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A central goal of condensed matter physics is the discovery and design of materials systems
with properties and behavior that have the potential to advance technology. The rapidly expanding
field of two-dimensional materials provides unprecedented opportunities for rational materials
design due to both the interesting physics that emerge in pristine nanoscale crystals, and the
unprecedented tunability of these systems which enables on-demand control over the emergent
phenomena. In this thesis, we will explore tunable coupling between spin, charge, and lattice in
the layered magnetic semiconductor CrSBr. The first half of this thesis will establish that the
excitonic optical response and electronic transport in CrSBr are strongly dependent on the
magnetic state, a desired behavior of magnetic semiconductor systems which have been pursued
for over two decades due to their promise for energy-efficient spintronic devices. The second half

will explore techniques for applying large strains to 2D materials using a piezoelectric strain cell



at cryogenic temperatures. In addition to establishing new techniques for engineering interlayer
strain transfer in 2D materials generally, we found that CrSBr has excellent mechanical properties
which allow for the application of extreme strains. As strain is increased along the a axis, the
interlayer magnetic exchange coupling is continuously tuned from a negative antiferromagnetic
(AFM) value all the way to a positive ferromagnetic (FM) one, resulting in a reversible strain-
induced magnetic phase transition. We then harnessed this AFM to FM phase transition to realize
strain-controlled magnetic tunnel junction devices. The strain tuned magnetism enables many
discoveries including novel magnon modes at intermediate strains, dynamic layer-wise
magnetization flipping and control of multiple stable magnetic states, and the creation of stochastic
domains with a strain-tunable sigmoidal response curve. These results combined with the
developed strain techniques provide a plethora of opportunities for probing and controlling 2D

magnetism and a wide range of other quantum phenomena in 2D materials and heterostructures.
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Chapter 1. INTRODUCTION

A central goal of condensed matter physics is the creation, control, and eventual use of
quantum phenomena such as superconductivity and magnetism. These phenomena have already
revolutionized daily human life, enabling technologies as small as computer hard drives and as
large as Maglev trains. Still, because such quantum behaviors emerge in systems with interactions
between ~10*' particles, the underlying mechanisms can be challenging to understand
theoretically. Moreover, the types of systems which can be physically realized are subject to
nature’s preferences for, e.g., symmetry and chemistry. Material platforms which offer a high
degree of tunability can provide fertile ground for new discoveries with implications for both
fundamental physics and technology.

One approach which has proven fruitful in recent years is to reduce the dimensionality of
a bulk crystal to the atomically thin limit!-. Created by the remarkably simple but elegant method
of pulling apart layered van der Waals (vdW) materials with Scotch tape (Fig. 1.1-1a-b), these 2D

crystals not only host exotic properties endowed from their low dimensionality and finite thickness

Fd
Figure 1.1-1 | Isolation and tuning of a
process. A single, or few layer crystal is exfoliated from an effectively infinitely layered one.
b, Optical image of Scotch tape pressed down on a substrate before exfoliation. ¢, Common
tuning methods for 2D materials include stretching (top) and twisting to form moiré patterns
(bottom).
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but are also tunable through a variety of control knobs. The most prominent control methods
include mechanical means such as tensile strain*® (Fig. 1.1-1c, top) and hydrostatic pressure’,

electrostatic gating'+1%-12

which allows deterministic injection and removal of charge, and
heterostructure engineering including proximity effects!*!° and twisting'®2° (Fig. 1.1-1c, bottom).
Such a wide variety of techniques presents an immense phase space to search for new physics.
Explorations over nearly two decades have indeed revealed an incredible number of exciting
phenomena, with apparently endless possibilities still ahead. It seems we have only touched the
tip of the iceberg so far.

The 2D nature of these crystals, however, can be a double-edged sword. For instance, the
reduced sample volume renders certain experiments (e.g., neutron scattering) impossible, and
many interesting materials, including the relatively recently discovered 2D magnets, are extremely
air sensitive in the atomically thin limit. Luckily, by the time that I joined Prof. Xu’s group in 2018
to study these emerging 2D magnets, significant progress had been made in addressing these
issues: polar reflective magnetic circular dichroism (RMCD) and the magneto-optical Kerr effect

(MOKE) were identified as effective probes of out-of-plane magnetization?!2

, and encapsulation
with other atomically flat 2D materials allowed for the study of even the most air sensitive
materials®>?°. These advances enabled the field of 2D magnetism, pioneered in large part by the
Xu group, to blossom!*?-28, Magnetic materials have been an essential part of humanity’s
technological development, and 2D magnets have opened the door for further exploration and
exploitation of magnetism down to the atomic limit in highly tunable materials systems.

One such tuning method which should be particularly powerful for 2D materials is strain.

In principle, 2D materials are exceptional material platforms for strain engineering, a proven

29,30 31,32

tuning knob for quantum phenomena including topology“™”", superconductivity’”*, and
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magnetism?>3

in bulk crystals. Reducing the dimensionality of the system from an (effectively)
infinite to a finite number of layers dramatically reduces the total number of defects, which serve
as rare failure points®>, despite both crystals having the same defect density. Indeed, monolayer

crystals were shown to be the strongest materials ever measured>¢-’

shortly after their discovery.
There are distinct challenges facing the full exploitation of these remarkable mechanical
materials, however, as the weak strain transmission between layers makes the application of large
strain to many crystals, and especially vdW heterostructures, impossible. In fact, the in-situ strain
tunability of high-quality vdW devices®® at the cryogenic temperatures needed for quantum
phenomena to emerge has remained below 0.5 %, which is less than even bulk crystals**-3!. The
early attempts to promote strain transmission in van der Waals heterostructures and devices
focused on using evaporated metals to clamp the flakes to the substrate***°. While such techniques
may increase the adhesion to the substrate, they do not address the root causes of the poor strain

tunability in vdW heterostructures: weak interlayer strain transmission*!*?

and a tendency towards
soliton formation***. Furthermore, it is unclear how well such clamping techniques could work
with air-sensitive materials and moiré heterostructures (Fig. 1.1-1c, bottom) which require
complete, all-2D encapsulation with pristine, atomically smooth surfaces.

Fortunately, the evolving field of vdW materials continually offers new crystals with

unique, often surprising properties and phenomena which open new possibilities at the nanoscale.

For instance, many works have found that the coupling of the magnetic order with other

45,46 47,48

excitations, such as phonons and excitons™’**°, can enable sensitive probing of 2D magnets.
And recently, materials with crystal structures different from the hexagonal or honeycomb lattices
ubiquitous in the 2D field have received increased interest. These materials may have completely

different mechanical properties than the widely studied graphite and hexagonal boron nitride
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(hBN), and thus present new opportunities for strain engineering. Studying the behavior of new
atomically thin crystals and inventing creative ways to use their distinct and sometimes bizarre
properties has played a central role in the ever-evolving field of 2D materials.

A material which exhibits both interesting physical phenomena and mechanical properties
is the layered magnetic semiconductor CrSBr, which began to be investigated shortly after I joined
the Xu group. The coupling of charge and spin in magnetic semiconductors provides powerful
probes of the in-plane magnetic order in addition to being desirable for potential spintronics device
applications. Structurally, the buckled, anisotropic orthorhombic structure with hook-like Br atoms
could promote strong strain transmission between layers. These properties indicate that CrSBr
could be an ideal platform for probing and controlling 2D magnetism. More generally, studying
the mechanical behavior of CrSBr and other emerging materials can identify new building blocks
of vdW heterostructures which can enable their remarkable potential for mechanical tunability and

control over a wide range of nanoscale quantum phenomena.

1.1  DISSERTATION OUTLINE

In this thesis we will explore the coupling of spin, charge, and lattice in the layered
magnetic semiconductor CrSBr. To achieve this, we will need to establish effective probes of the
magnetic and electronic properties of CrSBr and develop methods for generating extreme strains
in nanoscale materials at cryogenic temperatures.

In Chapter Two we will establish the optical probes of antiferromagnetism in 2D materials.
Historically, probing magnetism in AFM materials has been challenging due to the net zero
magnetic moment. This is especially true for in-plane magnetic ordering which cannot be probed
by more conventional techniques, i.e., magneto-optical Kerr effect, in the 2D limit. In CrSBr,
however, the strong coupling between excitons and the magnetic order serves as a powerful probe

13



of the material’s magnetic properties and dynamics. Specifically, photoluminescence (PL) and
pump-probe reflectivity measurements enable the readout of the magnetic state and magnon
dispersion.

The coupling of spin and charge established in Chapter Two has important consequences
on the transport properties of CrSBr as well. In Chapter Three, we will explore magneto-transport
in conventional CrSBr Hall bar devices in addition to all-vdW magnetic tunnel junctions (MTJ).
In contrast to most previous AFMs, CrSBr devices are far less insulating and can be turned on at
low temperatures with gate-tunable magnetoresistance. Still, the material is insulating enough to
serve as an effective tunnel barrier in MTJs, with large tunneling magnetoresistance ratios
consistent with other vdW MTlJs.

After establishing the probes of CrSBr, we develop the methods for applying strain to
atomically thin crystals, and the strain transmission characteristics of these materials in Chapter
Four. First, the strain shift rate of CrSBr Raman modes is calibrated, and then used as a sensor of
strain transfer in a variety of different layered crystals. Importantly, we find that strain transmits
perfectly through the orthorhombic crystal CrSBr, in stark contrast to many of the most commonly
used 2D materials which have hexagonal lattices and primarily in-plane bonds. In addition,
efficient strain transfer occurs in other orthorhombic crystals a-MoOs, and Bi,SeOs which can
serve as building blocks of new straintronic devices. We then use the different frictional properties
of 2D crystals to deterministically engineer strain gradients.

In Chapter Five, we will report strain tuned magnetism in CrSBr. With increasing tensile
strain, the interlayer magnetic exchange coupling is continuously tuned from antiferromagnetic at
low strain to ferromagnetic at high strain due to the changing bond geometry. We comprehensively

study the strain-dependent magnetic order using photoluminescence spectroscopy and pump-probe
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reflectance to probe the magnetic state and magnon dispersions, respectively. Interestingly, a
dispersionless magnon state occurs at certain values of interlayer exchange which is continuously
tuned by strain.

In Chapter Six, we will further study the strain-induced magnetic phase transition using
CrSBr as the tunnel barrier in strained MTJs. Concurrent vertical electron tunneling, and spatial-
dependent PL measurements demonstrate that vertical mixed magnetic states form during the
strain-induced AFM to FM phase transition. We harness the strain-control of the layer-dependent
magnetism to realize straintronic MTJs which can be switched at zero magnetic field and
demonstrate unprecedented multifunctionality in comparison to standard vdW MTIJs, including the

control of multiple stable and stochastic magnetoresistive states.
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Chapter 2. OPTICAL PROBES OF MAGNETISM IN 2D MATERIALS

A long-standing quest in the field of spintronics has been the discovery and implementation
of magnetic semiconductors**->2. The coupling of charge, used in computer processors, and spin,
the basis of magnetic memory, in these materials could enable new computing technologies.
Progress towards this end first came when it was realized that nonmagnetic III-V semiconductors
doped with manganese exhibited ferromagnetic ordering®?. These compounds, known as dilute
magnetic semiconductors, became the subject of intense research for spintronics applications such
as spin transistors®®, and spin-polarized light-emitting diodes>*>>. However, the synthesis of true,
intrinsic gate-tunable ferromagnetism turned out to be rather challenging¢.

The emerging field of 2D materials presents new opportunities to realize tunable, nanoscale
magnetic semiconductors. Promisingly, two of the most intensely studied classes of 2D materials

1327 and semiconductors®’>°. However, many of the earliest studied vdW magnets were

are magnets
either highly insulating (e.g., Crl3) or metallic (e.g., FesGeTez). An important advance came with
the synthesis and renewed study of the layered antiferromagnetic CrSBr in 2020%%%!, The layered
magnetic order in CrSBr generates large, gate-tunable magnetoresistance down to the atomically

t%2. Moreover, this chapter establishes that the excitons, quasiparticle excitations

thin limi
consisting of a bound electron-hole pair, in CrSBr are highly sensitive to the magnetic order. This
sensitivity makes PL a powerful probe of the magnetic order in addition to enabling measurement
of the spin dynamics through ultrafast pump-probe experiments. Finally, at the end of the chapter
we demonstrate that Raman spectroscopy can provide an additional probe of magnetic excitations

in 2D magnets, given that the energy of the acoustic magnon is sufficiently large. This is the case

for the prototypical 2D magnetic insulator Crls, but not for CrSBr.
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The section detailing the PL behavior of atomically thin CrSBr was reported in N. Wilson,
K. Lee, J. Cenker, K. Xie, et al. “Interlayer Electronic Coupling on Demand”, published® in Nature
Materials, while the ultrafast probing of magnons was established in G. M. Diederich, J. Cenker,
Y. Ren, et al. “Tunable interaction between excitons and hybridized magnons in a layered
semiconductor” which was published*® in Nature Nanotechnology. The final subsection presents
results using Raman spectroscopy to detect magnons in mono- and bilayer Crls reported in J.
Cenker, B. Huang, et al. “Direct observation of two-dimensional magnons in atomically thin Crl3,

published® in Nature Physics.

2.1  MAGNETIC PROPERTIES OF CRSBR

Atomically thin CrSBr crystals can be isolated using the Scotch tape method described in
Chapter 1, yielding large, anisotropic flakes (Fig. 2.1-1a). When monolayer CrSBr is cooled, in-
plane ferromagnetic ordering occurs below a Curie temperature® of Tc ~ 146 K, which is quite
high in comparison to other monolayer 2D magnets'®. The magnetic easy, intermediate, and hard
axes lie along the crystallographic b, a, and c crystal axes, respectively (Fig. 2.1-1b). When cooled

below Ty ~ 132 K, multilayer CrSBr adopts an A-type antiferromagnetic order® with

Figure 2.1-1| Magnetic structure of atomically thin CrSBr. a, Optical microscope image of a
large (> 100 um) trilayer CrSBr. The anisotropic structure enables easy identification of the
crystal axes. b, A-type antiferromagnetic ordering, with alternating magnetization along the
stacking direction (c axis). The spins are oriented along the b axis (short crystal axis in a) and
are denoted by the red and blue arrows.
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ferromagnetic intralayer and antiferromagnetic interlayer ordering resulting in a magnetic structure
where alternating layers have opposite magnetization (Fig. 2.1-1b). This layered A-type AFM
order is common to many other’>*®® 2D magnets which have strong anisotropy and weak
interlayer exchange.

Theoretically, the ferromagnetic order of monolayer CrSBr can be understood by
calculating the sign and value of the different superexchange pathways®-’°. Figure 2.1-2a shows
the crystal structure and three major magnetic exchange couplings J1, J2, J3. The sign of interlayer

7173 \where a

exchange interactions can be found using the Goodenough-Kanamori-Anderson rules
bond angle of 180° favors AFM order while a 90" angle favors FM order. The bond angle for Ji,
which is the Cr-S-Cr superexchange along the ab diagonal direction in the SS-edge-sharing
CrS4Br octahedra (Figure 2.1-2b), is close to 90° and therefore has an FM contribution. The same
is also true for J» which corresponds to the nearly 90° Cr-S(Br)-Cr superexchange along the a axis

for the SBr-edge sharing octahedra. On the other hand, the angle for J3 is 160° yielding a

competition of FM and AFM terms. The first principles calculation gives values of J1 =4.11 meV,

00001\%0000

00000vu000
(]

P’ @c @& @s t,,

Figure 2.1-2 | Crystal structure and exchange interactions. a, The first three next-nearest
exchange pathways (J/;-3) between Cr atoms (purple spheres) in monolayer CrSBr. b, Distorted
CrS4Br; octahedra with relevant angles that are used to calculate the sign and strength of the
exchange interactions.
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Jo=3.22 meV, and J3 =2.78 meV, with all three prominent superexchange pathways favoring FM

intralayer coupling®.

In contrast to the intralayer exchange in monolayer CrSBr which has only strong FM interactions,

\
INEDLE

D0 970 ¢
L Cr
b S
' Br

Figure 2.1-3 | Exchange

interaction pathways in bilayer
CrSBr, up to fourth next-nearest
neighbor (Ji-Js). Adapted from
Ref. 74

calculations of the interlayer coupling is more complicated.
Figure 2.1-3 shows the magnetic exchange coupling J1, J2,
J3 and J4 for the Ist, 2nd, 3rd, and 4th nearest-neighbor
(NN) interlayer Cr pairs. Similar to the intralayer case, the
next-nearest neighbor superexchange Ji gives a FM
interaction. However, adding up all of the exchange
contributions for Ji4 obtained by first principles
calculations yields a weak total AFM interlayer exchange’*.

Here, we notice the first indications that strain could be a

powerful tuning knob in this system since the interlayer AFM order is fragile and originates from

the bond geometry. This point will be elucidated further in Chapter 4.

2.2 OPTICAL PROPERTIES OF CRSBR

When electrons are excited from the valence band to conduction band in semiconductors,

they leave behind a positively charged hole in the valence
band. The Coulomb interaction between the negatively
charged electron and positively charged hole can create a
hydrogen-like bound quasiparticle state known as the
exciton (Fig. 2.2-1). If the momentum mismatch between

electron and hole is small enough, the electron can

E

optical

Figure 2.2-1 | Band structure and

recombine with the hole and emit a photon, or excitons in semiconductors.
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photoluminescence (PL), equal to the exciton energy’>. To first order, the exciton energy (or
optical gap) is equal to the quasiparticle gap (E¢) minus the exciton binding energy (Ebv).

The reduced dielectric screening and quantum confinement effects in atomically thin
crystals result in an extremely large exciton binding energy, making them an excellent platform
for studying exciton physics>”’%. Moreover, the enhanced signal-to-noise ratio and sensitivity to
the dielectric environment make excitons a powerful probe of various physics in 2D
semiconductors. Spectacular examples can be found in moiré heterostructures formed by twisted

monolayer transition metal dichalcogenides (TMDCs), where neutral and charged excitons have

19,77,78 79-81

been used to probe correlated insulating states , magnetic ordering’””°', and recently integer

and fractional quantum anomalous Hall states®>%3,
Not all excitons are created equal, however. While the excitons in TMDCs are known to

be Wannier-type’6-348°

with a large Bohr radius, the excitons in many 2D magnets such as the
highly insulating Crls are Frenkel-type®® which are far more localized. Consequently, they are
much less sensitive to the environment and certain phenomena such as moiré effects which occur
over several unit cells. CrSBr represents the first true 2D magnetic semiconductor, with strong
Wannier-type excitonic resonances, as revealed by scanning tunneling microscopy (STM) and PL
measurements of bulk CrSBr®’. The STM measurement reveals a direct band gap of ~ 1.5 eV,
albeit with many defect states near the conduction band edge, while the PL. measurements give an
optical band gap of ~ 1.25 eV at room temperature. Therefore, the binding energy of excitons in

bulk CrSBr is ~ 0.25 eV, while advanced Green’s function-Bethe-Salpeter equation (GW-BSE)

calculations indicate an increased exciton binding energy of ~ 0.5 eV for the monolayer®’.
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The calculated band structure of monolayer CrSBr indicates a direct band gap at the I' point
of the Brillouin zone (Fig. 2.2-2a). To experimentally confirm whether the direct-gap
semiconducting behavior persists down to the 2D limit, we performed optical spectroscopy on
atomically thin CrSBr flakes. Linear polarization-resolved differential reflectance (AR/R) and PL
measurements of bilayer CrSBr are shown as the red and blue curves in Figure 2.2-2b, respectively.
The excellent agreement of the exciton energies obtained from PL and AR/R indicates a direct
band gap transition. The other observation which immediately stands out is the strong optical
anisotropy: exciton is only visible in both AR/R and PL spectra when the incident light is polarized
along the b axis, with no detectable exciton peak when excited along the a axis. The unity linear
polarization is observed for all thicknesses of CrSBr flakes, regardless of magnetic order. Instead,
it originates from symmetry considerations, which constrain the allowed polarization of optical

transitions®.
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Figure 2.2-2 | Excitons in atomically thin CrSBr. a, Calculated spin-resolved band structure of
monolayer CrSBr. The majority and minority spins are in black and red, respectively. b,
Polarization resolved differential reflectance (blue) and PL spectra (orange) of the lowest
energy exciton feature. The solid (dashed) lines represent polarization along the b (a) axis.
Reproduced from Ref. &
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2.3  MAGNETO-ELECTRONIC COUPLING IN CRSBR

The robust semiconducting and excitonic behavior in CrSBr could enable new magneto-
electronic coupling effects which are absent in the more insulating 2D magnets. Figure 2.3-1a
shows the color map of normalized PL intensity as a function of magnetic field applied along the
easy b axis for monolayer CrSBr. No detectable energy shift is observed as the spins are aligned
by the external field. However, a completely different behavior is observed for bilayer CrSBr,
where a sharp redshift in PL energy is observed when the field exceeds ~ 0.15 T along the b axis
(Fig. 2.3-1b). When the field is applied along the intermediate a and hard c axes (Fig. 2.3-1c-d),
gradual redshifts are observed until saturating fields of ~ 0.9 and ~ 1.6 T, respectively, beyond
which the PL is invariant to further increase in magnetic field. Extracting the PL energy reveals a
quadratic energy shift with field when it is applied along the a and hard ¢ axes (Fig. 2.3-1f). To
confirm that the complete absence of magneto-excitonic coupling in monolayer CrSBr does not
originate from a loss of magnetic ordering in the 2D limit, we performed polar reflective magnetic
circular dichroism (RMCD) measurements. RMCD is an essential tool in the 2D magnet toolbox,
and is sensitive to the out-of-plane magnetic moment (see Appendix Al 1). The gradual increase
in RMCD of both mono- and bilayer CrSBr shown in Figure 2.3-1e confirm reveal a similar spin

canting behavior, despite the lack of magneto-excitonic coupling in the monolayer.
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Figure 2.3-1 | Magneto-exciton coupling in atomically thin CrSBr. a, Magnetic field dependent
photoluminescence measurements of monolayer CrSBr with the field applied along the b (easy)
axis. b-d, Magneto-PL measurements of bilayer CrSBr with the field applied along the b (easy),
a (intermediate), and ¢ (hard) axes, respectively. The possible spin alignments of the different
magnetic configurations are depicted by the inset arrows. e, RMCD measurements of
monolayer (blue) and bilayer (red) CrSBr. f, Extracted energy shift of the exciton PL peak as a
function of magnetic field applied along the a axis of bilayer CrSBr. Reproduced from Ref.

These results suggest that the observed tuning of excitonic properties arises from the
control of interlayer magnetic order. When the field is applied along the easy axis, the abrupt
redshift in the PL spectra of the bilayer corresponds to a spin flip transition (that is, transition from
AFM to FM order), which drives a sudden change of the electronic band structure and excitonic
transitions. When the field is along the intermediate or hard axes, on the other hand, spin canting
leads to continuous changes to the interlayer magnetic order and thus the electronic structure and
the PL spectra.

To understand the magneto-electronic coupling in CrSBr, we used first-principles GW-

BSE, which provide significantly more accuracy than standard density functional theory (DFT)
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calculations. The calculated band structure of bilayer CrSBr in the AFM and FM configurations
are shown in (Fig. 2.3-2a-b). Similar to other A-type 2D AFMs, the magnetic ordering of bilayer
CrSBr breaks both inversion and time reversal symmetry, but the product of these symmetries is
maintained®’. Such inversion symmetry breaking can enable new magneto-optical effects such as
the observed giant SHG and activated Raman modes in bilayer Crlz*>. Here, it makes the band
structure of AFM bilayer CrSBr degenerate in spins, with spin-up and spin-down electrons in each

Bloch band localized within specific layers according to the layer’s magnetization.
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Figure 2.3-2 | Calculated band structure in AFM (a) and FM (b) bilayer CrSBr. Blue and red
dots are the Kohn—Sham band energies computed by the DFT-Perdew—Burke—Ernzerhof
method and quasiparticle band energies calculated with the GW method, respectively. In the
AFM state, the bands are degenerate in spin, while only majority spins are shown for the FM
bilayer since bands with minority spins have much larger gaps. Adapted from Ref. ¢
Calculating the exciton wavefunction in the different magnetic states highlights the
magneto-electric coupling of the system. Figure 2.3-3a shows the top view of the real space exciton
wave function in AFM bilayer CrSBr. From the top, the wavefunction of the FM and AFM states
is very similar, consisting of an anisotropic Wannier type exciton extending over several unit cells.

From the side, however, it is apparent that the wavefunctions of the excitons in the AFM and FM

bilayer vary dramatically. Fixing the hole in one layer and plotting the wavefunction of the electron
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reveals highly layer-localized and delocalized excitons in AFM and FM bilayer CrSBr,
respectively. (Figure 2.3-3b-c). The difference in localization can be characterized by using the
GW-BSE equations to calculate the ratio of the probability density of the electron wavefunction

residing in the top or bottom layers, when the hole is fixed in the bottom layer:

s _ freeT ps(re)dre
freeB pS( re)dre

Y]

where r. is the electron coordinate running over the top (T) and bottom (B) layers, respectively,
and p’(re) is the integral of the wavefunction module square (i.e., probability density). The result
gives n° < 0.5 % for the AFM and 1° > 50 % for the FM states. That is, the probability density for

the bound electron to reside in the layer other than the hole is >50 times greater in the FM state.
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Figure 2.3-3 | Real space calculated wave function for the lowest-energy exciton in bilayer
CrSBr. The spatial extent of the wavefunction is shown by |@,| 2 for the electron with the
bound hole fixed near a Cr atom (green circle) in the bottom layer. The magenta iso-surfaces
show |@,| 2 set at 1% of its maximum. a, Top view in the AFM state. b,c, Side view of the
exciton wavefunction in the AFM and FM states, respectively. The exciton is effectively layer-
polarized in the AFM case and delocalized in the FM one. Adapted from Ref. ¢
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2.4  COHERENT EXCITON MAGNON COUPLING IN CRSBR

A common pedagogical concept in quantum mechanics is that of wave-particle duality®®.
We often first learn this concept in the context of photons and light waves, perhaps in high school.
While many find this notion bizarre at first, it turns out to be useful in understanding a variety of
condensed matter phenomena where the elementary excitations of Hamiltonians can be cast as
waves carrying quantized amounts of energy with corresponding quantized quasiparticles. For
instance, sound or vibrational waves in crystals come as quantized excitations known as
phonons®®?°. In magnetic systems, the excitations are spin waves’!>. To gain a basic physical
picture, we start by considering a ferromagnetic chain shown in Figure 2.4-1a. The excited state
of the system has a single spin with reversed magnetization (Fig. 2.4-1b). Semi-classical
considerations intuitively tell us that the flipped spin will apply a torque to the other spins, thereby
tilting them. Those tilted spins will then apply torque on the neighboring spins, and so on and so

forth. The result is a propagating spin wave (Fig. 2.4-1c). In quantum mechanical terms, the

RARRRRRRRRR N RRRREARRNN
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Figure 2.4-1 | Magnons: quasiparticle excitations of the magnetic order. a, Illustration of simple
ferromagnetic spin chain. b, The low-energy excitation corresponds to the flipping of a single
spin due to, e.g., thermal energy. ¢, The true nature of the magnetic excitation is a propagating
spin wave (top: side view, bottom: top view), with a corresponding quantized quasiparticle
known as a magnon.
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corresponding quasiparticle is known as the magnon, with the quantized energy corresponding to
that required for a single spin-flip excitation.

Magnons have been the subject of intense research for many decades as potential
alternative information carriers to standard electrical currents. These magnonic devices can
perform novel wave-based computing schemes without suffering from Ohmic dissipation found in
electronic circuits’*®’. In contrast to well-established magnon platforms such as YIG®®, 2D
materials could open new possibilities for studying and controlling novel magnon physics due to
their remarkable tunability, ability to form vdW heterostructures, and emergence of new physics
in the atomically thin limit*>!°°. However, probing magnons in such atomically thin materials

101,102

poses experimental challenges for conventional methods like neutron scattering and

microwave resonance!*>!%, Still, effective optical and transport probes such as RMCD??, Raman

105-107 enabled effective measurement

spectroscopy*®%* (see Section 2.5) and electronic tunneling
of spin waves in 2D materials.

The strong exciton transitions in CrSBr could open new possibilities for the coherent
detection and control of magnon and their dynamics to the atomically thin limit. In the previous
section, we learned that the exciton energy is dependent on the angle between spins in adjacent
layers. Therefore, propagating propagating oscillations of the spin structure, i.e., magnons may
intuitively couple to the excitons. Here, we consider the magnon modes for CrSBr when a field is
applied along the ag-axis, canting the spins within each layer and lowering the exciton energy
(Figure 2.4-2a). In this condition, there are two modes: the acoustic magnon where the spins in
each layer oscillate in-phase, and the optical magnon with out-of-phase procession between the

layers (Figure 2.4-2b). Since the angle between layer macrospins (see arrows in Figure 2.4-2c)

does not change for the acoustic magnon, the energy of the exciton is not modulated (blue line).
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On the other hand, the changing spin alignment of the optical magnon mode coherently modulates
the exciton energy (red line). The corresponding shift over the precession period is shown in Figure
2.4-2c. Since the in-phase mode does not directly couple to the exciton, we label it as the “dark”

mode (|D>). Correspondingly, we label the out-of-phase magnon as the “bright” mode (|B>).
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Figure 2.4-2 | Magnon-exciton coupling in CrSBr. a, Diagram of the field and spin (purple and
green arrows) alignment. The spin canting lowers the exciton energy (left). b, Depiction of the
two different magnon branches present when the field is applied purely along the a axis,
corresponding to out-of-phase (top) and in-phase (bottom) spin precession. ¢, Calculated
modulation of the exciton energy over the magnon period for the dark (blue) and bright (red)
modes. The arrows on top and bottom indicate the spin alignment. Adapted from Ref, 8

The coherent exciton-magnon coupling enables ultrafast probing of magnon dynamics through
pump-probe reflectance measurements. In this experiment, an above-band (normally ~ 405 nm)
pump beam puts energy into the system, generating magnons that shift the exciton energy in and
out of resonance with the probe beam (normally ~ 910 nm). This consequently modulates the
amount of light absorbed by CrSBr, as seen in the strong oscillations of the pump probe signal
(Figure 2.4-3a). By taking the Fourier transform of the time dependent data, we obtain the magnon
frequency. Applying an external magnetic field perfectly along the a axis results in a continuous
energy shift of the bright magnon (2.4-3b). Theoretically, the field-shift of the magnon can be

treated using the standard Landau-Lifshiftz-Gilbert (LLG) equation to obtain a set of differential
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equations modelling the spin dynamics (see Appendix Al.2). The calculated magnon dispersion of

both the bright and dark magnon modes are labelled and shown by the grey dashed line.
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Figure 2.4-3 | Pump-probe signatures of magnon modes. a, Transient reflectivity as a function
of pump—probe delay with select magnetic field (noH) values applied along the a axis. b,
Fourier transform of the entire pump-probe data set. The white dashed lines are the calculated
magnon frequencies for the bright (|B)) and dark (D)) modes. Adapted from Ref. 48

In addition to tuning the energy of the magnon mode, we also observed changes to the intensity of

the oscillations. Since the spin-dependent portion of the exciton energy E o cos(6, + 66(t)), the

. d . . .
magnon modulates the exciton by Q—E o sin(f,) where 0 is the angle between spins in the two
0

layers. This explains why the coupling strength, which dictates the magnitude of the pump-probe
oscillation, vanishes in both the collinear AFM state (6, = m) and spin-polarized state (6, = 0).
We also notice that the dark mode is truly optically dark in this condition, which is a result of the
perfect alignment of the applied magnetic field to the crystal a axis. In the case of perfect field
alignment, the two-fold rotational symmetry of the crystal is maintained. This symmetry enables
us to decouple the LLG into two sets, which correspond to modes which are even and odd when

C:> (i.e. rotation by m) is applied, i.e., the dark and bright modes.
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Rotating the orientation of the magnetic field with respect to the sample changes the
situation dramatically. Figure 2.4-4a shows the field-dependence of the magnon when a field is
applied at an angle of roughly ~ 2° with respect to the a axis. The magnon spectrum under tilted
field features a prominent avoided crossing at intermediate magnetic fields, which demonstrates
the coherent hybridization of the bright and dark magnon modes. Taking linecuts at specific
magnetic fields, we observe strong beating between the dark (|D>) and bright (|B>) magnon modes
(Figure 2.4-4b). We can express the contributions of the bright and dark magnon modes as o|D>
+ B|B> with the coefficients a and B being controlled by the magnetic field. When off-resonance,
the magnon has character which is primarily from one mode or the other. However, at the avoided

crossing (LoH = 0.53 T), the two distinct magnon modes become coherently hybridized with nearly
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Figure 2.4-4 | Magnon hybridization under tilted magnetic field. a, Magnon dispersion with
the magnetic field applied at an angle 6., =2° from the a axis (see inset). b, Transient optical
reflectivity taken at select magnetic field values. The strong beating pattern at 0.53 T is
attributed to the magnon hybridization. ¢, Diagram of one of the fully hybridized magnon
modes. d, Calculated exciton resonant energy shift during the precession of the hybridized
magnon modes, shown in magenta and purple. The dashed lines correspond to the uncoupled
magnon modes, studied in Figure 2.4-3. The arrows show the time-dependent relative angle
between spins during the period of the precession. Reproduced from Ref. 4
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equal contributions. This is allowed because the magnetic field breaks the symmetry of the system,
allowing for new normal modes with mixed character (see Fig. 2.4-4¢ for the magnon motion). In
contrast to the field-aligned case, both hybridized modes vary the relative angle between spins,
thus producing a time-dependent modulation of the exciton energy as shown in Figure 2.4-4d. It
is further worth noting that the magnon lifetime increases at the avoided crossing, where the
linewidth narrowed by a factor of three with respect to the purely |[B> magnon. The tunability in
lifetime may be exploited in spintronic applications that require long lifetimes and spin transport
lengths.

The frequency splitting, A, at the avoid crossing gives the coupling strength of the two
modes. This coupling strength can be tuned by rotating the angle of field with respect to the a axis,
Ous. Figure 2.4-5a shows the magnon dispersion curves at varying 0.,. We find that increasing 0.

increased A, i.e. the coupling between the acoustic and optical magnons. As a result, the brightness
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Figure 2.4-5 | Tuning exciton-hybridized magnon coupling via symmetry-breaking magnetic
field. a,b, Experimental (a) and theoretically modelled (b) magnon dispersion curves for
varying 6... Reproduced from Ref. 43

31



of the |D> mode also increases. This brightening is evident at the tails extending beyond the
avoided crossing which have a dispersion matching the dark mode.

Figure 2.4.5b shows that our theoretical models capture the behavior of the observed data
excellently, enabling the analysis of the magnetic properties, e.g., anisotropy and interlayer
exchange, of the system. Extracting the coupling strength and amplitude of the dark mode reveals
a linear dependence on 0. (Figure 2.4.6a-b). The former observation is clearly demonstrated by

the dramatic tuning of the beating pattern as the fixed field of poH = 0.55 T is tilted (Fig. 2.4.6¢).
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Figure 2.4-6 | Extracted values of hybridized magnon-magnon interactions. a-b, Energy

splitting (a) and amplitude (b) of the hybridized modes at fixed magnetic field as a function of

the field angle The field is set to xuoH =0.55 T for a and 0.3 T for b. ¢, Time traces with a fixed

magnetic field of 0.5 T applied at selected angles. Adapted from Ref. 43

In this section, we have demonstrated that the coupling of magnetic and electronic

properties in CrSBr enables tunable coherent interactions between excitons and magnons. By
applying fields of appropriate strength and direction, we found that the exciton coupling to the
dark mode can be completely turned on/off, and that the hybridization strength between acoustic
and optical magnon modes can be tuned from zero to strong coupling. These results additionally
demonstrate that the properties and dynamics of the system can be well modelled using the LLG,

a fact which will prove useful when we study strain-dependent magnetism in Chapter 5. More

broadly, the interaction between gigahertz magnons and near-IR excitons provides new
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opportunities for hybrid quantum information systems*’. For instance, CrSBr could provide a
highly tunable system for quantum transduction, which is the transfer of information between

different quantum nodes such as microwave-driven qubits and optical excitations.

2.5 RAMAN SPECTROSCOPY: ANOTHER OPTICAL PROBE OF HIGH-ENERGY

MAGNONS IN 2D MAGNETS

In the previous section, we found that the exciton-magnon coupling in CrSBr enables coherent
detection of the magnon excitations. However, as mentioned in the introduction, many 2D magnets
are too insulating with Frenkel-type excitons that do not couple strongly to magnons in the 2D
limit. An alternative technique which has been successfully used in a variety of systems is Raman
spectroscopy. Raman spectroscopy is most commonly used as a sensitive probe of the phonon
modes in the crystal, but it can also probe zone-center (kK = 0) magnon modes as long as the
frequency is large enough to be separated from the laser line>!'%®!1%° By using state-of-the art
filters with sharp cut-off edges, we can probe energies down to ~ 3 cm™!, equivalent to ~ 90 GHz.
The CrSBr magnons (~20-30 GHz ) studied in the previous section are thus too low energy to be
studied using Raman, though similar techniques which can resolve lower frequencies, such as
Brillouin Light scattering, could be possibly employed.

While the low energy magnons in CrSBr cannot effectively be probed through Raman
spectroscopy, we found that the prototypical 2D magnet Crlz features sufficiently high energy
acoustic magnons. In the monolayer, Crl3 has ferromagnetic ordering with the spins pointing out
of plane below a Tc ~ 42 K, as shown by the square-shape RMCD hysteresis loop (Appendix
AlL1b). Figure 2.5-1a shows the low-energy cross-polarized Raman spectra of monolayer Crl3
under circularly polarized excitation. At zero field, the spectra are featureless besides strong

Rayleigh scattering centered at 0 cm™'. However, when a strong magnetic field along the out-of-

33



plane direction is applied, a low-frequency peak appears. This mode appears on both Stokes
(positive) and anti-Stokes (negative) sides of the spectra, which are labelled as AM and AM*,
respectively. AM and AM* have opposite optical selection rules. For example, when the
magnetization points down (Fig. 2.5-1b), a 6+ photon can only generate the AM mode which has

nearly perfect 6— polarization (c+/c—), while the AM* mode is excited by o— polarized light and
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Figure 2.5-1 | Low-energy cross-circularly polarized Raman scattering in monolayer Crlz with
magnetic fields of 0 T (a), -4 T (b), and +4 T (c¢) applied, respectively. The inset diagram
denotes the spin orientation. Traces in pink (black) correspond to 6™ (¢") excitation, with the
collection channel being the opposite. The grey line denotes the cutoff of the Bragg filters used
to achieve low energy sensitivity. Adapted from Ref. ¢4
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appears in the o+ channel (6—/6+). When the direction of the field is reversed, the selection rules
are as well (Fig. 2.5-1¢).

Since the magnetic field lies along the magnetization direction, the magnon energy will
increase with increasing field due to the Zeeman effect. We should expect that this will increase
the magnon energy with a slope of 0.94 cm!'T! (0.12 meVT!), the Zeeman energy shift
expected!?®!% for a spin S = 1 quasiparticle with a magnetic moment of 2 pug. Figure 2.5-2a shows
the intensity plot of AM and AM* as a function of Raman shift and magnetic field. The extracted
peak positions at each field are plotted in Figure 2.5-2b, showing an excellent agreement between
the energy shift of AM and AM* and the expected Zeeman energy shift. The zero-field intercept
gives the spin-wave gap, which we find to be ~ 2.4 cm™ (or ~0.3 meV) for monolayer Crlz. We
note that this spin-wave gap is rather large for a ferromagnet owing to the strong magnetic

anisotropy and is in good agreement with the theoretical predictions in Ref. %!,
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Figure 2.5-2 | Magneto-Raman measurements on monolayer Crls. a, Intensity plot of the low-
energy Raman features as a function of applied magnetic field in the range from 2 to 7 T. Data
higher than 0 cm ™! are from the 6 /" channel while the data lower than 0 cm ™! are taken in the
o'/c” channel. b, Magnon energies obtained by Lorentzian fits over the entire field range. The
dashed line shows the Zeeman energy shift for a quasiparticle with zero-field energy of 2.4 cm"
"and spin S=1. The error bars represent the uncertainty of the fit, while the grey region is
inaccessible to our experiment due to the optical filters. Adapted from Ref.
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In contrast to the C» rotational symmetry of CrSBr, Crlz has C; rotational symmetry (Fig.

2.5.3) which dictates the distinct optical selection rules. We can derive these rules by considering

the change in angular momentum of the incident and outgoing photons, J,, and magnon, Ju, in the

honeycomb lattice (Fig. 2.5.3). Taking the case when the magnetization points up, the overall

change of the photon’s angular momentum is AJ, =+2 # since the helicities between incident and

scattered light are opposite, where + (—) corresponds to AM* (AM). In addition, the magnon

angular momentum changes by AJn==%4. The total change of angular momentum is then

Alp+ AJm==3 h. In an analogue to the Umklapp process'!>!!3, the three-fold (C3) symmetry of the

z [ AJ=+3h=0
ogéoo
H |
P 0%20%0%0
+h 4 0% %0 +h
e o906
oo te
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Figure 2.5-3 | Optical selection rules for the one-
magnon Raman scattering process in monolayer Crl.
The left (right) energy diagram corresponds to Stokes
(anti-Stokes) processes in the spin-up state. Due to the
(s rotational symmetry in the honeycomb Crls lattice
shown in the middle, the total change in angular
momentum of £3 7 is equivalent to 0. Pink, green and
blue circles represent Cr**, top I and bottom I ions
respectively. Adapted from Ref. %

honeycomb lattice allows for discrete
angular momentum conservation
modulo 374: |AJ,+AJn[/A=0 (mod
3). The observed -cross-circularly
polarized optical selection rule
corresponds to such a 37 process and
is therefore allowed. It is interesting
to note that the selection rules seem
to be relaxed in the bulk crystal,
where a significant signal is detected
in the co-circularly polarized channel

(See Appendix AI3 for comparison).

That may be due to the presence of stacking faults and other defects which relax the symmetry

constraints in comparison to the pristine monolayer.
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When monolayers of Crls are stacked on top of each other, the A-type AFM order modifies

the magnon energies and breaks the inversion symmetry of the system. The zero-field magnon

10 energy of AFM  bilayer Crlz is
L ¢\‘ 220353
8t LN $9T 9% theoretically equal to +/(2Jinter + KDK
~ | ~
e " \‘\\ where K is the magnetic anisotropy, and
= 9T N
=
{Zz I \‘\‘\ Jinter 18 the AFM interlayer exchange
S 4} b
: .
e | ? ? ? 2 Z z \%ﬁ interaction!'*. As in the case of the
2 | ~
i 33 3 ééé monolayer, the anisotropy can be found
0 7 6 5 4 3 =2 o by fitting the high-field FM linear shift

HoH (T)
Figure 2.5-4 | Probing magnetism and spin-flip ~ and taking the zero-field intercept. Figure
transitions in bilayer Crl3 via magnonss. A linear fit
of the acoustic magnon energy at high fields 2.5-4 shows the field-dependent magnon
(depicted as the dashed blue line) demonstrates a
Zeeman shift characterized by a g factor of energy obtained by Lorentzian fits of the
approximately 2.1 and an intercept of 2.2 cm’!
(equivalent to 0.27 meV). At the spin-flip transition ~ spectra. The green and yellow lines
(grey line), the bilayer switches to the layered AFM
state, expected to harbor two distinct magnon  represent the two acoustic AFM magnon
modes with opposite field-dependence. These two
modes are visually represented in the inset at the branches (see inset and previous

bottom left corner. Adapted from Ref. ¢4
discussion on magnons in CrSBr), while

the blue line is the high-field FM mode. Based on the fits, we extract K ~ 0.27 meV, and Jinzer ~
0.11 meV. These numbers confirm that Crl3 is in the weak-exchange limit, as further evidenced
by the sharp spin-flip transition seen at the dashed line in Fig. 2.5-4 and in multiple prior
investigations of bilayer Crl3*,

In addition to modifying the magnon energy, we observed an additional, higher energy
mode at ~ 140 cm™! that appears only in bilayer and thicker Crls. This weaker feature has the same

cross-polarized selection rule as the monolayer (Fig. 2.5-5a) and distinctive linear magnon Zeeman
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shift with applied field (Fig. 2.5-5b). Based on these properties and previously reported neutron

101 "we identify the high energy peak as the optical magnon (OM) corresponding

scattering results
to out-of-phase intralayer spin precession. To understand the emergence of this mode in multilayer
flakes, we can consider how the weak interlayer coupling modifies the phonons of the system. In
a previous study*®, we treated bilayer Crls as a coupled spring system and found that the weak
vdW interactions between layers split each phonon into two, a phenomenon known as Davydov
splitting. Since the lattice of Crl3 has inversion symmetry, the two modes correspond to even and
odd-parity modes, the Raman activity of which is determined by the magnetic state. The same
treatment can be applied to the magnons. In inversion symmetric monolayer Crls, the high-energy
OM, corresponding to out-of-phase intralayer spin procession, is Raman silent because it is odd
under parity (Fig. 2.5-5¢). In bilayer, however, the modes are split, and the parity-even OM
becomes Raman active (Fig. 2.5-5d-e). The energy of the optical mode is given by E = K +
6/intra> Where Jinga 1s the intralayer exchange. Therefore, we obtain a value of ~ 2.83 meV for Jintra.

Antiferromagnetic materials exhibiting easy axis anisotropy, such as the bilayer Crls under
consideration, generally accommodate two magnon modes for each branch which are initially
degenerate in energy when no magnetic field is applied, but which possess opposing angular
momenta. The presence of the layered AFM order breaks inversion symmetry, thus relaxing the
parity-based selection rules. As a result, both optical branch magnon (OM) modes become Raman-
active (Fig. 2.5-5f). When a magnetic field is applied, these two modes have opposite Zeeman
energy shifts—specifically, one mode undergoes a blueshift while the other experiences a redshift.

This picture explains the Raman activity of OM modes in both cross-circular channels and the

contrasting energy shifts of the two modes, as depicted in Fig. 2.5-5h.
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Figure 2.5-5 | Optical magnons in bilayer Crls. a, Raman spectra obtained from bilayer Crlz
under an applied magnetic field of 8 T, with the intensity plotted logarithmically. Inset: A

zoomed-in plot of the cross-circularly polarized feature centered around ~148cm™!

(corresponding to 4.4 THz or 18.4 meV). b, Intensity plot of the optical magnon (OM) as a
function of applied magnetic field. The observed shift is consistent with the expected g factor
of ~ 2 (illustrated by the dashed black line), confirming its nature as a magnon. ¢, Depiction of
acoustic and optical magnons within the Crl; monolayer unit cell. Following the application of
the inversion operator, r—-r, the acoustic magnon remains unchanged, while the OM
accumulates a w phase shift in its spin precession. Given the centrosymmetry of the monolayer,
the parity-even acoustic magnon is Raman-active, whereas the parity-odd OM is Raman-
inactive (faded in the illustration). d, e, Schematics illustrating the optical magnons (OMs)
within a ferromagnetic Crl; bilayer. The Davydov-like splitting of the OM mode in the
monolayers gives rise to a parity-even, Raman-active mode (d) and a parity-odd, Raman-silent
mode (e). f, Raman spectra of bilayer Crls at zero magnetic field. The solid lines, presented as
visual aids, represent Lorentzian functions outlining the Raman scattering originating from the
OM modes (black and pink) as well as the neighboring A1z phonon mode (red). Unlike the
pronounced selection rule for a single scattering channel observed in the ferromagnetic-like
state (e.g., c—/o+ for panel a), the OM in the antiferromagnetic state at zero field has a near-
equal presence in both cross-circular channels. g, With the application of a magnetic field, a
separation in energy between the two OM modes becomes apparent, corresponding to a
blueshift in the 6—/6+ mode and a redshift in the 6+/c— mode. h, Reversal of the direction of
the applied magnetic field results in a corresponding reversal of the energy shift exhibited by
the modes. Reproduced from Ref. ¢

39



In this chapter, we explored the signatures of magnetic ordering in 2D materials via optical
measurements. We demonstrated that measurements of PL and pump probe in CrSBr and Raman
in Crlz provide remarkably sensitive probes of magnetic order when combined with accurate
theoretical modeling and understanding. The enhanced signal to noise due to the exciton resonance
and ability to directly measure the magnon dispersion and dynamics make CrSBr an exceptional
platform for optically investigating magnetism on the nanoscale. For realizing practical electrical
devices, however, it is desirable for the material to have a coupling between the charge transport

and magnetic order. We will establish this in the next Chapter.
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Chapter 3. TRANSPORT PROBES OF MAGNETISM IN CRSBR

In the previous chapter, we established that the excitonic and optical properties of CrSBr are
directly connected to its magnetic order. Considering excitons consist of electrons and holes, i.e.
charge carriers, we may naively expect the electronic transport should also be sensitive to
magnetic ordering. Such coupling of charge transport to magnetic ordering is required for many
of the spintronics device schemes'!® proposed over the past several decades such as spin

#9.116-120 and spin logic devices'?!"'?2, The emerging vdW magnets offer a new platform to

valves
explore such spintronics devices down to the atomically thin limit.

A challenge, however, is that many of the magnetic “semiconductors” discovered early
on, e.g., Crls, are extremely insulating and electrical contacts cannot be turned on even when a
large gate voltage is applied. To overcome this challenge, several groups including the Xu group,
developed all-vdW magnetic tunnel junction (MTJ) devices which utilize the 2D magnet as an
insulating tunnel barrier!?%103:106.123.124 ‘The intrinsic A-type AFM order effectively produces
atomically sharp spin-filters which generate record high tunneling magnetoresistance. In this
Chapter, we will explore both standard lateral magneto transport in a dual gated trilayer CrSBr
device, and vertical electron tunneling in a bilayer CrSBr MTJ.

The results presented in this section are mostly unpublished, though similar results were

published by our collaborators at Columbia in their Nature Materials paper®?. In addition, further

details on the vdW MTJs are ubiquitous'%0:105-106.123.124 i, the literature.
q
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3.1 MAGNETO-TRANSPORT MEASUREMENTS OF TRILAYER CRSBR

A fundamental challenge facing the study of 2D semiconductors like CrSBr is the ability
to form good electrical contacts at low temperatures'?>"'2’. The most important consideration is
the choice of metal used to make contact, since a Schottky barrier can be formed depending on
the band alignment of the semiconductor and metal. Suitable metals can be chosen by comparing
the work function of the metal with the electron affinity of the semiconductor. While thorough
characterization of the latter has not been established in CrSBr, it has been established that
palladium (Pd) can be used to contact atomically thin CrSBr at cryogenic temperatures®?. Figure
3.1-1a-b shows the diagram and

optical image of a dual-gated 3L

3L CrSBr

Pd NS Pd CrSBr, respectively. A standard Hall

bar geometry is used to measure the

Figure 3.1-1 | Design and optical image of a dual-gated
CrSBr device. Applying voltages to the symmetric gates
with respect to ground allows independent control over
both carrier density and vertical electric field.

longitudinal and transverse (Hall)
voltages. The top and bottom
graphite gates enable the independent control of vertical electric field and carrier density, both of
which can be powerful control knobs for 2D systems. In fact, injecting carriers through gating is
an absolute requirement for turning the contacts on at low temperatures where all thermally
excited carriers are frozen out.

The resistance of the device as a function of top and bottom gate voltage at a temperature
of 60 K is shown in Fig. 3.1-2a. Since hBN flakes with symmetric thickness were chosen as the
gate dielectrics, it is straightforward to convert the gate map to carrier density and displacement
field by using a simple parallel plate capacitor model. Applying this procedure, we obtain the

color map shown in Fig. 3.1-2b. Notably, the resistance becomes much smaller at higher carrier
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density. This is important because at temperatures below ~ 40 K, the resistance starts to
dramatically increase and the phase of the lock-in becomes very large, indicating that the AC
measurement scheme is no longer valid at zero gate voltage. Applying the symmetric voltage
(Vig = Vg) to inject carriers, we are able accurately measure resistance down to ~ 10 K at the
highest possible gate voltage (Fig. 3.1.2¢). However, since we could only measure using a very
limited gate range at that temperature, and due to the reports of a secondary, defect-ordered
magnetic phase which appears below ~30-40 K®*!?8 we will primarily report data taken at a

temperature of ~ 60 K for the rest of this subsection, unless otherwise noted.
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Figure 3.1-2 | Low temperature transport characteristics of a dual-gated trilayer CrSBr device.
a, Longitudinal resistance taken as a function of top and bottom gate voltage at a temperature
of 60 K. b, The data from a converted to vertical displacement field and carrier density using
the parallel plate capacitor model. ¢, Longitudinal resistance as a function of carrier density and
temperature. The injected electrons enable AC resistance measurements down to ~ 10 K despite
the semiconducting nature of CrSBr.

Figure 3.1-3a shows the longitudinal resistance, Ry, as a function of magnetic field swept
up and down along the b axis. When the field exceeds the spin-flip field of ~0.15 T, the
resistance of the sample abruptly decreases. Following the standard procedure, we define the

magnetoresistance ratio (MRR) as:

_R(B)—R(B =0)
MRR = —p =1
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Converting the raw resistance to MRR reveals that trilayer CrSBr has a negative
magnetoresistance of ~ -7 % between the high and low field states at 60 K and V= 0V (Fig. 3.1-
3a). The origin of the negative magnetoresistance is illustrated in Fig. 3.1-3b. In the AFM states,
electronic scattering processes which would scatter electrons between layers are forbidden due to
the contrasting spin-polarization of the layers. On the other hand, when the layers are spin
aligned, the electrons can scatter between layers. Considering CrSBr is a rather disordered
semiconductor with conduction dominated by variable range hopping'>*!*°, the AFM state where
interlayer hopping is forbidden has significantly larger resistance than the FM state, where it is

allowed®*-%2,
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Figure 3.1-3 | Observation and origin of negative magnetoresistance in few-layer CrSBr
devices. a, Magnetoresistance measurements of the trilayer CrSBr device at Vg =0 V and 7' =
60 K. The blue curve represents data where the magnetic field is swept form positive to
negative, and the black curve is the opposite sweep direction. The raw data is then converted
to the magnetoresistance ratio (right axis) using the equation in the main text. b, The
suppression of interlayer electronic scattering in the AFM state (top) gives a high resistance in
comparison to the field-aligned FM state where such processes are allowed (bottom).

We can use the horizontal sample mount rotator in the PPMS cryostat to study the full in-
plane magnetic phase diagram with ease. Figure 3.1-4a shows the MRR as a function of the rotator

angle and applied magnetic field. The strong angular dependence of the critical field and saturated
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magnetoresistance reflects the anisotropic in-plane magnetic order: as the magnetic field is swept
along the b axis, i.e., at angles close to 90°, the system undergoes a sudden spin flip transition. At
angles close to 0°, however, the MRR evolves continuously with a saturating field of field of ~ 0.7

T (Figure 3.1-4b).
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Figure 3.1-4 | Angle-dependent magnetoresistance in atomically thin CrSBr. a,

Magnetoresistance ratio measurements of the trilayer CrSBr device at various rotator angles.
The gates are set to Vg = 0 V. b, Magnetoresistance sweeps at a fixed rotator angle of 10° and
110°, corresponding to the intermediate and easy magnetic axes, respectively.

These measurements demonstrate that magnetic-state-dependent interlayer electronic
coupling can significantly affect the in-plane electronic transport in CrSBr. An interesting question
is whether this coupling can work in reverse: can gating the system be used to tune the magnetic
order, as in Crl3'*"132? This question was thoroughly investigated by Telford, et al. who found that
the magnitude and even sign of magnetoresistance in monolayer CrSBr can be controlled by
gating®. According to their results, the low-temperature (i.e., below ~ 40 K) magnetic structure
features ordering of both the intrinsic, dominant Cr lattice and a sublattice of defect spins as seen
in similar bulk magnetic semiconductor systems'*>"*’. In this picture, the MRR originating from
the coupling between magnetic defects and charge carriers strongly depends upon the carrier

density. However, it is important to note that there are many mechanisms which generate
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138142 "and the exact origin of the different

magnetoresistance in magnetic semiconductor systems
types of MRR in CrSBr are not conclusively established yet. In addition, its dependence on crystal
quality and thickness has not been explored yet.

In our device, we also found that the MRR can be strongly tuned by gate. Figure 3.1-5a
shows MRR sweeps along the intermediate magnetic axis as a function of gate voltage (Vig = Vi)
at a temperature of 60 K. At a gate voltage of ~ + 6 V, the sign of the high-field MRR rapidly
changes from negative to positive. As shown in the linecuts, the strong negative MRR dome
completely changes to weak positive MRR under high electron doping (Figure 3.1-5b), while the
saturating field remains relatively unchanged. Similar behavior is observed when the field is

applied along the easy axis (Figure 3.1-5c). However, in this case, the sign of MRR does not switch

from negative to positive, it just becomes a smaller negative value in this gate range.
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Figure 3.1-5 | Gate tuned magnetoresistance in trilayer CrSBr. a, Doping dependent (Vig = Vi)
magnetoresistance ratio measurements of the trilayer CrSBr device at 60 K. This color map
plots data where the magnetic field is swept down along the a axis (i.e., from positive to
negative values). b, MRR from select gate voltages taken from panel a. ¢, Measured MRR
curves at 0 V (red) and 7.2 V (blue) with the field swept along the easy b axis. The solid and
dashed curves in b,e correspond to the field being swept down and up, respectively.

The above gate dependence is generally in agreement with that observed by Telford, et al.,
where they observed a sign change in the MRR of monolayer CrSBr. However, we may expect
that the layered AFM order would give rise to a dominant negative MRR which is absent in the

monolayer. Therefore, it is somewhat surprising that we are able to tune the MRR all the way from
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negative to positive. For instance, in Telford, ef al., they observe decreasing negative MRR with
electron doping in bilayer CrSBr, but are never able to change the sign to positive. This could be
due to a few reasons: the hBN gates used in our study have better gate performance than the silicon
gates used by Telford which may enable higher doping, the behavior of trilayer CrSBr may be
quite different from the bilayer due to the presence of a net magnetization from an uncompensated
layer, the field is applied along the ¢ axis in their bilayer data and along the a axis in our trilayer
data, and finally our sample was fabricated entirely in the glovebox while the one in Ref.®> was
fabricated in air. A more comprehensive study on the origin of gate-tuned magnetoresistance in
few-layer CrSBr using various layer thicknesses and full angle and temperature dependent
measurements is left for future works.

Upon first consideration, it is somewhat surprising that the magnetoresistance would be
so strongly dependent on the magnetic state in lateral transport measurements since spin-
polarized electrons could just move within each layer. A more intuitive idea is to perhaps apply
the current perpendicular to the sample so that the electrons are forced to move through the
oppositely polarized layers. This type of device is known as a magnetic tunnel junction (MTJ),

and it is a tremendously useful technology.

3.2 THE MAGNETIC TUNNEL JUNCTION: A FUNDAMENTAL SPINTRONIC DEVICE

Many research works and articles describe the field of spintronics as a potential path for next-
generation information processing. However, the spintronics device known as a MTJ is in fact
already in ubiquitous use in modern computing technology. A rare example of a physics
breakthrough which immediately made a technological and commercial impact, the development
of hard-disk read heads quickly followed the first discovery of giant tunneling magnetoresistance
(TMR) in the 1980s!2%!%3_ In recent years, these devices have been utilized in a variety of new
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applications such as probabilistic and neuromorphic computing'**!*>. MTJs have been and

continue to be a fundamental building block of new and useful technologies. In the context of this

thesis, we will find that they also provide a powerful platform for probing the basic magnetic
properties of 2D magnetic insulators and semiconductors.

The operating principle for a magnetic tunnel junction is the spin-filtering effect#®-!18:119.146-

148 Basic quantum mechanics tell us that the spin of an electron is conserved during tunneling.

a High Resistance b Low Resistance Consequently, electrons with a

(Logic 1) (Logic 0)

specific spin will have an easier time

Contact Contact

tunneling into a magnetic material
Insulator with the same spin alignment. By the

same argument, electrons with

Contact Contact opposite spin will have a much lower

Figure 3.2-1 | Diagram of basic spin filter devices.
When a voltage is applied between the contacts, the tunneling rate. Therefore, the
electrons will tunnel through the insulating barrier with
some probability depending on the orientation of the  tunneling current in the parallel case
magnetic layers. The tunneling resistance in the
antiparallel state (a) will be much higher than the will be much larger than the
parallel one (b). These two distinct states form the basis
for standard binary magnetic memory tunneling current in the anti-parallel
case. This effect is known as giant TMR, and the two distinct magneto-resistive states are the “0”’s
and “1”’s in standard binary magnetic memory (Fig. 3.2-1).
The standard stack which is utilized in conventional MTJ devices requires the careful
growth of many magnetic and insulating layers (Fig. 3.2-2a). Looking at the magnetic structure of
the MTJ, however, we immediately notice similarities with the A-type antiferromagnetic order

established in Chapter 2. Essentially, each AFM interface in the A-type AFMs can serve as an

atomically sharp spin-filter, with the entire bilayer constituting a “spin valve” (Fig. 2.1-1b). We
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can further leverage the capability to stack 2D materials in vdW heterostructures to create clean
devices without any consideration for lattice matching. In standard all-vdW MTIJs, the 2D magnet
is typically sandwiched between graphite contacts which simply serve as metal contacts (Fig. 3.2-
2b). Alternatively, the graphite contacts can be replaced with superconductors such as NbSe> to

form magnetic Josephson junctions, and other novel devices which are still being explored.

a Conventional MTJ b All-vdW MTJ
-

—  Graphite

‘ Capping Layer

=
- CoFeB ke

' MgO S— 2D Magnetic

]
=
E——=

CoFeB Insulator
., Ta =)
— [Co/P1],/Co
Ru e
[Co/Pt],/Co
—  Graphite
‘ Underlayer -

Figure 3.2-2 | Schematic of MTJ devices. a, Conventional MTJ device used in magnetic
random access memory (MRAM) applications. These devices consist of several different layers
with precise growth thickness and composition. b, Diagram of all-vdW MTIJ devices. In such
MTlJs, the A-type AFM order in the 2D magnetic insulator or semiconductor is utilized as
atomically sharp spin filters, and metallic graphite contacts are used to apply the voltage to the
device. Panel a is adapted from Ref. '4*

Figure 3.2-3a shows the optical image of a completed bilayer CrSBr MTJ device. Narrow
graphite contacts are selected so that they overlap less than ~ 1 pm? to limit domain effects. When
a voltage is applied to the MTJ, electrons will tunnel from one graphite to the other with a
characteristic nonlinear dependence on the bias voltage. Fig. 3.2-3b plots the bias dependent

tunneling current at 0 T (blue) and a polarizing 1T (orange) applied along the easy b axis at a

sample temperature of 2 K. The clear enhancement in electron tunneling is a result of the alignment
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of the spins in both layers of the spin valve. As expected, the full magnetic field dependence of the
tunneling current reveals a sharp spin-flip transition occurs when the field is swept along the b axis
(Fig. 3.2-3c) with a TMR of ~ 63 %. It is worth noting that this value is significantly smaller!?%!%
than that observed in bilayer Crlz, with one potential cause being that semiconducting CrSBr is far

less insulating.
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Figure 3.2-3 | Bilayer CrSBr magnetic tunnel junction. a, Optical image of the MTJ device. A
bilayer CrSBr is sandwiched between graphite contacts to form the MTJ. Then, the MTJ is
further encapsulated in hBN to protect it from the atmosphere and improve the surrounding
dielectric environment of the device. b, Bias dependence of the tunneling current at 0 T (blue)
and at a saturating field of 1 T (orange) applied along the b axis. ¢, Magnetic field dependent
TMR with the magnetic field applied along the easy axis at a base temperature of 2 K and DC
bias voltage of 30 mV.

Rotating the sample using the horizontal rotator again allows us to study the full angular
dependence of the in-plane magnetic phase diagram. Figure 3.2-4a shows the color plot of the
tunneling current versus magnetic field and rotator angle. The minimum critical field, which
corresponds to a sharp spin flip transition, occurs at around ~55°. When the angle is deviated from
this value, the transition becomes more gradual with and the spin-polarizing field (i.e., the point

where the tunneling current ceases to evolve) becomes larger until the angle reaches ~145°. Figure

3.2-4b shows linecuts at these two angles demonstrating the gradual spin canting process when the
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field is applied along the a axis (i.e., ~145°) in comparison to the sharp spin-flip transition when

the field is along b (i.e., 55°).
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Figure 3.2-4 | Angular magnetic field dependence of tunneling magnetoresistance in bilayer
CrSBr a, Full angular dependent TMR sweeps of the MTJ device. b, Line cuts at selected angles
demonstrating sharp spin-flip behavior when the field is aligned with easy b axis (black, 145°)
and continuous spin canting when the field is along the intermediate a axis (red, 55°). These
data were taken at a base temperature of ~ 2 K and an AC bias of 20 mV.
Another feature which stands out in the above field dependence is the additional jump in
the tunneling magnetoresistance observed when the field is applied along the b axis (Figure 3.2-
4b). This behavior begins at temperatures below ~ 45 K and could be due to magnetic domain
effects arising from a spatially inhomogeneous sample. However, it is worth noting that the
secondary magnetic phase transition corresponding to the ordering of defect spins has been
reported to onset at ~ 40 K128 Further exploration and additional devices are required to
confidently determine the origin of this two-jump magnetic domain behavior.
In the wider context of vdW MTJs, CrSBr has the major advantages of being relatively
air-stable in multilayers, and operating to higher temperatures than many other 2D AFMs, e.g.,
Crls, which requires temperatures below ~ 45 K. On the other hand, bilayer CrSBr MTJs have

much lower TMR than bilayer Crls;. The weak TMR can be significantly enhanced by using more

layers of CrSBr (i.e., thicker flakes) in the MTJ since each additional AFM interface acts as a
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spin filter. We will see in Chapter 6 that MTJs which utilize thin bulk (~ 11 nm) CrSBr result in
dramatically larger TMR ratios of several thousand percent, and that these individual spin filters
can actually be controlled through strain.

The results of this chapter and the previous one has demonstrated that the coupling of
spin and charge dominates a wide range of electronic properties in CrSBr, from the exciton
wavefunction to the magnetoresistance. Therefore, any control knob which tunes the magnetic
order will also provide control over the electronic properties as well. Fortunately, the layered
nature of CrSBr enables us to open the wide toolbox of tuning methods which have been
developed by the field. For the rest of this thesis, we will focus on the specific control knob of
tensile strain. Remarkably, we found that CrSBr is an ideal material for strain experiments in
comparison to other traditional vdW materials due to its crystal structure. Moreover, strain
dramatically modifies the interlayer magnetic exchange and magnetic order, which leaves
unambiguous signatures in the optical and electronic properties of the system. Consequently, the
spin-charge-lattice coupling in this material provides a fruitful platform for studying tunable 2D

magnetism for fundamental physics and device applications alike.
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Chapter 4. STRAIN TUNING OF 2D MATERIALS

In this chapter, we will describe techniques used to apply large strains to atomically thin materials.

149" we were able to

By adapting a piezoelectric strain cell typically used for bulk crystals
successfully apply strains exceeding 1.5 % at cryogenic temperatures to both suspended and
supported 2D crystals. Many of the results of this chapter come from manuscripts which are
currently in preparation. However, the development of the strain cell and suspended and polyimide
techniques can be found in J. Cenker et al. “Reversible strain-induced magnetic phase transition
in a vdW magnet” and G. M. Diederich, J. Cenker, Y. Ren, et al. “Tunable interaction between
44874

excitons and hybridized magnons in a layered semiconductor”, both of which were publishe

in Nature Nanotechnology.

4.1  STRAIN TUNING OF 2D MATERIALS: EXPERIMENTAL TECHNIQUES

Mechanical deformation, i.e., strain, is a powerful method for tuning the properties of quantum

materials. Examples include the strain control of superconducting®®!*°, nematic!®!, and

topological®’

phases. When stretched, crystals tend to break at dislocations and defects in the
crystal lattice, which tends to limit the maximum sustainable tensile strain to < 1 % in bulk crystals.
Shortly after the discovery of monolayer graphene, it was realized that the pristine, single-atom
thick carbon sheets have exceptionally small defect density and are capable of surviving ~ 10 %
strain, making it the strongest material ever discovered®®. However, the atomically thin nature of
these materials and devices poses significant practical challenges towards utilizing them in

conventional strain cells, especially at cryogenic temperatures where many quantum phenomena

can emerge.
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Figure 4.1-1 | Strain cell and techniques. a, Schematic of the symmetric piezoelectric strain
cell. Applying a positive voltage to the cell causes the piezo stacks to move according to the
direction of the white arrows: the outer ones expand, while the inner one contracts. The result
is an increasing size of the gap (white arrow below purple rectangle) and application of tensile
strain to the sample. The grey flexure plate which is screwed onto the cell enables convenient
sample fabrication and mounting. b, Optical image of the strain cell with a thin bulk 2D material
mounted across a thin silicon gap. Scale bar: 30 um. ¢, Depiction of a polyimide mounted
sample. Here, the CrSBr is deposited onto the polyimide substrate and a gold fastener is
evaporated on top. The choice of whether to use the gold or not depends on the experiment (see
Chapters 4, 6). Panel b adapted from Ref.”*

To perform in-situ strain measurements, we adapted a piezoelectric strain cell design (Fig.
4.1a) which has been extensively used to study bulk quantum materials'*’. When a voltage is
applied to the strain cell, the outer piezos will extend, and the inner one will contract, opening the
gap and applying a tensile strain to anything glued across it. Because 2D crystals are too small and
hard to handle using conventional means, they cannot be attached directly to the rough titanium
strain cell. To overcome this challenge, we devised a way to make small (5 um) gaps in silicon
substrates. This small gap is formed by first gluing a thin silicon substrate to the strain cell, and
then fracturing it with a diamond scribe. The resulting fracture tends to be ~ 5 um in size, quite

height uniform, smooth, and residue-free (Fig. 4.1-1b and Appendix II). The main advantage of

this technique is that the small gap is potentially capable of generating exceptionally large strain,
defined as € = ATL, since the displacement of the piezos (AL) is comparable to the gap size (AL).

However, the suspended technique comes with some disadvantages: the strain can be

inhomogeneous, and there are significant fabrication challenges for monolayers and devices.
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The need for more universal and robust strain device fabrication led us to utilize strain
transfer from a flexible substrate (Fig. 4.1-1c¢) as the main platform for strain devices. We utilized
thin silicon and polyimide substrates as the foundation for the heterostructures, with the latter
allowing for exceptionally large strains even at cryogenic temperatures'>?. Fortunately, the
fabrication of these samples can be achieved through relatively straightforward modifications of
standard, silicon-based devices (Appendix II). Although flexible substrate-based strain devices
have been used to strain 2D materials for many years*>'>*1%5 the maximum in-situ strain tuning
range achieved in vdW heterostructures®® and devices has struggled to exceed 0.5%. To understand
and overcome this challenge, we investigated strain transmission in a wide range of vdW materials,

starting with the layered magnetic semiconductor CrSBr.

4.2  CALIBRATION OF STRAIN IN 2D MATERIALS AND HETEROSTRUCTURES

The standard probes of strain in 2D materials include Raman spectroscopy and photoluminescence
measurements which measure the phonon energy and band structure, respectively. However, the
accurate measurement and calibration of strain is a general challenge common to many in-situ
strain tuning experiments. For instance, the reported PL energy shift as a function of strain in
monolayer semiconductors varies widely throughout the literature!>*1>°. To ensure accurate
calibration of the strain applied to the CrSBr sample, we systematically characterized the strain
response of its phonon modes using Raman spectroscopy.

First, we assembled a strain gauge heterostructure consisting of a hBN flake stacked on top
of both graphene and thin bulk CrSBr deposited on a thin silicon substrate (Fig. 4.2-1a). To apply
strain to the sample, the effective spring constant of the material glued across the gap must be less
than the stiffness of the piezostacks themselves (otherwise the gap will not open when a voltage is
applied). This effective spring constant can be calculated by:
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Y xA
kepp =—7

where Y is the Young’s Modulus, A is the cross-sectional area, and L is the length of the glued
substrate. Considering the large Youngs modulus of silicon'®’, the thin silicon substrate must be
cut extremely narrow, normally 200 to 300 um and glued with a gap of a few hundred pm. Finite
element simulations shown in Figure 4.2-1b demonstrate that when a piezo voltage is applied with
these parameters, the strain over the gap region is highly uniform on the length scale of the 2D
materials and especially the beam spot (~ 1 um). Figure 2.4-1b shows the Raman spectra of the

CrSBr in the strain gauge heterostructure, consisting of three prominent peaks. The Raman peak
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Figure 4.2-1 | Calibrating strain using Raman spectroscopy. a, Schematic of a strain gauge
heterostructure. Hexagonal boron nitride is used to pick up graphene and CrSBr and is then
deposited on a thin silicon substrate. The strain is applied along the CrSBr a axis. b, Finite
element analysis of the strain profile across the narrow thin silicon substrate. ¢, Raman spectra
of bulk CrSBr at zero strain. The spectrum consists of three dominant peaks. d, Measurement
of the graphene 2D mode as a function of piezo voltage, showing a linear redshift with
increasing tensile strain. The strain values on the top of the axes are then calculated using a
previously reported shift rate. e, Measured strain as a function of piezo voltage obtained by
applying the same methodology as d, but to the silicon Raman peak centered at ~ 520 cm’!. f,
Energy of P; as a function of strain plotted alongside linear fits to the data (blue line) and the
Raman shift rate obtained from the first-principles calculation (green line, shifted vertically to
~ 346 cm™ at €=0). The error bars in e-f represent the uncertainty of the Lorentzian fits used
to extract the peak center. Reproduced from Ref. 7*
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which shifts most with strain is centered around ~ 346 cm™ at 0 % strain and is hereafter labeled
as P3. When a voltage is applied to the strain cell, the 2D mode in graphene (Fig. 4.2-1d) and
phonon mode in silicon (Fig. 4.2-1¢) begin to red-shift. Comparing the measured shift rate with

38,161 and the silicon peak!®? enables us

the literature strain-shift rates for the 2D mode in graphene
to accurately determine the strain applied to the sample. Based on this calibration, we find that P;
shifts at a rate of ~ 4.2 cm™!/% (Fig. 4.2-1f). This value is close to the value of 4.4 cm™'/% predicted
by first principles calculations (green line in Figure 4.2-1f).

It is important to note that the most sensitive and appropriate method of measuring strain

depends highly on the material system of interest. For instance, the monolayer semiconducting

TMDCs and other semiconducting systems such as InSe have exceptionally large changes to the

155,158 151

band gap under strain , and certain metals can have large elastoresistance >'. However, we
found that Raman works best in the case of CrSBr due to the relatively large strain shift of the P3
phonon mode, and the very small change in band gap (until the magnetic phase transition detailed
in Chapter 5). Regardless of the method chosen, care must be taken to calibrate the strain during
the experiment since the amount of transmitted strain can be much smaller than the expected value
applied by the strain cell. The strain gauge heterostructure reported above provides a versatile
platform for universally calibrating the strain response of a variety of systems. Moreover, the
silicon substrate can provide a much cleaner environment for sensitive devices than the polyimide

substrates we will utilize for the rest of this thesis, at the drawback of a very limited strain range

(less than ~ 0.5 % total).

4.3  UNITY STRAIN TRANSMISSION IN CRSBR

The careful determination of the strain applied to the sample enables us to study the strain
transmission properties in CrSBr. An interesting observation in Fig. 4.2-1f is that the strain shift
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matches the theoretical prediction for monolayers despite the sample being multi-layered. This
behavior is distinct from that of graphite where the strain-dependent Raman shift quickly drops to
zero in thin bulk samples*!.

To test the limits of the strain transmission, we studied flakes up to the thick bulk limit (>
100 nm, Fig. 4.3-1a) on polyimide substrates which permit the application of exceptionally large
strains. Figure 4.3-1b shows the colormap of Raman intensity as a function of piezo voltage for
bulk CrSBr transferred onto polyimide. Converting the measured Raman shift to strain reveals a
continuous shift up to ~ 1.6%. Notably, the full width at half maximum of the peak is constant
during the strain sweep, demonstrating that the strain is rather homogeneous through the sample.
Remarkably, the CrSBr flakes exhibit robust strain tuning up to ~3.4 % at a temperature of 40 K

(Fig. 4.3.1-c). The observation of such extreme strains in a vdW material at cryogenic temperatures
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Figure 4.3-1 | Unity Strain transmission in CrSBr. a, Optical image of a bulk (> 100 nm) CrSBr
flake deposited on the flexible polyimide substrate. b, Intensity plot of P;3 as a function of piezo
voltage for the unclamped thick bulk flake shown in a at a base temperature of ~ 2 K. ¢, Raman
color map as a function of piezo voltage for a thin bulk (~ 20 nm) CrSBr flake at a temperature
of ~ 40 K. At this temperature, the strain cell can generate substantially more strain due to the
temperature-dependent efficiency of the piezostacks. The sample shows robust strain behavior
up to a strain of ~ 3.4 %, at which point the sample slips (grey line).
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opens new doors for in-situ control of material properties through direct modification of lattice

constants, bond geometries, symmetries, etc.

4.4  PROBING STRAIN TRANSMISSION IN HEXAGONAL 2D MATERIALS

In addition to enabling the exploration of extreme strain effects in a magnetic semiconductor,
the unity strain transmission in CrSBr has the additional practical advantage of serving as a
convenient strain sensor. That is, placing CrSBr flakes of arbitrary thickness on other materials
enables accurate measurement of strain on the surface of those materials, loosening the strict
mono- or few-layer limit needed to sense strain using materials like graphene. In this chapter,
we will utilize this tool to characterize strain transmission through vdW crystals and
heterostructures.

Figure 4.4-1a shows an optical image of a strain device with both CrSBr deposited directly
on polyimide, and with CrSBr stacked on top of hBN on top of polyimide. Since the samples are

close to each other and on the same polyimide substrate, they should experience very similar
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Figure 4.4-1 | Sensing strain transmission through CrSBr and hBN. a, Optical image of the
sample consisting of two thin bulk CrSBrs, with one stacked on top of thin bulk hBN (bottom
left) and one directly on polyimide (upper right). The close proximity of the flakes ensures that
they should have similar strain environments. b, Strain on (orange) and off (blue) the hBN
determined using the Raman strain calibration procedure. ¢, Optical images of the flakes with
the piezos swept down to 0 V after the application of 120 V. The hBN develops severe new
wrinkles, while the CrSBr flake remains unchanged, demonstrating the differential strain
transmission between the two materials.
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strain when the load is applied. However, using the calibrated response of the P3; Raman peak on
both samples reveals dramatically different strain response: at high piezo voltage, the directly
deposited CrSBr experiences ~ 4-5x higher strain than the flake stacked on hBN (Fig. 4.4-1Db).
The inefficient strain transfer is further confirmed by the optical images: the hBN flake shows a
large number of newly developed wrinkles, while the CrSBr shows no new wrinkles beyond the
ones which occurred during fabrication (Fig. 4.4-1c). These observations strongly suggest that
CrSBr and hBN have exceptionally strong and weak strain transmission, respectively.
To understand the dramatic difference in performance between these materials, we must
a @B N first understand the failure and slipping mechanism in 2D
materials. Examining the crystal structure of these materials
(Fig. 4.4-2) already provides an intuitive picture: taking
hBN as an example, the bonds between carbon and nitrogen
atoms are entirely within each layer without much
protrusion along the ¢ axis. Moreover, there exist two

possible stacking orientations which are close in energy.

®cCr @S @Fr These two properties result in extremely weak interlayer

Figure 4.4-2 | Crystal structures
of bilayer hBN (a) and CrSBr (b).  strain transmission, and a tendency for soliton, i.e.,

atomically sharp wrinkles due to interlayer slipping, formation*>*,

In contrast to graphite and hBN, CrSBr has hook-like bromine bonds which protrude along
the ¢ axis (Fig. 4.4-2b) and has an orthorhombic crystal structure with only a single stable stacking
configuration. Consequently, the interlayer strain transmission and maximum sustainable strain in

multilayers is apparently remarkably high. To test whether the robust strain performance is

maintained in crystals with structural similarity to CrSBr, we measured the strain transmission in
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materials with orthorhombic crystal structures, specifically a-MoO3, which has a very similar
anisotropic structure to CrSBr, and Bi2SeOs (See Fig. 4.4-3a for crystal structures). We confirmed
efficient interlayer strain transmission in these crystals by measuring the strain-dependent Raman

shift of a thin bulk CrSBr stacked on top of thin bulk ( >20 nm) a-MoO3 and Bi,SeOs flakes (Fig.

4.4-3b).
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Figure 4.4-3 | Probing strain transmission in other orthorhombic crystals. a,b, Crystal structures
of a-MoOs (left) and BixSeOs (right) as viewed from the side. b, Intensity plot of Pz as a
function of piezo voltage for a CrSBr strain sensor stacked on top of thin bulk a-MoO3 (left)
and Bi2SeOs (right). The continuous and large linear shift indicate efficient strain transmission
through the substrate (i.e., ®-MoO3 and Bi2SeOs layers). Both measurements were taken at a
nominal sample temperature of ~ 5 K.

It is important to note that strain is transmitted well through various orthorhombic layered

crystals. The wide variety of materials recently discovered in this category including magnets®!-®3
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and dielectrics can serve as the building blocks in strain-tuned vdW heterostructures and

devices.

4.5 B SEOs5: AN IDEAL STRAINTRONIC DIELECTRIC

The substrate upon which an atomically thin material is placed plays a vital role in the sample
quality since the flake will conform to the surface. For instance, the electrical properties of
graphene can be greatly enhanced by placing it on atomically smooth hBN substrates which screen
out the surface charges and roughness present on standard silicon substrates'®®. In recent years,
hBN usage has become even more important and ubiquitous, especially in fragile moiré
metamaterials formed by stacking monolayers with a twist or lattice mismatch, and air-sensitive
materials where hBN encapsulation protects the embedded flake from the environment.
Consequently, the dismal strain transmission explored in the previous section poses significant
challenges to the study of strain effects in a variety of systems.

The recently synthesized'®* layered dielectric material Bi>SeOs studied in the previous section
may provide a promising path forward. To explore whether this material can serve as a substrate
for high-quality strain-controlled devices, we used standard device fabrication procedures to
construct a top-gated WS, device (Fig. 4.5-1a). Specifically, we transferred ~ 30-50 nm thick
Bi2SeOs flakes onto the polyimide substrate, evaporated platinum contacts, and then cleaned the
platinum and nearby area using contact mode on an atomic force microscope (AFM), a technique
known as AFM cleaning!®. This technique can clean even extremely dirty substrates, providing a
pristine and atomically flat surface to build the device on (see Fig. 4.5-1b,c for example on dirty
Hall bar contacts). Then, a hBN top gate was used to pick up a monolayer WS> flake and the entire

stack was deposited onto the Bi»SeOs substrate (See Fig. 4.5-1d for completed device image).

62



Figure 4.5-1 | High quality strain device fabrication using Bi2SeOs dielectric substrates. a,

Schematic of the high quality top gated TMDC device. For these samples, thin bulk Bi2SeOs is
used as the bottom dielectric substrate, with a platinum contact evaporated on top. Then, a top
gate consisting of graphite (red) and hBN (cyan) are used to pick up and stack a monolayer
onto the Bi»SeOs to form the heterostructure. b, ¢, Contact mode AFM scans before (b) and
after (¢) several rounds of AFM cleaning. Scale bar: 5 um. d, Optical image of the finished

gated monolayer WS, device.

Figure 4.5.2 shows the spectra of the WS, monolayer at large negative and positive gate voltages.

Based on previous reports'¢’

Norm. PL (a.u.)

2 2.1
Energy (eV)

Figure 4.5-2 | (Gate dependent
photoluminescence spectra of monolayer
WS,. The piezo voltage is 0 V, and the
temperature is nominally 5 K.

, we identify the different excitonic species at a large negative gate

voltage, which is closest to charge neutrality, as
the neutral exciton (Xo) , biexciton (XX), and trion
(X°). When electrons are doped into the system,
the second charged state of the trion, X,
dominates the spectrum (7.3 V, black line in Fig.
4.5.2). The gate tunability of the exciton species
indicates negligible charge transfer and defect
states from the Bi»SeOs substrate, while the
narrow linewidth indicates the high quality of the

device. The observed linewidth is slightly broader
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than comparable hBN devices!®”!%8, though it is worth noting that the sample temperature may
have a significant offset'® and therefore be higher than the nominal temperature of ~ 5 K.

The most important figure of merit for Bi2SeOs as a building block for strain devices is the
maximum transferrable strain. Figure 4.5-3a -b show the strain-dependence of the exciton species
at negative and positive gate voltages, respectively, showing large and continuous strain tuning. In
addition, the peak energy shift is highly reversible with strain, indicating robust strain transmission
and negligible slippage. This is illustrated by extracting the energy shift of X with a Gaussian fit
and plotting it as a function of piezo voltage which is swept up and down (Fig. 4.5-3c). In addition
to tuning the exciton energy, strain can break the C3 symmetry of the crystal lattice (see inset of
Fig. 4.5-3d), which can have consequences on valley polarization. Indeed, the degree of circular

ot-o~
oct+o~

polarization, defined as DOCP = with ot (6%) corresponding to right (left) circularly

polarized light, respectively, decreases with increasing strain (see Fig. 4.5-3d for X ). This
quantity is related to the valley polarization, but it is worth noting that several effects of strain can
be responsible for the decrease in DOCP, such as decreasing the energy between K and I valleys
and the relaxation of selection rules due to the large uniaxial strain, and disentangling such
effects' 717! is left for future efforts. For both X and X°, we observed a redshift of ~ 80 meV
between the lowest and largest strains. By using the previous literature reports'*® of ~ 43 meV/%
for the X° strain shift rate in monolayer WS2, we find that a large strain approaching ~ 1.8 % is
applied to the sample. We again note that there are a wide range of reported shift rates, which is
the largest uncertainty in the measurement. However, regardless of small differences in the
calibration, this device demonstrated an order of magnitude greater strain range than previous
gated strain samples at cryogenic temperature, proving that Bi2SeOs is a promising substrate for

these experiments in comparison to hBN.
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Figure 4.5-3 | Strain and gate tuning of monolayer WS,. a,b, Intensity plot of
photoluminescence as a function of piezo voltage when the sample is at large negative (a) and
positive (b) gate voltages. Both conditions show a large and continuous tuning when the piezo
voltage is increased, and strain is applied to the sample. ¢, Fitted X (i.e., the peak in b) peak
center as the piezo voltage is increased and then decreased. The peak energy returns to exactly
the same value indicating no slippage. The observed hysteresis is typical for the piezoelectric
strain cell. d, Degree of circular polarization of X at a piezo voltage of 0 V (black) and 70 V
(red). The breaking of the C; rotational symmetry which is present in pristine monolayer WS>
is depicted in the inset.

4.6 FUTURE DIRECTIONS

This chapter has demonstrated the possibility of applying large strains to atomically thin materials
and heterostructures in conditions sufficient for quantum phenomena to emerge. Spurred by the
surprising discovery of remarkably efficient strain transfer in unclamped CrSBr samples, we
examined the strain transmission in a variety of materials. Notably, we established Bi,SeOs as a
promising dielectric platform for high-quality devices. These results will enable the application of

strain to a variety of new systems such as moiré heterostructures'® and air-sensitive

65



superconductors®>!’2 and magnets'®. Indeed, our preliminary results indicate that Bi.SeOs devices
can serve as suitable substrates for moiré samples. Figure 4.6-1a shows the piezo-force microscopy
(PFM) of a nearly aligned WSe»/WS; heterostructure. A clear moiré pattern existing over > 200

nm of the sample is observed.
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Figure 4.6-1 | New types of strain devices. a, Piezo-force microscopy image of a moiré pattern
formed in a WSe2/WS; heterostructure. The moiré period is ~ 8 nm, indicating a near-0° sample.
Scale bar: 50 nm. b, Strain measured using the CrSBr Raman response on and off a graphite
flake. An optical image of the sample is shown inset. ¢, Spatial map of the intensity of the
Raman spectra across the sample (top). The low intensity region corresponds to the graphite
flake. A linecut across the grey line is shown in the bottom panel, showing a continuously
varying P; energy. d, Raman spectra comparing the highest and lowest strains shows a strain
gradient of ~ 1 % across a distance of ~ 5 um.

In addition to the application of large, homogeneous strains in high-quality devices, the
results of this chapter may be applied to engineer spatially varying strain profiles, i.e., strain

gradients, using the strain screening from materials such as hBN and graphite. Figure 4.6-1b inset
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shows the optical image of one such strain gradient heterostructure, consisting of CrSBr stacked
on top of a graphite strip and a large bottom a-MoOs3. Using the P; Raman peak as a strain sensor,
we find that the region of CrSBr that is stacked on top of graphite strains significantly less than
the part which is only on top of a-MoO3 (Figure 4.6-1b). To understand the strain profile across
the sample, we performed spatial mapping of the Raman spectra. Figure 4.6.1c top shows a
mapping of the Raman spectra intensity across the sample. The regions where the CrSBr overlaps
with graphite have lower intensity due to the strong absorption of light by the graphite, among
other potential effects such as charge transfer. Taking a linecut of the Raman spectra across the
graphite reveals a smoothly varying peak energy (Figure 4.6.1c bottom) across the heterostructure.
Plotting the individual spectra with high and low strains reveals a strain gradient approaching ~ 1

173,174

% over ~ 5 um. Such strain gradients can be used to generate pseudomagnetic fields , exciton

funneling effects!”

, and perhaps spin textures due to the varying coercive field or magnetic state
(see Chapter 5).

The goal is then to find interesting systems which are highly tunable with strain.
Fortunately, we found that CrSBr, which has the best strain transmission and highest strain
tolerance of any crystal we tested, is one such system. In addition to its remarkable mechanical

properties, the sensitivity of the fragile AFM order to the bond geometry and the diversity optical

and electrical probes makes CrSBr a particularly enticing material to strain.
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Chapter 5. STRAIN TUNED MAGNETISM IN CRSBR

In Chapter 2, we established that the geometry of the bond angles is directly responsible for the
magnetic order in CrSBr. Moreover, we learned that the dominant next nearest neighbor intralayer
exchange terms were all FM, while the interlayer AFM order appears to be a delicate balance of
FM and AFM contributions. Such systems could be highly sensitive to strain given the geometric
origin of the interlayer exchange and the small energy difference between the AFM and FM states.
Combined with the excellent strain transmission we found in Chapter 4, these properties make
CrSBr an excellent platform for studying spin-charge-lattice coupling in a highly tunable magnetic
semiconductor.

In this chapter, we will explore the effects of strain on magnetism in CrSBr using the
exciton sensing probes developed in Chapter 2. These results were reported in the following works:
J. Cenker, et al. “Reversible Strain-induced magnetic phase transition in a van der Waals magnet”,
G. M. Diederich, J. Cenker, Y. Ren, et al. “Tunable interaction between excitons and hybridized
magnons in a layered semiconductor”, and J. Cenker, et al. “Probing and controlling magnetism
in 2D magnetic semiconductor CrSBr”, published*®"*'7® in Nature Nano, Nature Nano, and

Proceedings of SPIE Spintronics, respectively.
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5.1 STRAIN DEPENDENT MAGNETO-PHOTOLUMINESCENCE OF CRSBR

The magnetic field-dependence of pristine bilayer CrSBr photoluminescence was

established in Chapter 2. When the thickness of the sample is increased, additional exciton lines

a appear, as shown for the ~20 nm flake
— 1F
£
e in Fig 5.1-1a. It is worth noting that
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§ Or— , — the origin of these peaks is not yet
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Figure 5.1-1 | Properties of the unstrained thin bulk active debate and research despite

CrSBr. a, Photoluminescence spectra of ~ 20 nm CrSBr 177178

have several additional features in comparison to the over a decade of study 7178, Some

few layer limit. b, Magnetic field dependent . o

measurements demonstrate that all peaks show the origin of exciton species in those

same magneto-exciton coupling as established in the

bilayer. Adapted from Ref. 74 systems include defect-bound
excitons, trion species, phonon relicas, exciton-polaritons, etc. The accurate identification of every
exciton peak is not the center of the focus in this thesis. The important observation for our purposes
is that all the exciton peaks within the spectral window exhibit the magneto-exciton coupling we
established in the bilayer. For instance, when the magnetic field is applied along the easy b axis,
all the peaks have sharp spin flip transitions at a critical field of ~0.22 T (Fig 5.1-1b).

To explore strain effects on CrSBr, we investigated both suspended and polyimide

supported flakes, with consistent results regardless of strain technique. Figure 5.1-2a shows the PL
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spectra of a suspended CrSBr sample as a strain is applied to the crystal’s a axis. The strain is
calibrated by comparing the Raman spectra taken on the strained region to the unstrained area far
away from the gap. The main exciton peaks are essentially unchanged as the strain ramps from
0.7% to about 1.1%. Remarkably, as the strain increases past a critical point around ~ 1.3%, the
entire spectrum suddenly changes. Past this point, the spectra again remained relatively unchanged
with increasing strain. Figure 5.1-2b shows the PL spectra taken as the piezo voltage is swept up
and down. Comparing the spectra at 0.7% and 1.5%, which correspond to before and after the
abrupt change, respectively, reveals an similar PL pattern, but with a ~12 meV redshift between
the low- and high-strain spectra. This shift is reversible, i.e., sweeping the strain back down to 0.7
% returns the spectra to its original state (Fig. 5.1-2d). Aside from the abrupt redshift, the minimal

change in PL energy agrees with the first-principles calculation’* which predict continuous, < 5
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Figure 5.1-2 | Strain dependent photoluminescence measurements of a suspended thin bulk
CrSBr sample. a, Plot showing the variation in photoluminescence intensity of the 20 nm CrSBr
flake as strain is applied along the a axis, starting from approximately 0.7% strain. b, PL spectra
at select strains of 0.9% (black) and 1.4% (blue). Inset displays an optical micrograph of the
sample, with a scale bar of 30 um. ¢, PL spectra at zero magnetic field (black) and witha 0.4 T
field (red) applied along the b (easy) axis. Insets illustrate the A-type antiferromagnetic state at
zero field, and the ferromagnetic state at high field. d, Sequential PL spectra as the strain is
swept. The arrows indicate the strain progression: ramping up from 0.7% (bottom) to 1.5%
(middle), then returning to 0.7% (top). All PL spectra are normalized and offset for clarity.
Reproduced from Ref. ™
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meV change in band gap energy under this strain range, in stark contrast to other 2D
semiconductors like the TMDCs!>*. The question is then what drives the large redshift between
the low- and high- strain states.

The first hint that the strain-induced PL shift originates from a change to the magnetic order
comes by comparing the effects of strain with that of an applied magnetic field. Figure 5.1-2¢c
shows the PL spectra with magnetic fields of O T (black) and 0.4 T (blue) applied along the b
(easy) axis. Since the applied field is larger than the spin-flip field, all of the spins are polarized,
and the energy of the exciton is redshifted by ~ 11 meV due to the magneto-exciton coupling.
Remarkably similar changes to the spectra, i.e., a red shift of ~ 12 meV is shown in the strain
dependent data (Figure 5.1-2b). The slight discrepancy of ~ 1 meV between the strain and field-
dependent exciton energy shifts could arise from the small modification of the bandgap from the
large strain applied to the sample.

We further explored the strain-induced changes to the magnetic order by taking strain
dependent magneto-PL measurements. Figure 5.1-3a,b shows magneto-PL measurements taken
on a thin CrSBr flake deposited on polyimide with 0 V and 60 V applied to the strain cell,
respectively. As with the previous measurement, the strain is applied along the crystal a axis, while
the magnetic field is applied along the b axis and swept down from a positive value. The most
obvious effect of strain in this range is to tune the critical field required for the spin-flip transition,
with tensile strain serving to reduce the spin-flip field. Repeating the measurement at various piezo
voltages reveals a linear dependence on strain, with an x intercept (i.e. piezo voltage) of ~ 91 V
(Fig. 5.13c). The magneto-PL taken at strains higher than this value exhibit drastically different
behavior, as shown in Figure 5.1-3d which was taken with 110 V applied to the strain cell. In this

condition, the spectra remain invariant until a bright blip at a negative field spin-flip field, i.e., the

71



feature is now hysteretic with applied field. The observed hysteresis and characteristic energy shift
observed above strongly suggests that a strain-induced AFM-to-FM phase transition occurs at high
strain in CrSBr.

Additional confirmation of the strain-induced AFM to FM phase transition is found by
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Figure 5.1-3 | Strain dependent magneto-PL measurements of thin bulk CrSBr. a-b, Magnetic
field dependent photoluminescence taken with the magnetic field applied along the easy axis,
with piezo voltages of 0 V (a) and 60 V (b). ¢, Spin flip field plotted as a function of piezo
voltage. A linear fit of the data yields an x-intercept of ~ 91 V. d, Magneto-PL measurement
taken at a large piezo voltage of 110 V. Sharp hysteresis is evident at the coercive field of the
ferromagnetic (FM) state. The field is ramped from positive to negative. Adapted from Ref. 17

taking magneto-PL measurements along the other axes. Figure 5.1-4 shows magneto-PL
measurements of the suspended thin bulk CrSBr sample with the field applied along the
intermediate a axis at strains of 0 %and 1.7 %, respectively. The unstrained spectra show the

characteristic continuous spin-canting behavior. The high-strain state, however, has a completely
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different field dependence, with no detectable energy shift with field. This is because the spins
are always aligned regardless of the spin canting (see spin diagrams above the color maps) in the
strain-induced FM phase. We should therefore expect no field-dependence in exciton energy at all.
In this scenario, the only field dependence should occur near the coercive field along the easy axis,
where magnetic domains containing layers with antiparallel orientations may form. This explains
the hysteresis observed along the easy axis and the absence of field-dependence observed along

the intermediate axis.
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Figure 5.1-4 | Magneto-PL measurements along the a axis in the unstrained AFM (left) and
high-strain FM (right) states. Adapted from Ref. 7*

5.2 THEORETICAL UNDERSTANDING OF THE STRAIN-INDUCED MAGNETIC PHASE

TRANSITION

The experimental evidence for the magnetic phase transition is further supported by density
functional theory (DFT) calculations which predict a strain-induced AFM to FM phase transition
(see Fig. 5.2-1a). In addition to predicting the AFM to FM phase transition, these calculations help
elucidate its origin. For instance, we observe little difference in the theoretically predicted critical
strain when the other lattice parameters, i.e., b and ¢ are either held constant or free to relax due to
the Poisson effect. This indicates that changes to the interlayer spacing are not likely to play a role
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in the changing magnetism. In addition, we find that there is only a single stable stacking order in
CrSBr (see Fig. 5.2-1b). Therefore, we can rule out structural phase transitions which have been
demonstrated' 1% to drive an AFM to FM phase transition in pressurized atomically thin Crls.
Rather, we find that the origin of the changing interlayer exchange in CrSBr comes from changes

to the bond geometry due to the in-plane strain.
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Figure 5.2-1 | DFT scalar-relativistic calculations of strain effects on interlayer magnetic
ordering. a, DFT-LSDA calculated energy difference A between FM and AFM interlayer
coupling as a function of uniaxial strain applied along the a axis. The switching from positive
to negative with increased strain corresponds to a strain-induced AFM to FM transition, denoted
by the dashed black line. We considered two cases, fixed- and free-boundary conditions,
corresponding to whether the b and c lattice constants are either kept constant (black) or are
allowed to relax (red). b, Stacking-dependent energy of AFM bilayer CrSBr calculated using a
4x4 grid to sample real-space shift vectors between layers. The results show that there is only
a single stable interlayer stacking configuration at (0, 0). Adapted from Ref. ™

According to the calculations, the largest change due to increasing the a lattice constant is
a significant strengthening of exchange between the 1% nearest-neighbor interlayer Cr pairs. The
two relevant interlayer exchange pathways are shown in Figure 5.2-2a. Since the Br p orbitals in
the super-super exchange pathway of P1 are nearly orthogonal, they mediate a weak on-site

interaction due to due to Hund’s rule (Fig. 5.2-2b). On the other hand, the second pathway (P2)
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allows for direct hopping in one of the Br (Fig. 5.2-2c). Consequently, P2 dominates the interlayer

magnetic coupling between nearest-neighbor Cr-Cr interlayer pairs.
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Figure 5.2-2 | Understanding interlayer magnetic coupling in CrSBr. a, Two interlayer
exchange pathways (P1 and P2) between nearest Cr-Cr interlayer pairs viewed from the side.
b, Diagram of the P1 exchange pathway, which gives weak interlayer exchange due to the
nearly orthogonal Br p orbitals in the super-super exchange pathway. ¢, Depiction of the second
exchange pathway (P2). This pathway dominates the interlayer magnetic coupling since it
allows for direct hopping in one of the Br. The figures are adapted from Ref. 7*

As we learned before, the sign and magnitude of superexchange can be found using the
Goodenough-Kanamori-Anderson rules, with angles of 90° and 180° favoring AFM and FM
coupling, respectively. According to the calculation, tensile strain along the a axis causes the angle
a (responsible for the FM interactions) to become closer to 90°, while the angle (responsible for
the AFM contribution) remains relatively unchanged. The overall consequence is that the FM
contribution continuously grows, thereby weakening the overall AFM interlayer exchange, until a
critical strain where the interlayer exchange becomes overall ferromagnetic and the sample

undergoes a strain-induced magnetic phase transition.
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5.3  STRAIN ENGINEERING OF MAGNON DISPERSION AND DISCOVERY OF NOVEL

MAGNON STATES

In Chapter 2, we demonstrated that the coherent exciton-magnon coupling in CrSBr
enables direct measurement of the spin dynamics. In addition to enabling quantum transduction, a
key component for new hybrid quantum technologies, fitting of the magnon dispersion with
magnetic field enables the extraction of key magnetic parameters, i.e. interlayer exchange and
anisotropy. Therefore, in contrast to the photoluminescence, which is only sensitive to the angle
between spins, pump probe measurements can provide additional insight into the strain-induced
changes to the magnetic order. In addition, these measurements will reveal the effects of strain on
the magnon physics, an area which has not been thoroughly studied yet.

Figure 5.3-1a (left) shows the magnetic field dependent pump probe measurements at 0 V
of a polyimide-supported sample. Based on the Raman measurements, we estimate a built-in
thermal strain of ~ 0.5 %, though with a relatively large uncertainty due to the lack of unstrained
reference (i.e., a part of the flake far from the gap). The field is applied at an angle 6 ~ 9° with
respect to the a axis, resulting in a strong hybridization between the magnon modes. Increasing
the strain further leads to dramatic changes in the magnon dispersion as shown in Figure 5.3-1a.
Notably, the saturating field shrinks as expected, and the shape of the curve itself changes as well.
This point is accentuated by directly comparing the low and high strain data (Fig. 5.3-1a left and
right). The tail of the higher energy hybridized magnon mode clearly changes the sign of its
curvature (see the white arrow). This provides a clear indication that the physics of the hybridized

magnon modes are strongly modified by the strain.
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Figure 5.3-1 | Strain tuning of magnon dispersion in CrSBr. a, Experimental magnon
dispersions observed through transient reflectivity as strain is increased along the a axis. The
magnetic field is applied at an angle 8., = 9°. The white arrow indicates the tail of the hybridized
D) mode, which changes curvature with increasing strains. b, Corresponding simulations based
on the data in a. Adapted from Ref. 4

The excellent agreement between the theoretically modelled magnon dispersion curves and
the experimentally measured ones enables further insight into the observed strain effects. Figure
5.3-1b shows the calculated magnon dispersions which match the curvature and brightness of the
observed modes. The grey lines and labels denote the two magnon branches, i.e., the dark and
bright modes. As in the experiment, the dispersion of the high-field hybridized dark mode changes
curvature at high strain. Remarkably, the calculation also shows that the dispersion of the dark
mode with applied magnetic field significantly flattens as its curvature changes sign. In fact, the
calculation shows that the dark magnon becomes essentially dispersionless with field for the
experimentally measured data set taken at a strain of ~ 1.18 %. As far as we know, this is the first
time that magnons with this dispersion behavior have been observed. While our understanding of
the significance of this new dispersionless magnon state is unclear, one potential use could be in

magnonics devices where the insensitivity of the state to magnetic field could be desirable.
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In addition to enabling the discovery of novel magnon states, the theoretical modeling of

the pump-probe data provides incisive information on the magnetic properties of the sample
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and the magnon-exciton coupling is completely
turned off, prohibiting further experimental
measurement or theoretical modeling of the magnons. On the other hand, the anisotropy (Fig. 5.3-
2b) remains unchanged within the experimental error throughout the entire strain range.

In conclusion, we have utilized the exciton resonance as a sensitive probe of the strain-
tuned magnetic order in CrSBr. Tensile strain changes the bond geometry of the material,
continuously decreasing the antiferromagnetic interlayer magnetic exchange until it changes sign
at a critical strain. The observed hysteresis along the easy axis and lack of response along the
intermediate axis in magneto-PL measurements provide unambiguous evidence of ferromagnetism
in this high strain state. In addition, the coherent exciton magnon coupling allowed us to study
strain-dependent magnon dispersions, resulting in the discovery of novel, dispersionless (with
applied magnetic field) magnon modes for the first time. These results highlight CrSBr as a
remarkably tunable system, where we can use in-situ tensile strain and magnetic fields to control
the magnetic exchange properties to realize designer magnetic states. In the next chapter we will

utilize this discovery in functional devices.
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Chapter 6. STRAIN-PROGRAMMABLE MAGNETIC TUNNEL
JUNCTION

Since charge and spin are coupled in magnetic semiconductors such as CrSBr, control over the
magnetic structure through strain enables control over the electronic properties as well. The ability
to tune magnetism through strain may therefore provide new opportunities for novel strain-
actuated devices. This would overcome one of the challenges of current 2D magnetic tunneling
devices, e.g.., MTJs and magnetic Josephson Junctions, which is the requirement of either an
external magnetic field or large current pulse'®! to operate. Moreover, the strain-induced magnetic
phase transition may obey different physics than the field-induced one. In this regard, the MTJ can
also serve as a probe of the magnetic order, with the advantage of extraordinary sensitivity to the
vertical magnetic domain structure in the overlap region, typically ~ 500 nm?.

In this chapter, we will explore the properties of straintronic CrSBr MTlJs. Utilizing
electron tunneling in combination with standard magneto-transport and photoluminescence
measurements will enable us to probe the vertical and lateral domain formation during the
magnetic phase transition. In these samples, we find that the strain-induced magnetic phase
transition allows for unprecedented control over the layer-dependent magnetism due to vertical
strain gradients which form mixed magnetic states during the phase transition. Moreover, by
carefully adjusting the strain applied to the sample, we can finely tune the energy difference
between parallel and anti-parallel magnetic states. When this difference is sufficiently small, the
MT] starts to switch stochastically, with a strain-tunable response function. These results follow

those in our arXiv preprint!8?: https:/arxiv.org/ftp/arxiv/papers/2301/2301.03759.pdf.
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6.1 STRAINTRONIC CRSBR MTIJs

The basic design and optical image of the strain-controlled vdW MTJ is shown in Figure
6.1-1. The heterostructure is essentially the same as the standard silicon based one we studied in
Chapter 3. A CrSBr flake approximately ~ 11 nm thick is used as the tunnel barrier to maximize
the TMR ratio. Due to the relative air stability of multilayer CrSBr and the poor strain transmission
of hBN, we removed the hexagonal boron nitride encapsulating
layers, and placed the entire device on a flexible polyimide
substrate. In addition, we have added a gold clamping window
which covers the entire sample, except for the graphite contacts

and a ~ 5 pm window around the junction. We included this

window because we initially thought it was necessary for

Figure 6.1-1 | Schematic (top)
and optical image (bottom) of
a straintronic magnetic tunnel
junction

maximizing strain transmission based on the previous
literature, a hypothesis which is seemingly contradicted by our
later results presented in Chapter 5. However, the gold may indeed play an important role in
inducing a strain gradient vertically through the sample. We will find later that this strain gradient
likely determines how the magnetic order evolves during the magnetic phase transition.

An important benchmark for MTJs is the tunneling magnetoresistance ratio, i.e., which is
equal to the difference in the resistance of the parallel and anti-parallel alignments divided by the
resistance of the parallel configuration. Figure 6.1-2a shows the piezo voltage dependence of the
junction’s resistance as a function of magnetic field applied along the hard c axis at a temperature
of 60 K. At -5V, the system is in the layered AFM state and clearly generates a large TMR ratio
of ~ 3100 %, on par with other 2D A-type AFM tunnel junctions, but at higher temperatures. It is

worth noting that the device already has a rather large built-in strain of ~ 0.9 %, which lowers the
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saturating field along the hard axis substantially. When strain is further increased, the TMR
evolves dramatically. The first noticeable change is the large reduction in TMR of ~ 2600 %, on
par with the field-induced behavior. In addition, closer inspection reveals the formation of

complicated magnetic domain behavior as the magnetic phase transition occurs (see Fig. AIIL.1).

1.0

AAA
XXX

R (GQ) V=-5V
0.026 R 0.89

Resistance (GQ)
o
(2]

(&)}
< 1
Photon Energy (eV)

0.2f .
15V
PL (a.u.) =
25V 1.3 M 2000 V=28V
0 1 1 L L A & E = L _ = 2
-2 -1 0 1 2 0 5 10 15 20 25 -04 -0.2 0 02 04
M H (T) Piezo Voltage (V) Bias Voltage (V)

Figure 6.1-2 | Strain dependent tunneling magnetoresistance. a, Tunneling magnetoresistance
sweeps at select piezo voltages. The inset spin diagrams indicate the changing interlayer spin
alignment as the field is swept along the hard (c) axis in the low strain (-5 V) state which has
AFM interlayer coupling. A bias voltage Vp = 0.5 V is used. b, Colormap of the full strain
dependent TMR measurements. ¢, Magneto-photoluminescence measurements taken at the
junction region as a function of piezo voltage. The close agreement between b and ¢ indicate
the strain-induced phase transition is the origin of the dramatic changes in TMR. d-e Bias
dependent tunneling current with magnetic fields of 0 T (blue) and 3 T (purple) applied in the
low strain (d) and high strain (e) states. The inset diagrams illustrate the spin configurations.
All panels are adapted from Ref. '8

To investigate the origin of the dramatic changes to TMR and rule out trivial causes such
as contact failure, we took concurrent magneto-PL measurements on the junction. Figure 6.1-2b,c
show the full strain-dependent TMR and magneto-PL sweeps, respectively. The changes to the
TMR correspond well with those observed in magneto-PL, unambiguously proving that the strain-

induced AFM to FM phase transition is the cause of the large tunneling magnetoresistance
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switching. Further evidence comes from the bias-dependent tunneling characteristics in the low
and high magnetic and strain states. The low strain A-type AFM structure serves as a tunnel barrier
composed of spin filters with alternating layer magnetization. Therefore, applying a saturating
magnetic field in the AFM state strongly enhances the tunneling current with respect to the AFM
state (Fig. 6.1-2d). When the strain is increased and CrSBr becomes FM, however, the tunnel
barriers are uniform, i.e., all spin filters are aligned. Consequently, we observe little difference
between the zero- and high magnetic field bias dependence, similar to what has been reported for
other FM tunnel barriers'®? (Fig. 6.1-2e).

Having established the presence of the AFM to FM transition in the device, we proceed to
study the zero-field strain-induced behavior. Fig. 6.1-3a shows piezo voltage dependent tunneling
measurements with no applied magnetic field. A large and reversible TMR switching is observed.
This straintronic switching is very robust, with no visible signs of wrinkling or slipping over the
entire measurement (> 100 cycles). In addition, the operation of the MTJ can work at much higher
temperature than other 2D MTIJs due to the high ordering temperature of CrSBr. Figure 6.1-3b
shows strain switching cycles at select temperatures. A large TMR difference between low-strain
and high strain states is maintained, although the strain-induced magnetic phase transition gets
broader at higher temperatures. Fig. 6.1-3c shows that the zero-field strain-induced TMR exceeds
10,000 % at 30 K, and remains above 100 % up to = 140 K, above the unstrained CrSBr Neel
temperature of ~ 132 K. Interestingly, a dome-shaped positive magnetoresistance as a function of
field appears when a large piezo voltage is applied at 155 K (Fig. 6.1-3d), which looks similar to
the positive magnetoresistance shown in the high strain state (Fig. AIIl.1d). The induced positive
MRR likely arises from the enhancement of interlayer FM exchange which may result in the

previously reported®! intermediate FM (iFM) phase consisting of individual ferromagnetic
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monolayers with paramagnetic interlayer coupling, becoming a long-range FM ordered phase. The
study of this iIFM to FM magnetic phase transition, and the exploration of even higher temperatures

and strains is left for future studies.
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Figure 6.1-3 | Zero field strain switching of the CrSBr MTJ. a, Resistance of the device as a
function of piezo voltage taken at zero field and a temperature of 60 K. The black and colored
arrows indicate the sweep direction and interlayer magnetic coupling, respectively. b, Strain
switching sweeps at select temperatures. At elevated temperatures, the switching becomes
broader, but a large TMR ratio is maintained. ¢, Strain-induced TMR ratio as a function of
temperature. d, Magnetic field dependence of the junction resistance at an elevated temperature
T=155 K, above the Neel temperature of CrSBr. With strain, the TMR switches from a broad,
paramagnetic-like negative magnetoresistance behavior to a dome of positive
magnetoresistance. Reproduced from Ref. 32

6.2 PROBING DOMAIN FORMATION DURING THE STRAIN-INDUCED AFM 1O FM

TRANSITION

Closer inspection of the strain-switching curves reveals several steps in TMR, indicating the
presence of complex magnetic domains. Considering the observed hysteresis in the AFM to FM
phase transition as a function of strain (see Figure 5.1-2d), we expect a first order magnetic phase
transition with a mixed phase in between the AFM and FM phase. But how do domains nucleate

during the magnetic phase transition? Considering the rarity of strain-induced magnetic phase
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transitions in the literature, it is not immediately clear what the microscopic magnetic structure of
the sample should look like. Fortunately, we can use the coupling of spin and charge in this
material to probe the physics and magnetic structure during the phase transition.

While the MTJ is only sensitive to the domain formation within the ~ 500 nm? device
overlap region, we can use magneto-PL to map the domain formation across the entire device. The
validity of this approach is confirmed by directly comparing the magneto-PL sweep taken on the
junction region with the TMR (Fig. 6.2-1a-b). The curves show general agreement, with similar
domain behavior and saturating field. Figure 6.2-1d-g shows magneto-PL measurements taken at
several places across the sample (indicated by the colored circles in the optical image, Fig. 6.2-
Ic). This course mapping shows that spots separated by several microns around the sample have

similar domain behavior. Therefore, we conclude that the domains probed by the MT]J arise from
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Figure 6.2-1 | Mapping magnetic domain formation in the CrSBr MTJ. a-b, Comparison of the
magnetic field dependent tunneling magnetoresistance (a) and integrated intensity of the
photoluminescence spectra (b) taken at the junction spot. The similarity between the two
experiments indicates that both measurements probe the same magnetic domain structure. c-g,
Optical image of the device (c¢) with markers indicating where the various magneto-PL
measurements (d-g) are taken. Reproduced from Ref. '3
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vertical domains, and not lateral domains. The origin of such vertical magnetic domains that are
uniform for microns across the sample suggests that domains form layer-wise instead of laterally
at defect sites, for example.

We can further confirm that layer-wise vertical magnetic domains form during the strain-
induced magnetic phase transition by studying the strain-dependent magnetoresistance of a
CrSBr lateral transport device (Fig. 6.2-2a). Figure 6.2-2b shows the MRR as a function of piezo
voltage and magnetic field, with the field applied along the intermediate a axis at a temperature
of 105 K. The field direction is limited by the strain cell we designed for the PPMS. At90 V, a
sudden change in the MRR is observed, where the large negative MRR strongly decreases. This
corresponds to the AFM to FM phase transition, which is accentuated by taking the numerical
derivative of MRR, plotted in Figure 6.2-2c. It is worth recalling Chapter 3, where we
established that multiple magnetoresistance mechanisms can exist, complicating deeper
understanding of the shape of MRR curve in the FM state. However, the lack of clear domain

formation during the phase transition supports the picture that domains mostly form vertically

instead of laterally.
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Figure 6.2-2 | Strain dependent lateral magnetotransport in thin bulk CrSBr. a, Optical image
of the strain device. b, Piezo voltage dependent magnetoresistance sweeps taken at a

temperature of 105 K. The field is swept along the a (intermediate) axis. ¢, Numerical
derivative of b.
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6.3 UNDERSTANDING FIELD AND STRAIN INDUCED MAGNETIC PHASE

TRANSITIONS

To gain insight into how the layer-dependent magnetic order evolves during AFM to FM phase
transitions, we first consider the well-studied magnetic field induced AFM to FM phase transition
in A-type MTlJs. In A-type AFMs, the oppositely magnetized layers create an effective exchange
bias on the adjacent layers'®*. Therefore, the critical field required to cause the spin-flip transition
depends on the number of AFM interfaces. To illustrate this point, Figure 6.3-1 shows a seven-
layer CrSBr flake. The top and bottom layers have a single AFM interface and are therefore distinct
from the interior bulk layers which all have two AFM interfaces. Consequently, the surface layers
will have a smaller critical field than the interior ones. When the magnetic field is increased, these
layers will flip first, giving the mixed magnetic state shown in Figure 6.3-1. At this point, the rest
of the flake is degenerate in energy and critical field since they all have the same number of AFM
interfaces. When the field is further increased, all interior layers should flip at the same field into
the FM state (Fig. 6.3-1 right). Therefore, we should expect that multi-layer A-type vdW MTJs
will have three states regardless of thickness: the high resistance zero-field AFM state, the
intermediate state with FM surface layers and AFM bulk, and the low resistance high-field totally

FM state. This picture is supported by results from multi-layer Crls tunnel junctions, where two

Magnetic field induced phase transition
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Figure 6.3-1 | Illustration of magnetic field induced AFM to FM transition. When the applied
field exceeds the critical field of the surface layers (noHcs), they align and create a mixed
magnetic state. When the field is further increased and exceeds the critical field of the bulk
layers (noHsat), the entire flake becomes ferromagnetic.
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prominent jumps in TMR are observed regardless of the sample thickness!®. It is worth noting,
however, that additional jumps could arise from stacking faults, defects, or unintentional strains in
the crystal lattice which can break the energy degeneracy of the intermediate layers. In addition,
the application of a vertical electric field in gated atomically thin MTJs may serve a similar role'®’.
However, the very nature of the magnetic phase transition seems to present a significant challenge
for harnessing the large number of spin-filters present in multi-layer A-type vdW MTIJs to realize
a multitude of distinct, controllable magnetoresistance states.

Intuitively, we expect that the evolution of the magnetic structure during the strain-induced
phase transition is very different from that of the magnetic field-induced phase transition. In this
case, the phase transition occurs when the strain exceeds some critical value. In principle, if all the
layers have exactly equal strain, we could expect that the layers should flip all at once in a sharp
spin-flip transition, similar to the last stage of the field-induced transition. However, if there is any
strain gradient vertically through the sample, it will break the energy degeneracy of the layers. We
take the same seven-layer CrSBr as an example, but with greater strain on the top layers than the
bottom ones (Fig. 6.3-2). As the strain is increased, the top layers will reach the critical strain
threshold first and become FM, followed progressively by the rest of the flake. Therefore, the
strain-induced magnetic phase transition can favor the formation of vertical, layer-dependent

mixed magnetic states as we observed in the previous section, given that there is a vertical strain

gradient present in the sample.
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Figure 6.3-2 | Illustration of strain-induced AFM to FM transition. A vertical strain gradient
breaks the energy degeneracy of the layers, leading to layer-by-layer flipping with increasing
strain.

The presence of strain gradients seems to be at odds with the results presented in Chapter
4, where we established a robust strain transmission through multilayer CrSBr when the sample is
directly deposited on polyimide. However, it is important to note that the clamping scheme used
in these MTJ samples creates very different environments for the top and bottom layers of the
CrSBr flake. For instance, the bottom surface is directly in contact with the polyimide except for
the extremely narrow region on top of the graphite contact, while the top is clamped by gold. In
this case, we speculate that the mismatched Poisson’s ratio of gold may lead to a different strain
on the top than on the bottom layers. More careful consideration of the origin of the vertical strain
gradient and deliberate engineering of its magnitude and profile is an interesting direction for
future work. The presence of the vertical strain gradient, regardless of its origin, seems to provide
a powerful tool for breaking the energy degeneracy of the layers in the MTJ, enabling far greater
control over the layer-dependent magnetic order than magnetic field.

An implication of the layer-wise strain-induced AFM to FM transitions is that devices with
increasing thickness should have a greater number of magnetoresistive states that form during the
phase transition. Figure 6.3-3 shows the derivative of TMR for MTJs with varying CrSBr

thickness. With increasing thickness, we clearly observe a greater number of domains which occur
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in the intermediate states between the AFM and FM orders. It is challenging to model what these
domains exactly correspond to because the field is applied along either the intermediate (Fig. 6.3-
3a,b) or hard axis (Fig. 6.3-3c) due to cryostat limitations. In addition, the strain gradient results
in layer-dependent critical fields with possible exchange bias effects at the mixed AFM/FM
interfaces. Consequently, the behavior of the magnetic structure under magnetic field, especially
in the canted AFM states, could be extremely complex. Nevertheless, the trend of increasing

domain complexity with increasing thickness agrees with the basic picture outlined above.
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Figure 6.3-3 | Thickness dependence of the strain-induced magnetic phase transition probed
by electron tunneling. a-c, Derivative of the tunneling magnetoresistance as a function of piezo
voltage and magnetic field for 6-layer (a), intermediate thickness (estimated to be ~ 7 nm) (b),

and 11 nm (~ 14 layers) (¢) MTJ devices. The magnetic field is applied along the a axis for a
and b, and along the c axis for c.

The distinct nature of the strain-induced AFM to FM transition should enable the creation
of a plethora of magnetoresistive states which can be switched using strain. To explore this
possibility, we first adjusted the static DC strain to be very close to the AFM to FM transition.
Then, we applied a square-wave AC strain pulse to the sample (see Fig. 6.3-4 inset). Figure 6.3-4
shows the MTJ output as the magnitude of the strain pulse is increase from 5 mV to 250 mV.

When the pulse amplitude reaches =~ 24 mV, generating a strain of only =~ 0.0008 % based on

the Raman measurements, the tunneling current measured during the strain pulse jumps into a
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distinctly stable state (left-most purple arrow in Fig. 6.3-4). This behavior corresponds to
switching between two layered magnetic configurations, i.e., the strain pulse actively flips the

magnetization direction of individual layers. Based on these measurements, we obtain a

AR

gauge factor GF = ﬁ ~ 3500, among the largest values reported in any system to date

186,187

Further increasing the magnitude of the strain pulse increases the number of layers which are
flipped. These additional distinct jumps into stable magnetic configurations are observed with
increasing pulse amplitude (purple arrows in Fig. 6.3-4). Interestingly, a sufficiently large strain
pulse also seems to change the static state tunneling current, i.e. the current after the pulse ceases.

Therefore, it seems that the strain pulse can write the steady-state magnetic configuration.
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Figure 6.3-4 | Strain pulse control of multiple magnetoresistive states. In this experiment, the

static strain (Vppc) is adjusted to be near the phase transition, and then a square wave strain

pulse (Vrac) is applied on top of the DC voltage, as shown in the inset. The pulse amplitude is

increased from the smallest value of 5 mV (left) to 250 mV (right). The purple arrows indicate

pulse amplitudes where distinct stable states are realized. Adapted from Ref. !*?
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The strain-pulse behavior observed near the AFM to FM transition is entirely different than
in the purely FM or purely AFM states. In those states, increasing the magnitude of the strain pulse
only results in small, continuous changes at a gauge factor three orders of magnitude smaller than
during the phase transition, and with no change in the static current (AIIL2). Therefore, we
conclude that the switching shown in Fig. 6.3-4 arises from manipulating vertical layer-dependent

magnetization in the mixed magnetic states. These results highlight that the unique strain-induced
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magnetic phase transition enables the control of multiple TMR states, which can be actively written

using extremely small strain pulses.

6.4 CREATION OF METASTABLE STATES

When the energy difference between the AFM and FM configurations becomes very small,
the layer magnetization can switch back and forth between parallel and anti-parallel. This
stochastic switching in MTJs can serve as a probabilistic bit, or p-bit'**!%>_ In contrast to binary
bits which are either ‘0’ or ‘1’ and qubits which are superpositions of ‘0s’ and ‘1’s, the p-bit
switches back and forth between ‘0’ and ‘1’ with some probability (Figure 6.4-1). Because

bit p-bit qubit stochastic MTJ p-bits utilize a physical stochastic
process, they offer significant efficiency over

0 1 0 1 0 1
~

T 1 T 1 T * 1 CMOS-based circuits when it comes to executing
N’

Figure 6.4-1 | Types of computing bits.  probabilistic computing, e.g., solving certain

Classical bits (left) consist of a 0 or 1,

qubits (right) consist of superpositions of  models'**!®8. For instance, this concept has recently

0s and 1s, while p-bits (middle) fluctuate

back and forth between 0 and 1. been utilized in pioneering works demonstrating
efficient integer factorization using stochastic MTJs. Comparing the performance in integer
factorization of the p-bits to conventional CMOS with digital random number generators (RNG),
the work'** found that the p-bits offer an energy advantage by a factor of 10, and an area advantage
by a factor of 300.

A defining feature of the p-bit is the stochastic switching between two magnetization
states, and the ability to bias the distribution towards either the zero or the one state. In contrast
to the extremely stable MTJs used for magnetic memory, the stochastic ones are purposefully
designed to be unstable. In terms of the free energy of the system, the energy difference between

parallel and antiparallel, AE, is greater than 60 times and ~ 15 times the thermal energy for the
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stable and stochastic MTJs, respectively. In conventional MTJ technologies used today, AE is
fixed by the growth conditions. The continual tuning of interlayer exchange in strained CrSBr
established in Chapter 5 therefore offers a new method for tuning the energetics and stochasticity
of the MTJ in-situ.

Closer inspection of the strain-pulse measurement already reveals the signatures of
metastable states when the pulse magnitude is nearly enough to switch the MTJ into a new stable
state, as explored in the previous section (Fig. 6.3-4). During the trough of the square wave pulse,
the device started to switch back and forth into the stable state, which is then completely stabilized
when the pulse magnitude is further increased. By adjusting the static strain to near where the
switching occurs, we can proceed to carefully study the switching characteristics under the tuning
knobs of strain and bias voltage. Figure 6.4-2a shows the tunneling current as a function of time
as the static piezo voltage is adjusted. Beginning with the stable magnetic domain structure, we
increase the static strain, Vppc, by 14 mV (red arrow). In this condition, the tunneling current
begins to switch between two values. Decreasing the piezo voltage back to the original value (blue
arrow), returns the tunneling current to the original stable value. This demonstrates that the
stochastic switching can be reliably turned on and off. To our knowledge, this is the first realization
of p-bit type operation using a vdW MTIJ to our knowledge. Moreover, the ability to switch
between stable and stochastic domains, i.e, between MRAM and p-bit type functionalities, is
unique to this system due to the ability to finely and continuously tune the energy barrier between

magnetic configurations (Fig.6.4-2b).
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Figure 6.4-2 | Creating and controlling metastable states. a, Tunneling current measured over
time as the static piezo voltage is increased (red arrow) and decreased (blue arrow) by 14 mV.
Initially, the MTJ is in a stable magnetic state during the AFM to FM phase transition. Bottom:
zoom in of switching events with finer time resolution. b, Functionalities of the strained MT]J.
Applying strain pulses (Vpac) causes dynamic layer flipping between stable states, while
adjusting the static strain (Vepc) to lower the energy barrier between AFM and FM
configurations enables stochastic switching. ¢, Bias voltage dependence of the switching rate.
d, Response function, p, as a function of the change in static piezo voltage. This value is
calculated by converting the MTJ output to a binary sequence and taking the average over the
entire time window. e, MTJ output (top) and converted binary output (bottom) taken near p =
0.5 (i.e., roughly equal number of Os and 1s) as a function of time. f, Results of the NIST test
suite applied to the MTJ output in e after sampling with a sampling time of .1760 seconds. The
grey line indicates a p-value of .01, which is the standard cut-off for a test to be considered
successful. Adapted from Ref. '3

Defining the lower current state as a ‘0’ and the higher current state as a ‘1°, allows us to
convert the MTJ output to a binary sequence and study the response of the domain switching to
external control knobs, i.e., applied bias voltage and strain. Figure 6.4-2c shows that increasing
the bias voltage applied to the MTJ results in a large increase of the switching rate. The origin of
this bias voltage dependence is likely spin transfer torque effects from a mixed magnetic domain
structure (see next section). Keeping the bias voltage fixed, we explore how changing the static
strain affects the stochasticity of the device. A simple indicator of the stochasticity is given by
the response function, p, which is calculated by taking the average of the binary sequence over

the entire time window. This is essentially the probability of finding the MTJ in either the ‘0’ or
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‘1’ state at any given time. Therefore, p =0 or 1 indicates a stable magnetic configuration, and a
value of 0.5 corresponds to equal fluctuations between the two stable states. Figure 6.4-2d shows
the response function as the static strain is finely increased. A sigmoidal dependence on the
applied strain is observed. The nonlinear sigmoidal response function is reminiscent of p-bits,
and stochastic binary neurons'®.

In principle, the ability to tune the response function should enable random number
generation at p = 0.5, and a biased Bernoulli sequence when tuned to either higher or lower
values. In addition to strain, the applied bias voltage can also be used to tune p by changing the
switching rate, possibly providing finer control. This can also allow interactions between
multiple p-bits. The two independent control parameters of strain and bias voltage could allow
independent tuning of the p-bit’s effective temperature and energy landscape, thereby enabling
direct stochastic annealing of the system. Such a scheme should reduce the circuit complexity
required for large-scale analog p-bit annealing, though further study is needed to explore the full
mapping between the two-dimensional (i.e., strain and bias) voltage landscape and the behavior
of the p-bit dynamics.

To test the stochasticity of the device, we can further analyze the switching data taken
when p = 0.5, which is a binary sequence with near equal 1s and 0Os, as shown in Fig. 6.4-2e.
Since the lock-in detection scheme measures the tunneling current much faster than the domain
switching rate, we must down-sample the data. Using data collected over 200 seconds, we used
15 tests from the NIST test suite'*® to assess the stochasticity. The Maurer’s Universal Test was
excluded because the sequence was not sufficiently large enough. Fig. 6.4-2f shows the results of
all 15 tests using a sampling time of 0.1760 seconds, which was found to be slower than the

switching speed (see below). The grey line corresponds to a p-value of 0.01, which is a standard
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threshold for which the test is considered successful. These results suggest that the generated
binary sequence has a high degree of randomness, but the relatively small sequence size calls for

additional analysis.

The full sampling time dependence on the number of passed tests is plotted in Fig. 6.4-3,
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We further analyzed the stochasticity by comparing the extracted dwell times, i.e. the
time between switches, of the 0 and 1 states. The dwell times for the 0 and 1 states are plotted as
a histogram, and follow an exponential envelope as expected for a Poisson process (Fig. 6.4-4).
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Figure 6.4-4 | Dwell time histograms for the zero state (left) and one state (Right). Adapted
from Ref. '%2
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We can find the characteristic lifetime, 1, by plotting the logarithm of the histogram bin counts

versus the dwell time:
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Figure 6.4-5 | Extracting lifetimes of the zero (left) and one state (right). The line is a linear fit
of the bin counts as a function of time. Adapted from Ref. '*?

Based on the linear fits, we find the characteristic lifetimes of the 0 and 1 states to be 0=
159 £ 9 ms and 11 = 151 £ 9 ms, respectively, where the uncertainty is obtained by the standard
deviation of the linear fit. Importantly, these values indicate that the time spent in the 0 and 1
states are equal within the uncertainty of the analysis. Combined with the results of the NIST
statistical tests, and the physical origin of the switching events, we conclude that our stochastic

MT]J can generate binary sequences with a high degree of randomness.

6.5 FUTURE DIRECTIONS

Having established stochastic functionality for the first time in a vdW MT]J, the next
natural step is to explore architectures for scaling device fabrication for potential neuromorphic
and probabilistic computing applications. In this regard, the vdW nature can serve as both a
blessing and a curse. On the one hand, 2D materials fabrication, which requires careful

exfoliation, searching, and stacking, is not yet at a stage suitable for commercial use. On the
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other hand, many tools have been developed to pattern and control these materials on the
nanoscale. For instance, patterning'®!"!? the graphite contacts into strips could enable the

realization of a “cross-bar geometry” (Fig. 6.5.1), which is a common architecture used in

Bottom Gr

cutting-edge MTJ devices!**. This fabrication procedure

could enable the creation of an array of 2D stochastic
MT]Is, provided that the strain of each MTJ is similar.

Therefore, engineering homogeneous strain on each p-

p-bit 2

. bit will be imperative. Careful measurement scheme and
Figure 6.5-1 | CrSBr MTJ array

using the crossbar geometry. choice of CrSBr tunnel barrier to optimize switching

rate and desired resistances values will be important considerations as well. If this can be
achieved, then the stochasticity of each p-bit can be controlled by the applied bias voltage, as
seen in the previous subsection. Then, the probabilistic computer can be realized by allowing the
output of the MTJs in the cross-bar to change the applied bias voltage to the other ones, i.e.,
letting p-bit 1 and p-bit 2 in Fig. 6.5-1 “talk” to each other.

In addition to new geometries, another pressing issue is the fabrication of truly atomically
thin p-bit MTIJs. In Figure 6.5-2 we show the results obtained from a 6 layer straintronic MT]J.
The device clearly shows the strain-induced magnetic phase transition (Fig. 6.5-2a-c) and
stochastic metastable states (Fig. 6.5-2d-e). However, the TMR ratio is significantly smaller than
in the device which used an 11 nm CrSBr tunnel barrier. One possibility is that the sample
partially degraded during the device fabrication as it was exposed directly to air and solvents.
Previous studies on CrSBr have shown that the monolayer is extremely air sensitive, while
thicker samples are apparently not, but solvent and heating exposure have not been established

yet. One way we could test and solve this problem is to use an hBN capping layer which will
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protect the flake from air and solvents, as we did for Crl;. However, we note that the doubly
encapsulated bilayer sample studied in Chapter 3 was entirely fabricated in the glovebox, also
showed much smaller TMR than the thin bulk sample, indicating that the TMR of such few
atomic layer devices may ultimately be limited. Therefore, the choice of CrSBr tunnel barrier

thickness may vary depending on the specific application.
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Figure 6.5-2 | Six layer strain-actuated CrSBr magnetic tunnel junction. a, Magnetoresistance
sweeps of a MTJ with a six-layer CrSBr tunnel barrier as the piezo voltage is ramped from 32.5
V (blue) to 75 V (red). The magnetic field is swept along the a axis at a nominal sample
temperature of 20 K, and the curves are offset for clarity. b-c, TMR sweeps in the low strain
AFM (b) and high strain FM (¢) states, demonstrating switching from negative to positive MR.
An optical image of the device is inset in b, scale bar: 5 um. d-e, Resistance measured over
time at select piezo voltages. Metastable domain switching (d) that is stabilized by slightly
increasing strain (e) is observed, similar to the thicker flake. Reproduced from Ref. %2

An important observation in the metastable states of both the six layer and 11 nm CrSBr MTJs is
that the switching behavior depends on the polarity of the bias voltage. Figure 6.5-3a,b shows the
MT]J output over time of a metastable state with currents of similar magnitude flowing in different
directions. When negative bias voltage is applied, we observe no switching. This curious
observation implies that heating is not the origin of the increased switching rate with bias voltage.
Instead, the data suggests an asymmetric vertical magnetic domain structure rate (Fig. 6.5-3c),

which is consistent with the previous results in this chapter. When electrons tunnel through the
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sample, a difference in spin polarization and thus spin transfer torque arises when the tunneling
current flows in opposite directions. A fascinating direction is to explore whether the mixed
domain structure in Figure 6.5-2c can give rise to other spintronic effects which can happen at
AFM/FM interfaces. These effects include exchange bias!®*, magnetic ratchet effects!, full

magnetization flipping through spin transfer torque, etc.
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Figure 6.5-3 | Bias polarity dependent switching and asymmetric vertical magnetic domain
structure. a-b, Tunneling current of a metastable state measured over time with a positive (a)
and negative (b) bias applied to the 11nm CrSBr MTIJ. A stable current of similar magnitude is
measured under negative bias, ruling out heating effects. Instead, the behavior indicates an
asymmetric vertical magnetic domain structure illustrated in (c). Adapted from Ref. %2

Another exciting opportunity is to leverage the strain-induced magnetic phase transition
in other types of quantum devices. A remarkable advantage of these devices is that the all-vdW
heterostructure offers atomically sharp interfaces without lattice matching considerations which
limit the types of samples which can be grown using traditional techniques. For instance, we can
easily replace the metallic graphite contacts for superconducting contacts to form magnetic
Josephson Junctions (JJs)!?¢2%!, The strain-programmability of the CrSBr tunnel barrier could
then enable field-free control of the phase of the JJ, and potentially superconducting diode

effects. Moreover, the ability to control the vertical magnetic domain structure opens new
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opportunities to vary the thickness of the FM and AFM tunnel barriers in-situ without much
change to the overall thickness of the insulating CrSBr barrier layer. This unique capability may
provide a new platform for studying exotic phenomena proposed to emerge in
superconductor/ferromagnetic JJs with inhomogeneous magnetization, such as spin triplet

correlations.
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APPENDIX I: ADDITIONAL INFORMATION FOR CHAPTER 2

Al.1 Reflective Magnetic Circular Dichroism

When light is incident on a magnetic material, the amplitude between reflected right- and
left-circularly polarized light can be different. This property is known as magnetic circular
dichroism. When linearly polarized light, consisting of equal superposition of right and left
circularly polarized components is incident on materials with this property, the reflected and
transmitted light become elliptically polarized. In the backscattering geometry, this effect is
known as reflective magnetic circular dichroism (RMCD), and it provides a highly sensitive
probe of the out-of-plane magnetic moment?'.

The experimental setup our lab most commonly uses to measure RMCD is shown in
Figure Al.la. A laser beam is modulated twice: first by an optical chopper set at ~ 1 kHz, and
then a photoelastic modulator (PEM) set to quarter wave modulation at 50 kHz. The incident
light reflects off the sample and is then directed into a photodiode by the beamsplitter. The
photodiode is connected to two lock-in detectors which read the intensity at the chopper
frequency and PEM frequencies, providing a value of the reflected light intensity and the circular

dichroism, respectively. To convert the lock-in readings to RMCD, we use?!:

Lo _ . s AR
5= J1(60)

In our setup, we found that A ~ 1, so the RMCD (A?R) is obtained by dividing the PEM

reading by the chopper one and the Bessel function of the first kind evaluated at g (the total

retardance). This technique was first used® in our lab to study atomically thin Crl; flakes (see

Fig. AL.1b for a measurement of monolayer Crl3), and it has become a vital tool in a variety of

17,45,64,105,131,179

subsequent discoveries in that system and many others.
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Figure Al.1 | Reflective magnetic circular dichroism measurements. a, Diagram of the optics
setup for the RMCD measurement. P1 represents a linear polarizer set to 45° with respect to
the optical axis of the PEM. b, RMCD measurement of monolayer Crlz. A sharp hysteresis
loop, consistent with FM ordering, is observed.

AlL2 Modelling Magnon Dynamics with Landau-Lifshitz-Gilbert Equation

The energy, brightness, and magnetic field dependence of magnons in CrSBr can be
understood using the standard Landau-Lifshitz-Gilbert (LLG) treatment. We start with the

Hamiltonian of CrSBr which is treated as:

~\ 2 ~ A
H=],$1-8S, —gugH - Z S;—Ky(5;°b)" + K(S; - @)% + K.(S; - 6)?

i=1,2

Where J; is the interlayer exchange coupling, the magnitudes of magnetization of adjacent layers
aresetas §; = S, = S, pzis the Bohr magneton, g =2 is the Landé factor, and b, @, ¢ are the easy,

intermediate, and hard axes, respectively. The first term is responsible for the interlayer exchange
coupling, the second is the Zeeman energy from an external magnetic field, and the others come
from the triaxial magnetic anisotropy. Since shifting the energy of all three anisotropies by a
constant value does not affect the spin dynamics, we can choose to set K, = 0, and Ky > 0.

The magnon mode frequencies and dynamics can then be obtained by the LLG equation:

Sl:_SiXHi
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where H; is the effective magnetic field felt by the ith spin obtained by taking the derivative of
the above Hamiltonian with respect to each macrospin component, i.e. H; = Vg H. Using linear
spin wave theory, we can express S; = S + 8S; where S is the equilibrium spin configuration.
To ensure a constant magnitude of spin up to second order, we also set SY - dS; = 0. First, we will
consider what happens when a field is applied directly along the a axis. In this case, the spins will
cant at an angle 6 from the b axis which is determined by minimizing the energy of the
Hamiltonian. The equilibrium spin states along the (b, a, and ¢) axes are then S =
S(cos(),sin(8),0) and §9 = S(—cos(@),sin(h),0), respectively. Given the restraint that S -

dS; = 0, we can set 3§, = (—651' cos(@),0 Sllsin(e) , 6Sf).

S

A

C

Figure Al.2 | Diagram of magnons in the canted AFM state, when the field is applied directly
along the a axis.

The LLG then becomes:
ss)! 0 0 I, + 2(K, + K.) I ss)!
s _ s 0 0 I I+ 2(K, + Kc)\ 5s)
dt| ss¢ —(2Kp cos?(¢) +J2) J2 cos(2¢) 0 0 5S¢
5S¢ J» cos(2¢) —(2K, cos®(¢) +J,) 0 0 55§

CrSBr has a two-fold rotational symmetry (i.e., C>) along the a axis, which is maintained
when the magnetic field is applied along the a axis. Consequently, we can decouple the LLG into
two sets of equations, which are even and odd under parity operations. This is achieved by applying

the unitary transformation:
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pll 1 1 0 o0)/0S
pei_1[o o 1 1 |fgss!
Bl yv2\1 -1 0 0 c
B¢ vz 0 0 1 -1/\%

5SS

Where D!l and D¢ denote even bases and B!l and B¢ are odd under the C: rotational symmetry.
We learned earlier in Chapter 2 that the odd-parity mode can coherently couple to excitons due to
the changing angle between spins through the precession period, while the even mode is optically

dark. In these new bases, the LLG equation is expressed as:

pll 0 U2+ Ky + K¢) 0 0 pll
dpc)_ ag| Kb cos?(¢p) + J, sin®(¢)) 0 0 0 D¢
ac\ gl 0 0 0 (Kp +Kc) |\ Bl
B¢ 0 0 —(Kp + J2) cos?(¢)) 0 B¢

which gives a frequency of Ep = 25/ (J, + K, + K¢) — (Kj, cos2(¢) + J, sin?(¢)) and Ep =

28\ (K, + K¢)(Kp + J») cos?(¢)) for the dark and bright modes, respectively. In the case of K
= J>, the dark mode does not depend on ¢, which corresponds to the dispersionless mode observed
in the strained CrSBr sample.

When the in-plane field is applied at a tilted angle, i.e., not along the a or b axes, the two-
fold rotational symmetry of the system is broken. This leads to a mixing of the dark and bright
modes. To capture this behavior, we consider what happens when the field has a small component,
Hp, along the b axis with H, << H,. Because of this condition, we neglect the influence of H;on
the spin canting. Projecting the torques generated by Hj onto the directions orthogonal to S? or SY

turns the LLG into:

D! / 0 U2 + Kp + K¢) 0 f \ Dl

[ pe) _ o —Kscos*(§) + ]y sin*(9)) 0 _f 0 et

dt\ B! 0 f 0 (K, +KC)/ Bl

B¢ ~f 0 ~(Ky+J) cos? (@) 0 B¢
where f = %, giving rise to the coupling between the dark and bright modes.
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The LLG equation can then be solved numerically for arbitrary field direction, with the
brightness of the modes determined by calculating the change of S;(t) - S,(t) over a single period

for fixed spin wave amplitudes™®.

AlL.3 Magnon Raman scattering in bulk Crl3

Co. olo-

Intensity x 104 (a.u.)

Raman Shift (cm-)
: =)

Raman Shift (cm*')
[+

30 -20 -10 0 10 20 30 7 5 -3 - 1 3 5 7 7 6 5 4 3 -2 A 0
Raman Shift (cm') HoH (T) HoH (T)
Figure AL3 | Raman scattering from acoustic magnons in unexfoliated bulk single crystal Crls.
a, Low energy Raman scattering in all circurlarly polarized channels. The signal is still
strongest in the cross-circularly polarized channel (black), but a large component appears in the
co-circular (o+/c+, red) one as well. The relaxation of selection rules in comparison with the
atomically thin flakes likely comes from defects and stacking faults in the bulk crystal. b, Field-
dependent Raman measurements. The linear shift in field confirms the feature is a magnon peak
and rules out origins such as acoustic phonons. ¢, The energy of the acoustic magnon as a
function of field. The dashed line indicates the expected Zeeman energy shift of a magnon, i.e.
a magnetic moment of 2 g, with a zero-field intercept of ~ 2.8 cm™!. Reproduced from Ref. ¢4
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APPENDIX II: STRAIN CELL AND DEVICE FABRICATION

The basic operating principle of the strain cell was covered in Chapter 4. Here, I will discuss
additional important considerations for strain experiments. Three piezoelectric stacks are glued
using Stycast 2850FT epoxy to a titanium backing plate ( > 2 mm thick) and a flexure element
(Figure 4.1-1a). When gluing the strain cell together, it is important to ensure that all piezo stacks
are parallel to each other, and perpendicular to the titanium backing plate to ensure proper tensile
strain application. The thermal contraction of the symmetrically glued piezostacks negates much
of the thermal strain on the sample!*. However, different contraction coefficients between the
titanium plate and the sample can still result in a thermal strain. Often time we will short the wires
of the piezostacks together to simplify operation. To ensure proper application of strain, the
positive leads of the outer piezo stacks are connected to the black lead of the inner piezo stack.
Similarly, the negative leads of the outer piezo stacks are shorted to the positive lead of the inner
one. Thus, applying a piezo voltage causes the outer (inner) stacks to expand (contract), as desired.

The piezo stacks have an asymmetric, temperature dependent voltage range. For example,

at room temperature, the piezo stacks can be varied from -20 V to 120 V at 300 K, but -200 V to

200

200 V at -2 K. The full temperature dependence is shown

100 in Figure AIL1. In the shorted configuration, a positive

s
é” ) voltage applied to the strain cell corresponds to a negative
>

+100 voltage applied to the inner stack. Therefore, the benefit of

200 — — = simplicity in the shorted configuration comes with the
Temperature (K)

Figure AIL1 | Temperature downside of limited functionality at elevated temperatures,

dependence of operational piezo ' ' ' ' ‘
voltage range with the maximum magnitude of voltage being the negative
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voltage in Fig. AIll. By disconnecting the inner piezo stacks from the outer ones, we can access a
larger strain range. In this case, +120 V and -20 V can be applied to the outer stacks and inner
stacks, respectively, at room temperature. At low temperature, however, the limit for either wiring
configuration is = 200 V.

The strain cell design was first used to apply strain to bulk crystals, as discussed in the
main text. However, the atomically thin nature of 2D materials poses substantial difficulties in
strain application. Unlike the bulk samples which are fastened by the same Stycast Epoxy, 2D
samples are attached using van der Waals forces. To apply strain to these samples, we developed
techniques based on both suspended samples and flexible substrates. The suspended samples were
made in the following way: a piece of thin silicon is first glued across the gap of the strain cell or
flexure sample plate, and then fractured using a diamond scribe (Figure All.2a). The resulting gap
is on the order of ~ 5 um, and nearly height uniform, which can be checked by confirming both
sides are in focus when viewed under a 100x microscope objective. This is crucial for successful
deposition of the sample across the gap. Another vital factor is the transfer method. We found that
the easiest way is by exfoliating on polydimethylsiloxane, and then simply dropping the flake
across the gap using standard transfer techniques, i.e., a motorized arm is used to raise and lower
a stamp with the PDMS block, while an optical microscope is used for alignment (Figure AIl.2b).
Polypropylene carbonate (PPC) and polycarbonate (PC) stamps can also be used. A drop-off
temperature of ~ 90° is used for PPC stamps, and a melt-down temperature of ~ 180° C is used for
PC. When removing the left-over PC polymer, we found it was useful to dip the sample in hexane
before drying as the high surface tension of chloroform and isopropanol can be disruptive to the

suspended flake.
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a Scribe Microscope Image

Figure AII2 | Fabrication procedure for creating small gaps in Si substrates (a) and suspending
sample across it (b).

In contrast to the suspended samples which require very careful fabrication procedures, the
polyimide-based samples are far more compatible with more conventional 2D fabrication
techniques. The notable differences between polyimide and silicon include needing to use spin-
coated conductive layers to do electron beam lithography on the insulating polyimide substrate,
and shorter PC wash off times (typically ~ 3-5 minutes) to limit the substrate swelling due to the

solvent exposure.
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APPENDIX III: ADDITIONAL DATA FOR CHAPTER 6

AIIIL.1 Tunneling magnetoresistance sweeps at select strain voltages
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Figure AIIIL.1 | Complicated domain behavior during the strain-induced magnetic phase
transition. a-d, TMR sweeps with the field swept down (blue) and up (black) at select strains.
At low piezo voltage and strain (a), a large negative TMR is observed, consistent with the A-
type AFM order, while small positive TMR is observed in the high strain FM state (d). In

between, complicated, hysteretic magnetic domain behavior is observed. Adapted from Ref.
182
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AIIL.2 Strain pulse measurements in the totally AFM and FM states
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Figure AIIL2 | Strain pulse measurements in the purely FM and AFM states. a, Strain pulse
amplitude dependence from 0 to 0.5 V in the high-strain FM state. A continuous change with
a gauge factor of ~ 5 is measured. b, A single pulse with amplitude of 0.5 V applied in the
low-strain AFM phase. Because of the low current, this is the smallest pulse amplitude that
resulted in measurable changes. No distinct jumps into stable levels or changes to the static
tunneling current are observed in either FM or AFM states. Adapted from Ref. 32
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