ modulation of electronic properties through electrostatic 

gating. However, hBN and graphite have weak interfacial and interlayer strain transmission136,291, 

thereby posing fundamental challenges to the realization of high-quality devices capable of 

sustaining large strains. To date, the maximum in-situ strain tuning of hBN-encapsulated samples 

is well below 1% despite efforts to clamp the sample with evaporated metal layers to increase 

strain transmission292.  

In this work, we investigate the interlayer strain transmission in several materials with the 

goal of maximizing the in-situ strain tuning capabilities in vdW heterostructures at cryogenic 

temperatures. We begin with the layered orthorhombic crystal CrSBr (see crystal structure in 

Figure 5.1a), as the strain response is well calibrated (Methods). Figure 5.1b shows Raman 

scattering from the phonon peak centered around 345 cm-1 of an unclamped thin bulk CrSBr flake 

deposited on a polyimide substrate with 0 V (blue) and 100 V (black) applied to the strain cell at a 

nominal sample temperature of ~ 5 K (Methods). Despite the lack of a metal clamping layer, the 

phonon mode exhibits a large redshift of ~ 6.8 cm1 when the piezo voltage is increased from 0 to 

100 V. This corresponds to a uniaxial tensile strain of ~ 1.6 % using the previously determined293 

strain shift rate of ~ 4.2 cm-1/%. Applying this analysis to the entire strain dependence reveals a 

linear application of strain with negligible change to the width of the phonon peak (Figure 5.1c). 

These results demonstrate a remarkably robust interlayer strain transmission in CrSBr, standing in 
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stark contrast with other common vdW materials, such as graphite, where the Raman shift under 

strain quickly vanishes in the few layers and bulk limit291. Moreover, we find that the unclamped 

CrSBr samples can survive to exceptionally high strains, with some samples sustaining ~ 3 % 

strain before slippage (Figure 5.2).   

 

Figure 5.1: Efficient interlayer strain transmission in van der Waals crystal CrSBr. (a) Side 

view of CrSBr crystal structure, consisting of monolayer planes stacked along the c axis. (b) 

Raman spectra taken on a thick (> 100 nm, optical image inset) exfoliated CrSBr flake with 0 V 

(blue) and 100 V (black) applied to the piezoelectric strain cell. The phonon mode shifts by ~ 6.8 

cm-1, corresponding to a strain of ~ 1.6 % (see Methods). (c) Measured strain as a function of 

piezo voltage applied to the strain cell. The thick flake shows a continuous shift with little change 

to the full-width at half maximum (FWHM) of the Raman peak (red). 
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Figure 5.2: High strain behavior in unclamped thin bulk CrSBr. (a) Colormap of Raman 

scattering from the P3 peak as a function of piezo voltage. (b) Extracted peak energy obtained by 

fitting the spectra with Lorentzian functions. At a large strain approaching 4% (denoted by the 

grey line), the sample suddenly slips and the strain is released. The measurement was performed 

at a nominal temperature of 40 K to increase the piezo displacement and applied strain.    

The efficient interlayer strain transmission, endurance to extreme strains, and well 

calibrated strain response make CrSBr a convenient sensor of strain transmission in vdW 

heterostructures. Unlike graphene and transition metal dichalcogenides (TMDCs) which require 

mono- or few-layer flakes for sensing functionality, CrSBr flakes with a wide range of thicknesses 

can be used, significantly streamlining sample fabrication. We first test the strain transmission 
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through the ubiquitously used hexagonal boron nitride, which has a hexagonal lattice as shown in 

Figure 5.3a. In contrast to CrSBr, where the exterior Br bonds extend vertically along the stacking 

direction, the bonds in hBN are essentially entirely within the plane. Moreover, the hexagonal 

crystal structure has two stacking configurations close in energy294 (with AA’ being the most stable 

one), whereas CrSBr has only a single stable stacking configuration293. These differences in crystal 

structure can have important consequences on the tendency for soliton formation263 and interfacial 

and interlayer strain transmission. Figure 5.3b shows the strain response of a CrSBr flake stacked 

on top of hBN (red) and another CrSBr deposited directly on the polyimide substrate adjacent to 

the hBN (black). The strain transmission through hBN is an order of magnitude less than CrSBr. 

Moreover, the hBN sample exhibited extreme wrinkling after the strain cycling, while the CrSBr 

remained unchanged (Figure 5.4). These results confirm that the use of hBN can limit the strain 

tunability of vdW devices, consistent with the reduced strain ranges reported in previous 

devices292.  
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Figure 5.3: Measuring strain transmission in vdW crystals via a CrSBr strain sensor. (a) 

Crystal structure of hexagonal boron nitride (hBN). (b) Measured strain as a function of piezo 

voltage directly on the polyimide substrate (black) and through a thin bulk (~20-30 nm) hBN 

crystal. (c-f) Side view crystal structure and strain transmission characteristics of α-MoO3 (c, d) 

and Bi2SeO5 (e, f). The strain in all measurements is determined by using the calibrated Raman 

response of a CrSBr flake deposited on top as a sensor (Methods).  
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Figure 5.4: Optical images of CrSBr/hBN heterostructure before and after applying strain. 

Optical image of a thin bulk CrSBr flake and a CrSBr / hBN heterostructure deposited on the same 

polyimide substrate at 0 V before (left) and after (right) a piezo voltage of 120 V was applied to 

the strain cell. The hBN heterostructure demonstrates a variety of new wrinkles after strain cycling, 

while the CrSBr flake does not. 

Since hBN is widely used as a substrate and gate dielectric in high-quality vdW devices, 

its poor strain transmission properties pose a significant challenge towards utilizing strain as a 

tuning knob for the rich quantum phases which emerge in sufficiently clean and cold 2D systems. 

The desirable mechanical properties of CrSBr, on the other hand, suggest that it may be used as an 

alternative component in new strain-tuned vdW devices and heterostructures. However, the 

magnetic and semiconducting properties of CrSBr can result in significant magnetic proximity and 

charge transfer effects295,296. While these effects are interesting, an ideal straintronic dielectric 

substrate should provide an inert, atomically flat surface akin to hBN. Fortunately, the constantly 

expanding number of 2D materials provides new building blocks for devices with enhanced 

functionality. Two materials which have recently297–300 been identified as promising dielectric 

insulators are ⍺-MoO3 and Bi2SeO5. Unlike hBN and graphite, these crystals have orthorhombic 
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crystal structures (Figure 5.3c, d), with ⍺-MoO3 having a buckled, anisotropic crystal structure 

that resembles CrSBr. Figure 5.3e,f show the strain transmission characteristics of ⍺-MoO3 and 

Bi2SeO5, respectively, as measured by a CrSBr strain sensor. The strain measured through both 

crystals is comparable with that of the CrSBr deposited directly on the polyimide substrate, 

indicating efficient strain transmission.   

The exceptional stability and insulating nature of Bi2SeO5 combined with its adequate 

strain transfer properties make it a particularly appealing candidate for use as a hBN substitute in 

high-quality vdW devices. To explore this possibility, we fabricated a top-gated monolayer WS2 

device (see schematic in Figure 5.5a and Methods). Figure 5.5b shows photoluminescence (PL) 

measurements of the monolayer WS2 at top gate voltages of -9.8 V and 7.3 V, respectively, with 

the entire gate dependence shown in Figure 5.6. Due to the n-type doping in WS2, the negative 

gate voltage brings the Fermi level closer to charge neutrality, while applying a positive top gate 

voltage efficiently dopes electrons into the monolayer.  Based on previous reports301, we assign 

the exciton features at low doping as the neutral exciton (X0), negatively charged trion (X-), and 

biexciton (XX). In the highly doped spectra, however, a single peak dominates the spectra. We 

label this peak as X-‘ following the convention used for monolayer WSe2. We note that the origin 

of X-‘
 in TMD monolayers is still unclear, with previous works in WSe2 suggesting exotic many-

body states302, trion fine structures31, or the second trion charging state301,303. The detailed 

experimental and theoretical understanding of this peak is beyond the scope of this work. Yet, the 

simplicity of the highly doped spectra makes it a more convenient probe than the more complicated 

undoped one. Importantly, the strain shift rate of X-‘ is very similar to the neutral exciton (see 

Figure 5.8 and Methods). 
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Figure 5.5: Bi2SeO5: a promising straintronic dielectric substrate. (a) Schematic of top-gated 

strain tuned vdW device. A standard graphite/hBN top gate is used to pick up and stack a 

monolayer WS2 flake onto a pre-patterned platinum (grey) contact deposited on top of the bottom 

Bi2SeO5 layer. The entire device is assembled on a flexible polyimide strain substrate which is 

then attached to the strain cell. (b) Photoluminescence measurements of the monolayer WS2 device 

at top gate voltages of -9.8 V (blue) and 7.3 V (black). An optical image of the device is inset, 

scale bar 5 µm. (c) Spatial map of PL intensity integrated over the entire spectral range with 

voltages of 0 and 7.3 V applied to the strain cell and top gate, respectively. (d) Spatial mapping of 

tensile strain taken at a piezo voltage of 40 V (Methods).   
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Figure 5.6: Gate-dependent photoluminescence of monolayer WS2 strain device. PL 

measurements taken with 0 V applied to the strain cell as a function of voltage applied to the top 

gate. The sample is excited by σ+ light, and the detected signal is co-circularly polarized with 

respect to the excitation. 

To confirm the high quality of the sample and to study the homogeneity of strain 

transmission in the heterostructure, we performed spatial mapping at different piezo and gate 

voltages. Figure 5.5c shows the spatial dependence of PL from the sample with the gate voltage 

fixed at 7.3 V, i.e., high electron doping. In this condition, strong PL is observed across the sample, 

with enhanced intensity at certain spots corresponding to bubbles or contamination commonly 

found in vdW heterostructures304. When the piezo voltage is increased, the spectra red shift as 

expected for tensile strain305,306. Extracting the peak energy at every point with Gaussian fits and 

comparing with the 0 V value (see Methods and Figure 5.7) enables the construction of a strain 

map as presented in Figure 5.5d, which shows the spatial dependence of strain at Vp = 40 V.  The 

sample shows a large (> 1%) relatively homogeneous strain throughout the majority of the 

heterostructure region. These results further confirm that Bi2SeO5 is capable of sustaining and 
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transmitting large strains, thereby demonstrating a new, bottom-up path towards strain engineering 

in optoelectronic vdW devices that does not rely on metal clamping schemes which are less robust 

to large strains and may also induce spatially inhomogeneous strain292. 

 

Figure 5.7: Spatial map of photoluminescence energy at low and high strains. PL spatial maps 

at strain voltages of 0 V (a) and 40 V (b) with an applied gate voltage Vg = 7.3 V. The peak center 

energy is obtained by a Gaussian fit of X-‘ at each coordinate. 

The ability to apply large strain to a gated monolayer semiconductor device at cryogenic 

temperatures enables the study of strain effects on the rich excitonic species in these systems. 

Figure 5.8a and Figure 5.8b show strain-dependent co-circularly polarized, i.e., both exciting with 

and collecting 𝜎+ light, PL measurements taken at gate voltages of -9.8 V and 7.3 V, respectively. 

The spectra show continuous tuning with piezo voltage, with the PL energy returning to the same 

value when the strain is cycled (Figure 5.9), further confirming the efficient strain transfer and 

lack of slipping in the heterostructure. By fitting the piezo voltage dependent spectra in both cases, 

we find that all features exhibit a similar energy shift under strain (Figure 5.8c). On the other hand, 
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the change in degree of circular polarization (DOCP), given by 
𝜎+−𝜎−

𝜎++𝜎−
, of the peaks shows 

noticeable differences, with X-‘ having a larger change than the other exciton species.  

 

Figure 5.8: Strain tuning of exciton species in monolayer WS2. (a, b) Strain-dependent co-

circularly polarized photoluminescence measurements with the top gate voltage fixed at -9.8 V (a) 

and 7.3 V (b). (c) Extracted peak energy and degree of circular polarization, DOCP = 
𝜎+−𝜎−

𝜎++𝜎−,  of 

the various PL peaks as a function of piezo voltage obtained from the spectra in (a) and (b). 

Due to the strong optical selection rules in monolayer TMDCs, the DOCP is a readout of 

valley polarization31,35. The measured decrease in circular polarization with increasing strain has 

been observed in previous works with explanations including the decrease in the energy difference 

of the valence band at the Γ and K points of the Brillouin zone94, a reduction of the 3-fold rotational 
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symmetry due to the uniaxial strain307, and changes in the electron-hole exchange interaction308. 

Modeling the contribution of these different effects to our experimental observations is an 

interesting direction for future theoretical investigations. Understanding the origins of the strain-

dependent DOCP may prove useful in establishing the true nature of the X-‘ peak since it has a  

larger strain dependence than the other exciton and trion features. In this regard, the expanded 

strain range combined with gating capabilities in our devices may provide a powerful tool for both 

controlling and understanding excitonic physics in 2D semiconductors.  

 

Figure 5.9: Photoluminescence measurements taken during strain cycling. (a) PL spectra 

taken as the strain is swept from 0 V (solid black curve) to 40 V (red) and then back to 0 V (dashed 

black curve). The gate voltage is kept fixed at 7.3 V. (b) Extracted peak position plotted for versus 

applied strain voltage for sweep in (a). 

In conclusion, we have explored the strain transmission characteristics in vdW crystals and 

heterostructures. We found that the robust interlayer strain transmission in recently studied 

orthorhombic crystals CrSBr, α-MoO3, and Bi2SeO5
 enable the fabrication of high-quality 

straintronic vdW devices capable of sustaining strains well over 1% at cryogenic temperatures. 

Moreover, our work provides new guidance and opportunities for engineering strain transmission 
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in vdW devices. For instance, fabricating heterostructures which combine materials with weak and 

strong strain transmission, i.e., hBN and Bi2SeO5, respectively, may enable the design of on-

demand and in-situ tunable strain gradients. These results could enable the combined exploration 

of electrostatic gating and large homo- and heterogeneous strains effects on 2D quantum matter 

for the first time.  

Methods 

Sample fabrication and strain calibration: Bulk CrSBr crystals were grown following the same 

recipe309 as before. The bulk α-MoO3 and WS2 crystals were purchased from a commercial source 

(2D semiconductors). Single crystals of Bi2SeO5 were grown by the chemical vapor transport 

method299. Around 1 g of Bi2O3 powder (Alfa Aesar, 99.999%) and SeO2 powder (Alfa Aesar, 

99.999%) are mixed and ground together with the molar ratio of 1:1. The mixture was then sealed 

in an evacuated quartz tube under vacuum with 20 mg of I2. The growth was performed in the one-

zone furnace with the temperature set at 860 °C in the center of the furnace. In 40 days, mm to cm 

sized plate-like Bi2SeO5 single crystals were obtained at the cold end. The crystal is subsequently 

characterized by X-ray diffraction using a Rigaku MiniFlex 600 system, with a Cu source and Hy-

Pix 400MF 2D detector to confirm its phase.  

The bulk crystals were exfoliated using standard methods and suitable flakes were 

identified by optical contrast. The strain sensing heterostructures were then assembled through a 

dry transfer technique with a stamp consisting of a polypropylene carbonate (PPC) film placed on 

a polydimethylsiloxane (PDMS) cylinder. The CrSBr strain sensor flake was picked up followed 

by the target crystal (either hBN, α-MoO3, or Bi2SeO5) and deposited onto the polyimide strain 

substrate. The strain substrate consisted of transparent 20 µm thick polyimide epoxied onto flexure 
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sample plates produced by Razorbill instruments with Stycast 2850 FT epoxy. The long axis of the 

CrSBr flake was aligned with the strain axis for consistency with the previous studies293.  

To fabricate the gated monolayer WS2 device, we first dropped a Bi2SeO5 flake on the polyimide 

substrate and evaporated platinum contacts of ~ 7 nm thickness which were connected to larger 

Cr/Au (7 nm / 70 nm thick) pads following standard lithography techniques. After patterning the 

Bi2SeO5, we cleaned the surface with several rounds of contact mode AFM cleaning. Then, we 

picked up graphite, hBN, and monolayer WS2 with a polycarbonate (PC) / PDMS stamp. The 

device was completed by melting this stack down so that the monolayer WS2 contacted the 

platinum, and the top gate graphite contacted a separate gold contact.   

After fabrication, the sample plate was screwed into a symmetric three-piezo strain cell previously 

with the same design used in our previous experiments. For the strain sensing measurement, we 

used the same Raman shift rate of ~ 4.2 cm -1/% for the mode near ~  346 cm-1 that we determined 

previously38. In all measurements, we use the zero piezo voltage value as the zero-strain reference, 

which does not account for potential built-in strains during fabrication. Additionally, we note that 

there are a variety of reported PL shift rates for TMDC monolayers108. For this study, we used a 

rate of 50 meV/%, which is consistent with the majority of the literature values. The energies of 

the optical features were obtained by fitting the Raman and PL spectra with Lorentzian and 

Gaussian functions, respectively.  

Optical measurements: Optical measurements were performed using a backscattering geometry in 

two closed-cycle helium cryostats: Opticool by Quantum Design (α-MoO3 strain transmission, 

Figure 5.3b) and C2 by Montana Instruments (all other measurements). An objective lens focused 

632.8 nm light from a He/Ne laser to a spot size of ~ 1 µm. For Raman measurements, a He/Ne 

laser with wavelength of 632.8 nm and power below 1mW was used. The collected signal was 
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dispersed using a 1800 mm-1 groove-density grating and then detected by an LN-cooled charge-

coupled device (CCD). BragGrateTM notch filters were used to filter out Rayleigh scattering down 

to ~10 cm-1. A roughly linear background from the polyimide substrate was subtracted to increase 

the accuracy of the fitting results. For photoluminescence measurements of WS2, we used a laser 

wavelength of 532 nm and power of 10 µW. The collected PL was dispersed by a 600 mm-1 groove-

density grating and detected by a CCD.  
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Chapter 6 | Cryogenic strain tuning of moiré excitons in gated WS2/WSe2 

heterostructures 
 

This chapter consists of my as-yet unpublished work that to date only appears in this dissertation. 

Author contributions are as follows: X.X., J.F., and J.C. conceived the experiment. C.H. grew and 

characterized Bi2SeO5, J.Y. grew WSe2, and K.W. and T.T. synthesized hBN. J.F. fabricated 

samples, assisted by J.C., M.N., E.Z., X.W., and G.R. Z.L assisted with electrical wiring to devices. 

J.F. performed optical measurements, assisted by J.C. J.F., J.C., and X.X. wrote the paper, with 

input from all authors. All authors discussed the results. J.F. and J.C. contributed equally to this 

work. 

 Moiré superlattices of van der Waals semiconductors have emerged in recent years as an 

ideal platform for exploring a broad range of quantum phenomena57,58. Because the superlattice 

constant is determined by the twist angle or lattice mismatch between constituent flakes, the size 

of the moiré unit cell can be controlled during device fabrication. In addition to the twist degree of 

freedom, the atomic thickness of van der Waals heterostructures makes it possible to change carrier 

density and to apply strong and uniform symmetry-breaking electric and magnetic fields. These 

factors endow TMD moirés with many tuning knobs allowing them to serve as a Hubbard310 and 

many-body Hamiltonian311 quantum simulator in which electronic correlations312, emergent 

magnetism284, symmetry-broken electronic phases313, and topological physics314 can all be 

observed. In each of these cases, the symmetry and lattice constants of the constituent materials 

and the emergent superlattice all play an interrelated and critical role in the resulting physics.  

The recent advancements in applying tunable strain to 2D materials could provide a new 

avenue to tune the emergent strongly correlated physics in moiré systems. Prior work in bulk 

quantum materials has demonstrated that magnetic315, superconducting316, nematic274, and 
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topological phases317 can be tuned by directly modifying the lattice constant and symmetry of a 

given crystal via strain. Strain has also been extensively applied to tune the electronic and magnetic 

structure of 2D materials318, resulting in direct-to-indirect band structure transitions118,319–321 and 

the emergence of valley magnetoelectricity322 in monolayer TMDs. These effects may be amplified 

in moiré heterobilayers323 given the incredible sensitivity of the device physics to the structural 

properties of the moiré. Interesting effects have been predicted in these structures, such as a strain-

induced topological phase transition resulting in the formation of a topological moiré network324. 

However, much of the existing research has focused on the effects of fabrication-induced strain on 

moiré superlattices87,88,91,325–327, whether intended or unintended235. While there is extensive 

research on dynamic strain-tuning of atomically thin TMDs25,93,97,108,116,117,328 and 

heterostructures74,98,114, including several reviews251,329,330, to our knowledge, no experiment to 

date has successfully demonstrated large in-situ strain tuning of gated TMD moiré 

heterostructures, especially at the cryogenic temperatures required for quantum phenomena to 

emerge.  

In this work, we study the effects of simultaneously tunable electrostatic gating and 

uniaxial tensile strain up to ~1% in nearly aligned WS2/WSe2 heterostructures at cryogenic 

temperatures. This is achieved by using a piezoelectric strain cell79,293,331 (Figure 6.1A) to apply 

strain to a transparent, insulating polyimide substrate upon which the heterostructure is deposited. 

The device schematic is shown in Figure 6.1B, consisting of a graphite/hBN top gate, the WSe-

2/WS2 moiré heterobilayer, and a Bi2SeO5
 bottom layer. Bi2SeO5 is chosen due to its efficient strain 

transmission in comparison to more commonly used hBN (see Chapter 5), a dielectric constant 

that is not altered by strain332, and an atomically flat surface for the moiré heterostructure299. These 

advantages are described in greater detail in Chapter 5. During fabrication, contact mode cleaning 
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is performed to ensure clean interfaces, and PFM is used to visualize the moiré pattern and 

determine the twist angle before the top gate is stacked on top (Figure 6.1C, Methods). The 

finished device and strain flexure (Figure 6.1D) is carefully screwed to the strainer and wired for 

measurement. All data were collected at a base temperature of ~4 K unless otherwise noted. 

 

Results  

 

Figure 6.1: Fabrication of high-quality strain- and gate-tunable WS2/WSe2 moiré 

superlattice devices. (A) Schematic of cryogenic strain apparatus, adapted to facilitate 

simultaneous electrostatic gating. (B) Cartoon of device architecture. (C) PFM of moiré pattern 

(left) measured before addition of top gate to show device quality on Bi2SeO5/PI and to extract 

moiré wavelength and corresponding twist angle from FFT of PFM image (right). (D) 100x optical 

image of finished top-gated device on PI with heterostructure region outlined by a red dashed line 

(left). 5x optical image with contact pads labeled (right). 
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Figure 6.2: Independent gate- and strain- tunability of IX PL. (A) Strain tuning of WS2/WSe2 

IX PL feature, which demonstrates strain transfer without slipping. Shift in emission energy and 

oscillator strength transfer to high energy feature at 𝜖 ≈ 0.75% can both be observed. (B) Linecuts 

from (C) and (D) at zero gate voltage to show change in IX PL shape and energy from 𝜖 = 0%  to 

𝜖 = 0.89%. Top gate dependence of IX at 𝜖 = 0% (C) and 𝜖 = 0.89% (D), shows both redshift 

and peak splitting under applied uniaxial strain.  

We first verify the independent ability to strain and gate our sample. Figure 6.2A shows 

interlayer exciton photoluminescence as the piezo voltage applied to the strain cell is increased. 
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The PL spectra continuously redshift by 40 meV over 100V of applied tensile strain, corresponding 

to a maximum of ~0.89% additional strain in this device. We extract the conversion from piezo 

voltage to sample strain from Raman measurements of the WSe2 E2g mode in the measured area 

(Methods, Figure 6.5). We note that the reported values of strain here use the zero piezo voltage 

as a zero-strain reference point due to an inability to reliably measure strains which occur during 

fabrication and device cooling. The continuous strain shift and reversibility under loading and 

unloading demonstrates that this uniaxial strain is transferred to the moiré heterostructure 

reversibly with no slipping of the sample (Figure 6.7). As strain is applied, the spectra of the IX PL 

changes dramatically, switching from a single peak in the low strain condition to two distinct peaks 

at ϵ ≈ 0.75%, which we have labeled IX1 and IX2 in Figure 6.2B and Figure 6.2D. The IX peak 

splitting under uniaxial strain was observed at multiple spots in this device (D1), as well as in a 

second measured device D2 (Figure 6.8). 

 The capability to gate the moiré superlattice device provides additional insight into the 

nature of IX 2. Figure 6.2C shows the gate dependence of the IX PL at ϵ = 0%. With a single 

gate, the applied gate voltage has the effect of jointly changing the out-of-plane electric field and 

sample carrier density. The slope in the PL results from the electric-field induced DC stark shift of 

the out-of-plane IX dipole moment, while the change in PL intensity is primarily a consequence 

of tuning the carrier density. Figure 6.2D plots the gate dependence at 𝜖 = 0.89%. At this strain, 

IX 2 has a dipole moment 1.5 times smaller than that of the IX 1. In addition to a different dipole 

moment, IX 2 is significantly more co-circularly polarized than IX 1, indicating that IX 2 has a 

smaller vertical spatial separation between electron and hole.  
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Figure 6.3: Band structure engineering with strain probed by PLE. (A-C) Strain-dependent 

co-circularly polarized PLE showing evolution of IX feature under increasing tensile strain. (D-F) 

DOCP associated with PLE in panels A-C showing ~100% enhancement in DOCP of IX2 relative 

to IX1. 

 In addition to the distinct dipole moment, the higher-energy IX 2 feature that appears at 

high tensile strain exhibits markedly different resonance and polarization response than IX 1. 

Figure 6.3A-C show photoluminescence excitation (PLE) maps taken at 𝜖 = 0%, 0.29%, and 

0.89%. As the strain is increased, the lowest energy WSe2 absorption feature shifts from 1.71 eV 

at 𝜖 = 0% to 1.66 eV at 𝜖 = 0.89%. Comparing this absorption-based measurement with the 

Raman calibration gives a gauge factor for the monolayer WSe2 A exciton of 56 meV/%, which is 

consistent with the range of values reported in the literature of 47-56 meV/%25,116,117,328, excluding 

the larger gauge factor of up to 109 meV/% reported when monolayer flakes are dual-encapsulated 
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with stretchable polymers97. With increasing strain, the overall IX emission is enhanced, and IX2 

emerges with a strong, distinct resonance (Figure 6.3C). IX 2 emission is 40 meV blue shifted and 

is resonantly excited at 1.69 eV, 25 meV lower than the resonance of the IX 1 feature. Examining 

the degree of circular polarization (DOCP) as a function of excitation energy at 𝜖 = 0%, 0.29%, 

and 0.89% (Figure 6.3D-F) reveals that IX 2 is substantially more co-circularly polarized than IX 

1 and is enhanced over a smaller wavelength window than the broader IX 1. 

 

Figure 6.4: Power dependence of IX PL at 𝝐 = 𝟏%. (A) Co-circularly polarized PL vs. 

excitation power for powers ranging from 30 nW to 30 µW. Excitation wavelength is fixed at 738 

nm, and PL is normalized to excitation power and CCD integration time, so linear power 

dependence is represented by a constant color. The spectrum taken at 30 nW is subtracted from all 
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data to remove a background artifact at 1.36 eV. (B) DOCP for the data shown in (A). (C) 

Integrated co-circularly polarized PL from 1.37 eV to 1.4 eV versus excitation power for IX 1. (D) 

Integrated co-circularly polarized PL from 1.4 eV to 1.47 eV versus excitation power for IX 2. 

From power-dependent polarization-resolved PL measurements taken at 𝜖 = 1% Figure 

6.4A, a few things are notable. Consistent with our other data, at high strain, IX 2 has the dominant 

spectral weight. Both IX 1 and IX 2 exhibit qualitatively similar super-linear power dependence 

up to ~120 nW followed by sublinear power dependence for increasing power. Figure 6.4B shows 

the power-dependence of the DOCP, which reveals that the DOCP for IX 2, which already exceeds 

that of IX 1 at minimum power, increases substantially to above a value of 0.5 at 30 μW. The 

difference in overall peak intensity and DOCP is more clearly illustrated by Figure 6.4C and 

Figure 6.4D, which show spectrally integrated linecuts of IX 1 and IX 2, respectively. The 

saturation of more rapid saturation of cross-circularly polarized PL from IX 2 is readily apparent. 

Discussion 

 Our investigation of the strain- and gate- tunable WS2/WSe2 superlattice device reveals the 

emergence of a new IX species at high strain with distinct interlayer spacing, circular polarization, 

and power dependence. Since similar behavior is observed not only in several spots in multiple 

devices localized emitters due to defects are unlikely to be the origin of IX 2. One possible 

mechanism intrinsic to WSe2/WS2 moiré systems is the emergence of a higher energy interlayer 

exciton with a similar peak splitting of ~40 meV due to dipolar repulsion within the same moiré 

trapping potential.333 However, if Hubbard-U repulsion were responsible for the peak splitting, 

higher-energy peaks would only appear above threshold exciton densities when additional excitons 

must fill a moiré potential well already occupied by an exciton. Since this is not the case, we rule 

out this potential mechanism.   
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 It is well-known that distinct intra- and inter-layer exciton species are localized at different 

high-symmetry points in the real-space lattice which correspond to high-symmetry points of the 

reciprocal lattice. Similarly, in nearly aligned WS2/WSe2 heterostructures there is significant 

registry-dependent strain311 that is relaxed by corrugation that alters interlayer separation within 

the moiré unit cell334,335. This change in interlayer separation is perhaps the most obvious possible 

explanation for a difference in out-of-plane dipole moments; however, the change in interlayer 

separation only ranges from 0.63 nm to 0.69 nm334, a change of 10%, which does not explain the 

dipole moment reduction of up to 1.5 times that we observe in our work.  

 The change in degree of circular polarization between IX 1 and IX2 could arise from 

several causes. Perhaps the most obvious explanation for a change in circular polarization in TMD 

systems is a strain-induced change to spin-valley physics. Because a uniform uniaxial strain field 

cannot break time-reversal symmetry and a complex, periodic strain gradient is required to produce 

the pseudomagnetic fields that could do so, this is not a likely explanation for the polarization 

changes we observe. Intervalley scattering in TMD systems is mediated by phonons, however, 

which can be significantly tuned by strain. Furthermore, uniaxial tensile strain is known to 

dramatically tune exciton-phonon coupling for WS2 and WSe2
109,328. Uniaxial strain reduces the 

lattice and moiré symmetries from 𝐶3 to  𝐶2, which can alter selection rules for both intra- and 

inter-layer excitons and phonons. It has also been predicted that under uniaxial heterostrain, moiré 

excitons in a WS2/WSe2 superlattice will experience a strain-induced wavefunction distribution 

across the moiré unit cell that alters emission DOCP231; however, we note that we have no direct 

evidence of the presence of heterostrain in our devices. 
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 We hope that the observations shared here prompt further experimental and theoretical 

study into the behavior of uniaxially-strained WS2/WSe2 moiré heterostructures under the charge 

doping and electric fields applied by an electrostatic gate. 

Conclusion 

 We have demonstrated the ability to continuously, independently, and simultaneously tune 

electrostatic gate and uniaxial strain up to nearly 1% in a high-quality moiré superlattice device at 

cryogenic temperatures while optically probing the interlayer exciton. This work extends the use 

of the cryogenic strain apparatus previously used to apply strain to 2D materials, leverages 

improved strain transfer through dielectric Bi2SeO5 compared to the typical hBN used for high 

quality devices, but is otherwise compatible with state-of-the-art fabrication techniques including 

multi-stage dry transfers, AFM cleaning, PFM/TFM moiré characterization, and optical 

measurement. We expect this technique to be fully compatible with a wide variety of additional 

fabrication and measurement techniques such as flake cutting/etching prior to transfer. We also 

note that though adaptation to each system is unique, the relatively small physical profile and 

simple electronics of the strain/gating cell should be compatible with cryogenic electrical transport 

measurements, and even more sophisticated scanning-probe techniques such as STM, sSNOM, or 

the recently developed QTM228.  

Our work builds on nearly two decades of developments in 2D strain techniques, optical 

strain characterization, and van der Waals device fabrication including AFM-based cleaning and 

moiré imaging. What we present here only scratches the surface of what we expect to be possible 

at the intersection of cryogenic, in-situ strain- and gate- tunability of moiré devices. In particular, 

we anticipate that the techniques presented here provide the ingredients to probe the effects of 

strain on the symmetries of many-body correlated physics of a wide variety of TMD superlattices 
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such as multi-particle charged species including moiré trions in MoSe2/WSe2 heterostructures 

(which exhibit different nematicity at distinct fractional fillings) 336–339 or the FQAHE states in 

twisted MoTe2
233,340–342, which depend sensitively on doping and out-of-plane electric fields. 

Beyond superlattice physics, there are van der Waals systems that are expected to exhibit gate- and 

strain-tunable QAH effects343 and serve as a platform for strain-tunable FETs344, phenomena only 

discernible when the full phase space spanned by uniaxial strain and carrier density can be 

traversed.  

 

 

Figure 6.5: Extracting strain from Raman measurements. (A) Strain-dependent Raman 

measurements on the WS2/WSe2 heterostructure. (B) Expanded view of (A) to show shift of the 

WSe2 A1g and E2g modes. The in-plane E2g modes lose their degeneracy under strain, with the E2g
/- 

mode experiences the greatest shift. (C) Peak positions of the E2g
+/- modes extracted via peak 

fitting with an algorithm developed by Tom O’Haver345. (D) Fitted E2g
/- mode vs. strain while 
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sweeping up and down from (C), manually cleaned up to remove outliers and account for 

incorrectly fitted peaks. A calibrated strain axis is extracted based on a mode shift rate of -2.47 

cm-1/% tensile strain107 (more conservative than a different report of 2 cm-1/%114) and shown on 

the right. (E) Raw strain-dependent cross-circularly polarized PL from Figure 6.2A vs. applied 

piezo voltage. (F) Same data as in (E), identical to Figure 6.2A, with x-axis interpolated from 

strain calibration extracted from (D).  
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Figure 6.6: Additional measured devices. (A) Optical image, PFM, and FFT of moiré pattern for 

device D2, with identical stacking design as device D1 in the main text.  (B) Optical image, TFM, 

and FFT of moiré pattern for device D3, with identical stacking design as device D1 and D2 in the 

main text.  (C) Device D4, identical in design to D1-D3 except that 10 nm of PT are evaporated 

onto the PI prior to transferring the Bi2SeO5 to test strain transmission through a thin layer of metal 

that could eventually be used as a back-gate. (D) PFM images of moiré superlattice from D4 

showing a clear moiré pattern.  
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Figure 6.7: Repeatable, reversible strain cycling on D1-D3. (A) Full data set from Figure 6.2A 

showing two full strain cycles.  (B) Strain-dependent PL on device D2 showing same repeatable, 

continuous redshift and blueshift of the IX PL across five cycles on a second device. (C) Strain 

cycling on D1 at a gate voltage of 3V, so IX 2 does not emerge at high strain showing consistent 

behavior across 5 cycles. (D) Strain cycling on D3 across two cycles.  
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Figure 6.8: Strain-induced splitting of IX1 and IX2 at multiple spots on D1 and D2. Optical images 

showing two measured regions on D1 (A, B) and one on D2 (C). Gate-dependent co-circularly polarized 

PL from two different spots on D1 (D, E) and one spot on D2 (F) at zero applied strain. (G-I) Gate-

dependent PL at same spots at high strain showing emergence of secondary peak.  
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Figure 6.9: PLE at three different strains on D2. Co-circularly polarized PLE from D2 at 0V (A), 50V 

(B), and 100V (C) of applied strain. Though less distinct, the trends reproduce those observed from an 

identical measurement on D1 shown in Figure 6.3A-C. 
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Figure 6.10: Effects of FFT Filtering PL Spectra. (A) Raw data from Figure 6.2C. (B) FFT of 

linecut from (A) (blue) with bandpass filter indicating that the range of values from index 14 to 

index 188 will be removed from the FFT (orange). (C) Spectra in (A) after bandpass filtering 

spectra at each gate voltage. (D) Line cuts from (A) and (C) showing the effect of FFT filtering in 

greater detail. (E) Raw data from gate-dependent PL on D2. (F) FFT of linecut from (E) (blue) 

with bandpass filter indicating that the range of values from index 14 to index 188 will be removed 

from the FFT (orange). (G) Same spectra as in (E) after bandpass filtering at each gate voltage. 

(H) Line cuts from (A) and (C) showing the effect of FFT filtering in greater detail. (E) Raw data 

from gate-dependent PL on D2. 

Methods 

Strainer cell assembly: Strain mounts depicted in Figure 6.1A were assembled as described in 

Cenker et al293. Additionally, a small printed circuit board (PCB) with gold pads and a set of dip 

sockets were attached to the Ti W-shaped block with Stycast 2850. Wires were soldered between 
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the PCB and the dip sockets so that devices could be electrically connected to the source voltages 

with gold wires secured by silver paint. 

Device fabrication: Single crystals of Bi2SeO5 were grown by the chemical vapor transport 

method299. Around 1 g of Bi2O3 powder (Alfa Aesar, 99.999%) and SeO2 powder (Alfa Aesar, 

99.999%) are mixed and ground together with the molar ratio of 1:1. The mixture was then sealed 

in an evacuated quartz tube under vacuum with 20 mg of I2. The growth was performed in the one-

zone furnace with the temperature set at 860 °C in the center of the furnace. In 40 days, mm to cm 

sized plate-like Bi2SeO5 single crystals were obtained at the cold end. The crystal is subsequently 

characterized by X-ray diffraction using a Rigaku MiniFlex 600 system, with a Cu source and Hy-

Pix 400MF 2D detector to confirm its phase. 

To prepare the strain substrates, 25 μm transparent, insulating PI film was cut into narrow 

strips, cleaned with Gel Pak, and secured to Ti flexures with Stycast 2850 (Figure 6.1a). All work 

was done by hand under a stereo microscope. Bi2SeO5 flakes were exfoliated onto PDMS and then 

transferred from PDMS to the PI strain substrate with a standard solvent-free PPC transfer. In some 

cases, the PDMS with exfoliated Bi2SeO5 was first carefully inverted onto a Si/SiO2 chip before 

the transfer. Contacts were fabricated on the Bi2SeO5 with a round of EBL and Pt evaporation. 

Subsequently, a separate round of EBL was used to deposit 50-100 nm of Au contacts. Since 

devices are wired with silver paste rather than bonded, no sticking layer is required to prevent Au 

contact peeling. 

After lithography, a clean area of the Bi2SeO5 near the Pt contacts is AFM cleaned with an 

OTESPA-R3 tip engaged in contact mode at ++0.2 V with a surface velocity below 5 μm/s and a 

line density below the 7 nm/line corresponding to the tip radius. After cleaning, TMDs are 

transferred using a standard PC dry-transfer method. The relative twist angle between WS2 and 
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WSe2 is targeted to be 0o or 60o, as established from rotational anisotropy second harmonic 

generation on each flake prior to fabrication. After transfer and PC washoff, the heterostructure 

area is AFM cleaned again with similar parameters. The moiré wavelength and homogeneity are 

then measured using PFM, which is sensitive to the moiré domain walls257 (recently, the 

mechanism for achieving phase contrast while doing PFM on Bruker Dimension Icon has been 

attributed to crosstalk between the torsional piezos256). Finally, a graphite/hBN top gate is 

transferred onto the device with a PC dry transfer to complete the fabrication. Because polyimide 

is soft compared to typical Si/SiO2 substrates, electrical contact between the PCB and the gating 

pads is achieved by manually gluing gold wires with silver paint. 

Optical measurements: Measurements were conducted in either a Dynacool Opticool cryostat or a 

Montana Instruments C2 Cryostation with home-built adapters to hold the strain cell. The strain 

cell was controlled with a Keithley 2450 voltage source with electrostatic gating voltages applied 

via a DAC. Photoluminescence measurements were performed with either a 632.8 nm HeNe (for 

screening devices), a NKT Super continuum, or a M2 Solstis (for resonant excitation). Except as 

noted, excitation power was kept below 1 μW. Spectra were dispersed and collected by a Princeton 

Instruments spectrometer with groove density of 300, 600, or 1200 g/mm and an attached Pylon 

liquid nitrogen cooled CCD.  

Raman measurements were performed using a 532 nm DPSS laser. Powers were kept 

below 500 μW, which gives an irradiance of 64 kW/cm2 for a diffraction-limited gaussian beam 

with a 1 μm waist. The Raman signal was isolated from Rayleigh scatter using Bragg notch filters 

and dispersed on a Princeton Instruments spectrometer with groove density of 1800 g/mm and an 

attached Pylon liquid nitrogen cooled CCD. 
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Data processing: Working with devices fabricated on PI introduces a few challenges in the 

fabrication and measurement process that must be worked around. PI is largely transparent at 

optical wavelengths but exhibits a relatively strong background photoluminescence in the NIR that 

overlaps some with emission from the TMD intralayer and interlayer excitons. To minimize the 

effects of interference in our data, we FFT filter out interfering frequencies in most of the data 

shown here. Figure 6.10 shows an example of this process, as well how this filtering has no 

material impact on the features that we are trying to highlight and study in this work. This filtering 

is done to make presentation of the relevant details clearer. 

Additionally, in the data shown in Figure 6.3 and Figure 6.4, there was a spurious 

background signal that could not be removed during data collection. For improved readability, this 

background signal is removed during post-processing. In Figure 6.3, the spectra taken at the lowest 

excitation energy (bottom of each plot) is treated as a background signal and subtracted from each 

spectrum. This is done for co- and cross-circularly polarized data at each strain value. In Figure 

6.4, we use the spectrum taken at -6V gate voltage to be the background, which is subtracted from 

each spectra at each excitation power and polarization. In both of these cases, the absence of PL 

in the respective background spectra make this a perfectly valid background signal to use that 

cause negligible quantitative or qualitative changes to our data while significantly improving 

clarity and readability.  

Conversion of applied piezo voltage to uniaxial strain: We convert the piezo voltages to applied 

tensile strain using the shift of the lower energy branch of the WSe2 E2g mode, which can be 

measured via Raman and becomes nondegenerate under uniaxial strain (Figure 6.5). Raman 

measurements were performed on the measured region of the WS2/WSe2 heterostructure, at the 

same temperatures, and during the same cryostat load as the PL data collection to improve their 
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reliability. Because of the butterfly-shaped stress-strain curve for piezos on loading/unloading, 

strain is always applied from low-strain to high-strain to improve the accuracy of our calibrated 

strain values. Strain values are extracted based on literature values for the shift rates of the Raman 

modes as a function of uniaxial tensile strain107,114. While this process is the best way to correlate 

optical measurements of a sample with applied strain and gives us a gauge factor for the WSe2 A 

exciton that is consistent with literature reports25,97,116,117,328, accurately calibrating sample strain 

from measurement to measurement remains a challenge of straining 2D devices. 
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Appendix A | Rotational Anisotropy Fitting of MnBi2Te4 SHG  

We compute the XX and XY polarization dependence of our measured SHG using the 

techniques described in.346  

For the 2 SL AFM state, the combination of P2T symmetry and mirror symmetry along the 

Γ − Κ line restricts the effective nonlinear tensor to  

 

𝑑𝑒𝑓𝑓  =  |
𝑑11 − 𝑑11 0
0 0 0
0 0 0

      
0 0 0
0 0 − 𝑑11

0 0 0
| (ref. 177) 

 

With backscattering geometry, we can construct the electric fields of the excitation beam 

𝐸𝑥  =  𝐸 cos(𝜃 − 𝜑) 

𝐸𝑦 =  E sin(𝜃 − 𝜑) 

𝐸𝑧  =  0 

With 𝜃 the rotation angle of the light polarization and 𝜑 an offset between the initial polarization 

and crystal axis. From this excitation beam, we calculate the nonlinear polarization induced in the 

crystal: 

𝑃𝑥  =  𝐸2𝑑11(cos(𝜃 − 𝜑)2 − E sin(𝜃 − 𝜑)2) 

𝑃𝑦  =  −2𝐸2𝑑11 sin(𝜃 − 𝜑) cos(𝜃 − 𝜑) 

𝑃𝑧  =  0 

For comparison with our measurement, we convert these nonlinear polarizations into terms co- 

and cross-polarized with the normally incident beam using the relations 

𝑃𝑥𝑥  =  𝑃𝑥 cos(𝜃 − 𝜑)  +  𝑃𝑦 sin(𝜃 − 𝜑) 

𝑃𝑥𝑦  =  𝑃𝑥  sin(𝜃 − 𝜑)  −  𝑃𝑦 cos(𝜃 − 𝜑) 
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Finally, we model the shape of the normalized second harmonic response with  

𝐼𝑥𝑥
2𝜔(𝜃, 𝜑) ∝ 𝑃𝑥𝑥

2 =  𝑑11
2 cos2[3(𝜃 − 𝜑)]                  A.1 

𝐼𝑥𝑦
2𝜔(𝜃, 𝜑) ∝ 𝑃𝑥𝑦

2 =  𝑑11
2 sin2[3(𝜃 − 𝜑)]                  A.2 

Nonmagnetic bulk MnBi2Te4 crystallizes in the space group 𝐷3𝑑
(5)

, which is centrosymmetric 

with 𝑑𝑒𝑓𝑓  =  0 identically. At the surface, however, there is natural symmetry breaking at the 

interface between crystal and vacuum/substrate, which, like Bi2Te3 and Bi2Se3, has the point group 

symmetry 𝐶3𝑣,178,347 consisting of a three-fold rotation about the 𝑧̂ axis and three vertical mirror 

planes. This point group has the following effective nonlinear tensor 

𝑑𝑒𝑓𝑓  =  |
0 0 0

𝑑22 − 𝑑22 0
𝑑13 𝑑13 𝑑33

      
0 𝑑42 − 𝑑22

𝑑42 0 0
0 0 0

| 346 

This form, despite its apparently greater complexity, simplifies for light normally incident on the 

(0001) surface to produce the same six-fold pattern, but with the position of XX and XY lobes 

reversed:  

𝐼𝑥𝑥
2𝜔(𝜃, 𝜑) ∝ 𝑃𝑥𝑥

2 =  𝑑22
2 sin2[3(𝜃 − 𝜑)] 

𝐼𝑥𝑦
2𝜔(𝜃, 𝜑) ∝ 𝑃𝑥𝑦

2 =  𝑑22
2 cos2[3(𝜃 − 𝜑)]  
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Appendix B | Theory of Geometric Phase Analysis 

The following derivation of the theory underlying the GPA process is reproduced from refs. 

269,270,272
. We can represent an image of a periodic structure 𝐼(𝑟), such as a crystal lattice or moiré 

superlattice, as a Fourier decomposition of plane waves corresponding to the set of reciprocal 

lattice vectors {𝑔⃗}, each with complex amplitude 𝐻𝑔: 

𝐼(𝑟) =  ∑ 𝐻𝑔𝑒2𝜋𝑖𝑔⃗⃗∙𝑟

𝑔
 

B.1 

The complex amplitudes of each of these wave vectors can in turn be represented by a real 

amplitude 𝐴𝑔 and phase 𝑃𝑔. 

𝐻𝑔 =  𝐴𝑔𝑒𝑖𝑃𝑔   B.2 

 We now allow that this complex amplitude can vary across the image according to irregularities 

in the lattice. 

𝐻𝑔 → 𝐻𝑔(𝑟) B.3 

𝐼(𝑟) =  ∑ 𝐻𝑔(𝑟)𝑒2𝜋𝑖𝑔⃗⃗∙𝑟

𝑔
 

B.4 

If we consider the Fourier transform of the image as a continuous summation of plane waves with 

wavector 𝑘⃗⃗ (which do not necessarily correspond to reciprocal lattice vectors), we can then write  

𝐼(𝑟) =  ∬ 𝐼(𝑘⃗⃗)𝑒2𝜋𝑖𝑘⃗⃗∙𝑟 
B.5 
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But for an image of a highly periodic structure, such as a lattice, this continuous representation 

reduces to a discrete sum of the complex amplitudes of each k-space representation of the plane 

waves selected out by the reciprocal lattice vectors: 

𝐼(𝑘⃗⃗) =  ∑ 𝐻𝑔̃(𝑘⃗⃗)  ⊗
𝑔

𝛿(𝑘⃗⃗ − 𝑔⃗)  B.6 

𝐼(𝑘⃗⃗) = 𝐻𝑔̃(𝑘⃗⃗ −  𝑔⃗)  B.7 

We can subsequently apply a masking function in reciprocal space 𝑀̃(𝑘⃗⃗) that picks out a single 

reciprocal lattice vector. 

𝐻𝑔̃(𝑘⃗⃗) = 𝐼(𝑘⃗⃗ + 𝑔⃗)𝑀̃(𝑘⃗⃗) B.8 

Then, by re-expressing equation B.1 with 𝐻𝑔 given by equation B.2 and using the fact that for a 

real image, there is a conjugate symmetry between the Fourier components so 𝐻𝑔
∗(𝑟) = 𝐻−𝑔(𝑟), 

we can re-express the image as 

𝐼(𝑟) =  𝐴0 +  ∑ 2𝐴𝑔 cos(2𝜋𝑔⃗ ∙ 𝑟 +  𝑃𝑔)

𝑔 > 0

 
B.9 

The image produced by a given set of lattice fringes with reciprocal vector 𝑔⃗ selected out 

with the masking function is then 

 

𝐵𝑔(𝑟) =  2𝐴𝑔 cos(2𝜋𝑔⃗ ∙ 𝑟 +  𝑃𝑔) B.10 

Variation across the image of the lattice fringes masked by 𝑀̃(𝑘) is then given by   

𝐵𝑔(𝑟) =  2𝐴𝑔(𝑟) cos (2𝜋𝑔⃗ ∙ 𝑟 +  𝑃𝑔(𝑟)) B.11 
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We can describe this variation as a spatially dependent deviation from the reference 

lattice vector 

 

𝑔⃗ → 𝑔⃗ + ∆𝑔⃗ B.12 

So equation B.11 takes the final form  

𝐵𝑔(𝑟) =  2𝐴𝑔(𝑟) cos(2𝜋𝑔⃗ ∙ 𝑟 + 2𝜋∆𝑔⃗ ∙ 𝑟 +  𝑃𝑔) B.13 

Importantly, the phase image 𝑃𝑔(𝑟) now is directly proportional the quantity ∆𝑔⃗ ∙ 𝑟, which captures 

spatially resolved deviations of the reciprocal lattice vector from the “reference” reciprocal lattice 

vector: 

𝑃𝑔(𝑟) = 2𝜋∆𝑔⃗ ∙ 𝑟  B.14 

Thus, the spatially dependent phase term is a direct measurement of fluctuations of the lattice 

fringes from the reference lattice vector. The linear phase ramp term 2𝜋𝑔⃗ ∙ 𝑟 is a typical artifact of 

taking the Fourier transform of a peak displaced from the origin in reciprocal space and can be 

subtracted from each image in data processing since it varies linearly across the image.  

Taking the gradient of equation B.14 gives 

  𝛻𝑃𝑔(𝑟) = 2𝜋∆𝑔⃗ B.15 

This establishes the theoretical grounds for why the geometric phase of a Fourier 

transform of a masked reciprocal lattice vector provides a direct, sensitive way to 

quantify the deviation of said reciprocal lattice vector from a reference. The reader is 
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referred to ref. 272 and Figure B.1, Figure B.2, and Figure B.3 for description and 

demonstration of how this process can be applied to real images of a moiré superlattice.  

 

Figure B.1: Description of how peaks are selected from image for GPA. (a) Zoomed in 

HRTEM image of WS2/WSe2 moiré superlattice (same data as Figure 4.8a). (b) FFT of (a) with 

two peaks and masking radius identified. (c) Generated mask that will be applied (one circle at a 

time) to FFT image. (d) Zoomed-in image of (b) with points that will be used as reference 

reciprocal lattice vectors highlighted by red pixels. (e, f) Gaussian mask generated for each 

reciprocal moiré lattice vector (inset is FFT after applying mask). 
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Figure B.2: Demonstration of phase image formed from each masked peak during GPA. (a, 

d) 𝑔⃗ ∙ 𝑟 map for each moiré reciprocal lattice vector. This map represents a linear phase ramp due 

to the peaks being offset from the origin. (b, e) Phase image 𝑃𝑔(𝑟) for each reciprocal lattice vector. 

(c, f) Processed phase image 𝑃𝑔(𝑟) after linear phase ramps in (a, d) have been subtracted. 
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Figure B.3: Symmetrized strain and anti-symmetrized rotation matrix formed from GPA on 

example image shown in Figure B.1a. Symmetrized GPA-calculated strain matrix (a) and anti-

symmetrized rotation matrix (b) for the data shown in Figure B.1 and worked with in Figure B.2.  
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Appendix C | Strain-dependent PFM images and corresponding GPA 

matrix components 
 

 

Figure C.1: Raw PFM data (a-d), GPA-computed 𝝐𝒙𝒙 (e-h), and GPA-computed 𝝐𝒚𝒚 (i-l) for 

0V, 10V, 15V, and 20V of applied strain. 
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Figure C.2: Raw PFM data (a-d), GPA-computed 𝝐𝒙𝒙 (e-h), and GPA-computed 𝝐𝒚𝒚 (i-l) for 

25V, 30V, 35V, and 40V of applied strain. 
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Appendix D | Tabulated Literature on Strained TMDs and Graphite 

Table 1: Library of strain studies on 2D graphene, TMDs, and moiré heterostructures. 

Material(s) Temp. Technique 

Max 

strain 

Type of 

strain Classification 

Ref. 

Gr/Gr RT process-induced 

Not 

reported both Experiment 

88 

Gr/Gr NA NA NA biaxial Theory 
253 

Gr/Gr cryogenic stretchable substrate <0.3% uniaxial Experiment 
348 

graphene RT stressor layer 

Not 

reported  

Theory/experime

nt 

103 

graphene RT sliding contact 

Not 

reported uniaxial Experiment 

65 

graphene  Bent during fab 0.40%  Experiment 
230 

graphene RT process-induced 

Not 

reported uniaxial Experiment 

90 

graphene RT bendable substrate 

Not 

reported uniaxial Experiment 

292 

graphene/hBN RT suspension 1.80% uniaxial Experiment 
127 

hBN RT bendable substrate ~0.4% uniaxial Experiment 
92 

Moiré RT NA NA NA Theory 
74 

MoS2 RT process-induced 0.85% uniaxial Experiment 
91 

MoS2 RT flexible substrate 

Not 

reported uniaxial Experiment 

67 

MoS2 RT bendable substrate 0.52% uniaxial Experiment 
93 

MoS2 RT bendable substrate 0.80% uniaxial Experiment 
94 

MoS2 RT piezoelectric film 0.35% uniaxial experiment 
349 

MoS2 RT pressurized membrane 5.60% biaxial experiment 
350 

MoS2 RT process-induced 0.85% uniaxial experiment 
83 

MoS2 RT process-induced 

Not 

reported 

biaxial, 

local Experiment 

87 

MoS2 RT bubbles 2% biaxial Experiment 
319 

MoS2 RT  1.20% uniaxial Experiment 
351 

MoS2 RT stretchable substrate 3.60% uniaxial Experiment 
125 

MoS2 RT patterned substrate 1.20% uniaxial Experiment 
352 

MoS2 RT stretchable substrate 1% uniaxial Experiment 
120 

MoS2 RT  3% uniaxial Experiment 
353 
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MoS2 NA NA NA uniaxial Theory 
353 

MoS2 RT flexible substrate 0.70% uniaxial Experiment 
123 

MoS2 RT MEMS 1.30% uniaxial Experiment 
354 

MoS2 RT bendable substrate 3% biaxial Experiment 
96 

MoS2 RT bendable substrate 1.49% uniaxial Experiment 
97 

MoS2 RT etched/bendable substrate 0.70% biaxial Experiment 
355 

MoS2 RT bendable substrate 2.20% uniaxial Experiment 
99 

MoS2 RT AFM manipulation 

Not 

reported  Experiment 

356 

MoS2 RT flexible substrate 2% uniaxial Experiment 
66 

MoS2/hBN cryogenic process-induced 0.50% both Experiment 
89 

MoS2/MoS2 RT fabrication induced 

Not 

reported uniaxial Experiment 

326 

MoS2/WSe2 RT wrinkled substrate ~1% uniaxial Experiment 
357 

MoS2/WSe2 RT bendable substrate 1.20% uniaxial Experiment 
98 

MoSe2/WS2 RT bendable substrate 1.50% uniaxial Experiment 
100 

MoSe2/WSe2 RT NA 5% biaxial Theory 
358 

MoSe2/WSe2 cryogenic nanopillars 

Not 

reported local Experiment 

86 

MoTe2 RT fabrication induced 

Not 

reported 

local, 

biaxial Experiment 

359 

MoTe2 RT bendable substrate 1.90% uniaxial Experiment 
101 

MoTe2 RT suspended/microcavity 0.20% biaxial Experiment 
360 

MoTe2 RT bendable substrate 1.72% uniaxial Experiment 
118 

NA NA NA NA NA NA 
361 

NA NA NA NA NA NA 
250 

NA NA NA NA biaxial Theory 
362 

NA NA NA NA NA Theory 
363 

NA NA NA NA NA NA 
330 

NA NA patterned substrate NA NA Theory 
325 

TMDs   NA NA Theory 
364 

TMDs  NA NA uniaxial Theory 
365 

TMDs RT bendable substrate 1% uniaxial Experiment 
105 

TMDs cryogenic temp-shrunk film 1.20% biaxial Experiment 
130 

TMDs NA NA 2.50%  Theory 
306 
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TMDs RT piezoelectric film small biaxial Experiment 
308 

TMDs RT bendable substrate 1.40% uniaxial Experiment 
108 

TMDs RT bendable substrate 1.48% uniaxial Experiment 
109 

TMDs NA NA NA both Theory 
366 

TMDs NA NA NA uniaxial Theory 
367 

TMDs NA NA NA biaxial Theory 
368 

TMDs RT thermal substrate 3% biaxial Experiment 
95 

TMDs RT bendable substrate 0.20% uniaxial Experiment 
25 

TMDs NA NA NA uniaxial Theory 
369 

TMDs RT bendable substrate 3.59% uniaxial Experiment 
110 

TMDs/moiré NA NA 0.50% 

uniaxial 

heterostrain Theory 

370 

variety RT  NA uniaxial Theory 
254 

WS2 RT bending apparatus 0.51% Biaxial Experiment 
122 

WS2 RT suspended/conformed  biaxial Experiment 

24 

WS2 RT bendable substrate 2.50% uniaxial Experiment 
111 

WS2 RT patterned substrate NA local Experiment 
371 

WS2 RT bendable substrate 0.78% uniaxial Experiment 
112 

WS2 RT bendable substrate 0.70% uniaxial Experiment 
113 

WS2, MoS2 RT patterned substrate  local Experiment 
85 

WS2/WS2 RT fabrication induced 0.40% heterostrain Experiment 
372 

WS2/WSe2 RT bendable substrate 1.36% uniaxial Experiment 
114 

WS2/WSe2 RT stretchable substrate 1.60% uniaxial Experiment 
126 

WS2/WSe2 RT bendable substrate 0.75% uniaxial Experiment 
115 

WSe2 cryogenic Suspension, gate 3% biaxial Experiment 
373 

WSe2 RT Au nanopillars 

not 

reported biaxial Experiment 

374 

WSe2 RT Bendable substrate 1.40% uniaxial 

Experiment & 

Theory 

116 

WSe2 cryogenic fiber pressure 

not 

reported 

biaxial/pres

sure Experiment 

375 

WSe2 RT bendable substrate 2.1 uniaxial Experiment 
117 

WSe2 RT flexible substrate 1.35% uniaxial Experiment 
124 

WSe2 RT tip on bubble  local Experiment 
376 



149 

 

Wse2 RT fabrication induced  uniaxial Experiment 
377 

WSe2 RT  2% uniaxial Experiment 
106 

WSe2 RT bubble  local Experiment 
304 

WSe2 RT patterned substrate  

local, 

biaxial Experiment 

378 

WSe2 RT bendable substrate 1.51% uniaxial Experiment 
104 

WSe2 cryogenic 

nanopartical/patterned 

substrate  local Experiment 

129 

WSe2 RT AFM indentation  local Experiment 
379 

WSe2 RT bendable substrate 0.40% uniaxial Experiment 
119 

WSe2  RT ?? 2.10% uniaxial Experiment 
328 

WSe2, WS2 RT bendable substrate > 5% uniaxial Experiment 
107 

WSe2, WSe2/gr RT stretchable substrate 2.40% uniaxial Experiment 
380 

WSe2/MoSe2 4K fabrication induced 

not 

reported Uniaxial Experiment 

381 

WSe2/MoSe2 cryogenic bendable substrate <0.4% uniaxial Experiment 
382 

WSe2/WSe2 RT   biaxial Theory 
383 

ZnO/WSe2/graphene RT nanopillar 4% biaxial Experiment 
384 

  NA    
385 

  NA   Theory 
386 

  fabrication induced   Computational 
238 

MoS2 RT wrinkled substrate 

not 

reported 

Uniaxial, 

local Experiment 

70 
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