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Abstract

Tailoring spin and charge order of two-dimensional crystals through intercalation and
heterostructure design

by
Samra Husremovic¢
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor D. Kwabena Bediako, Chair

This thesis describes the synthesis and fabrication of various two-dimensional (2D) crystals and
heterostructures that exhibit long-range charge and spin ordering. By combining intercalation
with the precise design of 2D interfaces, we tune and engender targeted magnetic and charge
density wave (CDW) phases in 2D crystals. Furthermore, by marrying transmission electron
microscopy (TEM) imaging, optical probes, and electron transport measurements, we establish
robust structure-property relationships that may guide the development of 2D crystals for
miniaturized electronic devices.

Chapter 1 presents a broad overview of the field of 2D magnets and CDWs. We discuss
the fundamental hindrances in realizing magnetism in the atomically thin limit and build
upon these insights to outline the design principles for 2D magnets. Further, intercalated
transition metal dichalcogenides (TMDs) are introduced as promising material platforms for
realizing 2D crystals with long-range spin order. This chapter also provides insights into the
mechanisms underlying CDW formation through an orbital-based approach. Lastly, we give a
brief introduction to the CDW properties of 1 T—TaS,, a layered material that is extensively
studied in this thesis.

Chapter 2 describes the first synthesis and magnetic characterization of iron-intercalated
tantalum disulfide (Fe,TaS,) in the two-dimensional (2D) limit. The synthesized 2D Fe,TaS,
crystals exhibit hard ferromagnetic behavior down to the thinnest limit of this intercalation
compound (Fe-intercalated bilayer TaS,). Magnetic properties of this system are highly
tunable and depend on the interplay between magnetocrystalline anisotropy, intercalation
amount, homogeneity, and dimensionality.

Chapter 3 describes a synthetic framework for realizing heterostructures comprising intercala-
tion compounds of TMDs through directed topotactic intercalation of van der Waals (vdW)
assembled layers. The developed topochemistry method enables the creation of previously



inaccessible magnetic TMD heterostructures that demonstrate strong interfacial magnetic
exchange effects only possible with atomically clean heterointerfaces.

Chapter 4 describes the topotactic transformation of nanothick 17—TaS, crystals into verti-
lateral heterostructures of 1 T—TaS, and H-TaS,. These polytype heterostructures exhibit
reliable multi-step resistance and chirality switching behavior encoded by the number of
H-TaS, layers. The potential of strain engineering for realizing multifunctional phase change
materials is also highlighted.

Chapter 5 describes the synthesis of Fe-intercalated polytype heterostructures comprising
1T—TaS, and H-TaS,. In these materials, modulating the intercalant amounts leads to
simultaneous changes in long-range spin and charge ordering, which coexist in these materials.
This chapter explores the competition and coexistence of structural and electronic phases,
offering insights into designing multifunctional materials.

Chapter 6 describes the electronic and optical properties of moiré heterostructures comprising
2D 1T—TaS, and monolayer 1 H—WSe,. Interfacial charge transfer and moiré strain encode
the global CDW ordering in 17—TaS, while simultaneously modulating the optoelectronic
behavior of 1H—WSe,. This study outlines how local perturbations can be engineered to
design ensemble electronic behavior.

Chapter 7 provides a brief summary of the tuning knobs used in this thesis and outlines
possible avenues for future research.
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Chapter 1

Introduction

1.1 Two-dimensional (2D) crystals

Two-dimensional crystals are materials that are one or a few atoms thick. One of the first
studied 2D crystals was derived from graphite, a carbon-based mineral that comprises sheets
of carbon atoms held together by weak van der Waals (vdW) forces (Figure 1.1). These
weak interlayer interactions enabled Geim and Novoselov[l] to separate the atomic sheets of
graphite with adhesive tape, yielding a single sheet of carbon atoms called graphene (Figure
1.1). In their groundbreaking research that earned them the Nobel Prize, they discovered that
graphene, a semimetal, possesses exceptional electronic characteristics not observed in bulk

Mechanical exfoliation

R

M— Carbon sheet

Graphene

Graphite

Figure 1.1: Mechanical exfoliation of graphite. Graphite consists of carbon sheets separated
by van der Waals (vdW) gaps. These sheets can be isolated via mechanical exfoliation using
adhesive tape, resulting in free-standing sheets of carbon known as graphene.
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metallic graphite.[2] For instance, the charge carriers within graphene exhibit behaviors akin
to massless particles moving at relativistic velocities. Subsequently, graphene and its analogs
have been extensively studied, revealing a spectrum of exotic physical phases, encompassing
superconductivity, ferromagnetism, and correlation-driven non-trivial topology.[3—7] These
studies of graphene ignited the field of 2D materials, leading to extensive efforts to expand the
library of 2D crystals, develop novel methods to tune and measure 2D systems and integrate
them into technologically relevant device schemes.[§]

Two-dimensional (2D) materials offer a high degree of structural flexibility, providing
a rich phase space for realizing targeted physical properties (Figure 1.2). These materials
harbor surfaces that can be functionalized with a diverse range of organic and inorganic
chemical species, which can also be intercalated between the van der Waals (vdW) layers.[9—
12] Furthermore, additional variables uniquely addressable for 2D systems can be employed
to transform the properties of these crystals. For instance, owing to the weak interlayer
interactions in vdW materials, dissimilar layers can be assembled into heterostructures
with complete structural freedom, and the layers can be stacked with arbitrary azimuthal
orientations (twist angles). Through this approach, emergent physics that is not present in
freestanding layers can be realized and deterministically altered.

( Surface functionalization ) 4 Twisting )

Intercalation )

Figure 1.2: Tuning knobs for 2D materials.
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The combination of solid-state synthesis, mechanical exfoliation, and post-synthetic tuning
knobs have enabled researchers to realize 2D materials that exhibit a wide range of electronic
properties.[8] These ultrathin materials offer a tantalizing opportunity as components of
miniaturized next-generation electronic devices. However, until 2017, one technologically
integral property was missing from the 2D materials library—magnetism. The long-awaited 2D
magnetism was realized in CryGeyTeg[13] and Fe;GeTe,[14], opening doors to the fundamental
understanding of long-range magnetic order in the 2D limit and the practical application of
miniaturized magnetic devices.

1.2 Two-dimensional magnetic crystals

The relatively sluggish development of 2D magnets compared to other 2D materials may be
attributed to the fundamental differences between 2D and 3D magnets. This is evidenced
by the fact that when a bulk material is reduced to a two-dimensional form, its long-range
magnetic order does not always persist. To understand this phenomenon, we will detail the
fundamental differences between 2D and 3D magnets and outline how these translate into
chemical design principles for novel 2D magnets.

For magnets with any dimensionality, we can write the energy associated with spins
interacting with an external magnetic field (H) and other spins (S) by the spin Hamiltonian:[15,
16]

A

— > Jii(1)Ss - S+ZASZ ~>" Dy (Six S;) =S - H (1.1)

i#j i+ i
in which ¢ and j are two lattice sites with a local magnetic moment and S, and S'j are the spin
operators. J;; is an exchange constant that depends on the distance and dominant type of
exchange interaction occurring between the magnetic moments, ﬁij is a Dzyaloshinskii-Moriya
vector, A is an easy axis anisotropy constant, fi; is the magnetic moment, and H is the
magnetic field.

In equation 1.1, the first term, —3=,.; Ji; (T)SZ . Sj, corresponds to spin-spin interactions
including direct exchange, superexchange, and the Ruderman—Kittel-Kasuya—Yosida (RKKY)
interaction[17, 18]. When the spin vector has no directional constraints, this interaction is
termed the Heisenberg interaction, characterizing systems known as Heisenberg magnets
(Figure 1.3a).[19, 20] Conversely, when spins are confined to a specific axis, their interaction
is termed the Ising interaction (Figure 1.3b). The exchange interactions of Ising magnets can
be represented as follows[19, 20]:

Hising = — D Jij(r)S; - 5; (1.2)

i#]
The constraint of spins to an axis originates from the second term in equation 1.1.
This term (3; A(S7)?) characterizes magnetic anisotropy (MA), a property of spins to
exhibit a preferred orientation within the material due to their crystallographic environment
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(magnetocrystalline anisotropy), shape, or stress.[21] We note that the first two terms of
equation 1.1 are the most pertinent for the discussion herein.

a 2D Heisenberg b 2D Ising

Figure 1.3: Differences in the magnetic ordering of 2D Ising and Heisenberg magnets. (a, b)
Spin orientations and temperature-dependent magnetic susceptibility (y) and magnetization
(M) for systems described by the 2D Heisenberg (a) and 2D Ising (b) spin Hamiltonians.
T = T, marks the magnetic ordering temperature. 2D Heisenberg magnets do not evince
long-range magnetic order above zero temperature, while 2D Ising magnets display an onset
of magnetism below T' = T, where T, > 0.

In 3D systems, long-range magnetic order can be stabilized with exchange interactions
alone, and MA is not a prerequisite.[22, 23] However, for 2D magnets, MA is necessary for
stabilizing long-range order.[13, 22, 23| Specifically, 2D Heisenberg systems lack magnetic
anisotropy, and as per the Mermin—Wagner—Hohenberg theorem,[24, 25] they cannot display
long-range magnetic order above zero temperature (Figure 1.3a). On the other hand, 2D
Ising magnets possess uniaxial magnetic anisotropy and they can exhibit long-range magnetic
order at nonzero temperatures (Figure 1.3b), as demonstrated by the exact solution of the
2D Ising(-Lenz) model[26, 27] by Onsager|[28].

To understand the distinctions in magnetic behavior across different dimensions and
spin orientations, we examine the prevalence of low-energy spin-wave excitations in these
systems.[13, 22, 23] These excitations, called magnons, agitate spins and disrupt their long-
range ordering (Figure 1.4a). Consequently, the presence of a non-negligible magnon density
of states (DOS) at low energies can prevent the onset of magnetism at nonzero temperatures.
As seen in Figure 1.4b, 2D and quasi-2D (multilayer) materials exhibit a large DOS of
low-energy magnons compared to their 3D analogs.[13, 18, 22, 23] However, in the presence
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of magnetic anisotropy, a gap appears in the magnon DOS at low energies, hence precluding

the existence of low-energy magnons and enabling long-range magnetic order even in 2D
systems (Figure 1.4c).

\LARAAAAAD

Monolayer Multilayer Bulk
() 9] )
(@] o 4|—|7 (@]
a a a
c c c
o o o
C C C
&) o &)
IS 5] 5]
> > = «VE
Energy Energy Energy
¢ Monolayer + UMA Multilayer + UMA Bulk
() 9] )
o o o
[a] a [a]
C c C
o o o
c C C
(o)) (o)) (o))
s s s
x VE
Energy Energy Energy

Figure 1.4: Magnon density of states (DOS). (a) Schematic illustration of a magnon. (b,
c) Magnon DOS for systems of varying dimensionalities, shown without (b) and with (c)
uniaxial magnetic anisotropy (UMA). The introduction of UMA results in the emergence of
a gap in the magnon DOS.

When developing new 2D magnets, it is paramount to incorporate magnetic anisotropy.
The most effective approach for achieving this is by designing magnetocrystalline anisotropy
(MCA), a property of materials where crystal structure locks spins into a particular orienta-
tion.[15] To achieve large MCA, two key ingredients are necessary: spin-orbital coupling and
unquenched orbital angular momentum (UOAM). While increasing spin-orbital coupling can
be straightforward by incorporating heavy elements into the structure, designing for UOAM

is more complex. A simplified, orbit-oriented approach for designing significant UOAM will
be discussed below.

Design of unquenched orbital angular momentum (UOAM)

To design systems with large UOAM, we will first start by broadly defining this property of
materials, as adapted from reference [29].

In this thesis, we will focus on transition metal spin-bearing ions whose frontier orbitals
are d orbitals. Notably, d orbitals (Figure 1.5, top) do not individually exhibit angular
momentum. Instead, their electron distributions remain stationary, resembling standing
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dxz dyl dz2 dxy
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waves in classical mechanics. However, their complex linear combinations possess well-
defined angular momentum, analogous to traveling waves in classical mechanics. These linear
combinations for d (I = 2) orbitals are:

diy = (dy, +id,.) V2 (1.3)
dig = (dpo_y2 T idyy) V2

Note, we will refer to d,2_,2 and d,, as one rotation pair, and d,. and d,. as the second
rotation pair since orbitals within each pair are related by a rotation around the z axis. The
complex linear combinations of the rotation pairs are illustrated in Figure 1.5. Here, dio
orbitals carry +2h angular momenta about the z-axis, while dy; orbitals carry £h angular
momenta about the z-axis. It is important to note that complex linear combinations of
rotation pairs form if their component orbitals are degenerate (in other words, rotation pairs
can hybridize/mix if they are degenerate). Moreover, for CLCs to carry unquenched orbital
angular momentum, the two conjugate pairs must be unequally populated with electrons
(this ensures L # 0).

In summary, to ensure significant UOAM, the focus should be on creating materials
where the ligand environment of the spin-bearing centers results in (1) the degeneracy of
orbitals within the rotation pairs and (2) an unequal population of orbitals within the
rotation pairs. However, it is important to acknowledge that this design principle serves
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as a guideline and does not comprehensively describe extended solids due to factors such
as band formation, band hybridizations, and second-order perturbations from spin-orbit
coupling (SOC), which may restore some UOAM.[29] Nevertheless, the rational design of
spin-bearing centers with a large UOAM can serve as a valuable and intuitive blueprint for
novel 2D magnets. Accordingly, materials that enable precise control over the placement of
spin-bearing ions and their oxidation states offer a promising platform for realizing atomically
thin crystals hosting long-range spin coherence.

1.3 Intercalated transition metal dichacogenides

Parts of this section were adapted or reproduced from: Xie, L. S.; Husremovic, S.; Gonzalez,
O.; Craig, I. M.; Bediako, D. K. Journal of the American Chemical Society 2022, 144,
9525-9542.[30]

Author contributions: S.H., O.G., and I.M.C. contributed equally to this work.

Transition metal dichalcogenides (TMDs) are a class of materials in which transition metals
coordinated by bridging chalcogenides form two-dimensional layers that stack via van der
Waals (vdW) interactions along the crystallographic ¢ axis. These materials crystallize in
different polytypes where transition metals occupy trigonal prismatic (Dsy) or octahedral (Oy,)
crystallographic environments.[31] Regardless of the polytype, these layered crystals contain
unoccupied octahedral and tetrahedral interstitial sites in the vdW interface, which are
amenable to intercalation (Figure 1.6). As follows, this structure permits a myriad of species
to be intercalated into these vdW interfaces, including spin-bearing transition metals (Figure
1.7).[32-35] The oxidation state and crystallographic preferences of spin-bearing intercalants
determine the UOAM of the material. Therefore, the facile selection of intercalant species
positions intercalated TMDs as promising platforms for designing systems with high MCA.

Iron-intercalated tantalum disulfide (Fe,TaS,) exhibits strong MCA attributed to the
trigonally distorted octahedral ligand field surrounding Fe? centers (Figure 1.8).[36] The
trigonal elongation renders the d,2_,» and d,, orbitals degenerate and unequally filled,
engendering significant UOAM (L = 2) and thus substantial MCA (Figure 1.8). Consequently,
strong out-of-plane spin anisotropy and hard ferromagnetism are observed in this system.[37,
38]

In addition to MCA, another crucial factor in modulating the magnetic behavior of
Fe, /4 TaS, is the ordering of Fe ions in the ab plane. In Fe,TaS,, perfect Fe superlattices
from with z = 1/4 and « = 1/3. For instance, considering 2H-MS, with a lattice constant
ag, a supercell with a’ = 2aq arises at = 1/4, while a’ = v/3aq is observed at z = 1/3.
Deviating from these ordered supercells introduces inhomogeneous iron ordering and exchange
interactions, often leading to competing magnetic interactions and more complex ground
states.[39] Nevertheless, this disorder also gives rise to intriguing phenomena, such as very large
magnetoresistance.[40] Thus, Fe,TaS, serves as a rich magnetic platform for investigating how
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modulating dimensionality, intercalant ordering, and interface effects modulate the long-range
order in systems with large MCA.

Octahedral site Tetrahedral site

Figure 1.6: Interstitial sites in 2H TMDs. Native 2H TMDs contain empty octahedral and
tetrahedral interstitial sites that are amenable to intercalation.

Figure 1.7: Intercalation of 2H TMDs. 2H TMDs with the formula M Ch, can be intercalated
with transition metals (7") to yield T, M Chs.
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Figure 1.8: Qualitative d orbital splitting diagrams for Fe?* centers in the octahedral (Oh)
and trigonal antiprismatic (Dsq) ligand environments. The Dsq point group is representative
of Fe in Fe,TaS,.
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Figure 1.9: Superstructures of Fe intercalants in Fe,TaS,. (a) Structures of two uninter-
calated 2 —TaS, layers with a lattice constant ag. (b) Fe,/,TaS, with a supercell lattice
constant of a’ = 2ao. (c) Fe,/3TaS, whose lattice constant is @’ = v/3ao. (d,e) Structures of
Fe;/,TaS, and Fe, 3TaS, viewed perpendicular to the c crystallographic axis.
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1.4 Long-range charge order in 2D materials

Charge density waves (CDWs) are electronic phases characterized by static changes in the
distribution of electronic charge coupled with lattice distortions. These phases are often
accompanied by significant and reversible shifts in electrical resistance, which can be used
for information processing and storage in phase-change memory.[41] Additionally, since both
CDWs and unconventional superconductivity result from strong electronic correlations, they
are often competing quantum phases.[42-44] Therefore, understanding how CDWs originate
and identifying the variables we can adjust to control them is essential for developing novel
electronic materials and high-temperature superconductors. However, despite extensive
research, the origin of CDWs is still a topic of debate. This chapter aims to describe the
proposed mechanisms of CDW formation, focusing on the orbital approach for deriving the
electronic structure of extended solids. Moreover, we will examine outstanding questions in
this research area and explore opportunities for tailoring CDW behavior using the unique
tuning knobs available for 2D materials.

Electronic instability in 1D systems

To understand CDW formation in 2D crystals, we will first describe CDW formation in simpler,
1D systems. The formation of CDWs in 1D systems was first described by Peierls, who
predicted a fundamental electronic instability in 1D chains of atoms, driving a periodic lattice
distortion.[45, 46] Here, we will explain the origin of this instability using the tight-binding
approach adapted from references [45, 47-50].

First, consider a 1D chain of hydrogen atoms, spaced apart by distance a and each labeled
by an index n (Figure 1.10a). On each atomic site, there is a half-filled H 1s atomic orbital,
on. Using ¢, as the basis function, we can write out the following symmetry-adapted linear
combinations (SALCs), also known as Bloch functions:

Ty =D ey, (1.5)

Here, k is an index describing which irreducible representation WU transforms as. This
index also has a physical meaning; each k is a wave vector and a measure of momentum (p =
hk, where p is the crystal momentum). Now, we will evaluate the Bloch functions at k =0

and k = m/a.

Up=> €% => n =014 o+ P+ ds+ ... (1.6)

\Ilf :Zeﬂin¢n:Z(_1)n¢n :le _¢2+¢3—¢4+... (17)

n

The wave function is most bonding and has the lowest energy at k = 0 (Figure 1.10b).
Conversely, the wave function at k = 7/a represents the most antibonding state, thus having
the highest energy (1.10b). The wave functions display different numbers of nodes between
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these extremes. Note that the range of distinct k values extends from —7/a to 7/a, defining
the first Brillouin zone. Wave vectors at the Brillouin zone boundary are termed Fermi
wave vectors (kp), and assessing only unique k values within the range of —kg to +kp fully
characterizes a crystalline system that follows periodic boundary conditions.

a n 0 1 2 3 4 5 6 7
'~ '~ '~ v v v '~ atom @

unit cell a @
|

® 9, %, ¢, 2 2 ® %,

b
Atomic orbitals
=0 9000000000000 66— O
-1 — G- 000000 0v0veu— |O
¢ E
A 4
a-2p—
E (k)
o e
a+2p-
k=0 k=n/a

Figure 1.10: Dispersion relation for a 1D chain of hydrogen atoms. Constructing the
dispersion relation (E vs k) for a 1D chain of hydrogen atoms using the tight-binding
approach. (a) Illustration of the 1D chain of hydrogen atoms with a unit cell a. Each atom is
labeled by an index n. The basis wavefunction for each atom (a H 1s orbital) is labeled with
¢n. (b) Linear combinations of atomic orbitals (LCAOQO), also known as Bloch functions, at
k =0 and k = 7/a points in reciprocal space. (c) Dispersion relation, F(k), for the 1D chain
of H atoms. Here, « is on-site energy, and 3 is the interaction energy between neighboring
orbitals.

Considering only nearest-neighbor interactions, an analytical expression for the energy of
Bloch functions can be written as:[50]

E(k) = a + 2Bcos(ka) (1.8)
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in which « is the on-site energy of the H 1s orbital and f is the interaction energy between
two orbitals. The derived dispersion relation, describing the relationship between energy
and momentum, is shown in Figure 1.10c. It is important to note that plots of E(k) are
commonly referred to as band structures, and this terminology will be used throughout the
remainder of this thesis. Each band has a capacity for two electrons, yet given our basis
function contains only one electron, the Fermi level (Er) resides precisely at the midpoint of
the band (refer to Figure 1.10c).

Next, we will expand the unit cell size from a to 2a while maintaining the structure of
the 1D chain (see Figure 1.11a). Unit cell doubling necessitates the creation of new basis
functions. These comprise the bonding and antibonding molecular orbitals constructed from
two H 1s atomic orbitals (Figure 1.11b). As follows, the number of bands at each unique k
point, now ranging from —7/2a to m/2a, doubles (Figure 1.11c), and the dispersion relation
folds on itself along k = 7/2a (Figure 1.11d).

Following band folding, there are two degenerate states at k = m/2a—one occupied by
electrons and the other empty (Figure 1.11c—d). Removing the degeneracy of these bands
would lower the energy of the occupied electronic states, indicating an electronic instability
within the system. To remove this instability, 1D chains undergo distortion, resulting in the
formation of an alternating pattern of long and short bonds (Figure 1.12a). This structural
symmetry breaking lifts the degeneracy of bands at k = 7/2a (Figure 1.12b-d), leading to
the emergence of a band gap that reduces the energy of the filled bands.

Notably, while the propensity for distortion is the strongest for systems with half-filled
bands, any 1D system with partially filled bands is susceptible to Peierls’ distortion.[47] To
expand on this, we define the band filling factor (f) as 1 if all bands are fully occupied and
0 if all bands are unoccupied. If f = 1/m, then kr = 7/ma, where a is the unit cell of the
undistorted lattice. Thus, according to our treatment of the 1D chain of H atoms with f
= 1/2 and m = 2, distortions that increase unit cell size by a factor of m will introduce a
band gap at the Fermi level, lowering the energy of the system.[47] As follows, electron filling
determines the energetically favorable distortions and is a crucial factor in fine-tuning and
modifying CDW systems.

To gain a deeper understanding of the Peierls’ distortion mechanism, we examine the
free electron gas model. In this model, electrons follow the Lindhard function in response
to an external perturbation (Figure 1.13).[45] For a 1D electron gas, the real part of the
Lindhard response function diverges at £ = kg, indicating an electronic instability and
the presence of zero-energy electronic excitations at this wavevector.[44] These electronic
excitations screen lattice vibrations (phonons) at 2kp, consequently lowering their energy.
This strong modification of phonon modes due to their interaction with electrons is called
the Kohn anomaly.[45] The Kohn anomaly displays a strong temperature dependence; at
the CDW transition temperature, phonon energy decreases to zero at 2kg, and this “frozen*
phonon leads to a lattice distortion.[44, 45] The Kohn anomaly underscores the importance
of electron—phonon interactions in realizing CDWs. In the next section, we will discuss how
the strength of this coupling becomes critical for stabilizing CDWs in 2D and 3D systems.
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Figure 1.11: Dispersion relation for a 1D chain of hydrogen atoms with a doubled unit cell.
(a) Linear chain H atoms whose unit cell was increased from a to 2a. (b) Basis functions are
constructed by forming bonding (o) and antibonding (¢*) molecular orbitals (MOs) from
H 1s atomic orbitals (¢). (c) Bloch functions constructed with o and o* basis functions
at k = 0 and k = w/a. The number of bands at each k point doubles. (d) Band folding
resulting from doubling of the unit cell.
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Figure 1.12: Energetic consequences of distorting a 1D chain of hydrogen atoms. (a) A
1D chain of hydrogen atoms exhibiting a periodic distortion, with neighboring distances
alternating between short (d; < a) and long (d; > a), where a represents the interatomic
spacing in an undistorted chain. (b) Bloch functions constructed of the distorted chain at
k=0 and k =7/a. (c, d) Change in the dispersion F(k) (c) and band diagram (d) upon
the onset of distortion.
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Figure 1.13: Lindhard response function for systems with different dimensionalities. Lind-
hard response function (x(k) for 1D, 2D and 3D systems. For 1D, the function diverges at
k = 2kg, while for 2D and 3D the function has a singularity at k = 2kp.

CDWs in 2D systems

The electronic instability inherent in 1D systems diminishes for 2D and 3D materials. This
is evident in their Lindhard response function, which evinces a singularity at k = 2kr but
does not diverge like the 1D response function (Figure 1.13).[45] To intuitively understand
the differences in electronic instability between 1D and 2D systems, we will examine the
differences in their Fermi surfaces, which are isoenergy cuts of E(k) at £ = Ep.

In 1D systems, the Fermi surface is characterized by two points, namely k, = —kr and
k. = +kp, which are connected by a nesting vector, q,,.y,, = 2kr (Figure 1.14a). When the
system is expanded into two dimensions, disregarding inter-chain coupling, the Fermi surface
consists of two parallel lines separated by the vector ¢ = 2kg, which are perfectly aligned
when one segment is displaced by ¢ (Figure 1.14¢). This nesting of the Fermi surface by ¢
indicates the presence of an electronic instability in the system, as distortions can create a
gap at the nesting vector ¢, thereby stabilizing filled states. The extent of this instability
is determined by the number of states connected by ¢ on the Fermi surface, with a larger
number resulting in a more pronounced instability. Since 2D systems have a circular Fermi
surface and a smaller number of states nested by ¢, their electronic instability is diminished
(Figure 1.14c). It is important to note that even in 2D and 3D systems, quasi-1D band
pockets at the Fermi level can form (Figure 1.14d), resulting in Fermi nesting and electronic
instability. However, this nesting is often imperfect, and the onset of CDWs may only open
band gaps in parts of the Fermi surface, leaving metallic states behind that can lead to
superconductivity.[51]
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Figure 1.14: Nesting vectors for systems with different dimensionalities. Nesting vector for
a 1D (a), extended 1D (b), 2D (c) and quasi 1D (d) systems.

Theoretical and experimental evidence supports that the importance of Fermi surface
nesting diminishes in the regime of strong electron-phonon coupling.[52] This may seem
surprising, given that electron—lattice interactions are central to the Peierls’ mechanism
(Fermi surface nesting mechanism). However, in the Peierls’ picture, the coupling between
electrons and phonons is, in fact, weak.[52] Consequently, the hallmarks of this distortion are:
(1) band gap opening only for states nested by ¢, (2) a sharp peak in the Lindhard function,
and (3) a Kohn anomaly at ¢. However, real materials rarely display these characteristics.[44,
53-55] Therefore, alternative explanations of CDW formation have been proposed, such as
k-dependent electron—phonon coupling.[44, 53, 56-59]. Nevertheless, a unified mechanism for
the formation of CDWs has remained elusive, thus necessitating an individual evaluation of
the underlying mechanism for each material.

1.5 Charge density waves in 1T-TaS,

1T—TaS, is a van der Waals (vdW) crystal (Figure 1.15a) with a diverse charge density wave
(CDW) phase diagram.[52] Below ~ 500 K,[61-63] intralayer star of David (SOD) lattice
distortion clusters form (Figure 1.15b), with twelve Ta ions contracting towards a central Ta
ion. The tiling of these SOD units across the ab plane defines the CDW phase of 1T—TaS,.
The incommensurate phase (IC-CDW), typically observed between 500 K and 350 K, shows
sporadic nucleation of SOD units across the material, often attributed to Fermi nesting
instability (Figure 1.15¢,d).[64] Transitioning into the nearly-commensurate phase (NC-
CDW), often observed between 350 K and 180 K, is marked by the formation of SOD domains
separated by discommensuration networks. Subsequently, below ~ 180 K, these networks
vanish, leading to the formation of the commensurate phase (C-CDW), where the CDW
supercell is commensurate with the underlying lattice and displays a v/13 x v/13a periodicity,
where a is the in-plane lattice constant of 1T—TaS,. In 17T—TaS,, changes in the CDW
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Figure 1.15: Charge density wave properties of 1T—TaS,. (a) Unit cell of 17—TaS, in
the undistorted phase (Spacegroup: P3ml). Data from reference [60]. (b) The star of
David (SOD) distortion unit of 17—TaS,. (c) Diagram illustrating the Fermi surface of
1T—TaS, at 370 K, with nesting vectors ¢; and ¢ indicated. (d) Tiling of SOD clusters in the
commensurate (C-CDW), nearly-commensurate (NC-CDW) and incommensurate (IC-CDW)
phase. The tiling of clusters increases with decreasing temperature and is concurrent with
increasing electrical resistance.

phase are accompanied by large changes in resistance, with the C-CDW exhibiting insulating
behavior. This result was initially surprising, as the simple band model would predict metallic
behavior for the C-CDW state. Specifically, in each SOD cluster, the central Ta ion hosts
unpaired electrons and forms a half-filled band, which should be metallic.[64] However, due to
strong electron—electron correlations, the system undergoes a Mott—-Hubbard-type transition,
resulting in a pseudogap formation at E = Fr.[64-67]

In addition to the in-plane ordering of SOD clusters, these distortion units also exhibit
out-of-plane periodicity that evolves across the CDW phases. In the IC-CDW and NC-CDW
phases, stacking along c is well-ordered, with 3 layers contributing to the CDW unit cell.[68—
72] Conversely, in the C-CDW phase, SOD units dimerize along the c-axis but lack long-range
coherence.[64, 70, 72] Nevertheless, it was found that different stacking periodicities of SOD
dimers engender distinct electronic signatures.[64, 70] As follows, modulating interlayer
interactions is a promising avenue for modifying CDW phases of 17—TaS, and unlocking
complex correlated electronic phenomena.
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1.6 Similarities between long-range charge and spin
order phases
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Figure 1.16: Spin and charge order encode magnetoelectronic phases. Changes in the
ordering of spin or charge typically lead to a measurable output that can be harvested to
encode, read out, and store information.

At first glance, magnetism (spin ordering) and charge density waves (charge ordering)
may appear as quantum phases with few if any similarities since spins respond to magnetic
fields, while CDWs are typically inert to them. However, these quantum phases share
significant similarities that allow us to apply knowledge from one phase to another. Firstly,
the crystallographic structure plays a pivotal role in defining both magnetic and CDW phases.
Secondly, both phases form domains whose evolution and inter-domain interactions are
crucial for explaining the observed physical properties. Thirdly, for both magnets and CDW
materials, structural defects significantly affect the domain morphology and evolution when
externally perturbed. Lastly, changes in magnetism (spin order) and charge density wave
phases (charge order) often yield measurable outputs that can be harnessed for encoding,
storing and reading out information (Figure 1.16). Consequently, enhancing the understanding
of systems exhibiting charge ordering, spin ordering, or the coexistence of both phenomena,
is essential for developing next-generation computing technologies.
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Chapter 2

Hard ferromagnetism down to the
thinnest limit of iron-intercalated
tantalum disulfide

Parts of this section were adapted or reproduced from: Husremovi¢, S.; Groschner, C. K.;
Inzani, K.; Craig, I. M.; Bustillo, K. C.; Ercius, P.; Kazmierczak, N. P.; Syndikus, J.; Van
Winkle, M.; Aloni, S.; Taniguchi, T.; Watanabe, K.; Griffin, S. M.; Bediako, D. K. Journal
of the American Chemical Society 2022, 144, 12167-12176.[73]

Author contributions: S.H. and D.K.B conceived the study. S.H. made the samples
and carried out magnetotransport measurements with assistance from J.S and N.P.K.. S.H
conducted TEM studies with assistance from K.C.B., S.A. and M.V.W. C.K.G. carried
out studies on the TEAM 0.5 microscope. K.I., .LM.C. and S.M.G. carried out the DFT
calculations. T.T. and K.W. provided the bulk hBN crystals. S.H. analyzed the experimental
data. S.H. and D.K.B. wrote the manuscript. All the authors contributed to the overall
scientific interpretation and edited the manuscript.

2.1 Abstract

Two-dimensional (2D) magnetic crystals hold promise for miniaturized and ultralow power
electronic devices that exploit spin manipulation. In these materials, large, controllable
magnetocrystalline anisotropy is a prerequisite for the stabilization and manipulation of long-
range magnetic order. In known 2D magnetic crystals, relatively weak magnetocrystalline
anisotropy results in typically soft ferromagnetism. Here, we demonstrate that ferromagnetic
order persists down to the thinnest limit of Fe,TaS, (Fe-intercalated bilayer 2H —TaS,) with
giant coercivities up to 3 T. We prepare Fe-intercalated TaS, by chemical intercalation of van
der Waals layered 2H —TaS, crystals and perform variable-temperature quantum transport,
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transmission electron microscopy, and confocal Raman spectroscopy measurements to shed
new light on the coupled effects of dimensionality, degree of intercalation, and intercalant
order/disorder on the hard ferromagnetic behavior of Fe,TaS,. More generally, we show that
chemical intercalation gives access to a rich synthetic parameter space for low-dimensional
magnets, in which magnetic properties can be tailored by the choice of the host material
and intercalant identity/amount, in addition to the manifold distinctive degrees of freedom
available in atomically thin, van der Waals crystals.

2.2 Introduction

The recent discovery of long-range magnetic ordering in the atomically thin layers of
CryGeyTeg,[13] Crls,[74] and Fe3GeTey[14, 75] has spurred intense interest into the develop-
ment of "two-dimensional” (2D) magnetic crystals. The experimental paradigm that has
generated the most consistent success in this area has generally been to exfoliate layered
van der Waals (vdW) crystals that are known to exhibit magnetic ordering in the bulk. In
addition to serving as promising candidates for a new generation of compact, energy-efficient
spin-based electronics,[76-79] these 2D magnets are exceptional platforms for exploring
fundamental principles pertaining to the stabilization of long-range magnetic order at low
dimensions. According to the Mermin—Wagner—-Hohenberg theorem, long-range magnetic
order in 2D systems should not be stable in an isotropic model.[24, 80] However, intrinsic
magnetocrystalline anisotropy (MCA)—which imparts a preferential spin orientation—plays
an integral role in stabilizing the long-range magnetic order in 2D vdW magnets.[22, 23] Still,
the overwhelming majority of ferromagnetic 2D crystals are soft, possessing weak coercive
fields, which arise from relatively weak MCA.[81] The development of new atomically thin
materials with strong and predictable control over MCA is imperative for tailoring magnetism
in 2D materials that may serve as testbeds for fundamental theory and pave the way towards
ultralow power spintronic technologies.

Transition metal dichalcogenides (TMDs) intercalated with open-shell transition metals
comprise a family of materials with inherently tunable MCA, which makes them appealing
targets for realizing 2D magnets with deterministic properties. The strength of MCA
in intercalated TMDs is determined by the respective magnitudes of spin-orbit coupling
(SOC) and unquenched orbital angular momentum (OAM) of the spin-bearing ions.[30,
36, 82, 83] While the SOC is increased when the host lattice or the intercalants comprise
heavy elements, the OAM of spin-bearing ions is shaped by their oxidation states and
coordination environments imposed by the interlayer galleries.[30, 36, 82-85] However, low-
dimensional analogs of these systems have not been magnetically characterized; strong
interlayer interactions in the effectively ionic, bulk crystals of these intercalation compounds
have, so far, precluded exfoliation of pristine, large 2D flakes suited for magnetic studies.[40,
86-88] Consequently, the manifold possibilities for designing a new class of 2D magnets with
controllable MCA by exploiting the tunable vdW interface, host lattice, and intercalant
identity /stoichiometry remain untapped.
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In this work, we discover the persistence of long-range ferromagnetism in a transition
metal-intercalated TMD, Fe,TaS,, down to the 2D limit. We show that chemical intercalation
of iron between layers of the exfoliated, pristine host lattice 2 H—TaS, gives access to this
intercalation compound with controlled dimensionality from a few layers down to the thinnest
limit, Fe-intercalated bilayer 2H—TaS,. We find very strong MCA in these 2D materials,
associated with the high unquenched OAM of the trigonal antiprismatic (i.e. trigonally
elongated pseudo-octahedral) Fe centers and SOC from the Ta-based host. This large MCA
is reflected in magnetotransport measurements, which reveal that anisotropy-stabilized hard
ferromagnetic behavior is retained in the 2D limit, producing giant coercive fields up to 3 T.
Furthermore, we find that the degree of intercalation and order/disorder in intercalated species
heavily influences the magnetoelectronic behavior, establishing this family of intercalation
compounds as versatile platforms for designing 2D magnets.

2.3 Results and discussion

Fabrication of vdW heterostructures, chemical intercalation, and
structural characterization

Few-layer Fe, TaS, was synthesized by intercalating iron into mechanically exfoliated 2H—TaS,
flakes using a procedure adapted from established methods for soft chemical intercalation of
metals using molecular precursors containing zerovalent metal centers.[89-93] In a typical
procedure, 2H—TaS, flakes were mechanically exfoliated onto SiO,/Si substrates and capped
with electrically insulating hexagonal boron nitride (hBN) to prevent degradation of the
TaS, basal plane, while exposing one or more edges of the TMD flake.[94] Under an inert
atmosphere, the SiO,/Si substrates bearing these vdW heterostructures are immersed in a 10
mM solution of Fe(CO); in toluene, acetone, or acetonitrile at 50-55 °C for about 24 hours
as depicted in Figure 2.1a. After washing with fresh solvent, samples were annealed under
high vacuum (1077 Torr) at 350 °C for 30 minutes. The annealing step was added to the
synthetic procedure because Raman modes and superlattice diffraction spots associated with
Fe ordering emerge only after intercalated samples have been vacuum annealed (Figure 2.2).

To examine the composition and structure of our Fe,TaS, thin crystals, we obtained
and high-resolution TEM (Figure 2.3), scanning TEM (STEM) combined with energy-
dispersive X-ray spectroscopy (EDS) and differential phase contrast (DPC)-STEM with
atomic resolution (Figure 2.1b—c). The c-axis HRTEM (Figure 2.3) data verify that the ab
atomic periodicities match the expected values for bulk Fe,TaS,, and EDS measurements
of cross-sectioned thin crystals confirm the incorporation of Fe into TaS, after chemical
intercalation (Figure 2.3b). The Fe intercalants occupy 6-coordinate interstitial sites between
the layers of 2H—TaS,, as revealed by DPC-STEM of cross-sectioned Fe,TaS, samples
(Figure 2.1c) displaying a prominent V/3a x v/3a superstructure in their Raman spectra
(Figure 2.4). Computational image analysis of our STEM-DPC micrographs shows that the
pseudo-octahedral Fe coordination environments are trigonally elongated by 8.0(6) %. The
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magnitude of this experimentally determined distortion is congruous with the ~ 8 % trigonal
distortion predicted by our DFT calculations. The trigonally elongated pseudo-octahedral Fe
coordination has also been reported for bulk Fe,TaS, prepared via high-temperature chemical
vapor transport crystal growth (Figure 2.1d).[37, 95]
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Figure 2.1: Synthesis and characterization of 2D Fe,TaS,. (a) Schematic illustration of
iron intercalation into the hBN/2H —TaS, heterostructure and formation of Fe,TaS,. (b)
STEM-EDS scans perpendicular to the c-axis of a cross-sectional Fe,TaS, sample (white
region in STEM image). The dashed red box in the STEM image marks the area where EDS
data was collected. (c¢) DPC-STEM micrograph of a cross-sectioned Fe,TaS, sample along
the [1010] zone axis of the 2H—TaS, lattice. The structure of Fe; 3TaS, (ref 30) is overlaid
with the micrograph. (d) Published crystal structures for bulk Fe;,TaS, (ref [37]) and
Fey/3TaS, (ref [95]). (e)—(g) Pairs of Raman spectra and NBED patterns of three chemically
intercalated Fe,TaS, flakes on electron-transparent SisN, grids. In each case, Raman spectra
and NBED data were measured in identical regions of the flake. The first-order Bragg spots of
the 2H —TaS, host lattice and the Fe superlattices are marked in the NBED patterns. Raman
spectra are normalized to the A;/A;, peak, and the spectral regions where phonon modes for
different superlattices are expected[96] are highlighted. The raw data are represented in light
gray, while dark gray lines represent denoised traces.
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Figure 2.2: Ordering of intercalants in annealed samples. Selected area electron diffraction
(SAED) pattern of a 2H—TaS, flake suspended on a TEM grid (a) before the intercalation,
(b) after intercalation and (c) after intercalation and annealing. The first-order Bragg spots
of the 2H—TaS, host lattice and the Fe superlattices are marked in the NBED patterns. (d)
Raman spectra of a 2H—TaS, flake on SiO,/Si: (a) before intercalation, (2) after intercalation,
and (3) after intercalation and annealing. The Raman spectra are normalized to the A;/A;,.
The Raman data was smoothed with the Savitzky-Golay filter.
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Figure 2.3: HRTEM along the c-axis of Fe,TaS,. HRTEM of a Fe,TaS, crystal imaged
along the c-axis of the flake. A CIF file of Fe,/3TaS, (ref [95]) along the [0001] axis is overlaid
with the micrograph.
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Figure 2.4: The Raman spectra of Fe,TaS, that were cross-sectioned and measured with
DPC-STEM. The Raman spectra are normalized to the A;/A;,. The data was smoothed
with the Savitzky—Golay filter.

In bulk Fe, TaS, analogs, depending on the stoichiometry, superlattices with 2a x 2a or
V/3a x v/3a periodicity are observed (where a = the lattice constant of 2H—TaS,), with
perfect superlattices at x = 0.25 and 0.33, respectively (Figure 2.1d).[37, 39, 95] To examine
if analogous intercalant ordering is present in our chemically treated few-layer materials,
we measured both nanobeam electron diffraction (NBED) patterns and Raman spectra
within 500 nm of each other on samples mounted on silicon nitride transmission electron
microscopy (TEM) grids. As shown in Figures 2.1e-g, NBED patterns of Fe,TaS, samples
prepared by chemical intercalation and annealing exhibit superlattice spots that are not
present in 2H—TaS,, and the accompanying Raman spectra display a new set of peaks in
the low-frequency region (100-150 cm™!). These fingerprints of Fe ordering are consistent
with previous literature on bulk Fe,TaS,.[96, 97] For example, the sample that displays sharp
V/3a x v/3a superlattice spots in NBED data also exhibits an intense Fe in-plane (Fe*) mode
at 140 cm ™!, which is characteristic of the v/3a x v/3a superstructure (Figure 2.1e).[96] In
contrast, as shown in Figures 2.1f-g, samples that evince two clear superstructures (both
v/3a x v/3a and 2a times2a) in NBED data are characterized by generally broader and less
intense Raman features that span the energy ranges expected for each type of Fe superlattice
ordering. For these dual-superlattice samples, sharp Fe-related Raman features may be
absent (Figure 2.1g) or show a red-shift (Figure 2.1f) compared to the crystals that host
a single, dominant Fe superstructure (Figure 2.1e). Further, a comparison of these data
reveals that the sharpness of Fe-related NBED spots and Raman-active Fe* phonon modes
appear to be correlated; samples with diffuse superlattice spots in NBED show broad Fe*
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features in Raman spectra (Figure 2.1g), while samples with sharp superstructure spots in
NBED present more well defined Fe* peaks in Raman spectra (Figure 2.1e,f). These data
demonstrate that chemical intercalation is a viable method for accessing Fe,TaS, in the
few-layer limit with the potential to vary stoichiometry and homogeneity. We find that all
Raman spectra in Figure 2.1e-g display a red shift of the A;, mode by 8-10 cm™ from the
expected value for 2H—TaS,. This shift is consistent with electron transfer from Fe to the
host lattice, in agreement with our DFT calculations.[98, 99] For all calculated structures
and magnetic configurations, we found that Fe converges to a +2 oxidation state, matching
published experimental data on bulk Fe,TaS,.[100-102] We note that without annealing these
chemically intercalated materials, we neither observe superlattice spots in NBED data nor
significant changes to the Raman spectra (Figure 2.2). These observations suggest that a
modest thermal treatment is required both for ordering of Fe in the vdW interface between
TaS, layers as well as charge transfer from the intercalants to the host lattice.

Variable temperature transport measurements

We interrogated the magnetoelectronic behavior of chemically intercalated Fe,TaS, flakes by
fabricating mesoscopic Hall bar devices for variable temperature magnetotransport measure-
ments (Figure 2.5a). In these experiments, we simultaneously monitored the longitudinal (p,.,.)
and transverse Hall resistivity (p,,) as a function of temperature (T) and external magnetic
field (H) to evaluate magnetic order in our materials via its effect on electronic transport.
Figure 2.5 presents a representative set of results for a hBN/11-layer Fe,TaS, heterostructure
on a supporting SiO,/Si substrate. Confocal Raman spectroscopy data (Figure 2.5b) acquired
along the measurement channel of the Hall bar are consistent with a dominant v/3a x v/3a
superstructure that gives rise to a strong peak at 139 cm™!, albeit showing evidence for the
coexistence of a much less dominant 2a x 2a superlattice in a weaker broad feature spanning
100-135 cm™!. The coexistence of two superlattices can be a result of either stoichiometric
inhomogeneities within the spot size (ca. 500 nm) of the Raman laser and/or deviations of
from the commensurate amounts of 1/4 and 1/3.[40, 103] These possibilities were evaluated
by cross-sectioning devices with focused ion beam and using STEM-EDS to map the Fe-Ta
ratio. These measurements reveal an effectively consistent Fe:Ta value of 0.26 4+ 0.02 along
the Hall bar channel (Figure 2.5¢).

To compare the Fe:Ta stoichiometry measured in thin flakes with the values determined
for bulk (3D) crystals, we must consider that terminating Ta ions from the top and bottom
TaS, layers contribute substantially to the measured elemental composition of thin crystals.
Consequently, the ratio of Fe to Ta should be lower in thin samples compared to their
structurally equivalent 3D analogs. We can convert between the Fe:Ta values measured in
thin samples (z;) possessing L number of layers and the stoichiometry of their compositionally
equivalent bulk analogs (z3) using the following expression:

1

xb:xt/(l—z) (2.1)
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With this expression, we find that the equivalent bulk stoichiometry, x;, = 0.29 4+ 0.02 for
our sample shown in Figure 2.5, confirming that the degree of intercalation represents a
slight deviation from the commensurate value of x = 1/3. To facilitate comparison with the
magnetotransport behavior of bulk crystals, all stoichiometries given for thin samples in this
paper are converted to xy.
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Figure 2.5: Magnetotransport of an 11-layer Fe, TaS, crystal. (a) Schematic of the hBN/11-
layer Fe,TaSy device on SiO,/Si. (b) Cumulative low-frequency Raman spectrum across the
Hall bar channel of the device. (c) Representative cross-sectional STEM-EDS of the device.
(d) Temperature-dependent longitudinal resistivity and its first derivative with respect to
temperature of the hBN/11-layer Fe, TaS, heterostructure. (e) Hall resistivity at 1.8 K with
the ordinary Hall effect (OHE) highlighted. (f) Temperature dependence of anomalous Hall
resistivity papgr (left), and magnetoresistance, MR (right), as a function of H.

Temperature-dependent longitudinal resistance measurements revealed a phase transition
upon cooling. An inflection in p,, and corresponding peak in dp,,/dp,, at 31 K indicate that
the sample underwent a phase transition at this temperature (Figure 2.5d).[14] To probe the
nature of this low-temperature phase, we measured the field-dependent Hall resistivity, p,,, at
1.8 K as shown in Figure 2.5e. This Hall resistivity signal can be related to the magnetization
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(M) of the sample through the following expression:[38, 104, 105]

1
Py = %MOH + poRs M (2.2)

where n is the carrier density, e is the elementary charge, pg is the vacuum permeability, H
is the applied field, and R, is the anomalous Hall coefficient. The first term of Equation 2.2,
toH /ne, is referred to as the ordinary Hall effect (OHE), while the second term, poRsM, is
the anomalous Hall resistivity, papg. Analysis of the former uncovers that the major charge
carriers in this 2D crystal are holes, with a carrier density of 2 x 10?'em™3(2 x 10?"m~3) at
1.8 K. These results, which are in agreement with measurements of bulk crystals (2.6), reveal
the presence of hole pockets at the Fermi level after intercalation.[36, 103, 105] Although
the OHE reveals valuable information about the basic electronic structure of our materials,
it does not convey any information on magnetism. Insight into the long-range magnetic
ordering of few-layer Fe,TaS, was obtained by extracting the magnetization-dependent paug
as well as measuring the magnetoresistance (MR), which reflects the evolution of scattering
interactions between charge carriers and magnetic moments. The hysteretic behavior of psgyg
and MR displayed in Figure 2.5f reveal that the material is a hard ferromagnet with a very
large coercive field (H,.) that reaches 2+ 0.1T at 1.8 K. To the best of our knowledge, this is
the largest H, value recorded among 2D ferromagnetic crystals to-date.[14, 106-110]
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Figure 2.6: Carrier density of measured Fe,TaS, devices obtained from fitting the ordinary
Hall effect term (ponr) at 200 K. Carrier density values for bulk x = 0.25[38] and = =
0.33[103] crystals, which were extracted from the literature, are indicated in dashed lines.

The broadness of pagg and MR switching profiles is consistent with the presence of
inhomogeneous MEIs arising from some magneto-structural disorder. This behavior is
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reminiscent of off-stoichiometric bulk Fe,TaS,, in which crystallographic defects (Fe vacancies
or interstitials) weaken the coupling between neighboring Fe centers.[39, 40] The resulting
inhomogeneous coupling of magnetic moments across the crystal broadens the hysteresis
curves and may engender MR through spin-disorder scattering.[39] Indeed, we find that the
maximum value of MR decreases as the temperature approaches the Curie temperature (7¢),
which is estimated to be about 31 K from the inflection in p,,(T) shown in Figure 2.5d.
This observed change in MR with temperature is consistent with a spin-disorder scattering
mechanism.[40] Interestingly, while we might expect fully closed hysteresis loops above this
ordering temperature, Figure 2.5f instead shows that both MR and pagg traces retain their
hysteretic behavior up to 40 K, consistent with the persistence of some long-range magnetic
order above 31 K. This discrepancy in the apparent TC prompted us to further examine the
magnetic ordering temperature.

Magnetic phase transitions and magnetocrystalline anisotropy
(MCA) in thin Fe, TaS,

By fitting the temperature dependence of the remanent papg signal to the power-law form
a(l — T/Tc)?, it is possible to extract both the T and the critical exponent (3) for the
magnetic material.[14] 8 provides insight into the nature of the magnetic phase transition
in the crystal and enables us to identify its universality class, which characterizes the
dimensionality of our system, the symmetry of its magnetization, and the range of spin—spin
interactions.[111, 112] This analysis and the discontinuity in papg(7) around 31 K before
full hysteresis closure (Figure 2.7a) suggest the presence of two magnetic phase transitions
at about 31 K and 41 K, which we discuss in detail later. The critical exponent of the
low-temperature magnetic phase, f = 0.31 4+ 0.04, closely matches the theoretical value
for the 3D Ising model 5 = 0.325,[113] which describes systems with uniaxial MCA. To
experimentally examine the MCA, we compare the MR curves with the external field applied
parallel to the c-axis (H || ¢) with those in which the external field is applied along the
ab-plane (H || ab) in Figure 2.7b. The MR profile is hysteretic only for H || ¢, consistent with
an easy-axis along ¢, and a strong out-of-plane MCA in few-layer Fe,TaS,.

Magnetic behavior, transport, and Fe disorder in the ultrathin
limit of Fe, TaS,.

The large MCA in Fe,TaS, prepared by chemical intercalation raised the possibility of
anisotropy-stabilized long-range ferromagnetism in ultrathin Fe,TaS, with even fewer layers.
Hysteretic magnetotransport features of intercalated 2-, 3-, and 5-layer TaS, flakes (Figure
2.8) confirm that hard ferromagnetism is retained down to the thinnest limit of Fe,TaS,
(Figure 2.9a). All measured devices (Figure 2.9b) exhibit hysteretic MR profiles only for H || ¢,
confirming their large out-of-plane MCA (Figure 2.10). This observation of ferromagnetism
and large MCA in few-layer Fe intercalated TaS, is supported by Density Functional Theory
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Figure 2.7: Uniaxial magnetocrystalline anisotropy in low-dimensional Fe,TaS,. (a) Tem-
perature dependence of the remanent papg for the 11-layer device of Fe, TaS,. Ferromagnetic
(FM) and paramagnetic (PM) phases are highlighted. Dashed lines represent the least squares
fit to the formula (1 — T/T¢)?. (b) MR of the device with the external field parallel and
perpendicular to the c-axis.

(DFT) calculations. In these computations, we considered four \ﬂ?))a X \ﬂ?))a superlattices
of Fe, TaS, with L. = 2, 3, 4, 5 TaS, layers. For all L-layer systems, we find a high-spin
ferromagnetic order with calculated Fe magnetic moments of 3.3-3.5 ug per site. For all
calculated heterostructures and magnetic configurations, we find that Fe converges to a d°
manifold (i.e. an Fe’T oxidation state), which aligns with literature on bulk Fe,TaS,.[36]
Consistent with our experiments, we find the easy-axis to be out-of-plane with a calculated
MCA in the 5-layer case of 6 meV per formula unit (1.5 meV/Fe). The origin of this anisotropy
is the large out-of-plane orbital moment, which was previously calculated to be of 1.0 ug/Fe
in the bulk case. Notably, the large MCA in our crystals is expected to dominate over shape
anisotropy, which is an important factor for thin films with smaller MCA.

Additional magnetotransport measurements also reveal that these thin crystals have high
carrier densities and hole carriers (Figure 2.9). However, despite these similarities, their
magnetic behaviors are substantially different. The 5-layer Feg sg2)TaS, crystal displays only
slightly broadened p,, and MR hysteresis curves, suggesting a small degree of inhomogeneous
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MEIs in this material. In contrast, the 3-layer sample, Feg sz TaS,, which possesses a
comparable stoichiometry to the 5L crystal, exhibits substantially broader magnetization
switching. These data indicate that stoichiometry may not be the primary determinant
of magnetic order in 2D Fe,TaS,. Instead, dimensionality may play the dominant role in
shaping magnetic properties. Indeed, the p,, and MR features found in measurements of
the 2-layer crystal, Feg s314)TaSy are comparable to those of the 3-layer crystal, despite a
significant difference in stoichiometry. This strong influence of dimensionality on magnetic
order may stem from its impact on intercalant ordering via electronic and/or structural effects.
For example, measurements of bulk crystals of a related system, Fe,TiSs, reveal that the
ordering of intercalants in the plane is sensitive to the structure of Fe intercalants along the
c-axis.[114-116] By extension, we suggest that decreasing numbers of layers could result in a
reduced tendency for ordering Fe centers in-plane. Moreover, in the low-dimensional limit,
intercalation may produce distinct Fe intercalant structural phases that may not be present in
bulk crystals, a behavior that can also be theoretically understood from the Mermin—Wagner
framework as applied to 2D crystallization processes.[117]

OCR = 27% (3-layer) OCR = 19% (2-layer) 11-layer

OCR = 42% (5-layer)

Figure 2.8: (a) Optical micrographs of 2H —TaS, flakes after mechanical exfoliation. Uniform
flake areas, whose layer count is marked in yellow, were nanofabricated into devices. The red
channel optical contrast (OCR) is indicated for flakes whose layer count was obtained with
optical contrast measurements. (b) Flakes after encapsulation with hexagonal boron nitride
(hBN). The hBN-covered flake areas are false-colored in light blue.

To evaluate the extent of this intercalant ordering in these ultrathin intercalation com-
pounds, we used confocal Raman spectroscopy to probe the Fe superlattice modes in the
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Figure 2.9: (a) Magnetotransport measurements, (b) optical micrographs with heterostruc-
ture schematics, (c) cumulative Raman spectra, (d) temperature-dependent longitudinal
resistivities and their first derivatives with respect to temperature and (e) temperature-
dependent coercivities for the 5-, 3- and 2-layer devices. In (c), the Raman data is normalized
to the A; /A, peak. In (d), (p (T')/ p(300 K))/dT maxima are marked on the p (T")/p(300
K) curves for the 3-layer and 5-layer devices.

intercalated 5-, 3- and 2-layer crystals. Figure 2.9c shows that the superlattice structures and
order in these few-layer devices indeed differ appreciably. We find that the 5-layer sample
is mostly ordered in the v/3a x v/3a superstructure, with a hallmark sharp and intense Fe*
feature close to 140 cm™'.[96] In the 3-layer device, the characteristic v/3a x v/3a and 2a x 2a
superstructure modes are broader and closer in intensity, consistent with increased disorder
and the presence of both superlattices, notwithstanding an effectively identical composition
to the 5-layer crystal. Finally, the bilayer sample exhibits a substantially broad feature in
the low-frequency region, pointing to a high level of intercalant disorder. Although sharp
Fe-related modes are absent in this sample, the red-shifted A; mode reveals that the TaS,
lattice has been electron-doped[98, 99] and STEM-EDS confirms the substantial intercalation
of Fe. Taken together, we suggest that structural disorder, which is encouraged by reduced
dimensionality, likely promotes the observed broadened magnetic responses in ultrathin
Fe,TaS,.

Traditionally considered an undesirable property of crystals, intercalant disorder plays a
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key, useful role in defining and manipulating the magnetic properties of magnetic intercalation
compounds. In Fe,NbS, crystals with z near 1/3, disorder results in a spin-glass phase that
coexists with the antiferromagnetic state, and this disorder-induced spin glass enables the
switching of antiferromagnetic domain orientations and electronic conductivity with small
electrical pulses.[118-122] In bulk Fe, TaS, crystals, disorder has been demonstrated to increase
ferromagnetic hardness, as defects can pin magnetic domains and increase the coercivity.
Congruently, apparent intercalant disorder in our bilayer and 3-layer Fe,TaS, crystals may,
together with intrinsically large MCA, be one origin for the observed giant coercivities
reaching 2.9 + 0.3 T and 2.1 £ 0.4 T, respectively (Figure 2.9a). In contrast, the coercivity
of the more ordered 5-layer Fe,TaS, is lower, amounting to 1.1 + 0.3 T at 1.8 K.
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Figure 2.10: Uniaxial magnetocrystalline anisotropy in ultrathin Fe,TaS,. MR of the
5-layer Feg sg(4)TaSy, 3-layer Feg s7(2)TaS, and 2-layer Feg sg(14)TaS; crystals with the external
magnetic field parallel and perpendicular to the crystallographic c-axis.

Notwithstanding the very large coercivities measured for these few-layer magnetic crystals,
it is noteworthy that these coercive fields are slightly lower than those measured for analogous
bulk Fe,TaS,.[39] These discrepancies in H. could suggest that the overall strength of MEIs
may decrease in the few-layer limit. However, our analysis of ordering temperatures in
these few-layer crystals reveals that the overall MEIs, while perhaps slightly weaker, may be
quite comparable to those found in bulk crystals of similar composition. This insight was
gleaned from a consideration of their Curie temperatures, determined from the temperature
dependence of their longitudinal resistivities (Figure 2.9d) and coercivities (Figure 2.9e).
Based on the inflections in p,, and dp,,/dT shown in Figure 2.9d, the 5- and 3- layer crystals
magnetically order below 25 K and 32 K, respectively. However, as we discuss in more
detail below, the closure of their hysteresis, i.e., onset of H.= 0, does not coincide with the
inflections in p,, (Figure 2.9e, Figure 2.11, Figure 2.12). For the 5-layer crystal, the magnetic
hysteresis instead closes between 40 K and 60 K, about 20 K higher than the temperature of
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inflection in p,,. The hysteresis observed in the 3-layer crystal instead closes below the p,,
inflection temperature (between 10 and 20 K), as observed in bulk Fe, ;3TaS,.[103]
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Figure 2.11: Temperature dependence of the symmetrized anomalous Hall resistivity (paug)
and magnetoresistance (MR) for the 5-layer Feg 35(4)TaS, device.

For the bilayer crystal, Figure 2.9d also shows that decreasing temperatures do not produce
the characteristic sharp drop in p,, below a magnetic ordering temperature, as observed in
crystals with L > 3 layers. Instead, p,, exhibits an upturn in resistivity for T < 100 K to
reach a low-temperature resistivity greater than the p,, value measured at room temperature.
This upturn in p,, has not been observed in bulk crystals of Fe,TaS, and may be a result
of Kondo-like scattering or weak localization,[111, 123-126] both of which can result in an
increase in resistivity with decreasing temperature in metals. Because p,, for the bilayer
sample does not exhibit any features typically attributed to a magnetic phase transition, we
estimate T¢ as between 20 and 25 K based on the disappearance of hysteresis in p,, over
this temperature range (Figure 2.13). In summary, these measured ordering temperatures for
few-layer Fe,TaS, are comparable to the T¢ for x = 0.33 bulk crystals (around 38 K),[14, 39]
signifying that it is likely the intraplanar MEIs, which are retained in the 2D limit, that are
the dominant coupling interactions in Fe,TaS, flakes.
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Figure 2.12: Temperature dependence of the symmetrized p,, and magnetoresistance (MR)
for the 3-layer Feg 37(2)TaS, device.

Co-existing magnetic phases in few-layer Fe TaS,.

As described above, in all measured few-layer samples, there exist discrepancies between
ordering temperatures determined from inflections in p,,(T) and those measured from the
closure of magnetic hysteresis. Moreover, the temperature dependence of remanent papg
for the 5-layer Fe, TaS, (Figure 2.14) appears to display more than one magnetic transition.
This behavior, which was also observed for the 11-layer crystal (Figure 2.7a), again points
to the presence of multiple co-existing ferromagnetic phases. Although one possible origin
is superlattice inhomogeneity/disorder, these crystals display Raman spectra (Figures 2.5b,
2.9¢) that are consistent with an overwhelmingly dominant v/3a x v/3a Fe superlattice.
We therefore interrogated other possible origins of these magnetic transitions using DFT
computations. Interestingly, in addition to the high-spin ground state, we also find metastable
zero-spin and intermediate-spin solutions in our DFT calculations. For the 2-layer case, we
find the zero-spin state is 461 meV per formula higher in energy than the high-spin (3.5
up/Fe) case. We also find an intermediate spin state with 2.1 up/Fe that is 273 meV per
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formula unit higher in energy than the high-spin case. In both cases, the magnetic moment
reduction occurs with a decrease in the van-der-Waals gap—the interplanar S—S distance
changes from 2.89 A (high spin) to 2.83 A (intermediate spin) to 2.56 A (zero spin), with
a corresponding reduction in Fe-S bond lengths. Along with this reduction in Fe moment
and interlayer separation in going from the high- to intermediate-spin cases, we find that
the Ta projected moment significantly increases from 0.03 pug per Ta in the high-spin case
to 0.15 pp per Ta in the intermediate-spin case for those two Ta closest to the Fe. These
Ta moments are antiferromagnetically coupled to the Fe moments. Our calculations suggest
that the Ta acquires this net moment because of charge redistribution to the neighboring
Ta sites with the reduction of the interlayer distance. We observe similar trends for the full
L-layer series studied with changes in Fe magnetic moments resulting in modification of the
interlayer separation and charge transfer to the neighboring Ta sites. We note, however, that
in all cases we find a high-spin ground state.
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Figure 2.13: Temperature dependence of the symmetrized p,, and magnetoresistance (MR)
for the 2-layer Feg sg(14)TaS, device.

These theoretical results point to other possible origins of the multiple magnetic phases
observed in experiments, independent of intercalant /superlattice disorder. Firstly, we identify
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metastable spin states in our DFT calculations that are strongly dependent on the interlayer
separation and the resulting Fe local environment. This strong structural dependence on the
total magnetization could give rise to spin state transitions upon thermal lattice contraction.
Secondly, we find that the Ta atoms adjacent to our Fe intercalants acquire a non-negligible
moment (0.15 pp/Ta in the 2-layer case) depending on the interlayer separation. This moment
on Ta could also result in a separate magnetic ordering temperature. Future experimental and
theoretical studies on 2D Fe,TaS, spanning a greater range of stoichiometries, and degrees of
intercalant ordering may reveal additional details on how magneto-structural disorder and
lowered dimensionality affect the value of T¢; and competing long-range magnetic orders.
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Figure 2.14: Temperature dependence of the remanent papr for the 5-layer Feg s34y TaS,
device.

2.4 Conclusions

We have demonstrated that long-range ferromagnetic order persists down to the thinnest
limit of the magnetic intercalation compound Fe,TaS,. Combined structural, spectroscopic,
and magnetoelectronic characterization indicates that both intercalant order/disorder and
stoichiometry influence the magnetic properties of these low-dimensional materials. Neverthe-
less, overall, the high MCA expected from the coordination environment imposed by the vdW
interface between TaS, sheets appears to stabilize long-range, hard ferromagnetic ordering in
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samples of all thicknesses. More broadly, our results demonstrate a versatile platform for
developing 2D magnets with magnetic properties that can be manipulated by modulating their
intercalation amount, dimensionality, and structural homogeneity. This work opens the door
to modulating the MCA and MEISs of intercalated TMDs by marrying the synthetic versatility
of soft chemical intercalation[39, 90-93] with distinctive techniques developed for fabricating
vdW architectures and controlling the emergent physics in atomically layered materials, such
as layer count, |74, 127] deterministic assembly of vdW heterostructures,[128, 129] electrostatic
gating,[76, 77] strain,[130, 131] and the introduction of an interlayer twist.[132, 133] Exploring
this constellation of tuning knobs is poised to produce novel 2D intercalation compounds
that enable the exploration of exotic emergent magnetic phases as well as materials for low
energy switching of magnetism.

2.5 Methods Chapter 2

Mechanical exfoliation of hexagonal boron nitride (hBN)

The mechanical exfoliation of hBN (used as received from T. Taniguchi and K. Watanabe) is
performed outside the glovebox. First, 90 nm SiO,/Si chips are cut into ~ 1 x 1 cm pieces
and cleaned for 60 minutes in an ozone cleaner. Immediately before the chip cleaning is
complete, 4 hBN crystals (~1.5 mm x 1.5 mm) are tessellated with adhesive tape (Magic
Scotch). Then, the chips are removed from the ozone cleaner, placed shiny-side-up onto the
tape, and pressed for 10 minutes with finger pressure. After this, the tape is swiftly taken off
the chips.

Mechanical exfoliation of 2 H—-TaS,.

The mechanical exfoliation of 2H—TaS, (HQ Graphene) is done in an Ar glovebox using an
adhesive tape (Magic Scotch). First, 90 nm SiO,/Si chips are cut into ~1 X 1 c¢m pieces
and cleaned for 2 minutes in an oxygen plasma cleaner. The chips are left on the glovebox
hotplate at 200 °C while tessellating a large 2H —TaS, crystal (~3 x 3 mm) with the adhesive
tape. Then, the chips are taken off the hotplate, placed shiny-side-up onto the tape and
pressed for 10 minutes with finger pressure. After this, the tape is swiftly taken off the chips.

Encapsulation of 2 H—-TaS, with hBN

Our samples were prepared with the dry transfer method using a home-built micro-manipulation
stage in an Ar glovebox. In a typical procedure, we prepared a polymeric stamp consisting of
a poly(bisphenol A carbonate), PC, film covering a polydimethylsiloxane (PDMS) stamp on
a glass slide. To assemble the polymer stamp, we first prepared a solution of PC by making
a 5% w/w solution of PC (Sigma Aldrich) in chloroform (Lab Chem). The PC solution was
placed onto a glass slide using a glass pipette and spread by sandwiching the PC-covered slide
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with a clean glass slide. The two slides were quickly separated and placed PC-side-up onto
a hotplate at 120 °C. After 5 minutes of baking, a relatively uniform PC film was formed.
This film was cut into small squares (2 mm X 2 mm) using a razor blade. The squares were
placed onto a 4 mm x 4 mm PDMS square that has been attached to a glass slide. When
this PC/PDMS stack was completed, it was placed on a hotplate at 120 °C for 2 minutes.
Next, the PC/PDMS polymer stamp was used to pick up hBN, which was subsequently
placed onto a 2H—TaS, flake. The edges of the 2H—TaS, flake were left uncapped to enable
subsequent intercalation. Next, the hBN was released on the 2H—TaS, flake by melting the
PC stamp at 160 °C. For thicker 2H—TaS, flakes (> 6 layers), the PC film was dissolved in
chloroform for 20 minutes under an ambient atmosphere. The chip containing the sample was
then subsequently washed with isopropanol (Sigma Aldrich) and dried with flowing N2. For
thinner samples (< 6 layers), the PC film was dissolved in dichloromethane (Fisher Scientific)
for 20 minutes in an Ar-filled glovebox. The sample was then rinsed in toluene and dried
with flowing Ar.

Sample preparation for transmission electron microscopy (TEM)
Samples for imaging along the crystallographic c-axis

TEM samples for imaging along the c-axis were prepared on silicon nitride holey TEM
grids with a 200 nm membrane thickness (Norcada). The previously described dry transfer
method was used to transfer 2H—TaS, flakes from the SiO,/Si support onto the silicon nitride
membrane. Immediately before stacking, the TEM grid was cleaned for 5 minutes in an
oxygen plasma cleaner.

Cross-sectional samples for imaging along the ab-plane

Cross-sectional TEM samples were prepared with FEI Helios 660 and Thermo Scientific Scios
2 focused ion beam scanning electron microscopy (FIB-SEM) systems. A 200 nm coating of
Pt or C was deposited over the device’s Hall bar channel using an electron beam at 5 kV and
1.6 nA. This was followed by a deposition of 2.5 um Pt or C layer using a gallium-ion beam
at 30 kV and 0.1 nA. The initial bulk-out was performed with a 30 kV Ga beam and 3 nA
current, while the bulk-out cleaning was done with a 1 nA current. For the initial thinning, a
30 kV Ga beam was used, while the current was increasingly lowered as the sample became
thinner. Initial thinning was started with a 1 nA current, while the final current for the rough
thinning was typically 0.3 nA. After the sample was approximately 150 nm thick, we switched
to the 5 kV and 40 pA settings. The final polishing was done at 2 kV and 40 pA to reduce the
ion beam damage. Note that sample damage occurs at the interfaces of Fe,TaS, with other
layers, including SiO, and hBN. This was evident from HRSTEM, where Fe,TaS, layers at
interfaces look deformed and blurred. Typically, the first 1-3 layers of Fe, TaS, that interface
SiO, are deformed and blurred, while up to one layer is blurred at the hBN/TaS, interface.
This deformation and apparent amorphization of layers stems from the FIB preparation. We
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conclude this based on the Raman spectra of atomically thin devices before the FIB process.
These Raman spectra retain vibrational modes associated with layer vibrations, which would
be absent for amorphous or completely deformed samples.

Chemical treatment of 2 H—-TaS, flakes

Acetone (Sigma-Aldrich) was freeze-pump-thawed and then dried over CaCl2 (Acros Organics)
for more than 12 hours before the reaction. Acetonitrile (Fisher Scientific) and toluene (Fisher
Scientific) were obtained from a solvent purification system and dried over 3 A molecular
sieves for at least 12 hours before the reaction. All solvents were handled under an inert
atmosphere and passed through a 0.2 um PTFE syringe membrane filter (VWR) before use
to prevent the introduction of particulate matter into the reaction flask.

Method 1: Treatment with Fe(CO);5 in toluene

10 mL of toluene, a Teflon boat, and a Teflon-coated stir bar were added to a glass scintillation
vial and heated to 55 °C in a hotplate heating block. Then, mechanically exfoliated 2H —TaS,
(HQ Graphene) on a supporting substrate was placed into the Teflon boat and 14 pL of
Fe(CO)5 (Sigma Aldrich) was dispensed into the reaction vial. The vial was closed with a
Teflon cap and the solution was left to stir for ~24 hours at 55 °C with a dim white light
placed next to the vial to promote slow Fe(CO); photodecomposition. After the reaction,
the chip was washed three times in warm toluene and then dried in Ar. The sample was
then annealed in high-vacuum (approximately 10~! Torr) by rapidly warming to 120 °C at 60
°C/min with a 5 minute hold, followed by heating at 11.5 °C/min to 350 °C and a 30 minute
hold at 350 °C, before cooling to room temperature at 13.5 °C/min.

Treatment with Fe(CO);5 in acetonitrile or acetone

In an Ar-filled glovebox, mechanically exfoliated 2H—TaS, (HQ Graphene) flakes on a
supporting substrate were placed into a round-bottom flask and sealed. The flask was
evacuated and flushed with Ny gas on a Schlenk line. Dry, degassed solvent (10 mL) was
added to the flask and heated to 50 °C. 14 uL (0.02 g) of Fe(CO)5 was then injected into
the reaction flask which was maintained at 50 °C for 24 hours under flowing N,. During
the reaction, a dim white light was placed next to the flaks to promote slow Fe(CO)5
decomposition. After 24 h, the chip was rinsed three times in dry solvent, followed by
another rinse in degassed acetone and ethanol. The sample was then annealed in high-vacuum
conditions using the same procedure described in Method 1.

Nanofabrication

All nanofabrication steps were performed in the Marvell Nanofabrication Laboratory after the
chemical intercalation and annealing of samples. In a typical fabrication procedure, we used
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electron beam lithography (Crestec CABL-UH Series Electron Beam Lithography System) to
define electrical contacts. Reactive ion etching (RIE) with a mixture of 35 sccm CHF3 and 5
sccm Og (Plasma-Therm PK-12 RIE) for 30 seconds was used to remove hBN and expose
fresh Fe,TaS,. Immediately afterwards, Cr/Pt (2 nm/100 nm) was evaporated onto Fe,TaS,
(NRC thermal evaporator). After lift-off, electron-beam lithography was used to define a Hall
bar-shaped etch mask. The subsequent etching of the Hall bar shape for thin samples (j 6
layers) was performed by reactive ion etching with 35 sccm CHF3 and 5 scem O,. On the
other hand, thicker samples were etched with ~25 etch cycles of XeF, (Xetch instrument)
for 20 seconds at 3.2 Torr. After the hBN/Fe,TaS, etching, the samples were cleaned for 20
seconds in a 40 sccm O2 plasma and subsequently the residual PMMA resist was dissolved in
acetone.

Transmission electron microscopy (TEM)

High-resolution TEM and nanobeam electron diffraction (NBED) measurements were per-
formed on a JEOL 2100-F TEM operated at 200 kV at the Molecular Foundry. For NBED,
the nanobeam spot radius was set to 90 nm. Selected area electron diffraction (SAED)
patterns were obtained with a 40 ym diameter aperture using an FEI Tecnai T20 S-TWIN
TEM operated at 200 kV.

STEM-EDS of cross-sectional TEM samples was performed on the FEI TitanX microscope
at the National Center for Electron Microscopy (NCEM). The microscope was operated at
60 kV with a probe convergence angle of 10 mrad and a beam current of ~ 150 pA. The
total acquisition time varied from 3 to 20 minutes, depending on the signal-to-noise ratio.
STEM-EDS maps were collected in multiple regions of the cross-sectional samples, and the
averages and standard deviations of these data sets were reported in the main paper.

HRSTEM imaging of layers was conducted on an FEI TitanX microscope operated at 200
kV with a convergence angle of 10 mrad and a half collection angle of 52 mrad. Differential
phase contrast (DPC) STEM measurements were acquired on the TEAM 0.5, which is a
Titan 80-300 with a probe corrector, at NCEM. The microscope’s accelerating voltage was
300 kV, the convergence angle was 30 mrad, and the beam current was 70 pA. The 4D-STEM
scans were acquired using the 4D Camera with a frame time of 11 usec per probe position,
576 x 576 pixels, and 1024 x 1024 probe positions. The DPC-STEM data was acquired
simultaneously with HAADF-STEM images.

Electron energy loss spectroscopy measurements were acquired on the TEAM 1 which
is a Titan 80-300 with a probe corrector. The microscope’s accelerating voltage was 300
kV, the convergence angle was 17.1 mrad, and the beam current was 87 pA. The collection
semi-angle was 41.9 mrad. The dispersion on the spectrometer was 90 meV /channel. Spectra
was summed over three passes across the samples, with an exposure of 0.01 seconds/pixel.
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STEM-EDS analysis

Analysis of the STEM-EDS data was carried out in the Bruker Esprit 1.9 software. Series
Fit deconvolution was employed to deconvolute overlapping peaks. Next, to estimate the
atomic percentage (at. %) of the amount of Fe coming from the TEM column, we analyzed a
2H—TaS, sample that was not intercalated. We determined that the at. % ratio of Fe to Co
coming from the column is approximately 1:1. Thus, by identifying the at. % of Co in the
EDS signal of our intercalated samples, it was possible to determine the amount of signal
coming from the stainless-steel column. This “column iron” background contribution was
subtracted from the total Fe at. % to determine the final iron intercalation amount.

Raman spectroscopy

Ultra-low frequency (ULF) Raman spectroscopy (Horiba Multiline LabRam Evolution)
was conducted using a 633 nm laser excitation at a power of 50-80 uW with 10-second
acquisition times and five accumulations. Baseline correction was performed by fitting a
polynomial curve to the background. Raman maps of the Hall bar channel were obtained
after magnetotransport measurements, with typical step sizes of 1 um. These spectra were
summed to obtain cumulative Raman spectra displayed in the main paper.

Transport measurements

Transport measurements were performed using standard lock-in techniques. In brief, a small
0.5-1 pA alternating current (17.777 Hz) was applied between the source and drain contacts.
Concurrently, the four-probe longitudinal (V,,) and transverse (V;,) voltage drops were
measured with a lock-in amplifier (Stanford Research SR830). All phases were < 3nd so
from the measured values, resistances could be determined with Ohm’s law. Measurements
were obtained across the Hall bar channel, and values extracted from these measurements
(e.g. coercive fields) were averaged from all measured values. The standard deviation (1 o)
obtained from these measurements is reported as the error in the main paper.

Unless otherwise indicated, the field-dependent R,, and R,, data were symmetrized
(anti-symmetrized) in accordance with established methods:!34

orwar 1 orwar everse
REG (1o 1) = S [RET (g H) + RECST (— o )

xT,5ymm 9 [Ftezraw rT,raw
1
R (o) = i[RffﬁZZie(MoH) + Ry (—po H) 23)
orwar 1 orwar everse ‘
Rfy,syrmgz(:uoH) - i[Rfy,raw d(luoH) - Rfy,raw (_MOH)]
1
Ry (noH) = 5[355,7«%8@0}1 ) = Ry (—poH)]



CHAPTER 2. HARD FERROMAGNETISM DOWN TO THE
THINNEST LIMIT OF IRON-INTERCALATED TANTALUM DISULFIDE 42

The field-dependent R,, signal was converted to magnetoresistance using Equation 2.4.

MR(%) = x 100% (2.4)

The measured transverse resistance (R,,) was separated into the ordinary Hall effect term
(Roug) and the anomalous Hall effect term (Ropg) according to the following equation:

1

where n is the 2D carrier density, j is the vacuum vacuum permeability, and H is the applied
magnetic field (H || ¢). The Roug term is linearly proportional to the applied magnetic field
and was used to calculate the carrier density of the device. The Rapg term reported herein is
directly proportional to the magnetization of the sample® and was obtained by subtracting
the Ronp term from the measured R, signal.

Electronic band structures and density of states were calculated in the density functional
theory framework using the Vienna Ab-initio Simulation Package (VASP).[135-139] Projector
augmented wave pseudopotentials[139, 140] included Fe 3d®4s?, Ta 5p®5d36s?, S 3s?3p?
electrons as valence. The structures were constructed in a v/3 x /3 supercell of 2H—TaS,
and a 15 A vacuum gap was included out-of-plane. The PBEsol exchange-correlation
functional[141] was used with 800 eV plane wave energy cut-off and a 10x10x1 Gamma-
centered k-point grid, which converged the total energy within 1 meV per formula unit.
Hubbard U corrections were applied to the Fe d-orbitals by the Liechtenstein method[142]
with U = 4.0 eV and J = 0.7 V. This is consistent with previous studies that used similar
values of U and J to account for the Fe-d localization.[36] We further validated this choice
of U by comparing our calculated lattice parameters of bulk Fe;,,TaS, with experiments,
finding that a U of 4.0 ¢V gave in-plane and out-of-plane lattice parameters within 1% of
those measured. Structure optimizations to a force tolerance of 2 meVA~' gave the following
in-plane lattice parameters: 2-layers: 5.723 A, 3-layers: 5.729 A, 4-layers: 5.718 A, and
5-layers: 5.710 A. Spin-orbit coupling was included for the magnetocrystalline anisotropy
calculations only.
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Chapter 3

Tailored topotactic chemistry unlocks
heterostructures of magnetic
intercalation compounds

Parts of this section were adapted or reproduced from: Husremovi¢, S.; Gonzalez, O.; Goodge,
B.; Xie, L.; Kong, Z.; Zhang, W.; Ryu, S. H.; Ribet, S.; Bustillo, K.C.; Song, C.; Ciston,
J.; Taniguchi, T.; Watanabe, K.; Ophus, C. M.; Jozwiak, C.; Bostwick, A.; Rotenberg, E.;
Bediako, D. K. Submitted 2024.

Author contributions: S.H. and D.K.B. conceived the study. S.H., O.G., and W.Z. fabri-
cated the samples. S.H., B.H.G., K.C.B, and C.S. imaged samples using TEM. S.H., L.X.,
0.G., S.HR., C.J., AB., E.R. performed nanoARPES experiments. Z.K. performed the
XPS study. S.H., S.M.R., and C.O. developed the code for the virtual apertures. T.T. and
K.W. provided the hBN crystals. S.H. and D.K.B. wrote the manuscript with input from all
co-authors.

3.1 Abstract

The construction of thin film heterostructures has been a widely successful archetype for
fabricating materials with emergent physical properties. This strategy is of particular impor-
tance for the design of multilayer magnetic architectures in which direct interfacial spin—spin
interactions between magnetic phases in dissimilar layers lead to emergent and controllable
magnetic behavior. However, crystallographic incommensurability and atomic-scale interfacial
disorder can severely limit the types of materials amenable to this strategy, as well as the per-
formance of these systems. Here, we demonstrate a method for synthesizing heterostructures
comprising magnetic intercalation compounds of transition metal dichalcogenides (TMDs),
through directed topotactic reaction of the TMD with a metal oxide. The mechanism of
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the intercalation reaction enables thermally initiated intercalation of the TMD from litho-
graphically patterned oxide films, giving access to a new family of multi-component magnetic
architectures through the combination of deterministic van der Waals assembly and directed
intercalation chemistry.

3.2 Introduction

Solid heterostructures make it possible to leverage the proximity of disparate electronic
phases to engineer exotic physical phenomena[143-145]. Magnetic multilayers are among
the most technologically relevant of these systems, with the pioneering discovery of giant
magnetoresistance serving as a major milestone in the development of magnetic memory,
sensors, and spintronic devices more broadly[146, 147]. Beyond elemental multilayers, the
assembly of binary or ternary metal compounds into heterostructures vastly expands the range
of possible functionality in such systems, as the ground state magnetic/electronic behavior
of the constituent layers can be considerably more diverse[148, 149]. Equally important is
the control over the integrity of interfaces between dissimilar materials. Interfacial atomic
disorder—such as that endemic to heterostructures of some oxides and heterojunctions of polar
compound semiconductors—can play a defining role in the properties of the architecture[150,
151].

Transition metal dichalcogenides (TMDs) intercalated with spin-bearing transition met-
als are appealing targets for bespoke magnetic heterostructures because they exhibit a
wide range of properties that would be attractive in the design and study of magnetic
multilayers: hard ferromagnetism in Fego5TaSy[37-39, 73], chiral magnetic textures in
Crg.33TaS, and Crg33NbSy[152-155], electrically driven collinear antiferromagnetic switching
in Fej33NbS,[120, 156], triple-Q antiferromagnetic ordering and topological Hall effect in
Cog.33TaS, and Cog33NbSy[157, 158], and recently proposed so-called altermagnetic order
in V33NbS,[159]. Their diverse properties emerge from the interplay between the host
lattice structure, intercalant identity and superlattice symmetry, stoichiometry, and disor-
der/homogeneity[30, 155]. Integrating these versatile crystals into van der Waals (vdW)
heterostructures with customizable interfaces may unlock a new frontier of magnetic architec-
tures with designed interfacial interactions and magnetoelectronic properties. However, the
absence of effective synthesis methods has impeded the development of 2D heterostructures
comprising magnetic intercalated TMDs. Even established techniques for fabricating het-
erostructures of layered crystals, such as mechanical exfoliation followed by vdW assembly,
are not viable for intercalated crystals: the strong interlayer interactions imparted by the
intercalants pose significant challenges in isolating thin crystals,[160] which are integral
components of heterostructures. Prior work on vdW assembly of intercalated TMDs has been
limited to preparing magnetic tunnel junctions with incidental oxide formation at ill-defined
and poorly controlled interfaces[160, 161].

Here, we demonstrate a synthetic framework to create pristine heterostructures comprising
magnetic TMD intercalation compounds of 2H—TaS, and 2H-NbS, containing Fe and Co.
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Previous work has shown that treatment of TMDs with solutions of zerovalent transition
metals can lead to TMD intercalation compounds, with the reaction mechanism remaining
elusive. We show that this topochemical reaction involves the formation of a metal oxide film
derived from the zero-valent metal carbonyl precursor. We then establish that this metal
oxide film releases divalent metal ions into the TMD upon annealing. Concomitantly, the
oxide-exposed TMD surfaces sacrificially oxidize, thereby supplying the necessary charges to
electron-dope the remaining pristine TMD layers for charge balance. Leveraging these new
mechanistic insights, we develop an approach for patterning metal oxide precursor films onto
TMDs that (1) facilitates studies of intercalant diffusion/ordering; (2) produces ultraclean
surfaces to allow electronic structure measurements by nano-angle-resolved photoemission
spectroscopy (nanoARPES); and (3) enables distinctive magnetic heterostructures of TMD
intercalation compounds with atomically clean heterointerfaces. These insights and method-
ology establish a versatile route to new families of multi-component spintronic architectures
through the combination of directed nanoscale solid-state intercalation chemistry with the
myriad structural tuning knobs available for vdW heterostructures.

3.3 Results and discussion

Synthesis of few-layer intercalation compounds with solid-state
topochemistry

We first illustrate the basic synthetic approach by focusing on a single intercalant species
(Fe) and host lattice (2H—TaS,), demonstrating how nanoscale solid-state reactions offer a
versatile method for synthesizing low-dimensional TMDs intercalated with transition metals.
In previous work[73, 93] it has been shown that 2D flakes treated with zero-valent metal
carbonyls in organic solvents (like Fe(CO); in acetone) (Figure 3.1a, left) often necessitate
vacuum annealing to evince clear signs of intercalation in their Raman spectra, such as the
appearance of new phonon modes associated with the intercalant superlattice and Raman peak
shifts indicative of charge transfer to the layered host lattice. Indeed, we find this thermal
treatment to be consistently required in the case of 2H—TaS, (Figure 3.2)[73]. Here, to first
understand the effect of this thermal treatment at an atomic level, we use atomic-resolution
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) to
examine samples heated to different temperatures. HAADF-STEM imaging was performed
on cross-sectional samples made from 2H—TaS, flakes on SiOy/Si treated with 10 mM
Fe(CO)s5/acetone and subjected to thermal annealing at 100 °C (Figure 3.1b), 200 °C (Figure
3.3) or 350 °C (Figure 3.1¢). These samples, labeled S1-S3, display substantial structural
differences: whereas interstitial sites in the vdW interface of S1 and S2 appear largely vacant,
S3 displays a high occupancy of intercalants in the pseudo-octahedral sites. To identify these
intercalants and compositionally characterize S1-S3, we complement this atomic-resolution
imaging with spatially resolved electron energy loss spectroscopy (EELS). EEL spectra of
S1-S3 reveal the spectroscopic fingerprint of Fe only for the sample annealed at 350 °C (S3)



CHAPTER 3. TAILORED TOPOTACTIC CHEMISTRY UNLOCKS
HETEROSTRUCTURES OF MAGNETIC INTERCALATION COMPOUNDS 46

a b S1: 100 °C anneal c S3: 350 °C anneal

€(CO) 5/solvs-:‘nt SlO /s'
( E \ Fe,0 /solven Fe-filled crU|C|b Fe flux

Fe C O compos ?e Fe,O, nanoEowder Fe evaporated metal

d e
2 W PR socowcvane 2 | FeLy 8.4 200°C anneal ) f ,Eei EeTT'OO
. - ISl a4 — S3 Flake
sio,/si \@\ & 8 | Fe-L,
[2] [2]
% /CK 5 E
> =)
[ Q
Ta o o0
2 41 700 710 720 730 700 710 720 730
N Energy loss (eV) Energy loss (eV)
f g
4

hBN-capped : uncapped Fe.C.0, precursor Fe,C,0, precursor
UUGR—. x * degradation
" ¥ » hBN %
; ——
.

Figure 3.1: Nanoscale solid-state intercalation of vdW crystals and pristine heterostruc-
tures. (a) Schematic of depositing Fe precursors onto 2H—TaS, crystals on SiOy/Si sup-
port followed by vacuum annealing to yield Fe-intercalated 2H—TaS, (Fe,TaS,). (b,c)
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
atomic-resolution images along the [1010] zone axis of 2H—TaS, flakes labeled S1 and S3
immersed in Fe(CO);/acetone for 24 hours at 48 °C and subsequently vacuum annealed at
100 °C for 12 hours (S1) (b) and 350 °C for 30 minutes (S3) (c). Micrographs are overlaid
with the structure of 2H—TaS, (ref [162]). Intercalants are marked in (c¢). Scale bars in (b,c):
1 nm. (d) Cumulative electron energy loss (EEL) spectra of 2H—TaS, flakes labeled S1-S3
treated in Fe(CO);/acetone and vacuum annealed with distinct thermal conditions. Spectra
are normalized by total acquisition time. (e) Cumulative EEL spectra of flake S3 and the
composite Fe,C,0, that formed during the Fe(CO);/acetone treatment. Experlmental spectra,
normalized by the L3 peak maxima, are overlaid with literature spectra for (Fe*™)TiO3[163]
and (Fe’"),TiO5[163]. Data in (d) and (e) was obtained at ~100 K. (f) High-resolution
STEM micrograph of a 2H —TaS, flake that was partially capped with hexagonal boron nitride
(hBN), treated with Fe(CO)s/isopropanol, and vacuum annealed at 350 °C for 1.5 hours.

Scale bar: 2 nm. (g) Schematic of the thermally activated reaction between hBN/2H—TaS,
and Fe,C,0.,.
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(Figure 3.1d). Taken together, HAADF-STEM, EELS, and Raman data show that substantial
intercalation does not occur during treatment in Fe(CO)5 solution alone, even with prolonged
(24.5 h) soaking in a 10 mM solution of the zerovalent metal carbonyl. Instead, we observe
the formation of a thin film on the surface of the chip (Figure 3.4) containing Fe, C, and O
in a molar ratio of approximately 1:3.5:3 and 1:1:2 before and after annealing, respectively
(Figure 3.5). Upon annealing at 350 °C (in a process that necessitates exposing the film for a
few minutes to ambient conditions) under high vacuum, 2H —TaS, flakes in contact with this
film are topochemically converted to Fe, TaS, in a solid-state reaction. The chemical details
of this topochemical reaction are now discussed.
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Figure 3.2: Raman spectra of 2H—TaS, upon annealing in contact with different Fe
precursors. (a—c) Change in the Raman spectra of 2H—TaS, upon annealing to 350 °C in
contact with Fe,O3 nanoparticles/nanopowder (a), evaporated Fe (b), Fe,C,O, precursor
deposited from Fe(CO)s/isopropanol. Raman symmetry labels are added in (a—c) according
to the legend outlined below the spectra.
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Figure 3.3: Atomic-resolution imaging of sample S2. HAADF-STEM of sample S2, a
2H—TaS, flake immersed in Fe(CO)s5/acetone for 24 hours at 48 °C and subsequently annealed
to 200 °C for 4 hours. Scale bar: 1 nm.
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Figure 3.4: Treatment of 2H —TaS, flakes with different Fe precursors. Optical micrographs
of 2H—TaS, flakes before and after treatment with various Fe precursors. Scale bars: 10 pm.
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Figure 3.5: Compositional analysis of Fe,C,O, precursors. (a) Scanning transmission
electron microscopy coupled with energy-dispersive X-ray spectroscopy (STEM-EDS) of
Fe,C,0, made by drop casting a 370 mM solution of Fe(CO)s/toluene onto a 30 nm silicon
nitride TEM membrane. (b) Cumulative STEM-EDS spectrum of the sample from (a). (c—f)
high-angle annular dark-field STEM (HAADF-STEM) images with marked composition of
the indicated regions for Fe,C,O, prepared by drop-casting Fe(CO)s/toluene
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Nature of the intercalation reaction with carbonyl-derived films

To probe the redox process accompanying intercalation, we examine the Fe species in the
carbonyl-derived films and 2H—TaS; using a combination of EELS and X-ray photoelectron
spectroscopy (XPS) (Figures 3.6-3.8). While Fe?" is the majority species in the films (Figure
3.1e, Figure 3.6, Figure 3.7a—d, Figure 3.8), Fe centers intercalated between 2H—TaS, layers
exist exclusively as Fe?t (Figure 3.1e)[163, 164], in agreement with prior work[73, 102]. We
gained additional insight into the intercalation redox chemistry through solid-state reactions
between TaS, and Fe;O5 powders. These reactions form products with three distinct crystallite
colors/shapes and a yellow powder (Figure 3.9a—d). Raman spectra of these products are
consistent with the phonon modes of Fe, TaS,, TayOs5, 1T—TaS,, and sulfur, respectively
(Figure 3.9¢). The formation of products possessing compositions consistent with Ta,O5 and
Fe,TaS, from the reaction of TaS, with Fe,Oj is validated by SEM-EDS analysis (Figure
3.9f,g). Moreover, powder X-ray diffraction analysis (Figure 3.10) supports a product mixture
of Fe, TaS,, Tay,Os5, 1T—TaS,, and 2H—TaS, from these solid-state reactions. From these
data, we surmise that reaction of TaS, and Fe,O3 leads to a disproportionation of Ta**t in
TaS, to TayOs5 and reduced (electron-doped) TaS, intercalated with Fe?T, (i.e. Fe,TaS,). A
possible overall reaction for this process is:

(6 + 10)TaSy + bxFesO3 —— 3xTasO5 + 10 Fe, TaS, + 122S (3.1)

3 f FeXC>OZ on sample S2 (4 hrs, 200 °C anneal)
FeXCyOZ on sample S3 (30 min, 350 °C anneal)
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Figure 3.6: EEL spectra of Fe,C,0O, films formed on flakes S1-S3. Cumulative EEL spectra
of the Fe,C,0, composite films that formed during the Fe(CO)s/acetone treatment on top of
S1-S3. Spectra are normalized by the L3 peak maxima.

To test this further, we examine the reactions of carbonyl-derived metal oxide films on
nano-thick 2 H—TaS, flakes using high-resolution STEM and EELS measurements (Figure
3.1f, Figure 3.8). We find that 2H—TaS, layers in direct contact with the films undergo
oxidation, while crystalline Fe,TaS, layers form underneath (Figure 3.8), congruent with
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the proposed disproportionation. These data also show that Fe intercalation can take place
through the basal plane of 2H—TaS,, with Fe diffusing both vertically and laterally through
2H—TaS, crystals. Moreover, we find that the diffusivity of Fe enables intercalants to move
from regions contacting the film to areas partially encapsulated with a chemically inert
hexagonal boron nitride (hBN) (Figure Figure 3.1f). Notably, hBN-encapsulated regions do
not contain TayO5 layers, demonstrating that pristine Fe, TaS, crystals can be synthesized by
combining vdW heterostructuring (capping with hBN) and nanoscale solid-state chemistry.
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Figure 3.7: X-ray photoelectron spectroscopy (XPS) of Fe precursors. (a—f) XPS spectra
and corresponding curve fits are presented for Fe,C,O, prepared by drop-casting: 370 mM
Fe(CO);/isopropanol (a), 370 mM Fe(CO);/isopropanol with subsequent annealing at 350
°C (b), 370 mM Fe(CO)s5/ toluene (c), 370 mM Fe(CO)s/toluene with subsequent annealing
at 350 °C (d), evaporated Fe (e), and evaporated Fe with subsequent annealing at 350 °C
(f). Fe,C,0, precursors were prepared on Si substrates, whereas the evaporated Fe precursor
was prepared on 90 nm SiO,/Si. Ratios of measured Fe components are indicated above each
spectrum.
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Figure 3.8: Spatially resolved electron energy loss spectroscopy (EELS) of sample S3.
Simultaneously recorded HAADF-STEM image of S3 (a) and S (b), O (c¢) and Fe (d)
elemental concentration maps. (e) Vertical line profile of the S, O, and Fe concentration.
Scale bars (a—d): 10 pm. (f) Vertical profile of the Fe energy loss spectrum. The dashed
white line in (a—d,f) and solid blue rectangle in (e) mark the crystalline flake region.
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Figure 3.9: Solid-state reactions of polycrystalline TaS, and Fe,O3. (a) Image of sealed
glass ampoule enclosing a pellet made by mixing polycrystalline TaS, and Fe,O3 after a
7-day heating period at 900 °C. (b—d) Optical micrographs of three types of micron-sized
crystallites obtained after crushing the pellet from (a). These crystallites, outlined in white
dashed lines, display different optical contrasts and crystallographic symmetries. Scale bars
(b—d): 10 pm. (e) Raman spectra of crystallites 1-3 from (b-d). Experimental data is
overlaid with reference spectra for bulk 17 —TaS, synthesized herein, and literature spectra
for Fe,TaS[73], TayO5[165] and S [166]. (f-g) Representative cumulative SEM-EDS spectra
of crystallites whose Raman matches TayO5 (f) and Fe,TaS, (g). Crystallites were placed on
a Si chip during the SEM-EDS acquisition.

To confirm and explore the versatility of this chemistry, we also vacuum annealed mechan-
ically exfoliated 2H—TaS, crystals that were coated with a suspension of Fe;O3 nanopow-
der/nanoparticles or a thin layer of electron-beam evaporated Fe metal that subsequently
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oxidizes upon air exposure according to XPS in Figure 3.7¢,f (Figure 3.1a, middle and
right). Both routes also produce Fe,TaS, (Figure 3.2a,b). In addition, we find that the
carbonyl-derived metal oxide films can simply be prepared by drop-casting or spin-coating
solutions of Fe(CO); in isopropanol and then exposing these surfaces to air (Figure 3.1a, left).
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Figure 3.10: (a) PXRD patterns after heating polycrystalline TaSy and Fe;O3 mixed in a 4:1
or 7:1 stoichiometric ratio for 7 days at 900 °C. Experimental data is plotted with literature
patterns for 2H—TaS,[162], 1 T—TaS,[60], Feg o5TaS2[37] and Tay,O5[167]. The experimentally
observed PXRD peaks present a combination of peaks from the plotted reference patterns.
The presence of 1T—TaS, (representing unreacted TaS,) implies an incomplete solid-state
reaction between TaSy and Fe,O3 following 7-day heating at 900 °C. (b) Diffraction patterns
from (b) expanded in the range 260= 10°-25°.

Intercalation and interlamellar transport from patterned oxide
films

The observed solid-state nature of intercalation enables the precise patterning of carbonyl-
derived oxide films onto 2D flakes (Figure 3.11). This precursor patterning now allows
us to investigate in detail the effect of vacuum annealing conditions on the intercalation,
lateral transport, and crystallographic ordering of Fe centers in few-layer 2H—TaS, flakes.
Nanoscale structural ordering of Fe centers was examined using temperature-dependent
four-dimensional scanning transmission electron microscopy (4D-STEM). In this experiment,
a ~b.2 nm converged electron probe was scanned across a 1.3 yum x 0.3 gm window on an 11
nm thick 2H—TaS, crystal (through a hole of diameter 2 pym in the underlying silicon nitride
TEM membrane), immediately adjacent to the patterned oxide film. Electron diffraction
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patterns were obtained at each probe position (Figure 3.12a). This experiment was repeated
as the temperature of the TEM holder was increased from 14 °C to 350 °C. We find that
nanoscale Fe ordering commences at 250 °C, as evidenced by the emergence of faint v/3 x v/3
Fe superlattice diffraction peaks (Figure 3.12b). This is consistent with our high-resolution
scanning transmission electron microscopy (HRSTEM) and electron energy loss spectroscopy
(EELS) experiments: Fe was absent in samples annealed up to 200 °C (Figure 3.1b—d and
Figure 3.2).

spin-coated PMMA ~ Window defined with  Fe,C O, drop-casted Fe C 0, after lift-off
e-beam lithography on top of PMMA in acetone

2H-Ta$, flake
. B i »‘

Figure 3.11: Precursor patterning process. Schematic of the lithographic patterning process
for Fe,C,0O, with a representative optical micrograph of the final product.

Further, 4D-STEM analysis revealed that, as expected for any solid-state reaction with a
unidirectional reactant source, the amount of ordered Fe increased with higher temperatures
and longer annealing times (Figure 3.13). As these diffraction-based experiments only provide
insight into the structurally ordered Fe, 4D-STEM measurements were complemented with
STEM-EDS examination of a 22 nm flake annealed ex-situ (Figure 3.12¢). Compositional
analysis of this crystal at three holes in the underlying membrane (centered approximately
1, 5, and 10 pm away from the oxide film) shows a steady decrease in Fe content (z of
0.30(3), 0.17(2), and 0.04(1), respectively) with increasing distance from the patterned film
(Figure 3.12d). Additionally, selected area electron diffraction (SAED) patterns indicate a
corresponding change in the Fe superlattice ordering from a well-defined /3 x v/3 (Figure
3.12e) to a diffuse 2 x 2 superlattice (Figure 3.12f), ultimately disappearing entirely in hole
3 (Figure 3.12g). Thus, annealing 2H—TaS, samples in contact with a lithographically
defined Fe oxide film results in a gradient in Fe content over several microns in distance.
Taken together, our findings reveal that the primary determinants for achieving the desired
intercalation products are the annealing temperature, annealing time, positioning of the
intercalant oxide film, and the dimensions of 2H —TaS, flakes.
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Figure 3.12: Probing uptake and diffusion of Fe in 2H—TaS,. (a) Schematic illustrating
four-dimensional scanning transmission electron microscopy (4D-STEM) of a 2H—TaS,
flake with a patterned Fe,C,O, precursor. (b) Mean diffraction patterns, displayed on a
logarithmic scale, of 4D-STEM datasets obtained during in-situ heating of a 2H—TaS, flake
with a patterned Fe,C,O, precursor. Diffraction reflections of the 2H—TaS, lattice and the
Fe superlattice are indicated in violet and red, respectively. The precursor was made by
drop-casting a solution of Fe(CO)s/isopropanol. Data was collected along the c-axis of the
flake after a 30-minute temperature equilibration period. (c) Plan-view STEM micrograph
(|| c-axis) of a 2H—TaS, crystal with a patterned Fe,C,O, precursor after ex-situ vacuum
annealing for 1 hour at 350 °C. The Fe,C,O, precursor was made by drop-casting a solution
of Fe(CO)s/isopropanol. The 2H—TaS, crystal and the Fe,C,O, patterned precursor are
false-colored in blue and red, respectively. Number labels for the TEM grid holes are marked
in white. Scale bar: 2 um (d) STEM-EDS maps of sample (c). In the Fe EDS map, 2H—TaS,
is outlined in a dashed line. Scale bars: 2 pm. (e—g) Selected area electron diffraction
(SAED) patterns of (c) obtained for grid hole 1 (e), hole 2 (f), hole 3 (g). The Fe/Ta ratio
(z) is marked on the SAED patterns. First-order diffraction peaks from the 2H—TaS, lattice
and the Fe superlattice are highlighted in blue and red, respectively. Scale bars (e-g): 5
nm~1.
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Figure 3.13: Analysis of temperature-dependent four-dimensional scanning transmission
electron microscopy (4D-STEM) data. (a) Mean diffraction pattern, displayed on a logarith-
mic scale, overlaid with virtual detectors (masks) for: v/3 x v/3 (purple) and background
(yellow). Diffraction peaks for the 2 x 2 superlattice were not detected, informing placement
of the background detector. Scale bar: 5 nm~!. (b—d) Virtual dark-field images and their
histograms obtained after in-situ annealing at 300 °C for 30 minutes (b), 350 °C for 15
minutes (c), and 350 °C for 30 minutes (d). Data in (b—d) were normalized to the maximal
value across the three datasets, and increasing intensities of superlattice peaks are correlated
with increasing concentrations of ordered Fe intercalants. Scale bars (b—d): 200 nm.

Evolution of electronic band structure of thin Fe /TaS, with Fe
content

The electronic ramifications of Fe?" intercalation from these oxide films remain unanswered.
If our proposed disproportionation chemistry (equation 1) is correct, we would expect electron
transfer to the 2 H —TaS, host. We turn to angle-resolved photoemission spectroscopy (ARPES)
measurements with submicron beam diameter to examine the effects of Fe intercalation from
Fe,C,0, films on the electronic structure of low-dimensional 2H—TaS,. A Fe,C,0O, film was
patterned onto one end of an 11 nm 2H—TaS, crystal, which was also partially encapsulated
with a monolayer of hBN to prevent degradation of the measured region. This crystal was then
annealed in high vacuum for 1 hour at 350 °C. As depicted in Figure 3.14a, photoemission
spectra as a function of crystal momentum were acquired to measure the electronic band
structure of the material over a range of distances away from the patterned Fe,C,0, film
with spatial resolution on the order of 1 pm. We also acquired core-level spectra, confirming
the presence of Fe in the measured area (Figure 3.15). Representative Fermi surface and
energy versus momentum cuts along the I'-K direction are presented in Figure 3.14b and
Figure 3.14c, respectively. In measurements of bulk intercalated TMDs, cleaved surfaces
can possess two terminations: intercalant termination or TMD termination [36, 168, 169].
The measured electronic features here are qualitatively consistent with a TMD-terminated
surface, which provides evidence for minimal intercalation between the hBN and H-TaS,
layers. Interestingly, we also observe that the Fermi surface cuts obtained at different points
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away from the precursor exhibit distinct intensity distributions (Figure 3.16), indicating
potential variations in electronic reconstruction across the crystal[168].
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Figure 3.14: Spatially mapping the band structure of ultra-clean intercalated heterostruc-
tures with nanoARPES. (a) A schematic depicting the nanoARPES experiment conducted
on a Fe,TaS, encapsulated with monolayer hBN. The sample was prepared by selectively
applying Fe,C,O, onto the area of 2 —TaS, not covered by hBN, followed by vacuum an-
nealing. (b,c) Normalized ARPES Fermi surface (b) and ARPES band dispersion along the
'K direction (c) of a hBN/Fe,TaS, heterostructure at a 4 pum distance from the patterned
Fe,C,0, precursor. In (c), the Fermi wavevector (kr) is marked, denoting where the band
forming the hole pocket around T intersects the Fermi level (Er). This band is marked by a
white dashed line. Data in (b-c) was obtained at 19 K with hv = 118 €V and linear horizontal
(LH) polarization. (d) kr along the 'K direction extracted from ARPES band-dispersions
obtained at different distances from the Fe,C,O, precursor. The kr values were obtained by
fitting the momentum distribution curves (MDCs) at the Fermi level (Er) to Lorentzians. The
dashed gray line serves as a visual guide. (e) Schematic of the band forming the hole pocket
at ' as the distance from the precursor increases from spot 1 to 4. (f) Qualitative d-orbital
splitting diagram for the trigonal prismatic Ta center in Fe,TaSy. A dashed electron in the
d,> orbital denotes additional electron filling upon Fe intercalation, concomitant with charge
transfer to 2H—TaS,. (g) Qualitative representation of the density of states of Fe-intercalated
2H—Tas,.
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Figure 3.15: Core-level spectra of the Fe,TaS;/hBN heterostructure. A representative
core-level spectrum of the Fe,TaS,/hBN heterostructure measured with nano angle-resolved
photoemission spectroscopy (nanoARPES). Data was obtained with hv = 160 eV at a 4 um
distance from the patterned Fe,C,O, precursor. Core level energies are referenced to the
Fermi edge.

0 pm from film 4 pm from film 11 pm from film

Figure 3.16: Intensity distribution of Fermi surface cuts. (a) Schematic of the Brillouin
zone for the primitive TaS, lattice. High-symmetry points are labeled. (b—d) Isoenergy cuts
at E' = Er measured for the Fe,TaS;/hBN heterostructure at 0 pum (b), 4 ym (c) and 11 pm
(d) away from the Fe,C,O, film. The intensity distribution changes from 6-fold symmetric in
(b) to 3-fold symmetric in (c,d). Data is not normalized.

A quantitative analysis of the nanoARPES datasets collected at various spots across the
sample shows the evolution of the band structure with distance from the oxide film. By fitting
the momentum distribution curves (MDCs) at the Fermi level (Er) along 'K to Lorentzians
(Figure 3.17), we extracted the Fermi wavevector (kr) to quantify the size of the hole pocket
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around I'. This analysis reveals that the diameter of the central hole pocket increases as a
function of distance away from the oxide film, with kg increasing from 0.35 A~! to 0.39 A~
(Figure 3.14d). This increase in kp, which is inversely proportional to electron filling, reveals a
decrease in electron doping of the TaS, with distance away from the oxide film (Figure 3.14e).
This doping trend mirrors the Fe concentration gradient uncovered by Raman mapping of this
sample (Figure 3.18), as well as the STEM EDS and electron diffraction measurements of the
sample presented in Figure 3.12c—g. As distance from oxide film correlates with the amount
of intercalated Fe, these data provide a highly informative picture of the progress of the
intercalation reaction itself. As Fe?* is intercalated, the 2H —TaS, host lattice is progressively
electron-doped. In a simplified picture, this electron transfer to 2H—TaS, results in an
increased population of the band consisting largely of Ta d,> orbital character, which is at
the Fermi level (Figure 3.14f,g)[30]. Although the experimental band structures of TMDs
involve more complexity than this basic explanation[168, 170], increasing Fe?* content leads
to increased electron doping that in turn reduces the size of the central hole pocket of this
Ta d,» band (Figure 3.14e). Therefore, the data of Figures 3.12 and 3.14 show how the Fe?"
content has structural and electronic implications, and the interplay between these factors is
crucial for explaining the emergent magnetism in these materials[30].
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Figure 3.17: Quantitative analysis of nano angle-resolved photoemission spectroscopic
(nanoARPES) data. (a) Momentum distribution curves (MDCs) at the Fermi level (Ey)
along I'-K extracted for datasets obtained at different distances from the Fe,C,O, precursor.
(b) Fitting a representative MCD curve to Lorentzians.
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Figure 3.18: Raman spectra of the sample measured with nanoARPES. Raman spectra
of the nanoARPES sample measured at different distances from the Fe,C,O, precursor. Fe-
related Raman modes of the nanoAREPS sample display red-shifting with increasing distance
from the Fe,C,O, precursor, indicating a corresponding decrease in the Fe concentration.

Intercalation compound heterostructures

Having unveiled this topotactic chemistry for intercalating TMDs with open-shell metal ions,
we exploit this method to craft heterostructures of magnetic intercalation compounds. We
demonstrate two paradigms for this combination of topotactic chemistry and vdW heterostruc-
ture assembly. In the first case, we intercalate a TMD heterostructure (2H—TaS,/2H-NbS,)
with a single intercalant element (Fe), and in the second case, we create heterostructures
using two different intercalants (Fe and Co) in a stack of the same TMD, 2H —TasS,.
Fe,Ta$S, is ferromagnetic (FM) in the bulk[37-39] as well as in the few-layer limit[73]. In
contrast, Fe, NbS, is known to be antiferromagnetic (AFM) in the bulk[120, 156]. Consequently,
the synthesis of Fe,TaS,/Fe,NbS, heterostructures with clean interfaces would enable the con-
struction of FM/AFM bilayers that may display technologically relevant magneto-electronic
properties as a result of interfacial coupling between the dissimilar magnetic states[171-173].
To synthesize clean Fe, TaS,/Fe,NbS,, interfaces, we prepare 2H —TaS,/2H-NbS, heterostruc-
tures using vdW assembly, deposit a Fe,C,0, film from Fe(CO);/toluene solution, and anneal
the heterostructure at 350 °C for 1.5 hours (Figure 3.19a). STEM-EDS mapping confirms the
presence of Fe across the resulting heterostructure (Figure 3.19b) and estimates the Fe content
to be 0.42 and 0.32 per 2H-NbS, and 2H —TaS,, respectively. The presence of low frequency
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Raman modes at 139 cm™ and 181 ecm™ (Figure (Figure 3.19¢) are consistent with v/3 x v/3
Fe superlattices in Fe,TaS, and Fe,NbS,, respectively [73, 96, 174]. HRSTEM imaging of this
Feo.30NbSs/Feg 30TaS, assembly reveals an atomically flat and sharp heterointerface between
the dissimilar 2D crystals (Figure (Figure 3.19d,e) with no amorphous oxide tunneling barrier
(typically observed in heterostructures made from cleaved bulk crystals)[160, 161]. Moreover,
atomic-resolution HRSTEM confirms that Fe ions decorate the interstitial between all vdW
layers, including the 3.5-degree twisted heterointerface of Fe-intercalated 2H—TaS, and
2H-NbS, crystals (Figure 3.19¢).
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Figure 3.19: Synthesis and characterization of Fe-intercalated 2H-NbS,/2H —TaS, het-
erostructures. (a) Schematic illustrating the synthesis of Fe-intercalated heterostructure of
2H-NbS,/2H—TaS,. (b) STEM energy-dispersive X-ray spectroscopy (EDS) maps perpen-
dicular to the c-axis of the heterostructure synthesized as depicted in (a). The dashed and
solid white lines mark the edges of 2H-NbS, and 2H —TaS,, respectively. Scale bars: 10
nm. (c) Ultra-low frequency (ULF) Raman spectra of the heterostructure from (b). (d)
High-resolution STEM image of the Feg 4oNbS,/Feg 32TaSs heterostructure from (b) along the
[1010] zone axis of the TaS, flake. The azimuthal misalignment (twist) angle is 3.5 determined
using Kikuchi bands. Scale bar: 2 nm. (e) Atomic-resolution HAADF-STEM image of the
heterostructure from (b) obtained along the [1010] zone axis of the NbS, flake. Scale bar: 5
A. Crystal structure of Fe;/3NbS, from ref [175] is overlaid with the 2H/-NbS, flake.
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Figure 3.20: Synthesis and characterization of co-intercalated heterostructures. (a) Illus-
tration of a heterostructure comprising two 2H —TaS, flakes with the top and bottom one
partially covered with the Fe,C,O, and Co,C,O, precursors, respectively. (b) Plan-view (||
c-axis) scanning electron microscope (SEM) image of a heterostructure made according to
the synthetic design in (a). The heterostructure with the patterned precursors was annealed
for 1 hour at 350 °C. In the SEM image, 2H—TaS, flakes are outlined in white, while the
Co and Fe precursors are false-colored in violet and red, respectively. Scale bar: 5 um. (c)
STEM-EDS map of a cross-sectional TEM sample made from heterostructure (b). Scale
bar: 20 nm. (d,e) Cumulative STEM-EDS spectra of the bottom (d) and top (e) 2H—TaS,
flakes from (b). In (d,e), marked z,, where M = (Fe, Co), denotes the stoichiometric ratio
between M and Ta. (f) Atomic-resolution HAADF-STEM image of the heterostructure
from (b) obtained along the [1010] zone axis of the bottom 2H—TaS, flake. The azimuthal
angle (twist) between the 2H —TaS, flakes is 20 Crystal structure of Fe,/3TaS, from ref [95] is
overlaid with the bottom TaS, flake. Scale bar: 5 A.
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To create co-intercalated heterostructures, we pattern carbonyl-derived oxide films onto
TMD stacks. This multi-precursor technique was applied to two stacked 2H —TaS, flakes,
with oxide precursors Fe,C,O, and Co,C,0, films patterned on the top and bottom 2H —TaS,
crystals, respectively (Figure 3.20a,b). After thermal annealing at 350 °C, we examine
the overlapping region of the 2H—TaS, flakes using STEM-EDS (Figure 3.20c—e). These
measurements show that the top flake is principally Fe-rich and the bottom flake is Co-rich.
Notably, although Fe and Co are present in both flakes, each flake contained a substantially
higher concentration of the metal patterned directly onto it, implying that the lateral
diffusion is considerably more facile than the vertical diffusion. This observed intercalant
segregation distinguishes these heterostructures from bulk crystals grown with solid-state
methods, where multiple metal intercalants disperse uniformly throughout the host lattice[176].
Atomic-resolution HAADF-STEM imaging of our heterostructures (Figure 3.20f) provides an
explanation for this segregation, showing that the interface between the 2H —TaS, crystals
is atomically sharp and, importantly, azimuthally misaligned (twisted). Twisting creates
an in-plane moiré superlattice[177, 178] and necessarily reduces the availability of optimal
pseudo-octahedral intercalant sites. These results raise the possibility that controlling these
azimuthal angles may be used to shape the gradient of co-intercalants and the resulting
magnetism in tailored mixed heterostructures.

To demonstrate the magneto-electronic functionality facilitated by this approach, we
conducted electronic transport assessments of the Feg 4oNbSy/Feg 35TaS, heterostructure that
was presented in Figure 3.19b—e. 3.21a shows the fabricated mesoscopic device (labeled
D1), comprising three distinct measurement regions, including Fe-intercalated 2H—TaS,
(region R1), Fe-intercalated 2H-NbS, (region R3), and their composite heterostructure
(region R2) (3.21a). In regions R1-R3, the temperature-dependent longitudinal resistance
reveals an inflection near 30 K (Figure 3.22), suggesting a phase transition upon cooling,.
Additionally, upon cooling in a 12 T magnetic field, these inflections broaden and shift
to higher temperatures for R1-R2 and lower temperatures for R3 (Figure 3.22), implying
the magnetic origin of the phase transition consistent with ferromagnetism|[37] in R1-R2
and antiferromagnetism in R3[179]. Further understanding of the long-range magnetic
ordering in R1-R3 was gained through measurements of the magnetoresistance (MR) and
field-dependent anomalous Hall resistance (Rapg) (Figure 3.21b—c, Figure 3.23a—c), which
reflect the interactions between the itinerant hole carriers and the magnetic moments. It
is noteworthy that all regions exhibit a strong response to an out-of-plane magnetic field
(H || ¢) while showing negligible response to an in-plane field (H || ab) (Figure 3.24). This
confirms their strong magnetocrystalline anisotropy, a characteristic imperative for stabilizing
magnetism in the ultrathin limit.

First, we turn to the detailed analysis of the magnetotransport of R1 and R3, which
consist of a singular host lattice. Region R1 (Feg 32(1yTaSs) manifests a hysteretic negative
magnetoresistance with a bow-tie-shaped profile, characteristic of ferromagnets[37, 73] (Figure
3.21b,c and Figure 3.23a). Moreover, the presence of hysteresis in its Rapg signal, which is
proportional to magnetization, further supports the ferromagnetic characteristics of R1[37,
73] (Figure 3.21b,c and Figure 3.23a). Conversely, the magnetoresistance (MR) behavior
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Figure 3.21: Magnetotransport of iron-intercalated 2 H-NbS,/2 H—TaS, heterostructures.
(a) Optical micrograph of the measured mesoscopic device. Three distinct measured regions
are false-colored and labeled: R1-Feqsy1)TaSs, R2-Feg24)NbSs / Feg31(2)TaS, and R3-
Feg 32(3yNbS,. (b) Field-dependent magnetoresistance (MR) and anomalous Hall resistance
(Rang) recorded in regions R1-R3. (c) Temperature-dependent coercive field (H,) for R1-R3.
For R1-R2, the average of H, is obtained from both MR and RaApg measurements. Here, H,
refers to the field where MR reaches its maximum while Ragg equals zero. Conversely, for
R3, H. is determined exclusively from MR data, defining it as the field where MR exhibits
its minimum (upturn). The data presented in b,c was obtained after the initial thermal and
field cycling of the device.

of R3 (Feg 32(3yNbSy) mirrors that of metallic antiferromagnets, demonstrating positive MR
below the Néel temperature and transitioning to negative MR above 40 K[179-181] (Figure
3.21b,c and Figure 3.23c). However, contrary to the expected behavior for antiferromagnets,
R3 also exhibits hysteresis in its MR profile below the ordering temperature, suggesting
the presence of uncompensated magnetic moments. Given that our samples deviate from
stoichiometric Feg 33NbSs, we propose that these uncompensated moments arise from inter-
calant disorder, which is known to introduce an uncompensated spin glass phase in bulk
crystals of Fe,NbS,[121, 156]. The spin glass phase could become pinned by the surrounding
antiferromagnetic moments, leading to the observed hysteretic behavior.

Having established R1 as ferromagnetic and R3 as antiferromagnetic with a minority
uncompensated phase, the transport behavior of the heterostructure (R2) was examined
(Figure 3.21b,c and Figure 3.23b). The magnetotransport characteristics of R2 are dominated
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Figure 3.22: Temperature-dependent resistance of device D1. Temperature-dependent
resistance and its first derivative (dR/dT") for R1-R3 upon zero-field cooling (ZFC) and
cooling in a 12 T magnetic field (H || ¢). Maxima of dR/dT curves are labeled.

by the Feg 31(2)TaS, segment of the heterostructure, aligning with the ferromagnetic behavior
observed in R1 (Figure 3.21b,c and Figure 3.23a,b). However, following the initial thermal
and field cycling, the coercive fields (H,.) of R2 consistently surpass those of R1 below the
Néel transition of R3 (Figure 3.21c). This suggests that out-of-plane interactions across the
ferromagnetic-antiferromagnetic heterostructure may be responsible for the high coercivity
of R2. Consequently, the heterostructure behaves akin to an exchange spring magnet, a
composite of dissimilar magnets whose interfacial interactions increase the coercivity[182].
These results underscore the potential of intercalated heterostructures, which are enabled by
combining nanoscale topochemical reactions and vdW heterostructure assembly, as a versatile
platform for designing and interrogating low-dimensional magnetic phenomena.
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Figure 3.23: Temperature-dependent magnetotransport of device D1. (a—c) Temperature-
dependent magnetoresistance (purple) and anomalous Hall resistance (blue) for R1 (a), R2 (b)
and R3 (c). The stoichiometries of iron relative to the Ta/Nb stoichiometry were determined
through STEM-EDS analysis of cross-sections prepared subsequent to magnetotransport
experiments. Data was obtained after the initial thermal and field cycling of the device.
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Figure 3.24: Angle-dependent MR of device D1. (a—c) MR of device D1 with the external
magnetic field aligned parallel and perpendicular to the c-axis for regions R1 (a), R2 (b),
and R3 (c). During the measurements with H || ab, the sample was rotated by approximately
4 degrees from the ab-axis, resulting in a non-zero field contribution in the H || ¢ direction.
The observed hysteresis in (a) with H || ab can be attributed to this misalignment.
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3.4 Conclusion

This study demonstrates the successful synthesis of TMD heterostructures intercalated with
open-shell transition metal ions by implementing vdW assembly and nanoscale solid-state
topochemistry of the TMD with a transition metal oxide film. The intercalation process is
comprehensively investigated for Fe,TaS,, using both bulk and atomic-scale structural and
spectroscopic probes. We uncover that intercalation is thermally activated and accompanied
by the disproportionation of oxide-exposed 2H —TaS, layers. We observe that the intercalants
diffuse from the region in contact with the oxide film, allowing for the fabrication of pristine
few-layer magnetic intercalation compounds under hBN-encapsulated flakes. Leveraging these
insights, we use patterning of metal carbonyl-derived oxide films to direct metal ions into well-
defined vdW heterostructures, expanding the range of accessible low-dimensional magnetic
intercalation compounds as well as producing magnetic multilayer systems with exceptionally
clean surfaces and interfaces. Representative measurements of such heterostructures show
transport behaviors signifying strong interfacial magnetic exchange effects that are only
possible with atomically clean interfaces.

We envision the emergent physics of these heterostructures may be controlled by altering
the thickness of constituent flakes and the intercalants’ identity, stoichiometry, and homogene-
ity. Additionally, we expect that the synthesis of heterostructures with atomically sharp moiré
heterointerfaces will offer exciting opportunities to both control the intercalation chemistry
and also to fundamentally engineer complex magnetic behaviors. This customizability of vdW
heteroepitaxy combined with nanoscale intercalation chemistry unlocks versatile opportunities
to fine-tune the spin degree of freedom in materials, positioning intercalated heterostructures
as compelling platforms for multi-component spintronic device architectures.

3.5 Methods Chapter 3

Synthesis of 2H—TaS, bulk crystals. Single crystals of 2H—TaS, were grown with
chemical vapor transport (CVT) using powders of elemental Ta (-100 mesh, 99.98%, Nb
50 ppm, Alfa Aesar), S (99.999%, Acros Organics), and Iy (99.999%, Spectrum Chemicals),
which were used as received. Elemental Ta (176.3 mg, 1.00 equiv.) and S (62.7 mg, 2.00
equiv.) were sealed in a fused quartz ampule (14 mm inner diameter, 1 mm wall thickness, 15
cm long) under vacuum (~1 x 10~ Torr), along with 152.1 mg I, (5 mg/cm?®). The ampule
was placed in an MTIT OTF-1200X-II two-zone tube furnace with the hot zone maintained at
1000 °C and the cold (growth) zone maintained at 850 °C for 6 days, before cooling to room
temperature at approximately 60 °C/hour.

Mechanical exfoliation of 2H—TaS, and 2H-NbS,. Exfoliation of 2H—TaS,
(synthesized in this study or obtained from H(Q Graphene) and 2H-NbS, (HQ graphene)
was performed in an Ar-filled glove box with Magic Scotch adhesive tape. Crystals were
exfoliated onto 90 nm SiO, /Si wafers (Nova Electronic Materials), which had been cleaned in
an oxygen plasma cleaner for 2 minutes and then heated to 200 °C on the glove box hotplate.
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Mechanical exfoliation of hexagonal boron nitride (hBN). Exfoliation of hBN
(used as received from T. Taniguchi and K. Watanabe) was conducted using Magic Scotch
tape in ambient conditions onto a 90 nm SiO,/Si wafer (Nova Electronic Materials), which
had been subjected to a 90-minute ozone cleaner treatment at 150 °C.

Determining thickness of flakes. The thickness of flakes used for cross-sectional
imaging was obtained using HRSTEM after cross-sectioning. For other flakes, atomic force
microscopy (Park Systems NX10) was used to determine the sample thickness.

Preparation of M ,C,O, (M = Fe, Co) films. To prepare M,C,0, (M = Fe, Co), the
following chemicals were used as received: iron(0) pentacarbonyl (>99.99 %, Sigma-Aldrich),
dicobalt octacarbonyl (moistened with hexane (1-10%), >90 % (Co)) acetone (>99.5 %,
Fisher Scientific), and isopropanol (IPA) (>99.5 %, Sigma-Aldrich). Acetonitrile (>99.5 %,
Fisher Scientific) and toluene (>99.5 %, Fisher Scientific) were obtained from a Pure Process
Technology solvent purification system, and acetone (Sigma-Aldrich) was degassed by the
freeze-pump-thaw technique and then dried over CaCly (Acros Organics). All glassware was
oven-dried at 150 °C for a minimum of 2 hours before use. Two methodologies were used for
preparing M,C,0, (M = Fe, Co): (1) prolonged soaking in a metal carbonyl solution and (2)
drop-casting a metal carbonyl solution.

In the soaking method, a 10 mM solution of Fe(CO)5 or Coy(CO)g was prepared in toluene,
acetonitrile, or acetone. Experiments in toluene were performed in an Ar-filled glove box,
while experiments in acetonitrile and acetone were conducted on a Schenk line. Mechanically
exfoliated 2H —TaS, on a supporting substrate was immersed in the metal carbonyl solution
for 14-48 hours, followed by three rinses with fresh solvent and then drying using an inert
gas.

For the drop-casting approach, a solution of Fe(CO)s5 (380 mM) or Coy(CO)g (2.5 mM)
in IPA was prepared on a Schlenk line. To dissolve Coy(CO)g, the solution was stirred at
70 °C under Ny for approximately 14 hours. Subsequently, the metal carbonyl solution was
drop-cast onto mechanically exfoliated 2H—TaS, while heating the sample to 80 °C in air.

Treatment of 2 H—TaS, with evaporated Fe. In a typical procedure, 10 nm of Fe
was evaporated at 2 A /second onto mechanically exfoliated 2H—TaS, flakes in an e-beam
evaporator under high-vacuum conditions (~107¢ Torr). Following the evaporation, the chips
were moved in air to our home laboratory and stored in an Ar-filled glove box.

Treatment of 2H—TaS, with Fe,O3 nanoparticles/nanopowder. A dispersion of
Fe,03 nanopowder (Sigma Aldrich, <50 nm particle size (BET)) in IPA or a dispersion of
Fe,O3 nanoparticles in ethanol (Sigma Aldrich, < 110 nm particle size, 15 wt. % in ethanol,
ligands: [2-(2-Methoxyethoxy)ethoxy]acetic acid) was drop cast onto mechanically exfoliated
2H—TaS, flakes.

Annealing samples after precursor treatment. Samples in contact with solid
precursors were annealed in high-vacuum (~10~7 Torr) by rapidly warming to 120 °C at 60
°C/min with a 5-minute hold, followed by heating at 11.5 °C/min to 350 °C, and hold for 30
minutes to 1.5 hours at 350 °C, before cooling to room temperature at 13.5 °C/min.

Patterning of M ,C,O, precursors. E-beam lithography (PMMA 950 A6 resist) was
used to pattern M,C,O, films onto TMD heterostructures. Subsequently, a solution of
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Fe(CO)5 (380 mM) or Coy(CO)g (2.5 mM) in IPA was drop-cast onto the lithographically-
patterned chip. The PMMA was then lifted off by soaking the sample in acetone, followed
by cleaning the sample in IPA and drying it with an Ny jet. Samples patterned with both
Fe,C,0, and Co,C,0, films were prepared by following this procedure twice to separately
pattern the dissimilar metal oxide films.

Synthesis of Fe,C,0, bulk powders. Under an Ar atmosphere, iron(0) pentacarbonyl
(5 mL, 38 mmol) was added to a glass vial, and mixed with 15 mL of toluene or 2-propanol on
a Schlenk line. Under an Ny atmosphere, the solution was allowed to dry at room temperature
for approximately 2-3 days.

Solid-state reactions of polycrystalline 2 H—TaS, and Fe,03. First, polycrystalline
TaS, was prepared by grinding a stoichiometric mixture of Ta (-100 mesh, 99.98%, Nb 50
ppm, Alfa Aesar) and S (99.999%, Acros Organics) powders in a mortar and pestle for 10
minutes. This mixture was subsequently pressed into a pellet and sealed in a glass ampoule
(14 mm inner diameter, 1 mm wall thickness, 10 cm long) under vacuum (~1 x 107> Torr).
The sealed ampoule was heated in a muffle furnace at 900 °C for 7 days with 1 °C/minute
cooling and warming rates. The resulting polycrystalline powder was analyzed with powder
x-ray diffraction, PXRD, and then mixed with Fe,O3 nanopowder (Sigma Aldrich, <50 nm
particle size (BET)) in 4:1 and 7:1 molar ratios. These powder mixtures were then sealed in
quartz ampoules and heated as described above for polycrystalline TaS,. The products were
analyzed using Raman spectroscopy and PXRD.

Sample preparation for transmission electron microscopy (TEM). Samples
for imaging along the c-axis were prepared in an Ar-filled glovebox using the dry transfer
method[73, 183]. Flakes were transferred onto a 200 nm silicon nitride holey TEM grid
(Norcada), treated with an O plasma for 5 minutes immediately before stacking.

Cross-sections of each flake for imaging along the crystallographic ab-plane were prepared
by standard focused ion beam (FIB) lift-out procedure using Thermo Fisher Scientific Helios
G4 and Scios 2 FIB-SEM systems|[73, 183]. Prior to imaging at the National Center for
Electron Microscopy (NCEM), samples underwent additional cleaning using the Fischiotone
Ar nanomill set at milling angles of 415 deg and —10 degrees. Plasma cleaning of the
milling holder was carried out beforehand to mitigate potential carbon contamination. Before
atomic-resolution STEM imaging, TEM lamellae were annealed in high-vacuum (10~ Torr)
at 100-120 °C for 12 hours to decrease carbon contamination.

Transmission electron microscopy (TEM). Atomic-resolution high-angle annular
dark-field STEM imaging of cross-sections presented in Figure 3.1b,c and Figure 3.2 was
performed on a Thermo Fisher Spectra 300 X-CFEG operating at 120 kV with 24 mrad
probe-forming convergence angle, using inner and outer collection angles of 68 and 200
mrad, respectively. The remaining HAADF-STEM imaging was conducted on TEAM I,
a modified FEI Titan 80-300 microscope, operating at 80 kV with a beam current of 70
pPA. The convergence angle was set to 30 mrad for data shown in Figure 3.1f, Figure 3.20f.
A convergence angle of 17 mrad was used to collect data in Figure 3.20d,e. For atomic
resolution imaging, stacks of images with a high frame rate (> 1 fps) were rigidly registered
and summed[184] to increase the signal-to-noise ratio without introducing artifacts from
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sample drift or scan noise.

Core-loss EELS measurements were performed on 2H—TaS, flakes after treatment with
Fe(CO)s/acetone and subsequent annealing. Data were collected at cryogenic temperatures
to reduce possible effects of radiation damage in the sample during long acquisitions using a
Gatan 636 side-entry liquid nitrogen holder in an FEI Titan Themis CryoS/TEM operating
at 120 kV equipped with a 965 GIF Quantum ER and a Gatan K2 Summit direct electron
detector operating in electron counting mode. EEL spectrum images extending from the
substrate into the protective surface layers and lateral distances spanning tens of nanometers
were acquired throughout several regions of each sample. Spectra were summed over selected
areas from each map to extract different regions for analysis—e.g., within the TMD flake or
the precursor film—using Nion Swift image processing software[185]. These spectra were then
combined across data sets from a given sample to produce high signal-to-noise ratio summed
spectra. The energy alignment of EEL spectra was corrected using the well-defined Ca?*
edge as a reference. The Ca®" signal was evident in the Fe,C,O, film because the acetone
used was dried over CaCl,.

Selected area electron diffraction (SAED) and STEM-EDS data were collected in FEI
TitanX operating at 80 kV. SAED patterns were obtained with a 40 um diameter aperture,
which defined a selected diameter of ~720 nm. STEM-EDS data was collected with a probe
convergence angle of 10 mrad and a beam current of 150 pA—1 nA. The total acquisition time
was 3-30 minutes, depending on the signal-to-noise ratio. Data was analyzed in the Bruker
Esprit 1.9 software, and series fit deconvolution was implemented to resolve overlapping peaks.
We note that the sulfur content of cross-sectional TMD samples varied significantly, ranging
from 1 to 1.9 stoichiometric units, with thicker lamella regions having a higher sulfur content.
In contrast, the sulfur content of plan-view samples is more consistent, ranging from 1.75 to
1.95 stoichiometric units. Thus, we hypothesize that the sulfur content may be significantly
impacted by the FIB preparation process and/or the bakeout steps before the imaging.

Four-dimensional scanning transmission electron microscopy (4D-STEM) was performed
in an FEI TitanX (80 keV, 0.55 mrad indicated convergence semi-angle) using a Gatan 652
Heating holder for in-situ heating experiments. The collected data was analyzed using the
py4DSTEM Python package[186]. First, we used peak detection to locate the 2H—TaS, Bragg
peaks, used to subsequently construct the reciprocal vectors of the 2H—TaS, host lattice.
Next, v/3 x /3 Fe superlattice reciprocal vectors were calculated from the symmetry relations
to the 2H—TaS, reciprocal vectors. Note, the v/3 x /3 Fe superlattice was the only detectable
Fe superlattice within our 4D-STEM datasets. Subsequently, we mathematically constructed
virtual apertures that masked the entire diffraction space except for the Fe superlattice peak
regions. The constructed virtual apertures were applied to the 4D-STEM diffraction data to
integrate the Fe superlattice intensities at each probe position. A background (bg) virtual
aperture was also defined to estimate the diffuse scattering background, subtracted from the
integrated Fe superlattice intensities at each probe position.

X-ray photoelectron spectroscopy (XPS). All samples, transported in Ar-filled bags,
were mounted onto stainless-steel stubs using double-sided tape under ambient conditions,
which they were exposed to less than 5 minutes before loading into the XPS chamber.
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Measurements were performed using a Thermo Scientific K-Alpha+ (Al Ko radiation, hy =
1486.6 eV) (Thermo Fisher Scientific Inc) equipped with an electron flood gun for charge
neutralization. The AvantageTM package was used for data acquisition. Spectra were
collected with a fixed-analyzer transmission mode with the X-ray beam size of 400 pm.
Survey scans were collected with a pass energy of 200 eV, while high-resolution scans of
individual elements were collected with a pass energy of 20-50 eV and a step size of 0.1 V.
Auto-Z (i.e., automated height adjustment to the highest intensity) was performed before each
measurement to find the focal point of the analyzer. We collected 30 sweeps for measuring
Fe and 40 sweeps for measuring Co to obtain the optimal signal-to-noise ratio. Data were
analyzed using Thermo Scientific Avantage Data System software (version 5.9914), where a
smart background was applied before peak deconvolution and integration. All spectra were
charge corrected to the C 1s peak at 284.8 eV. The Fe 2p and Co 2p peak positions were
assigned using established literature[187-195].

Powder X-ray diffraction (PXRD). PXRD data was collected in ambient conditions
on a Bruker D8 Advance diffractometer using Cu Ko (A = 1.5406 A) radiation.

Fourier transform infrared spectroscopy (FTIR). Fourier transform infrared spec-
troscopy measurements were carried out on a Thermo Scientific Nicolet iS20 spectrometer
utilizing KBr pellets. The preparation of samples for infrared spectroscopy was carried out
in an Ar-filled glovebox.

Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS). Compositional analysis of bulk crystals with SEM-EDS was performed using a Thermo
Scientific Scios 2 FIB-SEM system with an accelerating voltage of 20-30 kV and an average
beam current of 1.6 nA.

Confocal Raman spectroscopy. Ultra-low frequency (ULF) Raman spectroscopy
(Horiba Multiline LabRam Evolution) was conducted using a 633 nm laser excitation at a
power of 50-100 W with 10-60 second acquisition times and 3—6 accumulations.

Nanofabrication of devices. To create electrical leads, samples were spin-coated with
PMMA 950 A6 (Kayaku Advanced Materials) at 4000 rpm and cured on a hot plate in ambient
conditions at 180 °C for 3 minutes. Next, electron beam lithography (Crestec CABL-UH
Series Electron Beam Lithography System) was used to define the electrical contacts, which
were treated with reactive ion etching (RIE) with a mixture of 70 sccm CHF3 and 10 sccm
O, (SEMI) for 1 minute to expose a fresh surface of the sample. Immediately after etching,
Cr/Au (2 nm/100 nm) was thermally evaporated onto the sample and lifted off in acetone
overnight.

Electron transport measurements. Four-probe transport measurements were con-
ducted with conventional lock-in methods. In summary, a 5 pA alternating current (17.777
Hz) was introduced between the source and drain terminals while systematically varying the
temperature using the PPMS DynaCool system. Simultaneously, the longitudinal (V) and
transverse voltage (V,,) were recorded with the SR830 lock-in amplifier. Phase differences
remained below 5, and resistances were computed following Ohm’s law. Unless otherwise
indicated, the field-dependent R,, and R,, data were symmetrized (anti-symmetrized) in
accordance with established methods:[73, 134]
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Preparation of samples for nanoARPES. A nanothick (~10 nm) 2H—TaS, flake was
partially capped with monolayer hBN using the dry transfer method[73, 183]. Next, Fe,C,0,
was patterned onto the uncapped portion of the heterostructure, followed by annealing
to 350 °C. The sample was then electrically connected with metal leads using standard
nanofabrication methods at the Marvell Nanofabrication Laboratory. The fabricated Cr/Au
leads were electrically connected to the ARPES Cu puck using silver epoxy, which was cured
at 120 °C for 15 minutes. Lastly, the sample was heated in the ARPES chamber at 100 °C
overnight immediately before the ARPES experiments.

Nano angle-resolved photoemission spectroscopy (nanoARPES). nanoARPES
data were collected at Beamline 7.0.2 of the Advanced Light Source (ALS) on the nanoARPES
endstation using Scienta Omicron R4000 hemispherical electron analyzers. The beam diameter
was approximately 1 pym. All measurements were conducted at the base temperature of 19 K
with linear horizontal (LH) polarization at pressures lower than 5 x 107" Torr. Core-level
measurements were conducted with a photon energy of 160 eV, while all other measurements
were conducted with hrv = 118 eV. Data analysis was conducted using the PyARPES software
package[196]. High-symmetry cuts were normalized such that the integrated intensity for
each momentum and energy distribution curve are equal in the plotted range. Fermi surface
cuts in the main text were normalized to ensure that the integrated intensity of the k, and
k, momentum distribution curves were equivalent.
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Chapter 4

Encoding multistate charge order
and chirality in endotaxial
heterostructures
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4.1 Abstract

High-density phase change memory (PCM) storage is proposed for materials with multiple
intermediate resistance states, which have been observed in 17 —TaS, due to charge density
wave (CDW) phase transitions. However, the metastability responsible for this behavior makes
the presence of multistate switching unpredictable in TaS, devices. Here, we demonstrate the
fabrication of nanothick verti-lateral H—TaS,/17T-TaS, heterostructures in which the number
of endotaxial metallic H-TaS, monolayers dictates the number of resistance transitions
in 17T—TaS, lamellae near room temperature. Further, we also observe optically active
heterochirality in the CDW superlattice structure, which is modulated in concert with the
resistivity steps, and we show how strain engineering can be used to nucleate these polytype
conversions. This work positions the principle of endotaxial heterostructures as a promising
conceptual framework for reliable, non-volatile, and multi-level switching of structure, chirality,
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and resistance.

4.2 Introduction

Charge density wave (CDW) materials host correlated electronic states typified by periodic
lattice distortions and static modulations of conduction electrons[45]. Non-volatile memory
and computing devices based on the principle of phase change memory (PCM)[197, 198] may
leverage the intrinsic resistivity changes associated with CDW phase transitions[41, 199-203].
1T—TaS,, a van der Waals (vdW) layered solid, is a prototypical CDW material in which the
atomic lattice distorts in-plane to form 13-atom star-shaped clusters[71, 204]. The tiling of
these clusters and the extent of commensuration with the underlying atomic lattice defines the
CDW phases and the electronic properties of 17—TaS,[71, 204-208]. Notwithstanding the in-
plane nature of this CDW lattice distortion, interlayer coupling plays a key role in stabilizing
intralayer charge order in 17—TaS,. Accordingly, together with flake thickness[209-211] and
doping levels[209, 212], vertical heterostructuring is a powerful route for engineering CDW
transitions[62, 213-217]. For example, whereas in pristine, bulk 17—TaS, the commensurate
(C) CDW phase only forms below about 180 K[71, 205] (and is only observed at much lower
temperatures in exfoliated thin flakes[208]), electronically isolating monolayer 17 —TaS, with
thicker metallic slabs of H—TaS, has been shown to stabilize the C-CDW state in monolayer
1T—TaS, at room temperature[62, 216]. To this end, the recent synthesis of endotaxial TaS,
offers new mechanisms for accessing modular CDW systems|[216].

In this work, we demonstrate an approach converse to preceding literature—employing
moderate thermal annealing to interdisperse monolayer H-TaS, between few-layer 1T —TaS,
lamellae. In the resulting verti-lateral 1 T—TaS,/ H-TaS, heterostructures, decoupled 17 —TaS,
fragments undergo independent transitions from the disordered incommensurate (IC) to
ordered commensurate CDW phase above room temperature. These transitions are hall-
marked by synchronous stepwise switching of chirality and resistance with high predictability;
the number of steps is encoded by the quantity and arrangement of H—TaS, layers. Thus,
the developed materials represent a distinctive framework for deterministic engineering of
multistate resistance and chirality changes in 17 —TaS,. Additionally, we find that the nucle-
ation of H—TaS, polytype initiates at macrosocopic flake defects, a mechanistic insight we
harness to showcase the potential of strain engineering for the rational design of verti-lateral
TaS, heterostructures. Moreover, modulating the H—TaS, content tunes the proportion of
heterochiral CDW superlattices, resulting in a range of optically detectable net chiralities.
Therefore, our work provides an adaptable roadmap for the design of versatile optoelectronic
phase change materials with reliable, multilevel, and multifunctional switching.
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4.3 Results and Discussion

Commensuration in verti-lateral TaS, heterostructures.

Exfoliated 1T —TaS, crystals were annealed in high vacuum at 350 °C for 30 minutes and
then rapidly cooled to room temperature, engendering changes in optical contrast, indicative
of structural transformations (Figure 4.1a). This thermally induced phase evolution was
characterized by selected area electron diffraction (SAED) of TaS, flakes before and after
annealing. Before annealing, SAED patterns of 17—TaS, flakes are consistent with the
expected nearly commensurate (NC)-CDW structure (Figure 4.1b)[71]. In contrast, SAED
data from annealed samples (Figure 4.1c) reveal the presence of two v/13 x v/13 heterochiral
superlattices. The CDW enantiomorphs, « (L) and 5 (R), possess supercells that are rotated
+13.9 degrees relative to the unit cell of 17—TaS, (Figure 4.1d)[71, 218, 219]. Additionally,
the SAED data of annealed 17 —TaS, flakes are consistent with a C-CDW phase at room
temperature [62, 216]. These ensemble changes in extent of CDW commensuration in
heat-treated flakes were also evinced by linearly polarized Raman spectroscopy (Figure
4.1e, Figure 4.2c¢). Raman spectra obtained in visually distinct regions of annealed flake S1
(Figure 4.1e) show a strong correlation between the red-channel optical contrast change upon
annealing (AOCR) and the sharpness of low-frequency (40-100 cm™!) Raman modes related
to CDWs[220—-222]. The CDW spectral peaks become increasingly well-defined from regions
3 to 1 (R3-R1), a behavior that is tightly correlated with progressive AOCR. Furthermore,
as AOCR becomes more negative, new Raman spectral features emerge at 64 cm™!, 89 cm ™!,
123 cm™! and 230 em™!. The manifestation of new peaks and general sharpening of Raman
features is consistent with Brillouin zone folding of 1T—TaS, as it undergoes the transition
from the nearly commensurate CDW (NC-CDW) to C-CDW|[220-222].

To unveil the relationship between AOCR, CDW commensuration and atomic lattice
structure of these annealed 1T—TaS, crystals, atomic resolution differential-phase-contrast
scanning transmission electron microscopy (DPC-STEM) imaging and analysis (Figure 4.1fj)
was performed on cross-sectional samples made from optically distinct regions of flakes S1
(Figure 4.1a) and S2 (Figure 4.2). Representative DPC-STEM micrographs, depicted in Figure
4.1g—j, reveal that thermal annealing induces a partial transition from the 17 (octahedrally
coordinated Ta) to the H (trigonal prismatic Ta) structure. The H polytype forms within
the 1T—TaS, matrix (i.e., endotaxially), overwhelmingly as monolayers, separating generally
thicker fragments of 17—TaS,. At boundaries between regions with dissimilar AOCR,
the number of H-TaS, layers varies across a single 1T—TaS, flake, constructing lateral
heterostructures with atomically sharp interfaces (Figure 4.1i). Furthermore, these DPC-
STEM data show how 17T—TaS, slabs separated by a H-TaS, layer slip relative to each other,
resulting in the misalignment of the Ta centers (vertical lines in Figure 4.1g—j) in mixed
polymorph heterostructures.

We find that optical contrast measurements are a powerful and convenient tool for
identifying polymorph composition, owing to the linear relationship between AOCR upon
annealing and the number of H-TaS, layers, determined from DPC-STEM (Figure 4.1f).
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Figure 4.1: Polytype and charge CDW transformations in TaS, flakes. (a) Optical
micrographs of a 1T—TaS, flake, labeled S1, before and after thermal annealing on 90 nm
SiO9/Si. Scale bars: 15 pym. (b,c) Room temperature selected area electron diffraction
(SAED) patterns of a representative 1 T—TaS, flake before (b) and after (c) thermal annealing.
Scale bars: 2 nm™!. (d) Schematic of real space a and 3 CDW domains (top) and diffraction
patterns for «, 5, and o +  (bottom). (e) Linearly polarized Raman spectra in selected
regions of S1 after thermal annealing. (f) Relationship between AOCR and the number of
H-TaS, layers in distinct regions of S1 and S2 (a 1 T—TaS, sample) after annealing. This data
is overlaid with the thickness dependence of OCR for 2H-TaS, on 90 nm SiO,/Si substrate
(ref [73]). (g—j) DPC-STEM images along the [1010] zone axis of: region R1 of S1 (g), area
R2 of S1 (h), regions R3-R4 of S2 (i), and region R3 of S1 (j) overlaid with structures of
1T—TaS, (ref [60]) and H-TaS, (ref[162]). H-TaS, layers are highlighted and Ta ions aligned
along the c-axis are connected with pink lines. Scale bars in (g)—(j) are 1 nm.
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Figure 4.2: Thermally induced polytype and CDW transformations of sample S2. Optical
micrographs of flake S2 before (a) and after (b) thermal annealing. (c) Raman spectra in
different regions of S2 after annealing.

This relationship mirrors, and stems from, the linear scaling between layer count and OCR for
freestanding few-layer H-TaS,[73]. Therefore, crystal sections with a more negative AOCR
(i.e., appearing increasingly blue) contain a greater number of layers of the H polymorph.
Taken together with the increased sharpness and number of CDW Raman modes (Figure
4.1e), these data establish that the formation of monolayer H structures leads to increased
order of 1T—TaS, C-CDW domains, consistent with prior work with thicker H—TaS, slabs[62,
216] and bulk mixed polytype TaS, phases[68, 205, 218, 223].

The ensemble room-temperature ordering of CDW domains in TaS, heterostructures with
different polytype compositions was further probed using SAED. Our findings support that
samples comprising > 20% of H-TaS, manifest an ordered C-CDW phase, characterized by
sharp CDW reflections (Figure 4.3b—d). In contrast, the CDW reflections observed in samples
with < 20% H-TaS, appear less well-defined and exhibit peak splitting and angular blurring
(Figure 4.3a). Accordingly, we infer that crystals containing less than 20% H-TaS, content
host a disordered C-CDW phase with likely coexistence of some NC-CDW domains. Notably,
the chirality of CDW domains (Figure 4.1d) could be exploited for next-generation switching
devices, making the nano-scale structural understanding of C-CDWs in TaS, heterostructures
integral for their potential applications.
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Figure 4.3: Selected area electron diffraction (SAED) of heterostructures with different
polytype compositions. (a—d) SAED patterns of flake S3 in regions R2 (a), R3 (b), R4 (c)
and R5 (d). Scale bars are 5 nm~!.
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Diverse chirality in polytype heterostructures
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Figure 4.4: Mapping heterochiral CDW domains with four-dimensional scanning trans-
mission electron microscopy (4D-STEM). (a) Schematic illustrating 4D-STEM of annealed
1T—TaS, samples. Three compositionally distinct flake regions are labeled as ry, ro and
r3. The two heterochiral superlattices are marked as « and 5. (b) Optical micrograph of
a 20-layer annealed 17—TaS, sample S3. Regions of interest and their H-TaS, proportion
(x/n, where x = number of H-TaS, layers and n = total number of layers), calculated from
optical contrast measurements, are labeled. Scale bar: 10 pm. (c,d) The maximal diffraction
patterns, displayed on a logarithmic scale, for S3-R3 (c) and S3-R5 (d). Scale bars: 5 nm™!.
(e,f) Hlustration of CDW superstructures for ., (e) and a,« (f). Unit cells of the CDW
superstructures are outlined in black. (g—j) (6 — «) / (8 + «) virtual dark-field images and
their histograms for R2-R5 regions of S3. Insets show the proposed sample composition
and plausible chirality stacking based on the H-TaS, content and 4D-STEM analysis of
each region. We note that only the net chirality can be determined, and the exact stacking
sequence of the chirality shown here is one of several possibilities as the precise sequence
cannot be obtained from plan-view 4D-STEM. All 4D-STEM data was acquired at room
temperature. Scale bars in (g)—(j): 50 nm.
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The heterochirality of CDW superlattices in H-TaS,/1T-TaS, at room temperature was
mapped with nano-scale resolution using four-dimensional scanning transmission electron
microscopy (4D-STEM), establishing that the o and § enantiomorphs are stacked along
the c-axis to form vertical CDW superstructures (Figure 4.4). In 4D-STEM, a converged
electron probe is scanned across a sample in a 2D array, while recording 2D diffraction data
at each probe position (Figure 4.4a)[224]. We obtained 4D-STEM datasets of a 20-layer flake,
S3 (Figure 4.4b), parallel to the c-axis with ~ 5.5 nm spatial resolution in regions R2-R5.
These regions exhibit progressively sharper Raman spectral features (Figure 4.5) and larger
H/T ratios from measurements of AOCR. For R2-R5, Bragg reflections associated with
both commensurate « and  enantiomorphs are present in nanodiffraction patterns (Figure
4.4¢,d). Thus, the CDW enantiomorphs are coexistent in a ~ 5.5 nm area, revealing their
formation in the out-of-plane (|| c-axis) direction. We note that CDW superstructures can
be vertically stacked in two configurations across the H-TaS, interface: heterochiral (a—/3)
(Figure 4.4e) and homochiral (a—«) (Figure 4.4f), each hosting inequivalent CDW cluster
interlayer stackings and charge distributions (Figure 4.6)[219]. The interlayer arrangement of
CDW clusters in polytype heterostructures exhibits notable distinctions compared to both
1T—TaS, flakes and homointerfaces. In pristine 17 —TaSy, CDW clusters can be perfectly
eclipsed because their building blocks—Ta ions—are directly aligned in the out-of-plane
direction[70, 225]. In contrast, in polytype heterostructures, Ta ions in 17—TaS, slabs across
H-TaS, interfaces must be laterally offset (Figure 4.1g—j). Thus, CDW clusters in neighboring
1T—TaS, slabs must assume a staggered arrangement, resulting in distinct CDW superlattice
patterns (Figure 4.4e—f, Figure 4.6).
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Figure 4.5: Raman response of sample S3. Linearly polarized Raman spectra of flake S3
taken in regions R1-R5 after thermal annealing.
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Figure 4.6: Modeling of the CDW order parameter in TaS, heterostructures. (a) Non-
degenerate SOD stacking arrangements for the a—a out-of-plane superstructures. (b) Stacking
arrangements for a— out-of-plane superlattices. Unit cell of the CDW moiré superstructure
is indicated in black. Real-space CDW order parameter (dp(r)) simulated for the following
out-of-plane arrangements: (c) a—« stacking 1, (d) a—« stacking 2, (e) a—« stacking 3 and (f)
a— stacking. Violet-shaded regions represent the unit cell of the CDW moiré superstructure.
(g—j) Line profiles of (¢)—(f) in regions marked with orange lines.

Next, integrated intensities of o and [ diffraction spots were evaluated at each probe
position (see "Methods” section for details)[186] to reconstruct dark-field images associated
with the difference in superlattice ratios, defined as: (8 — «)/(8 + «) (Figure 4.4g-j). The
resultant enantiomorphic ratio maps reveal a minor extent of in-plane variation within
each heterostructure (see histograms in Figures 2 g—j), potentially arising from domain
pinning defects. Nevertheless, 4D-STEM data and high-resolution TEM analysis (Figure
4.7) consistently point to coexisting, out-of-plane a and  superstructures regardless of
the H/T composition. However, the polymorph composition appears to influence the o/
proportion. For example, a less than 45% mean difference in ratio of diffraction pattern
intensity from enantiomorphic phases was measured for R4 and R5 at room temperature
(Figure 4.4i,j). Conversely, a larger mean enantiomorphic disproportion exceeding 65%
was obtained for R2 and R3 (Figure 4.4g,h). This can be understood by considering that
changing the polymorph composition alters the size and number of 1T—TaS, fragments
hosting the two heterochiral CDWs, thereby engendering changes in the overall chirality. A
high enantiomorphic disproportion is therefore the most likely for less transformed samples
with larger 17—TaS, fragments, which would then dominate the overall chirality.

The chirality of TaS, heterostructures can also be assessed optically, as enantiomorphic
disproportion engenders Raman optical activity (ROA): a distinct Raman response to right-
and left-circularly polarized light[225, 226]. For 1T—TaS, displaying ROA, the integrated
area ratio of Ey(I) and E,(II) modes differs in the "o~ and ¢~¢* Raman polarization
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configurations (Figure 4.8a), where o’c® (i, s = 4+/—) are phonon helicities of the incident
and scattered light[226]. Note, a stronger ROA signals a higher enantiomorphic disproportion
and a larger overall chirality. Representative chirality-dependent optical measurements of
sample S4 (Figure 4.9) are shown in Figure 4.8. We find that ROA decreases from region
R1 (x/n =3/20) to R3 (z/n =5/20), signaling decreasing overall chirality for an increasing
H-TaS, layer count (Figure 4.8b—d). These results are consistent with our 4D-STEM findings;
highly transformed regions, on average, exhibit a weaker overall chirality compared to
medium transformed regions (Figure 4.4g—j). Notably, our verti-lateral heterostructures
exhibit a broad spectrum of possible overall chiralities, distinguishing them from 17—TaS,
flakes/homointerfaces and heavily transformed H-TaS,/17T-TaS, heterostructures, which can
only manifest a single enantiomorphic state[216, 225]. Specifically, the former are homochiral,
comprising fully of o or 3[225], while the latter have been shown to be achiral, hosting an
equal proportion of o and [216]. Accordingly, our verti-lateral heterostructures may enable
chiral opto-electronic memory schemes through their wide array of chiral states that can
generate strong optical responses at room temperature.
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Figure 4.7: High-resolution TEM of TaS, heterostructures. (a) HRTEM micrograph of a
representative H—TaS,/1T—TaS, heterostructure. (b) Fast Fourier transform (FFT) of (a).
(c) Enlarged view of (b) in the vicinity of the zero frequency peak. (d) Overlay of (a) and
the inverse FFT (iFFT) image generated from the components indicated by violet circles in
(c). The iFFT (violet lines) represents the « fringes. (e) Overlay of (a) and the inverse FFT
(iFFT) image from the components indicated by orange circles in (¢). The iFFT (orange
lines) represents the § fringes.



CHAPTER 4. ENCODING MULTISTATE CHARGE ORDER
AND CHIRALITY IN ENDOTAXIAL HETEROSTRUCTURES

Q

Intensit
=
a
=)

Area percentage (%)
)
S o

0

x/n: 3/20

y (arb. units)

-
[6)] o
o o

o

R1: x/n = 3/20 20 R3: x/n = 5/20
Data oto ° Data oto”
= Fit 200
E)
= E(l) 150

100
50
0

250
200
150
100

50
0

R1

R2

4/20

R3

5/20

40 60 80

Raman shift (cm™)

100 40

60 80 100
Raman shift (cm™)

83

Figure 4.8: Optical detection of chirality in TaS, heterostructures. (a) Schematic of a
polarization-dependent Raman measurement. (b,c) Raman spectra in the circular contraro-
tating polarization configurations (670~ and o~ c™) obtained for region R1 (b) and region
R3 (c) of a 20-layer sample S4. Lorentzian peak fits and the cumulative fits are displayed.
(d) Stacked bar charts displaying the normalized area percentage of E,(I) and E,(II) modes
measured in the two contrarotating Raman polarization configurations (top: o*o ™, bottom:
o~ o™) for R1-R3 of S4. For (b)—(d), /n denotes the H-TaS, proportion. Data was obtained
at room temperature.
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Figure 4.9: Polytype transformations of sample S4. (a—c) Optical micrograph of S4 before
annealing (a), after annealing (b), and after nanofabrication (c). Regions of interest are

marked.
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Multistate resistance and chirality switching.

Electronic properties of these heterochiral endotaxial polytype heterostructures were probed
using variable-temperature transport measurements. In these studies, we monitored the
temperature-dependent longitudinal resistance (R,,) of mesoscopic devices fabricated from
S1 (Figure 4.10a) and S4 (Figure 4.9). Measurements from compositionally distinct regions
(Figure 4.10b) were used to establish the relationship between polytype composition and the
IC-to-C CDW phase transition behavior. For all measured regions, transport below 300 K is
dominated by the metallic H-TaS, layers (decreasing resistance with decreasing temperature),
while transport above room temperature traces CDW transitions of 1 7—TaS, lamellae (Figure
4.10c,d). These transport data were complemented with temperature-dependent 4D-STEM
of representative heterostructures to provide structural insight (Figure 4.11a—c). Above room
temperature, 1 7—TaS, transforms from the IC (more conductive) to the C (more insulating)
CDW phase with a hysteresis between cooling and warming profiles (Figure 4.10c-d, Figure
4.11a)[71]. As a general observation, increasing H-TaS, content leads to narrowing of the
thermal hysteresis (Figure 4.10c), which indicates stabilization of the ordered C-CDW state.
These observations lie in agreement with our confocal Raman measurements; consistently
sharper CDW Raman features are observed for samples with a higher H—TaS, content (Figure
4.1, Figure 4.2, Figure 4.5).

Interestingly, the formation of H-TaS, layers dictates the stepwise evolution of resistance
and chirality with temperature in these endotaxial polytype heterostructures. Upon cooling,
we observe a series of stepped resistance increases (Figure 4.10d), with the step count matching
the number of 17T—TaS, slabs determined from DPC-STEM images of device cross-sections.
Thus, the H-TaSy-separated 17T—TaS, lamellae behave as isolated crystals with distinct
IC-C CDW transitions, likely due to the electronic decoupling imposed by the metallic
(H-TaS,) spacers|[216]. For this reason, the number of H spacer layers deterministically
encodes the number of resistance steps, and the profile (magnitude of resistivity change) of
each step is governed by the various thicknesses of the 17 —TaS, segments; thicker 1 T—TaS,
slabs exhibit sharper CDW transitions, as observed in freestanding 17—TaS, crystals[210,
211]. We note that resistance traces upon warming are noticeably broadened relative to the
respective cooling sweeps. This may be understood by considering that strength of defect
pinning is contingent on the CDW phase[208, 210, 220, 227]. Defects may exert stronger
pinning effects on the CDW domains in the localized C-CDW state compared to the "melted”
IC-CDW phase, leading to less well-defined transitions upon warming. Nevertheless, the
stepwise resistance transitions are highly reproducible in subsequent cooling cycles (Figure
4.10d, Figure 4.12, Figure 4.13). Moreover, in addition to the resistance steps upon cooling,
temperature-dependent 4D-STEM reveals stepwise appearance of the a (L) and 5 (R) C-CDW
enantiomorphs in concert with vanishing of the achiral IC phase (Figure 4.11a—c). Thus, the
IC-C CDW transition in our endotaxial heterostructures is marked both by simultaneous
evolution of resistance and overall chirality (Figure 4.11c), defined by the proportion of chiral
superlattices: (a-f)/(a+p+IC). This synchronous switching sets the stage for optoelectronic
devices combining charge and chirality degrees of freedom.
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Figure 4.10: Multistate resistance switching in TaS, heterostructures. (a) Optical mi-
crograph of a mesoscopic device fabricated from annealed flake S1. Scale bar: 10 ym. (b)
Diagrams of sample composition for S1 and S4. For S1, diagrams are derived from atomic
resolution DPC-STEM data, while for S4 the structure is proposed based on the AOCR-
derived H—TaS, content. Note, for S4, the H—TaS, layers are randomly placed in the model.
(c) Temperature-dependent resistance of S1 in regions R1-R3 and S4 in region R2. The
marked z/n denotes the H-TaS, proportion. (d) High-temperature section of (c¢). Curves
were vertically shifted for clarity. Inflection points in the cooling curve are marked by a circle.
Scaling factors of the resistance curves are indicated on the right. Inset shows the resistance
modulation of S4-R2 in five thermal cycles. Temperature ramp rate in (¢)—(d) was 1 K/min.
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Figure 4.11: Multistate chirality switching in TaS, heterostructures. (a) Representative
temperature-dependent 4D-STEM diffraction patterns, displayed on a logarithmic scale, for
a 20-layer heterostructure with five H—TaS, lamella. Insets display a zoomed-in view of
a primary Bragg spot with labeled CDW superstructure peaks. Scale bars: 5 nm~'. (b)
Normalized mean intensity of «, 5 and incommensurate (IC) diffraction peaks in 4D-STEM
datasets obtained at different temperatures for the heterostructure in (a). (c) Temperature-
dependent (o — 3)/(a + S+IC) calculated from (b). Heating was performed in situ and the
data were acquired upon cooling from 373 K at 1 K/min.
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Figure 4.12: Reproducibility of resistance profiles for sample S1. (a—c) Resistance of sample
S1 in regions R1 (a), R2 (b) and R3 (c) across three temperature sweeps. The sweep rate
was kept constant at 1 K/min for all thermal cycles.
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Figure 4.13: Transport measurements of sample S4. Temperature-dependent resistance of
S4 in region R3 across three thermal sweeps. The temperature sweep rate was 1 K/min.

Polytype nucleation and designer heterostructures.

Lastly, having established the structure and multistate electronic/chiral switching in TaS,
endotaxial heterostructures, we turn to considering the mechanism of nucleation of these
polytype transformations, finding them to be facilitated by wrinkles and folds. We ob-
served that polymorph transitions in 17—TaS, flakes, evidenced by changes in AOCR and
sharpness of Raman spectral features associated with CDW modes, generally emanate from
wrinkles, tears and folds in flakes (Figure 4.14a—c, Figure 4.15). These microscale struc-
tural defects inevitably introduce differential stress, which can be accommodated by strain
(Figure 4.14d)[228-230], and this strain in turn can alter the energetic barrier between poly-
types[231-234]. Accordingly, one explanation for the emanation of H-TaS, at these features,
is a strain-induced decreased energetic barrier for the H-T transformation, facilitating in
nucleation of polytypic domains near stress points. In addition, differential stress in layered
materials can also be accommodated by shear and slip between layers (Figure 4.14¢)[228].
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Figure 4.14: Nucleation of endotaxial polytype transformation. (a,b) Optical image of a
1T—Ta$S, flake before (a) and after (b) thermal annealing. A flake fold is marked with a
magenta arrow. (c¢) Atomic Force Microscopy (AFM) map of (b). (d,e) Models of 1T7—TaS,
bending at a fold or wrinkle that are accommodated by in-plane strain (d) or interlayer shear
and slip (e). Models in (d) and (e) are adapted from ref [228]. (f~h) Stacking configurations
of three TaS, structures: interface of three 1T7—TaS, layers (f), 17-TaS,/1H-TaS,/1T-TaS,
interface without layer sliding (g) and 17-TaSy/1H-TaSy/1T-TaS, interface with shifting of
the topmost 17—TaS, layer (h). Violet dashed vertical lines in (f)—(h) indicate the alignment
of Ta ions between the three TaS, layers. Black dashed lines in (g) represent direct vertical
overlap of sulfur ions between the topmost and middle layers. (i,j) Optical micrograph
(i) and illustration (j) of an hBN/1T—TaS, heterostructure before annealing. (k) Optical
micrograph of flake in (i) after annealing. Yellow arrows indicate the direction of propagation
of the blue H-TaS, domains. (1) AFM height profile of flake in (i,k) in the region marked
with a magenta arrow. (m) Map of AOCR after annealing overlaid on the optical micrograph
(k). Flake outlines are added in (i), (k) and (m). All scale bars are 5 pm.
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Before annealing After annealing Before annealing After annealing

Figure 4.15: Nucleation of polytype transformations at macroscopic flake defects. Optical
micrographs of flakes before and after thermal annealing at 350 °C for 30 minutes. Arrows
point to macroscopic flake defects (folds, wrinkles).
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This leads to the formation of extended shear dislocations[228], which as we observed in
Figures 4.1g—j, appear to be a prerequisite for the formation of 17-TaS,/1H-TaS,/1T-TaS,
interfaces from 17—TaS,[223]. Specifically, in native 17—TaS,, the Ta ions are directly
aligned in the out-of-plane direction (Figure 4.14f). However, upon transformation of one
layer to H-TaS,, crystallographic stacking with direct S-S overlap would be encountered
(Figure 4.14g). We find this configuration to be, on average, 8 meV per A? higher in energy
according to density functional theory calculations. To eliminate this unfavorable interlayer
interaction, one of the 17—TaS, layers can slip across the trigonal prismatic interface (Figure
4.14h), precisely as observed in Figure 4.1g—j. Note that interlayer slips are readily present
at flake folds, wrinkles and tears in 2D materials. Thus, polytype domains may form more
readily in those defect regions of 1T7—TaS,. We surmise that polytype transitions nucleate at
macroscopic defect points due to the formation of extended dislocations and/or decreasing of
the 1T-H energy barrier due to strain.

Before annealing

Figure 4.16: Polytype transformations with successive heating cycles. (a—c) Optical
micrographs of a 17—TaS, flake before annealing (a), after the first (b) and after the second
(c) 30 minute annealing cycle at 350 °C.
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We build upon these nanoscale insights to demonstrate that mechanical /strain engineering
of 1T—TaS, may be used for rational design of vertical /lateral TaS, heterostructures. To this
end, we stacked a 14-layer 1T—TaS, crystal onto a ~ 112 nm-thick hexagonal boron nitride
(hBN) flake to deliberately impart local stress onto the region of the 17'—TaS, flake in the
vicinity of hBN (Figure 4.14i,j). Indeed, after annealing, the H—TaS, polytype formation,
evidenced by AOCR, radiates away from the hBN/TaS, interface (Figure 4.14k—m). It is
important to note that coincident vertical/lateral heterostrucures are only formed upon
annealing at moderate temperatures for short time periods, as extended or repeated heating
leads to formation of predominantly homogeneous structures (Figure 4.16)[216]. Accordingly,
intricate, multi-component device architectures could be realized by combining substrate
patterning with moderate thermal annealing conditions.

4.4 Conclusion

In conclusion, we have demonstrated that highly tunable, verti-lateral polytype heterostrucures
of 1T—TaSy and H-TaS, can be synthesized by moderate thermal annealing of nano-thick
1T—TaS, flakes. Stress points in 17—TaS, are nucleation sites for the H—TaS,; domains,
resulting in multi-component flakes with coexisting vertical and lateral heterostructures. The
polytype composition of these heterostructures can now be conveniently determined using
the optical contrast methodology developed in this work, enhancing the accessibility for
characterizing and studying complex TaS, crystals. Further, we use electron microscopy,
Raman spectroscopy and electronic transport studies to show that altering the H/17T ratio
opens manifold possibilities for tailoring structural and electronic behavior of mixed polymorph
crystals. Interlayer coupling between 1T—TaS, fragments is interrupted by H-TaS, layers,
and the increasing content of H-TaS, correlates with greater CDW commensuration, the
appearance of optically detectable heterochiral CDW superlattices, and tunable chirality by
modulating the «/f ratios. Furthermore, decoupled 17 —TaS, fragments transition from
the IC-CDW to the C-CDW state independently at high temperatures and the resulting
temperature-driven, multistate phase transition is highly predictable: the number and size of
resistance and steps is defined by the count and placement of H—TaS, layers within the polytype
heterostructure. Moreover, the changes in resistance are accompanied by corresponding
changes in chirality, resulting in simultaneous modifications of both optical and electrical
properties. Given the precedent for fast switching in 17—TaS, using electrical[41, 61, 200,
208, 219, 235-237] and optical fields[70, 238], endotaxial H—TaS,/1T—TaS, heterostructures
offer a rich framework as designer CDW materials that should exhibit multi-level switching
between chiral CDW phases. The ability to predictably fabricate and control such well-defined
phase change materials using low-energy external stimuli is a highly promising roadmap
towards next-generation computing and data storage.
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4.5 Methods Chapter 4

Mechanical exfoliation of 1T—-TaS,

The mechanical exfoliation of 17—TaS, (HQ Graphene) is done in an Ar glovebox using
an adhesive tape (Magic Scotch). The crystals are exfoliated onto 90 nm SiO,/Si wafers,
whose oxide layer is formed by dry chlorination followed by annealing in forming gas (Nova
Electronic Materials). First, wafers are cut into ~ 1 x 1 cm pieces and cleaned for 2 minutes
in an oxygen plasma cleaner. The chips are then heated to 200 °C on the glovebox hotplate
while tessellating a sizeable (~3 x 3 mm) 17—TaS, crystal with the adhesive tape. Following
this, chips are taken off the hotplate, and placed shiny-side-up onto the tape while still warm.
The chips are then pressed for 10 minutes with finger pressure. Lastly, the tape is swiftly
taken off the chips.

Mechanical exfoliation of hexagonal boron nitride (hBN)

The mechanical exfoliation of hBN (used as received from T. Taniguchi and K. Watanabe)
is performed in atomospheric conditions. First, a 90 nm SiO4/Si wafer (Nova Electronic
Materials) is cut into ~ 1 x 1 c¢m pieces and cleaned for 90 minutes in an ozone cleaner.
Immediately before the chip cleaning is complete, 3 hBN crystals (~1.5 mm x 1.5 mm) are
tessellated with an adhesive tape (Magic Scotch). Promptly after cleaning the chips, they
are placed shiny-side-up onto the tape and pressed for 10 minutes with finger pressure. After
this, the tape is swiftly taken off the chips.

Thermal annealing of 1T-TaS, crystals

The 1T—TaS, flakes were annealed in high-vacuum (approximately 1077 Torr) by rapidly
warming to 120 °C at 60 °C/min with a 5 minute hold. This is followed by heating at 11.5
°C/min to 350 °C and a 30 minute hold at 350 °C, before rapidly cooling to room temperature
at 13.5 °C/min.

Determination of layer count for TaS, flakes

For flakes S1 and S2 that were studied by differential-phase-contrast scanning transmission
electron microscopy (DPC-STEM)[239], we counted the number of layers in the atomic
resolution data. For all other flakes, the number of layers was identified using optical contrast
(OC) measurements, following the relationship between OC and thickness established in ref
[240]. The OC data was commonly obtained in conjunction with atomic force microscopy
(AFM) to corroborate the OC-derived thickness.
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Preparation of samples for transmission electron microscopy
(TEM)

For c-axis imaging, we prepared our samples within an Ar glovebox using a custom-built
transfer stage. This involved using a polymeric stamp composed of a poly(bisphenol A
carbonate) (PC) film covering a polydimethylsiloxane (PDMS) square on a glass slide. The
PC/PDMS stamp was created by initially preparing a solution of PC in chloroform with
a concentration of 5 % w/w. The solution was then dispensed onto a glass slide using a
pipette and evenly distributed by placing it between two glass slides, which were promptly
separated. Subsequently, the slides were positioned with the PC side facing up on a hotplate
set at 120 °C for 5 minutes, resulting in the formation of a relatively uniform PC film. This
PC film was then precision-cut into small squares, approximately 2 mm x 2 mm in size,
using a razor blade. Additionally, squares of PDMS, measuring approximately 4 mm x 4
mm, were prepared and affixed to glass slides. To complete the stamp, a PC square was
centered within the PDMS square. Finally, the stamp was placed with the polymer side
facing up on a hotplate set at 120 °C for 2 minutes. Next, the PC/PDMS stamp is used to
pick up 1T—TaS, flakes. To this end, 1T—TaS, flakes of interest were covered in PC for 3
minutes at 160 °C, followed by rapid cooling to room temperature. Then, flakes adhered to
the PC/PDMS stamp were placed onto a 200 nm silicon nitride holey TEM grid (Norcada)
by melting the PC polymer at 160 °C. The TEM grid underwent a 5-minute cleaning process
with Oy plasma immediately before stacking to enhance flake adhesion. After stacking, the
PC film was dissolved in chloroform for 20 minutes under ambient atmosphere, washed in
isopropanol and dried with flowing No.

For imaging along the crystallographic ab-plane, cross-sectional TEM samples were
prepared by standard the standard focused ion beam (FIB) lift-out procedure using Thermo
Fisher Scientific Helios G4 and Scios 2 FIB-SEM systems. A 200 nm coating of Pt was
deposited over the region of interest using an electron beam at 5 kV and 1.6 nA. This was
followed by a deposition of 2.5 um Pt using a gallium-ion beam at 8 kV and 0.12 nA. The
initial lift-out was performed with a 30 kV Ga beam and 3 nA probe current, followed by a 1
nA current for the lift-out cleaning. Next, the sample was milled with 30 kV and 0.5 nA until
reaching ~ 1 pum thickness, followed by 16 kV and 0.23 nA thinning to 0.5 gm. Next, a 5
kV beam, operated between 77-48 pA, was used to thin the sample to electron transparency.
Lastly, final polishing was done at 2 kV and 43 pA.

Nanofabrication of mesoscopic devices from TaS, heterostructures

All nanofabrication steps were performed in the Marvell Nanofabrication Laboratory. In a
typical procedure, electron beam lithography (100 kV Crestec CABL-UH Series Electron
Beam Lithography System) was used to define electrical contacts. PMMA (polymethyl
methacrylate) e-Beam resist was used for this purpose (950 PMMA A6, MicroChem). After
lithography, reactive ion etching (RIE) with a mixture of 70 sccem CHFj3 and 10 sccm Oy
(Semigroup RIE Etcher) was used to remove top TaS, layers and expose a fresh surface
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immediately before evaporating Cr/Pt (1 nm/100 nm) (NRC thermal evaporator). After
overnight metal lift-off in acetone, electron-beam lithography was used to define a Hall
bar-shaped etch mask. Etching of the Hall bar was accomplished by reactive ion etching with
70 sccm SHFg and 8.75 scem Oy (Semigroup RIE Etcher). After the SHFg/O4 treatment,
samples were cleaned for 20 seconds in a 40 sccm Os plasma and consecutively the PMMA
resist was dissolved in acetone for 20-30 minutes.

Transmission electron microscopy Selected area electron diffraction (SAED) patterns
were obtained with a 40 pum diameter aperture aperture (defining a selected diameter of ~720
nm on the sample) using FEI TitanX TEM operated at 60-80 kV.

Four-dimensional scanning transmission electron microscopy (4D-STEM) was performed
on FEI TitanX (80 keV, 0.3 mrad indicated convergence semi-angle) with the Gatan 652
Heating holder for in-situ heating experiments. The 4D-STEM data was analyzed with the
py4DSTEM Python package[186]. First, peak detection in pydDSTEM was used to identify
the primary Bragg peaks and construct the reciprocal vectors of the host lattice. Next, CDW
reciprocal vectors were calculated from symmetry relations to the primary Bragg vectors.
Subsequently, we constructed virtual apertures that mask the entirety of the diffraction space
except for the CDW (a, 8 or IC) satellite peak regions (Supplementary Figure 6a,b). These
CDW virtual apertures were then applied to the 4D-STEM diffraction data to integrate the
CDW intensities at each probe position. Note, we only integrated over the CDW satellite
peaks around the second and third order primary Bragg peaks to minimize the diffuse
scattering contribution. Further, we also defined a background (bg) virtual aperture to
measure the diffuse scattering background for each diffraction pattern (Supplementary Figure
6a,b). This background was subtracted from the integrated CDW intensities at each probe
position for a more accurate calculation of enantiomorphic disproportion. Lastly, for the
in-situ heating data, we constructed small virtual apertures that exclude overlap regions
between the IC and the o/ peaks (Supplementary Figure 6b).

Differential phase contrast (DPC) STEM images|239] were collected on a Thermo Fisher
Scientific Spectra 300 X-CFEG operating at 300 kV with a probe convergence angle of 21.4
mrad. The inner and outer collection angles of the quadrant detector were 15 and 54 mrad
respectively. DPC-STEM images were reconstructed from the component images output by
each quadrant using the py4DSTEM package[186].

Raman spectroscopy

Ultra-low frequency (ULF) Raman spectra (Horiba Multiline LabRam Evolution) of TaS,
heterostructures were obtained using a 633 nm laser excitation with the corresponding ULF
notch filters at a power of 50-80 uW with 10 second acquisition times and 3 accumulations.

Circularly polarized Raman spectroscopy was performed in backscattering configuration
along the ZZ direction. A 100 x objective (N.A. = 0.80) was used for focusing the incident
beam onto the sample and for collecting the scattered light. The Raman laser spot size was
~ 1 pm. Circularly polarized light was achieved by using two linear polarizers (LP1 and
LP2) and a \/4 waveplate (Supplementary Figure 12).
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Electron transport measurements.

Transport measurements were performed using standard lock-in techniques. Briefly, a 1 pA
alternating current (17.777 Hz) was applied between the source and drain contacts while
sweeping the temperature in the PPMS DynaCool system. Concurrently, the longitudinal
(Vxx) voltage was measured with the SR830 lock-in amplifier. All phases were < 5, and the
resistances were determined from Ohm’s law. All data displayed in this work displays the
four-probe resistance except for the measurement for S1-R1, which was taken in the 3-probe
configuration.

Density functional theory calculations

Density Functional Theory (DFT) calculations were carried out using the Vienna Ab initio
Simulation Package (VASP)[135-138] with projector augmented wave (PAW) pseudopoten-
tials[139, 140] including Ta 5pd, 6s and S 3sp electrons as valence. The plane-wave energy
cutoff was set to 400 eV and the k-point grids were Gamma-centred with a k-point spacing of
0.3A7" for the 17 phase and 0.2 A" for the 1H phase, which gave an energy convergence
of 1 meV per atom. The convergence criteria for the electronic self-consistent loop was set
to 1077 eV. Structural optimizations were done using the PBEsol[241] exchange-correlation
functional until the residual forces on the ions were less than 0.001eV A"

The energy gain for the interlayer slip observed by DPC-STEM was determined by DFT
calculations on mixed phase structures. A shift between 1H and 17 layers of (2a/3, b/3),
where a and b are the 1H lattice parameters, was introduced to eliminate direct S-S overlap.
This shift is comparable to the offset between layers in the 6R-TaS, phase. In a 6-layer
1H/1T-a/1T-a stack, the energy gain with interlayer slip was 8 meV A2
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Chapter 5

Intercalation simultaneously tunes spin
and charge order in polytype
heterostructures

Contributing authors: Husremovié¢, S.; Goodge B.; Zhang, W.; Dandu M.; Craig I.; Kennedy
R. E.; Erodici M.; Koh K.; Griffin, S. M.; Analytis, J.; Raja A.; Bediako, D. K.

Author contributions: S.H. and D.K.B. conceived the study. S.H. and W.Z. prepared
the samples. S.H. and B.G. carried out TEM experiments. B.G. conducted the EELS
measurements. S.H. and E. R. K. carried out the FFT analysis. S.H., M.D., and M.E.
performed the Raman experiments. S.H., M.E. and K.K. performed the pulsing experiments.
C.I. conducted the DFT. calculations.

5.1 Introduction

Investigating correlated systems with multiple electronic orders has been a central focus of
academic research. The ultimate goal is to elucidate the interplay and stability of these orders
in order to leverage them for technological advancements and new computing paradigms([242].
In particular, systems with coexisting quantum phases have garnered great interest due to
their potential for multifunctional electronic devices. These systems offer a unique opportunity
to encode, store, and retrieve information by exploiting the distinct phases and the interplay
between them. To this end, transition metal dichalcogenides (TMDs) have been extensively
explored due to their ability to host charge density waves (CDWs), superconductivity, and
long-range magnetic order[11, 30, 243-245]. However, these phases often compete, with
the simultaneous presence of multiple phases being rare. For instance, in intercalated
TMDs, small amounts of intercalation can destabilize the CDW ground state, leading to
enhanced superconductivity[11, 243-246]. However, above a certain intercalation threshold,
superconductivity is suppressed, and long-range magnetism emerges[11, 73, 246].
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The recently developed tuning mechanisms for layered materials may enable the realization
of coexisting competing phases that are not achievable in bulk TMD systems grown using
traditional solid-state methods. Namely, owing to the layered nature of TMDs, they can
be exfoliated[14, 22], integrated into two-dimensional (2D) heterostructures[4, 22, 247] and
prepared as 2D intercalation compounds[73]. These chemical alterations create opportunities
to investigate the interplay between dimensionality, competing quantum phases, and electron
correlations, paving the way for the realization of complex coexistence of competing quantum
orders that can be harnessed for computing applications.

In this work, we synthesize Fe-intercalated polytype heterostructures of TaS, by treating
2D 1T—TaS, crystals with a solid Fe precursor, followed by thermal annealing. The annealing
process simultaneously initiates a partial polytype transition of 17—TaS, to H-TaS, and a
solid-state intercalation reaction between the precursor and flake, resulting in the formation
of complex Fe-intercalated polytype heterostructures (TH-Fe, TaS,) in a single synthetic step.
The synthesized heterostructures comprise homotypic and heterotypic polytype interfaces—
all found to host intercalants. In TH-Fe,TaS,, the commensurate CDW (C-CDW) phase
originating from 17—TaS, layers exhibits remarkable robustness and persistence above room
temperature, notwithstanding the presence of ordered intercalant superstructures. At lower
temperatures, the intercalants engender long-range ferromagnetism, which coexists with the
C-CDW phase. Notably, the CDW ordering temperature decreases with increasing Fe content,
confirming the competing nature of these structural phases. However, Fe ordering can also
pin CDW domains in crystals with nominally higher CDW disorder. This yields a metastable
"trapped” CDW state, wherein the crystals remain in their low-temperature phase even above
350 K, where CDW domains of ordered crystals have already melted. Our study highlights
that intercalation can be leveraged as a means to fabricate complex heterostructures with
robust charge and spin ordering, thereby providing a new platform for the development of
multifunctional materials suitable for electronic applications.

5.2 Results and Discussion

Synthesis of Fe-intercalated polytype heterostructures

Two-dimensional (2D) iron-intercalated polytype heterostructures of tantalum TaS, were
fabricated using the synthetic method described in Chapter 3. In a typical procedure,
exfoliated crystals of 17—TaS, were treated with a carbonyl-derived iron precursor followed
by vacuum annealing at or above 250°C (Figure 5.1a). The thermal annealing step results
in two concurrent chemical transformations: a partial polytype transition of 17—TaS, to
H-TaS, and a nanoscale solid-state intercalation reaction between the solid Fe precursor
and TaS,. These transformations result in intricate intercalated polytype heterostructures,
referred to as TH-Fe,TaS,. To examine the complex structure of these systems, we cross-
sectioned T'H-Fe,TaS, crystals and imaged them with atomic-resolution high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM), as seen in Figure 5.1b.
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Figure 5.1: Synthesis of Fe-intercalated polytype heterostructures. (a) Schematic depiction
of the synthetic process for creating Fe-intercalated polytype heterostructures ( TH-Fe,TaS,)
from two-dimensional (2D) 17—Ta$S, crystals. (b) Room-temperature atomic-resolution
HAADF-STEM micrograph of a cross-sectioned TH-Fe, TaS, crystal along the [1010] zone axis
of polytype heterostructure. Yellow and pink markings on the HAADF image signify H-TaS,
and 17 —TaS, layers, respectively. The atomic model of the imaged layers is depicted on the
left, with adjacent colors signifying the type of crystallographic stacking according to the
legend below the HAADF image. The Fe/Ta ratio of the crystal is 0.17(2) from STEM-EDS
analysis. Scale bar: 1 nm. (c) Averaged vertical line profile of the image in (b) obtained
along the direction of the layers. A dashed line is placed at the HAADF intensity measured
for a fragment of H-AP layers from the top of the heterostructure. (d) Structures of distinct
interlayer stacking registries intercalated with Fe and their corresponding change in energy
upon intercalation (AFE) calculated using DFT. (e) Cumulative EEL spectrum of the sample
from (b). (f) Raman spectrum of TH-Fe,TaS, crystal from (b) prior to cross-sectioning. Data
is collected on a solid Si3N,/Si support at room temperature. The spectral regions where
dominant modes originate from the Fe superlattice, CDW supercell, and the host-lattice A,
mode [73, 96, 183] are highlighted. (g) Raman spectrum (f) in the low-frequency range. The
sharp CDW-related modes and the broader Fe-related modes are marked.
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HAADF-STEM micrographs revealed different interlayer stacking registries with homotypic
and heterotypic polytype interfaces (Figure 5.1b). The observed heterogeneity in interlayer
stacking can be attributed to interlayer slips during the polytype transformation process,
which serve to prevent the direct overlap of sulfur ions in adjacent layers[183]. Notably,
all detected interlayer registries contain pseudo-octahedral interstitial sites amenable to
intercalation (Figure 5.1b). Moreover, HAADF-STEM imaging confirmed that, indeed,
intercalants are found in these interstitial sites, with the HAADF-STEM intensity in the
interlayer spacings being non-zero (Figure 5.1b,c).

10 mM Fe(CO), R
250 °C, 1.5 hours

Figure 5.2: Optical contrast changes of 17—TaS, resulting from annealing only versus
thermally-driven intercalation. (a,b) Optical images of 17—TaS, before and after: vacuum
annealing at 250 °C (a) and treatment with a Fe precursor followed by vacuum annealing at
250 °C (b).

Interestingly, we observed that the HAADF intensity is generally lower between the
parallel-stacked H-TaS, layers (H—P) compared to the antiparallel-stacked H—TaS, layers (H—
AP), implying a preferential interaction in the latter interfaces (Figure 5.1b,c). Antiparallel
H-TaS, stacking (H-P) is found in bulk intercalated H-Fe,TaS, crystals, indicating that it is
the thermodynamically favorable configuration[37, 38, 40, 73]. In the H-AP configuration, the
adjacent layers of H-TaS, are rotated by 180°, leading to a direct alignment of the tantalum
(Ta) ions across the trigonal prismatic interfaces. On the other hand, in the parallel H-TaS,



CHAPTER 5. INTERCALATION SIMULTANEOUSLY TUNES SPIN
AND CHARGE ORDER IN POLYTYPE HETEROSTRUCTURES 100

stacking (H-P) configuration, adjacent layers are identical but translationally offset[177].
This yields a configuration where the metals are aligned with sulfur ions across the trigonal
prismatic interfaces[177]. We calculated the intercalation energy of all experimentally observed
stacking configurations and the homotypic 17—TaS, interfaces using density functional
theory (DFT). These calculations confirmed that intercalated H-AP interfaces are the most
thermodynamically favorable, with the highest energy stabilization upon intercalation (Figure
5.1d). Moreover, DFT evinces that intercalation is generally less favorable for interfaces
comprising 17—TaS, layers (Figure 5.1d). This suggests that intercalation destabilizes the
1T—TaS, phase, explaining why bulk Fe-intercalated 17—TaS, is largely elusive[245]. This
is congruent with our experimental observations; thermal annealing of 17—TaS, following
chemical treatment yields a considerably larger optical contrast change compared to annealing
in the absence of the Fe precursor (Figure 5.2). The observed optical contrast changes, which
signify polytype transitions[183], indicate that Fe intercalation destabilizes 1 T'—TaS, polytype,
thus enhancing its conversion into the thermodynamically stable H-TaS, phase. Nevertheless,
metastable configurations comprising both H—TaS, and 17T—TaS, can be stabilized by
annealing chemically treated crystals for short time durations and at lower temperatures of
250°C.

We supplement our atomic-resolution imaging with elemental composition analysis using
electron energy loss spectroscopy (EELS) and STEM paired with energy dispersive X-ray
spectroscopy (STEM-EDS). This elemental analysis is crucial as the intercalants could be
tantalum (Ta) that has ‘self-intercalated’ upon heating®*® and not the desired Fe intercalants.
EEL spectra show distinct features of Fe (Figure 5.1e), while STEM-EDS reveals a Fe-to-Ta
ratio of 0.17(2) in this crystal. The presence of Fe is also evident in the Raman spectra
of TH-Fe,TaS,, displaying a strong A;, mode near 390 cm™', characteristic Fe,TaS, with
disordered intercalants|[73] (Figure 5.1f,g). Furthermore, the Raman frequency of the A,
mode supports that the lattice is electron-doped, as anticipated in the intercalation process|73].
Intriguingly, we also observe sharp Raman modes in the ultralow frequency (ULF) region,
characteristic of the commensurate CDW phase (C-CDW) in 17—TaS, layers (Figure 5.1g).
Notably, in unintercalated polytype heterostructures, the C-CDW phase exhibits enhancement
compared to 1T—TaS,, with its ordering temperature increasing from below 180 K to above
room temperature[62, 216]. However, the persistence of C-CDW enhancement in intercalated
samples is surprising; intercalation typically eliminates C-CDW ordering due to structural and
charge perturbations engendered by intercalants[11, 243-245]. Since our atomic-resolution
imaging confirms that Fe is presented in the interfaces with 17—TaS, (Figure 5.1b,c), this
raises the question if Fe and CDW structural domains segregate in the ab plane, with CDW
being absent where Fe is present.

Coexistence of Fe and CDW superstructures

To investigate if Fe and CDW ordering can coexist, we prepared samples suitable for plan-view
imaging (|| c-axis), enabling us to examine structural inhomogeneities in the ab plane. We
carried out selected area electron diffraction (SAED) and Raman spectroscopy measurements
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Figure 5.3: Coexistence of intercalant and CDW superlattice ordering in TH-Fe,TaS,
heterostructures. (a,b) Pairs of Raman spectra and SAED patterns of two TH-Fe,TaS,
heterostructures on electron-transparent SisN, TEM grids. For each sample, Raman spectra
and SAED patterns were collected in nearly identical regions of the crystal. The first-order
Fe superlattice and CDW superstructure reflections are marked in the SAED patterns. The
strongly reflecting spots originate from the host lattice (7TH-TaS,). The spectral regions
where phonon modes for different superlattices are expected[73, 96, 183] are highlighted.
(c,d) Atomic-resolution plan-view (|| c-axis) HAADF-STEM image of the heterostructure
from (a) overlaid with the inverse FFT (iFFT) image generated from a CDW superlattice
peak (c) and a Fe superlattice peak (d). Scale bars (c¢,d): 2 nm. (e) Superlattice domain
map of sample from (a) generated using FFT analysis. Scale bar: 5 nm. (f) Histogram of
the domain map from (e).

in nearly identical regions (within 1 pm of each other) on an array of 17—TaS, crystals that
underwent chemical treatment and were annealed at 250 °C for 1.5 hours. Our observations
revealed two distinct types of crystals, and their representative structural analyses are depicted
in Figure 5.3a,b. In the first group of crystals, SAED indicated the presence of C-CDW
chiral mirror domains (« and (), consistent with the CDW structure of unintercalated
polytype heterostructures (Figure 5.3a)[62, 183]. Additionally, faint v/3 x v/3 Fe superlattice
patterns, indicative of clustering of disordered intercalants, were detected coeval with the
CDW superstructures (Figure 5.3a). The Raman spectra of these samples mirrored the SAED
results, displaying sharp C-CDW modes in the ultralow frequency (ULF) region and broad
Fe-related modes (Figure 5.3a, bottom). Conversely, the second group of crystals exhibited
only Fe-related superstructures in both SAED and Raman spectra (Figure 5.3b). In these
crystals, the Fe-related Raman modes are more well-defined and blue-shifted, suggesting
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higher Fe concentrations compared to crystals in the first group (Figure 5.3a,b). Overall,
these findings suggest that higher Fe intercalation levels prompt a transformation of samples
into H-Fe,TaS,, erasing the C-CDW phase hosted by the 17T—TaS, layers. On the other
hand, lower Fe concentrations allow for the coexistence of Fe and C-CDW ordering, albeit
with generally inhomogeneous intercalants. We note that while SAED and Raman provide a
micron-scale perspective of CDW and Fe ordering, pronounced segregation of phases may still
occur on an atomic scale. To investigate this possibility further, we imaged crystals displaying
CDW and Fe ordering in SAED with atomic-resolution HAADF-STEM imaging along the
c-axis. Utilizing Fourier transform analysis, we observed that C-CDW and Fe superlattice
fringes commonly coexist in these samples (Figure 5.3c,d). While breaks in periodicity,
indicating disorder, were observed for both phases, these breaks were seemingly uncorrelated
(Figure 5.3c—f). Moreover, the most prevalent domains host a coexistence of CDW and Fe
ordering (Figure 5.3e,f). Although plan-view imaging does not capture out-of-plane disorder,
combined with our cross-sectional imaging, these data support the idea that CDW and Fe
domains can spatially coincide, offering opportunities for their magnetoelectronic interplay.

Effects of intercalation on long-range spin and charge ordering

To unveil how intercalation shapes spin and charge ordering in TH-Fe,TaS, crystals, we
conducted variable-temperature transport measurements on Fe-intercalated polytype het-
erostructures (Figure 5.4a). Three devices, D1-D3, were studied, with D1 serving as a
reference polytype heterostructure without Fe. On the other hand, D2 and D3 are inter-
calated, as evidenced by their broad Fe-related Raman modes and blue-shifting of the A;,
mode compared to D1 (Figure 5.4b). However, these shifts are more pronounced in D3
(Figure 5.4b)[73] indicating it contains a higher Fe concentration compared to D2. Notably,
all devices display CDW-related Raman modes (Figure 5.4b), and sharp resistance changes
above 280 K that reflect CDW transitions from the low-resistance incommensurate (IC) phase
to the high-resistance C-CDW phase[71, 183] (Figure 5.4c,d). However, the CDW transition
temperatures decrease from D1-D3 (Figure 5.4c,d), correlating with increasing Fe amount.
These data indicate that intercalation frustrates the CDW ordering, but does not eliminate
this phase completely.

Having established the persistence of charge ordering in D1-D3, we now turn to examining
if these devices exhibit long-range spin ordering (magnetism). To this end, we measure their
magnetoresistance profiles (Figure 5.4e-g) at cryogenic temperatures. Magnetoresistance
curves of D1 and D2 exhibit similar properties: nearly linear positive magnetoresistance
and overlapping forward and backward field sweeps (Figure 5.4e.f), congruent with a lack
of long-range magnetic order. Conversely, D3 exhibits hysteretic MR and anomalous Hall
effect up to 30 K, confirming the presence of ferromagnetism (Figure 5.4g)[73]. Although the
hysteretic profiles are broad for this device, pointing to intercalant disorder, the coercivities
are still high, exceeding 1.5 T at 1.8 K (Figure 5.4g). We note that at cryogenic temperatures,
the transport properties are dominated by the metallic 2H—TaS, layers and CDW ordering
cannot be electronically assessed concurrent with ferromagnetism.
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Figure 5.4: Electronic evidence of spin and charge ordering in TH-TaS, heterostructures.
(a) Schematic of a TH-Fe, TaS, device on SiO,/Si. Inset: Optical micrograph of device
D3. Scale bar: 2 um. (b) Raman spectra of measured devices, labeled D1—D3. Device
D1 is a polytype heterostructure (TH-TaS;) without Fe, D2 is lightly intercalated with
Fe/Ta ratio (x) of 0.02(1) from STEM-EDS, D3 evinces Raman features consistent with
0.04 < 2z < 0.2. (c) Temperature-dependent normalized resistance (R, (71")/R..(370K)) for
devices D1-D3. (d) High-temperature segment of (c¢). Curves are vertically shifted for clarity.
(e,f) Magnetoresistance of D1 (e) and D2 (f) at 1.8 K. Linear fit to the data is shown. (g)
Magnetoresistance (MR) and field-dependent anomalous Hall resistance (Raug) of device D3
as a function of temperature. Curves are vertically offset for clarity.

Coexistence of CDWs and magnetism

Subsequently, cryogenic Raman spectroscopy was used to probe CDW structure of D3 below its
magnetic ordering transition. Two regions of D3 were investigated: the primary measurement
channel (region R1) and an area near the sample edge (region R2). Representative data at
7.6 K are depicted in Figure 5.5a,b. Strong CDW-related modes are observed for both R1
and R2, confirming the coexistence of C-CDW ordering with ferromagnetism in these regions.

Notable differences are observed in the Fe-related and CDW-related modes of R1 and
R2 (Figure 5.5b). The predominant Fe-related mode in R1 appears broader and redshifted
compared to that in R2. This indicates stronger intercalant ordering in R2, which may be a
result of a slightly higher Fe concentration in this region. Additionally, CDW-related modes
of R1 are generally sharper compared to those of R2, indicative of stronger CDW disorder in
R2[220]. Furthermore, the height difference between ps and ps is markedly different between
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Figure 5.5: Optical measurements of the interplay between intercalant and CDW ordering.
(a) Raman spectra at 7.6 K of device D3 in the main channel area (region R1) and near the
edge of the device (region R2). (b) Low-frequency spectral region of (a) with Lorentzian peak
fits and the cumulative fits displayed. Lorentzian fits for CDW-related modes and Fe-related
mores are green and red, respectively. The CDW modes are marked with labels for easier
comparison between R1 and R2. (c¢) Top: Temperature-dependent Raman frequency of the
CDW-related mode p, in device regions D3: R1 and D3: R2, along with a unintercalated TH-
TaS, heterostructure. Bottom: The corresponding temperature-dependent normalized height
difference of CDW-related modes, ps and ps. Peak positions and heights were determined from
Lorentzian fits. Optical contrast measurements[183] reveal that the polytype heterostructure
comprises five H-TaS, layers out of a total of 20 TaS, layers.
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these regions, giving rise to distinct spectral profiles. Lastly, R2 evinces peak splitting of py4
and ps, giving rise to new blueshifted modes labeled p) and p5. The peak splitting in R2
suggests the presence of two distinct crystallographic environments, possibly due to intercalant
clustering in this area, which is a phenomenon observed in other TMDs[155]. Taken together,
these observations indicate that Fe and CDW ordering have an inverse relationship—ordering
of one leads to disordering of the other.

TH-TaS, D3: R1] D3: R2
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Figure 5.6: Temperature-dependent Raman spectra of D3:R1, D3: R2 and a unintercalated
TH-TaS, heterostructure. Optical contrast measurements[183] indicate that the polytype
heterostructure comprises 5 H-TaS, layers out of a total of 20 TaS, layers.

Next, we compare the Raman spectra of R1 and R2 to a reference heterostructure sample
without Fe. Generally, spectral features of R1 align more closely with the reference compared
to R2 (Figure 5.6, Figure 5.5¢). For instance, the normalized height difference between modes
p3 and ps generally matches between R1 and the reference sample. Conversely, this measure
in R2 corresponds more closely to the 200 K data for the reference, once again indicating a
higher CDW disorder in R2. This notwithstanding, both R1 and R2 exhibit a general blueshift
of CDW modes compared to the unintercalated heterostructure—a phenomenon typically
attributed to bond stiffening due to the presence of intercalants[96, 249]. These data overall
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corroborate that CDW and Fe domains can coexist and influence each other, with increased Fe
ordering leading to an increase in CDW disorder. We note that intercalation-induced defects
may be complex, and introduce CDW phase slips (introduction of discommensurations) or
CDW amplitude changes[250]. These changes may engender asymmetry of CDW clusters[251,
252], irregularities in the C-CDW superlattice[251-253], metallic defects and narrow metallic
domain walls[252].
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Figure 5.7: Effects of intercalant ordering on the thermal hysteresis of the CDW phase. (a)
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Raman spectra measured upon cooling from 350 K (blue) and warming from 7.6 K (red)
for device D3 in regions R1 (main measurement channel) and R2 (edge of the device). (b)
Cartoon illustration of the potential temperature-dependent domain evolution for D3: R1
and D3: R2. Black lines represent disordered CDW domains and domain walls. Violet and
yellow regions represent C-CDW and IC-CDW domains, respectively.

Intensity (arb. units)

Intensity (arb. units)

Next, we examine the effects of Fe intercalants on the thermal hysteresis of CDWs by
measuring Raman spectra upon cooling and warming for regions R1 and R2 of sample D3
(Figure 5.7a). While R1 shows a strong temperature hysteresis at 295 K, matching the
transport data for D3, CDW modes of R2 do not exhibit thermal hysteresis and remain
prominent even at 350 K. This suggests that temperatures above 350 K would be needed
to melt the CDW domains. Such resistance to thermal perturbations could be manifested
due to strong pinning by the ordered Fe intercalants[63, 250], which effectively act as defects
preventing the evolution of CDW domains (Figure 5.7b). A proposed illustration CDW
domain evolution for R1 and R2 is illustrated in Figure 5.7b. We hypothesize intercalants
may pin CDW domains, leading to a metastable CDW configuration in R2, where the sample
is trapped in its low-temperature phase up to 350 K. Again, these data indicate that Fe
ordering is a strong tuning knob for CDW ordering and that crystal with complex charge
and spin ordering can be realized using Fe intercalation of endotaxial heterostructures.

In light of the coexistence of C-CDW phases and magnetism, we seek to investigate
whether their interplay may be harnessed for electronic manipulation of spin ordering. Given
that CDWs are responsive to electric fields[208], we examine if electrical pulsing could induce
changes in magnetism. To this end, we perform electrical pulsing measurements on sample D3,
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applying 10 ms pulses with increasing amplitudes at distinct points in the magnetic hysteresis
cycle (Figure 5.8). We observe that the magnetic history exerts a significant influence on
the resistance changes, with these changes generally following the direction of the hysteresis
loop. These findings suggest that electrical pulses induce changes in spin ordering. However,
further investigation is necessary to delineate the origin of this effect and the role of CDWs
in this phenomenon.
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Figure 5.8: Switching of magnetic states in device D3 with 10 ms electrical pulses. Change
in the resistance R, of D3 upon applying 10 ms pulses with increasingly larger amplitudes
at four distinct sports in the magnetic hysteresis cycle. For each pulse amplitude, 10 triggers
were applied with 20 seconds between consecutive triggers. Data was collected at 1.8 K with
Hlec.
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5.3 Conclusion

In this work, we demonstrate the synthesis of Fe-intercalated polytype heterostructures of
TaS, where structural CDW and Fe domains coexist. Consequently, the intercalation process
simultaneously adjusts the spin ordering (magnetism) and charge ordering (CDWs) in this
system. Generally, as the amount of Fe intercalant increases, there is a decrease in CDW
ordering, leading to a reduction in the CDW transition temperature. Surprisingly, however,
the C-CDW phase remains robust up to room temperature, even in the presence of a high
amount of Fe that induces magnetism.

Additionally, we discover that Fe ordering can pin CDW domains in crystals with nominally
higher CDW disorder, creating a metastable "trapped” CDW state. This state allows the
crystals to maintain their low-temperature phase even at temperatures exceeding 350 K,
where CDW domains in ordered crystals typically melt. Lastly, we find that ferromagnetism
and C-CDW phases may coexist at low temperatures, opening doors to study and exploit the
interplay between these quantum phases.

5.4 Methods Chapter 5

This section generally combines the methodology detailed in Chapters 2, 3, and 4. Thus,
herein, we will detail only the methods that are unique to this chapter.

Cryogenic Raman spectroscopy
Cryogenic Raman spectroscopy of unintercalated samples

Temeprature-dependent Raman spectroscopy (Horiba Multiline LabRam Evolution) was
conducted in an optical cryostat (Cryo Industries of America) using 633 nm continuous wave
laser with an ultra-low frequency filter. Spectra were typically collected with 50-80 pW
power and an 1800 gr/mm grating, with 20-second acquisition times and 2-4 accumulations.
The laser beam was focused on the sample into a spot size of approximately 1 pum.

Cryogenice Raman measurements of sample D3

Raman measurements were carried out with a 532 nm diode-pumped solid-state laser
(Coherent™ Sapphire SF NX) as the excitation source. A Volume Bragg grating (VBG)
based BragGrate™ Bandpass filter is used in reflecting geometry to clean up the laser line.
The laser is focused (<1 pm dia) onto the sample loaded on the Agile Temperature Sample
mount (ATSM) in Montana Cryostation s200 with a 100x objective (NA=0.9). The Raman
signal is collected in backscattering geometry and dispersed with Andor™ Kymera 328i
spectrometer using 18001/mm grating that enables a resolution of ~0.72 cm™ at 532 nm on
the detector (TE-cooled Andor™ Newton DU970P EMCCD). To attenuate the Rayleigh
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scattered laser line, three VBG-based BragGrate™ notch filters each with an OD > 3 and
a spectral bandwidth < 5 cm™ are aligned in series in the output beam path before the
spectrometer. The excitation power on the sample was kept below 100uW to avoid any
heating effects.

We note that while reference samples and D3 were measured using different lasers, there are
no expected Raman shifts in the discussed modes as a consequence of the laser difference[254].

Pulsing experiments

Electrical pulses were applied using a Keithley 6221 current source.

Density Functional Theory (DFT) calculations

We performed Density Functional Theory (DFT) calculations within the Vienna Ab Initio
Simulation Package (VASP). We used projector augmented wave (PAW) pseudopotentials
containing valences of 3d%4s%, 5pS5d36s? and 3s23p* for Fe, Ta, and S respectively. All
DFT calculations were performed at the GGA+U level using the PBEsol functional and a
Liechtenstein-type on-site Hubbard correction on the iron d-orbitals with U=4.0 and J=0.7.
All calculations were performed using 14x14x2 and 7x7x2 ['-centered k-point grid for a TayS,
and TagSy¢ slabs respectively, an energy cutoff of 600 meV, and vacuum height of 21 A.
Lattice constants were either optimized to force tolerance of 0.1 meV /A for the slab unit
cell at constant volume or taken to exactly match the experiment. Experimental geometries
for T and HT layers correspond to extracting bilayer interfaces from the referenced bulk 1T
and 6R structures without modification to form slab structures with a 21 A vacuum. All
calculations used first-order Methfessel-Paxton with ¢ = 0.2 eV with a negligible entropy
contribution. SOC was excluded.
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Chapter 6

Local interface effects direct global
charge ordering in a van der Waals
heterostructure

Contributing authors: Husremovi¢, S.; McGraw, V.; Dandu M.; Xie L.; Ryu, S. H.; Jozwiak,
C.; Bostwick, A.; Rotenberg, E.; Taniguchi, T.; Watanabe, K.; Raja A.; Inzani K.; Bediako,
D. K.

Author contributions: S.H and V.M contributed equally to this work. S.H., V.M. and
D.K.B conceived the study. S.H. and V.M. fabricated the samples. S.H., L.X., J.C., B.A.,
and R.E. performed the ARPES measurements. S.H. conducted the TEM studies. V.M. and
M.D carried out the optical measurements. K.I. carried out the DFT computations. T.T.
and K.W. provided the hBN crystals.

6.1 Introduction

Charge density waves (CDWs) are correlated electronic systems that exhibit periodic lattice
distortions, which template modulations in charge density.[45] This intrinsic charge ordering
strongly influences the measured resistance, rendering CDW phase transitions promising for
information storage and processing applications. 17—TaS,, a layered van der Waals (vdW)
crystal, has garnered significant attention for next-generation electronics due to its high-
temperature CDW phase transitions accompanied by sharp resistance changes. Below ~ 500
K[61-63], intralayer CDW distortion clusters form in 17'—TaS,, leading to metal-to-insulator
phase transitions as the in-plane tiling of clusters evolves with temperature [71, 183, 205,
255]. The metallic incommensurate CDW (IC-CDW) phase, observed between 500 K and
350 K, exhibits sparse and irregular cluster arrangements. In contrast, the NC-CDW phase,
typically seen between 350 K and 180 K, is marked by the formation of cluster domains
separated by metallic discommensuration networks[60, 71, 204, 255-257]. Below ~ 180 K,
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the discommensuration networks disappear, resulting in the insulating commensurate phase
(C-CDW) with a v/13a x y/13a periodicity, where a is the in-plane parameter constant of
1T—TaS, [183, 255].

While 1T—TaS, is typified by in-plane lattice distortions, the out-of-plane stacking
of CDW clusters changes across the CDW phases and strongly influences the electronic
properties[64, 6872, 258]. As follows, modulating interlayer interactions of 17—TaS, by
incorporating it into heterostructures is a compelling means of fine-tuning its properties[259].
Recent studies have demonstrated the potential of this approach by stabilizing a robust,
room-temperature C-CDW phase in polytype heterostructures of 17—TaS, and H-TaS,
grown using moderate thermal annealing of 17—TaS, [62, 183, 216]. However, the use of
vdW assembly to integrate 17—TaS; and other layered CDW crystals into heterostructures
remains largely unexplored[213, 260, 261] despite its theoretical promise[262, 263] and the
structural tunability that this approach offers.

In vdW assembly, dissimilar crystals can be stacked without commensuration restric-
tions, enabling unprecedented control over interfacial hybridization and charge transfer
characteristics—both playing a defining role in CDW phases[264, 265]. Moreover, compared
to traditional methods for controlling these properties, such as atomic/ionic doping[212,
266-268], vdW assembly introduces fewer atomic defects and inhomogeneities into the sys-
tem[269, 270]. Additionally, the characteristics of vdW heterostructures are modulated by the
presence of interfacial moiré patterns, formed when vertically stacked vdW crystals display
azimuthal misorientation (twist) and/or differences in lattice constants [177, 271]. At small
twist angles and lattice mismatch values, the lattice reconstructs to minimize the area of
high-energy stacking domains, which reduces the interlayer staking energy but introduces
strain. This intrinsic moiré strain was remarkably shown to template the CDW domains
in 17-TiTe,/1T-TiSey[272]. Engineering intrinsic moiré strain could be a powerful tuning
knob for 1T—TaS,, due to its responsiveness to extrinsic strain[261, 273, 274]. Nevertheless,
research on 17T —TaS, heterostructures remains limited[213, 260], with the absence of twist-
dependent measurements hindering the understanding of how charge transfer, strain, and
hybridization contribute to ensemble CDW properties.

In this work, we investigate the optical and electronic properties of heterostructures
comprising vertically stacked nano-thick crystals of 17—TaS, and monolayer 1H—WSe,.
By systematically varying the thickness of 17—TaS, and its azimuthal misalignment with
1H—WSe,, we elucidate that intrinsic moiré strain and interfacial charge transfer encode
the global CDW ordering in few-layer 1 T—TaS,. Specifically, local charge transfer, which is
independent of the twist angle, induces increased CDW disorder and lowers the [C-CDW—
NC-CDW transition temperature. This trend notwithstanding, we consistently measure a
more pronounced CDW suppression for heterostructures with small interlayer twist angles.
We attribute this effect to moiré strain, evident in our transmission electron microscopy
(TEM) studies and Raman measurements of 1H—WSey. Our study additionally extends
to the optoelectronic characteristics of 1 H—WSe,, where we find that the exciton binding
energy and exciton dissociation dynamics are affected by the interlayer twist angle. This
indicates that heterostructuring offers a means to concurrently engineer electronic phases in
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both 17—TaS, and 1H—WSe, through targeted adjustments of local interfacial interactions.
As follows, this work paves a path toward deterministic engineering of electronic and optical
phases in heterostructures integrating CDW materials and semiconductors.

6.2 Results and Discussion

Electronic properties of 1T-TaS,/1H—-WSe, heterostructures

We fabricate mesoscopic devices from vertical heterostructures comprised of nanometer-thick
1T—TaS, and monolayer 1 H—WSe,, which are encapsulated with hexagonal boron nitride
(hBN) to prevent sample degradation and ensure pristine interfaces (Figure 6.1a). Each
1T—TaS, crystal is partially covered with 1H—WSe,, enabling the creation of two distinct
regions within each device: hBN/TaS,/hBN (region R1) and hBN/WSe,/TaS,/hBN (region
R2), as illustrated in Figure 6.1a. This device geometry allows us to directly probe the
electronic influence of 1H—WSe, on 1T—TaS, by comparing the transport properties of R1
and R2. We fabricated devices for electron transport consisting of 6-, 8-, 15-, and 26-layer
1T—TaS,, designated as D1-D4, and subsequently measured their temperature-dependent
longitudinal resistance (R,.). Each device displays transport features indicative of the
transition from the metallic IC-CDW phase to the more insulating NC-CDW phase, including
sharp resistance changes and a pronounced hysteresis in the cooling and warming profiles
(Figure 6.1b,c).

Our measurements reveal that the CDW phase transitions above room temperature are
substantially influenced by the presence of 1H—WSe, (Figure 6.1¢). For the thinner devices,
D1 and D2, the CDW ordering temperature is consistently higher for R1 (17 —TaS, region)
compared to R2 (17—TaSy/1H—WSe, region), as seen in Figure 6.1c—d. This trend, observed
across cooling and warming sweeps, indicates that interactions with 1 H—WSe, enhance CDW
disorder in 17—TaS, and destabilize the more ordered NC-CDW phase[209, 266]. On the
other hand, for thicker devices (D3 and D4), a measurable difference between R1 and R2
is only observed upon warming, with R2 exhibiting a lower NC-CDW-—IC-CDW ordering
temperature (Figure 6.1c,d). This corroborates that interactions with 1H—WSe, introduce
CDW disorder, whose pinning effect is seemingly dependent of the CDW phase [183, 208, 210,
220, 227]. Namely, CDW defects may introduce stronger pinning on the NC-CDW state with
localized domains compared to the "melted” IC-CDW phase, engendering a stronger CDW
suppression upon warming[183]. As a general observation, the CDW ordering temperature is
increasingly affected with decreasing sample thickness, supporting that local interface effects
are driving the observed ensemble changes. Additionally, the presence of CDW modulation
for D2, which exhibits a large twist angle between 1T—TaS, and 1H—WSe,, suggests that at
least one factor contributing to the CDW disorder is independent of the twist angle. Origin
of the CDW disorder in the 1T—TaS,/1H—WSe, will be discussed in detail later.

While electron transport measurements demonstrate a clear CDW modulation in the high-
temperature range, questions remain regarding the low-temperature electronic characteristics
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Figure 6.1: Electronic measurements of CDW phase transitions in 1H—WSe,/1T—TaS,
heterostructures. (a) Schematic of 1H—WSe,/1T—TaS, heterostructure device for electron
transport measurements. Each 17T—TaS, crystal is fully encapsulated in hBN and partially
covered with monolayer 1H—WSe,, yielding a 17—TaSy—only region (region R1) and a
1T-TaS,/1H—WSe, region (region R2). Electrical contact with the 17—TaS, crystal
is made using prepatterned Pt contacts fabricated on hBN. (b) Temperature-dependent
longitudinal resistance (R,;) of devices fabricated according to (a) containing 6-, 8-, 15-,
and 26-layer 1T—TaS,. These devices are labeled D1-D4, respectively. The twist angle ()
between 1T—TaS, and 1H—WSe, is marked for each device. For D1, 6 is derived from TEM,
while for D2-D4, 6 is inferred from the edge alignment of 17—TaS,; and 1H—WSe, in optical
micrographs. (c) High-temperature (320-370 K) section of (b). (d) Relationship between
ATcpw and the number of 1T—TaS, layers, where ATcpw is defined as the difference in
the CDW ordering temperatures for R1 and R2 in the 330 K — 360 K range. The CDW
ordering temperatures were calculated from the resistance inflections upon cooling and
warming for devices D1-D4. (d) Schematic illustrating that few-layer 17—TaSy/1H—WSe,
heterostructures display a lower NCCDW-ICCDW transition temperature compared to
1T—TaS,.
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of 1T—TaS, and its heterostructures with 1H—WSe,. Across all devices, we observed a
significant rise in resistance below 150 K, indicating the onset of C-CDW ordering (Figure
6.1b)[208, 209, 211]. However, our measurements were limited to temperatures above 50 K due
to the high resistance exhibited by the samples below this threshold. Additionally, the absence
of hysteresis features in the low-temperature range has impeded our ability to compare the
electronic properties of R1 and R2 (Figure 6.1b). To address these open questions, we prepared
samples for nano angle-resolved photoemission spectroscopy (nanoARPES) measurements.
The submicron beam diameter in nanoARPES facilitated an independent assessment of
the electronic band structure for sample regions R1 (hBN/17T—TaS,/hBN section) and R2
(hBN/1H—WSey/1T—TaS,/hBN section).

Figure 2 displays the ARPES band dispersion along the '-M direction for R1 (Figure
6.2a) and R2 (Figure 6.2b). For R1, the electronic bands evince clear features of the strong
electronic reconstruction in the presence of the V13a x v/13a CDW superlattice: flat band
centered at I and opening of pseudogaps for the occupied band near Fijence|52, 69, 275, 276].
This is consistent with our band structure calculations (Figure 6.2a), and previous studies of
bulk 17—TaS, crystals[52, 69, 275, 276]. The band structure of R2 is qualitatively similar to
that of R1 but with increased blurriness (Figure 6.2b). Since nanoARPES is highly surface
sensitive, we posit this is due to the attenuation of the signal from 17—TaS, due to the
overlaying 1 H—WSe,. For a more quantitative comparison of R1 and R2, we examine their
respective momentum distribution curves (MDCs) centered at E' = Fajonce — 0.2 €V, summing
over a 0.2 eV energy range. The MDCs of R1 and R2 exhibit similar features, with some
differences in the dispersion of bands centered at I'. While some of these differences may arise
from the aforementioned signal attenuation, they are also consistent with modulations in the
chemical potential or CDW commensuration between R1 and R2. Consequently, these data
suggest that interfacing 1 T—TaS, with 1H—WSe, may introduce electronic ramifications to
the band structure of 1T—TaS,.

Effects of charge transfer and moiré strain on the CDW suppression

To shed light on the mechanism driving CDW suppression in 17—TaSy/1H—WSe, het-
erostructures, we utilize Raman spectroscopy. Raman spectra reflect the CDW domain
structure through distinct Raman-active modes linked to vibrations of the CDW lattice[220,
221, 226, 254, 277]. Thus, changes in CDW ordering are typically evinced by modifications in
the energy, broadness, and intensity of CDW-related Raman modes[220]. First, we investigate
the Raman modes of three nearly aligned 17—TaSy/1H—WSe, samples fabricated from 3-,
6-, and 40-layer 1 T—TaS, partially covered with monolayer 1H—WSe, (Figure 6.3a). These
samples, labeled S1-S3, display noticeable differences in their temperature-dependent Raman
spectra. Whereas the CDW modes of S3 appeared unaffected by the presence of 1H—WSe,,
the Raman spectra of S1 and S2 are significantly altered in contact with 1H—WSe, (Figure
6.3a). Specifically, for S1-S2, CDW-related Raman modes in the heterostructure regions
consistently exhibit broadening and attenuation compared to the 17—TaS, regions (Figure
6.3a). Additionally, a significant redshift of up to 2 cm™! is observed for heterostructures
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Figure 6.2: Electronic band structure of 17—TaS, and its heterinterface with 1 H—WSe,.
(a,b) ARPES band dispersions along the '-M direction (top) and their corresponding
momentum distribution curves (MDCs) for regions R1 (a) and R2 (b). These regions consist
of (from top to bottom): R1 (monolayer hBN/monolayer WSey/9-layer 1T—TaSy/~ 10 nm
hBN) and R2 (monolayer hBN/monolayer WSey/9-layer 17—TaS;/~ 10 nm hBN). The
calculated bands for 1T—TaS, and 1T—TaS,/1 H—WSe,, respectively, are overlaid with the
experimental data in panels (a) and (b). Sample was prepared on Si, and the twist angle
between 17T—TaS, and 1H—WSe, was estimated to be &~ 2° from the edge alignment of flakes
in optical images. Data in (a-b) was obtained at 20 K with hr = 97.8 eV and linear horizontal
(LH) polarization. The MDCs shown at the bottom of (a,b) are centered at E = Eyajence — 0.2
eV and integrated over a 0.2 eV range.
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Figure 6.3: Thickness and twist dependence of CDW ordering in 17—TaS,/1H—WSe, het-
erostructures. (a) Raman spectra measured at 100 K (left) and 300 K (right) for azimuthally
nearly aligned 17—TaS,/1H—WSe, heterostructures consisting of 3, 6, and 40 layers (S1—
S3). (b) Raman spectra obtained at 300 K for azimuthally misaligned 17—TaS,/1H—WSe,
heterostructures (S4 and S5) with three and six layers of 17 —TaS,, respectively. For S1-S5,
1T—TaS, flakes are partially interfaced with monolayer 1H—WSe, and encapsulated with
hBN. Presented spectra are not normalized, and interlayer twist (#) is indicated for each
sample. For S1 and S5, 6 is determined from TEM diffraction, while for S2-54, 6 is determined
from the alignment of flake edges in optical images. (c) Dark-field transmission electron
microscopy (TEM) images of nearly aligned samples S1 and D1. Micrographs in (c) were
constructed from the closest first-order peaks of 1 T—TaS, and 1 H—WSe,. Scale bars: 50 nm.

at 100 K, with the greatest redshifting measured for the thinnest (S1) sample (Figure 6.3a,
left). These observations align with our transport measurements: consistently stronger CDW
suppression was manifested by thinner samples. Having established that CDW suppression
persists from 100 K to 300 K in nearly aligned heterostructures S1 and S2, we investigated
azimuthally misaligned heterostructures S4 and S5, comprising 3- and 6-layer 17 —TaS,,
respectively. In general, while the intensity attenuation and broadening of modes persisted in
misaligned heterostructures, this effect was consistently more pronounced in nearly aligned
heterostructures with the same number of layers (Figure 6.3a,b, Figure 6.4, Figure 6.5). This
indicates a twist-dependent aspect of CDW suppression, possibly stemming from the evolution
of charge transfer, hybridization, or moiré strain due to varying interlayer alignment.
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Figure 6.4: Raman spectra of device D1. Raman spectra were measured for two distinct
regions of device D1 fabricated from an nearly aligned heterostructure of 6-layer 1 T—TaS,
and monolayer 1 H—WSe,. Azimuthal alignment, derived from TEM diffraction, is denoted.
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Figure 6.5: CDW suppression in an nearly aligned heterostructure of 5-layer 17—TaS,
interfaced with 1H—WSe,. (a) Second-harmonic generation (SHG) measurement of the
azimuthal alignment between 17—TaSy; and 1H—WSe,. (b) Raman spectra measured for
the heterostructure and the 17—TaS,-only regions.
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First, we investigate whether moiré strain could account for the increased CDW disorder
in nearly aligned samples by examining the lattice reconstruction of D1 and S1 using dark-
field TEM (Figure 6.3c). The dark-field micrographs reveal intensity variations that are
indicative of reconstructed lattice domains (Figure 6.3¢)[177, 271, 278, 279]. In contrast,
moiré reconstruction is not expected in misaligned samples with large twist angles. Therefore,
our TEM findings support the notion that moiré reconstruction and the accompanying
strain are plausible explanations for the twist-dependent properties. We note that the small
lattice mismatch of 2% between 17 —TaS, and 1H—WSe, enables the observation of lattice
reconstruction, primarily driven by lattice dilations in heterobilayers[177]. Lattice dilations,
defined as volumetric strain, are local changes in volume compared to a rigid moiré. They are
manifested as periodic stretching and expansion of layers, creating high-energy and low-energy
regions, corresponding to higher and lower effective lattice mismatches, respectively [177].
Consequently, as lattice reconstructions can amplify strain within the system, they potentially
influence the ordering of CDWs [272].
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Figure 6.6: Local charge transfer characteristics across CDW phases and twist angles.
Charge transfer (top) and the corresponding planar and macroscopic averages (bottom) for
3-layer 1T—TaS, interfaced with monolayer 1 H—WSe, for: an azimuthally nearly aligned
heterostructure in the C-CDW phase (a), azimuthally nearly aligned heterostructure in
the high-symmetry metallic phase (b) and a twisted interface with 17.9° misalignment
between the high-symmetry 17—TaS, and 1H—WSe, layers (c). The pink and blue regions
in the charge transfer plots (top) represent charge accumulation and depletion, respectively.
Isosurface cutoff was set to 0.0003 eV for (a,b) and 0.0004 eV for (c).

Next, we explore whether the observed CDW suppression trends could be alternatively
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explained by variations in charge transfer as a function of interlayer alignment. To this end,
we carried out density functional theory to calculate the charge transfer characteristics of
heterostructures composed of three layers of 17T—TaS, and monolayer 1H—WSe,. Three
cases were investigated: (1) C-CDW in 1T—TaS, layers (Figure 6.6a), (2) high-symmetry
1T—TaS, with no charge density wave (Figure 6.6b), and (3) a twisted interface with 17.9°
between high-symmetry 17—TaS, and 1H—WSe, layers (Figure 6.6¢). Across all examined
configurations, the calculated charge transfer characteristics are very similar (Figure 6.6a—c).
Specifically, only the singular 17 —TaS, layer directly interfaced with 1H—WSe, is electron-
doped, while 1H—WSe, is hole-doped. The calculated charge transfer is congruent with the
band alignment expected for 1T—TaS,; and 1 H—WSe,. Moreover, the ionicity of the layers
participating in charge transfer increases; electron density decreases for bonds and increases
at the ionic sites (Figure 6.6a—). These ionicity changes may engender modulations of the
electron—phonon coupling[280], thereby frustrating the CDW ordering.

a = Heterostructure — 17-TaS, b c
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Figure 6.7: Band structure calculations of the high-symmetry nearly aligned heterostructure
and standalone 17—TaS,. (a) Overlaid band structures of the high-symmetry 3-layer
1T—TaS, and its heterostructure with monolayer 1H—WSe,. (b,c) Orbital-projected band
structures of standalone high-symmetry 3-layer 1 7—TaS, (b) and its heterostructure with
monolayer 1H—WSe, (c).

Given that charge transfer does not significantly change with twist angle and CDW phase,
we propose that charge modulation at the interface with 1 H—WSe, is responsible for the
general trend of suppression observed across nearly aligned and misaligned heterostructures.
Notably, this charge transfer is confined to a singular 1 7—TaS, layer yet impacts the ensemble
ordering of the entire sample. This discovery underscores the significant role of interlayer
interactions in 17—TaS,. Our calculations also reveal minimal effects of hybridization even
in nearly aligned heterostructures, where hybridization effects should be the most evident
(Figure 6.7). Thus, combining theory and experimental data, we propose that charge transfer
contributes to an overarching trend of increased CDW disorder in 17—TaS,/1H—WSe,
heterostructures, while moiré strain amplifies this suppression in nearly aligned samples .
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Effects of heterostructuring on the optical properties of 1 H-WSe,

To further examine the role of moiré-induced strain, we inspect the phonon modes of 1 H —WSe,
in the azimuthally nearly aligned (S2) and misaligned (S5) samples, whose CDW-related
Raman modes were displayed in Figure 6.3a,b. For S5, the Raman modes of 1H—WSe,
exhibit minimal changes in the standalone region versus the heterostructure. In contrast,
strong modifications of 1H—WSe, Raman modes are observed for the azimuthally nearly
aligned sample, S2, in contact with 1T—TaS,. Specifically, in the heterostructure region, the
Raman mode at 250 cm™!, comprising of degenerate E’'/A’[281, 282], is strongly suppressed,
while phonon modes above 250 cm™!, encompassing the out-of-plane 2LA(M), A}, and
Al (M)[281, 282] are red-shifted and broadened. These trends in twist-dependent Raman
modes of 1H—WSe, are consistent across few-layer heterostructures (Figure 6.9). We note
that in-plane E modes are typically strongly affected by external and intrinsic moiré strain
in transition metal dichalcogenides (TMDs)[283-286]. In contrast, out-of-plane A modes are
less sensitive to strain[285, 287], but have been reported to have a twist-dependent shift in
heterobilayers[284], shift under biaxial strain[288], and broaden under tensile strain[289-292].
While charge doping renormalizes A modes[293, 294] and generally quenches Raman modes
[295], our calculations do not show a strong correlation between twist angle and doping in
our system, consistent with this being a minor effect in other heterobilayers[289]. Thus, our
experimental and theoretical results suggest that moiré strain modifies the Raman modes of
1H—WSe,.

We now examine how the optoelectronic characteristics of 1 H—WSe, are affected by the
presence of 17—TaS,. To this end, reflection contrast (RC) was measured for 52 and S5. For
both samples, significant broadening of the RC signal was detected in the heterostructure
region compared 1H—WSe, (Figure 6.9b). This spectral broadening is consistent with a
decreased exciton lifetime resulting from ultrafast charge transfer to 17—TaS, [296, 297].
While broadening is observed in nearly aligned (S2) and misaligned (S5) samples, the A;q
exciton of 1H—WSe, is significantly broader in the nearly aligned heterostructure, indicating
a faster charge transfer rate compared to the misaligned case. Interestingly, RC of the nearly
aligned sample (S2) evinces an additional peak below A;q exciton at all temperatures (Figure
6.8b and Figure 6.10), indicating strong light absorption around these energies. From the
band structure calculations (see Figure 6.7), this peak could arise from excitation across
the electronic states (filled states in 1H—WSe, to empty states in 1 7—TaS,) in between K
and T'. Note that this transition is absent in the photoluminescence spectra (Figure 6.8c)
and persists across the measured temperatures (Figure 6.10). Further experimental and
theoretical investigations are needed to probe this new spectroscopic feature in the nearly
aligned heterostructures and elucidate the twist-dependent exciton dissociation dynamics.

To further delineate the effect of 1 T—TaS, on 1H—WSe,, we examine the photolumines-
cence spectra (PL) of S2 and S5. The PL intensity of A;s exciton of 1 H—WSe, is significantly
quenched in both nearly aligned and misaligned heterostructures(6.8c). This can be ex-
plained by charge transfer from 1H—WSe; to 1T—TaS,; where the photoexcited electrons
and holes in 1H—WSe, relax into lower energy states provided by 17—TaS, (See band
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structure calculations in Figure 6.7). Such charge transfer in vdW heterostructures has been
shown to occur on an ultrafast timescale (sub-ps)[298] relative to the radiative lifetime of
excitons, facilitating efficient quenching of the PL. In the case of 1T—TaS,/1H—WSe,, band
structure calculations indicate that energy minima in 17—TaS, (') and 1H—WSe, (K) are
mismatched in momentum (Figure 6.7). Hence, such an indirect nature of charge transfer
across 1 T—TaS,/1H—WSe, correlates with the insensitivity of PL quenching to the twist
angle (Figure 6.8c, inset).
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Figure 6.10: Temperature-dependence reflection contrast (RC) for samples S5 and S2.

The nearly aligned and misaligned heterostructures also exhibit differences in A;4 exciton
energy relative to the isolated 1 H—WSe, as seen from both PL and RC spectra (Figure 6.8b,c
and Figure 6.10). Such a variation in the exciton peak position in vdW heterostructures may
arise from the net change of electronic band gap and exciton binding energy due to dielectric
screening [299], charge doping [300], interlayer coupling [287] and strain [283]. The A;4 exciton
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energy shows a dominant red shift in the RC spectra on the misaligned sample. Strong
screening of Coulomb interactions in 1H—WSe, from the charge density within 17—TaS,
causes a reduction in the quasiparticle bandgap and exciton binding energy, resulting in a net
red-shift in the A4 exciton energy. Despite an identical dielectric screening effect expected in
the nearly aligned heterostructure, an evident blue-shift of exciton energy in both RC and
PL indicates an interplay of other mechanisms. We do not expect a strong modulation in the
electronic coupling (i.e. band hybridization) with twist angle since our band structures reveal
that there is no hybridization of 17—TaS, with 1H—WSe, at the K point (Figure 6.7), where
the CB maximum and VB minimum of 1H—WSe, are located. Inferences of similar charge
transfer and doping for different twist angles from the calculations and PL quenching hint at
the role of moiré strain[283, 284] and the corresponding band gap renormalization[287] from
the moiré superlattice in the nearly aligned sample.

6.3 Conclusion

Here, we investigate the optoelectronic implications of heterostructuring 17—TaS, with
monolayer 1H—WSe,. We examine heterostructures with varying numbers of 1 T—TaS, layers
and interlayer alignments, revealing that the CDW is suppressed upon contact with 1 H—WSe,,
with this effect being enhanced by decreasing sample thickness and minimizing the interlayer
twist angle. The IC-CDW to NC-CDW transition is strongly influenced by the presence
of 1H—WSe, in thin samples, as evidenced by electron transport measurements. Moreover,
nanoARPES confirms strong band renormalization in ultrathin 17—TaS, samples and reveals
electronic ramifications of heterostruring with 1H—WSe,. Moreover, Raman spectroscopy
reveals systematic evidence of CDW disorder in 17 —TaSy/1H—WSe, heterostructures, which
is enhanced in nearly aligned samples. These nearly aligned samples were analyzed with
dark-field TEM, revealing evidence of twist-dependent moiré reconstruction. Correlating
these experimental observations with theoretical insights, we deduce that strain resulting from
lattice reconstructions is the most plausible explanation for the increased CDW suppression
observed in nearly aligned heterostructures. We also find that charge transfer, irrespective of
twist, consistently leads to CDW suppression in thin samples contacting 1 H —WSe,. Density
functional theory (DFT) elucidates that this charge transfer is localized to the 1T—TaS, layer
directly interacting with 1H—WSe,, underscoring the significance of out-of-plane interactions
in CDW ordering of 17—TaS,.

Additionally, we observe modifications in the optoelectronic properties of 1H—WSe,
upon contact with 17—TaS,. Specifically, the broadening RC and quenching of PL point
to rapid exciton dissociation dynamics in contact with 17—TaS,. Moreover, we measure
twist-dependent shifts in PL. and RC, coupled with increased broadening and emergence
of a new RC mode in nearly aligned samples. These data suggest that moiré effects may
alter exciton energies and dissociation dynamics. As follows, our study demonstrates that
interfacing CDW crystals and semiconductors is a powerful framework to simultaneously
tune their respective electronic properties, opening doors to the development of novel device
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schemes.

6.4 Methods Chapter 6

Parts of the following methods section are adapted or reproduced from the graduate thesis of
Valerie McGraw[301], who is a coauthor of this work.

hBN exfoliation

Chips of Si05/Si were cut into ~ 1 x 1 cm squares and subjected to ozone cleaning for ~ 60
minutes at 150 °C. Immediately before concluding the cleaning, 2-4 hexagonal boron nitride
(hBN) crystals (received from T. Taniguchi and K. Watanabe), were tessellated using Magic
Scotch tape. The SiO4/Si chips were then removed from the ozone cleaner and pressed onto
the tape for 10 minutes with finger pressure before removing the tape from the chips.

1T-TaS, exfoliation

First, 90 nm SiO4/Si chips were plasma cleaned for 2-3 minutes. Next, the chips were heated
on a hotplate in an Ar glovebox for ~ 1 hour. Before completing the cleaning, a ~ 2 x 2
mm piece of a 1T—TaS, crystal (HQ graphne) was tessellated using Magic Scotch tape. The
chips were then pressed onto the tape for 10 minutes with finger pressure and then quickly
peeled off the tape to yield thin flakes on the substrate.

2H-WSe, exfoliation

First, 285 nm SiO,/Si chips were cleaned using ozone for ~ 30-60 minutes. Next, the chips
were heated on a hotplate in an Ar glovebox at 200 °C for at least 1 hour. Before concluding
the cleaning, a ~ 2 x 2 mm piece of 2H-WSe, (HQ graphene) was tessellated using Magic
Scotch tape and pressed onto a piece of Gel-Pak 4 polydimethysiloxane (PDMS) film secured
on a glass slide. Following the heating, the chips were pressed onto the PDMS for ~ 30
seconds and then lifted off from the PDMS.

Fabrication of bottom contacts

Bottom contacts were patterned using electron-beam lithography (Crestec CABL-UH Series
Electron Beam Lithography System) onto atomically flat 10-30 nm hBN flakes. Initially,
the contacts did not extend past the edge of the hBN crystals. Next, 7-10 nm of metal (Pt
or Au) was evaporated onto the lithographically defined contacts, which were subsequently
lifted off in acetone overnight. Following stacking, electron-beam lithography and thermal
evaporation were used to pattern 0.5 nm Cr/100 nm Au extended contacts.
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Fabrication of vdW heterostructures

Stacking was done in an Ar-filled glovebox using the dry transfer method with a PC/PDMS
stamp[73]. The 1T—TaS, flakes were always exfoliated 1-2 days before stacking to prevent
sample degradation. All samples for Raman studies were prepared on 90 nm SiO, /Si substrate,
which enhances the weak signal from 17 —TaS,.

Electron transport measurements

A constant alternating current of 0.1-0.5 pA (17.777 Hz) was applied between source and drain
contacts and 4-probe V,, was measured using a lock-in amplifier (Stanford Research SR830).
Measurements were collected between pairs of contacts ensuring individual assessment of
R1 and R2. All measurements were performed in a Quantum Design Physical Property
Measurement System (PPMS). Due to the relatively large bandgap of 1H—WSe, compared
to 1T—TaS,, 1H—WSe, does not contribute significantly to the measured transport behavior.

Raman spectroscopy

Raman spectroscopy (Horiba Multiline LabRam Evolution) was conducted using 633 nm
continuous wave laser with an ultra-low frequency filter. Spectra were typically collected
with 50-80 uW power and an 1800 gr/mm grating, with 20-second acquisition times and
2-4 accumulations. For temperature-dependent measurements, samples were measured in an
optical cryostat (Cryo Industries of America), which was evacuated to ~ 10~¢ Torr and cooled
with liquid nitrogen. The samples were placed with thermally conductive vacuum grease onto
a copper puck, which is temperature-controlled using resistive heating (LakeShore Cryotronics
Model 325). Due to fluctuations in the system, temperatures reported throughout are accurate
to £ 5 K. The laser beam was focused on the sample into a spot size of approximately 1 pm.

Photoluminescence and Reflection contrast

Temperature-dependent Photoluminescence (PL) and Reflection contrast (RC) spectroscopy
were performed on the samples mounted in a Montana Cryostation S200. For the PL
measurements, a 532 nm diode-pumped solid-state laser (Coherent”™™ Sapphire SF NX) is
used as the excitation source. For the RC measurements, a Quartz Tungsten Halogen Research
Light Source (Oriel instruments) is used as the broadband excitation source. The excitation
beam is focused (< lpum dia) onto the sample loaded on the Agile Temperature Sample
mount (ATSM) with a 100x objective (NA=0.9). The emission or reflection signal from
the sample is collected in back-scattering geometry and dispersed with AndorTM Kymera
328i spectrometer using 300 1/mm grating onto the detector (TE-cooled Andor™ Newton
DU970P EMCCD). The laser excitation power on the sample was kept below 1uW.
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Transmission electron microscopy

Selected area electron diffraction (SAED) patterns, used for determining interlayer twist,
were obtained with a 40 um diameter aperture (defining a selected diameter of ~720 nm
on the sample) using FEI TitanX TEM operated at 60-80 kV. Dark-field TEM was also
obtained using FEI TitanX TEM with a 10 pm-20 pm objective aperture.

Density functional theory

Density functional theory (DFT) calculations were carried out on heterostructures composed
of three layers of 17-TaS, and one layer of 1H-WSe,. Three cases were investigated: a
commensurate charge density wave in the TaSy layers (CCDW); high-symmetry 17-TaS,
with no charge density wave (HS); and a twisted interface with 17.9° between high-symmetry
TaS, and WSe, layers. The twisted heterostructure was generated using the TWISTER code
[302, 303]. Structures had AA stacking with all metal centers nearly aligned except across
the twisted interface. In all cases, the vacuum region between slabs was greater than 35 A.

Nano angle-resolved photoemission spectroscopy (nanoARPES)

nanoARPES data were collected at Beamline 7.0.2 of the Advanced Light Source (ALS) on
the nanoARPES endstation using Scienta Omicron R4000 hemispherical electron analyzers.
The beam diameter was approximately 1 gm. All measurements were conducted at the base
temperature of 20 K with linear horizontal (LH) polarization at pressures lower than 5 x 107!
Torr. Data analysis was conducted using the PyARPES software package[196].

Density functional theory calculations

Spin-polarized DFT calculations were carried out using the Vienna Ab initio Simulation
Package (vASP) [135-138] with projector augmented wave (PAW) pseudopotentials [139, 140]
including Ta 5pd6s, W 5spd6s, S 3sp and Se 4sp electrons as valence. The plane-wave energy
cutoff was set to 400 eV and the k-point grids were Gamma-centred with a k-point spacing
less than 0.2 Afl, which gave an energy convergence of 1 meV per atom. The convergence
criteria for the electronic self-consistent loop was set to 10 eV.

A Hubbard-U correction was applied to capture the charge distribution in the CCDW.
A U of 2.86eV was applied within the Dudarev approach [304] to the d orbitals of the Ta
located at the center of the Star of David distortion, following the self-consistent calculation
of U in [305]. This captures a band gap opening in TaS,; between the spin-polarized bands at
the Fermi level, in contrast to the metallic HS structure.

Structural optimizations were done using the PBEsol [241] exchange-correlation functional
until the residual forces on the ions were less than 0.0016VA ™" for the CCDW and HS
structures, whereas the twisted structure was fixed with van der Waals gaps set to those of the
optimized HS structure. The percentage strain in the constituent layers of the heterostructures



CHAPTER 6. LOCAL INTERFACE EFFECTS DIRECT GLOBAL CHARGE
ORDERING IN A VAN DER WAALS HETEROSTRUCTURE 127

is given by comparison to the lattice parameters of individually optimized TaS, trilayers and
WSe; monolayer in Table 6.1.

Table 6.1: DFT parameters for 17—TaS,/1H—WSe, heterostructures. In-plane lattice
parameter (a) and percentage strain for the heterostructures compared to the individual
constituents. All structures are optimized for a monolayer of WSe, and a trilayer of TaSs.

Structure a(A)  Aafa (%)
TaSs  WSes

WSes 3.273

HS-TaS, 3.326

HS-TaS; — WSes 3.312  -041 1.21

CCDW-TaS, 12.012

CCDW-TaS; — WSey 11.955 -0.48 1.30

Twisted HS-TaSy — WSep, 18441 -0.42  1.20

Orbital-projected band structures were plotted using the SUMO package [306], and unfolded
band structures using EASYUNFOLD [307].

Charge transfer plots were generated by subtracting the charge densities of individual
TaS, and WSe, fragments from the charge density of the heterostructure. No structure
relaxation was performed for the individual fragments; atom positions were identical to
those in the optimized heterostructure. This charge density difference was summed within
planes perpendicular to the c-axis parallel and normalized per formula unit within a layer.
The macroscopic average of this 1D charge difference was calculated as a running average
performed three times over periods of 3.03 A, to smooth over the periodic features of the
structure. 1D plots were calculated using the VASPKIT code [308]. Charge density difference
was visualized using VESTA [309)].
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Chapter 7

Conclusions and outlook

Chemical modifications of surfaces

Optically driven
phase changes

Figure 7.1: Opportunities for tuning the properties of 2D crystals.

In this thesis, intercalation and heterostructure design served as the primary methods
for tuning the properties of 2D magnets and CDWs. However, the work presented here only
scratches the surface of what is possible.

The majority of this thesis focused on Fe intercalation, which induces robust magnetism



CHAPTER 7. CONCLUSIONS AND OUTLOOK 129

in intercalated TMDs but primarily exhibits strong ferromagnetism with a significant out-of-
plane anisotropy. Exploring ways to tune this anisotropy could be fruitful for developing new
materials and switching paradigms for Fe, TaS,. DFT calculations in Chapter 2 indicated
that increasing interlayer spacing enhances the anisotropy and potentially raises the ordering
temperatures. It would be worthwhile to investigate if dual intercalation with larger ions could
increase the interlayer spacing. Furthermore, studying the effects of strain on these materials
could yield valuable insights. However, developing materials with largely different magnetic
properties will require extending the intercalation approach to include other magnetic ions.

We note that Fe-intercalated polytype heterostructures may also benefit from strain-
dependent measurements, given the sensitivity of both CDWs and magnetism to strain.
Moreover, exploring how CDW ordering evolves with the application of external magnetic
and electrical fields will shed light on the interplay between CDWs and magnetism.

Finally, our investigation into magnetic heterostructures marks the initial steps toward
uncovering interface-driven magnetism. Altering the constituent layers and intercalants and
incorporating engineered twist angles could unveil novel facets of the phase diagram for
magnetic 2D crystals, paving the way for functional devices.
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