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Topological materials have attracted great interest in condensed matter physics
because of their potential applications for topological quantum computing. Tran-
sition metal dichalcogenides are very promising topological materials due to their
novel topological properties. T;-MoTes; has been highlighted as potential topolog-
ical superconductor and type-II Weyl semimetal with Fermi arcs and Weyl nodes
through density functional theory and angle-resolved photoemission spectroscopy
studies. Recently, T’-MoTe, was proposed to support a higher-order topology via
first principle calculations. Pressure plays a significant role in fine tuning the ground
state between noncentrosymmetric Ty-MoTe, and T’-MoTe, preserved lattice inver-
sion symmetry. The corresponding topology of their Fermi surfaces are thus as-
sociated with the structural transition, superconducting, and the band structure
between T’-MoTes; and T4-MoTes; under pressure.

This dissertation presents an experimental study of Shubnikov-de Haas os-

cillations, neutron scattering and first-principles calculations, demonstrating how



pressure tunes the band structure, superconducting transition temperature and the
first-order structural transition in MoTes. Although results from angle-resolved
photoemission spectroscopy and density functional theory have previously caused
controversy, this work confirms the presence of nontrivial topology of higher-order
topology in T’-MoTe, via the experimental determination of a nontrivial Berry’s
phase. Moreover, we discover a novel phase of topological matter, deemed a Topo-
logical Interface Network (TIN) that forms from a natural heterostructure of mixed
T4 and T structural phases. This new electron structure exists at the interfaces
between the domains of two topological structures. Such a novel state with super-
conductivity and its transition between breaking and conservation of lattice inver-
sion symmetry raises the possibility of quantum phase transitions between different
types of topological superconductors. This natural microstructure can be potentially

useful in topological quantum computing.
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Chapter 1: Introduction

1.1 Topological materials

Modern physics is built upon the fruitful connections between low-energy con-
densed matter physics and high-energy particle physics [1]. The discoveries of mass-
less fermions in graphene and the surface state of the topological insulator (TI) have
led to several novel studies in Dirac fermions and the Dirac equation [2{4]. The Dirac
equation in crystals, derived from Paul Dirac in 1928, describes the quantum me-
chanics of the electrons, suggesting three distinct particles: Dirac fermions, Weyl
fermions, and Majorana fermions. The Weyl equation, proposed by Hermann Weyl
in 1929, is based on the Dirac equation and associated with the massless fermion of
chirality, known as Weyl fermions [4]. Weyl's equation is a relatively simple model of
elementary particles, but no appropriate candidate had been found in high-energy
physics experiments. In the last ve years, Weyl fermions have been discovered
in topological quantum materials with strong Spin-Orbit Coupling (SOC) that ex-
ists chiral anomalies in negative magnetoresistance (MR), Anomalous Hall E ect
(AHE), Fermi arcs and Weyl nodes.

This has attracted great interests in topological materials such as Dirac semimet-
als (DSM), Tl and Weyl semimetals (WSM) not only because of its novel nontrivial
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physics properties but also their potential applications in topological quantum com-
puters. One of the main problems for a quantum computer is the simulation of
guantum systems [5]. It could be exponentially faster to consider some complicated
guestions on a quantum computer than a classical computer, such as many-body
system, quantum Hamiltonian problems, or high temperature superconductivity. As
another example, with exponentially larger Hilbert space, a quantum computer en-
ables the solutions of lattice gauge theory and strongly interacting nuclear systems.
However, the most di cult obstacle to build a functioning and reliable quantum
computer is the systematic errors that accumulate from integrated quantum or clas-
sical computation. As a result, su ciently fault tolerant and e ective implementa-
tion of error corrections become critical [7]. Additionally, random systematic errors
occur by those interactions between a quantum computer and environment. This
error correction process itself could be noisy or cause more errors. Presently, such
a threshold of the error corrections is below $0 1 times to perform perfectly
guantum calculations [6]. The birth of Tl and topological superconductors come
one step closer to some applications of topological quantum computer. Topological
superconductors are predicted to host exotic Majorana states that obey non-Abelian
statistics and can be used to implement a topological quantum computer [9]. Most
of the proposed topological superconductors are realized in di cult-to-fabricate het-
erostructures at low temperature.

The topology of a Tl originates from its inverted band structure, the SOC
opens a full gap and band inversion results in the metallic surface state. The bulk
states are insulating and its surface state is metallic on the surface in gure 1.1(b).
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Figure 1.1: The Fermi surface of (a) Topological insulator with chiral symmetry,
(b) DSM with Dirac point and WSM with pairs of Weyl nodes. (c) The point-like

Fermi surface of type-l WSM and (d) tilted Fermi surface with touching point of
electron and hole pockets. Adapted from [10{12].



Both DSM and WSM have similar origins of the inverted band structure and their
bulk bands are gapped out by the SOC in 3D momentum space except at some
isolating linearly crossing points, namely Dirac points/ Weyl points (Weyl nodes)
[2,10], as a 3D analog of graphene. For WSM, this pair of Weyl nodes are like a sink
and source of Fermi surface and its surface state appears as Fermi arcs between this
pair of Weyl nodes. In a DSM, all bands are doubly degenerated, whereas in a WSM
its band degeneracy is lifted due to the breaking of lattice inversion symmetry or
time-reversal symmetry or both [27]. This dissertation will focus on two topics: (1)
helimagnets, and (lIl) topological semimetals, and will concentrate on Spiral Spin

(SS) materials, AuMn and type-lIl WSM candidate, MoTe,.

1.2 Introduction to Helimagnets

Helimagnets have become popular materials to study spin textures such as
skyrmions as well as antiskyrmions. Tuning SOC and the Dzyaloshinskii-Moriya
interaction (DMI) [40,41] typically changes the helimanetic phases in a critical eld
(H¢), chemical composition and pressure. Topological properties ( e.g. stability
of spin texture and the electronic control of skyrmion by varying bias voltage and
current) have motivated researchers to further design novel applications. The heli-
magnetic phase diagrams in temperature and chemical composition share a similar
pattern, with the SS/ helix phase at low magnetic eld, distorted spiral magnetic
structure in an intermediate magnetic eld, and ferromagnetic phase at a higher

magnetic eld above some critical threshold. Spin-orbit interaction plays an impor-



tant role in the origin of novel magnetic states and phenomena such as giant MR,
Tls, and skyrmions. By studying helimagnets as a function of tuning by magnetic
eld and pressure, we gain insight of the spin textures.

There are several kinds of modulated magnetic structures. Longitudinal spin
wave (LSW) and transverse spin wave (TSW) structures were discovered in other
materials [60,62]. Figure 1.2 illustrates the basic types of long-periodic modulated
structures, including the following: SS, Conical spin (C), Helical spin (H), LSW,
TSW and fan-type structure (FAN) structures. In the SS structure, those arrows
in the xy plane indicate their orientations of the net magnetic moments (spins) of
each plane, and their relative spin angle, the xed phase di erence between two
neighboring planes, is always a constant. In particular, FAN is only induced in SS
and distorted C with a magnetic eld applied perpendicular to thez axis. With a
magnetic eld parallel to xy plane, FAN appears as its spins only distribute in a
small fan area, and the corresponding spin angles depend on the relative strength of
exchange coupling and magnetic eld. This combination of a constart direction
component of spin and SS in thexy plane forms a C; the rotating spin plane tilts
by a small angle with respect to thez-axis in H. Net spin moments in each layer
only point in the longitudinal or transverse directions with periodic amplitudes in
LSW and TSW magnetic structures.

The SS structure is a kind of magnetic superlattice with ferromagnetically
coupled planes and net spins rotating irxy plane. Its constant spiral spin angle
indicates the o set angle between neighboring planes. The SS structure evenly

spaces ferromagnetic layers with weaker, variable interlayer coupling. The exchange
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Figure 1.2: Typical modulated magnetic structures of crystals [60, 62].

coupling constant within each layer isly, between the rst neighboring layer isJ,,
between the second nearest neighboring layerdg, and so on. The net spin in the
n" layer is oriented to a speci ¢ angle , in Xy plane, and n, the number of layers,

can approach in nity. The interaction energy can be expressed as

X
E= S* [Jp+2J1€0S(ns1  n)+2J2C0S(ns2  n)+ I (1.1)

n
One trivial solution to minimize interaction energy is given by n»1 , = , where

is the spin angle between rst neighboring layers. Namely, we assumed that the
interactions between each nearest neighboring layers and their corresponding spin
angle between two nearest layers in the system are equivalent. Thus, we could

simplify the energy as,

E NS2J( );

where J( ) [Jo+2Jicos +2J,cos(2)+ (1.2)



These two special cases for spin structure, ferromagnetism (FM) and antiferromag-
netism, occur when the is 0 or , when all spins in their neighboring layers are
parallel or antiparallel, respectively.

The helimagnetic phase diagrams in temperature and chemical composition
share a similar pattern: SS/ helix phase at low eld, conical; distorted spiral mag-
netic structure in intermediate eld region; and ferromagnetic phase at higher eld
above the correspondingd.. Spin-orbit interaction plays an important role in origin
or emergence of novel magnetic states and phenomenon in giant MR materials, TI,
and skyrmion. Skyrmion lattice is usually right below Neel temperature and .. Due
to the skyrmion-spin structure, the related Topological Hall e ect (THE) [42{45]
explained well the large variances of Hall coe cient. Fine tuning the helimagnetic
phase would possibly produce a skyrmion material.

Au,Mn was well known for its magnetic spiral structure [48]. These modulated
magnetic models of AuMn have been discussed as the origin of helimagnets; their
related modulated magnetic structures include ferromagnetic exchange energy, DM
interaction, quadruple spin-spin coupling and spin angle of the in-plan net spin be-
tween neighboring layers [49,51]. The in-plane local ferromagnetic moment of Mn is
3.5 g and spirals along the c-axis of the tetragonal lattice [49,50]. These con icted
reports in neutron di raction motivate us to con rm whether the minimum of the
spin angle, 47, locates at 120 K or if its propagation vector maintains the constant
value with spin angle, 45, below 120 K [55]. Based on the pressure dependence of
magnetization, the critical pressure ;) from spiral spin to ferromagnetism (SS-FM)
transition is predicted to be above 20 kbar [57]. Building the SS-FM phase bound-
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ary and critical pressure in temperature and pressure plane would allow us probe
the variations of spin texture and competition of ferromagnetic exchange interaction
and spin-orbit interaction.

We present measurements of the temperature and pressure dependence of the
helical spin angle, and the pressure dependence of tHg of the SS-FM transition
through magnetization and MR measurements. Pressure drives Mn through
a second-order phase transition, which agrees with recent band structure calcula-
tions using DFT within the Local Spin Density Approximation (LSDA) [52,53]. An
anomalous magnetic peak in positive MR at low temperature and steplike magne-
tization tracks the SS-FM transition, and interestingly, in the pressure-induced FM

phase, we did not see evidence of the expected AHE [46,47].

1.3 Anomalous Hall e ect in intrinsic magnetic transition

The AHE is a quantum phenomenon, which originates from a quantum co-
herent band tuned by external electric eld and the disorder potential. Weak lo-
calization is not well explained using traditional semiclassical Boltzmann transport
theory. There are three distinct factors of AHE: intrinsic, skew scattering, and
side-jump contributions. The intrinsic contribution is dependent only on the band
structure of a perfect crystal and captured by the induced interband coherence from
the anomalous velocity in the momentum-space Berry's phase related contribution.
In many materials with strong SOC, the intrinsic contribution dominates the AHE.

The skew scattering is due to the chiral features which obviously appear in the dis-



order scattering of ferromagnets and are proportional to the Bloch state transport

lifetime. The Hall resistivity 4 includes two components,
H = RoH + R{M(T;H): (1.3)

Here, M(T,H) is the magnetization and Ry and R; are de ned as the ordinary
and anomalous Hall coe cients [31]. The high conductivity region, good metal
region, bad metal/hopping region are determined by the conductivity ( xx) and

the relationship between 2 and .. The Hall conductivity in the high purity

Xy
region, > 05 10° ( cm) ' [32], is dominated by oyl skew L. This
region is very challenging for experimental study because it requires a large magnetic
eld for saturated magnetization M to overcome the very large ordinary Hall e ect
(OHE). The coe cients of OHE and AHE, Ry and Rg tend to be the same order
of magnitude [34]. Moreover, the i'y‘ew is proportional to linear scattering time

: the OHE one increases with nonlinear scattering time as’. Therefore, OHE
dominates the whole Hall e ect, so the AHE current might be unsolvable from OHE
one. For the good metal region, ,, 10* 1Cf ( cm) ! and the Hall conductivity
is not sensitive to the longitudinal conductivity. This implies that the intrinsic
and side-jump, scattering independent mechanisms dominate. In the bad metal

region, x < 10* ( cm) *, anomalous Hall conductivity decreases with decreasing

longitudinal conductivity at a rate faster than linear [32, 33].



1.4 Weyl semimetals

The Weyl equation, published by Hermann Weyl in 1929, provides a model
of elementary massless fermions of chirality in the Dirac equation. In high-energy
particle physics, only neutrinos were present the possible chirality but found to
be massive. Weyl fermions in WSM with linearly disperse bands and Weyl node
terms were discovered within the last ve years [4]. The physicist Conyers Her-
ring considered that the electronic states without any particular symmetry have the
same energy and crystal momentum. The Weyl equation describes that acciden-
tal touching points in band structure, referred as Wyel nodes in novel topological
materials [2,10]. The quantum mechanical wave function of the Weyl fermions ac-
quires Berry's phase, geometric phase for the close loop in momentum space. The
Berry's phase represents the magnetic monopoles in the real space associated with
the source or sink of magnetic ux. The Weyl nodes in real space are related to
chiral fermions and behave like the magnetic monopoles in momentum space. The
Weyl fermions have been found in WSMs in terms of Fermi arcs and Weyl nodes cor-
responding the touching points in band structure by means of ab-initio calculation
and Angle-Resolved Photoeemission Spectroscopy (ARPES) [2].

WSM exists in either breaking of time reversal or breaking of lattice inversion
symmetry systems. The magnetic induced WSM has been found in half-Heusler
GdPtBi, which has been veri ed as a WSM with breaking of time reversal symme-
try [13]. The discovery of Weyl nodes and Fermi arcs in inversion-breaking single-

crystal non-magnetic materials TaAs has been found as a WSM with the breaking
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Figure 1.3: (a) Dispersion for type-1 Weyl fermions near £ The Weyl points are
labelled by yellow and green dots. (b) Type-Il WSM with electron and hole pockets

touching at two di erent energies. Adapted from [10{12].
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of lattice inversion symmetry exists [14]. The WSM can be classi ed into type-l,
which respects Lorentz symmetry, and type-Il, which does not. Recently the lay-
ered transition-metal dichalcogenides (TMDC) MoTg was predicted as the material
candidate of type-Il WSM [10] as shown in gure 1.3. Soon after these predictions,
MoTe, has been veri ed as the rst type-Il WSM by ARPES experiments from sev-
eral independent groups. In a type-1 WSM, the Fermi surface shrinks to zero at the
Weyl points as double Dirac cones when the Fermi energy is su ciently close to the
Weyl points. On another hand, due to the strong tilting of the Weyl cone in type-Ii
WSM, these Weyl points locate at the touching points between electron and hole
pockets in Fermi surface [10]. WTgand T4-MoTe, were proposed as type-lIl WSM
and ARPES also showed their Weyl nodes and Fermi arcs, unlike some point-like

Fermi surfaces in DSM and type-l WSM.

1.4.1 Degeneracy and chirality in Weyl semimetals

In WSM, these Weyl nodes are stable under the small perturbations and main-
tain the band degeneracy. This double degeneracy of the bands holds if symmetry
operatorT = TP = 1, the multiple of the time reversal symmetryT and inversion
symmetry P, equals negative one. The Kramer degeneratk (k) only shows at
the time reversal invariant and breaking of crystal inversion symmetry. Generally,
if only inversion symmetry is preserved, these bands usually are nondegenerate. We

can expand the e ective Hamiltonian of such nondegenerate bands as

H(k) = fo(k)1 + fi(k) x + fa(k) y + fa(k) 2 (1.4)
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Here, f;;f,, and f; are the coe cients of the Pauli metrix along x, y and z in
momentum spaces. Whild, = f, = f3 = 0, we could expect the touching points,
Weyl nodes, without any specic tuning. The Weyl nodes cannot be removed by
the small variations and will only vanish by the annihilation with the paired Weyl
nodes. The natural Weyl nodes are usually close to the Fermi energy, so we could

expect that fo (k) is close to zero. Therefore, Hamiltonian ak = k + ko, becomes

X
H(k) fo(ko)l+ vo k1+ Va k% (1.5)

a=xyiz
wherev = r f (kjk=«,) are the e ective velocities which exist in the absence of
additional symmetries.

The net chirality of Weyl nodes must be zero, which refers to the fact that
the net Berry ux integrated Berry eld B over all Brillouin zone must vanish.
The Berry ux of the surface enclosing the pointkq is exactly 2C , where C (

C = sign(vx Vy V7)) is the chirality. The Weyl points behave as singularities in
Berry curvature where Weyl points act as monopoles in the momentum space with
a xed chirality: Such a Weyl point can be a source (C = 1) or asink (C = 1) of
its Berry curvature. These Weyl points always appear in pairs [16, 17]; otherwise,
the Berry ux becomes divergent. The WSM requires the breaking of either the
time-reversal symmetry or the lattice inversion symmetry. The integral of the band
touching with C = 2 corresponds to the double Weyl nodes, however, the integral

of whole Weyl nodes in volume, the net Berry ux must vanish as

x £ X

B(k) &= 2 C =0: (1.6)
@v
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1.4.2 Paring symmetry in Weyl semimetals

The Weyl nodes could be preserved either breaking of time reversal invariant
or inversion symmetry. One scenario is that WSM preserves inversion symmetry,
breaks time reversal symmetry and allows the minimal numbers of Weyl nodes, only
two with the opposite chirality. Magnetic WSM has been expected as a good case
that WSM breaks time reversal invariantT . The magnetically ordered pyrocholres,
Eu,lr,07 and Na,Ir,0; become insulating at low temperature and quadratic doubly
degenerate bands, Weyl nodes, are predicted in the metallic phase above the mag-
netic ordering temperature [18{20]. Pslr,O-; has been found to have band touchings
and stays at nonmagnetic metallic state at low temperature [21{23]. Particularly,
Mn3;Ge and MnsSn, antiferromagnetisms with noncollinear spin order [24, 25] have
a large anomalous Hall conductivity [26]. They are predicted as WSM with several
Weyl nodes and trivial bands near Fermi level. The stronger SOC in MBn might
lead the fewer Weyl nodes and the more annihilation of Weyl points [26].

On the other hand, Weyl nodes are allowed to break the lattice symmetry
and to preserve the time reversal invariance. Those Weyl nodes locatekat and

ko under time reversal symmetry, there must be another pair of Weyl nodes with
opposite chirality to cancel the net charility. In this case, the total number of Weyl
nodes must be the multiple of four. In conventional type-l WSM, Weyl nodes locate
slightly below and above the Fermi surface. In type-lIl WSM, the Weyl cone with
larger tilt angle from Fermi level [10] supports the surface Fermi arcs, which are the

signatures of the type-1l WSM sates. Band structure of TaAs has two mirror planes
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Figure 1.4: Crystal structure of hexagonal 2H-MoTg monoclnic T'-MoTe, and
orthorhombic T4-MoTe; [60,62].

M, and My, time reversal symmetryT and a rotation symmetry C,. There are
24 Weyl nodes in the electronic structure of TaAs through ARPES [28, 29]. Large
AHE and chiral anomaly have been discovered in TaAs. Recently, layered TMDCs,
WTe, and MoTe,, have been proposed as type-Il WSM with larger tilted Weyl
cones [10, 39]. For these Weyl materials, their electronic structures are sensitive to

strain and pressure [78].

1.5 Introduction to MoTe»

MoTe, is polymorphic with three di erent structures: hexagonal (2H-MoTg),
monoclinic (T'-MoTe;) and orthorhombic (T4-MoTe,) as shown in g 1.5. 2H-MoTe
is famous for its semicondoctor properties and potential applications in spintronics.

Such a metastable T' phase is quenched above 950 Celsius and could be strain-
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Figure 1.5: Superconducting resistive transition of the 8.6-nm-thick MoTe2 crystal in
(a) perpendicular magnetic eld and in (b) parallel magnetic eld. (c) Temperature
dependence of the uppeH .. The dashed line is tting to the 2D Ginzburg-Landau
theory. (d) Magnetic eld dependence of the sheet resistance at T=0.3 K with
di erent tilted angles . (e) Angular dependence of thél,. The inset is a schematic
drawing of the tilt experiment setup, where X, y, and z represent the crystallographic
b, a, and c axes. (f) The inset shows a zoom-in view of the region around= 90
degree. The solid lines are the tting with the 2D Tinkham formula (blue line)
and the 3D anisotropic mass model (3D-GL) (green line), respectively. Adapted
from [15]
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induced from 2H-MoTe [60,62]. T'-MoTe, phase has a distorted CdI2 structure
that crystallizes in the centrosymmetric space group 2;=m. Its Mo atoms are co-
ordinated by six Te atoms but shifted from the centre of the Te octahedra, resulting
in the zigzag chains. Their bonding between the shifted Mo atoms corrugates the
Te sheets and distorts the Te octahedra, causing the ¢ axis to incline at an angle
of 93.9. This structural phase transition from the high-temperature T' to the low-
temperature Ty phase with the noncentrosymmetric space groupmnz, has been
reported between 240 K to 260 K [30] . It is worth mentioning that | phase shares
the same in-plane crystal structure as the T' phase but has a vertical (90 degree)
stacking. The type-Il Weyl fermions are possible in the J phase only where the

inversion symmetry is broken.

Two-dimensional TMDCs with strong SOC possess many novel physics in-
cluding topological phases, Ising superconductivity, and possible topological super-
conductivity. Due to the Ising SOC, monolayer 2H-NbSeand gated 2H-Mo$ with
in-plane H, far exceeding Pauli paramagnetic limit and were realized as Ising su-
perconductiviity. The few-layer T4-MoTe; also exhibits an in-planeH, which goes
beyond the Pauli paramagnetic limit as shown in gure 1.5. The in-planél, shows
an emergent two-fold symmetry which is a result of an asymmetric SOC iryIMoTe;
in the order of tens ofmeV which may give rise to novel superconducting and spin
transport properties. Such strong SOC will create strong triplet pairing correla-
tions in the material and may a ect the pairing symmetry as well. Due to its large
magnitude, the SOC may also have e ects on the spin transport of the system in
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Figure 1.6: Electronic structure of helical edge states in 1T'-Mofe The left sub-
panel shows the density of states while the right subpanel shows the corresponding
spin polarization. These helical edge states are a manifestation of nontrivial topol-
ogy, proposed for Quantum spin Hall e ect through band structure calculation of
monolayer-MoTe. Adapted from [68].

the normal states [68,69]. This new type of asymmetric SOC injIMoTe, could be
expected to promote further studies on the exotic superconducting and normal state
phenomena in -MoTe,, and boost the possible applications in superconductivity

in TMDCs.

1.5.1 Topological studies in MoTg

The monolayer-MoTe has been proposed as Tl and exisi, invariant as its
nontrivial Chern number [68]. The edge states and quantum spin Hall e ect on a
similar candidate for TI, ( monolayer of WTe), have been found in 2018 [68, 69].
The research associated with the bulk electronic structure, edge states in the band
structure, ground state of the atomic structure andZ, invariant has been used to
predict the Tl in monolayer of 1T'-MoTe; as shown in gure 1.5.1. Except the possi-

ble Tl in monolayer MoT2,, the bulk T4-MoTe, has become the candidate of type-II
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WSM. Figure 1.5.1 shows the unique surface Fermi arcs and Weyl nodes in good
agreement with the ab-initio calculations in bulk Ty-MoTe, with nontrivial topolog-
ical nature using ARPES. This work not only leads to the new understandings of the
unusual properties discovered in MoTefamily, interplay between superconductivity
and their topological order, but also provides a new platform for the realization
of exotic physical phenomena and possible future applications [72]. Furthermore,
recently rst principle calculation proposed that bulk T'-MoTe, as aZ4-nontrivial
higher-order TI driven by double band inversions. Di erentiated from the Weyl
Fermi arcs, there exists the helical pairs of surface hinge states in T-MgT&hile

it is insulating in bulk [73]. The fruitful topologies in MoTe, family motivate novel
and interesting studies of their electronic structures, structural transition, topolog-

ical orders, and superconductivity.

1.5.2 Pressure study in type-Il Weyl semimetal, -MoTe,

The recent pressure study of J-MoTe, shows that pressure enhances super-
conducting temperature and suppresses T'-MoJeto T 4-MoTe, structural transi-
tion [30]. At ambient pressure, the bulk centrosymmetric T'-MoTe phase at room
temperature turns into orthorhombic T4-MoTe, between 240 K and 270 K and be-
comes superconductor at 0.1 K. The superconducting temperature reaches 7.2 K
around 11.4 Gpa and decreases with pressure. This rst-order structural transition
was gradually suppressed by pressure. The lattice structure changes tg-NloTe,

at 1.3 Gpa and 135 K through X-ray diraction under pressure. The kb sug-
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Figure 1.7: Observation of Weyl nodes and Fermi arcs in MoJeéhrough ARPES.
(a) The 3D intensity plot of the photoemission spectra with the electron and hole
pockets. (b - e) High symmetry cut and corresponding rst-principle calculations
along the Bulk Conducting Band (BCB) and Bulk valence Band (BVB). (f - 0) Pho-
toemission spectral intensity map in experiments and the relative DFT calculations
showing the constant energy contours of bands. (p) Stacking plots of constant-
energy contours in broader binding energy range show the band structure evolution.

Adapted from [72].
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Figure 1.8: MoTe electronic phase diagram under pressure. Adapted from [30].

gests that superconductor of §-MoTe; is an unconventional superconductor. The
superconducting temperature suddenly rises and structural transition temperature
simultaneously drops around 1.5 GPa. This behavior raises several interesting ques-
tions: (l) whether the structural transition is associated with the superconductivity
transition; (II) whether T 4-MoTe, or T'-MoTe, drives superconducting transition;

or (II) any other hidden phase induces the superconducting transition. The su-
perconducting phase is cross gfMoTe, breaking lattice inversion symmetry and
centrosymmetric T'-MoTe,. Meanwhile, Tq-MoTe, is proposed as type-ll WSM
and potential topological superconductor. Furthermore, T'-MoTeg is claimed as a
possible higher-order topological phase. The pressure range of clamp cell can be ne

tuned below 2 GPa which is very applicable to study evolution of structures and
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superconductivity in this pressure region. This would further reveal the relationship
between the superconductivity, the structure transition and their relative topologies

under pressure.
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Chapter 2: Methods

2.1 Sample growth and characterization

2.1.1 AwpMn

Au2Mn was prepared by arc melting of the high purity (6N) starting materials
in an argon environment AyMn were prepared by arc melting of the high purity
(6N) starting materials in an argon environment. They were homogeneously melt-
ing and further annealed for four days at 690C to yield polycrystals with higher
crystallinity. The magnetic susceptibility measured with a SQUID magnetometer

con rmed the Neel temperature at 363 K [56] of ApMn.

2.1.2 MoTe

Powder samples were prepared using the standard solid state synthesis method
using high purity Mo powder (5N metals basis excluding W, Alpha Aesar), and
Te shot (6N, Alpha Aesar). Large single crystals were grown using the Te self
ux method as described in using the same source metals as for the powder sam-
ples. High sample quality has been conrmed by x-ray and neutron di raction,

stoichiometry has been con rmed by wavelength dispersive spectroscopy, and the
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samples measured have residual resistivity ratios greater than 1000.

2.2 Pressure Experiments

High pressure techniques can be combined with x-ray scattering, neutron scat-
tering, heat capacity, thermal power, magnetization and transport measurements for
multiple experimental purposes. The majority of these measurements can only be
done with bulk samples, and hydrostaticity of the pressure varies with di erent pres-
sure media such as small polymers, oil, or liquid helium. For high pressure transport
measurements, the main di culties are di erent designs, samples space, and contact

issues.

2.2.1 Pressure cell design

Figure 2.1(a) shows the overview of the CTP-HHPC50 piston clamp pressure
cell, which is usually used for transport measurement such as proximity detector
oscillator, tunnel diode oscillator and resistance under pressure. The pressure range
of the clamp cell below 30 K is typically below 3 Gpa and might push up to 6 Gpa
with potential risks of damage of pressure cell and sample. We attach a sample with
two pressure gauges on top of a feedthrough and seal it into the white telfon cap
lled with pressure medium. All of inner piston, back plug and disk piston are used
for the rigorous support and to secure the feedthough in cylinder cell. While we
apply pressure through its outer piston, the inner piston pushes its telfon cap and

whole volume of cap decreases. We lock the upper screw to X the telfon capsule
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and apply high pressure to our sample in cell. There are several choices of pressure
mediums such as Daphne oil, polymer particles, and organic solvents. The liquid
Helium provides the best hydrostatistics pressure, which is impossible in this system.
Alternatively, alcohol and Daphne oil are relatively good selections. Several tests are
required such as sample bahavior at ambient pressure and any chemical interactions
between pressure medium and samples in our experimental temperature and eld

ranges.

2.2.2 Preparation of feedthrough

First of all, we design the feedthrough for di erent experiments as shown in
gure 2.2(a). For regular four-point contact resistance measurement, we prepare
eight to twelve wires. Each sample requires at least four copper wires. To get large
enough variance of resistance in manganin wire under pressure, the resistance of
manganin requires more than 30 at room temperature. It is necessary to increase
the number of wires and to arrange the sample space when considering multiple
samples measurement or both MR and Hall measurements. Increasing the numbers
of samples and wires also increases the possibility of contact shorting. For CTP-
HHPC50 pressure cell, eight twisted pairs of copper wires are acceptable to measure
four samples under pressure simultaneously. We use roughlyctfi long and thinner
than 38 gauge copper wires and twist them to avoid improper inductance during
measurements. It is important to keep the twisted pairs of copper wires insulated

all the time. Those wires are sealed using black stycast 2850 FT and catalyst with
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Figure 2.1: Overview of pressure cell structure and adapted to the PPMS puck. The
sample and two pressure calibrations would be attached on top of feedthrough and
sealed into the white telfon cap lled with pressure medium.
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4.5 : 100 ratio by mass for 5 minutes. We air cure the black stycast for two days
or cure the stycast 100C in box furnace for three hours. Its shiny and hard surface
will tell the high quality of cured stycast.

The volume of white te on cap might be reduced and deformed with higher
pressure. To keep homogeneous pressure and avoid destroying this white cap, it is
best to keep sample m above the top of black stycast. On top of feedthrough,
copper wires requires shorter than 6nm to set sample at the best place. We
solder a superconducting wire and a manganin wire for pressure calibration at based
temperature and room temperature. Multiple choices of contacts for sample are
determined by pressure medium. Generally, silver epoxy provides better bounding
and is cured at 120 C for 12 minutes. 1 : 1 ratio n-Pentane mixed with 1-methyl-
3-butanol provides homogeneous pressure and its smell shows any leak of pressure
medium during measurements. Daphne oil works for homogeneous pressure and
silver paste, silver paint and epoxy contacts.

A sealing ring is placed on the neck of feedthrough and telfon capsule is lled
with pressure medium using a syringe. No bubbles are allowed in the capsule.
One must carefully and slowly seal the feedthrough after insert the sample side of
feedthrough into the te on cap. We push the pressure capsule into the backside of
pressure cell and pull all copper wires through back cap and disk piston. To avoid
shorting of these wires, it requires an insulating piece such as parts of kapton tape
covering the inner wall of the back cap. Those wires were pulled vertically without
bending when closing the back cap. We place another sealing ring and disk piston
into pressure cell from its top side and close the top part of pressure cell as shown
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Figure 2.2: Overview of feedthrough structure. Manganin coil and a supercon-
ducting wire (Pbor Sn) are used for the pressure calibration at room and based
temperature. Usually, sample size is aroundn@n 1mm  1mm.

in gure 2.1(a).

2.2.3 Pressure calibration

To obtain the exact pressure at room temperature, we measure the pressure

dependent resistance of manganin [36] and calculate its related pressure as,

_ 1000 R(P)
P (kbar) = 248\R(Py)

1] (2.1)

Here,R(P) and R(Py) are the resistance of manganin under pressure and at ambient
pressure. The pressure dependence of superconducting temperaturg ©fF tin and
lead [37, 38]are

To(P) =3:27 0:482%F +0:020P3(Sn); (2.2)
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