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ABSTRACT

In this work, the doping and pressure effects on the Weyl semimetal Mo1−xWxTe2

have been investigated. A series of single crystals of Mo1−xWxTe2 for x = 0, 0.10,

0.30, 0.40, 0.50, 0.70, 0.75, 0.90, and 1 were synthesized using the self-flux method

(for parent compounds MoTe2 and WTe2) and the chemical vapor transport method

(for doped compounds). The single crystals were then characterized by energy-

dispersive X-ray spectroscopy and X-ray diffraction (XRD). Temperature-dependent

resistivity measurements at ambient pressure show metallic behavior for all dop-

ing levels. Transverse magnetoresistance (MR) measurements show that the parent

compounds exhibit large non-saturating MR, which might result from electron-hole

compensation, whereas the doped compounds have low MR values, indicating doping-

induced electron-hole asymmetry. Doping-dependent resistivity measurements up to

650 K at ambient pressure reveal that the structural transition temperature (Ts)

increases linearly with increasing W content in Mo1−xWxTe2. The observed Ts of

MoTe2 at ambient pressure is 249 K and that of WTe2 is 613 K. Temperature-

dependent synchrotron XRD measurements further confirm the structural transition

in WTe2 at ambient pressure. Pressure was found to continuously suppress the Ts in

Mo0.90W0.10Te2, Mo0.60W0.40Te2, and Mo0.25W0.75Te2, and superconductivity emerges

in Mo0.90W0.10Te2 and Mo0.60W0.40Te2 above 1.25 K when Ts is suppressed to a lower

temperature. Magnetotransport measurements of Mo0.50W0.50Te2 under pressure re-

veal that, at a critical pressure of 0.9 GPa, the transverse MR is suppressed, the

Hall coefficient changes sign, and superconductivity emerges, suggesting a significant

reconstruction of the Fermi surface. The superconducting transition temperature

(Tc) continuously increases with increasing pressure above 0.9 GPa up to 14.3 GPa.
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With further increasing pressure above 14.3 GPa, the Tc remains constant and then

begins to decrease monotonically at 17.5 GPa. This work demonstrates that both the

structural transition and superconductivity in Mo1−xWxTe2 are tunable by changing

the W composition and physical pressure.
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Chapter 1

Introduction

The materials whose properties remain invariant under topological transformation

are called topological materials. The recent discovery of exotic properties in topo-

logical materials has generated tremendous research interests in this field. Among

the different classes of topological materials, topological insulators and topological

Weyl semimetals are being extensively studied in experimental condensed matter

research [2, 6–9]. In a topological insulator, topological properties are protected by

the energy gap in the bulk state. Unlike the topological insulator, Weyl semimetal

is no longer constrained by a bulk energy gap that protects the topological nature of

the energy bands [1]. Due to this new type of topological nontrivial phase, a Weyl

semimetal is a good platform to study and manipulate novel topological quantum

states with a promising device application potentials.

Weyl fermions are massless chiral fermions proposed by Herman Weyl in 1929 in

high energy physics [10]. For a long time, neutrino was thought as a candidate for

massless Weyl fermions. However, after the discovery of the mass of neutrino [11], it
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was discarded as a candidate for Weyl fermion. The Weyl fermion as a fundamental

particle has not been detected yet in high energy physics [9]. Recently, the concept

of Weyl fermions has been applied to condensed matter physics and Weyl fermions as

quasiparticles have been detected in semimetals [1]. Weyl fermions can be realized by

breaking either time-reversal symmetry or inversion symmetry in Dirac semimetals.

A semimetal that contains separated Weyl nodes is called a Weyl semimetal.

A Weyl semimetal contains Weyl nodes with opposite chirality and a Weyl node

acts as a momentum space monopole which corresponds to a source or a sink of Berry

curvature [12]. Weyl points always come in pairs in a Weyl semimetal otherwise the

Berry flux becomes divergent. The Weyl points are stable to weak perturbations and

are annihilated only in pairs of opposite charges. The arc connecting the projection

of two Weyl nodes on the Fermi surface gives a Fermi arc, which is a hallmark of Weyl

semimetal and can be observed experimentally by using angle-resolved photoelectron

spectroscopy (ARPES) [2, 13]. Weyl semimetal also displays the chiral anomaly,

which leads to a negative longitudinal magnetoresistance (MR) and anomalous Hall

effect [5].

The Weyl semimetal can be classified into two types: the type-I Weyl semimetal

that respects Lorentz symmetry and the type-II Weyl semimetal that violates the

Lorentz symmetry [12]. The type-I Weyl semimetal exhibits ideal Weyl cone where

valence band and conduction band touch at a point forming a point-like Fermi sur-

face. However, in type-II Weyl semimetal, the Weyl cone is tilted so that a Weyl

point is formed when an electron pocket and a hole pocket intersect at the Fermi

surface.
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The first experimentally verified Weyl semimetal is TaAs, which has been dis-

covered in 2015 through calculations [14, 15] and observing Fermi arc using ARPES

[1, 2, 16]. In the same year, Weyl semimetal state also has been discovered in other

TaAs class of materials, namely TaP, NbAs, and NbP [3, 13, 17–21]. Bulk band

structure of these TaAs class of materials contains ideal Weyl cones and belongs to

type-I Weyl semimetal. After the discovery of the Weyl semimetal state in TaAs

class of materials, many other materials have been proposed as a candidate for Weyl

semimetals and some of them have been verified experimentally. To further explore

the novel properties of already discovered Weyl semimetals and search for a new

class of Weyl semimetals are prominent research interests in the current scientific

community.

MoTe2 and WTe2 are experimentally verified type-II Weyl semimetals [22–25]

with interesting physical properties [26, 27]. Both of them show large nonsaturating

MR at ambient and dome-shaped superconducting behavior under pressure. The

type-II Weyl semimetal state also has been observed in Mo1−xWxTe2 for x = 0.75

and is predicted to have type-II Weyl semimetal state in other doping levels [28].

At ambient pressure, semimetallic MoTe2 undergoes a structural transition from

monoclinic 1T′ phase to orthorhombic Td phase at∼ 250 K [29,30]. External pressure

suppresses the structural transition temperature (Ts) to a lower temperature and su-

perconducting transition temperature (Tc) increases from 0.10 K at ambient to 8.2 K

at 11.7 GPa [31–33]. There are no previous reports of structural nor superconducting

transition at ambient pressure in WTe2. In this work, we have done systematic dop-

ing dependent study at ambient pressure for Mo1−xWxTe2 and obtained the relation
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between doping and Ts. Our high pressure study using BeCu pressure cell established

relation between pressure, Ts, and superconductivity for Mo1−xWxTe2. The study

of the magnetotransport properties under pressure using diamond anvil cell (DAC)

for Mo0.50W0.50Te2 shows the relationship between superconductivity, MR, and Hall

coefficient.

In the following, we shall provide an overview of the basic phenomena related to

Weyl fermions in Chapter 2, cover the method for sample preparation and measure-

ment techniques in Chapter 3, present our results and discussions in Chapter 4 and

finally summarize our work with conclusions in Chapter 5.
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Chapter 2

Background

2.1 Weyl Fermions

The Dirac equation for electron with mass m in covariant form is given by [34]:

(iγµ∂µ −m)ψ = 0, (2.1)

where ψ is 4-componenet wave function for electron and γµ (µ = 0, 1, 2, 3) are 4× 4

matrices. In the equation, we have set the speed of light (c) and reduced Plank

constant (h̄ ) to unity. The gamma matrices in Weyl representation are [35]:

γ0 =

0 1

1 0

 and γi =

 0 σi

−σi 0

 with i = 1, 2, 3.

The σi are are a set of three 2× 2 Pauli matrices and are as follows:

σ1 =

0 1

1 0

, σ2 =

0 −i

i 0

, and σ3 =

1 0

0 −1

.
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For massless particles like Weyl fermions, (2.1) becomes

(iγ0
∂

∂t
+ iγ1

∂

∂x
+ iγ2

∂

∂y
+ iγ3

∂

∂z
)ψ = 0. (2.2)

Consider ψ =

ψL
ψR

, where two components vectors ψL and ψR are called left-

handed and right handed Weyl spinors. Using gamma matrices, (2.2) can be written

as:

i

0 1

1 0


 ∂ψL

∂t

∂ψR

∂t

+ i

 0 σ1

−σ1 0


 ∂ψL

∂x

∂ψR

∂x

+ i

 0 σ2

−σ2 0


 ∂ψL

∂y

∂ψR

∂y

+

i

 0 σ3

−σ3 0


 ∂ψL

∂z

∂ψR

∂z

 = 0.

(2.3)

Simplying, i∂ψR

∂t
+ iσ1 ∂ψR

∂x
+ iσ2 ∂ψR

∂y
+ iσ3 ∂ψR

∂z

i∂ψL

∂t
− iσ1 ∂ψL

∂x
− iσ2 ∂ψL

∂y
− iσ3 ∂ψL

∂z

 = 0, (2.4)

which gives i∂tψR + i∇ · σψR

i∂tψL − i∇ · σψL

 = 0. (2.5)

With p = −i∇,we have i∂tψR − p · σψR

i∂tψL + p · σψL

 = 0. (2.6)
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From which we obtain

i∂tψR = +p · σψR;

i∂tψL = −p · σψL.
(2.7)

These are known as the Weyls equations for massless Weyl fermions [10].

2.2 Weyl Semimetal

Although the Weyl fermions have not been detected in high energy physics, Weyl

fermions as quasiparticles have been experimentally observed in some semimetals.

Consider H(k) is a Hamiltonian for noninteracting electron in a crystal momen-

tum space k. The eigenvalues equation for Bloch wave-functions |u(k)〉

H(k) |u(k)〉 = ε(k) |u(k)〉 (2.8)

defines the electronic structure [4]. The overlap between an eigenvector at point k

and nearby point k+δk is

〈u(k)|u(k + δk)〉 ≈ 1 + δk · 〈u(k)| ∇k |u(k)〉 ≈ eδk·〈u(k)|∇k|u(k)〉. (2.9)

If we define Berry connection as:

A(k) = −i 〈u(k)| ∇k |u(k)〉 , (2.10)

(2.9) becomes

〈u(k)|u(k + δk)〉 ≈ eiA(k).δk. (2.11)
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The curl of the Berry connection is called the Berry curvature:

Ω(k) = ∇k ×A(k). (2.12)

The integral of the Berry curvature over the 2-D Fermi surface gives a Chern number

χ. Mathematically,

χ =
1

2π

∮
FS

Ω(k) · dS(k). (2.13)

Consider a Femi surface sheet and a nonzero flux of Berry curvature is passing

through it. Then by Gauss’s law, this Fermi surface must enclose a point source or

sink of the Berry curvature. Around the point, the Berry curvature becomes

Ω(k) = ± k

2k3
. (2.14)

Using Ω(k) in (2.13), we get

χ = ±1. (2.15)

In a crystal, a point source or sink of the Berry curvature corresponds to band

touching point of valance and conduction bands in momentum space. When ex-

panded around a pair of band touching points, the Weyl equation (2.7) for crystal

momentum k becomes

i∂tψR,L = H(k)ψR,L (2.16)

with Hamiltonian

H(k) = ±h̄vFσ · k

= χh̄vFσ · k.
(2.17)
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Here, the crystal momentum k is measured from the band touching point and we

have used the relation p = h̄k. We have use h̄ = c = 1 throughout the calculations,

except in the final formula. The equations (2.7) and (2.16) are identical, except that

the speed of light, c in (2.7) has been replaced by the velocity of the massless Dirac

particles in condensed matter, vF in (2.16). The chiral charge of the bands touching

point in a crystal is identical to the chirality of Weyl fermions, chiral charge χ = +1

corresponds to right-handed (R) and χ = −1 to left-handed (L).

2.2.1 Weyl Node and Fermi Arc

A Weyl semimetal contains points in momentum space that are formed by the cross-

ing of nondegenerate valance and conduction bands. The crossing point is called the

Weyl node which is described by the Weyl equation (2.2) [36]. Weyl points in a host

crystal are extremely robust and do not require symmetry protection because of the

crystal’s translational invariance to perturbations [1,37]. Berry curvature, which acts

as a magnetic field in momentum space, characterizes the topological entanglement

between valance and conduction bands [5]. The Berry curvature becomes singular at

Weyl points. Similar to a magnetic monopole corresponds to source or sink of mag-

netic flux, a Weyl point acts as a monopole in momentum space corresponding to the

source or sink of the Berry curvature. A Weyl point is associated with chiral fermion

in real space and it behaves like a magnetic monopole in momentum space. In a

Weyl semimetal, Weyl points always come in pairs with opposite chirality otherwise

the Berry flux becomes divergent.
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Figure 2.1: A Weyl semimetal with two Weyl nodes (blue and red points). A Weyl
node can be considered as a magnetic monopole (MMP) in momentum space. The
figure is adopted from the reference [1].

A semimetal with Weyl fermion as a quasiparticle demonstrates bulk-surface cor-

respondence [38]. Due to that, a Weyl semimetal contains a Fermi arc that connects

the projection of two bulk Weyl nodes with opposite chirality on a two-dimensional

surface. Unlike 2d or 3d metals, which have usual closed Fermi surfaces, the surface

states of a Weyl semimetal are unconventional due to open Fermi arcs [36, 39, 40].

If we consider two Weyl nodes with opposite chirality in a bulk Weyl semimetal in

momentum space, one part of a Fermi surface is attached to the top and the other

to the bottom and each surface has an open fermi arc [41].

Fermi arcs are strong evidence for identifying Weyl semimetal. Direct observation

of the Fermi arc surface states are made by using Angle-Resolved Photoemission

Spectroscopy (ARPES) [2, 13]. In the ARPES technique, light is shined on the

material and energy, momentum, and spin of the emitted photoelectrons, both from
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Figure 2.2: ARPES Fermi surface map of the Fermi arcs (a) TaAs [2] (b) NbAs [3].

the surface and the bulk, are measured [9]. Fermi arcs have a contribution to surface

quasiparticle interference and hence they can also be observed by using scanning

tunneling spectroscopy [42]. It has also been predicted that open Fermi arcs have a

contribution to quantum oscillations in the density of states. The density of state

oscillations could provide the observable signatures of the surface state in a bulk

Weyl semimetal [43–45].

2.2.2 Chiral Anomaly

Let us introduce additional gamma matrix,

γ5 = iγ0γ1γ2γ3, (2.18)
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where matrices γ0, γ1, γ2, and γ3 are as defined in section (2.1). In block-diagonal

form,

γ5 =

−1 0

0 1

 . (2.19)

γ5 has following properties:

(γ5)† = γ5; (2.20)

(γ5)2 = 1; (2.21)

{γ5, γµ} = 0. (2.22)

The significance of γ5 is we can define projection operators

P± =
1

2
(1± γ5), (2.23)

which project onto the Weyl spinors, ψR,L. Hence:

ψR,L = P±ψ. (2.24)

In particular, we get from (2.24)

ψR =

 0

ψR

 and ψL =

ψL
0

 . (2.25)

Solving eigenvalue equation for γ5, eigenvalue +1 corresponds to right-handed and

-1 to left-handed Weyl fermion.
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Let us define two currents out of Dirac field:

jµ = ψ†γµψ and jµ5 = ψ†γµγ5ψ. (2.26)

Considering ψ satisfies the Dirac equation (2.1), divergences of jµ:

∂µj
µ = (∂µψ

†)γµψ + ψ†γµ(∂µψ)

= (imψ†)ψ + ψ†(−imψ)

= 0.

(2.27)

If ψ satisfies the Dirac equation, jµ is always conserved. When Dirac field couples

with electromagnetic field, jµ becomes electric current density. Now, computing the

divergence jµ5 and using relation (2.18):

∂µj
µ
5 = (∂µψ

†)γµγ5ψ + ψ†γµγ5(∂µψ)

= (∂µψ
†)γµγ5ψ − ψ†γ5γµ(∂µψ)

= (imψ†)γ5ψ − ψ†γ5(−imψ)

= 2imψ†γ5ψ

= 0 if m = 0.

(2.28)

If m = 0, chiral current jµ5 is also conserved. When electromagnetic field is applied,

the divergence of chiral current is [4]:

∂µj
µ
5 =

e2

16π2
εµναβFµνFαβ, (2.29)
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where Fµν = ∂µAν − ∂νAµ is electromagnetic field strength tensor and εµναβ is

antisymmetric fourth-rank tensor. Using dual electromagnetic field tensor Gµν =

1
2
εµναβFαβ and for non-Abelian fields, (2.29) becomes:

∂µj
µ
5 =

e2

8π2
trGαβFαβ. (2.30)

If Aµ corresponds to the electromagnetic four potential, we have:

Gαβ =



0 −Bx −By −Bz

Bx 0 Ez −Ey

By −Ez 0 Ex

Bz Ey −Ex 0


and (2.31)

Fαβ =



0 Ex Ey Ez

−Ex 0 −Bz By

−Ey Bz 0 −Bx

−Ez −By Bx 0


. (2.32)

Using Gαβ and Fαβ in equation (2.30), we get:

∂µj
µ
5 =

e2

2π2
E ·B. (2.33)

Consider a massless Dirac fermion is under a constant magnetic field B say in z

direction. The resulting Landau level for the two independent Weyl fermions due to

this magnetic field is shown in upper panel of Figure 2.3. The Landau level spectrum
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Figure 2.3: Illustration of the chiral anomaly of Weyl fermions based on a Landau
level spectrum. (Top panel) Equilibrium energy spectrum of the left-handed (L) and
right-handed (R) fermions under a magnetic field B . Empty states with positive
energy are shown by gray dots and filled states with negative energy are shown by
black dots. (Bottom panel) Same spectrum in the presence of parallel magnetic field
B and electric field E. The electrons are displaced from their equilibrium position
by δk ∼ −E resulting the production of left-handed antiparticles and right-handed
particles [4].

also show the chirality of Weyl nodes. The dispersion relation for Landau level in

each case is given by

ε(kz) = ±kz (2.34)

where the ‘+’ sign in front corresponds to left-handed and ‘−’ sign to right-handed

Weyl fermion. If we apply electric field E in the same direction of magnetic field, the

electrons will accelerate at a rate ‘−eE’ in the z direction. The rates of the right-
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and left-handed charge generation due to the presence of the chiral Landau levels is

then given by:

∂nR,L
∂t

= ± e2

4π2
E ·B. (2.35)

The factor of e2/4π2 in equation (2.35) arises from the density of states of the chiral

Landau levels. If nR − nL = n5, then from (2.35) we obtain

∂(nR − nL)

∂t
=
∂n5

∂t
=

e2

2π2
E ·B. (2.36)

This Equation (2.36) and Equation (2.33) correspond to each other when µ = 0 or

j05 ≡ n5.

2.2.3 Positive Transverse Magnetoresistance

Magnetoresistance (MR) is the change in electrical resistance of a material due to

an applied magnetic field. Mathematically:

MR =
∆ρ(H)

ρ(0)
=
ρ(H)− ρ(0)

ρ(0)
, (2.37)

where ρ(H) is the resistivity under an applied magnetic field H and ρ(0) is the

resistivity with no applied magnetic field. In general, MR is reported in percentage.

When magnetic field and electric current are applied perpendicular to each other,

extremely large MR can be observed in semimetals [27, 46]. This property has gen-

erated a huge interest among researchers in recent years due to the possibility of
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novel device applications [47]. Electrical transport in a semimetal generally con-

sists of electrons and holes carriers. When a transverse magnetic field is applied

in a semimetal having an equal number of electrons and holes carriers, large MR

is observed [5]. In a Hall effect measurement, there is no net transverse current

flow when electrons and holes are compensated with each other, but the transverse

currents carried by a particular carrier may be non-zero. Due to the presence of a

magnetic field, these nonzero transverse currents will experience a Lorentz force in

the direction opposite to the applied electric field resulting in a backflow of carriers.

Which will lead to a large positive MR in semimetals, stronger than that in nor-

mal metals and semiconductors. It should be noted that high-quality single crystals

are required to realize electrons and holes compensation and hence to get the large

positive magnetoresistance.

Large non saturating MR has been observed in TaAs class (TaAs, TaP, NbAs,

NbP) of Weyl semimetal [46, 48–50]. For example, a non-saturating transverse MR

of 8.1 × 106% has been observed in NbP under a field of 62 T at 1.5 K [46]. In

addition to this, electron-hole compensation has also been observed in this compound

explaining the large MR [51]. Large non-saturating MR also has been observed in

Weyl semimetals WTe2 [27] and MoTe2 [26].

2.2.4 Symmetry Breaking in Weyl Semimetal

A Weyl semimetal has non-degenerate bands crossing in momentum space which

requires a breaking of either time-reversal or inversion symmetry. If both time-

reversal and inversion symmetries are present, Kramers theorem follows that all of
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the bands are doubly degenerate in momentum space and correspond to a Dirac

point [52].

In order to realize the minimum number of Weyl nodes, just two with opposite

chirality, time-reversal symmetry must be broken. Alternately, if inversion symmetry

is broken, there are minimum of four Weyl nodes [53]. Figure 2.4 shows that a Dirac-

cone point will lead to two or four Weyl nodes depending on whether time-reversal

or inversion symmetry breaks, respectively [1].

Figure 2.4: A 3D Dirac-cone point (DCP) can be driven into two Weyl nodes with
opposite chirality by time-reversal symmetry breaking (TRB) or four Weyl nodes by
inversion symmetry breaking (ISB) [1].
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2.3 Types of Weyl Semimetal

Weyl semimetal can be classified into two types: type-I and type-II. In type-I Weyl

semimetal, the Weyl point appears as a touching point between conduction and

valance band forming a point like Fermi surface in momentum space. In type-II

Weyl semimetal, Weyl cone is strongly tilted in momentum space so a Weyl point

exists at a touching point between electron and hole pockets [12].

Both type-I and type-II Weyl semimetals exhibit chiral anomaly. The chiral

anomaly in type-I appears regardless of the direction of the applied magnetic fields.

In contrast, the chiral anomaly in type-II Weyl semimetals appears only when the

magnetic field is applied along the tilt direction [12, 24, 54]. The Weyl nodes with

opposite chirality can be merged and annihilate on both types of Weyl semimetals.

There is also a possibility of type-I to type-II transitions in some materials either by

doping or applying pressure [54].

Some examples of experimentally verified Weyl semimetals are TaAs, TaP, NbAs

and NbP [1–3, 13, 16–21] which belongs to type-I and MoTe2, WTe2, Mo1−xWxTe2

and TaIrTe4 [22–25,55] belongs to type-II.

2.4 Transition Metal Dichalcogenides: Mo1−xWxTe2

Transition-metal dichalcogenides (TMDs) have wide-ranging electronic, optical, chem-

ical, thermal, and mechanical properties. Because these properties have potential

for device applications, TMDs have been generated great research interests [56–62].

TMDs can be represented by using a common formula MX2, where M refers to a
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Figure 2.5: Two types of Weyl semimetals. In type-I Weyl semimetal, valence band
and conduction band form a point like Fermi surface. In type-II WSM, due to the
strong tilting of the Weyl cone, a Weyl point appears at the touching point between
electron and hole pockets. The figure is adopted from the reference [5].

transition metal of group IVB (Ti, Zr, or Hf), VB (V, Nb, or Ta), or VIB (Cr, Mo,

or W), and X is a chalcogen (S, Se, or Te) [63,64]. Most of the TMDs crystallize into

a 2-D layered structure [65,66], in which each monolayer consists of transition-metal

atoms between two planes of chalcogens (X-M-X). Atoms within a layer are bonded

with a strong covalent bond, while interlayer bonding between the adjacent planes is

by weak van der Waals-type forces. Due to this feature, the crystals can be cleaved

easily and many of their physical properties are anisotropic [67]. TMDs can display

semiconducting, semimetallic, or metallic behavior, which correlates well with the

crystalline phase [68,69].

Both MoTe2 and WTe2 are type-II Weyl semimetals [22–25] with large non-

saturating magnetoresistance (MR) and interesting physical properties [26,27]. The

observed MR for MoTe2 at 2 K and an applied field of 33 T is 61,700%, while that

for WTe2 is 13,000,000% at 0.53 K and an applied field of 60 T. When WTe2 is
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thinned to a single monolayer, it becomes a 2D topological insulator with a conduct-

ing edge, in which a superconducting transition can be driven by applying a gate

voltage [70,71]. Additionally, a dome-shaped superconducting behavior has been ob-

served in both MoTe2 and WTe2 under pressure, with a maximum superconducting

transition temperatures (Tc’s) of 8.2 K at 11.7 GPa in MoTe2 [31] and 7 K at 16.8

GPa in WTe2 [72]. Also in Mo1−xWxTe2 for x = 0.75, the type-II Weyl semimetal

state has been experimentally observed and this compound has also been predicted

to be a tunable Weyl semimetal with variation in x [28, 69].

Mo1−xWxTe2 can crystalize into one of three different phases: the hexagonal 2H

phase (space group P63/mmc), the monoclinic 1T′ phase (space group P21/m), or

the orthorhombic Td phase (space group Pmn21) and these phases depends on the

synthesis conditions [65, 73–76]. The 2H phase has semiconducting nature, whereas

the 1T′ and Td phases have semimetallic behavior. For x ≤ 0.10, the compound is

semiconducting at ambient conditions, while it is semimetallic above 900 °C, which

can be stabilized at room temperature by rapid cooling. Independent of synthesis

conditions, the compound is semimetallic for x > 0.10. Rapid cooling of MoTe2

results in the compound being in the 1T′ phase at room temperature, whereas that of

WTe2 results in the Td phase. Thus, depending on the doping level in Mo1−xWxTe2,

the semimetallic phase can exhibit either 1T′ or Td structure at room temperature

[69,75].

The semimetallic 1T′-phase MoTe2 undergoes a structural transition at ∼ 250 K

to the Td phase at ambient conditions [29,30]. The structural transition temperature

(Ts) in MoTe2 is suppressed by application of external pressure, and when the Ts is
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suppressed to lower temperatures, the superconducting transition temperature (Tc)

can be increased. The MoTe2 has Tc of 0.10 K at ambient pressure, which increased

to 8.2 K under 11.7 GPa [31–33]. In WTe2, no structural transition at ambient

pressure has been reported to date. When studied under pressure by conducting

synchrotron X-ray diffraction (XRD) at room temperature, Kang et al. did not

observe structural transition up to 20.1 GPa in WTe2 [77]. While Zhuo et al. and

Lu et al. both observed a structural transition in WTe2 at room-temperature and

starting under pressure of 6 GPa and 4 GPa, respectively, by conducting synchrotron

XRD [69,78,79].
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Chapter 3

Experimental Methods

3.1 Single Crystal Growth

We used flux method to grow single crystals of MoTe2 and WTe2, and chemical vapor

transport method to grow doped Mo1−xWxTe2 single crystals.

3.1.1 Flux Method

In a flux method, the flux and raw materials for target compounds are put in a

crucible and heated to a high temperature until the flux melts and dissolves the

raw materials. Then, either by slow cooling or evaporating the flux, supersaturation

occurs, and crystal growth takes place [80]. The flux method is also known as high-

temperature solution growth since the flux melts at high temperature and acts as a

solvent in solution growth. There are two types of flux methods. If the components

of the flux are the elements in the products, then the method is called the self-flux

method. The other is the use of flux which does not include the element in the
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products. In general, the flux is the molten salt, oxide, or metal. We have employed

the metallic flux to grow single crystals.

Single crystals from metallic fluxes can be grown by using several techniques.

These techniques can be distinguished from one another either based on the operating

temperature used or by method used to extract the crystals from the flux [81]. If the

temperature below 1200 ◦C is used, it is good to seal the crucible in an evacuated

quartz tube because it holds volatile components, provides a protective environment

for the sample growth, and allows to remove the flux from the crystals using a

centrifuge. For temperatures over 1200 ◦C, a protective atmosphere must have to be

provided alternatively because of the melting point of the quartz tube, sealing the

materials in it is no longer practical.

To grow the crystals, the starting materials are placed in a crucible with materials

of lower melting point on the top. When the materials having a lower melting point

melt, it flows over the materials at the bottom and starts to incorporate them. It

should be noted that the crucible should be inert to the melts, otherwise the reaction

between crucible and flux can destroy the crucible or modify the composition of the

melts leading to failure of the growth. The crucible with starting materials is placed

in a quartz tube slightly elevated from the bottom of the tube to avoid the cracking of

the tube during the heating/cooling cycle due to the differential expansion between

quartz and crucible. The elevation can be done by putting a small amount of quartz

wool or shards of quartz in the bottom of the quartz tube before putting the crucible

in the quartz tube. Some quartz wool is also placed on the top of the crucible before

vacuum sealing the tube. The evacuated quartz tube is then vertically put in a
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furnace and slowly heated to the final temperature. After putting the tube at the

final temperature for 12 to 24 hours, it is slowly cooled (generally at the rate of 1

to 2 ◦C/hour) until the crystals are grown. Once the crystals are grown and the

temperature is still above the melting point of flux, the quartz tube is removed from

the furnace, inverted, and spun quickly. This leads to passing of the flux through

the quartz wool and leaving the crystals in the crucible.

The other method to remove the flux is chemical etching, which involves the

removal of solid flux away from the crystals by using an etching chemical. But, this

process requires that the etchant must attack the flux much more quickly than it

does the crystals. Crystals also can be extracted from the solid flux mechanically.

But this is generally not preferred because it is time-consuming.

Single crystals of WTe2 and MoTe2 were grown by the self-flux method [82, 83].

Elemental molybdenum (99.95%) or tungsten (99.9%) and tellurium (99.999%) were

mixed in the ratio of 1:25 and placed in an alumina ampule, and then sealed in a

quartz tube under vacuum. For WTe2, the quartz tube was heated up to 1000 ◦C

over 10 hours and maintained at this temperature for 24 hours. The quartz tube was

slowly cooled down to 800 ◦C over 200 hours and subsequently cooled to 700 ◦C over

an additional 20 hours. Once the quartz tube was cooled to 700 ◦C, the tellurium

flux was spun off. For MoTe2, on the other hand, the quartz tube was heated up

to 1050 ◦C over 10.5 hours, maintained at this temperature for 24 hours, and then

cooled down to 900 ◦C over 150 hours before it was spun in a centrifuge to remove

the Te flux. To remove any residual tellurium flux, single crystals were then heated

to 425 ◦C for 2 days in a sealed quartz tube [69].
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3.1.2 Chemical Vapor Transport Method

In a chemical vapor transport (CVT), a condensed phase, typically a solid is volatilized

in the presence of a gaseous reactant and deposited elsewhere in the form of crys-

tals [84]. The gaseous reactant is called a transport agent and generally include

halogens and halogen compounds. For the deposition to take place, it is essential

to have different external conditions at the site of crystallization than at the site

of volatilization. This is generally achieved by applying different temperatures in

crystallization and volatilization sites.

A typical CVT reaction can be expressed as:

mA(s) + nB(g) ⇀↽ xC(g) + .... (3.1)

There can be more gaseous products in addition to C(g). This equation represents

that the source materials A(s) which are in solid-phase react with the transport

agent B(g) at a certain temperature and convert to gaseous products. At other

temperature, back reaction occurs resulting in deposition of solid thereby releasing

the transport agent.

The parameters that need to be optimized for a successful CVT are transport

agent, growth temperature, transport direction, rate of mass transport, and Gibbs

energy of the reaction [85]. Based on whether the change of enthalpy is positive or

negative in the transport reaction, temperature of source material (T2) and tempera-

ture of crystal growth zone (T1) must be altered. The exothermic transport reaction

indicates the transport from cooler zone to hotter zone, so T1>T2 and opposite for
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T2 T1

Figure 3.1: Schematic of Chemical Vapor Transport (CVT) method with source
materials at temperature T2 and crystal growth zone at T1.

endothermic reaction, that is T1<T2.

If CVT is used for compound synthesis or purification, a high transport rate is

chosen. A smaller transport rate is required to grow crystals to ensure good quality.

Usually, two CVT methods are applied in the laboratory: transport in open or closed

system [84]. In an open system, a tube made from glass or ceramic materials and

open on both sides is used. The source material is kept inside the tube at a certain

temperature and the flow of the transport agent is continuously passed over the

source material leading to deposition of the material at another side at a different

temperature under the release of the transport agent. The open system is generally

used for substance separation and purification. A closed system contains a sealed

tube and the transport agent remains in the systems, constantly re-entering the

reaction. Hence the closed system requires much fewer transport agents than the

open system.

In most cases, CVT reactions are executed in a closed system which can be made

out of suitable glass. The selection of glass depends on the operating temperature.

Borosilicate glass can be used up to 600 ◦C. For higher temperatures (up to 1200 ◦C),
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quartz tubes are suitable. Typically, the closed tube has a diameter of 10 to 20 mm

and a length of 100 to 200 mm [84]. It should be noted that the quartz tube contains

water up to 50 ppm, which is will be released during the heating. To avoid this, it

is recommended to bake out the quartz tubes before using them in CVT method.

If the materials that have to be transported are corrosive to quartz tube, ceramic

materials containers or glassy carbon can be integrated into the quartz tubes [85].

Now, the general procedures for preparing the transport ampoules will be dis-

cussed. First, approximately 0.5 gram to 1 gram of the solid, that is to be trans-

ported, is put in the bottom of the prepared ampoule [84]. This can be done by

using a funnel which is long enough such that the outlet is near the bottom of the

ampoule. Transport agents can be added in a similar way. The amount of transport

agent is chosen in such a way that the pressure in the closed ampule, calculated

using the gas law, will be 1 bar at the experimental temperature. The transport

ampule is generally connected to a vacuum line with a ground-glass joint. One can

also use quick-fit joints. Once the transport ampule is vertically connected to the

vacuum line, it is recommended to cool the contents of the ampule using liquid ni-

trogen before the evacuation. After approximately 3 minutes of cooling, the ampule

is evacuated and sealed. Cooling of the ampule is necessary if there is a danger of

vaporization or sublimation of any of the content at room temperature; as in the

case of using iodine as a transport agent.

The temperature gradient required for CVT is obtained by using tube furnaces

with two or three independent heating zones. In order to maintain the convection of

the gas as low as possible, the transport furnace must be kept horizontally. However,
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to prepare a large amount of substance in endothermic transport, the furnace can be

tilted such that the sink side is at higher elevation than the source side. In this case,

the transport takes place in a vertical direction due to a high convective contribution

to the gas motion. The transport, however, takes place only up to 3 cm. In such

experiments, an ampule having a large cross-section around 30 cm2 is used. For

exothermic transport reactions, the transport rate is determined only by diffusion

since the convective part is neglected [84].

Doped single crystals of Mo1−xWxTe2 for x = 0.10, 0.30, 0.40, 0.50, 0.70, 0.75,

and 0.90 were grown by the CVT method using iodine as the transport agent

[75]. Stoichiometric ratios of molybdenum (99.95%), tungsten (99.9%) and tellurium

(99.999%) were ground and sealed in evacuated quartz tubes before heating to 750

◦C for 2 days. These polycrystalline samples were then vacuum sealed in quartz

tubes with 5 mg cm−3 of iodine (99.8%). A temperature gradient of 100 ◦C was

used with the crystal-growth-zone temperatures of 1000 ◦C for x = 0.10, 950 ◦C

for 0.10 < x < 0.90, and 900 ◦C for x = 0.90. Samples were finally quenched in

ice-water for x ≤ 0.50, while they were slowly cooled down to room temperature for

x > 0.50 [69].

3.2 Elemental Composition Analysis

The elemental compositions of the samples were determined by using a scanning

electron microscope (SEM) with energy-dispersive X-ray spectroscopy (EDS) capa-

bilities (JEOL 8600 electron microprobe at the Texas Center for Superconductivity

at the University of Houston). To prepare the samples for chemical analysis using
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SEM/EDS, carbon tape was attached to the top of a graphite disk and the samples

were placed on the tape.

3.3 X-ray Diffraction

The crystallographic orientations of single crystals were determined by X-ray diffrac-

tion (XRD) using a Rigaku X-ray diffractometer with a monochromatic Cu Kα

(λ = 1.54178 Å) radiation source at the Texas Center for Superconductivity at

the University of Houston. Temperature-dependent synchrotron X-ray diffraction

(SXRD) data were obtained at the 01C2 beamline (0.826569 Å) of the National

Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan).

3.4 Transport Measurements

3.4.1 Magneto-Transport Measurements

Quantum Design Physical Properties Measurement System (PPMS) was used for

resistivity and magnetoresistance (MR) measurements. The resistivity was measured

from 390 K down to 2 K by a standard four-point probe method using the PPMS

AC transport option. The magnetoresistance was measured by applying magnetic

fields from -7 T to 7 T.
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Figure 3.2: (a) A real picture and (b) schematic drawing of high temperature resis-
tivity measurement probe.

3.4.2 High Temperature Resistivity Measurements

The resistivity measurement above room temperature was performed by four-point

method using a homemade probe. A real picture and the schematic drawing of

the probe are shown in Figure 3.2. It consists of a ceramic rod, which has eight

through holes (channels). Four copper wires were passed through the four channels

so that the wires are coming out from both ends of the rod. For a thermocouple,

a pair of Alumel and Chromel wires were similarly inserted through the other two

channels. One end of the thermocouple wires were connected to each other by spot

welding whereas each of the other ends were connected to a copper wire. For the

four-point resistivity measurements, four platinum wires having a diameter of 25 µm
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were connected on a sample surface using Silver Conductive Epoxy (product number

16016) from Ted Pella. The epoxy consists of two components: Part A and Part B.

Those two parts were mixed in the ratio of 1:1, applied to connect the wires, and

dried at 120 ◦C for 15 minutes under a continuous flow of Argon gas. The sample

was then placed at the end of the ceramic rod, near the thermocouple joint. The four

platinum wires were connected to four copper wires using the same Silver Conductive

Epoxy and dried similarly as mentioned above. The copper wires coming out from

another end of the rod were connected to electronics. The ends of the thermocouple

connected with copper wires were inserted in a stainless-steel tube. The ceramic rod

was the inserted in a tube furnace and the furnace was ramped up at the rate of 1

◦C/min. Argon gas was continuously supplied to protect the sample and copper wires

from oxidation during the measurement. The thermocouple was calibrated with a

reference temperature of 0 ◦C. To maintain the reference temperature, the stainless-

steel tube was dipped in an ice bath during measurement. The copper wires from

the ends of the thermocouple were connected to a voltmeter to measure the potential

difference. Resistivity measurement was performed using Keithley 2400 SourceMeter

and 2182 Nanovoltemeter in Delta mode configuration and data acquisition was done

by using LabVIEW.
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3.5 High-Pressure Study

3.5.1 Beryllium-Copper Clamp Cell

The beryllium-copper (BeCu) clamp cell which was prepared based on Dr. Paul

C. W. Chu’s design was used for high-pressure resistivity measurements up to 18

kbar. Advantages of BeCu clamp cell include a larger size sample (size up to 4 mm)

and provision for application of hydrostatic pressure. As shown in Figure 3.3, the

outer part consists of a locking screw (at the bottom) and the main body (above

the locking screw) prepared from hardened BeCu. The different components of inner

parts, which are inside the main body are shown in a schematic drawing (Figure

3.4). In the center, there is a Teflon cup. On the top of the Teflon cup, there is a

Be-Cu cap. The Be-Cu cap has been machined such that the piston of the cap fits

well with the Teflon cup and no leaking of the pressure medium occurs. There is a

hole in the center of the Be-Cu cap. Twisted pairs of wires and a thermocouple goes

through the hole, which was secured by using Stycast.

A sample was prepared for four-point resistivity measurement by connecting four

platinum wires on the surface using Ted Pella Leitsilber 200 Silver paint. For the

in situ pressure measurement, a manometer was prepared from a small piece of

high purity lead (Pb 99.999%). Lead has a very sharp transition (0.02 K transition

width) and pressure dependence of the TC has been well-studied. In the lead piece,

the secondary (inner) coil was prepared by winding 2 - 4 layers of copper wire (46

gauge). By using another copper wire (44 gauge), two additional layers had been

winded as the primary (outer) coil.
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The sample and the lead manometer were connected to four pairs of twisted

wires coming out from the Be-Cu cap. The Teflon cup was filled with pressure

medium (Fluorinert FC-77) before putting the Be-Cu cap with a sample and lead

manometer on the top. Then the cup was inserted into a hardened BeCu cylinder

with a through-hole having the diameter the same as the Teflon container. Small

BeCu rings were put on both sides of the Teflon container before bringing pistons

(made from tungsten carbide) from above (top piston) and below (back piston). On

the top of the “top piston”, a hardened BeCu plate (top plate) was placed. There is a

through-hole on the top piston, top plate, and top of the main body, which allow the

electrical connections to pass through to the measurement electronics. Before hand

tightening the locking screw on the main body, another hardened BeCu plate (back

plate) was put on the bottom of the back piston. The pressure cell was then attached

to the probe and inserted into a double jacket glass Dewar filled with liquid nitrogen

(LN2) in the outer space and liquid He4 in the inner space. The temperature was

controlled by moving the pressure cell up-down with respect to the cryostat. For

the temperature measurement above 50 K, the thermocouple that was inserted near

the sample in the Teflon container was used. The temperatures below 50 K were

measured by a germanium resistor embedded in the wall of the BeCu clamp cell. To

apply pressure, a force from a hydraulic press was applied. When the force is applied,

the piston moves by squeezing the Teflon container and increasing the pressure. The

locking screw is tightened before releasing the force, which keeps the Teflon container

from expanding and locks in the pressure. All of the BeCu caps, Teflon cups, and

BeCu rings were machined for each pressure run using a lathe.
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During the pressure measurement, the primary coil of the lead manometer was

driven (applied a small current) and the mutual inductance of the secondary coil was

measured using LR400 AC RESISTANCE BRIDGE. A sharp drop in inductance was

observed when the lead enters into the superconducting state due to the diamagnetic

property of the superconductor. The Tc of the lead was defined at the mid-point of the

sharp drop. Reference Tc was determined by doing measurement without applying

pressure in the cell. The Tc of the lead decreases with pressure. By calculating the

difference in Tc, the pressure of the sample environment was determined using the

table given in Appendix A, which is based on Equation 3.2 [86].

∆Tc = −3.689× 10−2P + 1.026× 10−4P 2 (3.2)

For the resistivity measurement, Keithley 2400 SourceMeter, and 2182 Nanovolteme-

ter in Delta mode configuration were used. Data acquisition was done by using

LabVIEW.
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Figure 3.3: A photograph of the high-pressure beryllium-copper clamp cell.
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Figure 3.4: Schematic drawing of the high-pressure beryllium-copper (BeCu) clamp
cell.
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3.5.2 Diamond Anvil Cell

High-pressure resistivity measurements up to 43 GPa was done by using a diamond

anvil cell (DAC). A picture and schematic diagram of DAC used in this study are

shown in Figure 3.5. There are two parts in the cell: upper and lower, made from

hardened BeCu. Each part of the cell consists of a diamond anvil with culet diameter

of ∼ 400 µm attached to a tungsten-carbide (WC) piece using Stycast. The WC piece

is called a diamond seat or backing piece. There is a conical hole in each of the seats

aligned with the hole from the cell allowing optical access to the sample. The conical

shape helps to collect more light, thus enhancing the imaging. Four screws were used

for holding the WC seat in each part of the cell. Horizontal alignment of the culet

of the diamond can be obtained by adjusting these screws.

A gasket with a central hole was sandwiched between the two diamond culets

and contains a sample, pressure medium, and a ruby piece. The gasket can be made

from various materials depending on the requirement for the experiment. The basic

requirement for the material is that it must be hard and ductile. If one wants to use

it for susceptibility measurements, the materials also must be non-magnetic and non-

superconducting. We used a square-shaped stainless steel gasket with a thickness of

∼ 250 µm for the resistivity measurements. The gasket was pre-indented by applying

pressure of ∼ 1/3 of target pressure (with target pressure ∼ 42 GPa, we applied ∼

14 GPa and the thickness of the pre-indented area was ∼ 43 µm). Then, a hole with

a diameter equal to culet size was drilled in the pre-indented area. To insulate the

gasket for the resistivity measurements, the pre-indented area was filled with cubic

boron nitride (c-BN) and pressed to ∼ 15 GPa (little higher than pre-indentation of
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Figure 3.5: (a) A real picture and (b) schematic drawing of diamond anvil cell (DAC).
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the gasket). After that, a hole of diameter ∼ 130 µm (∼ 1/3 of the culet size) was

made at the center of the pre-indented area. The ∼ 130 µm hole was then filled with

c-BN, which acts as a pressure medium for the sample.

Resistivity and Hall measurements under pressure were done using the van der

Pauw method. A sample with a dimension around 90 × 90 × 15 µm3 was prepared

from a single crystal and placed on the top of the pressure medium. Four electrodes

with sharp tips (∼ 10 µm) were cut using a razor from a ∼ 10 µm thick platinum foil.

Sample

Platinum 

electrode

A

B C

D
Ruby

Figure 3.6: Schematic drawing of preindented gasket area with a sample, four plat-
inum electrodes, and a Ruby piece. The electrodes are used for resistivity and Hall
measurements by the van der Pauw method.

The electrodes were then adjusted such that they rest on four corners of the sample

as shown in Figure 3.6. A small ruby piece with diameter of ∼ 10 µm was placed near

the sample for pressure measurement. There are four screws, two right and two left-

handed, that connect the two parts of the cell. These screws were slowly tightened

to increase the pressure. The pressure of the cell at room temperature was measured

using a ruby fluorescence manometer. The pressure cell was then connected to a
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puck that is designed to fit in the PPMS from Quantum Design. ACT option from

the PPMS was used to perform the van der Pauw resistivity and Hall measurements.

During resistivity measurements, the platinum electrodes A, B, C, and D from Figure

3.6 were connected to I+, I−, V−, and V+ respectively in Chanel 1 of the puck, which

gave resistance RAB,CD = VCD

IAB
. Similarly RBC,DA = VDA

IBC
was measured in Chanel 2.

The sheet resistance (Rs) can be calculated using van der Pauw formula [87]

e−πRAB,CD/Rs + e−πRBC,DA/Rs = 1. (3.3)

By knowing thickness (t) of the sample, resistivity can be obtained using ρ = Rst.

For Hall measurement, in Chanel 1, current was supplied through A(I+) and

C(I−) and potential difference between D(V−) and B(V+) was measured under pos-

itive and negative magnetic fields. This gave VDB,P and VDB,N , where P and N

corresponds to positive and negative magnetic fields. Similarly, Channel 2 has con-

nections B(I+), D(I−), A(V−), and C(V+) giving VAC,P and VAC,N under positive

and negative magnetic field, respectively. Then, Hall voltage was calculated using

VH =
VDB,P − VDB,N + VAC,P − VAC,N

4
. (3.4)
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Figure 3.7: (a) A picture of DAC after connecting with a puck and (b) schematic
drawing of the puck connections for van der Pauw resistivity measurement using ACT
option from the PPMS. The wires A, B, C, and D are connected to the corresponding
platinum electrodes in Figure 3.6.
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Chapter 4

Results

We have carried out doping and pressure dependence studies on single crystalline

Mo1−xWxTe2 with various tungsten compositions. To determine the relation between

the structural transition temperature (Ts) and the tungsten composition, doping

dependence study were conducted on Mo1−xWxTe2 for x = 0, 0.10, 0.30, 0.50, 0.70,

0.90, and 1. High pressure studies up to 17 kbar were carried out on Mo1−xWxTe2 for

x = 0.10, 0.40, and 0.75 using a BeCu clamp pressure cell and pressure-dependent

structural transition and superconductivity phase diagrams have been constructed.

Pressure effects on superconductivity, magnetoresistance, and the Hall effect have

been studied in Mo0.50W0.50Te2 by applying pressure up to 43 GPa using a diamond

anvil cell (DAC).

In this chapter, I will first discuss the composition determined by energy dis-

persive X-ray spectroscopy (EDS), the X-ray diffraction patterns, and the magneto-

transport properties of single-crystal Mo1−xWxTe2 for x = 0, 0.10, 0.30, 0.40, 0.50,

0.60, 0.70, 0.75, 0.90, and 1. Results from the doping-dependent structural transition
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and high-pressure studies will then be presented.

4.1 Elemental Analysis using Energy-Dispersive

X-ray Spectroscopy

Table 4.1 shows the nominal compositions and those determined by energy-dispersive

X-ray spectroscopy (EDS) of single-crystalline Mo1−xWxTe2 for x = 0, 0.10, 0.30,

0.40, 0.50, 0.70, 0.75, 0.90, and 1. EDS measurements show excess tellurium, which

may be due to the presence of unreacted tellurium in the single crystals. In most

of the Mo1−xWxTe2 single crystals compositions, x from EDS measurement is close

to nominal x , except for Mo0.60W0.40Te2 and Mo0.25W0.75Te2 (Figure 4.1), which

could be due to the following reason. During the growth of doped single crystals

using the chemical vapor transport (CVT) method, the finely ground starting ma-

terials were pelletized to make polycrystalline precursors for all cases except for

the 40 % (x = 0.40) and 75 % (x = 0.75) tungsten doped compounds. Due to

the smaller atomic radius of Mo than that of W, hybridization between the Te pz

orbitals increases in Mo1−xWxTe2 with increasing Mo content [88]. This suggests

that higher Mo concentration is favorable in the compound if there is no constraint

(pelletization is constraint here). Thus, making polycrystalline precursors without

pelletization resulted in higher Mo content in the final measured compositions. This

observation suggests that pelletization of the finely ground starting materials is one

of the necessary steps to grow doped single crystals of Mo1−xWxTe2 with the desired

compositions.
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Table 4.1: Nominal compositions and compositions determined by energy-dispersive
X-ray spectroscopy (EDS) for Mo1−xWxTe2 (x = 0, 0.10, 0.30, 0.40, 0.50, 0.70, 0.75,
0.90, and 1).

Nominal composition EDS measurement results
MoTe2 MoTe2.30
Mo0.90W0.10Te2 Mo0.90W0.10Te2.26
Mo0.70W0.30Te2 Mo0.74W0.26Te2.40
Mo0.60W0.40Te2 Mo0.81W0.19Te2.37
Mo0.50W0.50Te2 Mo0.56W0.44Te2.49
Mo0.30W0.70Te2 Mo0.27W0.73Te2.41
Mo0.25W0.75Te2 Mo0.46W0.54Te2.70
Mo0.10W0.90Te2 Mo0.12W0.88Te1.77
WTe2 WTe2.26
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Figure 4.1: Plot of nominal composition x vs composition x from EDS measurements
for Mo1−xWxTe2 single crystals. y = x is the reference line passing through the
origin. Except for Mo0.60W0.40Te2 and Mo0.25W0.75Te2, the composition from EDS
measurement is close to the nominal composition.
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4.2 X-ray Diffraction Patterns

The X-ray diffraction (XRD) patterns of the single crystals Mo1−xWxTe2 for x =

0, 0.10, 0.30, 0.40, 0.50, 0.70, 0.75, 0.90, and 1 are shown in Figure 4.2(a). All of

the observed peaks were indexed as (0 0 2k) reflections, indicating that the exposed

surfaces of the crystals are along the c-plane. Magnified XRD patterns showing

the (002) peaks are presented in Figure 4.2(b) for all of the Mo1−xWxTe2 single

crystals. With increasing W concentration, the 2θ angle for the (002) peak either

decreases or remains constant except for Mo0.60W0.40Te2. With increasing tungsten

composition x = 0.30 to x = 0.40, the 2θ angle for the (002) peak increases. Values

for the calculated lattice parameter c by considering the monoclinic 1T′ phase with a

monoclinic angle β = 93◦55′ for MoTe2 and Mo0.90W0.10Te2 and the orthorhombic Td

phase for all of the other single crystals are shown in Figure 4.2(c). The obtained c for

MoTe2 is 13.85±0.04 Å and that for WTe2 is 14.04±0.04 Å, and both are close to the

previously reported values of c = 13.86 Å for MoTe2 and c = 14.07 Å for WTe2 [74].

The values of the calculated lattice parameter c for the doped compounds lie between

those for the parent compounds. In general, the lattice parameter c increases with

increasing W composition, which is due to the larger ionic radius of W4+ (0.66 Å)

compared to that of Mo4+ ions (0.65 Å) [89, 90].
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Figure 4.2: (a) X-ray diffraction (XRD) patterns from 10 to 90 degrees, (b) magnified
view of the (002) XRD peaks, and (c) lattice parameter (c) vs composition (x) for
Mo1−xWxTe2 single crystals (x = 0, 0.10, 0.30, 0.40, 0.50, 0.60, 0.70, 0.75, 0.90, and
1).
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4.3 Magnetotransport Properties

Temperature dependence of the electrical resistivity of Mo1−xWxTe2 single crystals

as a function of W doping is shown in Figure 4.3(a). During these measurements, the

four-point probe method was used with four contacts on the ab-plane and current

along the a-axis. All of the single crystals show metallic behavior. Residual resistivity

ratio (RRR) vs x is plotted in Figure 4.3(b). Here the RRR is defined as RRR = ρ

(300 K)/ρ (2 K). For the parent compounds, the RRR is large with values around

151 for MoTe2 and 228 for WTe2. The large RRR values indicate the high quality

of the single crystals. In comparison with the parent compounds, the RRR of the

doped single crystals is drastically lower, with values from ∼6 to ∼13. The significant

decrease in the RRR value may be due to the presence of defects scattering [90,91].

Under a magnetic field, the resistivity of WTe2 follows the zero-field curve until it

is cooled to the so-called “turn on” temperature T* [27], below which the resistivity

starts to increase as shown in Figure 4.4(a). The obtained T*, defined as the point

where the resistivity is minimum, is around 64 K for WTe2 under 7 T when the

current (I) is along a and the magnetic field (H) is along the c axis. Figure 4.4(b)

shows the magnetic field dependence of the magnetoresistance (MR) at 2 K for WTe2

with I ‖ a and H ‖ c. We observed maximum MR around 74 000% at 2 K and under

a magnetic field of 7 T, which is comparable to the value reported by Ali et al. (MR

∼ 105 000% at 2 K and under 7 T) [27]. A Shubnikov–de Haas quantum oscillation

is also observed at 2 K [inset in Figure 4.4(b)] following extraction of the oscillations

after subtracting a smooth quadratic background above 4 T.

The corresponding MR behavior of MoTe2 under magnetic field with I ‖ a and H
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Figure 4.3: (a) Temperature-dependent resistivity from 300 K down to 2 K and (b)
composition-dependent residual resistivity ratio (RRR) (RRR = ρ (300 K)/ρ (2 K))
of Mo1−xWxTe2 for x = 0, 0.10, 0.30, 0.40, 0.50, 0.60, 0.70, 0.75, 0.90, and 1. The
anomaly in the resistivity curve for each of x = 0 and 0.10 in (a) corresponds to a
structural transition.
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Figure 4.4: Magnetic field effects on WTe2 with current along the a axis and magnetic
field parallel to the c axis. (a) Temperature-dependent resistivity without and with
magnetic field of 7 T. (b) Field-dependent MR at 2 K. Inset: quantum oscillations
demonstrate the high quality of the crystal.
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Figure 4.6: Magnetic field effects in single-crystalline Mo1−xWxTe2. The electric
current is applied parallel to the a axis and the magnetic field is along the c axis.
(a) Temperature-dependent resistivity without and with magnetic field of 7 T in
Mo0.50W0.50Te2. Inset: low-temperature data show that the resistivity increases
under field. (b) Field dependence of MR up to 7 T and at 2 K in Mo1−xWxTe2
for x = 0.10 0.30, 0.50, 0.70, and 0.90.
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‖ c is shown in Figure 4.5. It also shows “turn on” behavior with T* ∼ 26 K under 7

T. The MR of MoTe2 reaches ∼ 1 650% under 7 T at 2 K. The “turn on” and large

MR behavior in MoTe2 and WTe2 is may be due to the electron-hole compensation

caused by an electronic structure change [92].

The temperature-dependent resistivity behavior of Mo0.50W0.50Te2 without and

with magnetic field of 7 T is shown in Figure 4.6(a). Although the resistivity of

Mo0.50W0.50Te2 increases under the magnetic field, it does not exhibit the “turn on”

behavior. Similar kinds of temperature-dependent resistivity behavior have been

observed for all other doped Mo1−xWxTe2 single crystals that we have measured.

Figure 4.6(b) shows the MR of Mo1−xWxTe2 for x = 0.10 0.30, 0.50, 0.70, and 0.90.

The MR increases with increasing W composition in the doped single crystals. In

comparison with the parent compounds, the MR values are lower in the doped single

crystals, which may be due to the electron-hole concentration asymmetry induced

by doping.

4.4 Structural Transition at Ambient Pressure

When resistivity was measured from 2 K to 300 K for MoTe2, a clear hysteresis was

observed in the cooling and warming data as shown in Figure 4.7(a). The hysteresis is

associated with the first-order structural transition from the monoclinic 1T′ phase to

the orthorhombic Td phase. The observed structural transition temperature (Ts) for

MoTe2, which is defined as the maxima of dρ/dT during the cooling cycle, is 249 K,

consistent with previous reports [29, 31, 66]. The anomaly with hysteresis was also

observed during resistivity measurement of Mo1−xWxTe2 for x = 0.10, 0.30, 0.50,
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Table 4.2: Compositions and corresponding structural transition temperature (Ts)
values determined by resistivity measurements.

Composition Ts (K)
MoTe2 249
Mo0.90W0.10Te2 279
Mo0.70W0.30Te2 341
Mo0.50W0.50Te2 424
Mo0.30W0.70Te2 506
Mo0.10W0.90Te2 562
WTe2 613

0.70, 0.90, and 1 in different temperature ranges from 2 K to 650 K and the results

are shown in Figures 4.7(b), 4.8(a), 4.8(b), 4.9(a), 4.9(b), and 4.10(a), respectively.

The Ts values obtained from the resistivity measurements of the samples are listed

in Table 4.2. With increasing tungsten composition x in Mo1−xWxTe2, Ts linearly

increases as shown in Figure 4.10(b). The observed increase in Ts with increasing W

concentration across the phase diagram could be due to the following reason. It has

been reported from density-functional theory (DFT) calculations that the equilibrium

volume of the 1T′ phase is slightly smaller than that of the Td phase in MoTe2 [31].

Since the atomic radius of W is slightly larger than that of Mo, the equilibrium

volume of the Td phase becomes larger with increasing W composition. When Td

phase has a larger equilibrium volume, it becomes energetically more favorable, and

more active energy is required to convert the Td phase into the 1T′ phase as described

in Ref. [76]. The requirement of more energy thus leads to a higher Ts with increasing

W composition [69].
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In order to verify the structural transition obtained from the resistivity measure-

ments and to obtain further structural information above Ts, temperature-dependent

synchrotron XRD measurements in the temperature range from 300 K to 673 K were

conducted on WTe2. Here we have selected WTe2 since it has the highest Ts and

because the structural transition in MoTe2 has already been verified. The orthorhom-

bic Td phase with the non-centrosymmetric space group Pmn21 is detected at room

temperature in WTe2, as shown in Figure 4.11(a). This result is consistent with a

previous report [74]. The Td phase persists with increasing temperature up to 573 K.

When the temperature is increased to 598 K, a new Bragg reflection peak emerges,

which suggests the breaking of the crystal symmetry. The observed new Bragg re-

flection peak was indexed as a 013 peak with the monoclinic centrosymmetric 1T′

phase (P21/m) and is shown in Figure 4.11(b). With increasing temperature, the

intensity of the 013 peak also increases, indicating the development of the 1T′ phase.

The structure is completely transformed to the 1T′ phase when the temperature

reaches to 673 K. Thus, the temperature-dependent synchrotron XRD results for

WTe2 support our resistivity measurement data [69].

4.5 High-Pressure Study using Beryllium-Copper

Clamp Cell

At ambient pressure, Mo0.90W0.10Te2 exhibits a resistivity (ρ) anomaly at Ts asso-

ciated with the structural transition, as shown in Figure 4.12(a). The ρ anomaly

at Ts is characteristic of the structural 1T′-to-Td phase transition. With increasing
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pressure up to 13.52 kbar, the Ts is increasingly suppressed. At 17.71 kbar, the Ts

is no longer observable. The evolution of the structural transition with pressure can

be clearly seen in the hysteresis effects as presented in Figure 4.13. As shown in the

inset to Figure 4.12(a), a slight drop in ρ is observed at 3.89 kbar at 1.26 K. With

increasing pressure, this ρ drop becomes more pronounced and reaches zero at 13.52

kbar, indicating the emergence of superconductivity at a transition temperature Tc

∼ 2.7 K. The Tc continues to increase with further increasing pressure, and a Tc of

3.6 K is reached at 17.71 kbar [69].

Figure 4.14(a) shows the temperature-dependent resistivity from room temper-

ature down to 1.25 K for Mo0.60W0.40Te2 under different pressures. Initially, no

structural transition was detected in this compound at ambient pressure. However,

a structural transition was observed with Ts around 244 K under 3.28 kbar. The

Ts continuously decreases with further increasing pressure and reaches to ∼ 65 K at

16.66 kbar. Both warming and cooling cycles under different pressures are plotted

in Figure 4.15, which clearly shows the evolution of the structural transition under

pressure. As shown in the inset to Figure 4.14(a), superconductivity was observed

at 1.59 K around 8.35 kbar and Tc continuously increases to 2.6 K with further

increasing pressure [69].

No structural transition was detected for Mo0.25W0.75Te2 at ambient pressure

from room temperature down to 1.25 K, as shown in Figure 4.16(a). With increasing

pressure, the overall resistivity decreases. When pressure of∼ 12.32 kbar was applied,

a ρ anomaly appeared at around 245 K. This anomaly is associated with a first-order

structural transition [29]. Figure 4.17 clearly shows the hysteresis effects, supporting
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the structural transition. With further increasing pressure, the Ts is suppressed to

around 180 K at 17.05 kbar, but superconductivity was not observed down to 1.25

K [69].

Figures 4.12(b), 4.14(b), and 4.16(b) show the temperature - pressure (T - P )

phase diagrams of Mo1−xWxTe2 for x = 0.10, x = 0.40, and x = 0.75, respectively.

Increasing pressure continuously suppresses the Ts in all three compounds we have

studied. Our observation also shows that to suppress the Ts to below room tem-

perature for x ≥ 0.40, pressures higher than 3.28 kbar are required. As previously

reported, a structural transition in WTe2 has been observed at room temperature

under pressures of 4 to 6 GPa [78, 79]. In addition, it has also been found that

the Ts of MoTe2 is suppressed to lower temperature under pressure [32, 33]. These

observations support the existence of a structural transition in Mo1−xWxTe2 at am-

bient pressure for all x, with higher Ts at higher W concentration. Among these

three compounds, superconductivity was observed for x = 0.10 and x = 0.40. The

Tc increases with increasing pressure and the dTc/dP is 0.17 K/kbar for x = 0.10

and 0.11 K/kbar for x = 0.40 [69].

The following observations support the competition between the structural transi-

tion and superconductivity in Mo1−xWxTe2. Ts continuously decreases with increas-

ing pressure in all three compounds we have studied, as shown in Figures 4.12(b),

4.14(b), and 4.16(b). Superconductivity emerges once the Ts is suppressed to < 175

K (e.g. for x = 0.10 with a Tc = 1.26 K under 3.89 kbar and for x = 0.40 with a Tc =

1.59 K under 8.35 kbar). An increase in the Tc is coupled with the decrease of the Ts.
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Figure 4.12: High-pressure effects on Mo0.90W0.10Te2. (a) Electrical resistivity as a
function of temperature for different pressures in the range of 0−17.71 kbar. Resistiv-
ity curves are shifted vertically for clarity. The anomaly in the resistivity corresponds
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Figure 4.13: Temperature-dependent resistivity of Mo0.90W0.10Te2 under (a) 0 kbar,
(b) 3.89 kbar, (c) 8.98 kbar, (d) 13.52 kbar, and (e) 17.71 kbar. Anomalies with
thermal hysteresis under 0 kbar, 3.89 kbar, 8.98 kbar, and 13.52 kbar are associated
with structural transitions.
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Figure 4.15: Evolution of structural transition under pressure on Mo0.60W0.40Te2.
Temperature-dependent resistivity under (a) 0 kbar, (b) 3.28 kbar, (c) 8.35 kbar, (d)
12.50 kbar, and (e) 16.66 kbar. Anomalies with thermal hysteresis under 3.28 kbar,
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66



0 1 0 0 2 0 0 3 0 0

( a )

M o 0 . 2 5 W 0 . 7 5 T e 2

��
(ar

b. u
nit

s)

T  ( K )

 0  k b a r
 2 . 9 8
 8 . 4 4
 1 2 . 3 2
 1 7 . 0 5

0 3 6 9 1 2 1 5 1 80

1 0 0

2 0 0

3 0 0( b )

T s 
(K

)

P  ( k b a r )

M o 0 . 2 5 W 0 . 7 5 T e 2

1 T '

T d

Figure 4.16: (a) Electrical resistivity of single-crystalline Mo0.25W0.75Te2 as a function
of temperature for different pressures in the range of 0−17.05 kbar. Resistivity
curves are shifted vertically for clarity. (b) Pressure-dependent structural transition
temperatures of Mo0.25W0.75Te2.

67



0 1 0 0 2 0 0 3 0 00

1

2

3

4

5

0 1 0 0 2 0 0 3 0 00

1

2

3

4

5

0 1 0 0 2 0 0 3 0 00

1

2

3

4

5

0 1 0 0 2 0 0 3 0 00
1
2
3
4
5
6

0 1 0 0 2 0 0 3 0 00

1

2

3

4

5

1 2 . 3 2  k b a r
M o 0 . 2 5 W 0 . 7 5 T e 2

��
(1

0−6
 Ω

 m
)

T  ( K )

 C o o l i n g
 W a r m i n g

8 . 4 4  k b a r
M o 0 . 2 5 W 0 . 7 5 T e 2  

��
(1

0−6
 Ω

 m
)

T  ( K )

 C o o l i n g
 W a r m i n g

1 7 . 0 5  k b a r
M o 0 . 2 5 W 0 . 7 5 T e 2

��
(1

0−6
 Ω

 m
)

T  ( K )

 C o o l i n g
 W a r m i n g

( a ) ( b )

( c ) ( d )

( e )

��
(1

0−6
 Ω

 m
)

T  ( K )

 C o o l i n g
 W a r m i n g

0  k b a r
M o 0 . 2 5 W 0 . 7 5 T e 2  

��
(1

0−6
 Ω

 m
)

T  ( K )

 C o o l i n g
 W a r m i n g

M o 0 . 2 5 W 0 . 7 5 T e 2

2 . 9 8  k b a r

Figure 4.17: Temperature-dependent resistivity of Mo0.25W0.75Te2 under (a) 0 kbar,
(b) 2.98 kbar, (c) 8.44 kbar, (d) 12.32 kbar, and (e) 17.05 kbar. Anomalies with
thermal hysteresis under 12.32 kbar and 17.05 kbar are associated with structural
transitions.
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For x = 0.75, superconductivity was not observed down to 1.25 K and applying pres-

sures up to 17 kbar with the suppression of the Ts down to ∼ 180 K. Previous studies

of MoTe2 have shown that pressure continuously suppresses Ts [31, 33, 93] and that

in the pressure range from 2.7 to 7.5 kbar, a sharp increase in Tc is observed [32]. A

pressure induced structural transition in WTe2 at room temperature was previously

reported [78, 79]. However, our observation shows a structural transition at ambi-

ent pressure in WTe2 with Ts = 613 K; therefore, the previously reported structural

transition at room temperature in WTe2 under pressure is more likely related to sup-

pression of the structural transition from higher temperature with increasing pressure

rather than being induced by pressure. By conducting temperature-dependent X-

ray measurements, Clarke et al. reported that although the structural transition in

MoTe2 at ambient pressure occurs around 250 K, two phases coexist in an extended

temperature range from 233 K to 290 K [30]. Heikes et al. have also shown that

the 1T′ and Td phases co-exist in MoTe2 at 1.5 K and under hydrostatic pressure of

1 GPa [33]. From the observations discussed above, it can be concluded that, once

the Ts in Mo1−xWxTe2 is suppressed by pressure to below the critical temperature,

completion of the structural transition occurs at very low temperature, after which

the Tc sharply increases with further increasing pressure. These observations shed

light on the possible origin(s) for the superconductivity in the Mo1−xWxTe2 system,

such as the competition between the superconductivity and the structural transition,

and/or the co-existence of different phases [69].

It has been shown from total energy calculations, including the van der Waals

interaction, that the Td phase is energetically more stable than the 1T′ phase [94].
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The energy differences between the Td and 1T′ phases in MoTe2 and WTe2 are 0.40

and 0.46 meV per unit cell, respectively. This suggests that WTe2 requires higher

energy than MoTe2 for the transition from the Td phase to the 1T′ phase. It has

been reported that the interlayer contraction increases the hybridization between

the Te pz orbitals, which leads to the enhancement of the three-dimensionality of

the band character [88]. Since the atomic radius of W is larger than that of Mo,

an increase in W content expands the interlayer distance in Mo1−xWxTe2 and re-

duces interlayer hybridization. The total kinetic energy of the electron increases as

interlayer hybridization decreases [32]. The increase in kinetic energy leads to an

increase in the total energy, assuming that the rest changes negligibly. Thus, the

energy difference between the Td phase and the 1T′ phase increases with increas-

ing W composition. When the energy difference is larger, higher energy (and hence

higher temperature) is required for the transition from the Td phase to the 1T′ phase,

which explains the increasing Ts with increasing W content as shown in Figure 4.10

(b). On the other hand, the application of external pressure reduces the interlayer

distance and enhances the interlayer hybridization, which leads to a lower Ts and

favors superconductivity [69].

When pressure is applied to MoTe2/WTe2, the interlayer Te-Te distance is sup-

pressed while, due to the anisotropy of the van der Waals structure, the intralayer

Mo-Te/W-Te [31,79] bond length remains almost unchanged. P. Lu et al. [79] pointed

out that one transverse acoustic vibrational mode, mainly from Te-Te interlayer vi-

brations, contributes significantly to the electron-phonon coupling. It is thus natural

to suggest that the pressure effect on Mo1−xWxTe2 also leads to the softening of the
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interlayer Te-Te vibration modes. Using a modified McMillan formula, the super-

conducting transition temperature Tc can be estimated as [95]:

Tc =
〈ω〉
1.20

exp
(
− 1.04(1 + λ)

λ− µ∗(1 + 0.62λ)

)
, (4.1)

where the parameter 〈ω〉 is the average of phonon energy defined as 〈ω〉 = 2
λ

∫∞
0
dω

α2F (ω), µ∗ is the Coulomb pseudopotential, and λ is the dimensionless electron-

phonon coupling strength. λ in terms of the Eliashberg electron-phonon spectral

function α2F (ω) is expressed as λ = 2
∫∞
0
dω α2F (ω)/ω, where α2 is an average

of the electron-phonon interaction, F (ω) is the phonon density of states, and ω

is the phonon frequency. The phonon softening can result in an increase in the

superconducting transition temperature, which could possibly be the origin of the

emergence of superconductivity in Mo1−xWxTe2 under high pressure [69].

4.6 High-Pressure Study using Diamond Anvil Cell

Magnetotransport properties of Mo0.50W0.50Te2 under pressure have been investi-

gated using a diamond anvil cell (DAC). Figure 4.18(a) shows the temperature-

dependent resistance under different pressures. With increasing pressure, the electri-

cal resistance is suppressed over the entire temperature range. The low-temperature

data for different pressures are shown in Figures 4.18(b) and 4.18(c). During load-

ing, superconductivity appears under 1.1 GPa with a superconducting transition

temperature (Tc) of 2.6 K. The Tc continuously increases with increasing pressure

and reaches a maximum value of 5.8 K under 14.3 GPa. With the further application
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Table 4.3: The upper critical field determined by using Werthamer-Helfand-
Hohenberg (WHH) approximation at different pressures.

P (GPa) Hc2(0)WHH(T)
1.1 1.14
5.9 1.60
14.3 2.18
23.5 1.71
35.8 1.07

of pressure, the Tc remains constant and starts to decrease at 17.5 GPa. The rate

of change in Tc is 0.24 K/GPa in the pressure range of 1.1 to 14.3 GPa and -0.14

K/GPa from 15.7 GPa to 42.3 GPa.

To determine the value of the upper critical field (Hc2), we carried out resistance

measurements around Tc for various magnetic fields. As shown in Figure 4.19 (a), the

Tc gradually decreases with increasing magnetic field and disappears at 2 T when

measured under 5.9 GPa. Similar kinds of behavior are observed when measured

under other pressures, for example 14.3 GPa as shown in Figure 4.19(b). Figure

4.19(c) shows the plot of Hc2 vs Tc under various pressures. The data points show

the linear dependence of Tc with Hc2 and the solid curves are linear fits of the data.

From the linear extrapolation of each curve, the upper critical field Hc2(0)linear can

be obtained. By using the Werthamer-Helfand-Hohenberg (WHH) approximation:

Hc2(0)WHH = 0.691×Hc2(0)linear, (4.2)

the upper critical field at each pressure was then determined. The obtainedHc2(0)WHH

values at various pressures are listed in Table 4.3.
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Figure 4.18: (a) Electrical resistance as a function of temperature for Mo0.50W0.50Te2
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Magnetoresistance (MR) and Hall effect measurements of Mo0.50W0.50Te2 were

performed under different pressures by applying magnetic fields up to 7 T at 10 K.

Magnetic-field-dependent MR under different pressures is shown in Figure 4.20(a).

Suppression of the MR in Mo0.50W0.50Te2 is observed under pressure. Figure 4.20(b)

shows the plot of Hall resistivity (ρxy) vs magnetic field under different pressures.

With increasing pressure, the Hall resistivity decreases and first becomes negative

under 0.9 GPa.

As shown in Figure 4.21(a) (left axis), dome-shaped superconducting behavior is

observed under pressure for Mo0.50W0.50Te2. There is a discrepancy in the Tc between

run-1 and run-2, which might be due to different reasons. The pressure medium used

was quasi-hydrostatic, so it may vary from one experiment to another and lead to

the discrepancy in the Tc. The difference in the sample thickness between different

runs could also cause the Tc variation. Sample dimensions were 90 × 90 × 22 µm3

in run 1 and 90 × 90 × 14 µm3 in run 2.

Pressure-dependent MR at 10 K and under magnetic field of 7 T is shown in

Figure 4.21(a) (right axis). At ambient pressure, the MR (10 K, 7 T) is ∼ 13%,

while under 1.1 GPa, it is suppressed to ∼ 1% and superconductivity appears. The

MR (10 K, 7 T) remains almost constant with further increasing pressure. In the

parent compounds, MoTe2 and WTe2, similar kinds of dome-shaped superconducting

behavior and MR suppression under pressure have been reported [31,72,77,93].

Figure 4.21(b) shows the pressure dependence of the Hall coefficient (RH). Here,

the RHs are extracted by fitting the ρxy data [some of the representative ρxy values

are shown in Figure 4.20(b)] using the equation ρxy = RH × (µ0H) + β × (µ0H)3,
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where β provides the nonlinearity in the ρxy values. RH has a positive value at

ambient pressure. When pressure of 1.1 GPa is applied during loading, the RH be-

comes negative and superconductivity appears. RH remains negative with further

increasing pressure over the entire pressure range. During unloading, the RH re-

mains negative down to the pressure of 0.9 GPa and the superconductivity remains

with Tc ∼ 2.3 K. When pressure is released to 0.3 GPa, the RH becomes positive

and superconductivity is not observed in temperature measurements down to 1.9 K.

By applying pressure at a particular value, the critical pressure, RH changes sign

and superconductivity appears. This observation indicates that there is a signifi-

cant reconstruction of the Fermi surface, which may be associated with anisotropic

reductions of the lattice parameter under pressure as reported in Ref. [77].
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Chapter 5

Conclusion

In this work, we have grown single crystals of the Weyl semimetal Mo1−xWxTe2 for

x = 0, 0.10, 0.30, 0.40, 0.50, 0.70, 0.75, 0.90, and 1 and have characterized them using

energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). Their

composition-dependent magnetotransport properties and structural transitions have

been investigated, along with high-pressure effects on the single crystals.

Single crystals of the parent compounds MoTe2 and WTe2 were grown by the

self-flux method, whereas the doped single crystals were grown using the chemical

vapor transport (CVT) method. Based on the EDS analysis of the single crystals,

it was concluded that, using the CVT method, pelletization of the finely ground

starting materials is one of the necessary steps to obtain doped single crystals of

Mo1−xWxTe2 with the desired composition. XRD analysis of each sample suggested

their single-crystalline nature with the exposed surface on the ab plane. The lattice

parameter c calculated using XRD increases with increasing W content.
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All of the single crystals showed metallic behavior in temperature-dependent re-

sistivity measurements at ambient pressure. The RRR values of the doped single

crystals were found to be low in comparison to the parent compounds, indicating

that doping may cause impurities/defects in the crystals. Temperature-dependent

resistivity measurements under magnetic fields showed large nonsaturating magne-

toresistance (MR) behavior in the parent compounds, MoTe2 and WTe2, when the

magnetic and electric fields are perpendicular to each other. The observed maximum

MR (2 K, 7 T) is ∼ 1 650% for MoTe2 and ∼ 74 000% for WTe2. The large transverse

MR behavior has been attributed to the electron-hole resonance. Although resistance

slightly increases under magnetic field with H ⊥ I in the doped compounds, the large

nonsaturating MR behavior is absent. The MR (2 K, 7 T) increases with increasing

W composition value from ∼ 6% for Mo0.90W0.10Te2 to ∼ 101% for Mo0.10W0.90Te2.

Lower values of MR in the doped single crystals could be due to the electron-hole

concentration asymmetry induced by doping.

Resistivity measurements of Mo1−xWxTe2 for x = 0, 0.10, 0.30, 0.50, 0.70, 0.90,

and 1 were conducted at ambient pressure and at temperatures up to 650 K. Based

on the hysteresis observed in the resistivity data during the cooling and warming

cycles, the structural phase diagram of Mo1−xWxTe2 at ambient pressure has been

constructed. The phase diagram shows that the structural transition temperature

(Ts) increases linearly with increasing W content, which is due to enhancement in the

kinetic energy of the system with W doping. By conducting temperature-dependent

synchrotron XRD for WTe2, the structural transition was confirmed to be from

the high-temperature monoclinic 1T′ phase to the low-temperature orthorhombic Td
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phase.

High-pressure resistivity measurements of Mo1−xWxTe2 for x = 0.10, 0.40, and

0.75 up to 17 kbar were conducted using a BeCu clamp cell and the T - P phase

diagrams have been constructed. The study showed that with increasing pressure,

the Ts decreases. When Ts is suppressed to < 175 K, superconductivity emerges, and

as Ts is further suppressed, Tc sharply increases. Based on these results, we conclude

that there is a competition between the structural transition and superconductivity.

When pressure is applied, softening of the phonons occurs due the suppression of the

Te-Te distances, which leads to the superconductivity in Mo1−xWxTe2.

A diamond anvil cell (DAC) was used to study the magnetotransport proper-

ties of Mo0.50W0.50Te2 under pressure and the phase diagram has been established.

With increasing pressure, the transverse MR (10 K, 7 T) of Mo0.50W0.50Te2 is sup-

pressed, the Hall coefficient changes sign, and superconductivity emerges, suggesting

a significant reconstruction of the Fermi surface.

There are numerous possibilities for future work studies of this family of com-

pounds. For example, the structural behavior of Mo1−xWxTe2 under pressure could

be investigated. In order to understand the competition between the structural

transition and superconductivity, theoretical study is required. Likewise, the Fermi

surface reconstruction could be understood by performing theoretical calculations.

Additionally, intercalating Mo1−xWxTe2 with alkali metals like lithium (Li), sodium

(Na), and potassium (K) could lead to new properties in these materials.
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Appendix A

Superconductivity of Lead Under

Pressure

The change in superconducting transition temperature (Tc) under pressure with re-

spect to ambient pressure is given by [86]

∆Tc = Tc(0)− Tc(P ), (A.1)

where Tc(0) is Tc at ambient pressure and Tc(P ) is Tc under an unknown pressure.

By knowing Tc(0) and Tc(P ) of lead, ∆Tc can be calculated from which unknown

pressure of the lead was determined using the Table A.1 or A.2.
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Table A.1: Table showing change in superconducting transition temperature of lead
under pressure.
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Table A.2: Table A.1 continued.
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