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Abstract

Two-dimensional (2D) transition metal dichalcogenides (TMDs) have been widely explored due
to their exotic quantum behaviors that include a nontrivial band topology, extreme
magnetoresistance (XMR), pressure-induced superconductivity, charge density waves and Mott
physics. In the last decade or so, TMDs MoTez and WTe; have garnered attention because their
non-centrosymmetric orthorhombic phase is host to Weyl fermions. Bulk MoTez and WTe; consist
of van der Waals bound layers stacked along the c-axis following an A/B-type of stacking sequence,
where their electronic band structures can be tuned through layer stacking order. Bulk MoTe;
exhibits a structural phase transition at around 260 K from the high temperature monoclinic 1T’
phase to the orthorhombic Tq phase upon cooling. On the other hand, in WTe, the orthorhombic
phase is presumed to be the stable phase at all temperatures. The transition from 1T’ to Tq breaks
inversion symmetry and allows the Weyl quasiparticles to emerge. The Tg-1T’ transition is
accompanied by substantial stacking disorder, the effects of which are not well understood. To this
end, the structural properties of MoTe2 and WTe: and their solid solutions play a critical role in
determining the topological properties of this system. A study of the structural mechanism leading

to the nontrivial topology will provide insights into the nature of the Weyl electronic structure.

The structural phase diagram of Mo1xWxTe> has been explored. The Tg-1T’ structural phase
transition and associated stacking disorder across the phase boundary were investigated using
elastic neutron scattering and X-ray diffraction (XRD). In MoTey, a cell doubling structure Tq*,
present between Tq and 1T’, was observed. The Tq* phase appears only on warming from Tg,
whereas on cooling from 1T, broad diffuse scattering was observed across the structural phase
transition instead. The Tg* structure consists of four layers in the unit cell and is constructed by an
‘AABB?’ layer stacking sequence rather than the ‘AA’ and ‘AB’ sequences of the T¢and 1T’ phases,
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respectively. Compared with Tg, the Tq* phase has additional Bragg peaks at half integer L, which
appears to be orthorhombic. However, structural refinements showed that Tq* is centrosymmetric

with the same space group as the monoclinic 1T phase.

The composition dependence of the T¢-1T’ transition in Mo1xWxTe> was additionally investigated.
The Tq* phase observed in MoTe> appears only on warming from Tg4 in Mo1xWxTez in low W-

substitution (x < 0.21). Increasing the W fraction to x = 0.34 and beyond leads to phase

coexistence of Tq and 1T’ across the transition and the vanishing of the Tq* phase. With W-
substitution the structural phase transition temperature increases from 260 K in x = 0, to near 500

K by x = 0.54.

The pressure dependence of the T¢-1T’ transition was also investigated. In a Moo.gWo.2Tez single
crystal, the Tq* phase appears only on warming from T4 at pressures lower than 0.88 GPa and
disappears by 1.20 GPa. Hydrostatic pressure suppresses the Tq-1T’ transition, and only the 1T’
phase remains at 1.40 GPa and beyond. The structural transition temperature range remains

roughly constant with increased W-substitution but broadens with pressure.

In WTe, the monoclinic 1T’ phase has not been observed from previous studies. It was assumed
that the system enters into the T4 phase on cooling from the melt. However, in this work, a sharp
Tg-1T’ transition at ambient pressure was observed in a WTe> single crystal near 565 K that
proceeded without hysteresis. In WTe, powder, however, the thermal transition from the Tq to the
1T’ phase is much broader, and a two-phase coexistence was observed until 700 K. No Tq* phase
is present in WTe,. The observation of the Tq* phase in MoTe; and the 1T’ phase in WTe, at
ambient pressure explains the inversion symmetry breaking mechanism from 1T’ to Tq in Mo1-

xWxTe2 .
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Chapter 1

Introduction

Since the discovery of graphene in 2004 [1], two-dimensional (2D) materials with van der Waals
bound layers have attracted considerable attention because of their unique electronic and optical
properties. In 2D materials, electrons are free to move in the two-dimensional plane, but are
restricted in the third direction, making possible further miniaturization of current electronic
devices, such as electronic chips and solid-state storage devices [2, 3]. Research on 2D materials
has exploded over the last two decades, where graphene is probably the best known. In 2004,
Novoselov and Geim used scotch tapes to produce stable monocrystalline graphitic films and
showed that graphene is a good electronic and thermal conductor even at the one-atom thickness
[1, 4-6]. Single-layer graphene forms an infinite sheet of hexagons (Fig. 1.1 (a)) and the
corresponding electronic band structure is shown in Fig. 1.1 (b). At the crossings of the valance
and conduction bands, Dirac nodes are formed. The linear dispersion at the K point gives rise to
an anomalous room temperature quantum Hall effect [7]. In 2018, unconventional
superconductivity in twisted bilayer graphene was reported, where under a small twist through an

angle of 1.1°, superconductivity appears with a critical temperature of 1.7 K [8].

Graphene has important limitations, one of which is the lack of an electronic band gap. This has
restricted the applications in the fields of nanoelectronics, nanophotonics, nanoscale sensing and
actuation, that require a narrow band gap with semiconducting characteristics. Thus, the search for
other 2D materials with semiconducting features has exploded in the last decade or so. A well-
known class of materials with properties dominated by their 2D structural units is layered transition

metal dichalcogenides that exhibit fascinating properties such as charge density waves and
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superconductivity [9, 10]. Layered transition metal dichalcogenides provide a promising

alternative to graphene due to the presence of an electronic band gap [11].

Fig. 1.1 (a) Hexagonal honeycomb lattice of graphene with two atoms (A and B) per unit cell. (b)

The 3D electronic band structure of graphene. The figure is from Ref. [12].

1.1 2D transition metal dichalcogenides

2D transition metal dichalcogenides (TMDs) are a class of layered materials with strong in-plane
bonding and weak out-of-plane van der Waals interactions, and like graphene, can be exfoliated
into single layers with unit cell thickness [13]. Layered TMDs share a very simple chemical
formula, MXz, where the metal atoms M are mainly from group 4 through 7 in the periodic table

and the chalcogen atoms X include sulfur (S), selenium (Se) or tellurium (Te) [14].

One advantage of 2D TMDs over graphene is the existence of electronic band gaps in both
monolayer and bulk compounds [15, 16]. Thus, many 2D TMDs are semiconducting and can be
engineered into ultra-small transistors that are more efficient than state-of-the-art silicon-based
transistors [17]. Moreover, the electronic properties of 2D TMDs can be further tuned through

changes of their chemical compositions. For example, monolayer dichalcogenides such as MoS;
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(1.8 eV), MoSe; (1.5 eV), 2H-MoTe, (1.1 eV), WS; (2.1 eV) and WSe; (1.7 eV) have a direct
band gap of various sizes, whereas their bulk phases exhibit indirect gaps with smaller energies

[18].

Layered TMDs usually crystallize in several structural polytypes resulting in different
coordinations of the transition metal atoms. The transition metal atoms are surrounded by the
chalcogen atoms in either a trigonal or an octahedral local environment [19]. The trigonal
environment gives rise to the 2H phase, while the octahedral environment gives rise to the 1T
phase [11]. Another common phase is the 1T that arises because of a distortion of the 1T phase
that lowers the overall periodicity [20]. The atomic structures for the 2H, 1T and 1T’ phases are

shown in Fig. 1.2.

Fig. 1.2 Structures of a single-layer TMD in the trigonal (2H), octahedral (1T) and distorted
octahedral (1T’) phases. The figure is from Ref. [21].

The structure of layered TMDs can be further defined by the stacking configuration of the

individual layers [11]. If single layers of TMDs are stacked directly on top of each other, the Tq
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bulk structure is formed. If there is a displacement between adjacent layers along the a-axis, the

1T’ bulk structure is formed [11].

1.2 Properties of MoTez and WTez

A class of widely studied layered TMDs are compounds that contain Mo or W, which have great
potential for applications. It was reported that MoS> and MoSe> exhibit indirect-to-direct gap
transition when the thickness is reduced to a single monolayer, which opens up opportunities for
optoelectronic applications of the materials [22]. MoS; nanoparticles are an advanced catalyst for
the hydrogen evolution reaction [23]. MoTe2 and WTe; are two other well-known representatives.
MoTe, and WTe> have received considerable attention recently because of their fascinating
electronic properties arising from nontrivial band structure topologies [24-27], the emergence of

superconductivity [28] and extreme magnetoresistance [29, 30].

1.2.1 Topological Weyl semimetal

Topological insulators (T1) and topological semimetals (TSM) are new classes of quantum
materials characterized by metallic surface states induced by the topology of the bulk band
structure. Topological Dirac or Weyl semimetals show linear dispersions in their electronic band
structures. At energies near the Fermi level, the valence band and conduction band linearly
intersect at a single point called Dirac or Weyl point [31]. There are two types of Weyl semimetals:
type-1 and type-11. Type-1 Weyl semimetals have point-like Fermi surfaces, whereas type-11 Weyl
semimetals have Weyl points that appear at the contact points between electron and hole pockets

[32]. The two types of dispersions are shown in Fig. 1.3.
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Fig. 1.3 Conventional type-l Weyl point with point like Fermi surface (left) vs. type-1l Weyl point,

which is the contact point between electron and hole pockets (right). The figure is from Ref. [33].

To realize a Weyl semimetal phase, either the inversion symmetry or time reversal symmetry of
the crystal need to be broken [34]. If time reversal symmetry is preserved (usually for non-
magnetic materials without applying an external magnetic field), then inversion symmetry must
be broken. The Weyl fermions can thus emerge in the electronic band structure if the quasiparticles
at the band crossing point are topologically protected against symmetry preserving perturbations.
MoTe; has three crystal structures which are 2H, Tq and 1T, while only the T4 structure has been
reported for WTe,. Both MoTe2 and WTe> are known as type-I11 Weyl semimetals in the T4 phase
[25, 27]. In fact, WTe> was the first theoretically predicted candidate for type-11 Weyl semimetal

[32].

A typical characteristic of Weyl semimetals is the existence of surface Fermi arcs. It is because
Weyl nodes come in pairs, and bulk Fermi surface (an energy contour crossing the Weyl points)
exhibits an unclosed line that starts from one Weyl point and ends at the other with opposite
chirality, creating Fermi arcs [31]. Fermi arcs are the surface manifestation of the topological

nature of Weyl semimetals, which can be experimentally observed using surface probing
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techniques such as angle-resolved photoemission spectroscopy (ARPES). Shown in Fig. 1.4 (e-h)
are ARPES intensity maps measured on MoTe; at energies from the Fermi level, Ef, to -0.06 ¢V.
The red arrows point to the topological surface states where Fermi arcs can be clearly seen [25].
Through ARPES measurements, the Weyl semimetal nature is evident in bulk MoTez [25], WTez

[35] and recently in Moo.4sWossTe2 [36] from the observation of topological Fermi arcs.
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Fig. 1.4 Observation of topological Fermi arcs in the T4 phase of MoTe; (data in panels e-h) The

figure is from Ref. [25].

1.2.2 Extreme magnetoresistance

In addition to the nontrivial topological band structures, MoTe; and WTe, have other fascinating
properties. For example, in WTe», a non-saturating XMR was observed, which is very uncommon
for nonmagnetic materials. Shown in Fig. 1.5 is the electrical resistivity as a function of

temperature for WTe; under different magnetic fields that shows that the XMR effect in WTez can
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be turned on at low temperatures with an external magnetic field. The XMR in WTe; reaches
2,500,000% at 45 T and 4.5 K and does not saturate [29]. Such XMR in WTe; has been explained
by the nearly perfect balanced electron-hole populations in the Ty-phase [37]. Therefore, WTe>
has the potential for low-temperature applications in 2D magnetic sensors or computing-related

devices. MoTe; also has a very large magnetoresistance (MR), reaching up to 32,000% at 9 T [38].
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Fig. 1.5 Temperature and magnetic field dependence of the XMR in WTe;, when the current is
applied along the b-axis (W-chain direction) and magnetic field is parallel to c-axis (perpendicular

to the layers). The figure is from Ref. [29].

1.2.3 Superconductivity

Another interesting property for MoTe> is superconductivity. At ambient pressure, bulk MoTe;
exhibits superconductivity with a critical temperature T 0of 0.1 K. By applying pressure, the critical
temperature can be increased [28]. Shown in Fig. 1.6 is the electrical resistivity of MoTe; as a

function of temperature under pressure from 0.7 to 11.7 GPa in (a), and from 11.7 to 34.9 GPa in
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(b). Drops in electrical resistivity and zero-resistance behavior are apparent. T¢ first increases with
increasing pressure and reaches a maximum superconducting transition temperature corresponding
to Tc = 8.2K at 11.7 GPa. By further increasing the pressure, however, the zero-resistance-point

Te is gradually suppressed [28].
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Fig. 1.6 Electrical resistivity of MoTe; as a function of temperature and pressure, showing clear

superconductivity. The figure is from Ref. [28].

1.3 Structures of MoTe2 and WTe2

MoTe: crystallizes in three crystal structures, which are Tq, 1T” and 2H [39]. In the bulk form,
while the Tq and 1T’ phases are semimetals, the 2H phase of MoTe> is a semiconductor with an
indirect band gap of ~0.85 eV [40]. In the few-layered form, the 1T’ phase exhibits a band gap
opening of up to 60 meV [41], and the 2H phase shows a direct band gap, the size of which is
inversely proportional to the number of layers [42]. In bulk MoTey, there is a structural phase
transition at ~260 K from the high-temperature 1T’ phase to the low-temperature Tq phase [43]. In

bulk WTe,, only the Tq phase has been reported under ambient pressure [44, 45]. The T4 phase of
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WTe,, however, can be converted into 1T’ by applying an external pressure from 4.0 to 18.2 GPa

[46, 47].

1.4 Outline of the thesis

The research described in the thesis mainly consists of neutron scattering and X-ray diffraction
measurements exploring the structural phase transitions in the Weyl semimetal Mo1xWxTez. The
objective was to provide an experimental basis for the understanding of inversion symmetry
breaking mechanism across the 1T’-Tq transition in this material, which is a prerequisite for the
emergence of Weyl fermions. The composition and pressure dependence of the structure phase
diagram of Mo1xWxTe> was also investigated, as both factors are known to influence the sliding

layer transitions, thus the electronic band structures of Mo1xWxTex.

The following chapters of the thesis are organized as follows. Chapter 2 will focus on the
discussion of the structures of Mo1.xXWxTez. The Tqand 1T’ phases of bulk MoTez will be discussed
and compared in detail, and two structural parameters will be defined. The Tq-1T” structural phase
transition in bulk MoTe and the associated stacking disorder will also be discussed, with questions

raised that require further investigation.

Chapter 3 will provide an overview of the experimental techniques in detail. An overview of the
theoretical background of scattering will be provided. Current neutron sources in the US and two
types of neutron scattering spectrometers, triple-axis neutron spectrometer and time-of-flight
neutron spectrometer will also be introduced. In chapter 4, the experimental methods used for
sample preparation will be discussed, that include solid-state reaction method used to prepare
powders of Mo1xWxTez, and self-flux growth method used in the preparation of single crystals of

Mo1.xWxTe2. Sample characterization, data collection and analysis methods are also described.
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Experimental work on the Tg¢-1T” transition in Mo1.xWxTe2 will be presented in chapters 5 through
8. Chapter 5 focuses on the T4-1T’ transition in MoTe,. Results from elastic neutron scattering
measurements on two MoTe; single crystals will be discussed. Direct evidence of the presence of
a novel structure, Tq*, across the Tq-1T” phase boundary will be provided. Discussion on the
stacking sequence and the crystal structure of this centrosymmetric, pseudo-orthorhombic Tq*
phase will be included as well. In addition, the stacking disorders associated with the structural

changes between Tg, Tq* and 1T’ will be described.

In chapter 6, the compositional dependence of the Tg-1T’ transition in Mo1xWxTez2 will be
investigated. Single crystals of MoTe, were chemically doped with various levels of W, and the
evolution of the T4-1T" transition as a function of W-fraction, not only in terms of the overall
transition temperature, but also the transition behavior that involves changes in the Tq* phase and
diffuse scattering, will be discussed based on results from elastic neutron scattering measurements.
A phase diagram of Mo1.x\WxTe> as a function of temperature and W-substitution will be presented,
and discussions on the change in the lattice constants and the layer sliding parameter & are also

provided.

In chapter 7, the crystal structure of WTe> at ambient pressure at various temperatures will be
explored, and evidence will be presented for a Tq-1T” transition. Evidence of the transition from
both single crystal neutron scattering and powder XRD measurements will be described. A

comparison of the transition behavior between WTe; and MoTe2 will be provided.

In chapter 8, the effects of hydrostatic pressure on the Tg-1T transition in MoogWo.2Tez will be
studied. The suppression of the Tq phase with increasing pressure will be discussed. A pressure-

temperature phase diagram for Moo.gsWo.2Te> that follows the Tq* phase will be established.
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In chapter 9, a qualitative model that describe the T4-1T" transition in Mo1xWxTe as a function
of W-substitution will be provided, together with a phase diagram for the Mo1.xWxTe, system.
Conclusions on the Tg-1T" transition in Mo1xWxTe2 will be presented in chapter 10. Connections
are made between the experimental work in the thesis and current theories on MoTe, and WTea.
Some possible future directions for further studies on the structural properties of Mo1xWxTez will

be given.
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Chapter 2

Background

2.1 Introduction

Bulk MoTe: consists of layers of Mo octahedrally (Tq and 1T’ phases) or trigonally (2H phase)
coordinated with Te stacked along the c-axis, where the layers are held together by weak van der
Waals forces. The stable phase for bulk MoTe, at room temperature is 2H. But if the melt is
quenched, then the 1T’ phase is reached. MoTe> undergoes a structural phase transition at around
260 K from the monoclinic 1T’ phase to the orthorhombic T4 phase on cooling. The transition
from 1T to Tq breaks inversion symmetry and allows the Weyl quasiparticles to emerge. The Tq

phase of MoTe: is reported to be type-11 Weyl semimetals [25].

WTe: is isostructural to MoTe», with Mo atoms replaced by W. In contrast to MoTez, only the Tqg
phase has been reported for bulk WTe> under ambient pressure [44, 45]. WTe, hosts Weyl
fermions in the electronic band structure and exhibits XMR [29, 35]. In WTe, there are zigzag W-
chains running along the b-axis, and the XMR can reach to 2,500,000% at 45 T and 4.5 K but is
only achieved when the current is applied along the b-axis and magnetic field is parallel to c-axis
[29]. The anisotropic behavior of XMR in WTe> has been explained by the nearly perfect balanced
electron-hole populations along the b-axis in the Tq-phase, suggesting the XMR in WTe is closely

related to the crystal structure.

The difference between the Tq and 1T’ structures of MoTez can be described by a shift of layers
along the a-axis in the 1T’ phase relative to Tq. Therefore, the Tg-1T" transition in MoTez is a type
of sliding layer transitions, in which the layers shift from one stacking to another as a function of
temperature. During the Tg¢-1T’ transition there is substantial stacking disorder. Overall, though,
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the nature of the transition itself has not been closely studied, despite the apparent simplicity of

the change in structure and the opportunity to investigate the role of disorder in the transition.

In this chapter, the Tq and 1T’ structures of bulk MoTe, will be discussed in detail. Two parameters
are defined to describe the stacking sequences along the c-axis for Tq and 1T’: an A/B-type of
stacking operation that describes how the neighboring layers are relatively positioned, and a 6
parameter that characterizes the magnitude of layer displacements along the a-axis. Earlier neutron
diffraction measurements on a single crystal of MoTe. will also be presented, that show diffuse
scattering upon cooling across the Tq4-1T’ phase boundary, suggesting the necessity of further

investigation.

2.2 Layer stacking for Tq- and 1T’-MoTez

The orthorhombic Tq phase of MoTez is non-centrosymmetric with a space group of Pnm2y,
whereas the monoclinic 1T’ phase of MoTez is centrosymmetric with a space group of P21/m [24,
25]. The Tq and 1T’ phases have similar structures; they both consist of a two-layer unit cell and
differ mainly by an in-plane displacement along the a-axis. Both Tq and 1T’ phases have nearly
identical, centrosymmetric layers stacked along the c-axis according to an A- or B-type of
operations, as shown in Fig. 2.1. The A operation basically maps one layer of T4 to the layer below
it, so Tq can be built from repeating “AA” sequences. The B operation is the same as for A but
followed by a translation of the layer along the a-direction, the magnitude of which is defined as €
as shown in Fig. 2.1. For MoTey, € = £0.15 lattice units. The 1T’ phase of MoTe; has a stacking
sequence of “ABAB...”. Equivalently, these two types of stacking orders can also be represented

by centering the small squares in Fig. 2.1 at the inversion symmetry center of each layer, denoted
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by the black dots. For the 1T’ phase, the inversion symmetry center of the second layer is also the
inversion symmetry point of the monoclinic unit cell. For MoTe,, the Tq4-1T’ structural phase

transition is first-order in nature [43].

warming
Td - 1T

cooling

Fig. 2.1 Crystal structures of the Tq and 1T’ phases of MoTe; in the a-c plane, showing stacks of
layers along the c-axis. For each phase, two equivalent representations are used to demonstrate
the A/B-type of stacking sequences. The solid black squares represent cells that make up a single
MoTe; layer, the dashed blue boxes denote the unit cell for T¢/1T’, € represents the magnitude
of interlayer shift for B-type of stacking in fractional unit, and the black dots show the inversion

symmetry centers of each layer.

2.3 Layer displacement parameter o

Shown in Fig. 2.2 is a schematic representation of the stacking sequence ‘AAAA’ for the Tq and
‘ABAB’ for the 1T’ phases. By using the squares centered at the inversion symmetry center of

each layer, the amount of displacement along a-axis between all pairs of neighboring layers,
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regardless of A-or B-type stacking, is essentially the same, because the A and B stacking
operations are ideally symmetry-equivalent. A becomes B on inversion, as shown on the right of
the figure. Therefore, an in-plane displacement parameter 8, which is defined as the distance along
the a-axis between the inversion symmetry centers of neighboring layers, can be used to
characterize the layer displacement. Therefore, the structures of MoTe, are specified by two
parameters: the A/B stacking sequence and 6. For the monoclinic 1T’ phase, the ‘ABAB’ stacking

is tilted with an angle B, as shown in Fig. 2.2.
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Fig. 2.2 Stacking orders for the Tq and 1T’ phases using the inversion-symmetry-point-centered
cells. Dashed-line boxes denote unit cell. It is shown that A- and B-type of layer stacking are

symmetry equivalent.

2.4 Ta-1T’ structural phase transition in MoTe2

When MoTe: is cooled below ~260 K, the layers slide from the stacking arrangement of the
monoclinic 1T phase toward that of the orthorhombic Tq4 phase [24, 25, 43]. The Tg-1T transition

in MoTez has been studied from transport measurements. Shown in Fig. 2.3 is the electrical
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resistivity of 1T°-MoTe; as a function of temperature. Upon cooling from room temperature, an

anomaly in resistivity is observed at around 250 K, indicating the onset to Tq [48].
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Fig. 2.3 Temperature dependence of the electrical resistivity of 1T'-MoTez. The figure is from Ref.

[48].

Such sliding layer transition is often seen in 2D materials, and it can be thought of as a distinct
kind of structural phase transition mechanism, in which the layers shift from one stacking to
another as a function of temperature or other external parameters, such as pressure, electric field,
or thickness of the sample [49]. For instance, the Tq4-1T” transition in MoTe can be tuned by strain,
electric field and chemical substitution. It is reported that pressure decreases the Tq4-1T” transition
temperature in bulk MoTe> [50]. By applying an external electric field or strain, the stable 2H-
phase can transform into the metastable 1T’ phase in monolayer or thin films of MoTe> at room
temperature [51, 52]. With Se substitution, a structural phase transition from T4 to 1T’ to 2H can

be realized in MoTe2-xSex thin films [53].
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W-substitution is another tuning parameter for MoTe,. Given W has a larger atomic size compared
to Mo, doping MoTez with W in the form of Mo1xWxTe: is equivalent to applying a negative
chemical pressure to the lattice, which increases the atomic distances. Varying x in Mo1xWxTez
can shift the compound’s Fermi level, thus having a great effect on physical and structural
properties. W-substitution also affects the Tq-1T” sliding layer transition in MoTey. It is reported
that increasing the W fraction in Mo1xWxTe> increases the Tq-1T transition temperature [54]. A
phase diagram of the Moi1xWxTe2 system as functions of temperature and W-fraction was

established, as shown in Fig. 2.4 [39].

MoMWxTe2

Fig. 2.4 Phase diagram of Mo1xWxTe; system as functions of composition x and temperature. The

B phase in the figure is the 1T’ phase. The figure is from Ref. [39].

However, the phase diagram of Mo1xWxTe2 in Fig. 2.4 is not complete, as the W-substitution
dependence of the structures of Mo1xWxTe2 has only been investigated up to x = 0.5. For the

region that is labeled ‘mixed’, the structures have not been measured directly. At the range from
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x=0.5to 0.7, the phase of Mo1.xW(xTe> is described as a mixing phase of 1T’ and Tq, given 1T’
exists from x =0.1 to 0.5 at room temperature, and Tq lies in a composition x ranging from 0.7 to
1, without temperature-dependent phase transitions being reported [39]. The increase in the Tg-1T’
transition temperature with W-substitution suggests the possibility of an ambient-pressure

transition at high temperatures in WTe; that require further investigation.

Some other materials with reversible temperature-induced sliding layer transitions include CrXs
(X=Cl, Br, I) [55] and a-RuCls [56], of interest for their magnetic properties; Bisls [57], of interest
as a weak topological insulator in the  phase. In fact, many layered materials have structure-
property relationships that depend on their layer stacking. For example, a twist in bilayer graphene
can result in superconductivity [8]. MoTe. can be a prototype for understanding how stacking
variations in layered materials can lead to exotic states of matter and have an effect on the

topological properties.

2.5 Stacking disorder across the T4-1T” transition

Though the Tg-1T" structural phase transition in MoTez mainly involves layer shifts along the a-
axis, the transition behavior is more complex than usually thought as stacking disorders are known
to occur. Previous neutron diffraction measurements on MoTe, showed the presence of substantial
diffuse scattering upon cooling across the phase boundary [58]. Shown in Fig. 2.5 is the neutron
scattering intensity in the HOL and OKL planes measured on a MoTe: single crystal across Tq-1T°
phase boundary. The diffuse scattering is only observed in the HOL plane but not OKL plane, which
indicates a disordered stacking pattern along the c-axis in the ac-plane [58]. A better understanding

of the stacking disorder in the phase transition is needed.
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Fig. 2.5 Neutron scattering intensity measured on a MoTe; single crystal in the HOL and OKL planes.
Diffuse scattering streaks appear along L in the HOL plane only, upon cooling from 295 to 240 K.
The figure is from Ref. [58].
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Chapter 3

Neutron / X-ray scattering

3.1 Introduction

Neutrons and X-rays are widely used in scattering experiments to investigate microscopic details
of the static structures and dynamics. Neutron or X-ray scattering involves creating a beam of
neutrons or X-ray photons, passing that beam through a sample, and detecting where and when
neutrons or X-ray photons scattered from the sample hit a detector. From the changes in energy
(E) and momentum (Q) of neutrons or X-ray photons, the crystal structure of the material can be
determined. The principles underlying the scattering process are the same regardless of the particle
(neutron or X-ray) used to probe the periodic structure of materials. In this chapter, an introduction
on both neutron scattering and XRD techniques will be provided. Neutron sources and two types
of neutron spectrometers, which are triple-axis spectrometer and time-of-flight spectrometer, will

be discussed.
3.2 Neutron scattering

The neutron was first discovered by James Chadwick in 1932 [59]. Neutron scattering technique
has been developed into a powerful probe that is now widely used in condensed matter physics to
study both the static crystal structures and the dynamic properties, such as phonon and spin wave,
of different materials [60]. The 1994 Nobel Prize in Physics was awarded for pioneering
contributions to the development of neutron scattering techniques for studies of condensed matter
jointly with one half to Bertram N. Brockhouse for the development of neutron spectroscopy and

with one half to Clifford G. Shull for the development of the neutron diffraction technique [61].
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3.2.1 Neutron properties

The basic properties of neutron make it an ideal probe with which to study condensed matter [62].
First, neutrons carry zero charge. They can bypass the Coulomb barrier of the electron cloud,
penetrate deeply into the sample and scatter off the nuclei. Second, the de Broglie wavelength of
thermal neutrons (5-100 meV) are comparable to the interatomic distance (on the order of 10-2° m)
of solids. The interference effect allows thermal neutrons to detect the microscopic structure of the
scattering system. Third, neutrons have magnetic moments (1.913 nuclear magnetons, py), and
they also interact with the unpaired electrons of the magnetic atoms, yielding information on the
magnetic structure. In addition, the energy of thermal neutron is of the same order as that of many
excitations in solids. Using inelastic neutron scattering (where neutrons gain or lose energy during

the scattering process), the excitation energy can be precisely determined [63, 64].
3.2.2 Neutron sources

There are two methods to produce the neutron beams used in a scattering experiment, either
through nuclear fission in a reactor (a continuous source) or through spallation when accelerated
protons strike a heavy metal target (a pulsed source). The High Flux Isotope Reactor (HFIR) at the
Oak Ridge National Laboratory (ORNL) [65] and the research reactor at NIST Center for Neutron
Research (NCNR) [66] are both reactor-based neutron sources, while the Spallation Neutron

Source (SNS) at ORNL is based on spallation [67].
3.2.3 Triple-axis neutron spectrometer

At a neutron facility, specialized instruments with different Q and E coverages are built to carry
out a wide variety of experiments. The two most commonly used neutron scattering spectrometers

are triple-axis spectrometer [68] and time-of-flight spectrometer [69], which differ by how energy
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transfer is measured. Data shown in the thesis was mostly collected on triple-axis neutron
spectrometers, that include HB1, CG4C, HB1A at HFIR, and SPINS at NIST center for neutron
research. Elastic neutron scattering measurements were also performed on time-of-flight

spectrometers, such as CORELLI and NOMAD at the SNS.

Detector

-7 Analyzer crystal
Sample (3rd axis)
(2nd axis)

Source  Jho..

Collimators
-k
e Monochromator crystal

(1st axis)

Fig. 3.1 A schematic layout of a triple-axis neutron spectrometer. The figure is from Ref. [70].

A schematic layout of a triple-axis neutron spectrometer is shown in Fig. 3.1. White neutron beams
generated from the reactor first pass through a single crystal monochromator that selects neutrons
with a specific wavelength (energy). The beam is then directed onto the sample. The neutrons
scattered off the sample are Bragg reflected from the single crystal analyzer to determine the final
energy. The analyzer also uses Bragg scattering to select outgoing neutron energies. Lastly,
neutrons reflected by the analyzer are detected by the neutron detector [70]. For measurements on
triple-axis neutron spectrometers, the scattered intensity is obtained for one location in the space
of momentum and energy transfer at a time. Triple-axis neutron spectrometer allows for the

variations of three dimensions by being able to rotate a sample (typically a single crystal), the
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monochromator, and the detector independently, which enables the study of intermediate-energy

excitations, phase transitions and structures of the material [68].
3.2.4 Time-of-flight neutron spectrometer

For neutron scattering experiments performed on a time-of-flight spectrometer, pulsed neutron
beams are used. At the pulsed sources, neutrons are produced in bursts of roughly 10** particles,
with an initial pulse width on the order of 1 us at a frequency of 10-50 Hz [68]. Time-of-flight
spectrometers provide neutron pulses with a distribution of wavelengths and choppers are often
used to selects neutrons with a specific energy. For measurements on time-of-flight spectrometers,
the time between the pulse hitting the sample and each neutron arriving at a detector is recorded.
Time-of-fight spectrometers usually have an array of detectors so that many energy and
momentum transfers can be measured with each pulse, resulting in data sets that cover a region in

reciprocal space. The layout of a time-of-fight neutron spectrometer is shown in Fig. 3.2.
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Fig. 3.2 A schematic layout of a time-of-flight neutron spectrometer. The figure is from Ref. [71].
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3.3 Diffraction

Diffraction is based on wide-angle elastic scattering and has been widely used to characterize the
crystal structures of single crystal and polycrystalline materials. In a diffraction measurement, the
incident neutrons or X-ray photons interact with the sample and the intensities of the diffracted
beam are measured by the detector as a function of the scattering angle 26 [72]. Constructive
interference of the diffracted particles or waves occurs only in specific directions governed by
Bragg’s law. Depending on the crystal structure, the diffraction patterns are uniquely obtained that
are used to obtain useful information on the lattice parameters, crystallite size, strain and atomic

coordinates of solid materials.
3.4 Scattering process

When a beam of neutrons or X-ray photons interacts with the sample in a scattering process, the
total energy and the total momentum are conserved. The momentum transferred from the beam to

the sample is defined as:

—

G=k-% (3D

where k and k' are the wavevectors of the incident and scattered beams. The angle between k and

—

k' is 20. The scattering geometry is shown in the inset of Fig. 3.3. The energy gained or lost by the

beam can be expressed as:

hz - —_—
— = - 2 11,712 3.2
dE = E —E' = ho = ——(|k|* = |k'|?) (3.2)

In Eq. 3.2, i is the reduced Planck constant, w is the angular frequency, and m is the mass of the
neutron or X-ray photon. By comparing the kinetic energy and momentum of the incident beam

vs. the scattered beam, the orientation of the lattice, the energy gained or lost by the sample, thus
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the structural and vibrational information can be obtained. Neutron scattering experiments are
usually categorized in two types, based on whether the kinetic energy of the neutron is unchanged
before and afterwards. They are elastic and inelastic neutron scattering. Elastic neutron scattering
is usually used to determine the crystal structure, while inelastic neutron scatting is often used to
measure the excitations. In addition, neutron scattering measurements can also be classified into
nuclear or magnetic neutron scattering, depending on whether the neutrons interact with the
unpaired spins of the magnetic atoms in the sample. Magnetic neutron scattering is usually
performed to probe the magnetic properties of the material such as the spin structure and magnon

[62].

In a neutron scattering experiment, the double differential cross section d?c/dQdw is measured,
that is, the number of neutrons scattered per second into a solid angle dQ, with an energy between
hw and 2(w + dw), normalized by the incident neutron flux. The double differential cross section

is usually referred to as “intensity”. Shown in Fig. 3.3 is a schematic representation of a scattering
event. Incoming neutrons with initial wavevector k interacts with an atomic nucleus and is

scattered at an angle 260, with final wavevector ﬁ

The double differential cross section consists of a coherent part and an incoherent part. The
coherent scattering depends on the correlation between the positions of the same nucleus at
different times, and on the correlation between the positions of different nuclei at different times.
It gives interference effects. The incoherent scattering depends only on the correlation between the
positions of the same nucleus at different times [62]. The coherent elastic nuclear neutron
scattering is essential for the determination of the crystal structures and characterization of the

phase transitions.
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Fig. 3.3 Schematic representation of a neutron scattering experiment. Inset: Scattering geometry.

The figure is from Ref. [73].

3.5 Bragg’s law

Diffraction from a crystal result in sharp spots of intensity in the reciprocal (momentum) space.

These sharp spots are known as Bragg peaks, which occur because of the periodic structure of the
crystal [74]. For coherent scattering, it only occurs when the momentum transfer vector Q is equal

to the reciprocal lattice vector G.The positions of the Bragg peaks in reciprocal space are closely

related to the real space crystal structure. If the crystal unit cell vectors in real space are given by
d, b and &, and the basis vectors in momentum space are a*, b* and ¢¥, the vector G is then integer
combinations of these three basis vectors, given by the formula G=H-@*+K-b*+L-c*,
where H, K, L make up the reciprocal lattice index, also called Miller index. G is perpendicular to

a set of crystal planes in real space, the magnitude of which is given by:

> 21
1G] =n— (3.3)

where d is the interplane spacing and n is an arbitrary integer.
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Bragg’s law can then be derived from the scattering geometry shown in Fig. 3.3. For elastic

scattering, |k| = |k’|, where |k| = 27/A. Here A is the wavelength and it gives:
1G] = 2|k| - sin® (3.4)
Combined with Eq. 3.3, it gives:

nA = 2d - sinf (3.5)
This is the familiar form of Bragg’s law. Eq. 3.5 shows the condition for constructive interference,

which is illustrated in Fig. 3.4, using the example of Bragg diffraction from a simple cubic lattice.

%

X-ray source

Detector

HKLl) —@ ® 0 L o

Fig. 3.4 Schematic plot of Bragg diffraction from a simple cubic lattice. The figure is from Ref. [75].

3.6 Nuclear scattering equations

The relations of the double differential cross section for nuclear scattering can be derived from
Fermi’s golden rule that involves an initial state A and a final state A’ of the scattering system. The

double differential cross section is given as follows [62]:

d?*c k' ; m \2
——— o = — o 25(E, —E +E—E' 3.6
Gaaph k(zmz) | < KX|VIkA > [28(E, — E, + E — E") (3.6)
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In Eq. 3.6, the matrix | < k'A’|V|kA > |? is proportional to the number of transitions per second
from the state A to the state A’, V is a potential that the neutron interacts with, and the & function

represents the energy distribution of the scattered neutrons.

Since V is short ranged in nuclear scattering, it can be represented as a 6 function. The V potential

from the j-th nucleus at R; is:

2mh?
m

Vi(%) = ——b;6(x) S
where b; is the scattering length. For a positive scattering length, it implies a repulsive potential.

Here x; =7 —R; where r is the neutron coordinate.

During neutron scattering, there is a weak perturbation of the material being probed. Therefore,
both incident and scattered neutrons can be assumed as plane waves based on the Born
approximation, and the double differential cross section for nuclear scattering can be simplified as:

d?o _k’ 1 b f
ddE' ~ k Znhz el

i7 -

o]
e

< exp {—i(‘_j *R;/(0)}exp {i(j . ﬁ;(t)} > X exp (—iwt)dt  (3.8)

A scattering system usually contains a large number of nuclei. If they are all identical, the
scattering lengths would be same. However, incoherence is often present in the system. Incoherent
comes from random occupations of the nuclei with different scattering lengths in a lattice, which
might be due to different elements, or multiple spin states or isotopes of a single element. The

double differential cross section can then be further divided into coherent and incoherent parts:

dzo- Ucohk’ 1 @ s - .
(deE'>wh = ?2nh; f_oo< exp{—LQ -R]r(O)}exp{LQ . R](t)} > X exp(—iwt) dt (3.9)

dza O-inck’ 1 @ .2 5 e .
(dﬂdE’)inc " ?ﬁz f_ S exp{~iQ - R, (0)} exp{iQ - R, (D)} > x exp(—iwt) dt  (3.10)
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where coherent cross section a,,, = 4m(b)?, and incoherent cross section ¢;,,. = 4m[b? — (b)?].

b and b2 stand for averaging over all b or b2

For elastic scattering, the neutron energy is unchanged. Therefore, by taking a time average, the

expression of the differential cross section for coherent elastic nuclear scattering can be written as

follows [68]:
do (2 m)?
(d_ﬂ)coh el Z 6(Q G) |FN(G)|2 (3-11)
FN(é) = Z 5] exp (i@ -E;)exp —w)) (3.12)

In Eq. 3.11, N is the number of unit cells, vo is the volume of the unit cell, Q is the momentum
transfer vector, G is a reciprocal lattice vector. FN(ﬁ) is the static nuclear structure factor, with

atom sites labeled as j within the unit cell. 5] is the coherent neutron scattering length that depends

on specific atomic species, EJ’ is the atomic coordinates. exp(—W;) is the Debye-Waller factor that
is related to random displacements of atoms from their thermal equilibrium. For small

displacement:

1 -
W= <(Q w)>* (3.13)
where % is the atomic displacement vector.

The & function in Eq. 3.11 determines that coherent elastic nuclear scattering only occurs when:

O=k—-kK =0 (3.14)
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In contrast, incoherent elastic nuclear scattering usually appears as a sharp peak at E = 0 meV for

all Q. Thus, elastic neutron scattering allows one to distinguish different crystal structures and

characterize structural phase transitions in solid materials [62].

3.7 X-ray vs. neutron

Though the general principles for neutron and X-ray scattering are the same, XRD differs from
neutron scattering in many ways. First, instead of scattering off the nuclei, X-rays interact strongly
with the electron clouds of atoms via the electromagnetic force [72]. As a result, X-ray diffraction
does not require to use of a large sample. Second, as shown in Fig. 3.5, the scattering length for
X-ray increases with the atomic number. An atom with a larger number of electrons usually
produces a stronger signal [76]. Meanwhile, the scattering length for neutron does not follow a
specific pattern with the atomic number and can be very sensitive to different isotopes [77]. Finally,
since X-ray photons carry zero magnetic moments, XRD is usually not used to probe the magnetic
structures of the material (one exception is X-ray magnetic circular dichroism, which uses

polarized light to obtain information on the magnetic properties of the atoms).
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Fig. 3.5 A comparison of X-ray and neutron scattering length. The figure is from Ref. [78].

42



Chapter 4

Sample preparation and characterization

4.1 Introduction

Powder samples Mo1xWxTe> were prepared using solid state reaction method while single crystals
of Mo1xWxTez were obtained via self-flux growth method. In this chapter, the solid state reaction
method and the self-flux growth method for sample preparation will be discussed. In addition,
several measurement or analysis techniques have been utilized for sample characterization,
including Rietveld refinements on powder XRD data, energy-dispersive X-ray spectroscopy and

bulk resistivity measurements. These methods will be discussed as well.
4.2 Sample preparation
4.2.1 Solid state reaction method

Mo1.xWxTe2 powders were prepared via solid state reaction method. For MoTe, and Mo1.xWxTe,
elemental powders of Mo, W and Te, in a nominal ratio of Mo1.xWxTez.1, were thoroughly mixed
and pressed into a pellet. The pellet was then sealed into an evacuated silica ampoule and heated
at 950 °C for one to two days, before quenching in liquid nitrogen or water. For x < 0.08,
quenching is necessary to avoid the formation of the 2H phase [79]. For WTe;, stoichiometric
ratios of W and Te powders were used, and the sintering was done in an evacuated quartz silica

ampoule at 900 °C for two days [49, 80, 81].
4.2.2 Self-flux growth method

Single crystals of Mo1.xWxTe2 were grown using the self-flux growth method, and the temperature

profiles used to prepare the crystals in the furnace differ depending on the W-level. To begin with,
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MoTez.1, Mo1xWxTez21 or WTez powder samples were prepared using solid state reaction. The
sintered powder was then pressed into a pellet and sealed in an evacuated silica ampoule with
excess Te flux, in a typical mass ratio of 1:3 of Mo1.xXWxTez.1 to Te for MoTe; and Mo1.xWxTez,
and in a molar ratio of 1:13 of WTe> to Te for WTe,. The ampoule was then laid horizontally with
a slight tilt downward toward the front of the box furnace. For MoTe, and Mo1.xWxTe2 (X up to
~0.5), the ampoule was heated to 1150 °C at 100 °C/h and cooled steadily down to 950 °C in one
to three weeks, before quenching at 950 °C in liquid nitrogen or water. For Mo1xWxTez having
0.5 < x < 1, the ampoule with the initial material was heated to 950 °C at a rate of 100 °C/h, then
cooled to 750 °C in one week. For WTey, the ampoule was heated at a constant temperature of
850 °C for 7 days, then quenched in water. The mass after the flux growth contains the Mo1xWxTez
crystals and excess Te. Excess Te was removed in a post-annealing step. The ampoule was
reinserted into a tube furnace at 1000 °C (for MoTe2 and Mo1xWxTe2) or 900 °C (for WTe2) with
the material at the hot end (center) of the tube furnace, which enables to decant the molten Te flux

towards the cold end. The ampoule was then quenched in water [49, 80, 81].

Fig. 4.1 Single crystals of MoTe; (three on the left) and Moo.9aWo.0sTe2 (the one on right, mounted

on an aluminum plate).

44



Multiple single crystals of Mo1.xXWxTezwith mass up to 0.1 g were usually obtained per flux growth.
The crystals tend to grow along the b-direction, with a dimension of ~1 cm. The largest crystal
used for elastic neutron scattering measurements is a M0o.9sWo.06 T€2 Single crystal that weighs 0.6

g. Some Mo1.xWxTez single crystals grown are shown in Fig. 4.1.
4.3 Sample characterization
4.3.1 X-ray diffraction

The general principle of diffraction was discussed in the previous chapter. In practice, room-
temperature powder XRD data were collected on a laboratory X-ray diffractometer (Rigaku
SmartLab SE), which is also equipped with an Anton-Paar TTK600 unit that allows measurements

as a function of temperature.
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Fig. 4.2 XRD data collected on a MoTe; single crystal at room temperature. The pattern shows
the expected layer spacing for the 1T’ phase of MoTez. Similar XRD measurements were also

performed on other Mo1x\WxTe; crystals that are discussed in later chapters.

Shown in Fig. 4.2 is the XRD data collected on a MoTe> single crystal as a function of the
scattering angle 26 at room temperature. For the XRD measurement, the crystal was positioned

inside the diffractometer with their c-axis aligned along the perpendicular bisector between the X-
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ray source and the detector. Therefore, only the (O0OL) Bragg peaks can be detected. The (O0L)
reflections appear at the correct 26 positions which confirms the crystal structure is as expected

for the 1T’ phase of MoTex.
4.3.2 Rietveld refinements

Rietveld refinement is the most common powder XRD refinement technique used today, based on
the method proposed in the 1960s by Hugo Rietveld [82]. The neutron or X-ray diffraction of
powder samples results in patterns characterized by reflections (peaks in intensity) at certain
positions. By fitting these peaks, the height, width and position can be obtained, which can then
be used to determine the unit cell parameters, the atomic coordinates, the grain size and strain in
the material. The Rietveld refinement was performed using the GSAS-II software [83], and the
goodness of fitting is determined by a weighted residual of least-squares refinement parameter wR.

The Rietveld refinement on the XRD pattern of Fe powder at 300 K is shown below in Fig. 4.3 as

an example.
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Fig. 4.3 Powder XRD on Fe at 300 K with Rietveld refinement performed. Peaks indexed in the

pattern correspond to Bragg reflections. The wR value is 2.216%.
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4.3.3 Energy-dispersive X-ray spectroscopy

A common elemental analysis method used to determine the atomic concentration of different
elements in the material is EDS or EDX. EDS relies on the interaction of an X-ray source with the
sample. The characterization capabilities are due in large part to the fundamental principle that
each element has a unique atomic structure allowing a unique set of peaks on the electromagnetic
emission spectrum [84]. For the EDS data collection, an FEI Quanta LV200 Environmental
Scanning Electron Microscope instrument was used, housed in the Nanoscale Materials

Characterization Facility (NMCF).

EDS measurements were performed on multiple Mo1xWxTe2 crystals to determine their W
fractions. However, the W fractions estimated from EDS often differ substantially from their
nominal X, potentially due to sample inhomogeneity (and also because EDS is a surface probing
technique). Thus, in addition to EDS, caook, Which is the spacing between the next nearest
neighboring layers at 300 K (equivalent to the c-axis lattice constant of the T4 phase), is also used

to help characterize the doping levels.

To establish a relationship between x and csook, XRD measurements were performed at room
temperature on multiple Mo1xWxTe: single crystals, and the c lattice parameters were obtained
from the (OOL) peak positions (calculated from Bragg’s law using (002), (004), (006), (008)).
Shown in Fig. 4.4 is a plot of the c lattice constants from XRD against the W fraction x from EDS
measured on the same crystals. An overall nonlinear trend, where ¢ monotonically increases with
X, was observed. The uncertainty in measuring csoox Was small, evidenced by the low spreads in

csook for MoTe, and WTez, which suggests that most of the scatter seen in Fig. 4.4 is due to
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uncertainty in the EDS determination of x. Thus, the data points were fit with a quadratic curve

that was kept fixed at the mean values for MoTe, and WTe,.

1410 7 WTEZ\
-4
14.05 - -
Mo, ,W,Te, /‘{..
g 14.001 1 Py
$ 13.95 - s’
o 13.90 -
.90 A ¢ -
] ’Ia,
13.85{ %°,~
%0
13.80 ¥= MoTe,

00 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0
X

Fig. 4.4 Relationship between room-temperature csook, obtained from the positions of (00L) Bragg
peak in XRD scans, and W fraction x, estimated from EDS measurements, of many small Moi-
«WyTe; crystal flakes. The dashed line represents a quadratic fitting of the data points, fixed at

the endpoints to the mean czook values for MoTe; and WTe,.

This quadratic relation was then used to convert caook, oObtained from neutron scattering scans
across the (004) nuclear Bragg peak, to the effective values of x in Mo1xWxTez. One advantage of
this method is that it allows to characterize samples by a quantity determined from the same aligned
crystal domain as that used to obtain the rest of the neutron scattering data. Shown in Table | are
the estimated effective W-fraction x, compared with the nominal W-fraction x from sample
preparation, and csook Of eight W-doped Mo1xWxTez crystals measured via neutron scattering. For

convenience, Mo1xWxTe; crystals are labeled as “MWT”, and “MT” is used to for MoTe; crystals.
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Table I: Values of c at 300 K extracted from neutron scattering scans, and the effective W-fraction
x obtained from the quadratic relation as described for eight Mo1xWyTe, crystals used for

neutron scattering.

Sample name Estimated x Nominal x Co0x (A)
MWT]I 0.087(25) 0.1 13.810(10)
MWT2 0.171(25) 04 13.842(10)
MWT3 0.21(4) 0.2 13.855(13)
MWT4 0.335(25) 0.3 13.897(10)
MWT5 0.420(25) 0.5 13.922(10)
MWT6 0.505(25) 0.7 13.946(10)
MWT?7 0.542(25) 0.7 13.955(10)
MWTS 0.445(6) 0.5 13.9518(16)

4.3.4 Bulk resistivity

Resistivity is a measure of electron mobility of materials. Resistivity profiles are used to
distinguish metals from insulators, and to discover novel physical phenomena such as
superconductivity. Zero-field resistance on a MoTe: single crystal, and magneto-resistivity on a
WTe> single crystal were measured using a Physical Property Measurement System from Quantum
Design. The electrical resistance data collected on a MoTe; single crystal on cooling from 310 K
to 2 K is shown in Fig. 4.5 (a). An anomaly in resistance was observed at ~250 K that corresponds

to the T4-1T" structural phase transition.

The quality of single crystals of WTe> was also characterized by measuring their XMR. Magneto-
resistivity measurements were performed on a WTe; crystal under magnetic fields of 0 and 9 T,
the results are shown in Fig. 4.5 (b). The residual resistivity ratio (RRR) from the 0 T data is
calculated to be ~118(3). The WTe> crystal also have a large MR, with a magnitude of 51,553%
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at 2 K under a 9 T magnetic field. These values are reasonably high [85], though higher values
have been reported in literature, such as an RRR of ~370 and a MR of 452,700% at 4.5 K in an

applied field of 14.7 T [29]. The resistivity data indicate the high quality of the WTe> crystals.
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Fig. 4.5 (a) Electrical resistivity of MoTe;, data collected on cooling from 310 to 2 K with the
current applied along the b-axis. (b) Temperature and magnetic field dependence of resistivity in

WTe,, for current along the b direction and H | | c. The relative error of each data point is ~0.001.

4.4 Summary

The solid state reaction method and the self-flux growth method to prepare Mo1xWxTez samples
were discussed in this chapter. By combining the results from EDS measurements and the values
of the c-axis lattice constants of the single crystals, the W-doping levels in Mo1xWxTe2 can be
precisely determined. In addition, powder XRD and resistivity measurements show the high

quality of the Mo1.xWxTez single crystals.
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Chapter 5

Emergence of Tq* phase in MoTe>

5.1 Introduction

TMDs host many novel topological quantum phenomena such as quantum spin Hall effect and
Weyl fermions. Recently, it was understood that a Weyl fermion can emerge as a quasiparticle in
certain crystals, called Weyl semimetals. Weyl semimetals are conductors whose low-energy bulk
excitations are Weyl fermions, whereas their surfaces possess metallic Fermi arc surface states
[86]. Weyl fermions can be realized by breaking either the time-reversal symmetry or inversion
symmetry of a three-dimensional Dirac fermion such that a pair of degenerate Dirac points separate
into two bulk Weyl points with opposite chirality, which are connected by topological Fermi arcs
when projected on the surface [32, 86-88]. Moreover, these exotic properties are topologically

protected as they are robust against symmetry preserving perturbations.

Weyl semimetals can be classified into type-1 and type-I1 depending on whether Weyl fermions
emerge at the topological protected touching points of an electron and a hole pocket with strongly
tilted Weyl cones. Weyl semimetals have not been realized until the discovery of TaAs in 2015
[88, 89]. While TaAs is the first known type-1 Weyl semimetal, type-I11 Weyl fermions have been
observed in the non-centrosymmetric, orthorhombic T4 phase of MoTe, from ARPES and scanning
tunnelling spectroscopy studies [90]. Meanwhile, the high-temperature monoclinic 1T’ phase of

MoTe: is centrosymmetric, thus is topologically trivial.

Despite the discovery of the Tqand 1T’ phases of MoTe and the observation of a T4-1T” transition
[43], little work has been done on the structures of the two phases as well as the transition itself.
As discussed in chapter 2, the Ty-1T structural phase transition in MoTe2 is more complex than
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often thought, evidenced by the presence of diffuse scattering observed in both X-ray [43] and
neutron scattering [58] measurements. Single crystal neutron diffraction measurements on TOPAZ
suggest an inversion symmetry breaking in the 1T’ phase during the transition to Tq, which is

accompanied by substantial diffuse scattering suggesting stacking disorder.

Given the complexity of the stacking disorder that emerges across transition, it is critical to reveal
the inversion symmetry breaking in MoTe, from elastic neutron scattering measurements, which
are sensitive to the crystal symmetry. An examination of the T¢-1T’ transition in MoTe> in more
detail and a better understanding of the diffuse scattering across the phase boundary are needed.
For a closer look at how the transition proceeds, elastic neutron scattering measurements were
performed on two MoTe, single crystals, which are referred to as ‘MT1’ and ‘MT2’ for
convenience, on the triple-axis spectrometers HB1, CG4C and HB1A at the High Flux Isotope
Reactor (HFIR), and on the time-of-flight spectrometer CORELLI [91] at the Spallation Neutron

Source (SNS) of Oak Ridge National Laboratory (ORNL) [80].

5.2 Measurement plan

Neutron scattering from a single crystal result in Bragg peak intensities in the reciprocal space,
which can be uniquely indexed by the Miller indices of HKL. During the Tg-1T’ transition in
MoTe,, the layer sliding along the a-axis (as shown in Fig. 2.1) will cause shifts of Bragg peaks
along the L direction in the HOL plane. Therefore, to study the structural phase transition in MoTey,
changes of certain Bragg peaks can be tracked as a function of temperature. Shown in Fig. 5.1 is
simulated neutron scattering intensities in the HOL plane for the Tq and 1T’ phases of MoTe». The
black/red circles show the positions of Bragg reflections for Tq¢/1T’, and the size of circles is
proportional to the calculated nuclear structure factor squared (thus the peak intensity). Upon

warming from Tq, the Tq Bragg peaks at integer values of L are expected. During the Tg¢-1T’
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transition, the intensity of these Tq Bragg peaks will gradually decrease, and 1T’ Bragg peaks will
start to appear. Therefore, neutron scattering scans along the L direction can reveal the details of

the T¢-1T" transition in MoTes.
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Fig. 5.1 Simulated neutron scattering intensity in the HOL plane for MoTe; (this map also applies
in general to Moi1xWxTez and WTe3). Black/red circles represent the Bragg reflections for the
Tda/1T’ phase, the size of the circles is determined by the calculated nuclear structure factor
squared, which is proportional to the scattering intensity. s represents the distance along (2, 0,
L) separating neighboring Bragg peaks of opposite 1T’ twins. Here the orthorhombic (Tq)

coordinates are used so Bragg peaks for the T4 phase appear at integer L.

For neutron scattering measurements on a triple-axis spectrometer, a single Bragg peak or scan
along a specific direction in the reciprocal space is measured at a time. Therefore, the experimental
plan is to perform measurements along the (2, 0, L) direction, mainly between L =2 and L = 3.
This is because: (1) The Bragg peaks of Tq and 1T’ are well separated along L, which is beneficial

in terms of resolution. (2) On average, the peak intensities are relatively strong. In addition,
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longitudinal scans across the (002) or (004) peaks are performed to track changes in interlayer
spacing. Though MoTez is in the monoclinic phase at room temperature, for simplicity, all
coordinates for the neutron scattering experiments are reported in an orthorhombic coordinate

system witha =~ 6.3 A, b = 35 A, and ¢ = 13.8 A, with ¢ defined as twice the layer spacing,

equivalent to the c-axis lattice constant in the Ty phase.
5.3 Emergence of T4*

Shown in Fig. 5.2 (a-d) are scans of neutron scattering intensity along (2, 0, L) as a function of
temperature on cooling and warming through the hysteresis for MT1 measured on HB1A and MT2
measured on HB1. The orthorhombic coordinates are used, which means the Bragg peaks of the
Tq phase will appear at integer H, K, L indexes. Therefore, at low temperatures, Bragg peaks at
L=2 and L=3 come from the T4 phase. Upon warming to ~260 K, an additional peak appears at
L=2.5, which indicates a doubling of the unit cell along the c-axis. This peak is labeled as (205)
Ta*, which is also shown in Fig. 5.2 (f), from an individual scan on MT1 on warming at 280 K.
The transition from Tq to T¢* proceeds without diffuse scattering. On further warming, there is a
gradual change from the Tq* phase to the 1T’ phase, however, it is accompanied by substantial
diffuse scattering that indicates stacking disorder. The diffuse scattering appears in a VV-shape that
spreads out from L = 2.5. In the 1T’ phase, (202) and (203) Bragg peaks are observed at L=2.3
and L=2.7, respectively, from each of the two 1T’ twins (D1 and D2). In contrast, on cooling from
1T’ to Tq, the Tq* phase is absent and only diffuse scattering is observed, which also appears in a
similar V-shape as on warming. However, the intensity shifts toward L=2.5 on cooling, suggesting
a frustrated tendency toward Tq*. An example of the diffuse scattering is plotted in Fig. 5.2 (e),
measured on cooling at 266 K. The Tq¢* phase is stable between 260 and 280 K, which is
reproducible after the crystal was cycled through the hysteresis loop multiple times. The same cell
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doubling pattern at the same temperatures on warming, regardless of the rate the sample was heated,

and the same diffuse scattering pattern, on both warming and cooling along the hysteresis were

observed.
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Fig. 5.2 (a—d) Elastic neutron scattering intensity measured along the (2, O, L) direction combined
at different temperatures on cooling and warming through the hysteresis loop for the MT1 (a, b)
and MT2 (c, d) single crystals. (e, f) Individual scans along (2, 0, L) on MT1, showing diffuse

scattering on cooling at 266 K, and the Tq* phase on warming at 280 K.
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For a closer look at how the structural phase transition proceeds, in Fig. 5.3 the integrated intensity
of four Bragg peaks as a function of temperature is plotted. The (203) Tq peak, the (205) Tq* peak,
and the (202) and (203) 1T’ peaks are included. The integrated intensities of these peaks were
obtained from Gaussian fits of the data shown in Fig. 5.2 (c, d). Upon warming, the intensity of
the T4 peak remains constant until a sudden decrease observed at around 260 K. At this temperature,
the Tq* peak appears at the expense of the Tq peak. On further warming, the Tq* peak intensity
decreases and disappears by 280 K, together with the Ty phase. At this temperature, diffuse
scattering is observed, from which the Bragg peaks eventually become difficult to resolve.
Therefore, fitting was not done within the pink shaded region. On further warming, the 1T” peaks
appear. Meanwhile, on cooling below ~280 K, there is a steady decrease in the intensity of the 1T’
peaks. At this temperature, diffuse scattering starts to appear prior to the crystal transforming fully

back into Tq on further cooling.
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Fig. 5.3 Integrated Bragg peak intensity as a function of temperature on (a) warming and (b)
cooling collected on MT2. Red bands denote regions where fits were poor due to the presence
of substantial diffuse scattering. Solid symbols denote fits to the same hysteresis loop (with

cooling data measured before warming). Open symbols correspond to another hysteresis loop.
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On both cooling into full Tq or warming into full 1T, as shown in Fig. 5.3, there is a gradual
increase in the integrated intensities of the Tq and 1T’ peaks. It occurs due to a decrease in the
remnant diffuse scattering. The diffuse scattering intensity along (2, 0, L) between Bragg peaks at
several selected temperatures for MT2 is shown in Fig. 5.4 (from the same data set as Fig. 5.2 (c,
d)). Asthe 1T’ and T4 Bragg peak intensity increases on heating or cooling toward the temperature
extremes, the diffuse scattering decreases. Meanwhile, on heating from Tq or cooling from 1T, no
change is seen in the diffuse scattering until an onset temperature is reached (~280 K on cooling

from 1T’ to frustrated Tq*, and ~260 K on warming from T4 to ordered Tq¢*).
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Fig. 5.4 Diffuse scattering intensity along (2, 0, L) at selected temperatures for MT2 when the

crystal was warmed up or cooled down to and from the full T4 or 1T’ phase.

The decrease in the remnant diffuse scattering in Fig. 5.4 is probably related to the long residual

hysteresis observed in the resistivity measurements [92]. Shown in Fig. 5.5 (a) is the resistivity
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data taken through a hysteresis loop from 300 K to 2 K and back to 300 K on a MoTe; crystal. A
long tail in the hysteresis persists to low temperature. The difference between the cooling and
warming resistivity data is plotted in Fig. 5.5 (b), the hysteresis persists down to at least 50 K.
Therefore, the residual hysteresis in resistivity and the remnant diffuse scattering from neutron

scattering scans are both likely related to changes in the presence of 1T’ and T4 twin boundaries.
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Fig. 5.5 (a) Resistivity measured on a MoTe; crystal. Data were taken on cooling from 300 to 2 K,

then warming up to 300 K. (b) Difference between cooling and warming resistivity data in (a).

5.4 ‘AABB’ stacking of Tg*

A N
: »
A S K
A A i f B
T, stacking 1T’ stacking T,* stacking
2-layer unit cell 2-layer unit cell 4-layer unit cell

Fig. 5.6 The stacking sequences for the Tq, 1T’ and Tq* structures. Dashed lines indicate the size

of the unit cell, Rectangles show cells centered on inversion symmetry points for each layer.
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Since the Tq and 1T’ structures can both be built from the A- or B-type of stacking sequences, it
is likely that the same is true for Tq*. The stacking sequence for Tq* can be deduced from the
observation that it appears to be orthorhombic but has additional Bragg peaks at half-integer L
values relative to Tq, indicating a four-layer unit cell. It turns out that there are only two
possibilities, ‘AABB’ and ‘ABBA’, which are twins to each other. Shown in Fig. 5.6 is a

comparison of the stacking patterns in the a-c plane for the Tq, 1T’ and the proposed Tq¢* structures.
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Fig. 5.7 Elastic neutron scattering intensity of MT2 (black dots) measured along (a) (2, 0, L) and
(b) (1, O, L), taken in the Tq* phase at ~266 K. Data were taken on CG4C at HFIR. Intensities in
these plots are in the same arbitrary units. The blue curve is a simulation based on a model for

the Tq* phase described in the text.

In Fig. 5.7, the neutron scattering intensity along (2, 0, L) and (1, 0, L) for the MT2 crystal in the
Tq* phase is compared with a calculation that simulates the scattering intensity along the same
directions using the proposed ‘AABB’ stacking model for Tq*. The calculation was optimized

using a Tq* twin fraction distribution of 48% vs. 52%. There is a qualitative agreement between
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the model and the data, suggesting that the “AABB” sequence does indeed describe the Tq* phase,
though more data and refinement is needed to determine the atomic coordinates more precisely,

which will be discussed in the next section.

5.5 Tq¢* structural refinement

To verify the proposed ‘AABB’ stacking sequence for T¢* and to determine the crystal symmetry,
additional single-crystal neutron diffraction measurements were carried out on the MT1 crystal on
CORELLI at the SNS of ORNL. The CORELLI experiment was conducted by Dr. Chunruo Duan.
The data were collected on warming to 300 K. Shown in Fig. 5.8 (a, b) are the neutron scattering
intensities in the OKL and 2KL planes taken in the Tq* phase at 300 K. The presence of peaks at
half-integer L in the 2KL plane confirms the presence of the Tq* phase. Besides, there is a lack of
change in the (O0L) and (01L) peak intensities between the T4 phase at 240 K and the Tq4* phase
at 300 K, as seen from the near-unity intensity ratios in Fig. 5.8 (c). (For context, intensity ratios
for (20L) and (30L) peaks are also included.) A lack of change in the OKL peak intensities as a
function of temperature implies a lack of change in atomic positions along the b or c direction
between Tq and Tq¢*, and it is consistent with the fact that layer displacements are along the a-axis,
as is also the case between 1T’ and Tq [58]. Interestingly, diffuse scattering from stacking disorder
is also observed in the 2KL plane in the Tq* phase, which was already present on warming from
240 K, and there is a discrepancy between the detection of Tq* in MT1 at 300 K on CORELLI and
up to ~280 K on HB1A. A possible explanation could be that the crystal measured on CORELLI

was not cooled sufficiently into Tq beforehand (only cooled to 240 K, then measured on warming).
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Fig. 5.8 (a, b) Neutron scattering intensities in the OKL and 2KL planes in the Tq* phase measured
on MT1 on warming at 300 K, data collected at CORELLI. (c) Intensity ratios of (00L), (01L), (20L)
and (30L) peaks between the Td phase at 240 K and the Td* phase at 300 K. (d) Ideal crystal
structure of the Tq* phase in the a-c plane, constructed from the ‘AABB’ stacking sequence. The
black dot represents the inversion symmetry center. (e) Comparison between the refined Tqg*

coordinates (ellipses) and the ideal atomic positions (dots) in the a-c plane.

Refinements of the CORELLI single crystal neutron scattering data were performed to obtain the

atomic coordinates of the Tq* structure. The fitting was done using Bragg peaks within -1sH<
8, -1sK=1, -20<L <20, with the crystal symmetry set to P21/m, the highest possible for the

AABB stacking. To match the data, it was necessary to consider a 47.8% volume fraction of T4 as
well as 28.2% and 24.0% volume fractions of the two Tq¢* twins. The refinement shows an Rw
factor of 0.13 and a y2 value of 5.8. Fig. 5.8 (d) shows a comparison of the refined coordinates
with the ideal atomic positions (constructed from AABB stacking of layers with the Tgy-phase
coordinates reported in Ref. [28]). The ideal atomic positions are plotted as dots and the refined

coordinates are plotted as ellipses with heights and widths given by twice the uncertainties. The
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two sets of coordinates overall agree with each other, with some deviations. However, such
deviation would result in visible Bragg peaks in the OKL plane at non-even K+L values, which
were not seen in the data. Therefore, the ideal coordinates from the AABB stacking model are
likely to be closer to the true Tq* structure than the refined coordinates. The refined atomic
coordinates for the Tq* structure using the P2:/m space group are shown in Table Il. Besides,
refinement using another crystal symmetry, P21, was also attempted. However, it led to excessive

peak intensities at locations where observed Bragg peaks are weak.

Based on the structural refinement results, the AABB stacking for Tq* is centrosymmetric, and the
crystal symmetry of Tq* is P2:/m, which is the same as that of the high temperature 1T’ phase. To
conclude, though Tg* appears to have an orthorhombic unit cell, the atomic positions are
incompatible with the orthorhombic Pnm21 symmetry of Tq. As shown in Fig. 5.8 (d), the inversion
symmetry center for the AABB structure is depicted as the black dot. Thus, Tq* is referred to as

pseudo-orthorhombic.

Table II: Refined atomic coordinates in the Tq* phase of MT1 using the P2:/m space group. The
lattice constants were a=6.33 A, b =3.48 A, c=27.66 A, and B = ~90°. The Uis, parameters were
-0.002(5) for Mo and 0.002(4) for Te.

atom X Y z atom X Y z

Mol 0.71(2) 0.75 0.995(4) Mo2 0.91(2) 0.25 0.250(3)
Mo3 0.33(1) 0.25 0.491(3) Mo4 0.22(2) 0.75 0.253(4)
Tel 0.06(2) 0.75 0.054(5) Te2 0.47(2) 0.25 0.308(4)
Te3 0.58(2) 0.25 0.074(5) Te4 0.01(2) 0.75 0.322(4)
Te5 0.16(2) 0.25 0.170(4) Te6 0.40(2) 0.75 0.429(5)
Te7 0.64(2) 0.75 0.199(4) Te8 0.92(1) 0.25 0.452(3)
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5.6 Centrosymmetric Tq* phase
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_®" : one of the inversion symmetry centers of 1T’ and T,*, selected as an example

Fig. 5.9 Schematic representation of the structural transformation from 1T’ to T4*, that involves
a series of layer translations along the a-axis (or equivalently, a series of A-to-B or B-to-A flips)

that preserve the overall inversion symmetry center (red dot).

In addition to the structural refinements, another explanation is provided in this section as why the
AABB stacking should be centrosymmetric, since the Tq* structure can be built from the
centrosymmetric AB-stacked 1T’ phase by applying a series of centrosymmetric translations along
the a-axis. As shown in Fig. 5.9, starting from the ABAB stacking sequence for 1T, a layer (Layer
0) is randomly selected and fixed. In 1T, every layer has centers of inversion symmetry, the
inversion symmetry center of Layer O (denoted by the red dot) is also the inversion symmetry
center of the entire 1T’ crystal. Next, let i denote the i-th nearest neighboring layer from the fixed
Layer O, either above or below as specified (Layer 1, 2, 3, etc.). Then, layers with indexes of i = 2

+4n and i = 3 + 4n for every integer n = 0 are flipped. Flip means either A-to-B or B-to-A

transformation, which involves a translation along the a-axis applied to the outside (Layer i+1) of
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the given layer (Layer i). Because every A-to-B operation is balanced by a B-to-A operation on
the opposite side of the fixed layer, the total sequence of translations mapping 1T’ to Tq* preserves
inversion symmetry. First-principles calculations also show that small non-centrosymmetric
distortions are unlikely to happen, and MoTe> layers isolated from the non-centrosymmetric Tq
environment tend to become centrosymmetric [93]. Thus, if Tq* has the AABB stacking, it should

be centrosymmetric.

5.7 Resistivity of MoTez revisited

Temperature dependence of the electrical resistivity of MoTe. has been widely studied before [28,
48, 94], and the hysteretic behavior observed at ~260 K was thought to be induced by the structural
transition between the Tq and 1T’ phases. To further investigate the phase boundaries between Tg,
Tg* and 1T, the bulk resistivity of MoTe> is revisited, which suggests that the kink seen on

warming near 260 K is likely the onset of the Tq* phase, not 1T".

In Fig. 5.10 (a), integrated neutron scattering intensities near (2 0 2.5) are plotted for two different
thermal hysteresis loops for MT2, which will be referred to as the ‘narrow’ and ‘wide’ hysteresis
loops. The narrow hysteresis loop (black curve) corresponds to the sample being warmed into Tg*,
then cooled back to Tq without entering the 1T’ phase. Fig. 5.10 (b) shows how the (205) Tq* peak
intensity changes along this narrow hysteresis loop as a function of temperature. It is clear that the
transition from Tq to Tq* is likely to proceed without disorder, as diffuse scattering is not present
even at a temperature a few Kelvin below the disappearance of the Tq* peak on cooling. In contrast,
the wide hysteresis loop (green curve) is when the sample is warmed from Tq into 1T, then cooled
back to Tq, from the frustrated Tq* region. The wide hysteresis loop is coupled with substantial

diffuse scattering present on both warming and cooling, as can be also seen in Fig. 5.2 (c, d).
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Nevertheless, for both narrow and wide hysteresis loops, a sudden decrease of intensity near (2, 0,

2.5) appears on cooling below 255 K, though more gradually for the wide hysteresis loop.
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Fig. 5.10 (a) Integrated neutron scattering intensity near (2 0 2.5), within 2.39 <L <2.61, for MT2
along two different hysteresis loops. Data taken on CG4C for the narrow hysteresis (black), and
on HB1 for the wide hysteresis (green). (b) Neutron scattering scans along (2, 0, L) on MT2 at
various temperatures along the narrow hysteresis loop. (c) Resistance of a MoTe; crystal
measured through two hysteresis loops that begin on warming from 200 K. (d) The derivative

dR/dT of the data shown in (c).

Interestingly, a similar pattern is observed in the resistance data measured on the MT2 crystal
(residual resistance ratio RRR ~460) through the same narrow (200 to 265 K) and wide (200 to
350 K) hysteresis loops, the data were shown in Fig. 5.10 (c). On cooling, the resistance decreases
quickly and in a symmetric manner for the narrow hysteresis loop, but more slowly and asymmetric
for the wide hysteresis loop. Even so, the temperature at which both loops begin to bend downward
on cooling is similar, which is more evident from the plot of derivative of resistance shown in Fig.

5.10 (d). Given the similarities in the onset transition temperatures between the hysteresis loops of
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the neutron scattering intensity and bulk resistance of MT2, the conclusion can be made that the

kink observed on warming at ~260 K indicates the onset temperature from Tq to Tq*, but not 1T°.

5.8 Discussion

Since the structural phase transitions in MoTez involves layer sliding along the a-axis, the
transition can be tuned by changing dimensionality (thickness). For example, in thin MoTe;
crystals (hundreds of nanometers or less), the Tq-1T’ transition is known to be broadened or
suppressed completely [95, 96]. It is also shown that the magnetoresistance of MoTe: is also
systematically suppressed with reduced thickness [97]. Therefore, a change of crystal thickness
fundamentally affects the interlayer interaction in 2D materials. In this section, a qualitative
discussion is provided on how the structural transition proceeds in MoTez and the kinds of

interlayer interactions that may be responsible.

First, from the integrated neutron scattering intensity near (2 0 2.5) shown in Fig. 5.10 (a), it is
noted that the onset temperatures to the Tq phase are similar on cooling (both at ~255 K), regardless
of whether it is from the ordered Tq* phase, or from the frustrated Tq* region. Given that the onset
temperature to Tq does not appear to vary substantially with overall stacking disorder, short-range
interlayer interactions might play the major role, which determine the onset temperatures to

different phases (Tq, as well as T¢* and 1T).

On the other hand, long-range interlayer interactions may govern the gradual increase in Bragg
peak intensities on warming into full 1T” or cooling into full Tq4. As mentioned before, such gradual
increase in Bragg peak intensities at temperature extremes corresponds to gradual decrease in the
remnant diffuse scattering. This is because, at the twin boundaries, shifts of Ato B or B to A (e.g.,

AAAABBB . . . to AAABBBB . . .) would not change the short-range environment. And the
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decrease in diffuse scattering into T4 on cooling can be explained by the annihilation of these twin
boundaries that result in changes in long-range interlayer interactions, either by joining in pairs or

by exiting a crystal surface.

It is noted that interlayer interactions represent the dependence of an interlayer boundary’s
contribution to the free energy on the surrounding stacking, and can be indirect, involving changes
to band structure, phonon dispersion, etc. Though the term “interlayer interactions” is used, these
are effective interactions. Whether an interlayer boundary shifts from A to B depends on the free
energy, which depends on the surrounding environment, which is specified by the A/B stacking

sequence.

5.9 Summary

Using elastic neutron scattering on single crystals, the structural phase transition between a high-
temperature monoclinic 1T’ phase, and a low-temperature orthorhombic Ty phase in MoTe; is
investigated. The structural phase transition in MoTez mainly involves changes in layer stacking
along the c-axis as a function of temperature. On warming from Tg, a cell-doubling structure Tq*
is observed, that arises without diffuse scattering and corresponds to an ‘AABB’ sequence of
stacking. The Tq* phase has a pseudo-orthorhombic structure and a four-layer unit cell, with a
refined lattice symmetry of P2:/m. Diffuse scattering is present on further warming from Tq* to
1T’. On the other hand, on cooling from 1T’ to Tq, the Tq* phase is absent and only diffuse

scattering is seen that suggests a frustrated tendency toward the ‘AABB’ stacking.
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Chapter 6

Controllable T¢-1T’ transition in MoTez through W-substitution

6.1 Introduction

Interest in MoTez has emerged due to the unique electronic properties associated with the structural
phases, and doping MoTe:> is known to be an effective approach to engineer the electronic band
structures and controlled transitions between these phases. Among the doped compounds, Mo:.-
xWyxTe, demonstrates a rich structure phase diagram and interesting physical properties. Mo-
xWixTe> has been predicted to be a tunable Weyl semimetal by varying x [36]. The length of Fermi
arcs in Tq-MoTe> is tunable by temperature or by W-substitution [98, 99]. Based on ARPES

measurements, the Weyl semimetal state has been reported in Moo 2sWo 75 Te.

To fully understand the Weyl physics in Mo1.xWxTey, it is necessary to understand the structural
phase diagram. However, previous studies on Mo1.xWxTez show that the effect of W-substitution
on the Tg-1T’ transition has only been investigated via transport measurements or Raman
spectroscopy up to x = 0.57 and 400 K [39, 54, 100], and the high temperature structures of Mox.-
xWixTe2 were inferred from room-temperature measurements throughout the phase diagram. Using
additional methods such as elastic neutron scattering could elucidate the structures of Mo1.xWxTez

that were not studied at higher temperatures (for x = 0.05) and help fully control and utilize phase

transitions in MoTe> through W-substitution [79].

In addition, novel structures can still be found in Mo1xWxTez. In MoTez, The Tg-1T’ transition is
accompanied by the appearance of a centrosymmetric Tq* phase across the phase boundary [80].
The Tq¢* phase suggests that the transition from the Weyl semimetal phase to a topological trivial

phase on warming in MoTe: is between Tq and Tq*, prior to the 1T’ phase. Past studies of the Mos-
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xWixTez phase diagram did not observe the unit cell doubling [39, 54, 100], so a closer investigation

of the phase diagram of Mo1.xXWxTe> may still yield new phases with unique properties.

Neutron scattering is uniquely useful for measuring the structural properties of the entire crystal.
Given the complex transition behaviors observed in MoTey, it is important to investigate and
understand how the Tg¢-1T’ transition proceeds in Mo1.xWxTe2 with different levels of W, which is
the focus of this chapter. Specifically, how the Tq* phase and V-shaped diffuse scattering evolve
with W-substitution are investigated, and the trends of the 6 parameter, the A/B stacking sequence,

and the lattice parameters change as a function of W fraction are looked at [49].

6.2 Neutron scattering on MoixWxTez2

Elastic neutron scattering measurements were performed on several Mo1.xWxTe; single crystals
on the triple axis spectrometers HB1, CG4C and HB1A at HFIR of ORNL, and also on the SPINS
instrument at the NIST Center for Neutron Research of the NIST. For convenience, these crystals
are labeled as ‘MWT1’ through “MWT7’ with increasing W substitutions, and their nominal and
actual W fractions are shown earlier in Table I. Similar to MoTe», scans along (2, 0, L) were
performed as a function of temperature. Shown in Fig. 6.1 are the elastic neutron scattering

intensities as a function of temperature for seven Mo1xWxTez crystals.

For the lowest W-doped MWT1 crystal with x = 0.09, the transition behavior is very similar to

that of MoTe; [80]. One difference is that the onset temperature to the Tq* phase on warming from
the T4 phase now increases to ~280 K, instead of ~260 K for MoTe,. With increasing W-fraction,
there is a gradual transformation of the transition from a complex behavior with Tq* and V-shaped
diffuse scattering, to a simpler phase-coexistence behavior between Tq and 1T’. For MoTe, and

lower W-substituted Mo1.xWxTe; crystals, such as MWT1 and MWT?2 (x = 0.17), the Tq* peak at
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L=2.5 is observed only on warming. Meanwhile, the V-shaped diffuse scattering on cooling is

much more subtle for MWT?2 than MWT1. Similar behavior is also seen in MWT3 with x = 0.21.

By increasing the W-fraction to ~0.34, the Tq* peak is no longer seen in the MWT4 crystal, though

there is a subtle increase in intensity near L=2.5. By MWT5 (x = 0.42) and MWT7 (x = 0.54),

only phase-coexistence-like behavior between Tq and 1T is seen. Therefore, the Tq* phase appears

to be extinguished in Mo1.xWxTez in the vicinity of x =~ 0.21 to 0.34.

Cooling Warming

320
Cooling Warming

< 300
[

MWT3

(2,0,L) (2,0,L)

Fig. 6.1 Elastic neutron scattering scans along (2, 0, L), measured on seven MoixWxTe; crystals
with different W fractions, as a function of temperature on cooling (left) and warming (right)
through the hysteresis. The plots are shown in order of increasing x. Data was collected at CG4C
for MWT1, and at HB1A for the other crystals. For MWT1, Bragg peaks are labeled. D1 and D2

refer to the two 1T’ twins.



6.3 Diffuse scattering simulation

The diffuse scattering observed across the phase boundaries in Mo1xWxTez, and the associated
disordered layer stacking are discussed in this section. As shown in Fig. 6.1, two types of transition
behaviors are present in Moi1xWxTez2 with changes in W-fraction. The complex transition is
accompanied by the V-shaped diffuse scattering seen on warming from the Tq* phase to the 1T’
phase, and on cooling from the 1T’ phase to the frustrated Tq* region. Meanwhile, the phase
coexistence mainly involves a direct transition between Tq and 1T°. It is shown from simulation
(performed by Dr. John Schneeloch) that the V-shaped diffuse scattering can be explained by
having Tq*-like regions present within an overall 1T’ phase, and the phase coexistence results from

separated domains of Tq and 1T°.

Simulated elastic neutron scattering intensities along (2, 0, L) for two different models of stacking
disorder that might occur on cooling from 1T’ are shown in Fig. 6.2. For each of these models, the
diffuse scattering along (2, 0, L) was computed by calculating the structure factor of points along
this line for a supercell of 16000 MoTe:> layers with different A/B stacking. Within a single layer,

the intralayer atomic positions from Ref. [28] for the T4 phase were used.

Model #1 simulates the V-shaped diffuse scattering. Starting from a 50%/50% mixture of the two
1T’ twins (‘ABAB’ and ‘BABA”), a ‘p’ parameter is defined, which is the probability of flipping
a pair of neighboring stacking from either ‘AB’ to ‘BA’, or ‘BA’ to ‘AB’, so that local T¢* regions
are created. For example, in a block of BABA of 1T’, the AB-BA flip transforms this block into
BBAA of T¢* (ABAB-AABB for the other 1T’ twin). In the 16000-layer supercell, the locations
of the ABAB or BABA blocks were chosen at random, and the flipping was continued until a

fraction p x16000 of flips occur. From Fig. 6.2 (a), with p increased to up to 0.2, Bragg peak
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intensity decreases and diffuse scattering intensity increases, and the 1T’ Bragg peaks near L = 2.3

and L = 2.7 shift towards L = 2.5 where the Tq* phase locates.

Model #2 represents the phase coexistence. Starting from the ABAB stacking of 1T, each B-type
interlayer boundary has a probability p of flipping from B to A, thus bringing 1T closer to Tq as
p increases. For example, one such flip would bring ABABAB... to ABAAAB.... It can be seen
from Fig. 6.2 (b) that the intensity moves away from L = 2.5 and towards the Tq Bragg peak
locations of L = 2 and L = 3, as these AAA...or BBB... regions were expanded by increasing p.
This is opposite to model #1. Therefore, movement of the 1T’ Bragg peaks toward L = 2.5 on
cooling suggest the presence of coordinated AB-to-BA type shifts bringing 1T’ closer to Tq*,

rather than individual A-B shifts that would be a more direct path from 1T’ to Tq.
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Fig. 6.2 Calculated elastic neutron scattering intensities along (2, 0, L), that simulate (a) the V-
shaped diffuse scattering seen in lower W-doped Moi1xWxTe; crystals, and (b) the phase-
coexistence-like transition behavior seen in higher W-doped Mo1xWxTe; crystals. For model #1,
‘p’ represents a probability of flipping in pair of ‘AB’ from the ABAB... stacking into ‘BA’, thus
creating local Tq* stacking. For model #2, ‘p’ represents a probability of changing a B-type
interlayer boundary from the ABAB... stacking to A-type interlayer boundary, thus introducing

local T¢ domainsin 1T'.
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6.4 Negative thermal expansion in MoixWxTez

Thermal contraction is an unusual property. In MoTey, the c-axis is known to expand with
decreasing temperature while a and b decrease slightly [101]. To further explore the structural
differences as a function of W-fraction, the temperature dependence of the c lattice constant for
the many Mo1xWxTe> crystals studied by neutron scattering are plotted as a function of
temperature, which is shown in Fig. 6.3 (a). The values of ¢ were determined from the position of
the (004) peak in longitudinal neutron scattering scans. For the three MoTe> single crystals, MT1,
MT2 and MT3, a 0.4% decrease in the c-axis from 200 to 300 K was observed. With increased W-
fraction, the thermal contraction on warming from MWT1 to MWT7 becomes less apparent. The
curve for MWT?7 is almost flat, suggesting that the c-axis has no temperature dependence for Mo;.
xWyxTe> when the W-doping level is around 54%. In some data, kinks are observed in the
temperature dependence of ¢ at temperatures that correspond to the T4-1T’ structural transition,
which is likely due to a slight misalignment occurring during the transition. For example, in MWT1,
the (004) peak was observed to move slightly in the angular direction during the transition.
Combined with the anisotropy of the neutron scattering resolution function, this misalignment

could be responsible for the apparent shift of the (004) position and thus c.

In addition, some powder neutron diffraction data was collected on the NOMAD instrument at the
SNS of ORNL by Dr. John Schneeloch on powders of MoTez, M0osWo.Te2, and WTez. In order
to obtain the lattice constants from these powder samples, Rietveld refinements were performed
in the Tq phase for all temperatures of WTez and Moo.sWo.2Tez, and for the lower temperatures (10,
100 and 180 K) of MoTe,. For MoTe> at 260 and 300 K, data were better fit with a mixture of the
Tq and 1T’ phases. The refined a, b, and c lattice constants as a function of temperature for both

phases are shown in Fig. 6.3 (c-e). While the a- and b-axis lattice constants both increase with
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temperature for all three compounds. The c-axis lattice constant changes oppositely for MoTez and
WTe,, with a gradual change from negative to positive c-axis thermal expansion with increased W

substitution.
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Fig. 6.3 (a) Temperature dependence of the c lattice constant of the Mo1«WxTe: crystals studied
by neutron scattering, data taken on HB1A and SPINS. (b) Estimated dc/dT at 300 K as a function
of x, the values were obtained by linear fits through the data in (a). (c-e) Lattice constants a, b, ¢
of MoTe,, MoosWo.2Te2 and WTez as a function of temperature from Rietveld refinements of
powder neutron diffraction data taken on NOMAD. Circles and squares denote Tq and 1T’ phases,

respectively. Triangles denote c obtained from fits to the (002) peak.
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From both the single crystal and powder neutron scattering data on Mo1xWxTez, linear fits were
performed through the temperature-dependent c lattice constant data points in the Tq phase closest
to 300 K to obtain their slopes, dc/dT, as a function of W-fraction. The change in dc/dT from the
c-axis thermal contraction of MoTe> to the more conventional c-axis thermal expansion of WTe>

can be clearly seen in Fig. 6.3 (b).

6.5 Temperature dependence of p and & parameters

Both Tq and 1T’ phases can be specified by two parameters: the A/B type of stacking sequences
and . The 6 parameter not only characterizes the amount of displacement along the a-axis between
neighboring layers, but also gives information about the interlayer potential energy landscape. For
MoTey, the calculated total energy has two minima with respect to layer displacement along the a-
direction [93], corresponding to Tq and 1T, with a separation called €, € was defined previously
in Fig. 2.1 that characterizes the layer shift along the a-axis for B-type of stacking in fractional
unit. The displacement along the a-axis for a B-type stacking can then be expressed as €*a, where

ais the 1T’ lattice parameter. In the 1T’ phase of MoTez, € = +0.15 for each twin. The § parameter

isrelated to e via 1 + € = 26. In the 1T’ phase, such layer displacements result in two sets of nuclear
Bragg peaks in the HOL plane that correspond to each of the two twins. The € parameter can be
measured from the distance s along (2, 0, L) separating neighboring Bragg peaks of opposite 1T’
twins, when these twin peaks are centered about an integer L location. For example, if (202) Bragg
peak is located at L = 2.3 and (20-2) Bragg peak is located at L = 1.7, then the peak separation s is
0.6. s was previously shown in Fig. 5.1. The relation between s and ¢ is given by the equation s =
2He. The € parameter is also related to the 1T’ monoclinic B angle via the equation tan(p -90°) =

e*alc, where a and c refer to the 1T lattice parameters.
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Fig. 6.4 (a, b) Changes of the monoclinic B angle in the 1T’ phase and the interlayer displacement
parameter 6 of Mo1-x\WyTe; as a function of W-fraction. (c) The & parameter of the MWT1 crystal
plotted as a function of temperature. The B and the 6 values were extracted from the separation

of the 1T’ Bragg peaks along (2, 0, L) from the single crystal neutron scattering data.

Changes of the monoclinic B angle and the § parameter as a function of W-fraction are shown in
Fig. 6.4 (a, b). Decreases in both B and § with W-substitution were observed [100]. The §
parameter appears to also have a temperature-dependence, that decreases with increasing

temperature as shown in Fig. 6.4 (c), where § values for the MWT1 crystal between 320 and 600

H
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K are plotted. Since the MWTL crystal is slightly doped with W (9%), which is close to
stoichiometric MoTey, §’s for MoTe> calculated from reported atomic coordinates of the T4 and
1T’ phases in literature are also included [28, 58, 93, 102, 103] and those values are consistent
with the overall trend implied by our MWT1 § values. Judging from the fact that the decrease in 6
from 320 to 600 K in MWT1 is only a fraction of the decrease in 6 from x = 0 to x = 0.5. The

decrease in 6 is likely a combined effect of W-substitution and temperature.

The strong anharmonicity in vibrations involving layer displacement along the a-direction [93]
provides an explanation for the decrease in 6 with temperature. If two layers oscillate relative to
each other within a double-well potential (with each minimum corresponding to A- or B-type
stacking), and the potential slope is less steep in directions toward the midpoint between the
minima, then larger vibrations would be expected to shift the average interlayer position closer
together, which corresponds to smaller € and 6. In principle, the data suggest a trend where, at a
sufficiently high temperature, 6 would approach 0.5 and € would approach 0, and a higher
symmetry structure would result (To structure which is calculated to be unstable in Ref. [104]).
However, the rate of change of & (~0.006 from 320 to 600 K) is too low for such a phase to be

reached before thermal decomposition.
6.6 Unusual broad transitions in MoTe2

Two MoTe; crystals, labeled as ‘MT4” and ‘MT5’, show some unusual broad transition behaviors,
which are shown in Fig. 6.5. The transition from the T4 phase to the 1T’ phase occurs over a much
broader temperature range, as compared with those from other MoTez or Mo1xWxTe> crystals
(within 40 K). For the MT4 crystal, the elastic neutron scattering intensities along (1, 1, L) on both

cooling and warming are shown in Fig. 6.5 (a, b). The (112) and (112) Bragg peaks from the 1T
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phase at high temperatures, and the (112) Bragg peak from the T4 phase at lower temperatures
were observed. From Fig. 6.5 (a, b), it can be estimated that the hysteresis of the transition in MT4
iIs ~100 K. To better characterize the transition, intensities from individual scans along (1, 1, L)
were fit with two Gaussian peaks with equal widths and an equal distance about L = -2. Shown in
Fig. 6.5 (c) is change of the peak separation along L as a function of temperature. Upon cooling,
the onset temperature of the transition into Tq is around 250 K, and the separation continues to
decrease gradually down to at least 200 K. Meanwhile, the transition on warming starts at 200 K,

and does not complete at 400 K.

For the MT5 crystal, the elastic neutron scattering intensities along (2, 0, L) combined at many
temperatures are plotted in Fig. 6.5 (d, e), and the integrated intensity near L = 3 as a function of
temperature is shown in Fig. 6.5 (f). The onset temperature of the transition on cooling into Tq is
below ~240 K, as compared with ~280 K for MT1 or MT2. In addition, phase coexistence was
observed by further cooling to even 200 K. On warming, a slight decrease in intensity near L = 3
is seen, followed by a steeper descent starting around 260 K, suggesting the onset of the transition
into 1T°. The transition back to 1T’ does not complete even up to 350 K. Interestingly, on
subsequent measurements taken on cooling from 350 K to below ~100 K, as shown in Fig. 6.5 (g),

the 1T’ peaks near L = 2.3 and L = 2.7 are still visible.

A possible explanation for the broader transition observed in MT4 and MT5 is Te vacancies, which
have been reported to broaden the transition in nominal MoTe, [105]. From EDS measurements,
it shows vacancies in MT4 but not MT5, with Mo:Te ratios of 1:1.88(5) and 1:1.98(3), respectively.
However, EDS is inconclusive as it only estimates the chemical composition from the surface of
crystals. For MT4 and MT5, Te vacancies might be introduced during the post-annealing process

to remove the Te flux, when the ampoule was inserted into the tube furnace for too long. Other
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possible explanations for the broadened transition include oxygen or moisture, that might stabilize
the 1T’ phase in thin MoTe. crystals [106]. Thickness of the crystal might also play a role as

sufficiently thin crystals of MoTe> have been reported to have a broadened transition [96].
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Fig. 6.5 (a, b) Elastic neutron scattering intensity along (1, 1, L) as a function of temperature
measured on a nominal MoTe; crystal, MT4, at SPINS at the NCNR. (c) Fitted peak separation as
a function of temperature from fits of neutron scattering scans in (a, b). (d, e) Elastic neutron
scattering intensity along (2, 0, L) as a function of temperature measured on another nominal
MoTe; crystal, MT5, at HB1 at HFIR. (f) Integrated intensity around the (203) T4 peak on cooling
and warming from the neutron scattering scans in (d, e). (g) Individual scans along (2, O, L) taken
on MTS5, first at 350 K, and then on cooling down to 57 K. Due to a heater malfunctioning, this
cooling was uncontrolled, during which points were measured in order of increasing L within the

ranges shown in the legend.
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6.7 Structural phase diagram of Mo1xWxTez

In Fig. 6.6 (a, b), the intensity of the (203) Tq peak as a function of temperature was plotted. At
low temperatures in the Tq phase, the peak intensity is at maximum. At high temperatures in the
1T phase, since there is no Bragg peak at L= 3, the intensity is at minimum. In between the
extremes, two types of behaviors can be seen, depending on whether the transition is complex
(which involves the Tq* phase and V-shaped diffuse scattering) or phase-coexistence-like
(between Tq and 1T”). For crystals with lower W-fraction, two onset temperatures can be observed
clearly on both warming and cooling. For example, for MWT1 on warming from Tq, the peak
intensity drops abruptly at the onset to Tq* at 280 K. The intensity then plateaus, and near 305 K
a second onset temperature is passed, beyond which the gradual transition into 1T’ starts. On the
other hand, the peak intensity changes differently on cooling from 1T°. a first kink is seen at the
onset into the frustrated Tq* region near 305 K, and a second kink is seen at the onset into Tq near
280 K. There is no plateau on cooling that indicates the ordered Tq* phase. Nevertheless, each
onset temperature is close together on warming vs. cooling, despite the crystal entering and leaving
different structures. In contrast, for the higher W-substituted crystals, the onset to the transition is

less sharply defined, and no intermediate onset temperatures are evident on warming or cooling.

The upper and lower boundaries of the Tg-1T’ transition temperature range can be defined as the
temperatures at which the (203) Tq Bragg peak intensity drops to 20% or 80% of its maximum
value, seen as the dashed line in Fig. 6.6 (a, b). The phase diagrams of the Tq-1T transition as a
function of the W-fraction are shown in Fig. 6.6 (c, d), which contains three useful information.
First, the transition temperature increases roughly linearly with x up to ~0.5. Second, the Tq* phase
is only seen on warming up to x = 0.21. Third, the temperature range of the transition does not

change substantially up to x~0.5, and the transition usually takes place over a 30 K range.
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Interestingly, the transition under pressure tends to become broader [50]. It is noted that a peak
appears near 0.5, which is likely due to the estimated W fraction from room-temperature layer

spacing being slightly off, mis-ordering the true W fractions for the two x ~0.5 crystals.
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Fig. 6.6 (a, b) Neutron scattering intensity near (2,0,3), averaged over 2.95 < L £ 3.05, on cooling
and warming for all the MoTe2 and Mo1.xWxTe; crystals measured with neutron scattering. The
intensities were normalized to the low-temperature value for the T4 phase. The horizontal dashed
lines show where the intensities decrease to 20% or 80% of the maximum, which are used to
define the phase boundaries. (c, d) Phase diagram of Mo1.xWxTe: as a function of temperature

and W-fraction on warming and cooling. Dots denote where data were taken.
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6.8 Discussion

The nearly linear increase in the c-axis lattice constant as a function of temperature for WTe; in
Fig. 6.3 (e) is striking different from the c-axis thermal contraction for MoTe: in Fig. 6.3 (a).
Transport properties differ similarly. Shown in Fig. 6.7 is the temperature dependence of the
electrical resistance for MoTe, and WTe>. While the resistance curve is nearly linear as a function
of temperature for WTey, it shows a downward curvature for MoTe,. In addition, the Hall
coefficient is reported to be nearly flat above 50 K for WTe; [107, 108], but continually changing
for MoTez [92, 103, 105]. The chemical potential u(T) also appears to behave differently, moving
in opposite directions for WTe; and MoTe; (as deduced from the Lifshitz transition in WTe; [107,
108] and optical conductivity measurements in MoTe2 [109]). Further research should clarify

possible connections between the divergence in structural and electronic properties between WTe>

and MoTea.
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Fig. 6.7 Electrical resistance of MoTe; and WTe; collected on cooling from 300 K, with the current

applied along the b-axis. The black lines represent linear fits to data between 50 and 100 K.

6.9 Summary

The Tg-1T’ structural phase transition in single crystals of Moi.xWxTe2 up to x = 0.54 was

investigated using elastic neutron scattering. Changes in the structure across the phase boundary
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were characterized as a function of W substitution and temperature. With increasing W-fraction,
the overall transition temperature increases, and there is a gradual transformation of the transition
behavior from a complex transition that involves the Tq* phase and V-shaped diffuse scattering,
seen in MoTez and some of the lower W-doped crystals, to a direct transition from Tq to 1T’. The
Tg* phase persists in Mo1.xWxTez up to at least x = 0.21. The interlayer displacement parameter &
decreases with both temperature and W-substitution, along with the monoclinic tilting angle p.
Increasing W-substitution does not substantially change the transition temperature range up to X

~ 0.54, in contrast to the broadening seen under pressure. A phase diagram is created for Mos.-

xWixTe> along hysteresis loops between Tqand 1T°.
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Chapter 7

T4-1T° transition in WTe>

7.1 Introduction

WTe; belongs to the TMD family, which is best known as a type-11 Weyl semimetal with a non-
saturating XMR [90]. Both the Weyl fermions and XMR in WTe; are closely related to the crystal
structure. While the former requires inversion symmetry breaking, as is for the Tq phase of WTey,
the latter shows highly anisotropic behavior that is associated with the formation of Te-W-Te
chains within the distorted 1T’ layer. The XMR in WTe; reaches to 2,500,000% at 45 T and 4.5 K
but is only achieved when the current is applied along the b-axis (W-chain direction) and magnetic
field is parallel to c-axis (perpendicular to the layers) [29]. The XMR effect can drop by more than
90% when the magnetic field is applied along the a- or b-axis. Such XMR in WTe; has been
explained by the nearly perfect balanced electron-hole populations along the b-axis in the Tq-phase,
which suggests that the zig-zag W-chains impose an additional 1D structural characteristic on

WTe> apart from the layered geometry.

What is also unique about WTe; is that the Fermi surface topology is sensitive to temperature.
There is a temperature induced Lifshitz transition at around 160 K, which is associated with the
complete disappearance of the hole pockets. This change of Fermi surface topology in the absence
of a structure or magnetic phase transition is extremely rare [107]. As shown in the reported phase
diagram of Mo1xWxTe in Fig. 2.4, WTez is in the Tq phase at all temperatures. A 1T’ phase of
WTe: is not known so far and has been theoretically predicted to be absent up to at least 500 K.
However, the crystal structure of WTe> has only been experimentally investigated up to 400 K via

transport measurements under ambient pressure [45].
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Nevertheless, whether a Tq-1T” transition occurs at ambient pressure in WTe; still needs to be
investigated. Since the Tq-1T" transition temperature increases with W fraction in Mo1xWxTe2 up
to x = 0.57 [39, 54, 79, 100], and a pressure-driven Tq4-1T structural transition in WTe> has been
reported to appear at 4-5 GPa [110], at 8 GPa [46], and in a broad range from 6.0 to 18.2 GPa [47],
there is a possibility of an ambient-pressure transition at a higher temperature that has never been
accessed. A first study of the crystal structures of WTe; using elastic neutron scattering and XRD
is presented in this chapter, where a T¢-1T” transition is observed at near 565 K in a single crystal

of WTe>. In contrast, the transition becomes much broader in powder WTe> [81].
7.2 Neutron scattering on single crystal WTe2

Elastic neutron scattering measurements were performed on a single crystal WTe on the triple-
axis spectrometer HB1A at HFIR of ORNL. Fig. 7.1 (a, b) show the elastic neutron scattering
intensity maps along (2, 0, L) as a function of temperature between 540 and 580 K. The data was

collected first on warming, then on cooling.
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Fig. 7.1 Scans of neutron scattering intensity along (2, 0, L) collected on a single crystal of WTe;

on (a) cooling and (b) warming. The Bragg peaks labeled D1 and D2 refer to the two 1T’ twins.
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At low temperatures, the (202) and (203) Tq Bragg peaks are observed at L = 2.0 and L = 3.0. On
warming to around 565 K, a clear T¢-1T’ transition can be seen from changes in the Bragg peaks.
The (202) and (203) 1T’ Bragg peaks appear near L = 2.2 and 2.8 on further warming. D1 and D2

labels refer to the two 1T’ twins, with calculated volume fractions of around 48 % and 52 %.

Compared with MoTey, the structural phase transition in WTe; proceeds quite differently. Unlike
the Tq* phase observed in MoTey, there is no intermediate phase present across the Tg-1T’ phase
boundary in WTez. The Tg-1T” transition in WTe; also occurs without the diffuse scattering seen
in MoTez [80]. Shown in Fig. 7.2 is the integrated intensity of the (203) Tq and (203) 1T’ peaks
from the neutron scattering measurements as a function of temperature through the hysteresis. The
transition in WTe; is much sharper (mostly complete within ~10 K) than MoTe, as seen from the
overlap of the warming and cooling curves. In contrast, the transition in MoTe, usually persists
over tens of Kelvin, with a hysteresis in the resistivity observed at hundreds of kelvins away from

the transition region [80].
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Fig. 7.2 Integrated intensity of the (203) Tq and the (20-3) 1T’ Bragg peaks as a function of
temperature, obtained from fits of neutron scattering scans along (2, 0, L). Inset: Temperature

dependence of the interlayer spacing, obtained from fits to longitudinal scans along (004).
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Structural phase transitions are often accompanied by abrupt changes in the lattice constants. In
MoTe», negative thermal expansion of the c lattice constant was reported in both the monolayer
and bulk compounds [111]. However, no change in the interlayer spacing was observed in WTey,
evidenced by the inset of Fig. 7.2 that shows the interlayer spacing, obtained from fits to scans of
the (004) Bragg peak, across the Tq-1T transition boundary between 500 to 650 K. This is also
different from the abrupt changes of lattice constant in WTe seen under pressure [47]. The a-axis
lattice constant did not change drastically either, given the similar intensity of the (2, 0, L) scans

which was performed across the transition without realignment.

7.3 X-ray diffraction on powder WTez

In contrast to the sharp and clean transition observed in single crystals, the Tqg-1T’ transition is
much broader in powder WTe, which persists on warming to at least 700 K. Powder XRD
measurements were performed on a powder sample of WTe> on a laboratory X-ray diffractometer
as a function of temperature between 300 and 700 K. The Rietveld refinements of the XRD patterns
are shown in Fig. 7.3 (a-f). At 300 K, Bragg peaks of the T4 phase are observed, together with an
impurity phase of WO, with a weight percentage of 5.1(1)%, which does not change over
temperature. At 700 K, the XRD pattern is better fit with a combination of Tq and 1T’ phases. In
addition to the WO, phase, peaks corresponding to pure Te started to appear at 600 K, the intensity
of which steadily increases on warming. The Te phase reaches a weight percentage of 8.13(17)%
at 700 K. This Te phase suggests the decomposition of the WTe> powder at high temperatures and

the possible presence of Te vacancies.
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Fig. 7.3 (a-f) XRD patterns measured on a WTe; powder sample, data collected between 300 and
700 K on warming, the data were refined using T4 at 300, 400 and 500 K, and T4 and 1T’ at 600,
650 and 700 K. Pure Te Bragg peaks are observed at 600 K and above. (g-1) XRD data plotted in
zoomed-in regions (blue dashed lines) for 300 K (g)—(i) and 700 K (j)—(I) for the (0, 0, 2) peak (g),
(j) and two other peaks. The red curves correspond to the refinements using the T4 phase or a Tg-

1T’ phase coexistence, respectively.

To better understand the Tq and 1T’ phase coexistence at 700 K, a comparison of the diffraction
data at 300 and 700 K is shown in Fig. 7.3 (g-1). At 700 K, the changes in intensity are roughly
consistent with that expected from the model of a mixture of Tq and 1T’ phases. (To refine the 1T’
phase, the B angle was set manually so that the & parameter corresponds to the & parameter derived

from the coordinates of the T4 phase portion at 700 K). While the model produces distinct Bragg
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peaks, the data shows one broad peak. If such broad peak is due to the spread of lattice constants
induced by powder decomposition, the (002) peak in panels (g, j) should also be broadened, which
is not observed. The only explanation to the broadness seen in panels (k, I) would be disordered

stacking, since the (O0L) peak intensities only depend on atomic position along the c-axis.

Shown in Fig. 7.4 are the refined volume fractions of the Tq and 1T’ phases as a function of
temperature from the XRD data in Fig. 7.3. The transition in powder appears to be much broader
than that in the single crystal, beginning at a temperature between 500 and 600 K, and was not
fully completed even at 700 K. At 700 K, the Tq and 1T’ phases coexist with relative volume

fractions of 51 % to 49 %.
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Fig. 7.4 The volume fractions of the T4 and 1T’ phases as a function of temperature from

refinements of the XRD patterns.

7.4 Stacking disorder in powder WTe2

To illustrate how disordered stacking could contribute to the broadness of some diffraction peaks
at 700 K, simulated XRD patterns from disordered stacking sequences progressing from Tqto 1T’
are shown in Fig. 7.5 (a). The simulations were performed by Dr. John Schneeloch. Starting from

the stacking model of ‘AAAA...” of the Tq phase, every other interlayer boundary was swapped
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from ‘A’ to ‘B’ with a probability ‘p’ [56]. A p value of 0 or 1 corresponds to the stacking of
‘AAAA...° (Tg), or the stacking of ‘ABAB...” (1T’). The diffuse scattering at different p values
was calculated from the structure factor of the Bragg peaks using a constructed 1000-layer
supercell. Increasing p from 0 to 1 result in an intensity shift from Tq4 peak location to 1T’ peak
locations on each side, which explains the unfitted parts in Fig. 7.3 (k, I). It is noted that even
though intermediate p values also produce distinct Bragg peaks, the broader intensity seen in the

data could be due to inhomogeneity in the powder sample that has different values of p.

In order to highlight changes in the Bragg peaks on warming from 300 to 700 K, in Fig. 7.5 (b, c)
the powder XRD data over two narrow regions are plotted, which are near 32° and 43.5°. The Tq
peak intensity at 300 K decreases on warming and a broader intensity distribution becomes
prominent by 700 K, indicating the shift of intensity towards the 1T’ peaks on both sides of Tg.
The changes in the Bragg peak intensity on warming from 300 to 700 K in the XRD data is

consistent with the changes of the simulated intensity by increasing p from 0 to 1.
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Fig. 7.5 (a) Simulated XRD intensities for T4 (p = 0), 1T’ (p = 1), and disordered stacking (0 < p < 1),
intermediate between Ty and 1T’. p is the probability of a random swap of “A” with “B”-type
stacking for every other interlayer boundary in the Tq4 AAAA... stacking. The simulated intensities

are compared with the (b, c) XRD data over two narrow regions between 300 and 700 K.

90



7.5 Temperature dependence of lattice parameters

The & parameter of WTe; from the XRD measurements was extracted from the refined atomic
coordinates of the Ty phase and is plotted as a function of temperature as shown in Fig. 7.6 (a). 6
from the HB1A data is also included, which is 0.5482(3) at 610 K obtained from the 1T’ phase.
The & parameter decreases by ~0.007 from 300 to 600 K, which is very similar to the magnitude
of decrease observed in MWT1. The refined T4 phase lattice parameters are shown in Fig. 7.6 (b-
d). The expected thermal expansions for a, b, and c are observed except a possible anomaly near
700 K, which may be related to the decomposition that results in the Te phase, or to the difficulty
in getting uniquely fitted lattice constants in the presence of stacking disorder. From the neutron

data, a p angle of 92.456(17)° was also extracted.
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Fig. 7.6 (a) Temperature dependence of the 6 parameter of WTe; from powder XRD (black) and
single crystal neutron diffraction (red) measured on HB1A. (b-d) The temperature dependence of
the lattice constants a, b, and c for T4-WTez. The error bars for the points in (a-d) are smaller than

the symbols except for the XRD 6 points in (a).

The lattice constants for both Tg4- and 1T°-WTe, as a function of temperature from Rietveld
refinements of the powder XRD patterns are shown in Table Ill. For Rietveld refinements on data

collected above 600 K, the monoclinic 1T’ angle is fixed in the fitting at a value corresponding to
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the parameter derived from the refined Tq phase atomic coordinates, where the & value was

calculated first then propagate to get .

Table lll: Temperature dependence of the lattice constants of the T4 and 1T’ phases of powder

WTes,.

7.6 Discussion

Temperature Ts-WTe, 1T'-WTe,
a=6.2679 A
300 K b=3.4868 A N.A.
c=14.0571 A
a=6.2732 A
400 K b=3.4895 A N.A.
c=14.0641 A
a=6.2777 A
500 K b=3.4925 A N.A.
c=14.0681 A
a=6.2850 A a=6.2875 A
600 K b=3.4962 A bh=3.4882 A
¢=14.0716 A c=14.1130 A
3 = 92.302°
a=6.2885 A a=6.2898 A
650 K bh=3.4980 A bh=3.4902 A
c=14.0743 A c=14.1157 A
B =92.115°
a=6.2881 A a=6.2859 A
700 K bh=3.4985 A bh=3.4996 A
c=14.0689 A c=14.0728 A
B = 92.058°

The T¢-1T’ transition in WTe; single crystals is very sharp while the transition becomes much

broader in powder WTe>. There are several possible explanations for the broadness of the transition

in powder. The first explanation is Te vacancies. Te vacancies have been proposed to broaden the

transition in MoTe,-, crystals [105]. From the XRD data shown in Fig. 7.3, pure Te started to

appear at 600 K and reached a weight percentage of 8.13% at 700 K. It is expected that powder
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would have more decomposition than a single crystal due to a greater surface area to volume ratio.
The second explanation is that the transition is broadened in the small crystallites of a powder
sample. In thin MoTe;> crystals (hundreds of nm or less) the transition is known to be broadened
or suppressed completely [95-97]. In addition, there could be more defects in powder WTe;
induced during sintering or grinding. Defects may frustrate layer sliding, and the presence of grain

boundaries would frustrate the shape change expected in each grain's T¢-to-1T” transition.
7.7 Summary

Using elastic neutron scattering on a single crystal and XRD on a powder sample of WTey, a Tg-
1T structural phase transition was observed in the Weyl semimetal WTe> at ambient pressure. In
the crystal, the transition is very sharp, occurs at ~565 K, and proceeds without hysteresis. No
intermediate phase was observed across the phase boundary, in contrast to the Tq* phase seen in
MoTe,. Meanwhile in the powder, the transition is broadened and incomplete up to 700 K, with

phase coexistence across a wide temperature range.
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Chapter 8

Tg¢-1T° transition under pressure

8.1 Introduction

Due to the weak interlayer interaction, both MoTe, and WTe; are relatively easy to be compressed
under external strain or pressure, and their physical properties can thus be changed. For example,
the band structure of MoTez is quite sensitive to external strain. Density functional theory (DFT)
calculations showed that only two pairs of Weyl points exist rather than four pairs under ambient
condition, whereas the other two pairs were annihilated by merging at the I'-X line [87]. With
external hydrostatic pressure, the critical temperature for superconductivity in MoTe, dramatically

increases from 0.1 K t0 8.2 K at 11.7 GPa [28].

The Tg-1T" structural phase transition in Mo1.xWxTe> can also be tuned by applying strain to the
crystal. In WTey, pressure converts the Tq phase to 1T, at relatively high pressure ranging from 6
GPato 15.5 GPa [46, 47]. In MoTey, pressure suppresses the temperature of the Tq4-1T" transition,
and the Tq phase is no longer observed by ~1.2 GPa [28, 50, 93]. Tensile strain along the a- or b-
axes, on the other hand, has been reported to decrease and increase the transition temperature in
MoTey, respectively [112]. However, the effect of hydrostatic stresses on Mo1xWxTez has not been
studied with diffraction techniques, and the question remains of how hydrostatic pressure would
affect structural properties, such as the novel Tq* structure, that has been found in Mo1.xWxTez (X

< 0.21). It is expected that changes with hydrostatic pressure might be relevant to the interlayer

interactions that give rise to the transition between 1T’ and Tq. Given that W-substitution and

hydrostatic pressure have opposing effects on transition temperatures, the effects of simultaneous
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pressure and W-substitution were investigated by performing neutron scattering measurements on

a crystal with nominal composition Moo gWo.Tex.
8.2 Neutron scattering on MoosWo.2Tez

The high-pressure elastic neutron scattering measurements were performed on HB1 by Dr. Sachith
Dissanayake. The pressure cell was a CuBe self-clamped piston cylinder cell. Daphne 7373 oil
was used as the pressure transmitting medium. The pressure was calibrated using lattice constant
measurements from an attached NaCl crystal. At each pressure (0.53, 0.88, 1.20 and 1.40 GPa), a
series of scans of intensity along (2, 0, L) were taken on cooling and warming from 300 K to ~5

K and back to 300 K. Data under pressure are shown in Fig. 8.1.

0.53GPa, cooling 0.53GPa, warming

0.88GPa, cooling 0.88GPa, warming

)

(a) @002  <«—202%

(c)

100 -
50 l

1.40GPa, cooling 1.40GPa, warming

U mn 25 = WA A% Iy ok s ©3 1o 15 20 25 @5 10 15 20 25
Fig. 8.1 Combined scans of neutron scattering intensity along (2, 0, L) for the Moo.sWo.2Te; crystal
collected under 0.53, 0.88, 1.20 and 1.40 GPa. It is noted that there is a glitch in the 1.20 GPa
data on warming, which was caused by a temporary loss of the signal, and the data between 70
and 140 K were taken on a second warming and overplotted with the data collected on a first

warming.
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At 0.53 GPa, the transition in MoogWo.2Te2 shows similar features as for lower W-fraction crystals
measured at ambient pressure. On warming (Fig. 8.1 (b)), the Tq* phase is indicated by the
presence of a Bragg peak at (2,0,1.5) near 200 K. Further warming results in V-shaped diffuse
scattering, then the 1T’ phase. On cooling, V-shaped diffuse scattering was observed, followed by
a transition into Tq. Similar behavior can be seen at 0.88 GPa, with some broadening of the
transition temperature range. By 1.20 GPa, however, the Tq* phase is absent, replaced by phase
coexistence between a small fraction of Tq (as seen from the intensity near (2,0,1) on cooling) and
the dominant 1T’ phase at the lowest temperatures. At 1.40 GPa, only the 1T’ phase remains. As
with pure MoTez measured under pressure [50], the temperature range of the transition tends to be

broader on warming than on cooling.

8.3 Pressure-temperature phase diagram

Phase diagram on cooling Phase diagram on warming
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Fig. 8.2 Pressure-temperature phase diagrams of Moo.sWo.2Tez, where Tq* region is indicated by
the white quadrilateral. The white circles indicate temperatures and pressures where

measurements were taken.
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Pressure-temperature phase diagrams deduced from scans along (2, 0, L) are shown in Fig. 8.2.
The phase diagrams contain three useful information. First, the Tg-1T’ transition temperature
decreases roughly uniformly with pressure and the Tq phase disappears by 1.4 GPa. Second, the
Tg* phase is only seen on warming up to 0.88 GPa and disappears with pressure between 0.88 and
1.20 GPa. No Tg¢* phase is present on cooling. Third, the temperature range of the transition is
broadened with pressure, in contrast to the roughly constant transition temperature range with

increased W-doping at ambient pressure.

8.4 p and & parameters under pressure

In Fig. 8.3 (a, b) the B and the & parameters extracted from elastic neutron scattering measurements
on the Moo.gWo.2Te> single crystal under pressure, and on multiple Mo1.xWxTe> single crystals at
ambient pressure discussed in chapters 6 are plotted as a function of caook, Which is the c lattice
constant at 300 K. Elastic neutron scattering measurements on MT3 under pressure are also
included, the values of  and § for MT3 under pressure were extracted from the data reported in
Ref. [50]. The values of csopok for the ambient pressure data were obtained from longitudinal
neutron scattering scans along the (002) or (004) Bragg peak; for data taken under pressure, Caook
was obtained from sample alignment at 300 K. As shown in Fig. 8.3, W-substitution and pressure
have opposite effects on f and §. B and § decrease with increasing Csook, Whether the increases in
Cs3o0k are due to decreased pressure or increased W-substitution. These trends are also consistent
with those reported in the literature for W-substitution [100] and pressure [28, 93]. The W-
substitution of Moo.gWo.Te2 decreases the measured 3 and § parameters when comparing points

at similar pressures (i.e., 0.60 GPa for MT3 vs. 0.55 GPa for Mog.sWo.2Tez), as expected.
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Fig. 8.3 Changes in (a) monoclinic angle B for 1T’ and (b) stacking parameter § plotted against
csook from elastic neutron scattering measurements at ambient pressure on Moi1xWxTe;, under
pressure for MT3 and MoosWo.Te,. These data were taken on SPINS (MWT6), HB1A (other

ambient-pressure data), or HB1 (pressure-dependence data).

8.5 Discussion

W-substitution and pressure have opposite effects on the Tq-1T’ transition temperature in Moa-
xWyTe. The transition temperature increases with W-substitution and decrease with pressure. This
is because W has a larger atomic size than Mo, doping MoTe, with W is equivalent to applying a
negative chemical pressure to the lattice, which increases the size of the unit cell. In addition,
changes in the transition behavior with pressure also provide insight into changes in interactions
beyond nearest neighboring layers. While the temperature range of the transition is roughly
constant as a function of W-fraction at ambient pressure, this range increases with pressure.

Beyond a certain critical pressure, the Tq* phase is no longer present, and a phase-coexistence-like
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behavior takes over. Some of these trends have theoretical confirmation. Enthalpy calculations
show that the 1T’ phase is favored at high pressure [93]. However, no theoretical explanation for
how the transition unfolds under pressure, including the hysteresis, stacking disorder, or presence

of a T¢* phase, has been reported.

8.6 Summary

The structural phase transition in a single crystal of MoosWo2Te> between the Tqg, Tg* and 1T’
phases as a function of pressure was investigated. With increasing pressure, the Ty-1T" transition
temperature decreases and § and & parameters increase. The Tq phase is suppressed with pressure
and is no longer visible by 1.4 GPa. The Tq-1T transition in MoogWo.2Te> is accompanied with
the Tq* phase on warming under relatively low pressure (up to 0.88 GPa) and Tq* disappears at
pressure between 0.88 and 1.20 GPa. Increasing pressure leads to a change between one type of
transition, with a Tq* phase and V-shaped diffuse scattering, to another type of transition with
phase coexistence between Tq and 1T’. The transition temperature range also broadens with

pressure.
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Chapter 9

Discussion

9.1 Evolution of Tg* with W-substitution

In the Mo1.xXWxTe, system, despite the symmetry equivalence of the positioning of neighboring
layers (either A- or B-type of stacking), certain types of stacking sequences are clearly favorable
over others, depending on the temperature and thermal history. For MoTe>, two onset transition
temperatures can be defined, T1 and T». Tz is the onset temperature from T4 to T¢* on warming,
and from frustrated Tq* region to T4 on cooling. T> is the onset temperature from Tq¢* to V-shaped
diffuse scattering on warming, and from 1T to V-shaped diffuse scattering on cooling. In Fig. 9.1,
a schematic diagram of the transitions as a function of increasing W-fraction from MoTe to WTe;
is provided. For crystals with low W fractions that include MoTe2, phase boundaries are marked
by the T1 and Ta, as shown in Fig. 9.1 (a, b). Both temperatures are assumed to be the same on
cooling vs. warming for simplicity (though there is a ~5 K hysteresis for the onset to or from Tgq
[80]). T1 and T» determine the boundaries for temperature ranges where certain types of short-
range stacking are preferred. For T > T,, ABABAB... stacking is preferred. For T < T, AAAAAA...
stacking is preferred. For T1 < T < T,, AABBAABB... stacking is preferred. However, Tq* is often

frustrated on cooling.

With W substitution, T1 and T» onset temperatures move closer together, as seen in Fig. 9.1 (c, d),
for Mo1.xWxTe2 with small x. On warming, the Tq* temperature range appears to shrink, which
explains the disappearance of Tq* beyond x = 0.21. On cooling, the V-shaped diffuse scattering
becomes abbreviated, and the 1T’ intensities only slightly shift toward L = 2.5. Eventually, T1 and

T2 merge, as shown in Fig. 9.1 (e, f), and the transition behavior becomes more phase-coexistence-
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like, which is seen in Mo1xWxTe, crystals with intermediate x and also WTe>. In this way, W
substitution would not just increase the overall temperature of the transition, but also change each

onset temperature separately in ways that control which types of stacking are favorable.

cooling warming

W-fraction

(2,6,L) . - (2,0,L)

Fig. 9.1 Schematic diagrams showing the transition pictures on cooling and warming in Moi.-
«WiTe; for three levels of W-substitution: (a, b) x =0 as in MoTey, (c, d) x ~ 0.2, where Tq* is about

to distinguish, and (e, f) 0.4 < x < 1.0, where WTe; is included.

9.2 Phase diagram from MoTe2 to WTe2

The Tg-1T’ transition in WTe: is added to the phase diagram shown earlier in Fig. 6.6 (c, d) and
completed phase diagrams of Mo1.xWxTe: as a function of W fraction and temperature are shown

in Fig. 9.2. The transition temperature overall increases continuously as a function of composition
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from MoTe; to WTez. The narrowness of the WTe; transition is striking relative to the broadness
of the transition near x ~0.5. Clearly, more research is needed from 0.5 < x <1 to clarify how the

narrow transition of WTe, connects with the broader, hysteretic transition near x ~0.5.

T (K)

cooling |

T (K)

00 01 02 03 04 05 06 07 08 09 10
X in Moy - x\WyxTe>

Fig. 9.2 Phase diagram of Mo1xWxTe; as a function of temperature and W-fraction on warming

and cooling. Dots denote where data were taken.
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Chapter 10

Conclusion

Topological Weyl semimetals are a class of novel quantum materials that exhibit bulk Weyl
fermions connected by topological surface Fermi arcs. Among these materials, the TMDs MoTe;
and WTe are unique since their 2D layered structure shows great potential for applications. With
high electron mobility and large MR, MoTe; and WTe; can be employed in high-speed electronics
and spintronics. In order to better understand the Weyl physics present in MoTe, and WTey, their
crystal structures must be understood as the breaking of the inversion symmetry is a prerequisite

for Weyl fermions to emerge.

The structural phase transition in Mo1xWyxTe2 was investigated using neutron and X-ray scattering
to reveal a layer sliding mechanism during the Tg-1T" transition that is accompanied by stacking
disorder. In MoTez, upon warming from the orthorhombic Tq4 phase, a cell doubling structure Tq*
was observed. The Tq* structure is pseudo-orthorhombic with a centrosymmetric space group,
indicating that it is topologically trivial. In contrast, on cooling from 1T’ to Tq, only diffuse
scattering was observed across the phase boundary, the intensity of which suggests a frustrated
tendency toward Tq*. Therefore, the transitions from T4 to T¢* on warming, and from the frustrated

Tq* region to Tq on cooling, are coupled with Weyl node creation or annihilation.

Doping MoTe: or applying external strain are two effective approaches to engineer the electronic
band structure and controlled transitions between Tq and 1T’. Given the complexity of the
temperature dependence of the structures of MoTe,, the structural phase diagram of Mo1.xWxTez
for x up to 0.54 was explored. With increased W substitution, the T¢-1T’ transition temperature

increases. The complex transition behavior that involves Tq* and substantial diffuse scattering
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transforms into a phase coexistence behavior between Tq and 1T, and the Tq* phase disappears

by x = 0.34. Meanwhile, hydrostatic pressure decreases the Tg-1T’ transition temperature in

Moo.sWo.Teo. The Tg* phase is no longer visible with pressure between 0.88 and 1.20 GPa. These
results suggest that the inversion symmetry breaking mechanism for intermediate W-doped Mo:.-
xWixTe> at ambient pressure, and for Moo.gsWo.2Te: at pressure near 1.20 GPa, is different from that

of MoTe», which proceeds in a more direct way between 1T and Tq without intermediate phases.

Surprisingly, in the Weyl semimetal WTez, where a structural phase transition has been proposed
to be absent, a T¢-1T’ structural phase transition was observed at ambient pressure. In single crystal,
the transition occurs at 565 K without hysteresis, but in powder, the transition is broadened and
incomplete up to 700 K. The different transitions in powders and single crystals highlights the
importance of sample-dependent factors. It is possible that Te vacancies from evaporation play a
role. A better understanding of sample-dependent factors that influence the sliding layer transition
may help realize the potential of stacking changes to influence properties in quasi-two-dimensional

materials.

In light of the observation a T¢* phase in MoTez and a Tq-1T” transition in WTe», this work changes
the current interpretation on the experimental data of Mo1.xXWxTe> and requires further theoretical
explanations on the structural behavior in Mo1-xWxTe. For instance, evidence of the T¢* phase is
also seen from reported resistivity data on MoTez. The hysteresis loop in resistivity (first reported
in Ref. [113]) has been interpreted as indicating the transition between Tq and 1T°, but in view of
the current data, most of the change in the resistance occurs between T4 and Tq* on warming. Thus,

the T¢-1T’ transition in MoTe> has complex structural behavior and deserves further study.
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This work might also provide ideas to help explain other properties seen in MoxW1.xTe; that are
still debatable. For instance, there are several explanations for the origin of the XMR in WTe;
observed at low temperatures [38, 103, 114], the number and location of Weyl points in the Tq
phase [115], and the topological nature of the observed surface Fermi arcs that are a necessary but
not sufficient condition for a Weyl semimetal [116] for MoTe,. In addition, ARPES measurements
could also be performed in the Tq* phase will provide useful insight into how Weyl nodes
disappear across the phase boundary. This work may also inform proposed applications, such as

the photoinduced ultrafast topological switch discussed in Ref. [117]. Since the Tq — Tg¢* — Ty

transition occurs without disorder and with only a ~5 K hysteresis, and since Tq* appears to be

centrosymmetric, a topological switch may more efficiently use Tq* rather than 1T°.

Though current theories on the structural phase transitions in Mo1xWxTe> lack predictions of an
intermediate Tq* phase, and a T¢-1T’ transition in WTey, they still provide useful information that
help understand the different hysteresis observed across the structural phase transitions in MoTe>
and WTez. For MoTez, DFT calculations indicate the relative stability of 1T over Tq at higher
temperatures [45, 93], which is attributed to the phonon entropy contribution (with a lack of soft
mode behavior noted) [93]. Meanwhile, WTe is predicted not to have a transition up to at least
500 K, and likely much higher. However, the calculations for WTe, show a lack of an energy
barrier between 1T’ and Tg, in contrast to MoTez, which may be related to the lack of hysteresis
in WTey, but not in MoTe; [45]. It is possible that if a more accurate calculation is performed with
phonon anharmonicity accounted, similar to Ref. [93], the results may suggest a similar reason for

the existence of 1T’ in WTe: at higher temperatures.

As for the microscopic origin of the layer shifts between different phase of MoixWxTe,
unfortunately, little theoretical analysis has been attempted beyond calculating the free energy of
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Tg and 1T’ [45, 93]. Assuming the sequence of stacking changes on warming and cooling occur
due to becoming energetically preferable, it would be interesting to know how the free energy
changes for structures with arbitrary stacking patterns, including for disordered stacking, which
might provide insights as why different diffuse scattering patterns are seen in Mo1.xWxTe, with
different W-levels, and why the transition behavior is different on warming vs. cooling for MoTex.
However, it is noted that there is the inherent difficulty in calculating the very small free-energy

differences between structures which differ only in the stacking of weakly interacting layers.

More generally, it would also be good to know what the dominant drivers of stacking changes are,
whether changes in crystal vibrations or band structure is more important. Whatever the source of
the effective interlayer interaction, it should be long-range enough to account for the gradual
reduction in stacking defects (likely due to annihilating twin boundaries) on cooling into Tq or
warming into 1T [49]. In fact, such gradual decrease in diffuse scattering that was observed from
neutron scattering is also supported by some hysteresis effects that extend far beyond the transition
region seen in resistivity measurements [92]. However, these effects have been largely ignored,
though one of the surface Fermi arcs was noted to persist to ~90 K above the transition temperature

and to have a history-dependent appearance [115].

One possible future direction to further investigate the structural phase transitions in Mo1xWxTe
is to look at changes of the disordered stacking over time. For example, if temperature is fixed at
which the MoTe; crystal is in the V-shaped diffuse scattering region seen on cooling, it would be
interesting to know whether the crystal will eventually transform into an ordered phase of Tq*, Tq
or 1T’. This is because at 270 K on warming, the ordered Tq* phase was observed with no changes
in the stacking over a time period of several days (typical duration for a neutron scattering

measurement), which suggests that Tq* is energetically favorable at this temperature. Then, a
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disorder-order transition might be expected from the V-shaped diffuse scattering region over a

longer time.

Another interesting idea is to look at uniaxial pressure (along the c-axis) induced structural phase
transition in MoTez. While hydrostatic pressure has been shown to decrease the transition
temperature [28]. Tensile strain along the a- or b-axes has been reported to, respectively, decrease
and increase the transition temperature [112]. The effect of non-hydrostatic stresses on MoTey,
however, has not been studied with diffraction techniques, and the question remains of how a
uniaxial stress along the c-axis would affect structural properties. MoTez is much more
compressible along the c-axis than along the a- or b-axes, so it is expected that changes with
uniaxial pressure along the c-axis may have more effects on the interlayer interactions that give

rise to the transition between 1T’ and Tyg.

In addition, some other materials with reversible temperature-induced sliding layer transitions that
have been reported include CrCls [118], a-RuCls [56], Bisls [57], Ta2NiSes [119] and In,Ses [120,
121]. A better understanding of these types of transitions in Mo1-xWxTe2 might also lead to the

discovery of new phases in other materials.
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