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ABSTRACT

The study of periodic structures and their impact on states of matter is essential in con-
densed matter physics. The analysis of this periodicity led to the modern understanding
of electronic properties through the band structure. Advances in materials synthesis and
discovery have led to precise control over electronic properties via control of the atomic
structure. One family of materials in which this has been explored are van der Waals (vdW)
materials. In addition to their study as bulk crystalline specimens, the two-dimensional na-
ture of these materials enables the development of artificial heterostructures with a diverse
range of electronic states of matter. The ability to in turn design bulk crystals containing
such heterostructures would enable access to a broader range of experimental techniques and
potential new electronic states. In this thesis, we present a synthesis study of natural su-
perlattices composed of transition metal dichalcogenide (TMD) monolayers alternating with
spacer layers. These superlattices belong to the TMD family with chemical formula MS,, M
= (V, Nb, Mo, W). We study one such compound, Sr-VS,, through electronic transport mea-
surements including evidence for an insulating state therein. We further discuss syntheses
of Group-VI TMD superlattices and the potential physics such systems may support.
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Chapter 1

Introduction

1.1 Periodic modulations in condensed matter systems

Periodicity plays a fundamental role in the electronic properties of crystalline materials. The
development of Bloch’s theorem led to the modern understanding of electronic band struc-
tures. In addition to the periodicity of the atomic lattice, periodicity of quasiparticles in
condensed matter systems create additional modifications to the electronic structure. Pe-
riodic structures may also arise as superstructures of the crystal, such as in the form of a
charge density wave (CDW) [1].

A crystal may develop a CDW through electron-phonon coupling. This was observed
in several compounds with one-dimensional (1D) chains, such as the organic salt tetrathi-
afulvalenetetracyanoquinodimethane (TTF-TCNQ), connecting to the Peierls distortion in
an infinite 1D atomic chain [6][7]. In 2D and 3D, it is also possible to realize a CDW if there
is an instability either through Fermi surface nesting or electronic correlations.

Another pathway towards the formation of periodic modulations arose from the devel-
opment of molecular beam epitaxy (MBE). The ability to deposit materials in a layered,
epitaxial manner enabled the growth of artificial lattices, and in turn new electronic states
of matter. This technology led to the growth of highly clean GaAs/AlGaAs interfaces, which
realized a 2D electron gas. The high degree of control of these heterostructures led to the
discovery of the fractional quantum Hall effect (FQHE)[8]. The quality of the interface is
crucial to creating high mobility samples. Further improvements to the controlled synthesis
have led to recent reports of anyon braiding for topological quantum computation or exotic
many-body phases such as Wigner crystals, stripes, bubbles, and nematic order [9].

The discovery of a 2D gas exhibiting the quantum Hall effect in graphene opened a new
family of materials for studying low-dimensional electronic states [10][11]. In contrast to the

2DEGs formed through epitaxial growth, graphene can readily be prepared through mechan-
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Figure 1.1: a GaAs/AlGaAs heterostructure grown through MBE. Adapted from [2]. b Or-
ganic superconductor containing alternating insulating and superconducting layers. Adapted
from [3]|. ¢ van der Waals heterostructures in 2D assembled through stacking of monolayers.
Adapted from [4]. d Layered high-temperature superconductor BiySroCaCuyOgys. Adapted
from [5].

ical exfoliation. Unique to these van der Waals crystals is the fact that they can be stacked
together to form artificial heterostructures without need for epitaxy. Furthermore, these
heterostructures often have atomically sharp interfaces as the crystals consist of single layers
of atoms. The combination of these factors led to a broad range of new superlattices, which
have driven a plethora of discoveries, such as of FQHE in graphene, black phosphorous, and
black arsenic [12|[13][14]. In addition, vdW crystals have served as valuable probes of 2D
magnetism, optoelectronics, topology, and superconductivity|15][16][17].

Taking the vdW systems a step further, layers of graphene may be stacked with a twist

angle, creating a small lattice mismatch that results in a long wavelength modulation, known

as a moiré pattern. The size of the moiré cell in these heterostructures is controlled by the
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Figure 1.2: a Moiré pattern in twisted bilayers of graphene. b Moiré pattern in TMD (WSe,
and WS,) bilayers with lattice mismatch. Adapted from [18] (a) and [19] (b).

lattice constants of the stacked layers and the relative angle at which they are aligned. Such
superlattices host correlated insulator and superconducting phases [20]. These many-body
states are created due to the strong interactions arising from a flat band created near the
Fermi level. The narrow bandwidth contains a large density of states, which in turn pro-
motes interaction between the electrons. The additional degree of freedom in twist angle
enabled study of more exotic phases of matter. The combined control of twist angle, atomic
composition, and Fermi level through electrostatic doping have led to observations of or-
bital ferromagnetism, fractional Chern insulators, and stripe order|[21|. Recently, twisted
homobilayers of TMDs have been reported to exhibit fractional quantum anomalous Hall
effect (FQAHE), underscoring the wealth of physics that can be accessed through these 2D
systems|22].

Similarities have been noted between vdW heterostructures and the families of high tem-
perature superconductors (HTS). For one, many of these HTS’s, such as the cuprates, consist
of layers of CuO, planes which form a 2D square lattice[23]. These planes are responsible
for the unconventional superconductivity and have 2D electronic properties. At the same
time, there are distinctions. Whereas vdW structures require careful exfoliation and assem-

bly to realize the delicate electronic states, natural bulk superlattices can be synthesized

15



through chemical means via traditional crystal growth processes. Furthermore, their prop-
erties are accessible to characterization techniques which require bulk crystals. For example,
X-ray and neutron scattering provide insight into structural properties of the material, while
torque magnetometry and SQUID measurements provide characterization of magnetism in
these structures. Thermodynamic probes such as heat capacity are also reliant on bulk single
crystals and can reveal valuable information on phase transitions in the material.

One natural superlattice compound synthesized is BagNb;1S2g [24]. The crystal contains
monolayers of TMD NbS, stacked alternately with an insulating spacer. Like its parent
TMD, BagNb;1Sog is a superconductor with a quasi 2D Fermi surface. The spacer layer is
commensurate with the TMD layer, creating a zone folding that leads to enhanced super-
conductivity in the ab-plane of the crystal. Furthermore, in magnetic field BagNb;;Ssog hosts
signatures of a spatially modulated superconducting state known as the Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) state [25]. BagNby;Ssg also hosts Rashba spin-orbit coupling (SOC) in
the band structure. These phenomena are influenced by the spacer, whose commensurate
nature leads to zone folding of the NbS,; bands. The observation of this finite-momentum
superconductivity hints at the existence of other superconducting phases in natural super-

lattices.

In this thesis, we explore the synthesis of TMD superlattice compounds and their elec-
tronic properties. We observe signs of a correlated insulator phase, probed by electronic
transport. In addition, we explore the effect of magnetism in this superlattice motif. We
expand upon a family of natural superlattices, which are host to exotic phases of matter not
found in the parent TMD. This provides an avenue to robustly engineer such phases and

study them with bulk experimental probes to reveal potential new physics.

1.2 Unconventional Superconductors and Correlated In-

sulators

Superconductivity was first discovered in Hg in 1911. At the critical temperature T, the
resistance drops to zero. It was over forty years before the first microscopic theory for
superconductivity was developed by Bardeen, Cooper, and Schrieffer (BCS)[26]. The BCS
theory describes the superconducting phase as a quantum phase consisting of quasiparticles

formed from pairs of electrons. These Cooper pairs are bound by an attractive potential,

1
‘/’int = W Z Z ‘/:f(q)c‘};l—q’gl CLQJrq,gQCk‘Q,UQCk‘l,UU (]-]-)

k1,k2,q 01,02
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where V(q) represents the interaction potential between electrons, and ch, Ck,o Tepresent
the creation and annihilation operators for an electron of momentum £ and spin o, respec-
tively. The BCS Hamiltonian is
1
H= kaCLUCkg + N Z ka'CJlrcTCT—kickickT' (12)
ko

Kk
This equation can be solved with a mean field approximation to obtain a gap equation

1 Ak/

If we assume the interaction potential is uniform in k, or Vi, = V4 for all values of k. Then

equation 1.3 simplifies to

“p tanh 2,/€2 4 A2
1:VOD(EF)/ d¢ el
—wp 2¢/€2 + A

(1.4)

The gap equation can then be solved to determine the energy gap A, for forming Cooper
pairs. In conventional superconductors, the gap is isotropic in k. This attraction is caused
by electron-phonon coupling. The strength of the coupling comes from the ions, and this
has been experimentally confirmed through the isotope effect, where the phonon strength
was modulated by using different isotopes in the superconductor.

BCS theory makes predictions about the critical temperature, specific heat, and super-
conducting gap. In the weak coupling limit, these quantities agree well with conventional
superconductors. However, they fail when applied to various high temperature supercon-
ductors, in particular the cuprates. These HTS’s, termed for their high 7T compared to
conventional superconductors, launched a renewed quest to unravel alternate microscopic
mechanisms of superconductivity.

In general, an unconventional superconductor is defined to be one with an order pa-
rameter with lower symmetry than the underlying lattice. To understand unconventional
superconductors, we return to the gap equation obtained from the BCS Hamiltonian. This
equation applies to interactions scattering electrons from £k to £’ In the case of a strong
interaction between neighbors, the potential V. is not necessarily constant. Alternate in-

teraction potentials can be applied, such as

Vi = 2Vi[cos(k, — K,)a + cos(ky, — K, )a, (1.5)

17



which describes a nearest neighbor interaction on a square lattice. In the case Vi < 0,
this potential is most attractive at k — k' = 0 and most repulsive when k — k' = 7/a.
Such a potential would be favorable for superconductivity. The scattering by a vector @) ~
(r/a,m/a). The gap equation allows for such a potential if A, also changes sign. In the
cuprates, this is an alternating sign in the gap, which changes sign along the diagonals of the
Brillouin zone. This is d-wave pairing. One finds a gap that satisfies the symmetries takes

the form

Ay = Ag(cos(kya) — cos(kya). (1.6)

1.2.1 Hubbard model

The Hubbard model is a toy model that describes the underlying physics of the d-wave

superconductivity. The Hubbard Hamiltonian is

H=-— Z ticl cio +U Z c;rchTchN, (1.7)
ijo i
where ¢ is the hopping between nearest-neighbors and U is an on-site repulsion term. For U
= 0, the model consists of a lattice that is noninteracting. As U is increased, the increasing
on-site repulsion leads to a balance that favors pairing. In undoped cuprates, there is an
average of one electron per unit cell, which leads to a half filled band in the single-particle
picture. For strong U, this leads to the Mott insulator state, with one electron on every site.
The electrons are localized due to the repulsive interaction, in contrast to trivial insulators
with a filled band. With small levels of doping, it is possible to free some of these carriers

to induce conductivity.

1.2.2 Mott insulators

Mott insulators are of interest due to their proximity to high temperature superconductivity.
Generally insulators have rapidly increasing resistivity with decreasing temperature. In
certain cases the electrons can exhibit variable range hopping (VRH) [27]. This is caused by

hopping between randomly distributed sites, and the resistivity takes the form
pvru(T) = Aexp (To/T)". (1.8)

In cuprates, this state is also antiferromagnetic, as the single spins on a square lattice adopt
alternating orientations. However, the Mott insulating phase may extend to other electronic

phases where the conduction becomes suppressed due to localization from Coulomb interac-
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tions.

One candidate Mott insulator is 17-TaS,, a TMD with a CDW phase. At 350 K, there
is a transition into an incommensurate CDW, followed by a commensurate CDW at 200 K.
This structure is a v/13 x V13 supercell with the Ta atoms clustering into a star of David
formation. 17-TaS, is predicted to be a metal in single particle band theory, which suggests
the insulating behavior observed is due to a Mott insulator phase. It is a candidate quantum
spin liquid [28|. Unlike the Mott insulators in cuprates, 17—TaSs does not have apparent
magnetic order. The lack of order is thought to be caused by a Zs gapped spin liquid. Pres-
sure studies have found a transition from the CDW to a superconducting state. Chemical

doping is also a potential pathway to superconductivity out of the Mott insulator phase.

1.2.3 Triplet superconductivity

Another form of superconductivity with a nonuniform gap belong to the class of triplet

superconductors. The general gap function can be expressed as a 2 X 2 complex matrix

Ar (AW AE,N). (1.9)

??‘i

AMT AE,u

The components of this matrix are related to the wavefunction ¢ of the Cooper pairs. Since
the Cooper pairs are bosons, the overall wavefunction is even. This imposes constraints on
the allowed spin and orbital components of 1; an even orbital function must have a spin

singlet state, while an odd orbital function must have a spin triplet state. This also implies

p _A_gk, (1.10)

— io, (Y(k) + d(k) - 3). (1.11)

Fl

_ <d@ id, (K) ¢(>+sz>
G(R) + du(R)  da(F) + idy (F)

In the case of conventional pairing, the gap function is constant, and Ay = Ay. However, in

other superconducting states the pairing may be anisotropic with nonzero J, such as

d(k) o 2(ky £ ik,), (1.12)
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in which case the gap has nodes when k, = k, = 0. This is a p-wave state. In materials
with strong ferromagnetic interactions, spins are likely to align in parallel orientation, which
favors a spin-triplet state. This can be distinguished in practice with a measurement of the
spin susceptibility; the spin susceptibility of a spin singlet superconductor goes to zero as
temperature decreases, but it remains finite in the triplet cases. The magnetic field no longer
needs to break the Cooper pairs to align the spins. Superconductors such as SroRuO, are
believed to have a gap with p-wave symmetry.

Superconductors with p-wave order parameters are interesting for several reasons. Some
of the pairing symmetries are topologically non-trivial and support edge modes. Supercon-
ductors with p-wave pairing are predicted to host topological edge states with Majorana
fermions. These quasiparticle excitations obey non-Abelian statistics and may be applicable

to quantum computation [29][30][31].

1.3 Transition metal dichalcogenides

There are many members in the family of TMD materials. Each one is host to a diverse set
of phenomena that is a consequence of its chemical composition, crystal structure, and thick-
ness. They have been a versatile platform for realizing superlattice structures and studying
correlated phenomena. This makes TMD-based compounds a target for studying unconven-
tional superconducting phases. Here, we discuss several of the members explored in this

thesis.

1T-VS, is a metallic TMD with one monolayer in every unit cell. It contains S atoms
arranged in an octahedral coordination about the V atom. 17-VS, is predicted to host a
charge density wave (CDW) phase in the monolayer limit[32|. It has been suggested VS,
has a tunable ferromagnetic phase in the monolayer[33|. The crystal is typically synthesized
under high pressure or through Li de-intercalation of LiVS, [34]. This makes it difficult to

isolate monolayers of VS, , where the instability towards a CDW is strongest.

NbS, is a metal with two layers in every unit cell. It occurs naturally in the 2H polytype,
which has local broken inversion symmetry. 2H-NbS, is a superconductor with a T of 5.8 K
in the bulk, dropping to 2.1 K in the few-layer limit [35]. This decrease in T is attributed to
a decrease in the electron-phonon coupling as the number of layers decreases. Unlike many
of the other Group V TMDs, NbS, lacks a CDW transition. It has been intercalated with

Cr atoms to realize a chiral helimagnet [36] and with Fe to realize antiferromagnetic order
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Figure 1.3: Exciton physics in MoSey and WSe, heterostructures. Adapted from [42].
[37].

MoS; is a semiconductor with two layers in the unit cell arranged in the 2H polytype.
In the monolayer, it changes from an indirect bandgap to a direct bandgap semicondcutor.
Furthermore, strong spin-orbit coupling (SOC) splits the bands at the K and K’ points in
the Brillouin zone. This creates spin polarization in each valley, which can be probed and
manipulated optically. This has led to proposed applications in spintronics. MoS, has also
been a platform for the observation of exciton physics. In bulk 2H-MoS,, pressure reduces
the bandgap of the semiconductor, and near the semimetal regime MoS is predicted to have
an exciton instability that leads to an excitonic insulator state [38]. Excitons are found
in few-layer heterostructures and can be classified as intralayer or interlayer excitons based
on the physical location of the electron and hole [39]. Interlayer excitons attracted interest
because of their relatively long lifetime enabled by the real-space separation. They may be
manipulated with electric fields due to their electric dipole moment. Excitons in bilayer
heterostructures can condense to form an exciton insulator phase. This bosonic phase of
matter is interesting because it hosts a charge-neutral supercurrent and is tunable a platform
for studying the BEC-BCS crossover.

Monolayer MoSs and WS, have both been incorporated in field effect transistors (FETSs)
[40]. They have been synthesized at wafer scale [41] and incorporated into various circuits
for logic operators or inverters, making them candidates for components in larger integrated

circuits.
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MoS; applications are limited in part by disorder, either due to intrinsic defects like sulfur
vacancies or extrinsic ones such as surface charge impurities [43|. Advances in materials sci-
ence and nanofabrication have led to some reductions in disorder. Hexagonal boron nitride
(hBN) substrate encapsulation reduces disorder by covering the surface of the TMD with
an insulator that is also atomically flat. hBN removes charge inhomogeneities in graphene,
enabling observations of the ordinary and fractional quantum Hall effect [44][45]. Similar
encapsulation for MoSy and other semiconducting TMDs lead to higher mobilities and en-
hanced photoluminescence [46]. The degree of improvement is not as large as in graphene, as
TMDs have a lower energy for defect formation. New synthesis methods to decrease intrinsic

disorder in TMD materials is a subject of great interest to physicists and engineers alike.

1.4 Misfit superlattices

Misfit superlattices are a TMD superlattices formed from the intercalation of rock salt layers
or organic molecules between the TMD layers. These crystals are termed misfits because the
intercalated layer belongs to a different crystal lattice family than that of the TMD. This
results in e.g. an axis with incommensurate lattice vectors. For example, the (SnS); 17NbS,
is a rock salt misfit, where the SnS layer belongs to an orthorhombic unit cell, in contrast
to the hexagonal unit cell of the TMD layer [47][48]. This incommensurate modulation and
weak interlayer coupling lends itself to a variety of electronic, structural, and thermody-
namic properties that are interesting for fundamental physics and industrial applications.
For example, misfit compounds host CDWs and superconductivity. They are proposed for
use as thermoelectrics due to the potential quenching of thermal conductivity [49]. Misfit

compounds serve as platforms for intercalation of other compounds.

With misfit compounds, it is possible to stabilize a variety of TMD superlattices, includ-
ing various polytypes of the TMD layer [50]. The spacer layer can also be varied chemically
to tune the interfacial properties of the rock salt layer or realize different incommensurate
lattices. This large flexibility can also be undesirable, as the compounds are prone to struc-
tural and chemical disorder. This can be a limitation to the electronic quality achievable in
misfit superlattices. Nonetheless, they are interesting counterparts to the TMD superlattices
studied in this thesis.
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Figure 1.4: Structure of misfit compound [(M X );45]2(7'X2), where (M X )14 is a orthorhom-
bic rock salt structure and 7'X5 is a hexagonal TMD layer. Adapted from [50]

1.5 Natural superlattice BagNb;;S25

As described above, BagNbq;1Ssg is a superlattice with a 2D superconducting phase origi-
nating from the TMD 2H-NbS, layers. The superconductivity is anisotropic owing to the
layered nature of the crystals. The long mean free path relative to coherence length of
the quasiparticles indicates the cleanliness of the 2D superconductivity. The Fermi surface
can be modeled as that of 2H-NbS, with zone-folding from the 3 x 3 superstructure of the
BasNbS; layer. This is supported by transmission electron microscopy (TEM) and quantum
oscillations measured in transport. The presence of quantum oscillations also indicates a
high mobility exceeding that of bulk 2 H-NbS, [24]. The superconductivity exceeds the Pauli
limit in H.,. There is evidence for an FFLO phase from torque magnetometry, which shows
a sharp decrease in diamagnetism near H. [25]. This phase is suggested to be a spatially
modulated superconducting phase in which the Cooper pairs have a nonzero momentum.
The FF state consists of Cooper pairs with momentum A o e/@ % while the LO state con-
sists of the Cooper pairs with A o cos(@ - R). The crystals of BagNby;Sag may be exfoliated,

which opens the possibility of examining these phenomena as a function of carrier doping.
The discovery of a natural, commensurate crystal with encapsulated TMD layers fur-

ther suggests the existence of other variants. By varying the chemical composition of the

constituent TMD, it may be possible to access the monolayer electronic properties of other
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Figure 1.5: Structure of a natural TMD superlattice BagNb11Sss: (a) Cross sectional TEM.
(b) Crystal structure along the ab-plane and c-axis displaying symmetries of monolayer
2H-NbS,. Adapted from [24].

TMDs in a natural bulk crystal. By controlling the composition of the spacer, we can also
tune the properties of the TMD through interfacial interactions. In the following chapters,
we discuss the superlattices synthesized from these natural TMDs and their relation to the

materials discussed here.
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Chapter 2
Experimental Methods

In this chapter, we describe the experimental techniques utilized in this thesis. The workflow
for the materials presented begins with crystal synthesis. Following synthesis, we analyze the
physical structure through diffraction. Once this has been established, we then characterize
the electronic properties through transport measurements. Other forms of characterization

are applied as necessary for the understanding of the material.

2.1 Crystal synthesis

Single crystals of Sr-VS, were synthesized through a solid-state reaction of SrS, S, and V
in a 1:1:2 ratio. This is combined with SrCls in a 9:1 mass ratio. All precursor materials
were obtained from Alfa Aesar and of 99.99% purity or higher. SrS, V, and SrCl3 came in
the form of powder, while S came in pellets, all stored in an inert atmosphere in a glovebox.
The mixture was prepared in the glovebox, mixed by mortar and pestle, and placed in an
alumina crucible. The crucible was sealed in quartz ampoules under vacuum below 5 x 1075
Torr. The sealed ampoule was placed in a furnace that was heated to 950 °C in 24 hours.
After holding at that temperature for five days, the furnace was cooled at 2 °C/hr to 750
°C, after which the furnace was cooled to room temperature over 24 hours. A representative
growth sequence is shown in Figure 2.1. Other superlattice compounds were synthesized by
varying the initial compounds and stoichiometry. Additional crystals were grown either by
substitution of the transition metal elements, such as Nb instead of V, or substitution of the
alkaline earth metal.

Single crystals can be mechanically separated from the product and are dark grey to
black in color. They have a slight luster on are quasi-two-dimensional in appearance. The
size of the single crystals are up to 0.5 mm x 0.5 mm x 50 pm in size. The crystals appear

as platelets with hexagonal facets. The crystals are stable in air and do not show signs of
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Figure 2.1: Typical growth sequence of superlattice compounds

degradation over several hours. Crystals can be cleaned with mechanical exfoliation by tape.

Chemical vapor transport (CVT) was used for the crystal growth of some crystals inves-
tigated in this thesis. The process involves a reaction in a pressurized tube furnace which
allows the deposition of gaseous precursors. There is a temperature gradient applied to con-
trol the flow of the precursor material in the presence of a transport agent such as I,. The
material deposits in the nucleation area as they are transported. This technique is readily
utilized to grow large single crystals of TMDs. For the growths in this thesis, I was used

as the transport agent.

2.2 Structural characterization

To characterize the structure of the synthesized compounds, we perform X-ray diffraction
(XRD) and transmission electron microscopy (TEM). For powder XRD (PXRD), crystals
were ground by a mortar and pestle to a fine powder. This powder was then uniformly dis-
tributed on a zero-background silicon plate. The X-rays were collected in the Bragg-Brentano
geometry on a Panalytical Xpert multipurpose diffractometer with a copper source. The col-
lected patterns were analyzed in Highscore Plus. Single crystal diffraction is performed on
a Bruker D8 General Area Detector Diffraction System (GADDS) with a cobalt source.
The samples for TEM are prepared by focused ion beam (FIB) in the FIB-SEM VELION
at MIT.nano. A single crystal was mounted on carbon tape along the crystallographic axis
to be imaged. The FIB milled the sample with Au ions to cut out a cross-sectional lamella
of dimensions 1 pm x 5 pm. Finally, the lamella is lifted out and polished down to electron

transparency.
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Figure 2.2: SEM image of sample surface with lamella removed via FIB.

Dr. Kent Jingxu Zheng performed TEM imaging on the samples in this work. The lamella
was loaded into the Themis Z TEM at MIT.nano and imaged in high-angle annular dark-
field imaging (HAADF) for cross-sectional real space images. The lamella was aligned in the
TEM along a high symmetry axis, identified by the increase in contrast of the Bragg peaks.

Selected-area electron diffraction (SAED) was performed once the lamella was aligned.

2.3 Electric transport measurements

The electronic properties of the crystals in this thesis were characterized by electronic trans-

port experiments. A current is applied across the crystal creates an electric field,
J =GE, (2.1)

where J is the current, ¢ is the conductivity tensor, and E is the electric field. The conduc-

tivity is in turn related to resistivity by
p=0o". (2.2)

In all transport measurements in our experiments, a voltage is recorded, which can then be

converted to electric field.
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Figure 2.3: SEM image of TEM lamella prepared by FIB.

Figure 2.4: Wiring schematic for a five-point geometry.

The conventional method to measure the resistivity tensor is through a five point contact
setup. In a rectangular sample, the contacts can be arranged as shown in Figure 2.4. The
current is flowed across wires on opposite ends of the sample, and the longitudinal voltage
is measured across leads aligned in a collinear fashion. For the Hall resistance, the voltage
is measured across two transverse leads. The resistance in the crystal can be converted
to resistivity by measuring the dimensions. In practice, not all samples are rectangular
in shape, and the voltage contacts are not aligned in perfect longitudinal or transverse
direction, leading to mixing of the resistivity components in the signal. The components can

be separated under an applied magnetic field, since p,, (and diagonal terms) is symmetric
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Figure 2.5: Sample with a five-point geometry wired for transport measurements.

while pg, is anti-symmetric. This is expressed as

pe = 5(0(B) + p(~B)). (2.3)
and .
pey = 5(0(B) = p(~B)). (2.4)

To make physical contacts, gold wires were attached to sapphire substrates with conduc-
tive silver epoxy (Epotek H20E) in a five-point geometry. Single crystals were then mounted
on sapphire substrates and fixed in place with GE varnish, an insulating adhesive that is sta-
ble down to cryogenic temperatures. Silver paste (Dupont Ag paint) was used to connect the
gold wire contacts to the crystal. The conductive paints and wires are intended to minimize
the resistance between the sample and measurement instrument, while providing a robust
connection down to cryogenic temperatures. In-house measurements are made with an SRS
860 lock-in amplifier with an AC excitation current on a CS 580 voltage-controlled current
source. Typical excitations were applied with frequencies up to 60 Hz and amplitudes below

1 mA to mitigate sample heating.
The majority of measurements are done with an AC current excitation to reduce noise

that occur at low frequencies. In addition, it filters out any parasitic frequencies that may
be picked up in a DC measurement. The Keithley 6221 (or CS 580) outputs a current of the
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Figure 2.6: Schematic of electronics setup for a five-point measurement.

form
I = Iycos(wt + ¢), (2.5)

where w is the angular frequency and ¢ is a phase shift. This is synchronized with the
lock-in amplifier with a reference, typically a square wave at the same frequency, as shown
in Figure 2.7. The lock-in multiplies the signal with its own lock-in reference generated from
the reference, which results in a product of sine waves

1
‘/psd = 5‘/5igVL [COS([WT + UJL]t + esig + eref) + COS([Wr - UJL]t + esig - eref) . (26>

If the two frequencies are matched, w, = wr, then there will be a DC signal with the
amplitude of the sample response. In addition, the phase offset can be matched by adjusting
Brer to match Og,. This can also be done by performing a second multiplication with another
reference signal. This process is known as phase-sensitive detection (PSD), and it enables low
noise measurements. This is critical in many experiments, where the sample response may
be small and where there are many sources of electronic noise in the sample environment.
This technique can be applied to a general periodic signal; the measured response will be

the fundamental Fourier component of the periodic signal.

An alternative measurement scheme is tp perform “Delta mode” measurements of resis-
tance and I-V characteristics using a Keithley 2182A nanovoltmeter and Keithley 6221. In
this setup, the nanovoltmeter is connected to the current source to trigger on square cur-
rent pulses from the current source and measure the voltage response. The voltage signal is
averaged over several square pulses. The duration of the pulses are kept short to minimize
low-frequency noise and reduce heating effects. The pulses were 0.5 ms in width with am-

plitude of 10 pA. For I-V measurements, the amplitude of the current pulses was stepped
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Figure 2.7: Lock-in signal from the current source. Adapted from [51].

sequentially up to 0.5 mA.

Several measurements were completed at the DC Field facility at the National High Field
Magnetic Laboratory in Tallahassee, Florida. Transport and torque magnetometry measure-
ments were carried out at Cell 6 and Cell 9, which host resistive magnets with magnetic fields
up to 41.5 and 32 Tesla respectively. The samples were loaded in a He-3 cryostat.

The cryostat consists of a 16-pin chip carrier that is mounted at the end of a probe. The
samples are mounted on a platform connected to a string rotator equipped with a Hall sensor
and cernox thermometer. The temperature is monitored and controlled with Lakeshore 372
temperature controllers. The probe is inserted into a liquid He-4 cryostat, which is controlled
by a 1K pot and sorb.

In a magnetic field, ground loops in the electronic setup can create an induced flux
through the loop, which creates artificial noise in the measurement. To reduce noise, all
instruments were connected to clean ground through a single port. Twisted pairs of wires

were made between the electronics and sample platform to minimize current loops.

2.3.1 Pressure Cell measurements

In experiments on Sr-VS,, the transport devices are set up in an HPC-33 hydrostatic pres-

sure cell by Quantum Design to study the resistivity as a function of pressure. The contacts
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Figure 2.8: Setup of hydrostatic pressure cell. Adapted from [52].

are prepared in the four-contact geometry as described above and then placed in a piston
cell filled with an inert pressure medium. A hydraulic press enables transport measurements
up to nearly 3 GPa. The applied pressure is tracked by a Sn manometer, which has a su-

perconducting temperature sensitive to change.

In collaboration with Stan Tozer and Audrey Grockowiak from the National High Field
Magnet Laboratory, a diamond anvil cell (DAC) was prepared with a crystal of Sr-VS,. The
diamonds were prepared with an SS304 gasket and Nujol oil as a pressure medium. The
wires used for contacts to the sample in the DAC were 0.0007 in. Ptlr wire. The wires are
10 - 20 pm wide. The pressure applied to the DAC range up to 7.6 GPa. The resistance
of the wire was 1 {2/mm. Four contacts were made to the crystal. In some cases two-point

measurements were performed in a pulsed configuration.

2.4 Torque Magnetometry

We performed torque magnetometry to understand the magnetic properties of the synthe-
sized crystals [53]. The piezocantilevers used here were SCL-Sensor Tech cantilevers. Single
crystals were mounted on piezocantilevers with small amounts of vacuum grease (Dow Corn-
ing). The vacuum grease freeze and attaches the sample to the cantilever. The crystals are
balanced on the tip of the cantilever, with care taken to mount the crystal away from the
sensors. This allows the cantilever to oscillate without significant damping.

When a magnetic field is applied, the magnetization in the crystal creates a torque ac-

cording to
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Figure 2.9: Cantilever with crystal mounted for torque magnetometry.

7=Mx H, (2.7)

which generates a voltage through the piezoelectric material. To measure the signal, the
leads from the piezoelectric are connected in a Wheatstone bridge with two reference resis-
tors. These serve to remove the magnetoresistance of the cantilevers at zero field. The output
of the Wheatstone bridge is connected to a lock-in amplifier and preamplifier to record the
torque response. For most experiments, we used an SRS 860 for the lock-in and an SR560
for the preamplifier.

From equation 2.7, the magnetic torque captures the perpendicular component of the mag-
netization, which can be used to extract the magnetic anisotropy. This measurement has
been used to extract information on magnetic phases, de Haas van Alpha (dHvA) quantum
oscillations, and diamagnetism from superconductivity. Depending on the application, the
magnetic field must be applied at an angle relative to the cantilever in order to maximize
the torque signal. The rotation axis of the cantilever is therefore aligned perpendicular to

the magnetic field for the measurement.

Torque magnetometry measurements were made at the DC Field facility at the National
High Field Magnetic Laboratory in Tallahassee, Florida and on the 65 T magnet at the
Pulsed Field Laboratory in Los Alamos, New Mexico. The experimental setup at the Pulsed
Field is similar to that at the DC field, except the magnet is pulsed.
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2.5 Quantum oscillations

In a magnetic field, electrons in a metal undergo Landau quantization and form Landau
levels (LL). As the field is varied, the levels pass through the Fermi surface and manifest
as oscillations in physical quantities such as the resistance or magnetic susceptibility. The
frequency and amplitude of the oscillations and give valuable insight into the Fermi surface
of the material. Quantum oscillations are periodic in 1/B, and their frequencies are related

to the size of the Fermi pocket through

where Ay, is the area of the pocket perpendicular to B. By taking a Fourier transform of the
magnetoresistance, the different frequencies may be extracted to obtain the pockets of the
Fermi surface. Angle dependence of these frequencies can then map out the full 3D surface,
a technique that has been employed to study a wide range of Fermi liquids ranging from
elemental metals to the normal state of high temperature superconductors and topological

materials.

The oscillations are damped by various factors including thermal broadening, scattering,

and sample and magnetic field inhomogeneities. These factors are

2m2kgTm* . . | 2m*kgTm*
P == s () (2.9)
and TP
T"KBpdpm
= —_). 2.1
Rp = exp( heD ) (2.10)

These factors allow the extraction the effective mass of the quasiparticles in the pockets.
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Chapter 3

Sr-VSo TMD superlattices

3.1 Synthesis and structural characterization

Initial growths of Sr-VS, were performed in a quartz tube in a catalyzed reaction outlined
in Chapter 2. The crystals ranged in size from 50 to 500 pm in width and under 20 pm in
height.

Further attempts for the growth were made in an alumina crucible. The crucible was
sealed in a wider quartz tube, and the crucible was capped with a lid. Larger crystals were
found between 500 pm and 1000 pm in width and 20 pm in thickness. The single crystals
used for transport were chosen from these growths.

XRD patterns indicate the formation of a compound distinct from that of the precursors
and VS,. The strongest diffraction peaks match those of SrV,Ss along the c-axis. There are
few peaks matched to reflections in the ab-plane. This difference in signal is likely due to
the preferential orientation of the crystals. By fitting the measured peaks, we estimate the

spacing along the c-axis to be 34 A.

To understand the complex unit cell of Sr-VSs, we prepared TEM lamellas with FIB from
single crystals along different crystallographic directions. Dr. Kent Jingxu Zheng performed
the TEM imaging for these lamellas. Along the [0001] direction, we observe a set of bright
peaks arranged in a hexagonal pattern, which we associate with the Sr atoms, the heaviest

atoms in the compound. Massive atoms produce reflections of stronger intensity.

Along the [1100] direction, we observe the layered stacking of the TMD and spacer. The
atoms in the spacer can be resolved, with the brightest atoms corresponding to the heaviest
atoms. The spacer stacks in an ABC' stacking pattern. The sulfur atoms in VS, are arranged

in an octahedral coordination about the central vanadium, supported by the inversion center
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Figure 3.1: Single crystals of Sr-VS,.
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Figure 3.2: Powder X-ray diffraction of Sr-VS,. Blue peaks are identified with the superlat-
tice compound, while green peaks indicate trace amounts of SrS.

at each V atom.

The space group of the crystal structure is derived from the point group and Bravais lattice.
We calculate the allowed symmetries to determine the point group of the system. The TEM
images are transformed with each element in the point group and the intensities of the image
are subtracted. The transformation is considered a symmetry if the subtracted intensity is
negligible. The allowed symmetries are inversion and Cs rotation, while reflections about
[0001] and [1100] are not. Since [0001] is a C3 rotation axis, we can narrow the point group

to C3 or Cg. The allowed space groups are space groups 143 - 146 or 168 - 173.
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Figure 3.3: (a) TEM Image of Sr-VS, along [1100]. (b) TEM Image of Sr-VS, along [0001].

Table 3.1: Chemical composition of Sr-VSs from EDX and XPS.

Atomic% Sr \Y% S
(EDX) 16.34 24.67 58.8
(XPS) 23.28 25.13 49.4

3.1.1 Chemical composition

The chemical composition of Sr-VSs was measured with electron dispersive spectroscopy
(EDX) in SEM and X-ray photoemission spectroscropy (XPS). The results are shown in
Table 3.1.

3.2 Transport

Next, we analyze the electronic properties of Sr-V'S, through transport measurements. Figure
3.4 shows the longitudinal resistivity p,, as a function of temperature. Sr-VS, is insulating,
and the resistance increases by four orders of magnitude from 300 K to 1.8 K. We fit the

transport data to an Arrhenius curve,

A
2kpT

Pzz = Aexp( )7 (31)

where A is the band gap in eV. From this fit in the temperature range 150 K to 300 K,
we extract a band gap of 44 meV. The resistivity at 300 K is on the order of 1076 Q-cm.
From band structure calculations in the literature [33|, 17-VS, is a metal because its Fermi
energy lies in the middle of a band. This raises the possibility that Sr-VS, is a Mott insulator.

At temperatures below 10 K, the thermally activated hopping mechanism transitions to a
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Figure 3.4: Longitudinal resistivity of Sr-VS, as a function of temperature.

variable range hopping, and the temperature dependence changes to

1

)T, (3.2)

=A
Pzx eXp(Zk‘BT

where d is the effective dimension of the carriers. A fit to this equation below 10 K results
in an exponent of 1/3, shown in Figure 3.5. This type of transport is consistent with VRH

describing 2D conduction.

3.2.1 Comparison with misfit compounds

In VS, synthesized under high pressures, the resistivity of powder samples show an increase
as temperature decreases, consistent with non-metallic behavior. In addition, optical conduc-
tivity measurements find an absence of a Drude peak, which also suggests the electrons are
localized though impurities or interactions. Variable range hopping in the misfit compound
(LaS)1.196(VS2) has also been ascribed to Mott insulating behavior [54]. Single crystals of
(LaS)1.196(VS2) have exhibited insulating behavior that can be fit to a power law for variable
range hopping. The conductivity can be switched with a strong current that causes dielectric
breakdown and results in nonlinear I — V' characteristics [55]. A chemical doping series on
the lanthanum site with different alkaline earth metals shows a decrease in resistivity [56].
Angle resolved photoemission (ARPES) revealed a nearly filled band, and diffraction mea-

surements reveal structural distortions in the vanadium atoms that lead to the localization.
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Figure 3.5: Variable range hopping conduction in Sr-VSs. The resistance is shown in blue,
and the VRH fit to the data is shown in red.

In contrast, photoemission measurements of the sister misfit compound La;.17-2)Pb,(V)s.17
have shown evidence for Mott-Hubbard behavior. The similar electronic properties of the
VS,-based compounds suggest the possibility of a correlated system. Raman spectroscopy

on Sr-VS, may provide insight on the mechanism that governs the localization.

3.2.2 Magnetoresistance and Hall effect

Figure 3.7 shows the magnetoresistance (MR),

_ p(H) — p(0)
ME="" 0

at several temperatures. There is a marked positive MR at 2 K which this diminishes rapidly

(3.3)

as temperature increases. The MR increases up to 60% of its zero-field value at 9 Tesla. The
field-dependent data are sample dependent, with some samples exhibiting 80% MR.

In a single-band metal, the carriers in the crystal undergo scattering in a magnetic field that
scales quadratically with field and increases with the mobility of the sample. While Sr-VS,
is likely not a simple metal, we use can perform this analysis to quantify and consider the

MR response. The mobility can be calculated as

MR = piyr(noH)?, (3.4)
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Figure 3.6: Hall effect in Sr-VS,.

from which we can calculate the mobility uyr = 0.838 C{,“j at 1.8 K. Further work is needed

to determine the origin of magnetoresistance here.

Figure 3.6 shows the p,, component of resistivity measured as a function of magnetic
field. The Hall coefficient can be calculated as

Ey _ Py

Ry =
"= .B. B.

(3.5)
where E, is the electric field created by the measured Hall voltage, j, is the applied current
density, and B, is the magnetic field. The Hall coefficient is 4 x 1078Qm/T at 50 K. With

the Hall coefficient, we can calculate the carrier density of the material

1
Ry =— 3.6
H nea ( )

where n is the carrier density and e is the electron charge. For typical metals, the carrier
density ranges from 10?2 to 10?® em ™3, while for semiconductors that value is below 10'®

ecm 3. The carrier density in Sr-VSy is 3 x 10 cm=3.
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Figure 3.7: Magnetoresistance in Sr-VS,.

3.2.3 Pressure cell measurements

To test the possibility of an insulator-metal transition in Sr-VS,, transport measurements
were done in an HPC-33 piston pressure cell. The resistance as a function of temperature is
shown in Figure 3.8 at a pressure of 1 GPa. The magnitude of the resistance decreases by
a factor of three compared to that at ambient pressure. The band gap from the fit between
150-300 K is 40 meV. As the pressure is increased, there is a further decrease in the band
gap, to 35 meV at 2.1 GPa, as shown in Figure 3.9.

Transport measurements in the diamond anvil cell were performed at 3.7 and 7.22 GPa.
The devices were measured in a two-point configuration. The resistance from the interface

between the crystal and contact wires is in this case included in the measured resistance.

From this data, it appears the sample is still likely insulating at 7.22 GPa. An Arrhenius
fit above 150 K yields a bandgap of 9 meV, consistent with the trend observed in the piston
pressure cell. Figure 3.10 shows the data plotted against the calculated curve from the high
temperature fit. The two agree well down to 150 K, below which the resistance remains

lower than expected from a trivial insulator. At 1.8 K, there is a 3-4 order of magnitude
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Figure 3.8: Resistivity versus temperature in a HPC-33 piston pressure cell.

difference between the two curves. We note that this appears along with a change in mag-

netoresistance, with the appearance of a quadratic dependence below 100 K.

We performed powder measurements of magnetization in a SQUID magnetometer down
to 1.8 K. The powder sample was mounted on a quartz holder with GE varnish. There
is a small magnetic signal, with no signs of a magnetic transition. The increase in low
temperatures is attributed to magnetic impurities in the measurement, as the signal is too
small to arise from a paramagnetic response from the sample.

The lack of magnetic ordering in Sr-VS, suggests there is no antiferromagnetic (AFM)
ground state down to 1.8 K. However, localization may still occur in the absence of magnetic
order; this is observed in 17-TaS,, which forms a 13 x 13 Star of David pattern which leads
to insulating behavior. 17-TaS, is further proposed to be a candidate quantum spin liquid

(and further a superconducting phase appears under applied pressure) [57].

3.3 Discussion and Conclusion

We investigated superlattice system Sr-VS,, grown by solid-state reaction and studied through
transport measurements. The crystals are insulating with a small bandgap, which decreases

as pressure is applied. At low temperatures, there is evidence for mobile carriers. We observe
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Figure 3.9: Bandgap as a function of pressure in the piston cell.

a deviation from Arrhenius hopping in resistivity and an onset of quadratic MR. Further
probes of the material are needed to determine the mechanism. Raman spectroscopy and
X-ray diffraction can provide insight into potential structural distortions that may occur.
Further measurements under pressure and with chemical doping are of significant interest.
A key goal in these systems is to evaluate if such tuning may enable superconductivity

therein.
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Figure 3.10: Resistance in the DAC, shown in blue. Fit to the band gap at high temperatures
shown in red.
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Figure 3.11: Resistivity of 17-TaS, as a function of pressure. Adapted from [57].
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Chapter 4

Group VI TMD superlattices

4.1 Growth attempts

We have attempted syntheses of Group VI semiconducting TMD superlattices through solid-
state growth and chemical vapor transport (CVT). The results of the growth attempts and

some of the differences between them and the Group V superlattice growths are discussed.

4.1.1 MoS;

Growths of Ba-MoS, produce a product primarily consisting of a mix of dark powder mixed
with lustrous crystals with hexagonal facets. PXRD on the product reveals peaks matching
that of MoS, with some weaker peaks matching that of BaS. This suggests that the growth
produced MoS;. The CVT growth also produced small crystals within a lustrous powder
that did not show signs of superlattice peaks in PXRD. The crystals separated from the
growths are on the order of 10 microns in size. In the CVT tube, much of the starting
material was not transported to the cold end of the tube, indicating an insufficient amount
of transport agent. A growth of Sr-MoS, yielded similar results, with MoSs and SrS in the
product.

There are no signs of significant mixing between the Ba and parent TMD. Many alkali
metals have been intercalated into Group VI TMDs, such as NaMoS; and LiMoS, [58]. In
these intercalations, there is some charge transfer between the positive alkali ions and parent
compound. In addition, the intercalated atoms have small radii, which allow them to diffuse
into gaps between the TMD layers. This generally occurs in a disordered fashion. Alkaline
earth metals are less frequently intercalated, which suggests chemical substitution of Group

V with Group VI elements in the superlattices may be chemically unfavorable.

45



Figure 4.1: Growth attempt of Ba-MoS,. Powders are seen on the quartz tube wall. Small
hexagonal crystals are embedded within the product.

4.1.2 WS,

The growth of Sr-WSs and Ba-WS, yielded similar products. XRD reveals the presence of
WS, and SrS, which indicates the lack of reaction between the precursor material. This
chemical trend is also reflected in misfit compounds, where the intercalation of rock salts
into Group V TMDs is common, while Group VI TMDs are rare. In misfit compounds, there
is charge transfer between the layers that leads to a stable structure. The unfilled bands in

Group V TMDs may be more readily doped.

4.1.3 TiS,

The synthesis of a Ba-TiSy superlattice was attempted in similar fashion to those above.
The growth of Ba-TiS, resulted in a mixed powder with stained inner quartz tube. The
stained quartz was dark yellow to orange in color, and it suggests a reaction between the
precursors and the quartz. Future attempts of this growth will require a crucible to limit

the devitrification.
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Figure 4.2: XRD of MoS,. The diffraction peaks are matched to that of MoS, and BaS.

4.1.4 CI'Sz

The synthesis of a Sr-CrSy and Ba-CrSy superlattice was attempted in similar fashion to
those above. The growth of Sr-CrS, resulted in a mixed powder with a dark inner quartz
tube. The interior product contained whisker-like threads that may have come from a re-
action between the tube and the precursor materials. Future attempts of this growth will

require a crucible to limit the devitrification.

4.2 Discussion and Conclusions

Further work lies ahead in the synthesis of Group-VI superlattices. One challenge affect-
ing the synthesis is the additional d electron in the Group VI TMDs, which changes the
chemistry involved in the synthesis reactions. It may also be that the filled bands of the
semiconducting TMDs are unsuited to accepting or donating charges between the spacer
layer, decreasing the stability. Further exploration in the quartenary phase diagram may be
needed to find the region favorable for nucleation. Both Mo and W have high melting points,
with W the highest among Group V and VI metals. It is notable that in the literature, there
is a paucity of reports to our knowledge on Group VI TMD misfit compounds [59][60]. The
TMDs involved may be more thermodynamically stable, in which case alternate synthesis
methods will be required. One pathway may be through intercalation, which has been done
through electrochemistry or vapor transport. There are existing recipes to stabilize other

polytopes of semiconducting TMDs, such as 17T or 177 [61].
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Chapter 5
Conclusions

In this thesis, we have investigated several members in a family of natural TMD superlattices
that are potentially host to a variety of electronic properties. The synthesis of several of these
compounds suggests other superlattices are possible and waiting to be explored. We shed
light on some of the next steps for Sr-VS,, and we discuss some of the chemical motifs that

may guide further synthesis steps.

5.1 Summary of 2D superlattices

Sr-VS, has been successfully synthesized and characterized with transport, magnetization,
and pressure. The crystals exhibit insulating behavior with a small bandgap and is possi-
bly due to a Mott insulator phase. From previous calculations, it appears unlikely that the

compound is a trivial band insulator. This leaves it open to tuning through other parameters.

Figure 5.1 shows a summary of the various growths attempted in this thesis and in lit-
erature, organized by the host TMD layer. An immediate observation in this table is the
contrast between Group V and Group VI TMDs. We have successfully synthesized several
compounds, all containing the Group V TMDs (MS,, M = V, Nb, Ta). As discussed in
Chapter 4, this trend is reflected in literature on other compounds, such as the misfits. A
further investigation into the chemistry and reaction pathways may give insight into this

sharp contrast between two related material families.
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Figure 5.1: Summary of different TMD superlattices growths.

5.2 Perspectives

One takeaway of the results in this work is the ability for to engineer the constituents in a
layered bulk crystal. One can in principle design TMD “heterostructures” in an analagous
fashion to the 2D vdW heterostructures created using a tear-and-stack method in the mono-
layer limit. A natural question is whether it is possible to control the number of layers or the
stacking order of the TMD. This would give implicit control over symmetries in the system,
which can change allowed superconducting order parameters or optical selection rules. The
chemical composition can also be utilized to generate interface effects, such as with magnetic
atoms as attempted in this thesis, or with topological materials such as BisSez. TMDs have
various polytypes, and it would be desirable to control or combine such polytypes at will.
Many are metastable in their bulk form; it remains to be seen whether their stability can be
realized in this superlattice geometry. Finally, the possibility of creating such lattices with
long-range modulations, akin to a moire lattice, is also of significant interest. The ability to
probe such behavior in a bulk material would open new experimental probes to further our

understanding of those states.

An equally exciting property of these superlattice compounds is the ability to exfoliate
them. This enables many techniques available to 2D materials, such as electrostatic gating.
The spacer layers in materials such as BagNby;Sog may serve as encapsulation in a similar
manner as hBN. As such, the layered compounds can be viewed as positioned at the intersec-

tion of two worlds, giving them access to both 3D and 2D characterization and manipulation.
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An exciting prospect for this work is exfoliation of Sr-V'S, to enable its further manipulation.
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