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ABSTRACT

The chemistry of low-dimensional layered materials has drawn significant interest with a
particular focus on the transition metal chalcogenides, a class of materials with a number of unique
properties making them exceptional candidates for next generation electronics. Special interest has
focused on the isolation and tunability of these materials and the study of their underlying
properties as a result. In Chapter II, we focus on developing synthetic routes to isolate both
polycrystalline and single crystalline Hf Tes. We find that the synthetic conditions employed in this
study must be carefully tailored to isolate single phase Hf Tes. Furthermore, we find that deviations
in these synthetic routes could inevitably lead to oxidation or the formation of neighboring phases.
In Chapter III, we examine the synthesis of HfxZri«Te; solid solutions which we develop by
leveraging the chemistry of both HfTe; and ZrTes;. Our study found that as we increase Hf
incorporation into these solid solutions that our synthetic conditions rely more on the chemistry of
HfTes, especially in respect to single phase isolation and crystal growth. Finally, in Chapter IV,
we consider the isolation of three new solid solutions including TixZrixTez, TixHfixTe>, and
TixZrixSe2. We found solid solutions of TixZri«Te> and TiHf1.xTe; are isolated by tuning the

synthetic parameters related to the chemistry of TiTes, ZrTez, and Hf Tez, whereas TixZr1-xSez solid



solutions are all synthesized using a uniform, but narrow temperature gradient. As a result, these
findings further expands the chemistry of novel group IV transition metal chalcogenide materials

which can be employed for the development of novel electronics applications and devices.

INDEX WORDS: transition metal dichalcogenides, transition metal trichalcogenides, solid
state synthesis, chemical vapor transport, solid solutions, crystal growth,

phase isolation
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Low-Dimensional Materials

Low-dimensional materials have received significant interest due to their exceptional
properties making them unique candidates for electronic devices, batteries, drug delivery,
supercapacitors, and a vast number of other applications.! In general, these materials are often
defined as having their size or one of their dimensions in the range of 1 to 100 nm, and/or as a
material whose chemical or physical properties (or both) change as the size of the materials
change.!? A very notable example of this phenomenon is gold, whose physical and chemical
properties change as its dimensionality is decreased. As a result of this phenomenon, gold
nanoparticles have been used extensively for applications in catalysis, drug delivery, bioimaging,
etc.?

The dimensionality of nanomaterials are generally classified in four different categories:
zero-dimensional materials (0D), one-dimensional materials (1D), two-dimensional materials
(2D), and three dimensional materials (3D). Materials that are 0D have all of their dimensions
within the nanoscale range and include quantum dots and nanoparticles. Nanorods, nanowires, or
nanotubes can be considered 1D, and all of their dimensions are in the nanoscale range except for

one dimension. Alternatively, 2D materials only have one dimension in the nanoscale range,

whereas all of the other dimensions are outside of this scale. Finally, 3D materials do not have any



of their dimensions within the nanoscale, and these include core shells or bundles of nanotubes or
nanowires.

Numerous approaches have been employed in the isolation of low-dimensional materials
given their wide versatility. These methods have been generally classified in two general directions
including the top-down or bottom-up approach. The top-down approach involves taking bulk
material and disassociating it into its corresponding nanomaterial. Mechanical and chemical
exfoliation approaches are both very common top-down approaches that have been used to
delaminate bulk materials, particularly layered materials, into their nanostructures. For example,
the remarkable discovery of graphene was accomplished using mechanical exfoliation via scotch
tape, whereas chemical exfoliation techniques have been used for a number of materials such as
transition metal chalcogenides, perovskites, metal borides, etc.*>%7 In addition, mechanical
milling has also been used extensively as a top-down approach to synthesize a range of
nanomaterials.®?

Alternatively, the bottom-up approach involves direct elements or molecular precursors to
isolate the corresponding nanomaterial. Like the top-down approach, a number of different
methods fit under the bottom-up approach. Chemical vapor deposition (CVD) for example
involves thin film deposition on a substrate using vapor-phase precursors. CVD growth has been
used extensively for the synthesis of materials such as graphene, hexagonal boron nitride, and
transition metal chalcogenide materials.!®!! Hydrothermal and solvothermal techniques have also
been used, which involve elemental or molecular precursors in addition to aqueous (hydrothermal)
or non-aqueous (solvothermal) solvents in a closed system under high pressure. A number of
materials with different morphologies have been isolated under these conditions including low-

dimensional nanosheets, nanowires, nanospheres, etc.!>!>1% In addition to these techniques, both



the solid state and chemical vapor transport methods have also been used, both of which will be
described more in-depth later in this chapter.

While the study of nanomaterials has attracted significant interest for their unique
properties, it was the remarkable discovery of graphene in 2004 that caused a renaissance of
interest in low-dimensional layered materials specifically.* Graphene has exhibited exceptional
properties such as immense current density, high carrier mobility, large thermal conductivity, and
incredible strength, in addition to a number of other distinctive properties.!> While graphene is
undoubtedly a remarkable material, one of its greatest setbacks is its lack of an electronic bandgap.
As a result, many researchers have examined ways in modifying graphene to introduce a bandgap
while still preserving its underlying properties. Furthermore, workers in the field have devoted
special attention to other 2D layered materials that are similar to graphene such as hexagonal boron
nitride, “Xenes” (silicene, phosphorene, germanene, etc.), black phosphorus, and transition metal
dichalcogenides.!¢ In this dissertation, we focus on the chemistry of low-dimensional layered
materials including both 2D transition metal dichalcogenides and quasi-1D transition metal

trichalcogenides.

Transition Metal Dichalcogenides

The transition metal dichalcogenides (TMDs) are a class of two-dimensional (2D) layered
materials with a MX, composition where M is a transition metal and X is a chalcogen (S, Se, or
Te). The transition metal is coordinated to six chalcogen atoms in a MXs arrangement which can
either be in trigonal prismatic (1H) or octahedral (17) geometries as shown in Figure 1.1.The
transition metal is sandwiched between the chalcogen atoms which are covalently bound

throughout the crystalline plane forming a 2D layer. The 2D layers in the TMDs are held together



by much weaker van der Waals forces (in the van der Waals gap) making them susceptible by
different means of exfoliation and delamination. The TMDs are also well known for their versatile

band gaps, rich polymorphism, and in many cases unique properties such as CDW transitions and

17,18,19,20

superconductivity.

Figure 1.1 Crystal structures of TMDs in the (a) trigonal prismatic and (b) octahedral

coordination’s.

The various polymorphs in TMDs are denoted using a number-letter nomenclature (e.g.
17, 3R, etc.) based on the materials unit cell where the integer represents the formula units present
and the letter represents the symmetry (H = hexagonal, R = rhombohedral, and C = cubic). This

nomenclature also extends to phases such as the 17 structure that exhibit distorted structures



written as 177, 17", or 17"". Furthermore, varying polymorphs can result in different stacking
orders as seen in the placement of the metal and chalcogen in the stacked atomic layers. TaSe>
shows a number of different polymorphic phases including, but not limited to the 17, 2H, 3R, 4H,
and 6R phases as illustrated in Figure 1.2. The 17 polymorph is unique in that is the only
polymorph of TaSe; that only has an octahedral coordination, whereas the 4H, and 6R phases show

alternating geometries in each layer.?!
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Figure 1.2 Crystal structures of layered (a) 17, (b) 2H, (c) 3R, (d) 4H, and (e) 6R TaSe; from the

viewpoint of the a axis and their corresponding unit cells illustrated within the black boxes.

In addition to polymorphism, the TMDs also exhibit a wide range of band gaps, and in

many cases, they are directly related. The group IV TMDs exist in the 17 phase and vary from



metallic (TiS,, TiSe,, and TiTe»), semiconducting (ZrS,, ZrSe», HfS,, HfSe»), or semimetallic
(ZrTe, and HfTey), although they are all in an octahedral coordination. In general, the group V
TMDs generally exist in either the 17 or 2H phases (or often both) and frequently exhibit metallic
behavior.22%2 Group VI TMDs of MoX> and WX, generally have been isolated in 17 or 2H
phases, with MoTe; being isolated in the 2H or 17" phases, and WTe> in the 17" phase. MoS:
specifically has shown to be metallic in its 17 phase, a semiconductor in its 2H phase, and a non-
centrosymmetric semiconductor in its 3R phase.?*?>2¢ Semiconducting behavior has been found
in the 2H phase group VI TMDs, whereas metallicity has been found for the 17 and 17" phases of
these materials, except for 17-WTe; which shows semimetallicity.?*

In addition to their versatile band gaps, the TMDs have been well reported to exhibit both
CDW transitions and superconductivity. 17-TaS; for example has been shown to exhibit multiple
CDW transitions at 600 K, 350 K, and 180 K.?® Alternatively, 2H-TaS, has a CDW transition at
75 K in addition to the evidence of superconductivity at 0.8 K.2° Some studies have also examined
the exfoliation of these materials and the change in their underlying properties. Thin flakes of 17-
TaS; were studied in which CDW transitions were ultimately suppressed upon delamination,
whereas the superconductivity temperature in 2H-TaS; increases from 0.5 to 2.2 K upon layer
minimization.3%3! The various polymorphs of TaSe> also exhibit different properties as their
polymorphs change. 17-TaSe> shows CDW transitions at 600 K and 473 K, whereas 2H-TaSe;
shows a transition at 122.3 K which was confirmed using neutron scattering.?®>3% Neutron
scattering has also been used to confirm a CDW transition at 33.5 K in 2H-NbSe».* Further studies
have also examined the coexistence of CDW transition and superconductivity in 2H-NbSe», which
has been shown to have a superconductive state at 7.2 K.>* The tunability of CDW transition

temperature has been reported in 2H-NbSe; also, specifically by going from the bulk to the



monolayer which exhibited a transition temperature at 145 K.*° Increased CDW transition
temperature from the bulk to monolayer has also been seen in 17-TiSe;, which shows a transition
temperature at 202 K in the bulk, and a transition temperature at 232 K in its monolayer form.3¢-3

The exfoliation of the TMDs and the corresponding change in properties has drawn
significant interest in ways of delaminating these materials, which is easily accomplished due the
weak van der Waals interactions holding these layers together. While mechanical exfoliation can
be accomplished simply with scotch tape, this method is not scalable, with particular interest
focusing on chemical exfoliation methods. These materials are easily exfoliated in mediums such
as organic solvents or surfactant solutions, both of which have been explored in depth and shown
to be scalable.**® In addition, Li intercalation has also been examined in detail for the exfoliation
of these materials. Many reports have used n-butyllithium to intercalate Li in the van der Waals
gap of the corresponding TMD material and then adding water which generates H> gas thereby
expanding the space between the layers and ultimately delaminating them.!23%404! This method of
exfoliation has been particularly interesting due to prospects of phase engineering. For example,
MoS:; and WS> have been shown to undergo a phase transition (2H — 17) upon the use of Li
intercalation and exfoliation techniques.***! In addition to the use of Li intercalation, there are also
reports of the use of other alkali metals such as Na, K, and ammonium ions to induce phase

transitions in MoS; and WS;.42:43:44:45

Transition Metal Trichalcogenides
Similar to the TMDs, the transition metal trichalcogenides (TMTs) are a broad class of
layered van der Waals materials, although they are considered to be quasi-one-dimensional (quasi-

1D) in nature versus the 2D TMDs. The TMTs have an MX3 composition, where M is typically a



group IV or V transition metal and X is a chalcogen (S, Se, or Te). In addition to the group IV and
V transition metals, there are reports of group VI TMTs that are amorphous including MoSs,
MoSes, WS3, and WSe;3.*6 The crystalline TMTs instead are organized in infinitely long chains
assembled from MXs triangular prisms that are covalently bonded down the b crystalline lattice.
Unlike the TMDs, the TMTs only have trigonal prismatic geometries. In addition, there are weaker
interchain covalent bonds that particularly define the TMTs as quasi-1D, versus true 1D materials
such as Sb,S3, BizS3, or VaSeo that only contain covalent bonds in the directions of their atomic
chains. 47484950 These covalently bonded layers are held together by weak van der Waals
interactions (in the van der Waals gap) which makes these materials prone to mechanical or
chemical exfoliation. The crystal structure of HfTe3, a TMT, is illustrated in Figure 1.3, where the

infinitely long trigonal prismatic chains are illustrated, in addition to the van der Waals gap.
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Figure 1.3 Crystal structure of HfTes; along the (a) a, (b) b, and (c) ¢ axes.
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The TMTs can be classified into three different structure types, including ZrSes-, TaSes-,
and NbSes-type. The different chain types are differentiated by the number of different chains that

are present in the structure, and the nomenclature is assigned to the first structure that was



discovered to have that particular chain arrangement. More specifically, the different chain types
are assigned based on the different X—X bond lengths present. For ZrSes-type, only one chain type
is present, and the majority of TMT materials belong to this type including TiSs3, ZrSs, ZrSes,
ZrTes, HfS3, HfSes, HfTes, and NbS3.3!5233 Using x-ray photoelectron spectroscopy (XPS), it was
confirmed that the formula for TMTs with this chain type was M*"(X,)?X?"545-56 The TaSes-type
has two chain types present, in which the original structure was found to have two different Se—Se
lengths present (2.58 A and 2.91 A).%7 Presently, TaSes is the only material known to have two
different chain types. The NbSes-type has three chain types present, with only NbSes and TaS3
belonging to this group.’®>° The original structure of NbSes was reported to have three different
Se—Se distances of2.37 A, 2.48 A, and 2.91 A, making this chain type the most complex overall.’®

The crystal structures of ZrSes, TaSes, and NbSes are provided in Figure 1.4.
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Figure 1.4 Crystal structures of (a) ZrSes, (b) TaSes, and (c) NbSes. The different chain types in
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«

each structure are color coded, and the unit cells of each structure are illustrated in the black boxes.

The TMTs are especially known for their anisotropic character defined by their trigonal
prismatic chains down the b axis, versatile band gaps, and in some cases, CDW properties and
superconductive states. All of the group IV TMTs crystallize in a monoclinic structure, with TiSs,
ZrS3, ZrSes, HfS3, and HfSe; exhibiting semiconducting behavior. Alternatively, ZrTes is semi-
metallic, whereas HfTe; is a narrow-gap semiconductor. ® Both materials exhibit CDW transitions
and superconducting states, and remarkably, they are the only two TMTs to exhibit both properties
without chemical or physical modification 1626364 More specifically, ZrTe; shows a

superconductivity transition at 2.0 K and a CDW transition temperature at 63 K.%!:62
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Polycrystalline HfTes has been reported to have a superconductivity transition at 1.4 K and a CDW
transition temperature at 82 K, whereas single crystalline HfTe; has a reported CDW transition
temperature at 93 K.63:64

The group V TMTs include NbS3, NbSes, TaSs3, and TaSes. Both NbSes and TaSes are
monoclinic, metallic, and either show CDW transitions or superconductive states. More
specifically, NbSe; has reported CDW transitions at 145 K and 59 K, whereas TaSe; has shown
superconductivity at 2.1 K. 63667 Both TaS; and NbS; are unique in that they both exhibit
polymorphism, and as a result exhibit different electronic properties. TaS; has two known
structures referred to as monoclinic TaS; (m-TaS3) and orthorhombic TaS3 (0-TaS3), both of which
are metallic and show different CDW transition temperatures.®®%°7% The 0-TaS3 polymorph has
shown a CDW transition below 210 K, versus the m-TaS3; polymorph showing two CDW
transitions below 240 K and 160 K.

Of particular interest is NbS; which exhibits the richest polymorphism out of all TMT
materials. In total, seven different reported polymorphs have been reported which are denoted
using a roman numeral system (NbSs.;, NbSs.11, etc.) except for the high pressure phase which is
written as NbSs.pp.”!7%73.7475.76 NbS;.1 has been shown to exhibit semiconducting properties as a
result of Nb atom bond pairing, versus NbSs.;1 which is metallic and has three different CDW
transitions at 360 K, 150 K, and 620-650 K.””-’87° Furthermore, NbSs.11 is reported to have a CDW
transition at 155 K as evidenced by a phase transition and subsequent semiconducting behavior.”

Although the TMTs have many different compositions and in some cases exhibit
polymorphism, the presence of a van der Waals gap making them susceptible to exfoliation
remains a common factor. Numerous reports have examined both the mechanical and chemical

exfoliation of TMT materials into various morphologies reported as whiskers, nanowires,
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80.81.82.83.84.85 Typically, mechanical exfoliation is easily performed using scotch

nanoribbons, etc.
tape, but this method is not scalable. Alternatively, chemical exfoliation can be used in different
capacities, such as by dispersing bulk TMT material in an organic solvent followed by
sonication.’?#> Many approaches have built off of this method of exfoliation and studied colloidal
solutions of TMT materials which has led into subsequent studies of resulting particle size and
stability studies.®®#” One report found the use of n-butyllithium in combination with various TMTs
resulted in the compounds LisMX3; which may be an alternative approach to further exfoliation
studies of these materials.® Exfoliation of TMTs has been especially insightful into their
underlying properties and in the study of device fabrication. Few-layered TiS3; nanoribbons have
been studied for the fabrication of field effect transistors in which high photoresponses and field-
effect mobilities have been reported.**3° Furthermore, there have been reports of ultrahigh current

densities for TaSe; nanowires (~10 MA/cm?) and ZrTes nanoribbons (~100 MA/cm?), both of

which are exponentially higher than elemental copper (2-3 MA/cm?).80-81.82.85

Synthetic Approaches

A number of synthetic techniques have been reported in the literature for the synthesis and
isolation of transition metal chalcogenide materials. These include but are not limited to the solid
state route, chemical vapor transport (CVT), hydrothermal synthesis, melt flux, and chemical
vapor deposition growth,!1-12.901

From these methods, both the solid state and CVT approaches are commonly employed to
isolate either polycrystalline or single crystalline transition metal chalcogenides. In both routes,
quartz ampules are employed by loading starting materials which are subsequently flame sealed

under vacuum creating a closed system. Carbon-coated quartz ampules may also be used to prevent

12



oxidation, which can be especially useful when using transition metals that have a high affinity for
oxygen, 929394
The solid state approach is commonly completed by loading a quartz ampule with
elemental precursors followed by subsequent heating resulting in polycrystalline product.
Alternatively, the CVT approach is used for single crystalline isolation and also involves the use
of elemental precursors, although there are reports in which the polycrystalline analog of the
desired product is used.”>%7-9% A transport agent is also placed in the ampule to facilitate single
crystalline growth. Examples include halogens (I2, Brz, or Cl,), transition metal halides (MoCls,
TaCls, etc.), chalcogen halides (SeCls, TeCls, TeBry, etc.), other halide complexes (NH4Cl, NHa4l,
etc.), or excess chalcogen (S, Se, or Te).?7-0%-100.101.102,103,104 T, mediated transport is one of the most
common transport agents used, although the versatility in transport agent selection has been well
presented in the literature. Choice in transport agent has also been shown to directly affect the sizes
of crystals grown and their subsequent morphologies.!?*!%! Furthermore, a recent report found that
using NH4Cl transport resulted in a new polymorph of NbS3, which was described as the first time
a transport agent has directly led to a product’s atomic structure.” It should be noted that while
they are critical for crystal growth, there are reports that transport agents can cause chemical
impurities in desired products.?®19>-1% The general mechanism for I, transport in a TMD synthesis
can be represented in Equations 1.1 and 1.2 below:!?
M+21, — Ml (1.1)
Ml43+2X —>MX2+2 12 (1.2)
The transition metal is represented by “M” which reacts with I forming a volatile metal
halide intermediate “MI4”. This intermediate then reacts with the chalcogen “X” resulting in

formation of the desired “MX>” composition and I> which continues the reaction cycle. It should
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be noted that in addition to transport agent choice, a temperature gradient also needs to be chosen
to facilitate crystal growth. In a typical experiment, a furnace has two zones which are at different
temperatures. The hotter zone of the furnace is termed the “source zone”, whereas the colder zone
is termed the “growth zone”. Generally, the side of the ampule with the starting materials is placed
in the source zone where formation of the volatile gaseous species occurs. The gaseous species
then transports to the colder growth zone resulting in crystal deposition and release of the transport
agent. Temperature gradients have varied widely in previous reports, allowing researchers the
versatility to tune this parameter and enhance circulation of solid-gaseous-solid species in the
closed system.!%® One report found that smaller gradients resulted in smaller crystals and less yield,
but, with crystals of overall higher quality when studying the crystal growth of the TMTs.!%
Finally, for both CVT and solid state syntheses, various cooling methods may be used to enhance
crystal growth and assist in phase isolation, including immediate water quenching and controlled

slow-cooling approaches.?!:63:109

Research Goals

The work described in this dissertation further expands our understanding in group IV
transition metal chalcogenide materials. We take a special initiative in further developing synthetic
pathways in isolating transition metal di- and trichalcogenide materials and their related solid
solutions.

In Chapter II, we consider the synthesis of both polycrystalline and single crystalline
HfTes;. While synthetic routes have been reported for both in the literature, these reports have been
very limited, especially compared to other known TMTs. Furthermore, there have been

contradictions into the ideal reaction conditions.®*%* In this chapter we provide a thorough
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investigation into isolating both polycrystalline and single crystalline HfTe; that we hope will
further expand the accessibility to workers in the field who are interested in isolating this material.
When isolating polycrystalline HfTes;, we found that choice in Hf metal source (foil vs powder)
could affect the final product, in addition to variations in the cooling choice (natural cooling,
controlled slow-cooling, or immediate water quenching). For single crystalline growth, we found
it was necessary to use polycrystalline HfTes as a precursor under CVT conditions, and that
elemental precursors were inadequate for phase isolation. We also determined that different
transport agents (I2, NH4Cl, or TeBrs) led to changes in crystal growth and overall morphology.
Through all of these syntheses, we took initiative in minimizing neighboring phases (HfTe; and
HfTes) which were significantly more thermodynamically stable than our target Hf Tes phase. Our
work indicated that choice in temperature and elimination of the temperature gradient were critical
to phase isolation. We also took measures to avoid oxidation such as using carbon-coated ampules,
ball-milling under Ar atmosphere, and handling materials under air-free conditions.

Chapter I1I of this dissertation relied heavily on our synthetic studies with Hf Tes, and more
specifically examines the isolation of HfxZri.xTes solid solutions. We found that we could isolate
HfxZri«Tes solid solutions across a wide temperature range from 750-530 °C. Furthermore, we
determined that leveraging the chemistry of HfTe; and ZrTes was critical for appropriate phase
isolation, especially as we increased the Hf percentage. We hypothesize this is important because
the synthetic conditions for single crystalline HfTes are more sensitive in regard to starting
materials, reaction temperature, temperature gradient, etc. Similar to HfTe;, we implemented
similar synthetic parameters and experimental precautions to avoid the presence of neighboring

phases and oxidation. We also used both single crystal x-ray diffraction and x-ray photoelectron
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spectroscopy (XPS) to further elucidate the crystal structure and bonding environments of
Hfo 80Zr0.20Tes solid solutions, especially as a function of metal alloying.

This chapter also briefly examines synthetic attempts at the isolation of TixZrixTes and
TixHf1.«Tes solid solutions. We were motivated by a recent report which TiTes chains were isolated
in multiwalled carbon nanotubes, the only current report of TiTes isolation.!'® Our work focused
on leveraging the favored synthetic conditions of ZrTes and HfTe; and attempting the
incorporation of Ti into these materials. We determined that we could only incorporate a miniscule
percentage (~ 2%) of Ti into ZrTes and that crystal growth was very minimal. Furthermore,
additional attempts resulted in the ditelluride phases, as did attempts with Ti incorporation into
HfTes.

In Chapter IV, we expand our synthetic approaches and examine solid solutions of group
IV TMDs. We were able to isolate single crystals of TixZrixTez, TixHfixTez, and TixZr1-xSez solid
solutions via the CVT approach. Similar to HfiZri.xTes solid solutions, we determined it was
important to leverage the favored synthetic conditions of TiTes, ZrTez, and HfTe: to isolate solid
solutions of TixZrixTe> and TixHf1.xTe>. To our advantage, the temperature range in which these
solid solutions were favored were within a smaller temperature range (875-825 °C), and the
presence of neighboring phases was significantly of less concern. We also implemented single
crystal x-ray diffraction for both Tios0Zro.s0Te> and Tio2sHfo.75Te2 which further elucidated their
structures. Finally, we examined solid solutions of TixZrixSe> which we isolated across the
temperature gradient of 900-870 °C. Our interest in this material was heavily motivated by a

computational report in which the presence of CDW transitions in Tio.s0Zro.s0Se> were predicted.!!!
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INSIGHTS INTO THE CRYSTALLINE GROWTH OF HAFNIUM TRITELLURIDE
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Abstract

In this study, we report pathways leading to the synthesis and crystal growth of HfTes.
Polycrystalline HfTe; was isolated via the solid state route at 550 °C, whereas single crystalline
HfTes was prepared via the chemical vapor transport (CVT) route at 530 °C. For polycrystalline
HfTes, we determined that Hf metal source (Hf foil vs Hf powder) and cooling route (immediate
water quenching, controlled slow-cooling, or natural cooling) had an impact on singular phase
isolation. When Hf foil was used, polycrystalline HfTes could be isolated regardless of cooling
route implemented, versus Hf powder, in which we only isolated phase-pure HfTe; when
employing immediate water quenching. For single crystalline HfTes, we found that ball milling
under Ar atmosphere for 1 h led to optimized vs crystal growth versus 0.5 h treatment, or
mortar/pestle grinding. We also determined that transport agents such as I, NH4Cl, and TeBrs
each led to distinctive crystal morphologies under CVT conditions. Finally, x-ray photoelectron
spectroscopy (XPS) was implemented for single crystalline HfTes in which we observed the Hf**

valence state as a result of surface oxidation.
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Introduction

Since interest in layered van der Waals materials was re-ignited by the remarkable isolation
of graphene in 2004, researchers have gravitated toward low-dimensional metal chalcogenides.
Such materials present promising alternatives for downscaled optical and electronic devices that
can be complementary to state-of-the-art silicon-based technologies. Many investigators have
focused on the transition metal dichalcogenides and, more recently, the trichalcogenides, due to
their unique properties and amenability for nanostructuring.!?3# These trichalcogenides with MX3
compositions (where M is usually a group IV or V transition metal and X is S, Se, or Te) are
comprised of MXe units exclusively in the trigonal prismatic geometry. These units are assembled
into covalently bonded chains oriented along the b axis of the crystalline lattices; these chains may
also be bound by weak van der Waals interactions across the a-b plane yielding “sheet-like” layers
to a greater or lesser extent, depending on composition. The van der Waals gap between these
layers makes them susceptible to mechanical or chemical exfoliation. Furthermore, MX3 materials
are quasi-one-dimensional in nature due to the confinement of electrons within the atomic chains,
are characterized by strong anisotropic character, and in some cases, exhibit transitions into charge
density wave (CDW) and superconductive states.>? The quasi-one-dimensional nature of MX3
materials is particularly defined by the weak van der Waals interactions in the a-b plane, versus
true one-dimensional materials like Sb,S3, Bi2S3, V2Seo, and Nb,Seo.>-67-82

Here we focus on group IV tritelluride compositions because both HfTe; and ZrTe; show
useful electronic properties.!®!!-12 Although bulk TiTes has not been reported, a recent report by
Zettl and coworkers described the growth of TiTe; chains within multiwalled carbon nanotubes.>!?
Previous studies of ZrTes have examined how to tune the conditions for superconductivity and

CDWs through the application of pressure, the intercalation of transition metals, doping with
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14,15,16,17,18,

chalcogen counterparts, and alloying. 19 In recent work, we and others characterized the

exceptionally high current density of single crystalline ZrTes, ~100 MA/cm?, which surpasses
values of 2-3 MA/cm? for elemental copper.2*-2!

In comparison to ZrTes, much less work has been done with HfTe; because it poses
synthetic challenges that have limited its reproducible preparation. Early reports of HfTes during
the 1970s described powder samples prepared from the elements at 470-520 °C.?? Since then,
several studies have reported the chemical vapor transport (CVT) growth of HfTes crystals under
diverse conditions. Chen and coworkers claimed the synthesis of HfTes single crystals with a
gradient of 500-540 °C, I, transport agent, and polycrystalline HfTes which was prepared by
heating a pressed pellet of the elements at 500 °C followed by quenching.! However, Denholme
and coworkers found that such rapid quenching favors HfTe,, leading to samples mixed with
unreacted Te. Their successful approach to polycrystalline HfTes involved slow-cooling from
500-470 °C (rate of ~0.25 °C h'"), followed by cooling to room temperature at a rate of 5 °C h'!.!1?
In related work, Zettl and coworkers examined the growth of few- and single-chains of HfTe;
within carbon nanotubes at 520 °C using CVT conditions.?® Additional studies have involved
HfZri1xTes (x=0.01 or 0.05) and ZrTe;<Sex (x<0.04) crystals prepared by I,-mediated CVT. 424

In this contribution, we consider the solid state synthesis and CVT crystal growth of Hf Tes.
For solid state syntheses, we determined that choice of Hf metal source, temperature, and cooling
method were critical to single phase isolation. For single crystalline growth, we found that ball-
milled polycrystalline HfTes under Ar atmosphere was best for crystal growth. In addition, we
found that choice in transport agent (I, NH4Cl, or TeBrs) could affect both crystal size and
morphology. These experimental studies point to the most reproducible pathways toward

polycrystalline and single crystalline samples of these materials. The results help resolve previous
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contradictions regarding optimum reaction conditions. Furthermore, we implemented XPS
analysis for single crystalline HfTe; showing the presence of the Hf*' oxidation state in our
samples confirming significant surface oxidation, a disadvantageous but important observation in

our experimental results.

Experimental

Materials: Hf foil (0.25 mm thickness, annealed, 99.5% metals basis excluding Zr), Hf
powder (~325 mesh, 99.6% metals basis excluding Zr), and TeBrs (99.9% metals basis) were
purchased from Alfa Aesar. Te powder (~200 mesh, 99.8% trace metals basis) and NH4Cl (>
99.5%) were purchased from Sigma Aldrich. I, (crystals, 99.9% purity) was obtained from J.T.

Baker Company. HNO3 (15.8 M, Certified ACS Plus) was obtained from Fisher Chemical.

Ampule Preparation: Two sizes of fused quartz glass ampules were used in this work.
“Solid state ampules”: body dimensions of 90 mm length, 19 mm inner diameter, 22 mm outer
diameter, volume ~33 c¢m?; neck dimensions of 170 mm length, 7 mm inner diameter, 9.6 mm
outer diameter. “CVT ampules”: body dimensions of 175 mm length, 10 mm inner diameter, 14
mm outer diameter, volume ~13 c¢cm?; neck dimensions of 170 mm length, 7 mm inner diameter,
9.6 mm outer diameter. Ampules were cleaned by immersing in 15.8 M HNO;s overnight.
Afterwards, they were rinsed 3-5 times with deionized water, and then positioned in a horizontal
tube furnace or box furnace and heated at 6 °C min’! to a final temperature of 900 °C for 12 h
followed by natural cooling to room temperature.

To apply the carbon coating, the inside of an ampule was rinsed thoroughly with acetone.
Then a National brand flame torch (propane and oxygen fuel source) was used to heat the outside

of the ampules slowly from bottom to top at ~1400 °C under constant rotation using a glass
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blowing lathe to assure homogeneous carbon deposition. Upon heating, a black layer immediately
covers the inside of the ampule. After cooling to room temperature, the procedure was repeated to
deposit an additional layer of carbon.

Solid State Synthesis of HfTe3: 0.954 g (5.34 mmol) Hf foil was cut into mm-sized squares

and positioned at the bottom of a carbon-coated solid state quartz ampule in addition to 2.046 g
(16.0 mmol) Te powder while exposed to ambient atmosphere. The ampule was evacuated and
backfilled with Ar three times using a Schlenk line manifold before being flame sealed under
vacuum (~1072 Torr). The evacuated ampule was then placed inside a preheated horizontal tube
furnace at 550 °C for either (i) 48 h, followed by quenching by submerging the hot ampule in a
salted ice water bath, or (ii) 10 d, followed by cooling to 520 °C at 0.25 °C h!, and then to 25 °C
at 5 °C h'!. The product was isolated as mm-sized, grey/black flakes (2.2852 g collected; 76.17 %
isolated yield).

Crystal Growth of HfTe;: Approximately 1 g (1.78 mmol) of pre-prepared HfTes (solid state

synthesis) was lightly ground into a fine powder using an agate mortar/pestle inside an Ar-filled
glovebox. The resulting powder was ball milled under Ar atmosphere for 1 h (Fritsch Pulverisette
6 planetary ball mill using about thirty 10-mm Si3Ny balls in an 80 mL SizN4 milling bowl at 300
rpm). Upon completion, the milling bowl was opened inside the glovebox to avoid combustion. I
(~125 mg), NH4Cl (~ 55 mg), or TeBrs (~125 mg) were transferred to a carbon-coated solid state
quartz glass ampule using a funnel, followed by the ground HfTes (1.1105 g). The ampule was
evacuated and backfilled with Ar three times using a Schlenk line manifold while submerged in
an acetonitrile/dry ice bath before being flame sealed under vacuum (~10-2 Torr). The evacuated

ampule was positioned inside a preheated horizontal tube furnace at 530 °C (no gradient) for 14 d
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followed by natural cooling to room temperature. HfTes crystals were observed as silver plates
mixed with microcrystalline HfTes.

Characterization: Powder X-ray diffraction (PXRD) data were collected on a Bruker D8

Advance instrument utilizing a Co—Ka X-ray source (A = 1.78890 A) operated at 35 kV and 40
mA. Data was collected from 5 to 80° 20 with a scan rate of 0.1 s/step. Samples were prepared as
powder mounts.

Scanning electron microscopy (SEM) analysis was performed with an FEI Teneo FE-SEM
at 10 keV with a spot size of 13. Energy dispersive x-ray spectroscopy (EDS) was performed using
an Aztec Oxford Instruments X-MAXN detector operated at 10 keV with a spot size of 13. Samples
were mounted onto a stub with carbon tape and exfoliated using scotch tape.

XPS analysis was accomplished using a Thermo Scientific K-Alpha X-ray Photoelectron
Spectrometer System operated with a monochromatic beam of Al Ka x-rays (1486 eV) with a 50
pum spot size. Instrument calibration was completed with Au (4f), Ag (3d), and Cu (2p) standards.
The adventitious C 1s peak at ~284.9 eV was used for binding energy reference. Samples were
mounted on carbon tape and exfoliated using scotch tape. Peak fitting (Gaussian type) and data

analysis were completed using Thermo Scientific Avantage Software.

Results and Discussion

General Synthetic Considerations: The high affinity of hafnium for oxygen (unavoidably

present in fused quartz and as oxide impurities) prompted us to use carbon-coated ampules for all
syntheses; indeed, we observed heavily oxidized products during early attempts using non-coated
ampules.!22>2627.28 Tn addition, the use of air-free conditions for all reactions is absolutely

necessary. We have also found that competition between neighboring phases is significantly more
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problematic for HfTe; than its isostructural counterpart ZrTes. However, the choice of appropriate
synthetic conditions can help minimize or even avoid the formation of competing phases during
MTejs preparation.

Solid State Synthesis of HfTe3: Advantageously, we have established that polycrystalline

HfTes can be prepared readily by solid state synthesis from the elements, with reaction temperature
being the most crucial factor for success but with temperature gradient and starting materials also
playing roles. Prior literature indicates that HfTes forms at 500 °C, but our experiments show that
an elevated reaction temperature of 550 °C is ideal; according to powder x-ray diffraction (PXRD),
the major product at 550 °C is reliably phase-pure HfTes. In fact, 500 °C favors the formation of
HfTes, and temperatures >550 °C lead to HfTe, (Figure S2.3).!0:12.28:2930 Prior reports also describe
the use of various cooling protocols. Following Chen and coworkers, we quenched our solid-state
product after reaction at 550 °C for 48 h.!° Quenching at this temperature reliably resulted in Hf Tes
as shown in Figure 2.1 which is evidenced by characteristic peaks such as those at ~10°, ~30-40°,
and ~45° 20 . In contrast, Denholme and coworkers did not find quenching to be effective and
instead used slow cooling to isolate HfTes.!2 Based on their cooling recipe of 500 to 470 °C at 0.25
°C h'!, followed by 470 to 25 °C at 5 °C h'!, we applied a recipe of 550 to 520 °C at 0.25 °C h™!,
followed by 520 to 25 °C at 5 °C h!. This reaction yielded dark gray HfTes polycrystalline product
(Figure 2.1) and a significant quantity of silver wires, which we determined were crystallized
elemental Te by PXRD and SEM/EDS (Figure S2.4). We also evaluated the efficacy of natural
cooling, i.e., ending heating after 48 h and allowing the furnace to cool to room temperature before
removing the ampule. As shown in Figure 2.1, we isolated phase-pure HfTe; after natural cooling
from 48 h at 550 °C. Unexpectedly, we found that the form of the Hf precursor (foil vs. powder)

could impact the products. Whereas Hf foil consistently led to HfTes regardless of cooling
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protocol, the use of Hf powder yielded HfTes; only in combination with quenching; as shown in
Figure 2.1, natural cooling led to HfTe>, which can be distinguished by the presence of a peak at
~16° 26, in addition to the absence of peaks present in HfTes. We hypothesize that the choice in
Hf precursor was important due to the considerable difference in surface area between Hf foil and
Hf powder. Hf foil has significantly less surface area, which we believe contributed to lower
reactivity and ultimately “stabilization” of the HfTes phase upon reaction with Te. Comparatively,
the larger surface area from Hf powder likely contributed to increased reactivity, resulting in
neighboring Hf-Te phase isolation in the absence of immediate quenching. In addition, we note
that Hf is able to passivate by forming an “impermeable” surface oxide layer, which was likely an

important factor when trying to isolate phase-pure HfTes.
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Figure 2.1 PXRD patterns of products from HfTe; solid state synthesis attempts at 550 °C, using

either Hf foil or powder, followed by varying cooling protocols.

Surprisingly, we observed HfTes wires in the quenched product when using Hf powder

(Figure 2.2b). The mm-sized wires present in the sample were confirmed to be HfTe; based on the

experimental atomic percentages collected via EDS (Hf: 27.2%, Te: 72.8%). Upon further analysis

with SEM, we determined that HfTe; also sometimes adopts an elongated platelet morphology not
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previously reported (Figure 2.2a). EDS confirmed the composition of as synthesized elongated
platelets and found elemental analysis to be within the average atomic percentages (Hf: 25.5 %,

Te: 74.5%) expected for HfTes.

Figure 2.2 SEM imaging of representative HfTes crystals: (a) elongated platelet morphology of
HfTes synthesized via solid state route using Hf foil at 550 °C for 48 h followed by quenching (b)
single crystalline HfTes synthesized via solid state route using Hf powder at 550 °C for 48 h
followed by quenching. Single crystalline hexagonal plate-like morphologies synthesized via CVT
approach at 530 °C using polycrystalline precursor ball milled at 300 rpm for (¢) 0.5 hand (d) 1 h
under air-free conditions. Single crystalline ribbon-like and plate-like HfTes synthesized via CVT
approach at 530 °C using polycrystalline precursor ball milled at 300 rpm for 1 h substituting I»

transport agent for (e) NH4Cl and (f) TeBrs.
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CVT growth of HfTes crystals: Consistent with the findings of Chen and coworkers,'® we

conclude that the CVT growth of HfTes single crystals is reproducible when starting with
polycrystalline HfTes; prepared by solid state synthesis and I> as the transport agent. CVT
experiments starting from the elements yielded exclusively cm-sized HfTes crystals (Figure S2.5)
instead of the desired product. Optimization of reaction temperature is also essential, and we
examined conditions of 520-580 °C with gradients in the range of 0—40°, selected based on prior
reports.'%2 These experiments indicate that the best conditions for the CVT growth of HfTes occur
at 530 °C without a gradient. Lower or higher temperatures of 520 °C or 540-580 °C led to
increased HfTe, and/or HfTes formation (Figure S2.7). Thus, the optimized conditions represent a
compromise that maximizes HfTe; formation while minimizing HfTe; and HfTes. Most CVT
processes take advantage of temperature gradients to enhance the transport and circulation of solid-
gaseous-solid species within the sealed ampule, therefore the lack of gradient here is unusual.®!

We also evaluated the impact of mortar/pestle grinding or planetary ball milling of the
polycrystalline HfTes precursor prior to CVT, which can increase reactivity by decreasing grain
sizes and introducing defects. Both techniques were conducted completely under Ar atmosphere.
Hand-ground precursor led solely to HfTes formation. Ball milled precursor (300 rpm for 0.5 h or
1 h) led to HfTes crystals (40—50 um after 0.5 h and 300-500 pm after 1 h), and decreased HfTe»
and HfTes content, especially with the 1 h milled material as seen in Figure 2.2¢ and 2.2d.

We evaluated several alternative transport agents, including NH4Cl and TeBrs. The change
to NH4Cl led to anisotropic HfTes growth, yielding crystals up to 200400 um long (Figure 2.2¢).
In contrast, transport with TeBrs led to 25-50 pm, blocky HfTes crystals (Figure 2.2f) along with

significant HfTe> and HfTes formation. PXRD patterns are provided in Figure S2.8.
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Despite the fact that CVT in the Hf-Te system tends to yield mixed phase products
composed of HfTes, HfTes, and HfTe», optimization of reaction conditions makes it possible to
favor HfTes formation, and the distinct visual appearance of each phase makes it possible to
identify the phase of single crystals with good accuracy. HfTes crystals are silver, typically
platelike with distorted hexagonal morphology, and have a distinctive surface texture—as seen in
Figure 2.2d, these crystals exhibit parallel cleavage planes that we have not seen in other systems.
HfTe> crystals are gold in color and present a smooth, hexagonal, platelet morphology (Figure
S2.1a). HfTes crystals are silver in color and can present varied morphologies, including
anisotropic forms (Figure S2.1b). These observations were corroborated with SEM/EDS analysis:
average atomic percentages for HfTex (Hf: 35.7 %, Te: 64.3 %) and HfTes (Hf: 17.1 %, Te: 82.9

%) confirmed the compositions of these phases.

XPS Analysis of HfTes: XPS of HfTes single crystals provided information about its
valence states and local bonding environments. A comprehensive list of experimental binding
energies and additional information is provided in Table S2.1.

A doublet of Hf 4f'peaks are present as illustrated in Figure 2.3a. A previous report found
Hf 4f peaks for single crystalline HfTes at 17.7 eV (4f72), 19.5 eV (4f512), 15.7 €V (4f72), and 17.4
eV (4fs»), interpreted as the presence of mixed valence Hf*" and Hf?>*.!° These authors also
compared their data to XPS binding energies of HfO> (18.3 eV and 20.0 eV), noting a small shift
in the lower binding energy due to the presence of mixed valence Hf*" and Hf?>*. Based on our
results, we hypothesize the presence of the Hf*" valence state in our single crystalline HfTe;
sample. We believe the Hf* valence state was due to surface oxidation because of an O s peak
that we assigned to HfO, which has been reported to have a O 1s peak at 531.4 eV (Figure

S2.10a).*? Furthermore, we found in related studies that oxidation of transition metal chalcogenide
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materials (e.g. MoTes, TiTes, ZrS,, HfS,, etc.) causes an upward shift in binding energy due to the
introduction of M—O (M = metal) bonding.**-**3%> Work by Pumera and coworkers specifically
cited Zr*" and Hf*" in pristine ZrS; and HfS, and the subsequent shift in higher binding energy due
to oxide environments while under identical oxidation states.>*

For the analysis of Te 3d, three doublets were present as illustrated in Figure 2.3b.
Comparable data was also reported by Chen and coworkers in their report for HfTes: 572.7 eV
(3ds2), 583.1 eV (3d312), 576.9 eV (3ds12), and 587.3 eV (3d32). We found a third doublet at 574.50
(3ds2) and 585.29 eV (3ds2) that we hypothesize was a result of Te—O bonding in our samples.
The shift to higher binding energies because of oxidation is not limited to M—O bonding, with
findings of the same behavior occurring in Te—O bonding also in previous reports.**3> Although
this sample was surface exfoliated with tape prior to analysis, the persistent presence of M—O and
Te—O bonding is consistent with the susceptibility of HfTes to oxidation.

We also found the experimental spin-orbit splitting separations for Hf 4/ (1.68 eV) and Te
3d(10.41 eV, 10.44 eV, and 10.79 eV) comparable to expected values (1.71 eV for Hf 4fand 10.39

eV for Te 3d).3¢
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Figure 2.3 XPS spectra of (a) Hf 4/and (b) Te 3d collected from HfTes crystals.

Conclusions

In this contribution, we have described successful approaches in isolating both
polycrystalline and single crystalline Hf Tes. Indeed, HfTes is significantly less thermodynamically
stable than its isostructural counterpart ZrTes, or its neighboring Hf~Te phases (HfTe; and HfTes).
Our work indicates the careful parameters needed to successfully isolate either polycrystalline or
single crystalline HfTe3, and the necessity of tuning the reaction temperature to bypass the Hf Tes
phase but not produce HfTe> at higher temperatures. Furthermore, we determined that starting
materials, gradient, and transport agent could affect the presence of neighboring phases, crystal
size, and morphology. XPS analysis confirmed the prone nature of HfTes to surface oxidation.
Overall, our findings expand synthetic pathways and considerations into isolating HfTes, which
we believe will help workers in the field reproducibly isolate this material, and ultimately expand

current research into this material for future applications.
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Supporting Information

Figure S2.2 Elemental mapping of HfTejs illustrating elemental distribution of (a) Hf and (b) Te.
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Figure S2.3 Representative PXRD patterns from solid-state reactions of Hf and Te attempted at

500, 550, and 600 °C.
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Figure S2.4 (a) PXRD and (b) SEM of silver, wirelike crystals from HfTes solid state reaction

(with slow-cooling) confirming the formation of crystalline Te.
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Figure S2.5 (a) PXRD and (b) SEM of silver, wirelike crystals from HfTe; CVT reaction (using

the elements) confirming the formation of HfTes.
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Figure S2.6 PXRD patterns of HfTes prepared following CVT conditions after 0.5 h or 1 h ball

milling.
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Figure S2.10 XPS spectra of (a) O ls and (b) C 1s collected from HfTe; crystals.
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Table S2.1 XPS peak assignments, binding energies, FWHM values, and atomic percentages

collected from HfTe; crystals.

Experimental Assignments Binding Energies FWHM Atomic %
Result (eV) (eV)
Hf: 4f7, 4fs 17.53,19.21 1.65, 1.48 14.37,9.59
Te: 3dsp, 3d32 573.03, 583.44 1.24,1.24 2.08, 2.06
HiTes Te: 3ds), 3d32 576.75, 587.19 1.64, 1.64 2.93,2.95
Te: 3dsp, 3d32 574.50, 585.29 1.64, 1.64 0.36, 0.36
O:1s 531.29 2.36 65.30
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CHAPTER 3
CRYSTAL GROWTH OF ALLOYED GROUP 1V TRANSITION METAL

TRITELLURIDES
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Abstract

Solid solutions of single crystalline HfxZri.xTe; were obtained via the chemical vapor
transport (CVT) route at 750 °C (x = 0.20), 675 °C (x = 0.40), and 530 °C (x = 0.80). Synthetic
pathways were developed by leveraging the favored synthetic conditions of both HfTes and ZrTes,
especially with increasing Hf percentage. We found Hfy20Zros0Tes was readily isolated using
elemental precursors, while polycrystalline HfTes and ZrTes precursors were necessary for crystal
growth and phase isolation of both Hfo40ZrosoTes and to HfosoZro20Tes. Single crystal x-ray
diffraction for HfogoZro20Tes shows that this composition crystallizes in the monoclinic space
group P21/m with lattice parameters a = 5.8765(7) A, b = 3.9052(5) A, ¢ = 10.0684(12), S =
97.901(4), V=228.87(5) A3, and Z = 2. X-ray photoelectron spectroscopy (XPS) for Hfy s0Zr0.20Tes
presented shifts in binding energy due to Hf/Zr alloying in addition to confirmation of Hf/Zr—Te,

Hf/Zr—O, and Te—O bonding environments.
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Introduction

Graphene’s incredible discovery in 2004 initiated a resurgence of interest in low-
dimensional materials, with researchers taking special interest in two-dimensional (2D) and one-
dimensional (1D) layered materials. While there are many classes of materials that fit within these
categories, workers in the field have focused significantly on the transition metal trichalcogenides
(TMTs).!:2345 The TMTs have MX3 compositions, where M is typically a group IV or group V
transition metal, and X is a chalcogen (S, Se, or Te). In general, these materials are composed of
MXGe units that form covalently bonded chains extending down the b axis. Based on their structure,
the TMTs are referred to as quasi-1D due to the presence of weaker covalent bonds within the
perpendicular plane of these atomic chains forming layers, in addition to the confinement of
electrons within these chains.® Furthermore, these covalently bonded layers are held together by
significantly weaker van der Waals interactions making them prone to exfoliation by mechanical
and chemical exfoliation techniques. The term quasi-1D makes a distinction between true-1D
materials such as SboS3 and V,Sey whose only covalent bonds are evidenced down their atomic
chains.®”-8 Beyond their unique structures, the TMTs are characterized by varying characteristics
including strong anisotropies, semiconducting behavior, charge density wave (CDW) transitions,
and superconductivity.

Thus far, there has been increased interest in general for the modification of TMT materials,
including metal alloying such as with TaxNbi«S3, TixZri-«S3, and TixNb;S3.>-1%11:12.13 Tt should be
noted that workers in the field have dealt with synthetic challenges when alloying. For example,
work reported by Tongay and coworkers found chalcogen rejection in TiS3(1-x)Sesx solid solutions
beyond x = 0.08.'* Furthermore, beyond modifications, recent work by Zettl and coworkers

determined new TMT compositions including NbTes, VTes, and TiTe; that could be synthesized
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in the few- to single-chain limit in multiwalled carbon nanotubes.!> Although these materials have
not been synthesized in bulk, these findings further drive the possibilities of isolating
polycrystalline or single crystalline analogs of new TMTs.

Here, we focus on solid solutions involving the group IV transition metal tritellurides
HfTes and ZrTes because they both exhibit unique electronic properties, including the coexistence
of both CDW transitions and superconductivity in the absence of physical or chemical
modifications.!®!7-!8 In addition, Balandin and coworkers recently reported an exceptionally high
current density (~100 MA/cm?) in single crystalline ZrTes, which surpasses the values for
elemental copper (2-3 MA/cm?).!%-20 Further studies into ZrTe; have examined how to tune the
conditions for superconductivity and CDWs through the application of pressure, the intercalation
of transition metals, doping with chalcogen counterparts, and alloying.?!22:2324.25.26 Specific
studies have involved HfxZri.«Te3 (x=0.01 or 0.05) and ZrTes.«Sex (x<0.04) crystals prepared by
Ir-mediated CVT.2!2¢ Comparatively, previous work with HfTe; has been much more limited
despite the isostructural relationship between both materials. In Chapter 2, we discuss at depth
previous reports for HfTe; and provide insights into isolating this material which we hope will
help workers in the field.

In this contribution, we consider the CVT growth of single crystalline solid solutions of
HfxZri«Tes (where x = 0.25, 0.50, 0.75 are target compositions). We found that relying on the
favored synthetic conditions of HfTe; and ZrTes were critical to single crystalline growth and
phase isolation. We also report the single crystal x-ray diffraction structure of Hfo.soZro20Tes,
finding that compared to single crystalline reports for HfTes and ZrTes, the lattice parameter a is
slightly lower than both analogs, but the parameters b and ¢ were between reported values. We

noted the bond lengths and bond angles of the Hf/Zr metal site coordinated to six Te atoms, and
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determined they were also between the reported ranges of single crystalline HfTes and ZrTes.
These findings confirm structural deviations from both HfTe; and ZrTes due to the alloying of
these analogs. XPS analysis confirms the presence of Hf/Zr—Te bonding environments in our
sample, shifts in binding energy as a result of metal alloying, and evidence of surface oxidation.
Finally, we report preliminary results for single crystalline attempts at TixZr1xTes (x = 0.25, 0.50)

and TixHfi«Tes (x = 0.25)

Experimental

Materials: Zr foil (0.025 mm thickness, annealed, 99.8% metals basis excluding Hf) and
Hf foil (0.25 mm thickness, annealed, 99.5% metals basis excluding Zr) were purchased from Alfa
Aesar. Te powder (~200 mesh, 99.8% trace metals basis), crystalline Ti pieces (5-10 mm, >
99.99% trace metals basis), and NH4Cl (> 99.5%) were obtained from Sigma Aldrich. I» (crystals,
99.9% purity) was obtained from J.T. Baker Company. HNO; (15.8 M, Certified ACS Plus) was
obtained from Fisher Chemical.

Ampule Preparation: Two sizes of fused quartz glass ampules were used in this work.

“Solid state ampules”: body dimensions of 90 mm length, 19 mm inner diameter, 22 mm outer
diameter, volume ~33 c¢m?; neck dimensions of 170 mm length, 7 mm inner diameter, 9.6 mm
outer diameter. “CVT ampules”: body dimensions of 175 mm length, 10 mm inner diameter, 14
mm outer diameter, volume ~13 c¢cm?; neck dimensions of 170 mm length, 7 mm inner diameter,
9.6 mm outer diameter. Ampules were cleaned by immersing in 15.8 M HNO; overnight.
Afterwards, they were rinsed 3-5 times with deionized water, and then positioned in a horizontal
tube furnace or box furnace and heated at 6 °C min’! to a final temperature of 900 °C for 12 h

followed by natural cooling to room temperature.
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To apply the carbon coating, the inside of an ampule was rinsed thoroughly with acetone.
Then a National brand flame torch (propane and oxygen fuel source) was used to heat the outside
of the ampules slowly from bottom to top at ~1400 °C under constant rotation using a glass
blowing lathe to assure homogeneous carbon deposition. Upon heating, a black layer immediately
covers the inside of the ampule. After cooling to room temperature, the procedure was repeated to
deposit an additional layer of carbon.

Solid State Synthesis of HfTe3: 0.954 g (5.34 mmol) Hf foil was cut into mm-sized squares

and positioned at the bottom of a carbon-coated solid state quartz ampule in addition to 2.046 g
(16.0 mmol) Te powder while exposed to ambient atmosphere. The ampule was evacuated and
backfilled with Ar three times using a Schlenk line manifold before being flame sealed under
vacuum (~1072 Torr). The evacuated ampule was then placed inside a preheated horizontal tube
furnace at 550 °C for either (i) 48 h, followed by quenching by submerging the hot ampule in a
salted ice water bath, or (ii) 10 d, followed by cooling to 520 °C at 0.25 °C h!, and then to 25 °C
at 5 °C h'!. The product was isolated as mm-sized, grey/black flakes (2.2852 g collected; 76.17 %
isolated yield).

Solid State Synthesis of ZrTes: 0.385 g (4.22 mmol) Zr foil was cut into mm-sized squares

and positioned inside the bottom of a carbon-coated solid state quartz ampule in addition to 1.615
g (12.7 mmol) Te powder while exposed to ambient atmosphere. The ampule was evacuated and
backfilled with Ar three times using a Schlenk line manifold before being flame sealed under
vacuum (~10-2 Torr). The evacuated ampule was placed inside a horizontal tube furnace and heated
at 5 °C min’! to a final temperature of 800 °C for 48 h, followed by natural cooling to room
temperature. The product was isolated as mm-sized, grey/black flakes (2.5639 g collected; 85.46

% isolated yield).
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Crystal Growth of ZrTes3: 0.385 g (4.22 mmol) Zr foil was cut into mm-sized squares and

positioned at the bottom of a carbon-coated CVT quartz ampule with 1.615 g (12.7 mmol) Te
powder and iodine crystals (~60 mg) while exposed to ambient atmosphere. The ampule was
evacuated and backfilled with Ar three times using a Schlenk line manifold while submerged in
an acetonitrile/dry ice bath before being flame sealed under vacuum (~10-2 Torr). The evacuated
ampule was positioned inside a horizontal tube furnace and heated at 10 °C min™ to a final
temperature gradient of 850-750 °C for 7 d followed by natural cooling to room temperature. The
product was isolated as mm-sized, silver hexagonal plates.

Crystal Growth of HfiZrixTe3: for x = 0.25, 0.50, and 0.75 target compositions,

stoichiometric masses of as-prepared Hf Tes and ZrTe; (solid state syntheses) were lightly ground
into fine powders using an agate mortar and pestle inside an Ar glovebox. For HfxZrixTe; where
x = 0.50, specifically, 1.60 g (2.85 mmol) of as-prepared polycrystalline HfTez and 1.35 g (2.85
mmol) of as-prepared polycrystalline ZrTe; was lightly ground into a homogeneous, fine powder
using an agate mortar and pestle inside an Ar glovebox. The ground powders were then ball milled
together under Ar atmosphere for 1 h (Fritsch Pulverisette 6 planetary ball mill using about thirty
10-mm SizN4 balls in an 80 mL Si3N4 milling bowl at 300 rpm). Upon completion, the milling
bowl was opened inside an Ar glovebox to avoid combustion. The ground HfTes/ZrTe; mixtures
(1.0230 g) were transferred to carbon-coated CVT quartz ampules with iodine crystals (~60 mg).
The ampules were evacuated and backfilled with Ar three times using a Schlenk line manifold
while submerged in an acetonitrile/dry ice bath before being flame sealed under vacuum (~1072
Torr). The evacuated ampules were then positioned inside a preheated horizontal tube furnace to
final temperature gradients (750-650 °C for Hfo20Zros0Tes; 675-575 °C for Hfo.40Zr0.60Tes; 530

500 °C for Hfo80Zro20Te3) based on the target compositions of the materials for 14 d followed by
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natural cooling to room temperature. These syntheses resulted in mm-sized, silver, hexagonal
plates. Isolated yields of Hfo.20Zro.s0Tes, Hfo.40Zro.60Tes, and Hfog0Zro20Tes crystals were 1.8322 g
(83.26 %), 0.2236 g (21.86 %), and 0.6360 g (56.04 %), respectively.

Crystal Growth of TixZrixTes: for x = 0.25 and 0.50 target compositions, stoichiometric

masses of elemental precursors were used. For TixZri.xTes where x = 0.50, specifically, 0.1926 g
(2.111 mmol) Zr foil was cut into mm-sized squares and positioned at the bottom of a carbon-
coated CVT quartz ampule while exposed to ambient atmosphere. In addition, 0.1019 g (2.129
mmol) crystalline Ti pieces, 1.6227 g (12.717 mmol) Te powder, and iodine crystals (~60 mg)
were added to the bottom of the ampule while exposed to ambient atmosphere. The ampule was
evacuated and backfilled with Ar three times using a Schlenk line manifold while submerged in
an acetonitrile/dry ice bath before being flame sealed under vacuum (~1072 Torr). The evacuated
ampule was positioned inside a preheated horizontal tube furnace at a final temperature gradient
of either 850-750 °C or 750-650 °C for 10 d followed by natural cooling to room temperature.

Crystal Growth of TiyHfixTes: for TixZrixTes where x = 0.25, 0.7107 g (1.266 mmol) of

pre-prepared HfTes (solid state synthesis) was lightly ground into a fine powder using an agate
mortar/pestle inside an Ar-filled glovebox. The resulting powder was ball milled under Ar
atmosphere for 1 h (Fritsch Pulverisette 6 planetary ball mill using about thirty 10-mm Si3N4 balls
in an 80 mL Si3N4 milling bowl at 300 rpm). Upon completion, the milling bowl was opened inside
the glovebox to avoid combustion. NH4CI powder (~30 mg) and 0.0207 g (0.432 mmol) crystalline
Ti pieces were transferred to a carbon-coated solid state quartz glass ampule using a funnel,
followed by the ground HfTes. The ampule was evacuated and backfilled with Ar three times using

a Schlenk line manifold while submerged in an acetonitrile/dry ice bath before being flame sealed
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under vacuum (~10"2 Torr). The evacuated ampule was positioned inside a preheated horizontal
tube furnace at 530 °C (no gradient) for 14 d followed by natural cooling to room temperature.

Characterization: Powder X-ray diffraction (PXRD) data were collected on a Bruker D8

Advance instrument utilizing a Co—Ka X-ray source (A = 1.78890 A) operated at 35 kV and 40
mA. Data was collected from 5 to 80° 20 with a scan rate of 0.1 s/step. Samples were prepared as
powder mounts.

Scanning electron microscopy (SEM) analysis was performed with an FEI Teneo FE-SEM
at 10 keV with a spot size of 13. Energy dispersive x-ray spectroscopy (EDS) was performed using
an Aztec Oxford Instruments X-MAXN detector operated at 10 keV with a spot size of 13. Samples
were mounted onto a stub with carbon tape and exfoliated using scotch tape. Experimental
compositions of HfxZrixTes were determined using average atomic percentages collected via EDS
and calculated by normalizing the Te percentage.

For the single crystal X-ray diffraction study on HfosoZro2oTes, a silver crystal (with
approximate dimensions 0.090 mm x 0.080 mm X 0.040 mm) was mounted on the tip of a glass
fiber. The X-ray intensity data were measured at room temperature on a Bruker D8 Quest
PHOTON 100 CMOS X-ray diffractometer system with Incoatec Microfocus Source (IuS)
monochromated Mo Ka radiation (A = 0.71073 A, sealed tube) using phi and omega-scan
technique. The data were collected in 2520 frames with 10 second exposure times. Additional
details are provided in the Supporting Information.

XPS analysis was accomplished using a Thermo Scientific K-Alpha X-ray Photoelectron
Spectrometer System operated with a monochromatic beam of Al Ka x-rays (1486 eV) with a 60
pum spot size. Instrument calibration was completed with Au (4f), Ag (3d), and Cu (2p) standards.

The adventitious C 1s peak at ~284.9 eV was used for binding energy reference. Samples were
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mounted on carbon tape and exfoliated using scotch tape. Peak fitting (Gaussian type) and data
analysis were completed using Thermo Scientific Avantage Software.

Raman spectroscopy data was completed using a Thermo Scientific DXR Raman
Microscope at 10x magnification with a laser power of 10 mW and a 532 nm excitation laser
wavelength. Single crystals were mounted on double-sided scotch tape bonded to a glass slide and

exfoliated using unattached scotch tape.

Results and Discussion

General Synthetic Considerations: The high affinity of zirconium and hafnium for oxygen

(unavoidably present in fused quartz and as oxide impurities) prompted us to use carbon-coated
ampules for all syntheses; indeed, we observed heavily oxidized products during early attempts
using non-coated ampules.!727-28:29:3% [n addition, the use of air-free conditions for all reactions is
absolutely necessary.

Binary zirconium and hafnium telluride phases include MsTe, M3Te,, M2Te, MsTes,
M;sTes, MTe, MTe: (fully and sub-stoichiometric), MTes, and MTes.31:32:33:3435,36,37.38.39 Although
the chemistry of zirconium and hafnium is often very similar, it is known to diverge in some
cases.***! Here we have found that competition between neighboring phases is significantly more
problematic for HfTes than for ZrTes;. However, the choice of appropriate synthetic conditions can
help minimize or even avoid the formation of competing phases during MTes preparation.

CVT growth of Hf,Zr .xTes crystals: Single crystals of alloyed Hf Zr.xTes (where x = 0.25,

0.50, 0.75 were target compositions) were prepared by leveraging the optimized temperatures for
the CVT growth of HfTe3 (530 °C) and ZrTes (850 °C). In addition, we found gradient and starting

materials to be critical to the success of Hf-rich compositions.
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For Hfo25Zro75Tes, CVT growth at 750 °C using a 100 °C gradient, elemental starting
materials, and I, transport were most suitable for crystal growth. This reaction temperature
accommodated the significant Zr component while still obliging the incorporation of Hf. The
resulting silver crystals resembled the distorted hexagonal morphology of HfTe; (Figure 3.1a).
EDS analysis provided average atomic percentages (Table S3.6) confirming a composition of
Hfo.20Zr0.80Tes. In comparison, the ditelluride phase was favored at a reaction temperature of 850
°C. The resulting hexagonal crystals exhibiting a smooth, platelike morphology (Figure S3.4a and
S3.4b) and gold color typical of HfTe,, in addition to the average atomic percentages collected by

EDS (Table S3.6) consistent with a composition of Hfo25Zro.75Te.

Figure 3.1 SEM imaging of single crystalline (a) Hfo20ZrogoTes, (b) Hfo.40Zros0Tes, and (c)

Hfo.80Zro20Tes.

For Hfos50Zros0Tes, we used similar synthetic parameters as for Hfo20Zros0Tes (100 °C
gradient, I> transport) but decreased the temperature to 675 °C to promote Hf incorporation.
Experiments showed that crystal growth was enhanced by using pre-made polycrystalline HfTe3
and ZrTes precursors instead of the elements. The polycrystalline precursors were ball milled

together for 1 h under Ar atmosphere, as in our approach to single crystalline HfTes. CVT reaction

68



at these conditions yielded silver crystalline hexagonal plates with striated morphology (Figure
3.1b). EDS confirmed the composition of this phase to be Hfo.40Zr0.60Tes (Table S3.6).

When identical reaction parameters were used with elemental precursors, we isolated silver
crystals with irregular morphologies (Figure S3.4e). Nevertheless, EDS showed that this product
was also Hfo40Zro60Tes (Table S3.6). At a higher temperature of 750 °C vs 675 °C, the resulting
hexagonal, silver crystals exhibited familiar surface cleaved morphologies (Figure S3.4c), which
EDS analysis confirmed to be the more Zr-rich composition Hfo20Zros0Tes (Table S3.6).
Additionally, the product contained minor gold-colored hexagonal plates (Figure S3.4d) with the
ditelluride composition Hfy 30Zro.70Te2 (Table S3.6).

Even greater Hf incorporation became possible by using ball milled polycrystalline Hf Tes
and ZrTe; precursors and a CVT temperature of 530 °C with a 30 °C gradient. Under these
conditions, we isolated hexagonal, silver crystals (Figure 3.1c) exhibiting morphologies in line
with HfTes, Hfo20Zros0Tes, and Hfo40ZrosoTes. EDS analysis confirmed their composition as
Hfo.80Zr0.20Tes (Table S3.6).

Temperature remained a critical parameter for optimum crystal growth even when using
polycrystalline tritelluride precursors. At higher temperature (590 °C) and with a larger gradient
(100 °C) we noted the presence of both silver hexagonal plates (Figure S3.4f) and golden
hexagonal plates (Figure S3.4g). EDS analysis confirmed the silver plates to be Hfo.70Zro.30Te3
(Table S3.6), which is more Zr rich compared to crystals grown at lower temperature with smaller
gradient. In addition, analysis of the gold plates confirmed their composition as HfTe; with
negligible Zr incorporation (Table S3.6).

Synthetic experiments also confirmed the necessity of using polycrystalline HfTes and

ZrTes precursors; using identical reaction conditions (530 °C, 30 °C gradient, I> transport),
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elemental precursors yielded crystalline, silver wires (Figure S3.4h and Figure S3.4i). EDS

analysis confirmed that the wires were pentatellurides, either Hfo.ssZro4sTes or Hfo.70Zro30Tes

(Table S3.6). There was no evidence of the tritelluride phase under these reaction conditions.
Elemental mapping of Hfo20Zros0Tes, Hfo.40ZrosoTes, and Hfo.g0Zro20Tes single crystal

products (Figure S3.5) showed uniform distribution of both the metals and chalcogen.

Table 3.1 Summary of the favored synthetic conditions for single crystalline HfTes, ZrTes,

Hfo.20Zr0.30Tes, Hfo.40Zr0.60Tes, and Hfo g0Zro20Tes.

Optimized Synthetic Conditions
Target Experimental
Composition Result
Precursors CVT Temperature
HfTe; polycrystalline HfTe; ball milled 530 °C HfTe;
for 1 h (Ar atmosphere) (no gradient)
ZrTes elements 850 — 750 °C ZrTes
Hfo.25Zr0.75Te; elements 750 — 650 °C Hfo.20Zro.50Te3
polycrystalline HfTes and ZrTe;
Hfo.50Zro.50Tes ball milled for 1 h (Ar 675 —> 575 °C Hfo.40Zr0.60Te3
atmosphere)
polycrystalline HfTes and ZrTe;
Hfo.75Zr025Tes ball milled for 1 h (Ar 530 — 500 °C Hfo.80Zr020Tes
atmosphere)

Crystal Structure of HfygoZro.20Te3: Single crystals of Hfos0Zro20Tes were used to collect

high quality x-ray diffraction data. Similar to its analogs, HfosoZro20Tes crystallizes in the
monoclinic P21/m space group. In Table S3.5, we report the lattice parameters for Hfo.s0Zro.20Te3
compared to HfTe; and ZrTes. Overall, the lattice parameters of these compositions fall within 1%

of each other, confirming structural similarities.
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We also report the bond lengths and bond angles of Hfo 80Zro.20Tes versus HfTes and ZrTes
in Tables S3.3 and S3.4. Comparison was made from the ¢ axis (Figure S3.3) where the view of
the metal center is coordination to six Te atoms. Hf/Zr—Te bond lengths were between ranges for
HfTes; and ZrTes. Furthermore, a comparison of varying Te—Hf/Zr—Te bond angles were
between expected values for both HfTe; and ZrTes, further confirming structural similarities. The
structure of Hfo g0Zro20Tes is illustrated in Figure 3.2 in which Hf—Zr and select Te—Hf/Zr—Te
bonding distances are illustrated. Estimated Hf—Hf, Hf—Te, Zr—Zr, and Zr—Te bonding
distances are also shown which were derived from prior single crystalline HfTes and ZrTes
reports.!®20 Data tables for atomic coordinates and anisotropic displacement parameters are

reported in Tables S3.1 and S3.2.

@ Hf

@ Te

D zr
3.9052 A
~3.90 A

Figure 3.2 Crystal structure of Hfos0Zro20Tes illustrating bonding distances from experimental

single crystal data and estimated bonding distances for HfTe; and ZrTes.
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XPS Analysis of HfpgoZro20Tes: XPS of HfogoZro20Tes single crystals provided

information about their local bonding environments. A comprehensive list of experimental binding
energies and additional information is provided in Table S3.7.

Two doublet Hf 4/ peaks are present as illustrated in Figure 3.3a. Comparatively, Chen and
coworkers found Hf 4f peaks for single crystalline HfTes; at 17.7 eV (4f72), 19.5 eV (4fs512), 15.7
eV (4f1), and 17.4 eV (4f512).'° In comparison, we note a slight shift to reduced binding energy
due to Zr substitution. For Zr 3d, two doublets appear as illustrated in Figure 3.3b. We also can
compare our data to that reported by Zhang and coworkers for ZrTes, which exhibited two Zr 3d
doublets at 183.2 eV (3dsp), 185.6 €V (3ds), 180 eV (3dsr), and 182.4 eV (3d312).*? In addition
Petrovic and coworkers reported two Zr 3d doublets for Hfo.05Zro.95Tes at 183.0 eV (3ds2), 185.4
eV (3ds), 180 eV (3dsn), and 182.4 €V (3d312).2° We note a downward shift in the higher energy
peaks as Hf incorporation increases comparatively from ZrTes;, to Hfo.osZroosTes, to
Hfo80Zr020Tes. For the lower energy peaks, we note a negligible difference between ZrTes to

Hfo.05Z10.95Tes3, but a slightly higher shift for Hfo.s0Zro0.20Tes.

)
3 4000 - (a) ; Hf 3500+ (b) 3d5/2ﬁ‘ Zr | 250004
f
T(g 30004 4f5,2/ 3dgp / ‘ 20000+
> | Af, 3000 \3/2
e | *15/2 | /
8 20004 4f;), | \/f\\ ;i [ | ,/l\\\, 15000
< /\J;\ \ \ 25001 /\ [\ ¥ \ 10000
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o jj )9 JV\/,\_MWM id XL P 5000
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Figure 3.3 XPS spectra of (a) Hf 4f(b) Zr 3d and (c) Te 3d collected from Hfo g0Zro.20Tes crystals.

72



We hypothesize the lower energy Hf 4/ doublets and Zr 3d doublets correspond to Hf/ Zr—
Te bonding based on previous reports. In addition, we believe the higher energy Hf 4f doublets
and Zr 3d doublets correspond to Hf/Zr—O bonding. Oxidation was indicated by the presence of
O 1s peaks (Figures S3.8a) which we found corresponding to HfO, which has a reported peak at
531.4 eV, and ZrO,, with a reported peak at 530.0 eV.***** Furthermore, we found in related studies
that oxidation of transition metal chalcogenide materials (e.g. MoTez, TiTez, ZrS>, HfS,, etc.)
causes an upward shift in binding energy due to the introduction of M—O (M = metal)
bonding.*>*¢47 Work by Pumera and coworkers specifically cited Zr*" and Hf*" in pristine ZrS
and HfS; and the subsequent shift in higher binding energy due to oxide environments while under
identical oxidation states.*

For Te 3d, two doublets are present as illustrated in Figure 3.3c. We compared binding
energies to work from Zhang and coworkers in which they reported three Te 3d doublets for ZrTes
at 573.0 eV (3ds1), 583.4 €V (3d312), 572.1 €V (3d512), 582.5 €V (3d512), 573.9 €V (3ds12), and 584.2
eV (3ds).** We also note work from Chen and coworkers in which they reported two Te 3d
doublets for HfTes at 572.7 eV (3dsr), 583.1 eV (3dsn), 576.9 eV (3ds), and 587.3 €V (3d3).'
We note that the lower energy peaks in our work with Hfog0Zro20Tes shifted to lower binding
energies with Hf/Zr alloying, which we believe correlated to Hf/Zr—Te bonding. We also
hypothesize that the higher energy Te 3d peaks were a result of Te—O bonding in our samples.
The shift to higher binding energies because of oxidation is not limited to M—O bonding, with
findings of the same behavior occurring in Te—O bonding also in previous reports.*>4” Although
single crystals were surface exfoliated with tape prior to analysis, the persistent presence of M—

O and Te—O bonding is consistent with the susceptibility of Hfo.g0Zro20Tes to oxidation.
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Finally, we report the experimental spin-orbit splitting separations for Hf 4/ (1.58 eV and
1.51eV), Zr3d (2.49 eV and 2.50 eV), and Te 3d (10.36 eV and 10.10 eV) which slightly deviated
from expected values (1.71 eV for Hf 4f, 2.43 eV for Zr 3d, 10.39 eV for Te 3d).*8

Raman Analysis of HfiZrixTe3 Single Crystals: Raman analysis was collected for

Hfo 20Zr0.80Tes, Hfo.40Zr0.60Te3, and Hfo s0Zro20Tes single crystals as illustrated in Figure S3.9. We
compared Raman peaks collected for ZrTes which were also collected at an excitation wavelength
of 532 nm by Zhang and coworkers. They found Raman peaks at 107 cm’!, 142 cm!, and 213
cm! consistent with A; Raman modes corroborating the peaks we found in our solid solution
samples with slight shifts due to metal alloying.*?

CVT growth of TixZri«Te3 and Ti,Hfi1.xTes crystals: In addition to compositions of Hf Zr;.

xTes (0<x<1), we also attempted Ti incorporation into ZrTes and HfTes. As already noted, TiTe;3
has not been synthesized in the bulk, prompting us to use the favored conditions of ZrTes and
HfTes. For Tio.25Zro.75Tes, CVT growth at 850 °C using a 100 °C gradient, elemental starting
materials, and I transport resulted in a very minimal yield of silver crystals (Figure S3.10a and
Figure S3.10b) and significant oxidation. Using EDS analysis, we found the compositions of the
crystals were Tip02ZroosTes (Table S3.8) indicating minimal Ti incorporation into ZrTes.
Elemental mapping illustrated that although Ti incorporation was miniscule, it was not limited to
the edge of the products, but was indeed homogeneous throughout (Figure S3.11). We also found
a crystal with a hexagonal platelike morphology (Figure S3.10c) that was the Tio.s0Zro.40Te2 phase
as confirmed by EDS (Table S3.8).

We also tried targeting Tio.s0Zro.s0Te; with the hypothesis that increased stoichiometric Ti
would result in crystals with higher Ti percentage. When implementing CVT growth at both 850

and 750 °C using a 100 °C gradient, elemental starting materials, and I, transport, we isolated
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silver crystals with hexagonal platelike morphologies (Figure S3.10d and Figure S3.10e) that were
either Tig.osZro.02Tez or TiTes based on EDS analysis (Table S3.8). Significant oxidation was also
present in this sample.

Finally, we targeted Tio.2sHfo.75Te; by implementing CVT growth at 530°C in the absence
of a temperature gradient and using NH4Cl transport. In addition, polycrystalline HfTes which was
ball milled under Ar atmosphere for 1 h was used with crystalline Ti pieces. As a result, silver
crystals of varying morphologies were collected (Figure S3.10f, Figure S3.10g, Figure S3.10h,
and Figure S3.101). EDS analysis confirmed the compositions were either Tio.soHfo20Te2 and

Tio.70Hf030Tex (Table S3.8).

Conclusions

In this contribution, we have described successful approaches in three HfZrixTes solid
solutions (x = 0.20, 0.40, 0.80) largely by leveraging the chemistry of HfTes and ZrTes. The
optimized formation of each solid solution composition occurred at a different temperature (from
750-530 °C), and starting materials and temperature gradient were also critical for crystal growth
and single phase isolation. More specifically, our results demonstrate the need to tailor synthetic
conditions with increasing Hf incorporation, and shows how the chemistry of HfiZrixTes solid
solutions changes as the overall composition is tuned. Single crystal x-ray diffraction established
the structure of Hfo.s0Zro.20Te3, whereas XPS analysis elucidated local bonding environments as a
function of metal alloying. This work provides routes in isolating HfxZrixTes solid solutions, and
sheds light in experiment design specifically with solid solutions, thereby providing insight into

other TMT alloying possibilities.
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Supporting Information
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ZrTes; ICDD 04-012-6945
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Figure S3.1 (a) PXRD and (b) SEM of polycrystalline ZrTe; synthesized via solid state reaction.

Figure S3.2 Elemental mapping of ZrTes illustrating elemental distribution of (a) Zr and (b) Te.
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Experimental details for the single crystal x-ray diffraction structure determination of
Hfo.80Zro.20Tes:

Data reduction': Of the 519 unique reflections collected, 518 were observed (I > 2o([)). The linear
absorption coefficient for Mo Ko radiation is 37.239 mm™. The data were integrated with the
manufacturer's SAINT software. Absorption corrections were applied with the Multi-Scan method
(SADABS).

Structure solution and refinement?: Subsequent solution and refinement were performed using the
SHELXTL-20183 solution package. The structure was solved by intrinsic phasing method using
SHELXTL-2018 Software Package. Non-hydrogen atomic scattering factors were taken from the
literature tabulations.* Non-hydrogen atoms were located from successive difference Fourier map
calculations. Based on the SEM/EDS analysis that suggests the formula is Hf1.60Zro.40Tes in the
unit cell with Z = 1, the Hf and Zr atoms were constrained to share a same position with the ratio
of 0.80/0.20 for Hf/Zr with formula of Hfo.40Zro.10Te1.5 in an asymmetric unit. In the final cycles
of each refinement, all the atoms were refined in anisotropic displacement parameters with proper
constraints/restraints on Hf and Zr atoms. The crystal system of compound is monoclinic, space
group P21/m (No. 11) and the final residual values based on 26 variable parameters and 518
observed reflections (I > 2o(/)) are R1 =0.0391, wR2 = 0.0939, and those for all unique reflections
are R/ = 0.0392, wR2 = 0.0939. The goodness-of-fit indicator for all data is 1.086. Peaks on the
final difference map, ranging from 2.102 to -2.302/A3 around Hf(1) (0.96 A from Hf(1)) and Te(3)
(1.40 A from Te(3)) atoms, are of no chemical significance. While the absorption correction was
extensively exploited to find optimized absorption correction conditions and the remaining

electron density residuals were dramatically reduced for this heavily absorbed material, the efforts
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have been made to resolve as many alerts as possible generated by CheckCIF. The current highest
alert is at level C, which is due to fractional Hf and Zr atoms occupying the same position.
Summary: The compound crystallizes in monoclinic, space group P21/m (No. 11). The asymmetric
unit contains a component in the form of Hfo 40Zr0.10Te1 51n a polymeric structure with all the atoms
residing on symmetries of mirror. The whole formula in the unit cell is in the form of
Hf\ 60Zro40Tes. Structure solution, refinement and the calculation of derived results were
performed using the SHELXTL-2018° package of computer programs. Neutral atom scattering
factors were those of Cromer and Waber®, and the real and imaginary anomalous dispersion
corrections were those of Cromer.’

References:

1. Data Reduction:
Intensity
I=[S-B/R]-V
Standard Deviation in Intensity
s(I) =[S + B/R?]"2-V
Structure Factor
F= (I/Lp)'?
Standard Deviation in Structure Factor
o(F) =o(I)/(2-F-Lp)
Where: S = total scan count
B = sum of background counts
R = ratio of background counting time
to scan counting time
V = scan rate
Lp = Lorentz-polarization correction

2. Least-Squares Refinement:
Weighting Scheme
w = 1/[ 6%(Fo?) + 0.0364*P)? + 10.8750*P] where P = [Max(F,*, 0) + 2*F.?]/3;
Residuals
R-factors:
R=Z||Fo|-|Fc||/Z|Fo|;
Weighted R-factor on F 2:
WR2 = [Z[w (F&* - F&)]/ Z[w(Fo*) 11"
Goodness of Fit Indicator:
goodness-of-fit = [Z[w (Fo? - Fc?)?] /(Nobservns-Nparams) ]2
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3. (a) Sheldrick, G.M. SHELXTL-2018, Crystallographic Computing System; Bruker Analytical
X-Ray Instruments: Madison, WI, 2018; (b) Sheldrick, G.M. 4 Short History of SHELX, Acta
Cryst. 2008, A64, 112.

4. Cromer, D.T. and Waber, J.T. International Tables for X-ray Crystallography, Vol. IV, Table
2.2B, The Kynoch Press, Birmingham England, 1974.

5. Cromer, D.T. International Tables for X-ray Crystallography,
Vol. IV, Table 2.3.1, The Kynoch Press, Birmingham England, 1974.

Table S3.1 Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A2 x

10%) for Hfy.30Zro20Tes. Ueqis defined as 1/3 of the trace of the orthogonalized Uij tensor.

Atom X y z Ueq

Hf(1) 7115(2) 7500 3342(1) 30(1)
Zr(1) 7115(2) 7500 3342(1) 30(1)
Te(1) 7634(2) 2500 5540(1) 26(1)
Te(2) 4311(2) 2500 1677(1) 29(1)
Te(3) 9064(2) 2500 1624(1) 29(1)

Table S3.2 Anisotropic displacement parameters (A2 x 10"3) for Hfo.s0Zro.20Tes. The anisotropic

displacement factor exponent takes the form: -2 pi*2 [ h"2 a*"2 Ul1 + ... + 2 hk a* b* Ul2].

Atom Ull U22 U33 U23 Ul13 Ul12
Hf(1) 33(1) 24(1) 31(1) 0 4(1) 0
Zr(1) 33(1) 24(1) 31(1) 0 4(1) 0
Te(1) 30(1) 23(1) 26(1) 0 3(1) 0
Te(2) 29(1) 24(1) 33(1) 0 3(1) 0
Te(3) 31(1) 25(1) 32(1) 0 7(1) 0

79



Table S3.3 Selected bond length comparison for Hf Tes, Hfo.s0Zro20Tes, and ZrTes.

HfTes Hfo.80Zro.20Te3 ZrTe;
Bond Lengths () Bond Lengths (A) Bond Lengths ()
M-Tel; M-Te* 2.9258(4) 2.9292(12) 2.9399(4)
M-Te2; M-Te5 2.9296(5) 2.9353(11) 2.9564(4)
M-Te’; M-Teb 2.9416(5) 2.9435(12) 2.9593(4)

Table S3.4 Selected bond angle comparison for Hf Tes, Hfo.s0Zro.20Tes, and ZrTes.

HfTes Hfo.80Zro.20Te3 ZrTe;
Bond Angles (°) Bond Angles (°) Bond Angles (°)
£Te'-M-Te? 88.73(6) 88.86(3) 88.957(8)
£Te*-M-Te?
£Te:-M-Te? 89.48(5) 89.62(3) 89.870(8)
£Te5-M-Teb
£Te'-M-Te? 57.19(0) 56.97(3) 56.502(10)
2Te*-M-Teb
Te?
Ted
M
.
b
Ted Te?

Figure S3.3 Crystal structure of HfogoZro20Tes from the ¢ axis illustrating metal coordination

(where M = Hf or Zr) to Te.

80




Table S3.5 Summary of crystallographic data for Hf Tes, Hfo.s0Zro.20Tes, and ZrTes.

Formula HfTes Hfo.30Zro.20Te;3 ZrTe;
F.W. (g/mol) 561.29 543.84 474.02
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2i/m P2i/m P2i/m
Z 2 2 2
a(A) 5.8845(2) 5.8765(7) 5.8938(3)
b (A) 3.9026(2) 3.9052(5) 3.9256(2)
c(A) 10.0551(4) 10.0684(12) 10.1011(5)
a(°) 90 90 90
B(°) 97.945(1) 97.901(4) 97.8200(10)
v (©) 90 90 90
V(A% 228.70(2) 228.87(5) 231.53(2)
Absorption Not reported 37.239 20.688
coefficient (mm™)
O range (°) 2.04-38.97 2.042-25.999 3.489-32.577
hkl ranges -10<h <10 -T<h<7 -8<h<8
-6<k<6 4<k<4 S5<k<5
-17<1<17 -12<1<12 -15<1<15
No. reflections; Rin. 1410; 0.0533 519; 0.0607 939; 0.0308
No. parameters 26 26 26
Ri; wR; 0.0337; 0.1002 0.0391; 0.0939 0.0201; 0.0611
Goodness of fit 1.224 1.086 1.004
Diffraction peak; hole Not reported 2.102; -2.302 1.890; -2.329
(c3 A%)
Temperature (K) 293 295(2) 297(2)
Reference 10 This work 21
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experimental results calculated using atomic percentages collected via EDS.

Table S3.6 Hf\ZrixTes reaction list with target compositions, synthetic conditions used, and

Target Synthetic Atomic % by EDS Experimental
Composition Conditions T Zr Te Result
750 — 650 °C;
Hfo25Z10.75Tes3 elements 6.1 20.2 73.7 Hfo20Zros0Tes
850 — 750 °C;
Hfo.25Zr0.75Te3 elements 8.7 259 65.4 Hfo25Zr0.75Tex
675 — 575 °C;
polycrystalline
Hfo 50Zr050Tes3 HfTes and ZrTe; 11.2 15.1 73.7 Hfo.40Zr0.60Te3
ball milled for 1 h
(Ar atmosphere)
675 — 575 °C;
Hfos50Zro50Tes elements 11.0 14.9 74.1 Hfo.40Zro60Tes
5.5 20.7 73.9 Hfb20Zr0.30Te3
Hfo.50Zr0.50Te3 750 — 650 °C;
clements
12.7 23.5 63.8 Hfo.30Zr0.70Te:
530 - 500 °C;
polycrystalline
Hfo.75Z1r0.25Te;3 HfTes and ZrTe; 20.1 6.2 73.7 Hfo.80Zr0.20Te3
ball milled for 1 h
(Ar atmosphere)
590 — 490 °C;
polycrystalline 8.5 17.8 73.7 Hfo.70Zr0.30Tes
Hfo.75Z1r0.25Te3 HfTes and ZrTe;
ball milled for 1 h
(Ar atmosphere) 349 0.2 64.9 HfTe»
94 8.4 82.2 Hfo_ssZI‘o,45Te5
Hfo.75Z1r0.25Te3 530 — 500 °C;
clements
11.4 6.2 82.4 Hfo.70Zr030Tes
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Figure S3.4 SEM imaging of single crystalline: (a)-(b) Hfo.25Zro.75Te> from the attempted synthesis
of Hfo.25Zr0.75Tes; (¢) Hfo.20Zro.s0Tes, (d) Hfo.30Zr0.70Te2, and (e) Hfo.40Zro.60Tes from the attempted
synthesis of Hfo_soZI‘045oTe3; (f) Hfo_7()ZI'043oTe3, (g) HfTez, (h) Hfo_ssZI‘o_45T€5, and (1) Hfo.70Zro30Tes

from the attempted synthesis of Hfo.75Zro.25Tes.
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Figure S3.5 Elemental mapping illustrating homogeneous distribution of Zr, Hf, and Te in (a)-(c)

Hfo,zoZI‘o_goTCl (d)-(ﬂ Hfo,4ozr0.6oTe3, (g)-(i) and Hfo goZro20Tes.
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Figure S3.6 Composition plots of HfxZri.xTes; (0<x<1) as a function of increasing Hf percentage

vs (a) a, (b) b, and (c) ¢ lattice parameters.
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Figure S3.8 XPS spectra of (a) O 1s and (b) C Ls collected from Hfy goZro20Tes crystals.
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collected from HfTes; and Hfo.s0Zro20Tes crystals.

Table S3.7 XPS peak assignments, binding energies, FWHM values, and atomic percentages

Experimental Assignments Binding Energies FWHM Atomic %
Result (eV) (eV)
Hf: 4f7, 4fs 17.51, 19.09 1.29,1.29 5.70,5.70
Hf: 4f7, 4fs 15.62,17.13 0.90, 0.99 2.44,2.68
Zr: 3dsp, 3d32 182.73, 185.22 1.64, 1.64 3.34,3.34
Hfo.80Zro20Tes3 Zr: 3dsp, 3d32 180.06, 182.56 0.85, 0.85 1.07, 1.07
Te: 3dsp, 3d32 572.65, 583.01 1.43,1.38 19.61, 18.17
Te: 3dsp, 3d32 573.70, 583.80 1.61,1.61 1.41, 1.42
O:1s 531.98 1.87 22.08
O:1s 530.45 1.46 11.97
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Figure S3.9 Raman spectrum of single crystalline Hfo20ZrosoTes, Hfo.40Zroc0Tes, and

Hfo.80Zr0.20Tes collected with a 532 nm excitation laser wavelength.
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Table S3.8 TixZr1xTe; and TixHfi«xTes reaction list with target compositions, synthetic conditions

used, and experimental results calculated using atomic percentages collected via EDS.

Target Synthetic Atomic % by EDS Experimental
Composition Conditions Ti Zr Te Result
Tio25Z10.75Te3 850 — 750 °C; 0.5 25.0 74.5 Tig.02Z1098Te3

elements
18.9 14.5 66.6 Ti0.60Zr0.40Te2
850 — 750 °C;
Tio50Z10.50Te3 elements 33.0 1.0 66.0 Tig.98Zr0.02Te2
750 — 650 °C;
Tio.50Zr050Te3 elements 329 0.0 67.1 TiTes
530 °C
(no gradient); 27.0 6.2 66.8 Tio.soHfo.20Te:2
Tio2sHfo.75Tes polycrystalline
HfTes ball milled
for 1'h (Ar 24.1 9.4 66.5 Tio.70Hf0.30Te2
atmosphere) +
crystalline Ti
pieces
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Figure S3.10 SEM imaging of single crystalline: (a)-(b) Tio.02Zr0.908Tes and (c) Tio.0Zro.40Te2 from
the attempted synthesis of Tig2s5Zro.75Tes; (d) TioosZroo2Ter from the attempted synthesis of
Tio.s0Zro50Tes; (e) TiTez from the attempted synthesis of Tio.s0Zro.s0Tes; (f)-(h) Tio.soHfo.20Te2 from
the attempted synthesis of Tio2sHfo75Tes; and Tio70Hfo30Te> from the attempted synthesis of

Tio25sHfo.75Tes.
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Figure S3.11 Elemental mapping illustrating homogeneous distribution of (a) and (d) Ti, (b) and

(e) Zr, and (c) and (f) Te in Tio.02Zro.98Tes crystals.
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Abstract

We describe synthetic pathways leading to the isolation of single crystalline solid
solutions of TixZrixTez (x = 0.30, 0.50, 0.80), TixHf1<xTe> (x = 0.25, 0.40, 0.80), and TixZri-xSe>
(x =0.25, 0.50, 0.75) via the chemical vapor transport (CVT) method. Solid solutions of TixZr-
xT'e2 and TixHf1.xTe> were isolated from temperatures ranging 875825 °C via CVT by leveraging
the chemistry of TiTes, ZrTez, and HfTes. Single crystal x-ray diffraction for Tio.s0Zro.s0Te2 shows
that this composition crystallizes in the trigonal space group P3m1 with lattice parameters a =
3.84540(10) A, ¢ = 6.5519(2) A, V'=83.904(5) A3, and Z = 1. Single crystal x-ray diffraction for
Tio2sHfo75Tex shows that this composition crystallizes in the trigonal space group P3ml with
lattice parameters a = 3.89920(7) A, ¢ = 6.6108(2) A, V'=287.043(4) A3, and Z = 1. For TixZr1xSez
solid solutions, we found a temperature gradient of 900—870 °C under CVT conditions was ideal

for crystal growth and phase isolation.
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Introduction

The remarkable discovery of graphene in 2004 has attracted significant interest to the study
of two-dimensional (2D) materials for electronics and optoelectronics applications.! Although
graphene has exceptional properties, one of its greatest limitations is the absence of a bandgap,
leading researchers to explore other 2D materials. Examples of 2D materials with promising
properties include transition metal dichalcogenides (TMDs) (e.g. MoS,, ZrSe,, TiTe,, etc.),
hexagonal boron nitride (h-BN), black phosphorus, and “Xenes” (phosphorene, silicene, etc.).>34>
Investigators have applied considerable focus on the transition metal dichalcogenides because of
their variable compositions, ease of tunability, and unique properties.®’-%* The TMDs have an MX;
composition where M is a transition metal and X is a chalcogen such as S, Se, or Te. The metal
center is surrounded by six chalcogen atoms either in an octahedral or trigonal prismatic
coordination and are covalently bonded together forming layers. Furthermore, these layers are held
together via weak van der Waals interactions that make them easily exfoliated by either mechanical
or chemical methods. Based on their underlying electronic structure, these materials can be
classified as semiconducting, metallic, or semi-metallic. In addition, many of the TMDs have
magnetic properties, charge density wave (CDW) properties, and can behave as superconductors.

Here, we focus on group IV transition metal ditelluride and diselenide solid solutions
because there are indications that the modification of these materials can lead to tunable or novel
electronic properties. Examples of TMD solid solutions previously reported that have
demonstrated electronic property tunability (e.g. band gap engineering, increase in CDW potential,
etc.) include WxMoi1xS2, WxMo1xSe2, WixNbxS2, MoxNbixSez, TaScSearx, ZrSxSez-x, HfSxSeo,
and ReSy«Sey. 0111213:1415.16.17 A dditional reports for group IV TMD solid solutions include TiTe;-

xIx, TisexTCZ-x, HfS2-xTex, Hf(sexTel-x)Z, HfseZ-xTeX’ foZrl-xTez, ZrTez(l-x)Sezx, Tixzrl-xTez,
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TiSe2xSx, and TixZrxSe,.181920.21.22.23,24.25.26.27 T addition to alloying, researchers have also
reported physical and chemical modifications such as pressure application and metal intercalation
to modify various properties (e.g. electronic, magnetic, etc.) for many group IV TMDs 2428:29:30.31

In this contribution, we consider the synthesis and crystal growth of solid solutions
involving the analogs TiTe;, ZrTe;, and HfTe> using the chemical vapor transport (CVT)
technique; more specifically, we target TixZrixTe> and TixHf1.xTe> across the compositional range
0<x<1. Our experimental studies reported here briefly examine the favored synthetic conditions to
isolate TiTez, ZrTe;, and HfTes, and more significantly builds off of the chemistry of these
materials to synthesize solid solutions of TixZr.xTe2 and TixHf1.xTe2. EDS analysis for TixZrixTe:
solid solutions confirms the isolated compositions are Tig30Zro70Te2, Tios0ZrosoTez, and
Tio.80Zr0.20Te2. We also report the single crystal x-ray diffraction structure of Tio.50Zro.s0Tez in
which we note that both the a and c lattice parameters were between reported values for TiTe> and
ZrTe,. We also observe that the bond lengths of this structure are between reported values, but that
the bond angles have slight deviations. For TixHf\.xTe> solid solutions, we observe that the isolated
compositions are Tio2sHfo.7sTea, TiosoHfo.60Te2, and TiosoHfo20Tez based on EDS analysis. Single
crystal x-ray diffraction for Tio.2sHfo.7sTe2 also shows that the a and c lattice parameters were
between reported values for TiTe; and HfTe>. Furthermore, we found that the bond lengths were
slightly higher than its analogs, but, that the bond angles fell between reported values.

Finally, we consider preparation of TixZrixSe: single crystals. Our work was motivated by
recent work by Mahapatra and coworkers in which they reported calculations indicating
Tio.s0Zro.50Se> may have exhibit CDW transitions.?? Previous synthetic work regarding TixZrixSe>
has included polycrystalline Tio.s0Zro.s0Se2 reported by Cybulski, and single crystalline Tii.xZrxSe:

(x<0.21) reported by Nieveen and coworkers and Freund and coworkers.?>?627 To further expand
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previous experimental work, we isolated single crystals of TiixZrxSez (x = 0.25, 0.50, 0.75) whose

compositions we were able to confirm using EDS analysis.

Experimental

Materials: Zr foil (0.025 mm thickness, annealed, 99.8% metals basis excluding Hf) and
Hf foil (0.25 mm thickness, annealed, 99.5% metals basis excluding Zr) were obtained from Alfa
Aesar. Te powder (~200 mesh, 99.8% trace metals basis) and crystalline Ti (5-10 mm, > 99.99%
trace metals basis) were obtained from Sigma Aldrich. Se powder (~200 mesh, 99.99%) was
obtained from Strem Chemicals. I (crystals, 99.9% purity) was obtained from J.T. Baker
Company. HNOs (15.8 M, Certified ACS Plus) was obtained from Fisher Chemical.

Ampule Preparation: Two sizes of fused quartz glass ampules were used in this work.

“Solid state ampules”: body dimensions of 90 mm length, 19 mm inner diameter, 22 mm outer
diameter, volume ~33 c¢m?; neck dimensions of 170 mm length, 7 mm inner diameter, 9.6 mm
outer diameter. “CVT ampules”: body dimensions of 175 mm length, 10 mm inner diameter, 14
mm outer diameter, volume ~13 c¢cm?; neck dimensions of 170 mm length, 7 mm inner diameter,
9.6 mm outer diameter. Ampules were cleaned by immersing in 15.8 M HNO;s overnight.
Afterwards, they were rinsed 3-5 times with deionized water, and then positioned in a horizontal
tube furnace or box furnace and heated at 6 °C min’! to a final temperature of 900 °C for 12 h
followed by natural cooling to room temperature.

Crystal Growth of TiTe,: 0.3168 g (6.618 mmol) Ti pieces were positioned at the bottom

of a CVT quartz ampule with 1.6921 g (13.261 mmol) Te powder and I, crystals (~60 mg) while
exposed to ambient atmosphere. The ampule was evacuated and backfilled with Ar three times

using a Schlenk line manifold while submerged in an acetonitrile/dry ice bath before being flame
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sealed under vacuum (~10-2 Torr). The evacuated ampule was positioned inside a preheated
horizontal tube furnace at a final temperature gradient of 800—700 °C for 7 d followed by natural
cooling to room temperature. The product was isolated as mm-sized, silver hexagonal plates (78.4
% isolated yield).

Crystal Growth of ZrTe;: 0.5282 g (5.790 mmol) Zr foil was cut into mm-sized squares

and positioned at the bottom of a CVT quartz ampule with 1.4763 g (11.569 mmol) Te powder
and I, crystals (~60 mg) while exposed to ambient atmosphere. The ampule was evacuated and
backfilled with Ar three times using a Schlenk line manifold while submerged in an
acetonitrile/dry ice bath before being flame sealed under vacuum (~102 Torr). The evacuated
ampule was positioned inside a preheated horizontal tube furnace at a final temperature gradient
0f 900—800 °C for 10 d followed by natural cooling to room temperature. The product was isolated
as mm-sized, gold hexagonal plates (83.1 % isolated yield).

Crystal Growth of HfTe,: 0.8282 g (4.640 mmol) Hf foil was cut into mm-sized squares

and positioned at the bottom of a CVT quartz ampule with 1.1896 g (9.3229 mmol) Te powder
and I, crystals (~60 mg) while exposed to ambient atmosphere. The ampule was evacuated and
backfilled with Ar three times using a Schlenk line manifold while submerged in an
acetonitrile/dry ice bath before being flame sealed under vacuum (~102 Torr). The evacuated
ampule was positioned inside a horizontal tube furnace and heated at 3 °C min™ to a final
temperature gradient of 900—-800 °C for 10 d followed by natural cooling to room temperature.

The product was isolated as mm-sized, gold hexagonal plates (28.7 % isolated yield).

Crystal Growth of TixZrixTe,: for Tio25Zro75Tez, 0.0801 g (1.67 mmol) Ti pieces and

0.4547 g (4.985 mmol) Zr foil (cut into mm-sized squares) were positioned at the bottom ofa CVT
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quartz ampule with 1.6860 g (13.213 mmol) Te powder and I crystals (~60 mg) while exposed to
ambient atmosphere.

For Tio.s0Zros50Te2, 0.1595 g (3.332 mmol) Ti pieces and 0.3022 g (3.313 mmol) Zr foil
(cut into mm-sized squares) were positioned at the bottom of a CVT quartz ampule with 1.6875 g
(13.225 mmol) Te powder and I» crystals (~60 mg) while exposed to ambient atmosphere.

For Tio.75Zr0.25Te2, 0.2393 g (4.999 mmol) Ti pieces and 0.1539 g (1.687 mmol) Zr foil
(cut into mm-sized squares) were positioned at the bottom of a CVT quartz ampule with 1.6909 g
(13.252 mmol) Te powder and I, crystals (~60 mg) while exposed to ambient atmosphere.

All of the ampules were evacuated and backfilled with Ar three times using a Schlenk line
manifold while submerged in an acetonitrile/dry ice bath before being flame sealed under vacuum
(~10 Torr). The evacuated ampules were then positioned inside a preheated horizontal tube
furnace to final temperature gradients (875-775 °C for Tio3oZro70Tez2; 850-750 °C for
Tio.50Zr050Te2; 825-725 °C for Tio.s0Zro20Te2) based on the target compositions of the materials
for 10 d followed by natural cooling to room temperature. These syntheses resulted in mm-sized
silver hexagonal plates. The isolated yields for the products Tio.30Zro.70Te2, Tios50Zr0.50Te2, and
Tio.80Zr0.20Te2 were 78.5 %, 82.6 %, and 85.2 % respectively.

Crystal Growth of TixHfixTep: for Tio2sHfo.7sTe2, 0.0564 g (1.18 mmol) Ti pieces and

0.6202 g (3.475 mmol) Hf foil (cut into mm-sized squares) were positioned at the bottom ofa CVT
quartz ampule with 1.1860 g (9.2947 mmol) Te powder and I crystals (~60 mg) while exposed to
ambient atmosphere.

For Tios0Hfo.50Te2, 0.1107 g (2.313 mmol) Ti pieces and 0.4118 g (2.307 mmol) Hf foil
(cut into mm-sized squares) were positioned at the bottom of a CVT quartz ampule with 1.1850 g

(9.2868 mmol) Te powder and 1> crystals (~60 mg) while exposed to ambient atmosphere.
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For Tio7sHfo.25Tez, 0.1687 g (3.524 mmol) Ti pieces and 0.2067 g (1.158 mmol) Hf foil
(cut into mm-sized squares) were positioned at the bottom of a CVT quartz ampule with 1.1873 g
(9.3049 mmol) Te powder and I, crystals (~60 mg) while exposed to ambient atmosphere.

All of the ampules were evacuated and backfilled with Ar three times using a Schlenk line
manifold while submerged in an acetonitrile/dry ice bath before being flame sealed under vacuum
(~10" Torr). The evacuated ampules were then positioned inside a preheated horizontal tube
furnace to final temperature gradients (875-775 °C for TiposHfo.75Te2; 850-750 °C for
Tio.40Hfo.60Te2; 825—725 °C for Tio.soHfo.20Te2) based on the target compositions of the materials
for 10 d followed by natural cooling to room temperature. These syntheses resulted in mm-sized
silver hexagonal plates. The isolated yields for the products Tio.2sHfo.75Te2, Tio.4oHfo.60Te2, and
Tio.80Hf0.20Te> were 88.8 %, 86.0 %, and 78.4 % respectively.

Solid State Synthesis of ZrSe,: 1.1001 g (12.060 mmol) Zr foil were cut into mm-sized

squares and positioned at the bottom of a solid state quartz ampule, in addition to 1.9196 g (24.308
mmol) Se powder while exposed to ambient atmosphere. The ampule was evacuated and backfilled
with Ar three times using a Schlenk line manifold before being flame sealed under vacuum (~10-2
Torr). The evacuated ampule was then positioned inside a preheated horizontal tube furnace to a
final temperature of 800 °C for 72 h, followed by natural cooling to room temperature. The product
was isolated as cm-sized, grey/black flakes (94.7 % isolated yield).

Solid State Synthesis of TiSe;: 0.7006 g (14.64 mmol) Ti pieces were positioned at the

bottom of a solid state quartz ampule in addition to 2.3040 g (29.176 mmol) Se powder while
exposed to ambient atmosphere. The ampule was evacuated and backfilled with Ar three times
using a Schlenk line manifold before being flame sealed under vacuum (~102 Torr). The evacuated

ampule was then positioned inside a preheated horizontal tube furnace to a final temperature of
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800 °C for 72 h, followed by natural cooling to room temperature. The product was isolated as
cm-sized, maroon/burgundy flakes (92.0 % isolated yield).

Crystal Growth of TixZrixSey: for Tios0Zros0Se2, two approaches were taken: with

elemental precursors (Ti, Zr, and Se), and with polycrystalline precursors (TiSez and ZrSey).

For the synthesis with elemental precursors, 0.1188 g (2.482 mmol) Ti pieces and 0.2230
g (2.445 mmol) Zr foil (cut into mm-sized squares) were positioned at the bottom of a CVT quartz
ampule with 0.7720 g (9.776 mmol) Se powder and I> crystals (~60 mg) while exposed to ambient
atmosphere.

For the synthesis with polycrystalline precursors, 0.8290 g (4.028 mmol) as-prepared TiSe:
and 1.0052 g (4.0344 mmol) as-prepared ZrSe> (solid state routes) were lightly ground into fine
powders using an agate mortar and pestle inside an Ar glovebox. The ground TiSe»/ ZrSe; mixtures
were transferred to the bottom of a CVT quartz ampule with iodine crystals (~60 mg) while inside
an Ar glovebox.

For Tio.75Z10.25S€2, 0.1749 g (3.654 mmol) Ti pieces and 0.1116 g (1.223 mmol) Zr foil (cut
into mm-sized squares) were positioned at the bottom of a solid state quartz ampule with 0.7690 g
(9.738 mmol) Se powder and I, crystals (~60 mg) while exposed to ambient atmosphere.

For Tio.25Zr0.75Se2, 0.0584 g (1.22 mmol) Ti pieces and 0.3339 g (3.660 mmol) Zr foil (cut
into mm-sized squares) were positioned at the bottom of a solid state quartz ampule with 0.7688 g
(9.735 mmol) Se powder and I, crystals (~60 mg) while exposed to ambient atmosphere.

All of the ampules were evacuated and backfilled with Ar three times using a Schlenk line
manifold while submerged in an acetonitrile/dry ice bath before being flame sealed under vacuum

~10"2 Torr). The evacuated ampules were then positioned inside a preheated horizontal tube
p p
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furnace to a final temperature gradient of 900-870 °C for 7-10 d followed by natural cooling to
room temperature. These syntheses resulted in mm-sized gold hexagonal plates.

Characterization: Powder X-ray diffraction (PXRD) data were collected on a Bruker D8

Advance instrument utilizing a Co—Ka X-ray source (A = 1.78890 A) operated at 35 kV and 40
mA. Data was collected from 10 to 80° 20 with a scan rate of 0.1 s/step. Samples were prepared
as powder mounts.

Scanning electron microscopy (SEM) analysis was performed using a FEI Teneo FE-SEM
at 10 keV with a spot size of 13. Energy dispersive x-ray spectroscopy (EDS) was performed using
an integrated Aztec Oxford Instruments X-MAXN detector operated at 10 keV with a spot size of
13. Samples were mounted onto a stub with carbon tape and exfoliated using scotch tape.
Experimental compositions of TixZri.xTes, TixHf1xTe2, and TixZri.xSe> were determined using
average atomic percentages collected via EDS and calculated by normalizing the chalcogen
percentage.

For the single crystal X-ray diffraction study on Tios0ZrosoTe2, a silver crystal (with
approximate dimensions 0.030 mm X 0.070 mm x 0.140 mm) was mounted on the tip of a glass
fiber. The X-ray intensity data were measured at room temperature on a Bruker D8 Quest
PHOTON 100 CMOS X-ray diffractometer system with Incoatec Microfocus Source (IuS)
monochromated Mo Ko radiation (. = 0.71073 A, sealed tube) using phi and omega-scan
technique. Additional details are provided in the Supporting Information.

For the single crystal X-ray diffraction study on Tio20Hfo.s0Te2, a dark silver crystal (with
approximate dimensions 0.010 mm X 0.050 mm x 0.160 mm) was mounted on the tip of a glass
fiber. The X-ray intensity data were measured at room temperature on a Bruker D8 Quest

PHOTON 100 CMOS X-ray diffractometer system with Incoatec Microfocus Source (IuS)
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monochromated Mo Ko radiation (A = 0.71073 A, sealed tube) using phi and omega-scan
technique. The data were collected in 1012 frames with 10 second exposure times. Additional

details are provided in the Supporting Information.

Results and Discussion

The solid state approach was used to synthesize polycrystalline TiSe> and ZrSe; which
were subsequently used under CVT conditions. Single crystals of TiTes, ZrTes, Hf Tes, TixZrixTez,
TixHf1.xTe2, and TixZri«Se> were synthesized using the CVT approach.

CVT growth of TiTe,, ZrTe,, and HfTe, crystals: For single crystalline TiTe,, we

determined that single crystals could be isolated reproducibly using a conventional CVT approach
using a 800—700 °C gradient and I» transport. SEM imaging (Figure 4.1a) showed that mm-sized
crystals with a hexagonal plate like morphology and well defined edges were isolated. Using EDS
analysis, we compared the average atomic percentages of synthesized crystals (Ti: 33.4 %, Te:
66.6 %) versus theoretical percentages (Ti: 33.3 %, Te: 66.7 %) to confirm the TiTe, composition.
Previous studies implementing the CVT approach reported the isolation of single crystals using
temperature gradients ranging from 900-800 °C, 800—700 °C, and 750—690 °C, primarily using I
as a transport agent. 828333435 In the duration of this study, we attempted multiple CVT syntheses
at all of the reported temperature gradients listed above for 7-10 days using multiple transport
agents including I, NH4Cl, and 10% excess Te chalcogen. Though these approaches led to
crystalline TiTe, phases, we found these crystals were not of adequate size, or did not result in

well-defined morphologies.
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Figure 4.1 SEM imaging of (a) TiTe: (b) ZrTe: and (c) HfTe: single crystals.

For single crystalline ZrTe>, we were able to readily synthesize gold, mm-sized crystals via
the CVT approach at 900—-800 °C using I» transport. SEM analysis is shown in Figure 4.1b
illustrating the hexagonal plate morphology of the synthesized crystals. Using EDS analysis, we
compared the average atomic percentages of synthesized crystals (Zr: 33.9 %, Te: 66.1 %) versus
theoretical percentages (Zr: 33.3 %, Te: 66.7 %) confirming the ZrTe; phase. Previous reports for
ZrTe; indicated varying temperature gradients via CVT including 900-800 °C, 880—780 °C, 850—
800 °C, and 800-700 °C.36-3738:39 Although different temperature gradients had been reported, we
were aware of the neighboring ZrTes phase and its favored temperature gradient from §50-750 °C
using I» transport.**#*! As is common with neighboring dichalcogenide and trichalcogenides
materials, it is usual for the dichalcogenide phase to be favored at higher temperatures than the
corresponding trichalcogenide phase. Therefore, we predicted the optimized temperature for ZrTe,
had to surpass the 850-750 °C gradient.

For single crystalline HfTe,, we isolated mm-sized, gold hexagonal plates using a
temperature gradient from 900-800 °C under CVT conditions. SEM analysis is shown in Figure
4.1c, illustrating the hexagonal plate morphology of the synthesized crystals. Using EDS analysis,
we compared the average atomic percentages of synthesized crystals (Hf: 35.8 %, Te: 64.2 %)

versus theoretical percentages (Hf: 33.3 %, Te: 66.7 %) confirming the HfTe, composition. We
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note that the atomic percentage for Te in HfTe, was slightly lower than expected potentially due
to Te vacancies in the crystalline lattice. Previous studies using the CVT approach reported the
isolation of single crystals using temperature gradients ranging from 1025-850 °C, 900-750 °C,
750-650 °C, 700—600 °C, and 600-500 °C using transport agents such as I, NHsl, and
CBr4.20-3042:43.44.45 Ty our work with the neighboring HfTe3; phase, we found that Hf Te> was readily
accessible at temperatures above 530 °C, and more specifically, we determined crystal growth was

optimized at 900 °C.

CVT growth of TiZrixTe, crystals: for the isolation of single crystal solid solutions of

TixZri«Te> (where x = 0.25, 0.50, and 0.75 were target compositions) we found temperature to be
one of the most important factors. We considered the favored temperatures of TiTez and ZrTe
based on previous studies, in addition to other factors such as temperature gradient and transport
agent. More specifically, we leveraged the favored temperature gradient of TiTe> from 800—700
°C and the favored temperature gradient of ZrTe> from 900-800 °C. As a result, we hypothesized
that each solid solution of TixZri«Te> would be favored at a different temperature gradient based
on its composition assuming a linear relationship between the ideal temperature gradients of TiTe
and ZrTey: 875-775 °C for Tip2s5Zro75Tea; 850-750 °C for Tigs0ZrosoTes; and 825-725 °C for
Tio.75Z1r0.25Tes.

Each CVT synthesis for TixZrixTe> resulted in silver hexagonal plates that were collected
after 10 days of heating. SEM analysis indicated the crystals were mm-sized and also had a “sheet-
like” layered morphology (Figure 4.2) which resembled that of the corresponding TiTe> and ZrTes
analogs. In addition to SEM, EDS analysis was implemented to determine the compositions of the
different solid solutions. In Table 4.1, the average atomic percentages of Ti, Zr, and Te for the

three different target compositions are listed, in addition to the corresponding experimental
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compositions. Furthermore, we implemented elemental mapping (Figure S4.2) and noted

homogeneous distribution of Ti, Zr, and Te throughout.

Figure 4.2 SEM imaging of (a) Tio.30Zr0.70Te2 (b) Tio.50Zro50Te2 and (C) Tio.80Zr0.20Te2 single

crystals.

Table 4.1 Summary of TixZrixTe> compositions determined using EDS analysis.

Target Atomic % by EDS Experimental
Composition Ti Zr Te Result
Tio25Zr0.75Ter 10.7 23.5 65.8 Tio30Zro.70Tex
Tio.s0Zro.50Ter 17.6 16.5 65.9 Tio.50Zro.50Te2
Ti0.75Zr0.25Te2 27.6 5.8 66.6 Tio0.80Zr0.20Te2

We also considered the potential presence of neighboring phases. As previously mentioned,
we determined ZrTe, was favored at a temperature gradient of 900—-800 °C, but, the neighboring
ZrTes phase is favored at 850-750 °C.4%4! For TiTe», competition with neighboring phases was
not a concern. In addition, bulk TiTes has yet to be reported, although, a recent report by Zettl and

coworkers described the growth of TiTes chains within multiwalled carbon nanotubes.*®

110



Advantageously, TixZri«Tes crystals were not present in our samples, which was likely due to the
incorporation of Ti stabilizing the ditelluride phase.

Single crystals of Tio.s0Zr0.50Te> were used to collect high quality x-ray diffraction data. In
Table 4.2, we report the lattice parameters for Tio.s0Zros0Te2, TiTes, and ZrTe,. Overall, the lattice
parameters of these compositions were within approximately 3% of each other confirming their
isostructural nature. We also found Tio s0Zro.s0Te> crystallizes in the hexagonal P3m1 space group
shared with TiTe; and ZrTe». Finally, we note expansion of the unit cell volume from TiTe: to

Tio.50Zr050Te2 to ZrTez due to increased Zr incorporation and its larger atomic radii.
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Table 4.2 Summary of crystallographic data for TiTez, Tio.50Zro.50Te2, and ZrTeo.

Formula TiTe; Tio.s0Zros0Te:z ZrTe;
F.W. (g/mol) 303.07 324.75 346.42
Crystal system Trigonal Trigonal Trigonal
Space group P3ml P3ml P3ml
Z 1 1 1
a(A) 3.777(3) 3.84540(10) 3.9563
b (A) 3.777(3) 3.84540(10) 3.9563
c(A) 6.498(6) 6.5519(2) 6.6566
a(°) 90 90 90
B(® 90 90 90
v (©) 120 120 120
V(A% 80.28 83.904(5) 90.232
Absorption - 19.648 -
coefficient (mm™)
O range (°) 6.257-52.118 3.109-59.752 -
hkl ranges 9<h<9
- 9<k<8 -
-15<1<15
No. reflections; R - 533; 0.0620 -
No. parameters - 10 -
Ri; wR; 0.035; - 0.0279; 0.0930 -
Goodness of fit - 1.096 -
Diffraction peak; hole - 4.686; -2.167 -
(e A%)
Temperature (K) - 288(2) -
Reference 35 This work 37

We also report the bond lengths and bond angles of Tio50Zro.50Te> versus TiTe, and ZrTe»
in Tables S4.1 and S4.2. Comparison was made where the view of the metal center is coordination
to six Te atoms (Figure S4.1). Ti/Zr—Te bond lengths were within ranges for TiTe; and ZrTe,.
Furthermore, a comparison of varying Te—Ti/Zr—Te bond angles was made where we found the
angles slightly deviated, either being slightly lower or higher than the reported analogs. The
structure of Tio s0Zros0Te; is illustrated in Figure 4.3 from the a and ¢ axes in which the octahedral
coordination of the metal centers and the van der Waals gap are readily apparent. Data tables for

atomic coordinates and anisotropic displacement parameters are reported in Tables S4.3 and S4.4.
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Figure 4.3 Crystal structure of Tio s0Zro.s0Te> along the (a) a and (b) ¢ axes.

CVT growth of Ti Hf1.xTe; crystals: for this portion of our study, we continued to

prioritize temperature as the most important factor in isolating single crystal solid solutions of
TixHf1.xTe> (where x = 0.25, 0.50, and 0.75 were target compositions). Like the case with TixZr-
«Tes, we leveraged the favored temperature gradients of both TiTe, and HfTe> for TixHf1.xTe>. We
considered the favored temperature gradient of TiTe, from 800-700 °C and the favored
temperature gradient of HfTe; from 900-800 °C. As a result, we hypothesized that each solid
solution of TixHf1.xTe» would be favored at a different temperature gradient based on its
composition: 875-775 °C for Tig.2sHfo.75Te2; 850—750 °C for Tio.soHfo.50Te2; and 825725 °C for
Tio.7sHfo.25Tez.

As a result, we found each CVT synthesis resulted in silver hexagonal plates after 10 days
of heating. Using SEM, we determined that the crystals were mm-sized and had the expected
“sheet-like” layered morphology (Figure 4.4) seen in TiTe, and HfTe:. Analysis using EDS
provided further quantification of the exact compositions isolated. In Table 4.3, the average atomic

percentages of Ti, Zr, and Te for the three different target compositions are listed, in addition to
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the corresponding experimental compositions. Furthermore, we conducted elemental mapping

(Figure S4.6) and noted homogeneous distribution of Ti, Hf, and Te throughout.

Figure 4.4 SEM imaging of (a) Tio25Hfo.75Tex (b) Tio.40Hfo.60Te> and (C) Tio.80Hf0.20Tex single

crystals.

Table 4.3 Summary of TixHf1.xTe> compositions determined using EDS analysis.

Target Atomic % by EDS Experimental
Composition Ti Hr Te Result
Tio.2sHfo.75Te2 8.9 25.6 65.5 Tio.2sHfo.75Te2
Tio.s0Hfo.s0Te2 15.2 18.8 66.0 Tio.40Hfo.60Te2
Tio.7sHfo.25Te2 29.0 4.8 66.2 Tio.80Hfo.20Te2

When considering neighboring phases, there was less concern for TixHfi.xTe> solid
solutions versus our work with TixZrixTez. As previously mentioned, there are no polycrystalline
or single crystalline neighboring phases of TiTe», and the two neighboring phases of HfTe, (HfTes
and HfTes) are thermodynamically favored at significantly lower temperatures.

Single crystals of Tio2sHfo.75Te2 were used to collect high quality x-ray diffraction data. In
Table 4.4, we report the lattice parameters for Tio.2sHfo.75Tez, TiTez, and Hf Tes. Overall, the lattice

parameters of these compositions fall within approximately 3% of each other, confirming their
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isostructural nature. Similar to its analogs, Tio2sHfo 75 Tez crystallizes in the hexagonal P3m1 space

group shared with TiTe; and HfTe>. We also note expansion of the unit cell volume from TiTe> to

Tio.2sHfo.75Te2 to HfTex with increased Hf incorporation and its larger atomic radii.

Table 4.4 Summary of crystallographic data for TiTez, Tio.2sHfo.75Tez2, and HfTe;.

Formula TiTe; Tio.2sHfo.75Tez HfTe;
F.W. (g/mol) 303.07 401.04 433.69
Crystal system Trigonal Trigonal Trigonal
Space group P3ml P3ml P3ml
Z 1 1 1
a(A) 3.777(3) 3.89920(7) 3.951(8)
b (A) 3.777(3) 3.89920(7) 3.951(8)
c(A) 6.498(6) 6.6108(2) 6.658(8)
a(°) 90 90 90
B(°) 90 90 90
v (©) 120 120 120
V(A% 80.28 87.043(4) 90.01
Absorption - 39.216 -
coefficient (mm™)
® range (°) 6.257-52.118 3.081-29.963 6.107-52.760
hkl ranges S5<h<5
- S5<k<5 -
-9<I1<9
No. reflections; R, - 127; 0.0616 -
No. parameters - 10 -
Ri; wR; 0.035; - 0.0466; 0.1498 -
Goodness of fit - 1.013 -
Diffraction peak; hole - 3.793; -4.191 -
(e A%
Temperature (K) - 297(2) -
Reference 35 This work 20

We also report the bond lengths and bond angles of Tio.2sHfo.75Te> versus TiTe; and HfTe»
in Tables S4.5 and S4.6. Comparison was made where the view of the metal center is coordination
to six Te atoms (Figure S4.4). Ti/Hf—Te bond lengths were slightly higher than values previously

reported for TiTe; and HfTe,. Furthermore, a comparison of varying Te—Ti/Hf—Te bond angles
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were between expected values for both TiTe; and HfTe>. The structure of Tiop2sHfo75Tes is
illustrated in Figure 4.5 from the a and ¢ axes in which the octahedral coordination of the metal
centers and the van der Waals gap are readily apparent. Data tables for atomic coordinates and

anisotropic displacement parameters are reported in Tables S4.7 and S4.8.

(a) (b) @ TiHf
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Figure 4.5 Crystal structure of Tio.2sHfo.75Te2 along the (a) a and (b) ¢ axes.

CVT growth of TixZrixSe, crystals: We determined single crystals of TixZrixSe> (x = 0.25,

0.50, and 0.75) were accessible under CVT conditions using elemental precursors. We considered
previous work reported for polycrystalline Tio.50Zro.50Se2 grown at 900 °C and single crystalline
Ti1xZrxSez (x < 0.21) grown at 600 °C.2>26:27

For Tios0Zr0.50Se2, we collected gold, mm-sized hexagonal plates at 900 °C using a 30 °C
gradient (Figure 4.6a). EDS analysis confirmed the composition of the resulting crystals were

consistently Tio.50Zro.s0Se> (Table S4.9).
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Figure 4.6 SEM imaging of (a) Tio.s0Zro.50Se2 (b) Tio.75Zr025Se2 and (c) Tio2sZro75Sex single

crystals.

We also attempted synthesis of Tio.s0Zro.s0Se> under identical synthetic conditions using
polycrystalline TiSez and ZrSe; ground together vs elemental precursors. As a result, we found
that crystal growth of gold hexagonal plates (Figure S4.7a) and composition (Table S4.9) were
nearly identical. We note there was negligible change in composition with starting materials, and
we found that temperature and gradient were important factors. When attempting the synthesis of
Tio.50Z10.50S€e2 at 900 °C using a 100 °C gradient, we isolated gold hexagonal plates (Figure S4.7b
and Figure S4.7c) that EDS analysis showed were varying phases including Tio.70Zro30Se> and
Tio.60Z10.40Se> (Table S4.9). Based on these results, we found minimizing the gradient from 100
°C to 30 °C was critical for singular phase isolation.

Furthermore, we also attempted syntheses at 975 °C and 600 °C using a 100 °C gradient.
At 975 °C, mm-sized gold hexagonal plates (Figure S4.7d, Figure S4.7e, and Figure S4.8f) were
collected, but multiple phases were present including TiosoZro20Se2, Tio.70Zro30Se2, and
Tio.60Z10.40Se> based on EDS analysis (Table S4.9). At 600 °C, we isolated gold plates with
irregular morphologies (Figure S4.7g and Figure S4.7h) which we confirmed were various phases

including Tio.70Z10.30Se2 and Tio.30Zr0.70Se2 based on EDS analysis (Table S4.9).
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For Tio.75Z10.25S€2, both mm and cm-sized single crystalline gold, hexagonal plates were
isolated using elemental precursors at 900 °C using a 30 °C temperature gradient (Figure 4.6b).
Based on EDS analysis, we confirmed crystals were indeed Tio.75Zr025Se2 (Table S4.9). For
Tio.25Z10.75S€2, we isolated minimal single crystalline hexagonal gold plates (Figure 4.6¢), but we
found the composition was the targeted Tio.25Zr0.75Se2 phase based on EDS analysis (Table S4.9).
We also found wires (Figure S4.71) with composition of Tio.03Zro.97Se3 based on EDS (Table S4.9),
although it was only a minor component.

Elemental mapping for Tios0Zros0Se2, Tio75Zr025S€e2, and Tio25Zro755e2 showing

homogeneous elemental distribution is provided in Figure S4.8.

Conclusions

Our work described here further expands synthetic routes leading to the isolation of single
crystalline TMD solid solutions. We found that by leveraging the favored temperatures and
synthetic conditions of TiTe», ZrTe,, and HfTe,, we could isolate solid solutions of TixZrixTez (x
=0.30, 0.50, 0.80) and TixHf1xTe> (x = 0.25, 0.40, 0.80) from 875—-825 °C under CVT conditions.
Using single crystal x-ray diffraction, we were able to establish the structures of both Tio.50Zro.50Te:2
and Tio2sHfo.75Te>. Our data indicates that based on structural data such as lattice parameters, bond
lengths, and bond angles, that these solid solutions have very similar structures to their
corresponding analogs. For TixZrixSe> (x = 0.25, 0.50, 0.75), we determined single crystals with
consistent composition could be isolated at a temperature gradient from 900-870 °C. We also
found that a smaller temperature gradient (30 °C) was critical to phase isolation, especially based
on our results when a higher gradient (100 °C) was used. Although we isolated single crystals of

the TixZrixSe2 compositions, we did find that crystal growth for Tio.25Zr0.75Se2 was minimal, and
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requires further consideration. These findings expand the available routes of isolating TMD solid
solutions which can aid in the understanding of metal alloying and the subsequent change in

potential electronic properties.
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Supporting Information

Experimental details for the single crystal x-ray diffraction structure determination of
Tio.s0Zro.s0Tez:

Data reduction': Of the 533 unique reflections collected, 522 were observed (I > 2o([)). The linear
absorption coefficient for Mo Ko radiation is 19.648 mm™. The data were integrated with the
manufacturer's SAINT software and corrected for absorption effects using the Multi-Scan method
(SADABS).

Structure solution and refinement?: Subsequent solution and refinement were performed using the
SHELXTL-20183 solution package. The structure was solved by intrinsic phasing method using
SHELXTL-2018 Software Package. Non-hydrogen atomic scattering factors were taken from the
literature tabulations.* Non-hydrogen atoms were located from successive difference Fourier map
calculations. Based on the SEM/EDS analysis that suggests the formula is Tio.50Zr0.50Te2 in the unit
cell with Z = 1, the Ti and Zr atoms were found to share a same position with the ratio of 0.50/0.50
for Ti/Zr with formula of Tio.04167Zr0.04167T€0.1667 in an asymmetric unit. The twinning feature was
detected and detwinning by applying a twin law (0 -1 0 -1 0 0 0 0 -1) dramatically improved the
refinement. The final cycles of each refinement, all the atoms were refined in anisotropic
displacement parameters. The crystal system of compound is trigonal, space group P-3m1 (No.
164) and the final residual values based on 10 variable parameters and 522 observed reflections
(> 20(l)) are R1 =0.0279, wR2 = 0.0930, and those for all unique reflections are R/ = 0.0288,
wR2 = 0.0936. The goodness-of-fit indicator for all data is 1.096. Peaks on the final difference
map, ranging from 4.686 to -2.167 /A3 around Te(1) (0.39 A from Te(1)) and Te(1) (2.01 A from
Te(1)) atoms, are of no chemical significance. The large electron density residuals were greatly

reduced to the current levels for this very heavily absorbed crystal by extensively exploiting the
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parameters for optimization in additional spherical absorption correction plus applying a twin law
in the refinement. The efforts have been made to resolve as many alerts as possible generated by
CheckCIF. The current highest alerts are at level C.

Summary: The compound crystallizes in trigonal, space group P3m1 (No. 164). The asymmetric
unit contains a component in the form of Tio.04167Z10.04167T€0.1667 in @ polymeric structure with all
the atoms residing on symmetries (the site symmetry is: -3m. for Ti(1) and Zr(1); 3m. for Te(1)).
The whole formula in the unit cell is in the form of Tig.s0ZrosoTes. Structure solution, refinement
and the calculation of derived results were performed using the SHELXTL-2018° package of
computer programs. Neutral atom scattering factors were those of Cromer and Waber,* and the
real and imaginary anomalous dispersion corrections were those of Cromer.’

References:
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Intensity
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o(F) =o(I)/(2-F-Lp)
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B = sum of background counts
R = ratio of background counting time
to scan counting time
V = scan rate
Lp = Lorentz-polarization correction
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Cryst. 2008, A64, 112.

4. Cromer, D.T. and Waber, J.T. International Tables for X-ray Crystallography, Vol. IV, Table
2.2B, The Kynoch Press, Birmingham England, 1974.

5. Cromer, D.T. International Tables for X-ray Crystallography,

Vol. IV, Table 2.3.1, The Kynoch Press, Birmingham England, 1974.

Table S4.1 Selected bond length comparison for TiTe», Tio.s0Zros0Te2, and ZrTe,.

TiTe; Tio.s0Zr0.50Te: ZrTe;
Bond Lengths () Bond Lengths (A) Bond Lengths ()
M-Te'; M-Te?
M-Te?; M-Te® 2.7697 2.8205(2) 2.8982
M-Te3; M-Te®

Table S4.2 Selected bond angle comparison for TiTez, Tios0Zro0.50Te2, and ZrTes.

TiTe: Tio.s0Zr0.50Tez ZrTe;
Bond Angles (°) Bond Angles (°) Bond Angles (°)

£Te'-M-Te?
£Te:-M-Te?
£Te'-M-Te?
£Te*-M-Te’ 85.975 85.951(9) 86.082
£Te5-M-Teb
2Te*-M-Teb
£Te'-M-Te? 94.025 94.049(9) 93.918
2Te>-M-Teb
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Table S4.3 Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A2 x

10%) for Tig.s0Zro.s0Te2. Ueqis defined as 1/3 of the trace of the orthogonalized Uij tensor.

Atom X y z Ueq
Te(1) 6667 3333 2345(1) 13(1)
Zr(1) 10000 0 5000 18(1)
Ti(1) 10000 0 5000 9(D)

Table S4.4 Anisotropic displacement parameters (A2 x 10"3) for Tio.50Zro.s0Te2. The anisotropic

displacement factor exponent takes the form: -2 pi*2 [ h"2 a*"2 Ul1 + ... + 2 hk a* b* Ul2].

Atom Ull U22 U33 U23 Ul13 Ul2

Te(1) 14(1) 14(1) 12(1) 0 0 7(1)

7r(1) 17(1) 17(1) 19(2) 0 0 9(1)

Ti(1) 10(1) 10(1) 6(1) 0 0 5(1)
Te! Te? Ted

1 Te? Teb Teb

Figure S4.1 Crystal structure of Tio.s0Zro.soTe> illustrating metal coordination (where M = Ti or

Zr) to Te.
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Figure S4.2 Elemental mapping illustrating homogeneous distribution of Ti, Zr, and Te in (a)-(c)

Ti0.3ozl‘o,7oTez, (d)-(f) Tio_soZI‘o_soTez, (g)-(i) and Tio.g0Zro20Te>.
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Figure S4.3 Composition plots of TixZri«Te as a function of increasing Ti percentage vs (a) a

and (b) c lattice parameters.

Experimental details for the single crystal x-ray diffraction structure determination of
Tio.2sHfo.75Tex:

Data reduction': Of the 127 unique reflections collected, 127 were observed (I > 26([)). The linear
absorption coefficient for Mo Ko radiation is 39.216 mm™. The data were integrated with the
manufacturer's SAINT software and corrected for absorption effects using the Multi-Scan method
(SADABS).

Structure solution and refinement?: Subsequent solution and refinement were performed using the
SHELXTL-2018? solution package. The structure was solved by direct method using SHELXTL-
2018 Software Package. Non-hydrogen atomic scattering factors were taken from the literature
tabulations.* Non-hydrogen atoms were located from successive difference Fourier map
calculations. Based on the SEM/EDS analysis that suggests the formula is Hfo75Tio.2sTe2 in the
unit cell with Z = 1, the Hf and Ti atoms were assumed to share a same position with the ratio of

0.75/0.25 for Hf/Ti with formula of Hfo.06250T10.02083T€0.16667 in an asymmetric unit. The twinning
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feature was detected and detwinning by applying a twin law (0 -1 0 -1 0 0 0 0 -1) dramatically
improved the refinement. In the final cycles of each refinement, all the atoms were refined in
anisotropic displacement parameters with little bit restraints on Hf and Ti atoms. The crystal
system of compound is trigonal, space group P-3m1 (No. 164) and the final residual values based
on 10 variable parameters and 127 observed reflections (/> 2c(/)) are R1 = 0.0466, wR2 = (.1498,
and those for all unique reflections are R/ = 0.0466, wR2 = 0.1498. The goodness-of-fit indicator
for all data is 1.013. Peaks on the final difference map, ranging from 3.793 to -4.191 e/A> around
Te(1) (2.25 A from Te(1)) and Te(1) (1.15 A from Te(1)) atom, are of no chemical significance.
The large electron density residuals were greatly reduced to the current levels for this very heavily
absorbed crystal by extensively exploiting the parameters for optimization in additional spherical
absorption correction plus applying a twin law in the refinement. The efforts have been made to
resolve as many alerts as possible generated by CheckCIF. The current highest alerts are at level
C.
Summary: The compound crystallizes in trigonal, space group P-3m1 (No. 164). The asymmetric
unit contains a component in the form of Hfo.06250T10.02083T€0.16667 in @ polymeric structure with all
the atoms residing on symmetries (the site symmetry is: -3m. for Hf(1) and Ti(1); 3m. for Te(1)).
The whole formula in the unit cell is in the form of Hfy 75Ti0.25Te>. Structure solution, refinement
and the calculation of derived results were performed using the SHELXTL-2018° package of
computer programs. Neutral atom scattering factors were those of Cromer and Waber,* and the
real and imaginary anomalous dispersion corrections were those of Cromer.’
References:
1. Data Reduction:

Intensity

I=[S-B/R]-V
Standard Deviation in Intensity

126



s(I) =[S + B/R?]"2-V
Structure Factor
F= (I/Lp)"?
Standard Deviation in Structure Factor
o(F) =o(I)/(2-F-Lp)
Where: S = total scan count
B = sum of background counts
R = ratio of background counting time
to scan counting time
V = scan rate
Lp = Lorentz-polarization correction

2. Least-Squares Refinement:
Weighting Scheme
w = 1/[ 6%(Fo?) + 0.1401*P)?> + 1.2912*P] where P = [Max(F,*, 0) + 2*F.2]/3;
Residuals
R-factors:
R=Z||Fo|-|Fc||/Z|Fo|;
Weighted R-factor on F 2:
WR2 = [Z[w (F&* - F&)]/ Z[w(Fo*) 11"
Goodness of Fit Indicator:
goodness-of-fit = [Z[w (Fo? - Fc?)?] /(Nobservns-Nparams) ]2

3. (a) Sheldrick, G.M. SHELXTL-2018, Crystallographic Computing System; Bruker Analytical
X-Ray Instruments: Madison, WI, 2018; (b) Sheldrick, G.M. 4 Short History of SHELX, Acta
Cryst. 2008, A64, 112.

4. Cromer, D.T. and Waber, J.T. International Tables for X-ray Crystallography, Vol. IV, Table
2.2B, The Kynoch Press, Birmingham England, 1974.

5. Cromer, D.T. International Tables for X-ray Crystallography,
Vol. IV, Table 2.3.1, The Kynoch Press, Birmingham England, 1974.

Table S4.5 Selected bond length comparison for TiTe», Tio.2sHfo.75Te2, and HfTes.

TiTe; Tio.2sHfo.75Te: HfTe;
Bond Lengths () Bond Lengths (A) Bond Lengths ()
M-Te'; M-Te?
M-Te?; M-Te® 2.7697 2.8472(9) 2.8238
M-Te3; M-Te®
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Table S4.6 Selected bond angle comparison for TiTes, Tio2sHfo 75Te2, and HfTeo.

TiTe: Tio.2sHfo.75Te: HfTe;
Bond Angles (°) Bond Angles (°) Bond Angles (°)

£Te'-M-Te?
£Te:-M-Te?
£Te'-M-Te?
£Te*-M-Te’ 85.975 86.43(3) 88.787
£Te5-M-Teb
£Te*-M-Teb
£Te'-M-Te? 94.025 93.57(3) 91.213
2Te>-M-Teb

Table S4.7 Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (A2 x

10%) for Tig2sHfo.75Tea. Ueqis defined as 1/3 of the trace of the orthogonalized Uij tensor.

Atom X y z Ueq

Hf(1) 0 0 0 14(1)
Te(1) -3333 3333 2637(2) 14(1)
Ti(1) 0 0 0 40(20)

Table S4.8 Anisotropic displacement parameters (A2 x 10"3) for Tio.2sHfo.75Te2. The anisotropic

displacement factor exponent takes the form: -2 pi*2 [ h"2 a*"2 Ul1 + ... + 2 hk a* b* Ul2].

Atom Ull U22 U33 U23 Ul13 Ul12
Hf(1) 13(1) 13(1) 18(2) 0 0 6(1)
Te(1) 13(1) 13(1) 16(1) 0 0 6(1)
Ti(1) 40(20) 40(20) 40(40) 0 0 20(12)
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Te! Te? Te?
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Figure S4.4 Crystal structure of Tio.2sHfo.75Tez illustrating metal coordination (where M = Ti or

Hf) to Te.
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Figure S4.5 Composition plots of TixHfixTe> as a function of increasing Ti percentage vs (a) a

and (b) c lattice parameters.
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Figure S4.6 Elemental mapping illustrating homogeneous distribution of Ti, Hf, and Te in (a)-(c)

Tio.stfojsTez, (d)-(f) Tio_40Hfo_60Tez, (g)-(i) and Tio.gono.onez.
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Table S4.9 TiZri«Se» reaction list with target compositions, synthetic conditions used, and

experimental compositions calculated using atomic percentages and normalizing the Se

percentage.
Target Synthetic Atomic % by EDS Experimental
Composition Conditions Result
Ti Zr Se
Tio.50Zr0.50S€2 900 — 870 °C; 17.1 17.3 65.6 Tio.50Zr0.50S€2
elements
900 — 870 °C;
Polycrystalline
Tio.50Z10.50S€2 TiSez and ZrSe: 18.2 16.0 65.8 Ti0.50Z10.50S€2
ground together
22.8 11.4 65.8 Ti0.70Z10.30S€2
Tio.50Zr0.50S€2 900 — 800 °C; -
elements 19.5 14.7 65.8 Tio.60Z10.40S€2
26.1 7.8 66.1 Tio.80Zr020S€2
. 23.1 11.0 65.9 Ti0.70Z10.30S
Ti0.50Z10.505€2 975 — 875 °C; 107041030562
elements
20.8 13.7 65.6 Tio.60Zr0.40S€2
600 — 500 °C; 11.8 22.8 65.4 Tio.30Zr0.70Se2
Tio.50Zro.50S€> elements ,
23.2 10.8 66.0 Ti0.70Z10.30S€2
900 — 870 °C; 8.8 254 65.8 Tio.25Zr0.755€>
Tio.25Zr0.755€2 elements -
1.0 24.2 74.8 T10.03Z10.97S€3
Tio.75Zro.25S5€> 900 — 870 °C; 25.9 8.0 66.1 Tio.75Zr0.25S€2
elements
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Figure S4.7 SEM imaging of single crystalline: (a) Tio.50Zro.50Se2 using polycrystalline TiSe; and
Z1Se; isolated from 900 — 870 °C; (b) Tio.70Zr0.30Se2 and (c¢) Tio.s0Zro.40Se2 from the attempted
synthesis of Tio.50Zro.50Sez isolated from 900 — 800 °C; (d) Tio.s0Zro.20Se2, (¢) Tio.70Zr030Se2 and

(f) Tio.60Zr0.40Se> from the attempted synthesis of Tio50Zro.50Se2 isolated from 975 — 875 °C; (g)
Ti0.30Zr0.70Se2 and (h) Tio.70Zr030Se2 from the attempted synthesis of Tig50Zr0.50Se2 isolated from

600 — 500 °C; (1) Tio.03Zro.97Ses from the attempted synthesis of Tio.25Zr0.75Se> isolated from 900

— 870 °C.
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Figure S4.8 Elemental mapping illustrating homogeneous distribution of Ti, Zr, and Se in (a)-(c)

Tio.25Z10.755€2, (d)-(f) Tio.50Zr0.50Se2, (g)-(1) and Tio.75Zr0.255¢€>.
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Figure S4.9 PXRD patterns of polycrystalline TiSez and ZrSe:.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

Conclusions and Future Work

Low-dimensional layered materials have attracted a significant amount of interest from
researchers due to their unique properties and promising applications.! At the forefront of these
materials are the transition metal chalcogenides, which include both the transition metal di- and
trichalcogenides. Thus far, a significant amount of research has been spent on the synthesis,
tunability, characterization, and property investigation of these materials particularly.?* The work
described in this dissertation aims to further expand previous work with these materials with an
emphasis on group IV transition metal chalcogenides.

In Chapter II, we specifically looked at isolating both polycrystalline and single crystalline
HfTes. The work described in this chapter was driven by the exceptional properties reported for
ZrTes including recent reports of its exceptionally high current density (~100 MA/cm?).43
Furthermore, we were interested in resolving previous contradictions in the literature and
providing reproducible synthetic pathways.®’ In our work we determined polycrystalline HfTe3
could be isolated at 550 °C under solid state conditions. We also found that choice in Hf precursor
and cooling route could affect the final phase. To isolate single crystalline HfTes, we determined
530 °C under chemical vapor transport (CVT) conditions was the most ideal temperature, and that
slight deviations in temperature could favor neighboring phases (HfTez and HfTes). Furthermore,

we found it was necessary to use polycrystalline HfTe; that was ball milled under Ar atmosphere
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for 1 h as a precursor, versus elemental precursors which favored neighboring phases. We also
discovered morphology tunability of single crystal HfTe; when using different transport agents.
This work further expanded synthetic routes in isolating HfTe3, and also focused on methods in
which neighboring phases and oxidation could be minimized. Indeed, throughout all of our
synthetic experiments, we found that HfTe> and Hf Tes were significantly more thermodynamically
stable than HfTes, indicating the careful precision needed when implementing experimental work.
Furthermore, we found oxidation was a significant issue, and that precautionary measures such as
carbon coated ampules, glovebox use, etc. were necessary when performing experiments.

In Chapter III, we focused on novel solid solutions of single crystalline HfxZrixTes (x =
0.20, 0.40, 0.80) under CVT conditions by using the favored synthetic conditions of HfTe; and
ZrTe;. We found that each of the three different solid solutions we isolated were favored under
different synthetic conditions, especially in terms of temperature (from 750-530 °C) and starting
materials. Not surprisingly, we found as we increased Hf percentage that our synthetic conditions
had to resemble the favored conditions of single crystalline HfTe; that we discussed in Chapter II.
Furthermore, like HfTes, our syntheses had to be carefully tailored to avoid both neighboring
phases and oxidation. We also briefly examined solid solutions of TixZri.xTes and TixHfixTes, but
we found Ti incorporation was minimal or absent in the products.

Finally, in Chapter IV, we shifted our focus to group IV transition metal dichalcogenide
solid solutions including TixZri«Te> (x = 0.30, 0.50, 0.80), TixHf1-xTe2 (x = 0.25, 0.40, 0.80), and
TixZrixSez (x = 0.25, 0.50, 0.75) using CVT conditions. For TixZrixTe, and TixHfi.«<Te> solid
solutions, we leveraged the favored synthetic conditions of TiTe,, ZrTe>, and HfTe, from
temperatures ranging 875-825 °C. For TixZrixSe: solid solutions, we found that all of the resulting

phases were favored under a tight temperature gradient from 900-870 °C. Under different
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temperatures and temperature gradients, we found that there was either inadequate crystal growth
or significant deviations in phase isolation.

The worked described here in this dissertation provides significant synthetic routes and
characterization for a number of group IV transition metal chalcogenide materials. In Chapter II
we provided insights into the isolation of HfTe;. A significant amount of work has been reported
for ZrTes, HfTes, and HfTes thus far in the literature, especially compared to HfTes. Undoubtedly,
the lack of reports is due to the difficulty in isolating this material which we hope this chapter has
addressed. Potential properties of HfTes include its current density and plasmonic properties. As
already mentioned, ZrTes has an exceptionally high current density, which may indicate that Hf Te3
has comparable properties especially considering their isostructural relationship. Furthermore, we
have recently began using scanning transmission electron microscopy (STEM) coupled with
electron energy loss spectroscopy (EELS) to find localized surface plasmon resonance (LSPR)
modes in HfTes. This approach has been well reported in the literature, and our preliminary results
are very promising.’

For our work with the HfxZr; «\Tes solid solutions, there are a considerable number of
directions that property investigations can go. In addition, many researchers have also studied the
tunability of charge density wave (CDW) transitions and superconductivity by tuning ZrTes using
techniques such as transition metal intercalation, chalcogen doping, pressure application, and

%-10.1L12.13.14 Given these reports, there is promise in seeing how these properties change

alloying.
as a function of metal alloying. We also briefly examined isolation of TixZri.xTes and TixHf1.xTes
solid solutions. While the synthesis of these solid solutions are very promising, more work is

needed in isolating these materials. Even though the synthetic conditions of ZrTe; and HfTes are

now well described, the isolation of bulk TiTe; has yet to be reported which we hypothesize is
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contributing to synthetic challenges. Indeed, there is currently only one report thus far of TiTes
being synthesized in the few chain limit in multiwalled carbon nanotubes.!>

We have also isolated a number of transition metal dichalcogenide solid solutions including
TixZr1xTea, TixHf1xTe2, and TixZrixSez that may have promising properties. TixZri-xSez solid
solutions may be especially promising as there was a recent report by Mahapatra and coworkers
in which their theoretical studies found that the solid solution Tio.50Zr050Se2 may exhibit CDW
transitions.!® While we were able to isolate three different compositions reliably, crystal growth
for the Tip.25Zro.75Se2 was minimal, especially compared to Tio.s0Zros0Se2 and Tio.75Zr0.255€>.
Future synthetic work with this particular composition is necessary.

The synthesis, characterization, and property investigation of transition metal chalcogenide
materials has garnered a significant amount of interest in the materials science field. As
demonstrated in this dissertation, the directions in which these materials can be isolated is vast,

and with these innovations comes rich opportunities for potential new properties and applications.
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