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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 MoTe2 and WTe2 have garnered attention because their 

non-centrosymmetric orthorhombic phase is host to Weyl fermions. Bulk MoTe2 and WTe2 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 MoTe2 

exhibits a structural phase transition at around 260 K from the high temperature monoclinic 1Tô 

phase to the orthorhombic Td phase upon cooling. On the other hand, in WTe2, the orthorhombic 

phase is presumed to be the stable phase at all temperatures. The transition from 1Tô to Td breaks 

inversion symmetry and allows the Weyl quasiparticles to emerge. The Td-1Tô transition is 

accompanied by substantial stacking disorder, the effects of which are not well understood. To this 

end, the structural properties of MoTe2 and WTe2 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 Mo1-xWxTe2 has been explored. The Td-1Tô structural phase 

transition and associated stacking disorder across the phase boundary were investigated using 

elastic neutron scattering and X-ray diffraction (XRD). In MoTe2, a cell doubling structure Td*, 

present between Td and 1Tô, was observed. The Td*  phase appears only on warming from Td, 

whereas on cooling from 1Tô, broad diffuse scattering was observed across the structural phase 

transition instead. The Td*  structure consists of four layers in the unit cell and is constructed by an 

óAABBô layer stacking sequence rather than the óAAô and óABô sequences of the Td and 1Tô phases, 
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respectively. Compared with Td, the Td* phase has additional Bragg peaks at half integer L, which 

appears to be orthorhombic. However, structural refinements showed that Td*  is centrosymmetric 

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

The composition dependence of the Td-1Tô transition in Mo1-xWxTe2 was additionally investigated. 

The Td* phase observed in MoTe2 appears only on warming from Td in Mo1-xWxTe2 in low W-

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

coexistence of Td and 1Tô across the transition and the vanishing of the Td*  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 Td-1Tô transition was also investigated. In a Mo0.8W0.2Te2 single 

crystal, the Td* phase appears only on warming from Td at pressures lower than 0.88 GPa and 

disappears by 1.20 GPa. Hydrostatic pressure suppresses the Td-1Tô transition, and only the 1Tô 

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 WTe2, the monoclinic 1Tô phase has not been observed from previous studies. It was assumed 

that the system enters into the Td phase on cooling from the melt. However, in this work, a sharp 

Td-1Tô transition at ambient pressure was observed in a WTe2 single crystal near 565 K that 

proceeded without hysteresis. In WTe2 powder, however, the thermal transition from the Td to the 

1Tô phase is much broader, and a two-phase coexistence was observed until 700 K. No Td* phase 

is present in WTe2. The observation of the Td* phase in MoTe2 and the 1Tô phase in WTe2 at 

ambient pressure explains the inversion symmetry breaking mechanism from 1Tô to Td 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, MX2, 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 MoS2 
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(1.8 eV), MoSe2 (1.5 eV), 2H-MoTe2 (1.1 eV), WS2 (2.1 eV) and WSe2 (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 1Tô that arises because of a distortion of the 1T phase 

that lowers the overall periodicity [20]. The atomic structures for the 2H, 1T and 1Tô 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 (1TΩ) 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 Td 
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bulk structure is formed. If there is a displacement between adjacent layers along the a-axis, the 

1Tô bulk structure is formed [11]. 

 

1.2 Properties of MoTe2 and WTe2 

A class of widely studied layered TMDs are compounds that contain Mo or W, which have great 

potential for applications. It was reported that MoS2 and MoSe2 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]. MoS2 nanoparticles are an advanced catalyst for 

the hydrogen evolution reaction [23]. MoTe2 and WTe2 are two other well-known representatives. 

MoTe2 and WTe2 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 (TI) 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-I and type-II. Type-I Weyl semimetals have point-like Fermi surfaces, whereas type-II 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-I Weyl point with point like Fermi surface (left) vs. type-II 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. 

MoTe2 has three crystal structures which are 2H, Td and 1Tô, while only the Td structure has been 

reported for WTe2. Both MoTe2 and WTe2 are known as type-II Weyl semimetals in the Td phase 

[25, 27]. In fact, WTe2 was the first theoretically predicted candidate for type-II 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 MoTe2 at energies from the Fermi level, EF, to -0.06 eV. 

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 MoTe2 [25], WTe2 

[35] and recently in Mo0.45W0.55Te2 [36] from the observation of topological Fermi arcs. 

 

Fig. 1.4 Observation of topological Fermi arcs in the Td phase of MoTe2 (data in panels e-h) The 

figure is from Ref. [25]. 

 

1.2.2 Extreme magnetoresistance 

In addition to the nontrivial topological band structures, MoTe2 and WTe2 have other fascinating 

properties. For example, in WTe2, 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 WTe2 under different magnetic fields that shows that the XMR effect in WTe2 can 
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be turned on at low temperatures with an external magnetic field. The XMR in WTe2 reaches 

2,500,000% at 45 T and 4.5 K and does not saturate [29]. Such XMR in WTe2 has been explained 

by the nearly perfect balanced electron-hole populations in the Td-phase [37]. Therefore, WTe2 

has the potential for low-temperature applications in 2D magnetic sensors or computing-related 

devices. MoTe2 also has a very large magnetoresistance (MR), reaching up to 32,000% at 9 T [38]. 

 

Fig. 1.5 Temperature and magnetic field dependence of the XMR in WTe2, 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 MoTe2 is superconductivity. At ambient pressure, bulk MoTe2 

exhibits superconductivity with a critical temperature Tc of 0.1 K. By applying pressure, the critical 

temperature can be increased [28]. Shown in Fig. 1.6 is the electrical resistivity of MoTe2 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. Tc 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 

Tc is gradually suppressed [28]. 

 

Fig. 1.6 Electrical resistivity of MoTe2 as a function of temperature and pressure, showing clear 

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

 

1.3 Structures of MoTe2 and WTe2 

MoTe2 crystallizes in three crystal structures, which are Td, 1Tô and 2H [39]. In the bulk form, 

while the Td and 1Tô phases are semimetals, the 2H phase of MoTe2 is a semiconductor with an 

indirect band gap of ~0.85 eV [40]. In the few-layered form, the 1Tô 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 MoTe2, there is a structural phase 

transition at ~260 K from the high-temperature 1Tô phase to the low-temperature Td phase [43]. In 

bulk WTe2, only the Td phase has been reported under ambient pressure [44, 45]. The Td phase of 
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WTe2, however, can be converted into 1Tô 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 diff raction 

measurements exploring the structural phase transitions in the Weyl semimetal Mo1-xWxTe2. The 

objective was to provide an experimental basis for the understanding of inversion symmetry 

breaking mechanism across the 1Tô-Td 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 Mo1-xWxTe2 was also investigated, as both factors are known to influence the sliding 

layer transitions, thus the electronic band structures of Mo1-xWxTe2. 

The following chapters of the thesis are organized as follows. Chapter 2 will focus on the 

discussion of the structures of Mo1-xWxTe2. The Td and 1Tô phases of bulk MoTe2 will be discussed 

and compared in detail, and two structural parameters will be defined. The Td-1Tô structural phase 

transition in bulk MoTe2 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 Mo1-xWxTe2, 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 Td-1Tô transition in Mo1-xWxTe2 will be presented in chapters 5 through 

8. Chapter 5 focuses on the Td-1Tô transition in MoTe2. Results from elastic neutron scattering 

measurements on two MoTe2 single crystals will be discussed. Direct evidence of the presence of 

a novel structure, Td* , across the Td-1Tô phase boundary will be provided. Discussion on the 

stacking sequence and the crystal structure of this centrosymmetric, pseudo-orthorhombic Td*  

phase will be included as well. In addition, the stacking disorders associated with the structural 

changes between Td, Td* and 1Tô will be described. 

In chapter 6, the compositional dependence of the Td-1Tô transition in Mo1-xWxTe2 will be 

investigated. Single crystals of MoTe2 were chemically doped with various levels of W, and the 

evolution of the Td-1Tô 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 Td* phase and 

diffuse scattering, will be discussed based on results from elastic neutron scattering measurements. 

A phase diagram of Mo1-xWxTe2 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 WTe2 at ambient pressure at various temperatures will be 

explored, and evidence will be presented for a Td-1Tô 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 WTe2 and MoTe2 will be provided. 

In chapter 8, the effects of hydrostatic pressure on the Td-1Tô transition in Mo0.8W0.2Te2 will be 

studied. The suppression of the Td phase with increasing pressure will be discussed. A pressure-

temperature phase diagram for Mo0.8W0.2Te2 that follows the Td* phase will be established. 
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In chapter 9, a qualitative model that describe the Td-1Tô transition in Mo1-xWxTe2 as a function 

of W-substitution will be provided, together with a phase diagram for the Mo1-xWxTe2 system. 

Conclusions on the Td-1Tô transition in Mo1-xWxTe2 will be presented in chapter 10. Connections 

are made between the experimental work in the thesis and current theories on MoTe2 and WTe2. 

Some possible future directions for further studies on the structural properties of Mo1-xWxTe2 will 

be given. 
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Chapter 2 

Background 

2.1 Introduction  

Bulk MoTe2 consists of layers of Mo octahedrally (Td and 1Tô 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 MoTe2 at room temperature is 2H. But if the melt is 

quenched, then the 1Tô phase is reached. MoTe2 undergoes a structural phase transition at around 

260 K from the monoclinic 1Tô phase to the orthorhombic Td phase on cooling. The transition 

from 1Tô to Td breaks inversion symmetry and allows the Weyl quasiparticles to emerge. The Td 

phase of MoTe2 is reported to be type-II Weyl semimetals [25]. 

WTe2 is isostructural to MoTe2, with Mo atoms replaced by W. In contrast to MoTe2, only the Td 

phase has been reported for bulk WTe2 under ambient pressure [44, 45]. WTe2 hosts Weyl 

fermions in the electronic band structure and exhibits XMR [29, 35]. In WTe2, 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 WTe2 has been explained by the nearly perfect balanced 

electron-hole populations along the b-axis in the Td-phase, suggesting the XMR in WTe2 is closely 

related to the crystal structure. 

The difference between the Td and 1Tô structures of MoTe2 can be described by a shift of layers 

along the a-axis in the 1Tô phase relative to Td. Therefore, the Td-1Tô transition in MoTe2 is a type 

of sliding layer transitions, in which the layers shift from one stacking to another as a function of 

temperature. During the Td-1Tô 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 Td and 1Tô structures of bulk MoTe2 will be discussed in detail. Two parameters 

are defined to describe the stacking sequences along the c-axis for Td and 1Tô: an A/B-type of 

stacking operation that describes how the neighboring layers are relatively positioned, and a ŭ 

parameter that characterizes the magnitude of layer displacements along the a-axis. Earlier neutron 

diffraction measurements on a single crystal of MoTe2 will also be presented, that show diffuse 

scattering upon cooling across the Td-1Tô phase boundary, suggesting the necessity of further 

investigation. 

 

2.2 Layer stacking for T d- and 1Tô-MoTe2 

The orthorhombic Td phase of MoTe2 is non-centrosymmetric with a space group of Pnm21, 

whereas the monoclinic 1Tô phase of MoTe2 is centrosymmetric with a space group of P21/m [24, 

25]. The Td and 1Tô 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 Td and 1Tô 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 Td to the layer below 

it, so Td can be built from repeating ñAAò 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 ⱦ 

as shown in Fig. 2.1. For MoTe2, ⱦ = ±0.15 lattice units. The 1Tô phase of MoTe2 has a stacking 

sequence of ñABAB...ò. 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 1Tô phase, the inversion symmetry center of the second layer is also the 

inversion symmetry point of the monoclinic unit cell. For MoTe2, the Td-1Tô structural phase 

transition is first-order in nature [43]. 

 

Fig. 2.1 Crystal structures of the Td ŀƴŘ м¢Ω ǇƘŀǎŜǎ ƻŦ aƻ¢Ŝ2 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 

MoTe2 layer, the dashed blue boxes denote the unit cell for Tdκм¢ΩΣ  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 ŭ 

Shown in Fig. 2.2 is a schematic representation of the stacking sequence óAAAAô for the Td and 

óABABô for the 1Tô 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 ŭ, 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 MoTe2 are specified by two 

parameters: the A/B stacking sequence and ŭ. For the monoclinic 1Tô phase, the óABABô stacking 

is tilted with an angle ɓ, as shown in Fig. 2.2. 

 

Fig. 2.2 Stacking orders for the Td ŀƴŘ м¢Ω ǇƘŀǎŜǎ ǳǎƛƴƎ ǘƘŜ ƛƴǾŜǊǎƛƻƴ-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 Td-1Tô structural phase transition in MoTe2 

When MoTe2 is cooled below Ḑ260 K, the layers slide from the stacking arrangement of the 

monoclinic 1Tô phase toward that of the orthorhombic Td phase [24, 25, 43]. The Td-1Tô transition 

in MoTe2 has been studied from transport measurements. Shown in Fig. 2.3 is the electrical 
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resistivity of 1Tô-MoTe2 as a function of temperature. Upon cooling from room temperature, an 

anomaly in resistivity is observed at around 250 K, indicating the onset to Td [48]. 

 

Fig. 2.3 ¢ŜƳǇŜǊŀǘǳǊŜ ŘŜǇŜƴŘŜƴŎŜ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎŀƭ ǊŜǎƛǎǘƛǾƛǘȅ ƻŦ м¢Ω-MoTe2. 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 Td-1Tô transition in MoTe2 can be tuned by strain, 

electric field and chemical substitution. It is reported that pressure decreases the Td-1Tô transition 

temperature in bulk MoTe2 [50]. By applying an external electric field or strain, the stable 2H-

phase can transform into the metastable 1Tô phase in monolayer or thin films of MoTe2 at room 

temperature [51, 52]. With Se substitution, a structural phase transition from Td to 1Tô to 2H can 

be realized in MoTe2-xSex thin films [53]. 
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W-substitution is another tuning parameter for MoTe2. Given W has a larger atomic size compared 

to Mo, doping MoTe2 with W in the form of Mo1-xWxTe2 is equivalent to applying a negative 

chemical pressure to the lattice, which increases the atomic distances. Varying x in Mo1-xWxTe2 

can shift the compoundôs Fermi level, thus having a great effect on physical and structural 

properties. W-substitution also affects the Td-1Tô sliding layer transition in MoTe2. It is reported 

that increasing the W fraction in Mo1-xWxTe2 increases the Td-1Tô transition temperature [54]. A 

phase diagram of the Mo1-xWxTe2 system as functions of temperature and W-fraction was 

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

 

Fig. 2.4 Phase diagram of Mo1-xWxTe2 system as functions of composition x and temperature. The 

ʲ ǇƘŀǎŜ ƛƴ ǘƘŜ ŦƛƎǳǊŜ ƛǎ ǘƘŜ м¢Ω ǇƘŀǎŜΦ ¢ƘŜ ŦƛƎǳǊŜ ƛǎ ŦǊƻƳ wŜŦΦ ώ39]. 

 

However, the phase diagram of Mo1-xWxTe2 in Fig. 2.4 is not complete, as the W-substitution 

dependence of the structures of Mo1-xWxTe2 has only been investigated up to x = 0.5. For the 

region that is labeled ómixedô, the structures have not been measured directly. At the range from 
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x = 0.5 to 0.7, the phase of Mo1-xWxTe2 is described as a mixing phase of 1Tô and Td, given 1Tô 

exists from x = 0.1 to 0.5 at room temperature, and Td lies in a composition x ranging from 0.7 to 

1, without temperature-dependent phase transitions being reported [39]. The increase in the Td-1Tô 

transition temperature with W-substitution suggests the possibility of an ambient-pressure 

transition at high temperatures in WTe2 that require further investigation. 

Some other materials with reversible temperature-induced sliding layer transitions include CrX3 

(X=Cl, Br, I) [55] and Ŭ-RuCl3 [56], of interest for their magnetic properties; Bi4I4 [57], of interest 

as a weak topological insulator in the ɓ 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]. MoTe2 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 Td-1Tô transition 

Though the Td-1Tô structural phase transition in MoTe2 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 MoTe2 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 H0L and 0KL planes measured on a MoTe2 single crystal across Td-1Tô 

phase boundary. The diffuse scattering is only observed in the H0L plane but not 0KL 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 MoTe2 single crystal in the H0L and 0KL planes. 

Diffuse scattering streaks appear along L in the H0L 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 10-10 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, ʈ ), 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-fl ight 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-fl ight 

spectrometers, such as CORELLI and NOMAD at the SNS. 

 

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 1014 particles, 

with an initial pulse width on the order of 1 ɛs 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. 

 

Fig. 3.2 A schematic layout of a time-of-flight neutron spectrometer. The figure is from Ref. [71]. 

 


