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Abstract

At present, the aim of superconductivity research is still expected to provide directions and a
theoretical framework for the search for new superconductors, even high-temperature
superconductors. Given the difficulty of discovering new superconductors, superconductivity
research has focused on the alterations of existing of superconductors and the phases coexisting
with superconductivity, such as a charge-density wave (CDW) state. The relationship between
superconductivity and CDW has been an important research topic for the detailed understanding
of superconductivity. In 2H polytypes of transition metal dichalcogenides (TMDs), the natural
CDW and superconductivity coexist without any magnetic order, which provides an ideal
platform to further explore the interplay between superconductivity and the CDW state. This
thesis presents a systematic study of the 2H-TaS> system with the introduction of external atoms
and disorder to investigate the CDW state, superconductivity, and their interplay.

In the lithium-intercalated 2H-TaS> system, the intercalated lithium can tip the delicate balance
between superconductivity and the CDW state, revealing the underlying interactions that give
rise to them. The formation of superconductivity and the CDW state has been investigated by
electrical and thermal transport properties, in which the CDW formation temperature is
continuously suppressed, and the transition temperature of superconductivity (Tc) increases
with increasing lithium intercalation, indicating that superconductivity and CDW compete with
each other in lithium-intercalated 2H-TaS». Furthermore, the electronic contribution to the
specific heat and Hall resistivity data further demonstrate that the CDW weakens with lithium
intercalation to indirectly increase the charge carrier density and boost superconductivity.

In the hydrated 2H-Lix(H20)yTaS system, the intercalated lithium can absorb water into the
interlayer of 2H-LixTaS,. The amount of water is related to the content of the interlayer lithium
and remains constant when the lithium content is within a certain range, accompanied by the
complete suppression of the CDW state. The superconductivity has been studied by electrical
and thermal transport and magnetic properties, showing a dome-shaped dependence on the
lithium content x. The Debye temperatures @p, the electron-phonon coupling Aep and the
electron density of states at the Fermi level (DOS(Er)), estimated from the heat capacity data,
show a close relationship with the superconductivity, indicating that the lithium intercalation
tunes T¢ by changing the DOS(EF) in 2H-Lix(H20)yTaS, but the simultaneous changes of Aep
and ®p may also play a certain role.



In the disordered 2H-TaS».x system, the level of disorder can be well controlled by the number
of structural defects induced by sulphur-vacancies, which influence the evolution of the long-
range CDW and superconductivity. Measurements of complementary magnetization, electronic
and thermal transport properties show that the long-range CDW is continuously suppressed,
leading to strange-metal behaviour with linear resistivity at the endpoint of the long-range CDW,
which is accompanied by the emergence of a short-range CDW phase. The superconductivity
shows at first a two-step-like behaviour but reaches a maximum at the endpoint of long-range
CDW with a single homogeneous phase, suggesting an interplay between superconductivity
and CDW order. Moreover, the results suggest that the observed strange-metal behaviour,
which could arise from the short-range charge density fluctuations, is a signature of quantum
criticality with Planckian dissipation.
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Chapter 1

Introduction

Condensed matter physics deals with the macroscopic and microscopic physical properties of
matter. In particular, it is concerned with the condensed phase of materials, which occurs
whenever the number of constituents in a system is extremely large and the interactions between
the constituents are strong. According to P. W. Anderson, the description of the properties of
materials is based on two principles: The principle of adiabatic continuity and the principle of
spontaneously broken symmetry[1]. Adiabatic continuity means that a complicated system can
be replaced by another simpler system and retain the same essential properties, for example
Landau's Fermi liquid theory[2]. On the other hand, phase transitions to states with qualitatively
different properties can often be characterized by broken symmetries. A representative charge
density wave (CDW), for example, is an ordered state that breaks translational symmetry, often
inducing a metal-insulator transition[3, 4]. Alternatively, when the electron-electron paring
mediated by a "glue" condenses to the same quantum ground state and gives rise to
superconductivity, global gauge symmetry is absent[5, 6]. In this thesis | focus on the study of
superconductivity and CDW formation and their interplay with each other. Therefore, a brief
broad overview of some background concepts will be introduced here.

1.1 Superconductivity

1.1.1 A brief history of superconductivity

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes at the University of
Leiden in the Netherlands. He observed that the electrical resistance of mercury (Hg) was zero
when the temperature was cooled below 4.2 K (Fig. 1.1a)[7, 8]. Since then, the door to
superconductivity has been opened. After 40 years, in 1957, the well-known Bardeen-Cooper-
Schrieffer (BCS) theory was proposed to explain the phenomena of superconductivity, which
involves a pairing between electrons (Cooper pairs) induced by electron-phonon interactions[9].
Disappointingly, according to the McMillan limit[10], the Cooper pair in the BCS framework
can only survive temperatures below 40 K. After three-decades-long unsuccessful search for
elevated-temperature superconductivity, the high-temperature superconducting material with
Tc ~ 35 K, LaxxBaxCuOs, was discovered in 1986 by K. A. Miller and J. G. Badnorz (Fig.
1.1b)[11], which further promoted the development of superconductivity, and the era of high-

temperature superconductors began. This important discovery leads to a whole family of high-
1
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temperature superconductors, the so-called cuprate or copper-oxide superconductors, which
share one or several CuO- layers as a common structural feature and consist of conducting Cu-
O layers and interlayered charge-storage layers[12]. Within a year, the T¢ was rapidly increased
to ~ 90 K in the system by Wu et al.[13], above the boiling temperature of nitrogen (~77 K),
allowing for potential large-scale applications. To date, the highest atmospheric
superconductivity of all known superconductors has been pushed to ~133 K by Prof. Andreas
Schilling et al. in the compound HgBa>Ca>CuzOs[14]. In 2008, a new superconductor was found
in LaFeAsO1xFx with T ~26 K by Kamihara et al.[15], and the T was also promoted up to 55
K in SmFeAsOosgsFo.15[16, 17], which aroused great research interest in the iron-based
superconductors and added a new system to the family of high-temperature superconductors.
Recently, a landmark discovery of superconductivity was reported in Ndo.sSro2NiO2 films with
Tc in the range of 9-15 K[18]. This discovery of superconductivity has motivated researchers to
search for other nickelate superconductors with higher T and to compare them with cuprate
superconductors. Indeed, superconductivity has been reported in single crystals of LasNi>O7
with a maximum T¢ of ~ 83 K under physical pressure[19], providing a new family of

compounds to investigate the mechanism of high-temperature superconductivity.
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Fig. 1.1 (a) The first observation of superconductivity by measuring the resistivity of Mercury[8]. (b) Temperature-
dependent resistivity of the first of a new class of high-temperature superconductors[11]. Both were the most

important milestones in superconductivity and were awarded with Nobel Prizes.
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1.1.2 Meissner-Ochsenfeld effect

For a superconductor, apart from to the zero-resistance state (the resistivity p = 0), the second
important characteristic is the Meissner-Ochsenfeld effect, discovered by W. Meissner and R.
Ochsenfeld in 1933[20]. The ideal experimental processes are shown in Fig. 1.2. For a material
in a magnetic field, it enters the superconducting state once the temperature drops to T and the
magnetic flux cannot enter inside of a superconductor. As a superconductor in a magnetic field
is cooled below T¢, the magnetic flux within the material is completely expelled. If the magnetic
field is below a critical field Be, a superconductor exhibits perfect diamagnetism. The external
magnetic field may be made so strong, however, that it prevents a transition to the

superconducting state, and the Meissner-Ochsenfeld effect does not occur.

field
(*~//;fgg///

Fig.1.2 Schematic diagram of the Meissner-Ochsenfeld effect (SC = superconducting).
The magnetic flux or induction B of a material is defined as
B = po(H + M), (1-1)

where pu, is the permeability of the vacuum, and H is the applied magnetic field. The

magnetization M can be expressed by
M = yH, (1-2)

where y is the magnetic susceptibility. These two equations (1-1) and (1-2)

give the relationship

B = uH(1 + y). (1-3)
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The y is -1 for a perfectly diamagnetic superconductor and corresponds to B = 0 inside the

superconductor.
1.1.3 London theory

In 1935, F. London and H. London gave the first theoretical description of the behaviour of a
superconductor in a magnetic field[21]. For a perfect conductor with p = 0, the motion of the
supercurrent carriers obeys classical mechanics with mass m and charge e in the presence of an
electric field E,

m%"s = eEv (1'4)

where v is the velocity of the superconducting carriers. Here we assume that the electron
mass remains the same during the transition from the normal to the superconducting state of a
material. The magnetic field induced supercurrent density j,, which couples to the local density

of superconducting carriers ng, can be estimated to

Jjs = ngvge. (1-5)

Substituting into equation (1-4) gives
9. _ nsezE 1-6
E.’S R ) ( - )

which is known as the "first London equation”. The above equation (1-6) can be rewritten as

J . nge?
VX 2j=(2)v X E. (1-7)
Since V. X E = —0dB/dt based on Maxwell's laws, the equation (1-7) can be rewritten as
m d . 7] _
(nsez) VXZj +=B=0. (1-8)
So,
m .
(nsez)v X j.+B=0. (1-9)

This is the "second London equation”. Inside a superconductor, the relationship between j

and the magnetic field can be described by another Maxwell equation

V X B = (s + = D). (1-10)

4
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The displacement current density Z—It) is ignored compared to j, due to the weak change of the

magnetic field with time.
Therefore, by setting A, = (m/uymse?)*/?, the above equations become

AV XVXB)+B=0. (1-11)

B,

Normal state

Fig. 1.3 A superconducting slab in an external field.

To further illustrate the variation of B at the superconductor interface, consider a semi-infinite
superconductor with a planar interface in Fig. 1.3, and the above equation can be transformed

to
B(x) = B(0)exp(—x/1y), (1-12)

where B(0) is the magnetic flux outside the superconductors. This equation indicates that the
magnetic flux B inside the superconductors decays exponentially with x. The corresponding

relationship between j, and B is also given by

. _BO
]S_HollL

exp(—x/A.). (1-13)

This means that the superconducting current flows close to the surface of the superconductor

within 4.
1.1.3 Ginzburg-Landau (GL) Theory

In 1950, L. D. Landau and V. L. Ginzburg [22] proposed a more general theory of
superconductivity, which is still used today. The phenomenological GL theory further describes

the physical properties of superconductors, which are characterized by a complex order
5
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parameter W . This theory assumes that the superconducting current is carried by
superconducting electrons of mass m*, charge e*, and density ns, where m* = 2m, e* = 2e, and
ns = 2n in terms of the free electron values m, e, and n, respectively. In addition, the order
parameter 1 to describe the superconducting electron is defined as ng = ||? = ¥P*3p, which

goes to zero at the transition temperature Tc. The free energy F can be expanded in powders

of Y,
_ 2 4, B(M) 4
F =B+ apl + 22yl + - (1-14)

where the order parameter v is a constant throughout the sample. If  has a spatial variation,
then the spatial derivative of i must be added to the above equation, thus

|B|?
2up '

F=FE+ a2 +52 plt+ = |-invy + e ap)? + (1-15)

where F, is the Helmholtz free energy density in the normal state; o and B are material
dependent phenomenological parameters to be determined experimentally; A is the vector
potential related to the applied magnetic field B. The free energy differences between normal

and superconducting states as a function of the order parameter are illustrated in Fig. 1.4.

a=>0 a<0

Fig. 1.4 GL free-energy function when T > T (a >0) and when T < T (a <0).

In the stable state, the GL equation can be derived by minimizing the variation of the free energy
with ¢ and A

L (—ihV — e* A2 + a(T) + BTP|P = 0 (1-16)

2m
and,

—ie*h

s = 2R (g — pvyt) — - ppf2a. (1-17)

6
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These are called the GL equations.

To obtain the analytical solution in the interface between the superconducting and normal states,
suppose the interface is shown in Fig. 1.3 with the metallic region at x < 0 and the
superconducting region at x > 0. In zero magnetic field, B inside a superconductor is zero, i.e.

A =V X B = 0. The first GL equation can then be written as

LV + a(TP + B = 0. (1-18)

By setting f = y/y,, where [|? = —a(T)/B(T) > 0, the above equation (1-18) can be

rewritten as

BV +f—f>=0. (1-19)
With the coherence length &(T) is defined as

hZ
2m*|a(T)|’

§(T) = (1-20)

For semi-infinite superconducting samples, with the boundary conditions x — oo, f — 1 and f
— 0 for x — 0, the solution is

X

V2§(T)’

Fx) = % = tanh (1-21)

In addition, in a weak magnetic field, ¥ = y,. From the second GL equation, it can be obtained

(1-22)
with j, = —V24 = —SA.
7o

Ginzburg and Landau introduced a dimensionless parameter k, which is independent of
temperature and is defined as

_ _
K= (1-23)

This x was used by A. Abrikosov to classify superconductors into two types, distinguished by
the surface energy of the superconductor-normal state interface, which is positive for k < 1/2
and negative for k > 1/2, while the surface energy vanishes for materials with the Ginzburg-

Landau parameter k = 1/2, called type-1 and type-I1 superconductors, respectively.
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Fig. 1.5 Magnetization curves of type-1 and type-1l superconductors. (a) Magnetization M as a function of applied
magnetic field B, for a type-I superconductor. Perfect diamagnetism is destroyed suddenly at critical field B.. (b)
Dependence of the magnetization M on the applied magnetic field B, for a type-11 superconductor. The specimen
is in its vortex states between the lower critical field Bc and upper critical field Beo. Bc is the thermodynamic

critical field.

The difference between them can be characterized by their magnetic behaviour. In Fig. 1.5, for
a type-I superconductor, the external magnetic field B, is excluded outside the superconductor
until the superconducting state disappears at Bc. Above Be, the superconductor is in its normal
state (Fig. 1.5a). In a type-Il superconductor, the material is in the Meissner state below a lower
critical field Bc1. When the magnetic field is increased above Bci, the magnetic field starts to
penetrate the interior of the superconductor in form of normal conducting domains containing
magnetic flux, called vortices, resulting in the reduction of perfect diamagnetism. The Cooper
pairs still exist and the zero-resistance state is still maintained. This state is known as the mixed
state. When the B, is further increased to an upper critical field B¢z, the complete penetration of
the flux leads to the destruction of the zero-resistance state and the superconductor reverts to

the normal state. The critical fields are temperature-dependent are

D, lnk

Bey ="/ 4 22 (1-24)
®

Be, = 0/27.[521 (1-25)

_ P -

Be = / 2v/2mAE’ (1-26)

where B. is the thermodynamic critical field and ®o is the flux quantum (®o = h/2e =~ 2.067 x
105 Wh).
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1.1.4 The Bardeen-Cooper-Schrieffer (BCS) Theory

In the BCS theory [9], electron-electron pairing are formed due to the attractive interaction
between electrons mediated by lattice vibrations (phonons). As an electron moves through the
lattice, it causes a local lattice distortion due to Coulomb interactions. As another electron
passes, it is affected by the lattice distortion induced by the first electron, resulting in an indirect
attractive interaction between these two electrons mediated by the polarization of the lattice.
The resulting "Cooper pair" is composed of two electrons with opposite momenta and spins,
{p1,—p; }. All Cooper pairs retain the same total momentum due to phase coherence, even
when scattered by impurities etc. They can therefore be moved without loss of energy under
the action of an applied electric field. At temperatures below T¢, a significant number of "Cooper
pair" condense into a collective quantum state. This condensation leads to the opening of an
energy gap in the electronic excitation spectrum, which prevents electrons from scattering and
colliding with impurities or lattice defects, resulting in a zero electrical resistance.

BCS theory predicts a second-order phase transition at the transition to superconductivity and

a value of T¢ as

1
T. = 0p exp [— > (O)V], (1-27)
which can also be rewritten as
_ 6p _ 1.04(1+2) )
Te = 145 [ A—p*(1+0.6221)]° (1-28)

where Op is the Debye temperature. The p* is a "renormalized” Coulomb repulsion and A
the electron-phonon coupling constant A = N(0)V + u*[23, 24] with V the electron-phonon

interaction, and the bare density of states N(0) known from quasiparticle band theory.
The superconducting gap A near zero temperature is
2A = 3.5 kgT.. (1-29)

This ratio is predicted to be universal for all superconductors. Close to T, the gap can be

expressed as[25]
A =32 kgT.[1— (T/T)]*? (1-30)

using the mean-field approximation and assuming that the superconductor is weakly coupled.
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1.2 Charge-density waves (CDW5s)

In a physical system, the stability of the system is closely related to the stability of equilibrium,
Typically, stable equilibrium states are immune to weak fluctuations, whereas unstable states
are very sensitive to external or internal fluctuations. However, if a ground state becomes
unstable due to a change in the survival environment, the system will attempt to assume a
completely new stable state. A CDW ground state, which develops in low-dimensional metals
as a consequence of electron-phonon interactions, is a broken symmetry state of metals[26].
The driving force behind the CDW instability is the reduction of the energy of the electrons in
the material due to the establishment of a spontaneous periodic modulation of the crystal
lattice[3, 27].

In the one-dimensional model, the simplest form of the CDW state can be understood intuitively
through Peierls theory [28]. A one-dimensional homogeneous chain of atoms is shown in
Fig.1.6a. The Fermi surface of one-dimensional lattice is not stable at zero temperature due to
its geometry and lattice deformation. Considering an one-dimensional lattice with spacing a
and the charge density p(X) is uniformat at zero temperature. If there are no particle interactions,
the ground state is defined by electrons filled half of the band to Fermi energy Er with Fermi
wave vector kp = +m/2a. The empty states above the Fermi energy suggest the metallic
conductance of the lattice. However, the one-dimensional chain of atoms is unstable at low
temperatures, resulting in a lattice distortion if coupling to the underlying lattice (electron-
phonon interactions) is considered when the temperature drops below a temperature Tcpow. A
periodic lattice distortion takes place which induces a periodic modulation of the electron
density (see bottom of Fig. 1.6b). As the two neighbouring atoms move closer together, the
period of the lattice becomes doubled[29]. At the points kr = +m/2a, a band gap opens at the
Fermi boundary (top of Fig. 1.6b), lowering the energy of the occupied electron states and
raising the energy of the empty states, leading to a phase transition from the metallic to the
insulating states, called the Peierls transition[30]. The CDW wavelength A is related to the
Fermi wave vector kp, A = m/kg. The total energy of the distorted electronic system decreases,
so the system tends to be stable. This lattice distortion leads to the breaking of the original
symmetry of the system, inducing a periodic distribution of the charge density in the system to
form the CDW. It can be described by

p(x) = po + py sSin(2kpx + @), (1-32)

10
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where p, is the unperturbed electron density, and p;, kr and ¢ are the amplitude,

wavevector and phase of the electron density modulation, respectively[31].
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Fig. 1.6 The single particle energy band for the cases (a) when T > Tcpw, the electron and the phonon systems are

not coupled, the resulting ions are equally spaced and the charge density is represented by a constant p(X). (b)
When T < Tcpw, the electron and phonons are interacting and the competition between the elastic and electronic

energies leads to a static lattice deformation and periodically modulated charge density.

The Peierls transition results from the Kohn anomaly induced by the nesting of Fermi surfaces,
where one part of the Fermi surface can completely coincide with another part of the Fermi
surface after a certain translation transformation[32]. The nested Fermi surface is unstable, as
the corresponding electrons can be excited by the phonons with a wavevector of 2k, and the
phonons acquire a lower frequency, resulting in a phonon softening of the system (Fig. 1.7b).
As the temperature reaches the CDW phase transition temperature (Tcow), the renormalized
phonon frequency at 2k, decreases to zero[33]. The equilibrium of the system is broken,
resulting in a stable distortion. The nesting of the Fermi surface is generally reflected by the
Lindhard response function:

2(q w) = ¥y LT kera_ (1-33)

Ex—Ek+qHhw’

where fi = f;, isthe Fermi function. The & is the electron energy located at the k point. The

Lindhard response function describes the linear change of the induced charge density at
different wavevectors with the applied perturbation potential field. The real part reflects the
stability of the electronic system, which varies with the different dimensions in Fig. 1.7a.
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Fig. 1.7 (a) Real part of the Lindhard function for 1D, two-dimensional (2D) and three-dimensional (3D) free

electron gas models; (b) process of phonon softening at 2ke. The data are taken from Ref.[33].
1.2.1 CDW in a two-dimensional system

In two-dimensional materials, the origin of the CDW is complicated and controversial due to
the complex lattice and electronic structures, including electron-phonon coupling[34], Jahn-
Teller effect [35], excitons, etc.[36]. In some two-dimensional materials, the nesting of the
Fermi surfaces is due to parallel nearly straight parts of the Fermi surface in the band structure,
consistent with Peierls theory, such as in monolayer VVSe,[37] (Figs. 1.8a-b). In transition metal
dichalcogenides (TMDs), the CDW phase transition is not fully consistent with the Peierls
phase-transition scenario, especially in the 2H phase[38], including 2H-TaS», 2H-TaSe>, 2H-
NbS, and 2H-NbSe,. The electrical transport shows metallic behaviour, not an insulating state
below Tcpw, only the resistivity increases slightly[39-43], although angle-resolved
photoemission spectroscopy (ARPES) confirms that the Fermi surface has a certain nesting
feature, indicating that the CDW could be explained by Peierls theory[44]. The results of the
Lindhard response function y(q, ) also show that although the nesting of the Fermi surface
IS present, the peak is not consistent with the position of the CDW wavevector induced by the
nesting of the Fermi surface[45]. Near the CDW wavevector, the real part of the response
function has a weak peak, while the imaginary part disappears, which is not consistent with the
traditional Peierls phase transition characteristics. The fact that the peak of the real part is not
strong enough to excite the CDW, suggests that the nesting of the Fermi surface is not the
main factor[46]. Inelastic X-ray scattering experiments in 2H-NbSe, confirm that the phonon
energy at the CDW wave vector decays to zero, leading to a lattice distortion[47]. However, in

contrast to the dispersive peak of the Kohn anomaly, the phonon exhibits an overdamped state
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in the region near the CDW wavevector (Fig. 1.8c), indicating the electron-phonon coupling
that drives the formation of the CDW.
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Fig. 1.8 Several mechanisms of CDW transitions: (a) Fermi surface map of monolayer VVSe; measured by ARPES
[37]. (b) Perfect Fermi surface nesting of monolayer VSe; [37]. (c) Phonon softening in 2H-NbSe; at different

temperatures induced by electron-phonon coupling, measured by inelastic X-ray scattering[47].
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Fig. 1.9 (a) Schematic plots of I'- and K-centered Fermi surface sheets. The green and red solid lines show the
momentum lines along which the momentum distribution curves constructed to extract the dispersions in (b) and
(c). The data are taken from Ref. [44].
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Among the family of TMDs, 2H-TaS; is considered a prototypical incommensurate CDW
material, where the signature of the CDW order has been confirmed by various experiments.
Figure 1.9a shows the Fermi surface topology of 2H-TasS: in the normal state, from the ARPES
data at @ = 0, as a function of the in-plane momentum components kx and ky, where @ is the
electronic energy measured with respect to the chemical potential[44]. The double-walled
Fermi surface barrels can be observed around the I" and K points, which is due to the presence
of two formula units per unit cell. In addition, although the Fermi surface of 2H-TaS; has a
number of nearly parallel regions, their separation is not consistent with the magnitude of the
gcow. For example, the two Fermi surface sheets around the I' point are too large to be nested
by any of the three primary CDW wave vectors i, g2 and qs. Therefore, simple Fermi surface
nesting cannot drive the CDW phase transition in 2H-TaSo. In Figs. 1.9b-d, the band dispersions
along the K-centered outer Fermi surface sheet and the 7-centered inner Fermi surface sheet
indicate that the CDW transition is rooted in momentum-dependent electron-phonon coupling
and that orbital selectivity plays an important role[47, 48].

1.3 Tantalum disulfide

1.3.1 Crystal structure

TMDs are a class of materials that exhibit interesting electronic and optical properties, and their
crystal structure plays a crucial role in determining these properties. They are composed of
transition metals (T) and chalcogen atoms (X), typically sulfur (S), selenium (Se), or tellurium
(Te) (Fig. 1.10a)[49, 50]. The most common TMDs are TX2 compounds, which have a unique
structure of X-T-X form, a sheet of transition metal atoms in a hexagonal pattern surrounded
on adjacent sides by two similar chalcogen sheets. The intralayer bonds between the elements
are covalent, while the interlayer bonds between adjacent layers are weak van der Waals forces.
The structural phases can also be viewed in terms of the different stacking orders of the three
atomic planes (X-T-X) that form the individual layers of these materials in the lattice along the
c axis. The two common thermodynamically stable phases are characterized by either trigonal
prismatic (2H) or octahedral (1T) coordination of the metal atoms (Fig. 1.10b)[51-53]. There
are several other ways of stacking the X-T-X, referred to as 3R, 4H, and 6R[54-56], showing
different physical properties, respectively (Table 1.1). The first number in this notation refers
to the number of X-T-X layers in the unit cell, while T, H and R distinguish the trigonal,
hexagonal and rhombohedral symmetry of the structure. Sometimes a subscript is required to

further distinguish similar polytypes[57, 58]. In the example of TaS, the 2H phase corresponds

14



Introduction

to an S-Ta-S stacking in which the S atoms occupy the same position in different atomic planes
and are superimposed in the direction perpendicular to the layer. The Ta atoms are surrounded
by six S atoms to form a [TaSe] triangular prism, and neighbouring [TaSe] triangular prisms are
connected by edge-sharing in Fig. 1.10b. Details of the crystal data, data collection and structure

refinement are summarized in Table 1.2[59].
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Fig. 1.10 (a) Periodic table showing metal (blue) and chalcogen (red) combinations that form two-dimensional
TMDs[50]. (b) Schematics of structural polytypes: 1T (tetragonal symmetry), 2H (hexagonal symmetry) and 3R
(rhombohedral symmetry)[53].

Table 1.1 The phases of TaS; and corresponding physical properties, including CDW and superconductivity. The
data are taken from Refs. [53], [55] and [56].

Phase Physical properties ~ CDW transition temperature Superconductivity
1T-TaS; Semiconductor 350 K and 180 K

2H-TaS; Metal 75 K 0.7K

4Hp-TaS; Metal 315 Kand 22 K 27K

6R-TaS> Metal 320 K and 305 K 26K
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Table 1.2 Crystal data and structure refinement of 2H-TaS,. The data are taken from Ref. [59].

Chemical formula 2H-TaS;

M, 245.07 (g mol?)
Crystal system Hexagonal, P6s/mmc
a,cV,Z 3.314(1) A, 12.097(1) A, 115.06(5) A3, 2
Radiation type A(Mo Kq) = 0.71073 A
Density p 7.073 (g cm™®)

u 485.3 cm?

Crystal size 0.08%0.06%0.0015 mm
Diffractometer Enraf-Nonius CAD-4F
T 295 K

(sin 0)max/A 9.949 nm*

Re; WR; S; w 0.032; 0.037; 1.868;1

1.3.2 Interplay between CDW and superconductivity in the 2H-TaSz system

In bulk 2H-TaSy, there is a coexistence of CDW and superconductivity below 0.7 K, estimated
from the electrical transport data in Fig. 1.11a. The measured superconducting tunneling
conductance of 2H-TaS; at 100 mK is shown in Fig. 1.10b[60], indicating that the band is fully
gapped with a superconducting gap A = 0.28 meV (Fig. 1.11c). The temperature dependence
of A is also close to the value expected from BCS theory, A = 1.76 kgT¢ = 0.265 meV. The
scanning tunnelling microscopy (STM) topography at constant current of 2H-TaS> is shown in
Fig. 1.11e. The hexagonal atomic S lattice is well observed, together with a remarkable
triangular 3 x 3 charge modulation of wavelength 3 times the lattice constant. The Fourier
transform of the whole image shows that the CDW modulation is located at one-third of the in-
plane reciprocal lattice wavevectors (Fig. 1.11f). The CDW modulation results in hexagons
spanned by three vectors parallel to the three symmetry axes of the hexagonal atomic lattice,

which are repeated in the topography.
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Fig. 1.11 (a) The temperature dependence of the resistivity of 2H-TaS, with the superconducting transition
magnified in the inset. (b) The normalized tunneling conductance obtained in 2H-TaS, at 100 mK. (c) The
derivative of the associated local DOS with a peak at A = 0.28 meV, obtained by deconvoluting the temperature
from the tunneling conductance. (d) The temperature dependence of A (red circles) and the expectation from the
BCS theory (black line) with T, = 1.75 K. (e) The STM topography of 2H-TaS; measured at 5 mV and 100 mK,

and (f) its corresponding Fourier transform. The data are taken from Ref.[60].

In the 2H-TaS; system, superconductivity and CDW order are two different electronic states,
both arising from electron-phonon coupling and Fermi surface instability[61]. The existence of
the CDW phase transition has an influence on the Hall effect, which is confirmed by the Hall
coefficient Ru in thinned layered 2H-TaS»[62]. When the thickness exceeds two layers, a broad
transition of Ry is observed from 20 to 70 K with a change of sign at ~56 K, which can be
explained by a two-carrier model with light holes and heavy electrons (Fig. 1.12a)[63]. This is
accompanied by an increase in carrier density with suppression of the CDW state with
increasing thickness (inset of Fig. 1.12b). When the thickness is reduced to two layers, the CDW
is completely suppressed and both the temperature dependence of Ry and the change in sign
are absent. This behaviour suggests that the suppression of the CDW state may be related to the

interlayer coupling[64].
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Fig. 1.12 (a) The temperature dependence of the Hall coefficient for different thicknesses of 2H-TaS,. (b)
Resistance R- Ry as a function of temperature plotted on a log-log scale, where Ry is the residual resistance just
above the onset temperature of superconductivity. For clarity, the data for five layers are scaled by a factor of 0.8.
(c) Normalized Resistance (R/Rn) as a function of temperature to show the superconducting transition for different
thicknesses. (d) T as a function of thickness. The dashed line guides the eye to the general trend. The data are
taken from Ref. [62].

The variation of the CDW can also be identified from the signatures of the electrical transport.
As the thickness decreases into the two-dimensional region, the temperature-dependent
resistivity changes from R ~ T° to R ~ T2 after the CDW phase transition (Fig. 1.12b).
Meanwhile, T strongly increases from 0.8 K for bulk to 3.4 K for monolayer TaS> (Figs. 1.12c-
d). The variation of T¢ shows a similar trend to that of the CDW order, indicating a close
relationship between superconductivity and the CDW state. To further illustrate the interplay
between them, the calculated band structures of the normal and CDW phases are plotted in Fig.

1.13a with red (normal phase) and grey (CDW phase) curves, respectively. The CDW
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distortions induce a gap opening on the inner pocket around K along I'-K and K-M due to the
reconstruction of electronic structures in the Fermi energy. In Fig. 1.13b, the DOS(EF) clearly
increases with decreasing thickness due to the suppression of the CDW order, in agreement
with the Hall measurements. Based on McMillan's theory, T can be evaluated using the
electronic and phononic structure calculations. The evaluated T. as a function of CDW
amplitude is plotted in Fig. 1.13c with a maximum T. of 3.75 K, which is similar to the
experimental results. The increase in T¢ is attributed to the suppression of CDW order, which
indirectly leads to an increase in DOS(Ef), indicating the competition between

superconductivity and the CDW state.
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Fig. 1.13 (a) Band structure for monolayer 2H-TaS,. (b) Density of states for monolayer/bilayer/bulk in the CDW
phase. The monolayer in the normal phase is shown in grey for reference. (c) DOS(EF) as a function of CDW
amplitude for the monolayer, and T, from McMillan's formalism using the calculated DOS(Ef). The data are taken
from Ref. [62].

The enhancement of superconductivity is also observed in the copper (Cu)-intercalated 2H-
TaS> (Fig. 1.14a). All 2H-CuxTaS. exhibit normal metallic characteristics in the high-
temperatures range. At low temperature the Tc first increases and then decreases with Cu
intercalation. Figure 1.14b shows the subtle changes observed at the CDW transition, where the
CDW is completely suppressed for x = 0.06. All results are summarized in the phase diagram
in Fig. 1.14c, where T presents a dome-shape accompanied by the suppression of the CDW
with a maximum of ~ 4.7 K close to the endpoint of the CDW. The suppression of the CDW is

due to the disorder-induced dramatic decrease in CDW coherence with increasing Cu
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intercalation, and the increase in T. could be due to the electron doping in 2H-CuxTaS,. The
exact details of the correlation between the CDW state and superconductivity at the microscopic
level have not been experimentally observed, but the competition between superconductivity
and the CDW order upon Cu intercalation is unquestionable, which is also similar to that of

NaxTaS2[65]. Furthermore, a similar behaviour is also found in the isoelectronic substitution in

2H-TaSe>xSyx, accompanied by the suppression of Tcpw by doping[66].
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Fig.1.14 (a) Temperature dependent resistivity of polycrystalline CuxTaS,. Inset: detail of superconducting

transitions in CuxTaS;. (b) Detail of the behaviour for Cu,TaS; in the vicinity of the CDW transition. (c) Electronic
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phase diagrams for CuxTaS,and (d) 2H-TaSe».xSx. The data are taken from RefS. [66] and [67].
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In Fig. 1.14d, the electronic phase diagram indicates a weak double superconducting dome,
reflecting the interplay between CDW and superconductivity, where the T is enhanced up to ~
4.28 K near the 2H-TaS; side. In the intercalated isoelectronic substitution series in 2H-TaSe>-
xSx single crystal alloys, a clear separation of disorder from doping-induced changes is possible.
The sulfur substitution could introduce different Ta-S and Ta-Se bond lengths, disorder and
wrinkling of the metal plane which could suppress the CDW order and increase the DOS(EF),
electron-phonon coupling and T¢[67]. The variation of T is directly correlated with
crystallographic disorder and disorder-induced scattering of local CDW fluctuations. The
doping-induced disorder tilts the balance of competition between superconductivity and CDW,

resulting in an enhancement of superconductivity by a suppression of the CDW order.
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Fig. 1.15 Temperature-pressure phase diagram for (a) 2H-TaS,, No. S1 (clean limit) and (b) 2H-TaS,, No. S8
(dirty limit). The changing colours describe the tendency of the resistivity. Pressure dependence of parameters in
the same scales for Nos. S1 and S8: (¢) p,, (d) A, (¢) nand (f) Tc. The lines across the data show the changing
trends. The data are taken from Ref. [68].
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As mentioned above, doping or intercalation always inevitably introduces disorder into 2H-
TaS», which can affect the CDW state, and even the superconductivity, although on very general
grounds (Anderson's theorem) s-wave superconductivity is immune to weak disorder[69].
Applying pressure is a cleaner strategy to study the interplay between superconductivity and
CDW in bulk 2H-TaS». For the single crystal 2H-TaS, marked with S1 in Fig. 1.15a, T¢ is
strongly enhanced from 0.8 K to 9.15 K, accompanied by the suppression of Tcow, and then
decreases due to impurity scattering with increasing physical pressure (Fig. 1.15f). In addition,
the A values, estimated from the quantitative analysis by an empirical formula p = p, + AT"
at low-temperature, show a similar trend to that of T with one order of magnitude increase at
the critical pressure in Fig. 1.15d. Accompanying this, the pressure dependence of the thermal
exponent n decreases rapidly from ~3.36 to ~1.29 at the critical pressure and back to ~2.10
with further increase in pressure, suggesting the formation of non-Fermi-liquid behaviour with
a pressure-induced collapse of the CDW at the critical pressure and the recovery to Fermi-liquid
behaviour (Fig. 1.15e). Both features strongly manifest that the enhanced critical CDW
fluctuations at the critical pressure may be an important ingredient for the superconducting
pairing. For 2H-TaS; in the dirty limit marked with S8 in Fig. 1.15b, the CDW phase transition
Is absent and T is ~3.2 K by electrical transport measurement. Upon physical pressure, Tc
shows a similar dome to S1 with a maximum of 6.43 K near the critical pressure. The pressure
dependences of Tc and n broaden and become less pronounced as compared to the clean crystals.
These features suggest that disorder and the variation of CDW are two independent factors
affecting superconductivity. The enhancement of T is associated with the suppression of CDW
by pressure and the increase of the DOS(EF). Furthermore, the CDW critical fluctuations could
be related to the non-Fermi-liquid behavior with strong competitions between the CDW state

and superconductivity at critical pressure.

Based on the above discussion, T¢ exhibits a similar dome-shaped dependence of disorder,
intercalation and physical pressure, although the lattice parameters and electronic properties are
altered differently. The disorder destroys the long-range CDW order, resulting in lattice
distortions and a broadening of electronic bands which could partially fill the CDW energy gap.
By increasing the interlayer spacing, such as upon Cu or Na intercalation[67, 70], the interlayer
van der Waals interaction is weakened, which could increase the charge carrier concentration
and enhance the electron-phonon coupling strength. After the collapse of the long-range CDW,
strong impurity scattering leads to a decrease of T.. Upon applying physical pressure on the
other hand, the critical pressure shows a wide range from 7.3 to 17 Gpa, which could be related

to the crystal quality and different ways of the pressure measurements[68, 71-73]. In addition,
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the maximum of T. also shows a large difference between studies on different crystal quality,
which emphasizes the importance of the disorder level in the 2H-TaS; system.

1.4 Scope of the thesis

The focus of this thesis is on the 2H-TaS. system, which exhibits superconductivity, CDW and
an interplay with each other, as summarized in this introductory chapter. After an overview of
the experimental concepts and methodology in Chapter 2, the investigations of this thesis are
outlined. First, the relationship between superconductivity and CDW is presented for lithium-
intercalated 2H-TaS, (Chapter 3). These results are extended by a detailed study of Li-H.O
group-intercalated 2H-TaS; in Chapter 4. Finally, the effects of defect controlled disorder on
superconductivity, the CDW state and quantum criticality in the 2H-TaS, system are
investigated in Chapter 5.

23



Experimental Methods

Chapter 2

Experimental Methods

2.1 Solid-state synthesis

Solid-state synthesis is a well-known route to obtain thermodynamically stable phases at high
temperatures by solid-state diffusion[74], where the transport of atoms occurs without leaving
the solid phase. The parameters involved in the thermodynamics, kinetics and diffusion,
determine the outcome of a solid-state synthesis[75]. They can be finely tuned by careful

control of experimental conditions such as reaction time, temperature and atmosphere.

To obtain clean and high-quality samples, the pre-treatment of the raw chemicals is key to solid-
state synthesis. In our experiment, the appropriate precursors were weighed in the desired
quantities and well mixed in a mortar to obtain a homogeneous mixture of reactants. The mixed
precursors were then transferred to a suitable environment to anneal and grow crystals at high
temperatures. In this thesis, for example, to obtain TaS, a local stoichiometry of 1:2 of Tato S
powder is required. Mixing and grinding can ensure a homogeneous distribution and a high
contact area in a glove box filled with argon. To avoid incomplete or side reactions, it is
necessary to expose pre-mixed precursor powders to high temperatures for a long time in a
sealed quartz tube under vacuum (<10 Torr). The final product often consists of a
thermodynamically stable phase with micron-sized and dimensionally uniform crystallites in
which the 2H phase is formed at annealed temperature of 1073 K and the 1T phase is formed at
annealed temperature of 1273 K. The alkaline metal such as lithium is highly reactive and
flammable in air and must be stored in an inert atmosphere or mineral 0il[76]. For this reason,
related chemicals such as LixTaS2 must be stored in a glove box filled with argon gas. The solid
reagents Li>S, S and Ta powder were mixed, ground and pressed into a pellet which was sealed
in a quartz tube under vacuum (<10 Torr). The main reaction took place at 1073 K to give the
2H type LixTaS,[77].

2.2 Measurement techniques

2.2.1 Powder X-ray Diffraction (PXRD)

X-ray diffraction is a technique where the atoms of a crystal, due to their uniform spacing, cause
an interference pattern of the waves present in an incident X-ray beam. The interference caused
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by the scattering of X-rays obeys Bragg's law, and is monitored with a suitably positioned
detector (Fig.2.1). It can reflect sample information such as crystal structure, phase purity, cell
parameters etc. Powder diffraction data were collected at room temperature using a Stoe
STADIP diffractometer with Cu K, (. ~1.5406 A). The Rietveld refinements and profile fits of
the diffraction patterns were carried out using the package FullProf SUITE[78] and autoFP[79],
which is a highly automated software toolkit and has been developed to improve the extent of
automation of the widely used Rietveld refinement program FullProf to estimate the fine details

of crystal structure and cell parameters.

Fig. 2.1 Components of an X-ray diffractometer.

2.2.2 Thermogravimetric Analysis (TGA)

TGA is a thermal analysis method in which the weight variation of samples is recorded and
studied over a wide range of temperatures. Typically, the temperature is varied at a fixed rate
while the reaction atmosphere varies from vacuum, ambient air to inert gases such as nitrogen
or argon. The results can indicate physical and chemical properties of the sample, including
phase transitions, thermal decomposition, solid-gas reactions, etc. Based on the atmosphere
used and for known reaction paths, TGA can also be used to determine the weight percentage
of each component in composites. In this thesis, a TGA experiment was carried out on a
thermogravimetric analyzer (Q500, TA Instruments) under argon flow to estimate the amount

of interlayer water.

2.2.3 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray Spectrometer
(EDS)

SEM is a common electron microscope used to image the surface (and/or cross-sectional)
morphology of samples. A high-energy beam of electrons is used to collect the signals resulting

from the interactions between electrons and atoms on the sample surface. The detection of
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secondary electrons emitted by atoms is the most commonly used mode to observe the surface
topography while the generated X-rays can be recorded by EDS to analyze the elemental

composition and distribution.

In this thesis, both the polycrystalline and single crystalline samples were conductive
composites. They were fixed directly to an aluminum holder with conductive carbon tape for
characterization using a Zeiss GeminiSEM 450 SEM. The SEM images were taken under 15
kV acceleration voltage and 20 pA emission current. The EDS equipment is an Oxford X-ray
detector (X-MAX80, AZTec Advanced) for elemental analysis of materials.

2.2.4 Transmission Electron Microscopy (TEM)

TEM is a type of electron microscopy that produces images by passing a beam of electrons
through ultrathin specimens. When magnified and focused by an imaging equipment, TEM can
produce extra high-resolution images for characterizing surface morphology and crystal
structure. TEM can also be modified for EDS mapping using an EDS detector. In this thesis,
samples were loaded on a copper grid with holey carbon films. The bright-field TEM images
and elemental mapping were collected using a Thermo Fisher Scientific Talos F200X TEM
operating at 200 kV with EDS.

2.2.5 Raman measurements

Excited Stokes Rayleiih Anti-Stokes Fluorescence
Electronic l‘\

Stata ------- TITTRR AR RN R RN RN R R R LR L L

VirtualS‘atus (L CERRRR TN ] EE LR LR}

Vibrational hewy — hwy
State
Ground
Electronic
a State Ground Vibrational State

Fig. 2.2 Energy diagram of Raman (Stokes and Anti-Stokes), Rayleigh (elastic scattering) and fluorescence, and

corresponding scattering processes. The data are taken from Ref.[80].

Raman spectroscopy, as a common spectroscopic technique, is mainly used to study the
vibration of molecules, while rotational or some other low-frequency modes may be included.

Raman scattering is an inelastic scattering of light which originates from the change in
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electronic polarizability of the system due to the quasi-particle excitations. In Fig. 2.2, when
the incident radiation (photons) interacts with the medium, it can be scattered either elastically
or inelastically[80]. If the scattered photons have the same energy as that of incident one, it is
called Rayleigh scattering; on the other hand, if the scattered photons have more/less energy
than the incident one, it is called Anti-Stokes/Stokes Raman scattering. Based on the inelastic
scattering of photons, laser photons can interact with molecular vibrations, phonons or other
excitations. The resulting energy shifts are recorded to provide details about the vibrational

modes in the system.
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Fig. 2.3 (a) Mode displacement diagrams corresponding to modes in the normal and CDW phase. (b) Raman

spectra of bulk 2H-TaS, with observed modes and their assignments at 300 K. The data are taken from Ref. [189].

Based on the crystal structure of the 2H-TaS; in Fig. 1.10b, there are nine vibrational modes at
the center of the Brillouin zone (I"-point), three of which are acoustic and six are optical modes,
where these optical modes are given by I' = Ayg + E1g + 2E2g +Aoy + E1u. Here, Axg, E1g and Exg
are Raman active while Az, and Eyy are infra-red active modes [188, 189]. The corresponding
the CDW modes and their symmetries, along with their atomic displacements are shown in the

top left corner (Fig. 2.3a). The Raman data for 2H-TaS> in the normal state (above Tcow) was
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acquired with 532 nm excitation at 300 K (Fig. 2.3b). The data can be fit (red curve) using a
combination of eight VVoigt functions. Two-phonon mode is shaded brown. Purple and golden
shades represent modes with E and A symmetry, respectively. Grey areas represent fits to the
laser Rayleigh line and other features not predicted to be part of the material’s Raman spectrum.
In this thesis, Raman analyses were performed using an inVia™ Raman microscope and a
Horiba Labram HR Evolution spectrometer equipped with an Olympus microscope and an
ultra-narrow notch filter with laser excitation at 532 nm. The samples were mounted in a He

flow cryoVac micro Konti cryostat to measure them at different temperatures.
2.2.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS s typically used to analyze samples that are liquids (such as water) or that can be
dissolved or acid digested to form a liquid. The ICP-MS instrument uses a plasma to ionize the
elements in a sample and then measures the ions using a mass spectrometer. In this thesis, the
lithium content of the LixTaS> sample was determined using ICP-MS. Figure 2.4 shows a simple
diagram of the instrument. First, a typical calibration was preformed using standards prepared
at concentrations between 0.1 and 100ng/L for the lithium. The LixTaS; sample was dissolved
in nitrohydrochloric acid and diluted for measurement. Liquid samples are nebulised in the
sample introduction system to produce a fine aerosol, which is then transferred to the argon
plasma. The high-temperature plasma atomises and ionises the sample, generating ions which
are then extracted through the interface region and into a set of electrostatic lenses called the
ion optics. The ion optics focus and direct the ion beam into the quadrupole mass analyzer. The
mass analyzer separates ions according to their mass-to-charge ratio, and these ions are
measured on the detector. The interlayer lithium concentration was derived by comparing the

measured counts in the sample with the calibration counts[81].

Sample i @CO"J)
Torch R

Interface

Quadrupole Detector

Turbo pumps ‘

Fig. 2.4 Schematic cross section schematic of an ICP-MS[81].
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2.3 Physical Property Measurement System (PPMS)

PPMS is an open architecture, variable temperature-field system designed to perform a variety
of automated measurements including resistivity, heat capacity, etc. with specially designed
measurement options. Sample environment controls include magnetic fields up to £9.0 Tesla

and a temperature range of 1.8 - 400 K and even down to 0.4 K with a *He option.
2.3.1 Electrical transport

Resistivity measurements were carried out using a standard four-probe technique with gold or
silver wires of 25 or 50 um diameter, in which the two outer probes are used to apply current
and the two inner probes are used to measure the resulting voltage drop across the surface of
the sample. The wires were attached to the sample using Dupont silver conductive paste. The
use of four probes eliminates measurement errors due to the probe resistance, the spreading
resistance under each probe and the contact resistance between each metal probe and the sample
being measured. The PPMS standard resistivity sample pucks have four contacts: one positive
and one negative contact for current and voltage, for each user bridge board channel to which
a sample can be wired. Up to three samples can be mounted on a resistivity puck, so the
resistivity option can measure up to three samples simultaneously. In this thesis, the typical
resistance is in the order of 1 Ohm when measured with a multimeter for any two channels,

indicating good contacts to the samples.
Ohm's law gives the relationship between electrical current | and voltage V
R=V/I, (2-1)

where R is the resistance. The resistivity p, which is independent of the sample geometry, is

evaluated from
p=(Rxwxd)/l, (2-2)

where w, | and d are the width, length and thickness of the sample being measured, respectively
(Fig. 2.5).

The Hall effect was first discovered in 1879 by Edwin Herbert Hall, who found that a transverse
voltage developed when an electric current passed through a gold film under a magnetic field.
It states that when a magnetic field is applied in the direction perpendicular to the current flow,
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the Lorentz force causes deflection of the current according to the Lorentz force acting o the

charges g given by
F = qu X B. (2-3)

As a result, a negative charge accumulates on one side of the sample and a positive charge
accumulates on the other side, creating a potential difference and an electric field across the
sample. When the magnetic force Fm is equal to the electric force Fe generated by the Hall
electric field, a state of equilibrium is achieved (Fig. 2.5)[82], with

|F| = lqux B = q Vy/w. (2-4)

Combined with | = nquwd with the charge carrier density n, the Hall voltage is given by

IB
H = qa (23)
The Hall coefficient Ry is defined as
_ Vyd _ Pxy _ 1 _
RH_IB_B_inq' (2-6)

The sign of Ry reflects the nature of the charge carriers, holes (positive) or electrons

(negative).

@
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»

F,: magnetic force
on negative charge
carriers Z

F.: ¢lectric force
from charge
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v
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injection

Fig. 2.5 Schematic view of a (n-type) Hall device. A constant current | and a constant magnetic field B,
perpendicular to the surface are applied. This causes an accumulation of charge carriers transverse to the current
direction and a Hall voltage, Vu. Fm and F. indicate the magnetic and electric forces, respectively. Note that the
direction of the current | in the diagram is that of the conventional current, so the motion of electrons is in the

opposite direction[82].
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2.3.2 Heat capacity

Heat capacity measurements can provide valuable information about the lattice and electronic
system of materials. Heat capacity measurements, especially when taken at temperatures well
below the Debye temperature, almost directly probe the electronic energy levels of a material
and thus allow the density of states or energy levels to be estimated. For the standard heat
capacity puck of the PPMS, a platform heater and a platform thermometer are attached to the
bottom side of the sample platform. Thin wires provide the electrical connection to the platform
heater and platform thermometer and also provide the thermal connection and structural support.
The samples were mounted to the platform using a thin layer of N-grease, which provided the
necessary thermal contact. The samples were measured under high-vacuum conditions to

reduce the amount of gas in the sample chamber to minimize unwanted heat transfer.
2.3.3 Magnetic properties

Magnetometry is the measurement of magnetism and its effects. The quantity usually measured
is the magnetic moment m of a sample. The results presented in this thesis have been measured
using a Superconducting Quantum Interference Device (SQUID) magnetometer. SQUID
magnetometers can measure the magnetization of a sample as a function of magnetic field
and/or temperature. Here, we used a commercial Quantum Design SQUID magnetometer
(MPMS3). The MPMS3 utilizes a superconducting magnet (a solenoid made of
superconducting wire) to expose samples to magnetic fields of up to £7 Tesla, and allows for
sample temperature control from 400 K down to 1.8 K, achieved using liquid helium and liquid

nitrogen.

In the work presented in this thesis, samples are mounted on quartz, brass or clear drinking
straw sample holders using GE vanish paste. For accurate magnetic moment measurements, the
magnetic signature of the sample holder is measured prior to mounting the sample. Once the
sample moment is measured, the background signal from the sample holder is subtracted from
the measurement. The MPMS3 typically detects the change in magnetic flux created by
mechanically moving the sample through a superconducting pick-up coil, which is converted
to a voltage.

The sample is centered in the detector coils before a measurement begins. Two types of
measurements have been made using the MPMS3 to measure magnetic properties. Magnetic
field-dependent magnetization M(B) at constant temperature, and temperature-dependent

magnetization M(T) at constant magnetic field. The M(T) measurements can be performed using
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zero-field-cooled (ZFC) or field-cooled (FC) protocols. In the ZFC process, a magnetic field is
applied before a cold sample is warmed up. In the FC process, a sample is cooled in the presence
of an applied magnetic field. Such measurements are particularly useful for studying the

Meissner effect and estimating the superconducting volume fraction.
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Chapter 3

The superconductivity and charge-density wave formation in
lithium-intercalated 2H-TaS:

The interplay between superconductivity and CDW has been studied for decades, but there is
still no consensus including cuprates and TMDs superconductors[83-88]. Since they both
originate from electron-phonon coupling and Fermi surface instabilities[89-93], studying their
relationship is crucial to wunderstanding superconductivity. Artificially introduced
heterogeneous atoms can tip the potential balance between two cooperative electronic states,
and reveal the underlying interactions that give rise to them. Here, a series of lithium-
intercalated 2H-TaS; has been prepared to investigate the variations of superconductivity and
CDW with intercalated lithium. A comprehensive measurement has been performed, including
bulk resistivity, Hall resistivity, magnetic properties and heat capacity, indicating that
superconductivity and CDW coexist and compete with each other. The CDW weakens with
increasing intercalated lithium, which indirectly increases the charge carrier density and

enhances superconductivity.
3.1 Introduction

The 2H-TaS; (pyridine)s., as the first organic intercalation compound, shows an enhanced T¢
up to 3.5 K, opening the door to study intercalated 2H-TaS> in general[94, 95]. To explore the
relationship between CDW and superconductivity, various alkali-metal or transition-metal
atoms have been introduced into the structure to modify the electronic states of 2H-TaS,[42,
67, 70, 96-100]. The T¢ of 2H-CuxTaS,, for example, shows an intercalated-Cu dependent dome,
in which the CDW is gradually weakened until it disappears at the maximum T on the left side
of the dome[67]. This is a common feature of many intercalated 2H-TaS, or other two-
dimensional materials[43, 67, 87]. The interplay between superconductivity and CDW has been
interpreted as a suppression of CDW order being accompanied by an enhancement of
superconductivity, suggesting a competitive relationship. However, more detailed explanations
for the enhancement of superconductivity have been debated, including enhanced interlayered
electron-phonon coupling[101, 102], a variation of the DOS(EF)[62] and electron doping[67,
103, 104]. Therefore, the details of the effect of intercalation on superconductivity and CDW
in 2H-TaSz are not yet fully understood.
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3.2 Experiments

Polycrystalline 2H-LixTaS2 samples were synthesized by solid-state reaction methods.
Stoichiometric amounts of raw materials (99.9% Li.S, 99.99% Ta, and 99.9% S powders) were
mixed, ground, pressed into tablets, and sealed in evacuated silica tubes. The tubes were then
loaded into a muffle furnace and annealed at 800 °C for 12 hours. Finally, they were cooled
down to room temperature along with the cooling of the furnace. Single crystals for x = 0 and
x = 0.007 were obtained by extending the annealing time. The tubes were heated slowly up to
800 °C, sintered for 72 h, and then slowly cooled down to 600 °C with a cooling rate of 2 °C/h.
Finally, the tubes were cooled down in the furnace by auto-switching off the power.

The crystal structure and phase purity were characterized by PXRD measurements, collected
on all the as-prepared samples using a Stoe STADIP diffractometer at room temperature with
Cu Ky radiation. The PXRD patterns were collected in the 20 range of 5-95°. The Rietveld
refinements and fits were performed using the package FullProf SUITE[78]. The cell
parameters were estimated using the autoFP software[79], which was also validated by the
results of that FullProf SUITE software.

The electrical transport was measured using a PPMS equipped with a *He insert and a standard
four probe. The samples were cut into rectangular shapes and four electrical contacts were
applied to each sample with 25-um-diameter Au wires attached to the samples using Dupont
4929 silver paint.  Hall resistivity measurements were performed on one sample mounted in a
four-probe configuration using the same contacting technique as for the resistivity
measurements. Measurements were taken in a PPMS with scanning magnetic fields from
+9.0Tto—9.0 T. The specific heat was measured using the heat-capacity option of the PPMS
equipped with a 3He insert at a zero-magnetic field. Magnetization measurements were
performed using a MPMS3 equipped with a 7.0 T superconducting magnet. Magnetic properties
were measured in two types of modes: by temperature scanning with a magnetic field of 2.0
mT, both zero-field-cooled (ZFC) and field-cooled (FC) between 1.8 and 5 K, or by magnetic-
field scanning from 0 to 10 mT with set temperatures from 1.8 K to 3.6 K and 0.2 K per step.

3.3 Results and discussion

3.3.1 Characterization of structure

The influence of lithium intercalation on the structure of 2H-TaSz is shown in Fig. 3.1. The

identity and phase purity of the samples were determined by PXRD. The diffraction patterns of
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all lithium-intercalated 2H-TaS» samples are shown in Fig. 3.1a, which can be well-fitted to the
2H-type structures (P63/mmc) for lithium contents below x = 0.096[59]. The Rietveld
refinement for 2H-LioesaTaS2 is shown in Fig. 3.1b, demonstrating high phase purity. The
lithium contents of these polycrystalline 2H-LixTaS> samples have been determined by ICP-
MS measurements. The slight systematic variation of the (110) peaks with increasing lithium
content x is shown in Fig. 3.1c. For x < 0.096, the cell parameters of a and ¢ show only small
but systematic changes (Fig. 3.1d), resulting in a shrinking of the unit cell volume. The ¢ axis
shows a regular decrease, which is similar to the trend observed in sodium intercalated NbS;
and 2H-TaS»[70, 98, 106]. This can be taken as an evidence that the lithium atoms are not
substituting Ta atoms but are intercalated into the interlayer regions of 2H-TaS,. As the lithium
content is increased further beyond 0.096, the crystal structure changes. The distance between
the two adjacent layers can be determined to be~ 4.4 A, which is much larger than for LixTaS:
with x < 0.096 (~ 3.4 A). It is therefore unreasonable to assume that at high lithium contents,
only lithium ions exist between the layers. As the samples of LixTaS> are air-sensitive, it has
been speculated that trace amounts of moisture enter the interlayer regions of TaS; for chelation
with lithium ions due to the unstable chemical nature of lithium, forming Lix(H20),TaS.[97,

98]. The study if this system will be the topic of chapter 4 of this thesis.
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Fig. 3.1 (a) The PXRD pattern at ambient temperature for all samples of 2H-LixTaS; (0 < x < 0.162). (b) The
PXRD pattern of 2H-LioosaTaSz. The red dots are the observed data, while the black solid line represents the
calculated intensities. The bottom blue solid line is the difference between the observed and calculated intensities.
(c) The enlarged (110) reflections with increasing x, indicating the variation of cell parameters. (d) The change of
the cell parameter for 2H-LixTaS; samples (0 < x <0.096).
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3.3.2 Electrical transport
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Fig. 3.2 The physical properties for all the samples of nominal composition 2H-LixTaS; (0 < x < 0.162). ()
Resistivity in a temperature range between 0.5 and 300 K. (b) Temperature dependence of derivative of resistance,
ranging from 20 - 100 K. Some curves have been offset for clarity. The data for x = 0.141 and x = 0.162 are similar
to those for x=0.116 and are therefore not shown. (c) Normalized resistivity p/pek), between 0.5 and 6 K. (d) The

temperature-dependent magnetic susceptibilities in 2 mT for ZFC procedures.

Figure 3.2a shows the temperature dependence of the resistivity for the low-lithium
intercalation samples for temperatures ranging from 0.5 to 300 K. In the normal state, the
resistivity decreases with temperature, showing weakly metallic behaviour. The parent 2H-TaS>
exhibits a CDW phase transition at a temperature around 75 K, which is in agreement with the
corresponding literature value[73, 107], demonstrating the high quality of the 2H-TaS;
compounds. The evolution of the Tcpw has been deduced from the minimum in the temperature
derivative of the resistivity dp(T)/dT with lithium-intercalation, and it turns out to be
strongly reduced with increasing lithium content. The Tcow is effectively suppressed by lithium
intercalation from 75 K for x = 0 to 41 K for x = 0.096, and vanishes with a further increase of
the lithium content above x = 0.1 in Fig. 3.2b. Figure 3.2c shows the transition to

superconductivity for 2H-LixTaS2 on an extended scale. The pristine 2H-TaS, shows a transition
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at Tc = 1.2 K (T defined by a 50% criterion), which is similar to the reported results of T, with
zero resistance ~ 0.7 K (Fig. 1.11a) [94]. The T is also determined from the ZFC magnetization
by the onset temperature of diamagnetism (Fig. 3.2d), consistent with that of electrical transport.
Upon lithium-intercalation, T¢ increases and the CDW ordering temperature Tcpw decreases
with increasing x, demonstrating that there is a correlation between the coexisting
superconductivity and CDW phases. The T¢ reaches a maximum of about 3.5 K for x = 0.096
and then decreases for higher lithium contents, which could be attributed to the formation of
Lix(H20)y as a new intercalator, as mentioned above. The resulting phase diagram is
summarized and shown in Fig. 3.3, which agree with the electronic phase diagram of 2H-TaSe»-
xSx[66].
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Fig. 3.3 The electronic phase diagram for LixTaS,. The open circles represent the CDW transition temperature,
and the filled circles correspond to the superconducting transition temperature. Inset: Crystal structure of 2H-
LixTaS,.

3.3.3 Hall resistivity

Both the CDW state and superconductivity are closely related to the conduction electrons[108,
109]. Hall resistivities were measured to estimate the carrier type and density and to further
reveal the electronic effect of lithium-intercalation on CDW and superconductivity in 2H-
LixTaS2[67]. As the samples with high lithium content became quite unstable it was difficult to
obtain large enough crystals. The Hall resistivity was therefore only measured on single crystals
with low lithium content, In Figs. 3.4a-b for undoped 2H-TaS; and 2H-Lioo07TaS; crystals,
respectively. The magnetic field dependent Hall resistivity pxy shows an ideal linear dependence,

which allows to evaluate the carrier density in a simple single-band model[110]. These results
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are summarized in Fig. 3.4c. The temperature dependent carrier densities of undoped 2H-TaS>
crystals show a sudden change both in the magnitude and sign as the temperature approaches
Tcow, Which is similar to reports on 2H-TaS, NbSe, and YBa,CusOs+5[39, 41, 43, 111].
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Fig. 3.4 (a) Magnetic-field dependent Hall resistance of 2H-TaS, and (b) 2H-Liooo7TaS, crystals. (c) The
corresponding temperature dependent carrier densities of 2H-TaS; and 2H-Lio.007 TaS: single crystals. (d) Nominal
charge-carrier density and corresponding carriers per unit cell as obtained at T = 30 K from 2H-LixTaS;
polycrystalline samples. The dashed line is linear fit to these data for 0 < x < 0.1. The red and the green data point
are from the data for single crystals shown in Fig. 3.4c.

Two types of charge carriers, electrons and holes, are dominating the transport behaviour below
and above the CDW phase transition, respectively. For the 2H-Lio.c07TaS> crystals, however,
the positive Hall resistivity indicates that the dominant carriers are holes in this system[112].
An associated comparably small change in carrier density between 60 and 80 K also confirms
the CDW transition, in a similar way as it has been observed in 2H-Cuo.03TaS2[100] and 2H-
InosTaSz[113]. The carrier density measured on single-crystalline 2H-Lio.0o7 TaS2 is somewhat
larger (= 3.95x102! holes cm™ at T = 30 K) as compared to undoped 2H-TaS; (= 3.86x10%
electrons cm2 at T = 30 K), which would correspond to = 0.23 and 0.22 charge carriers per unit
cell, respectively. In the CDW state above Tcpw, N is of the order of =~ 5x10% cm™ for both

compositions, which corresponds to = 0.3 hole-like carriers per unit cell.
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To obtain a systematic trend as a function of lithium content x, Hall effect measurements were
also performed on polycrystalline samples at T = 30 K. The absolute values of the corresponding
numbers must be taken with the reservation that Hall measurements on polycrystals can be
affected by anisotropy and grain-boundary effects[114, 115]. Nevertheless, as all the samples
were prepared in a similar manner, a clear trend still can be identified. The data shown in Fig.
3.4d indicate that there is an almost linear increase in n as a function of lithium content up to x
= 0.096, and a sudden drop for larger values of x, which is not unexpected due to the changes
in the crystal structure as discussed above. Using these estimates based on the linear fitting in
Fig. 3.4d, the hypothetical intercalation of one lithium atom would correspond to a change in n
by = 14 carriers per formula unit. Therefore, the lithium intercalation does not primarily act as
a mechanism for carrier doping, but most probably leads to a weakening of the CDW state,
which indirectly results in an increase of the density of mobile charge carriers with a resulting

boost of superconductivity.
3.3.4 Superconducting characteristic parameters

To study the physical properties of lithium-intercalated 2H-TaS; superconductors in more detail,
the intrinsic 2H-TaS2 (Tc = 1.2 K) was chosen for comparison with 2H-Lio09sTaS, (with a
maximum T = 3.5 K). Detailed measurements of the field dependence of the resistive transition
to superconductivity and the magnetization are presented in Fig. 3.4. The effect of applying a
magnetic field on T¢ for the x = 0 and x = 0.096 samples is shown in Figs. 3.4a and 3.4b,
respectively. As expected, Tc is gradually suppressed and the width of the superconducting
transition increases as the magnetic field is increased. The resulting temperature dependence of
the upper-critical fields Bc2(T) are shown in Fig. 3.4c. The extrapolated slopes are dBc/dT =
—1.41 T/K and dBc/dT = —1.78 T/K for x = 0 and x = 0.096, respectively. The upper-critical
fields at zero temperature Bc2(0) can be estimated using the Werthamer-Helfand-Hohenberg
(WHH) approximation in the dirty limit[96, 116],

dB¢
B(%HH(O) = —0-69Tc(d_T2)T=TC (3'1)

to BXHH(0)=1.17 T for x =0, and B%PH(0)= 4.24 T for x = 0.096. From B, = ®,/21&(0)?,
the corresponding superconducting coherence lengths can be estimated, £(0) =16.8 nm, and

8.8 nm, respectively.
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Fig. 3.4 (a) and (b) field-dependent resistivity measurements for the samples x = 0 and x = 0.096. (c) The dashed
lines indicate the extrapolated slopes dB/dT used for the WHH approximation. (d) The temperature dependence
of the lower critical field B¢ for x = 0.096. Lower inset: the ZFC field dependence of the magnetization M(B) for
temperatures between 1.8 and 3.6 K (in 0.2 K steps) in magnetic fields B between 0 and 10 mT.

The ZFC field dependence of the magnetization M(B) for temperatures between 1.8 and 3.6 K
is shown in Fig. 3.4d for the 2H-Lio.006 TaS2 sample, exhibiting typical type-I1 superconducting
behaviour. The ZFC and FC magnetic susceptibilities measured at 2 mT are shown in the lower
inset of Fig. 3.4d. By estimating the lower-critical field B¢ as the minimum on the M(B) curves,

its temperature dependence can be well fitted using an empirical formula[117],

Ba(M) =B |1 - (2)]- (3-2)

A resulting estimate of the corresponding lower-critical field is Bc1(0) =~ 6 mT. Together with

Do
4TTA2

B (T) = lng , an estimate of the London penetration depth is A(0) = 310 nm, yielding

Q)

K= 20 =~ 35.2, confirming that the material is a strongly type-Il superconductor.
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3.3.5 Heat capacity
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Fig. 3.5 Specific-heat C/T for 2H-LixTaS, with different lithium content x. Right inset: The solid line shows an

entropy-conserving construction to obtain Ce/yT. for an optimally intercalated 2H-Lio.096TaS2 sample.

Table 3.1. Electronic (y) and lattice (B) contributions according to a fit to Eq. (3-3). We obtained the calculated
values y. from the free-electron model using the measured carrier densities n.

X B (mJ/mol K%  Carrier density Calculated Experimental Effective
n (cm) Ye (MImol vy, (mImol K?) mass
K?)
0 0.35 3.5x10% 0.88 8.5 9.66
0.045 0.41(3) 7.6 x 102 1.14 9.0 7.90
0.064 0.39(1) 1.05 x 10% 1.27 10.9 8.59
0.096 0.40(2) 2.2 x 10% 1.6 11.2 7

The low-temperature specific heats of the 2H-LixTaS> samples (x = 0.045, 0.064, 0.096) are
shown in Fig. 5.  As expected, the specific-heat data show a peak at Tc~2.9 K, 3.3 K and 3.5
K, respectively. These results are consistent with the data from the transport measurements.
The normal-state specific heat can be fitted by a standard expression at low temperatures,
=y +pT?, (3-3)
where y is the Sommerfeld constant, which is proportional to the electron density of states
DOS(EF) at the Fermi level. The fitted values of g for all selected samples are close to 0.4

mJ/mol K* (see Table 3.1), as reported for CuxTaS, and CuxTiSez[67, 87], corresponding to a
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Debye temperature &p of ~244 K from the corresponding three-dimensional Debye model via
S = 12n*nR/50p°, where n is the number of atoms per formula unit and R is the gas constant.
The resulting electronic contributions to the specific heat for these lithium-intercalated samples
increase with lithium content and are slightly larger than that of the parent compound 2H-TaS;
(y = 8.5 mJ/mol K?)[73, 118]. These results demonstrate that the lithium intercalation increases,
along with the charge-carrier density n, also the DOS(Er). We state here that the measured
values for y of the order of 10 mJ/mol K? are far larger than one can expect from a simple free-
electron model. Assuming one charge carrier per unit cell, we obtain with y. =
n?kZDOS(Er)/3 and DOS(Ep) = (3n/m)Y/3m,/(wh?) a calculated value y, of the order
of 1.5 mJ/mol K? only, which may hint at an enhanced effective mass in superconducting 2H-
Lix TaS (see Table I). Here, kg is the Boltzmann constant, m, the electron mass, and A the
reduced Planck constant. The corresponding effective mass enhancements estimated from the
measured carrier densities and the specific heat data are all of the order of =~ 7-9 (see Table I).
The right inset of Fig. 5 shows the discontinuity in the electronic specific heat (Ce/Tc) at the
superconducting transition with the phonon contribution subtracted and with a BCS entropy-
conserving construction. The obtained ratio ACe/y Tc = 1.28 is very close to the standard BCS
value of 1.43, thereby qualifying 2H-LixTaS> as a weakly-coupled superconductor[9].

3.4 Summary

All the electrical transport results are summarized in the electronic phase diagram of 2H-
LixTaS2 (Fig. 3.3), which shows the evolution of the superconducting, CDW and metallic
phases with varying lithium content x. The superconducting and CDW states are interrelated
and coexist with each other. The lithium intercalation gradually enhances the superconducting
transition temperature and weakens the CDW state. At x = 0.096, the CDW phase is fully
suppressed, and superconductivity reaches its maximum critical temperature T¢ = 3.5 K, with a
completely developed discontinuity in the specific heat which is compatible with a weak-
coupling scenario. The changes upon lithium intercalation are accompanied by an increase of
the hole-type carrier density. However, the measured changes in the charge carrier densities are
too large to be explained by doping alone. Therefore, lithium intercalation leads primarily to a
weakening of the CDW state, which then indirectly causes an increase of the density of mobile
hole-type charge carriers.
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Chapter 4

Superconductivity in hydrated Lix(H20)yTaS:

In a few cases, interlayer water has been shown to be crucial for the formation of
superconductivity, such as in NaxCo00.-1.3H,O [119, 120], by enhancing the two-
dimensionality and possibly inducing antiferromagnetic spin correlations[121]. To investigate
the synergistic effects of interlayered water and intercalated lithium, the structural and physical
properties of the hydrated Lix(H20)yTaS, (0.22 <x < 0.58, y =~ 0.86) have been systematically
studied. Comprehensive transport measurements reveal that the transition temperature to
superconductivity shows a dome-shaped dependence on the lithium content x with a
maximum Tcof 4.6 K. From the corresponding Sommerfeld constants yand Debye
temperatures @p estimated by heat capacity data, the electron-phonon coupling
parameters Aep and the DOS(EF) can be derived as functions of x. While the variation of the
DOS(EF) is consistent with that of Tc, indicating that the lithium-intercalation is tuning T
by changing the DOS(EF) in 2H-Lix(H20)yTaS>, the simultaneous changes of 1ep and ©p may
also play a certain role.

4.1 Introduction

As mentioned in chapter 3.1, in the alkali-metal or transition-metal atom-intercalated TMDs,
the enhancement of superconductivity is fairly well-understood[68, 122]. The evolution of
superconductivity can be explained by the suppression of the CDW state[62], or in the rigid-
band model of the band structure[70]. For simple inorganic metal-intercalated 2H-TaS», the T¢
of the optimally intercalated samples can generally reach the maximum as the CDW is
sufficiently suppressed, and then decreases with further increasing the intercalation level,
thereby forming a dome-shaped T. dependence on the intercalation level[42], which is similar
to the pressure dependence of T¢ seen in high-pressure experiments on 2H-TaS,[68, 72, 107].
On the contrary, when an extended organic- or inorganic-chemical group intercalant enters the
interlayer of 2H-TaS,, the enhanced superconductivity is always accompanied by the complete
disappearance of the CDW state[123, 124].

It is very likely that the charge transfers from such intercalants to the Ta-S layer increases the
DOS(EF). The superconducting transition temperatures of the hydrated phases Ax(H20)yTaS:
can be much higher than thoese with the same doping level in AxTaS2 (A = Li, Na, K, Rb; x >
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0.33)[96, 125]. Taking lithium-intercalation as an example, the rigid-band model indicates that
the intercalant does not significantly change the band structure of 2H-TaS,[70]. The DOS has
a peak at the Fermi level, and the Fermi energy is located nearly in the center of the conduction
band, which is dominated by the half-filled Ta 5d;2 band[102, 126, 127]. This band structure is
hardly changed at the CDW transition, or even in a thinned monolayer. The Fermi level of the
hydrated Ax(H20)yTaS2 moves from the center to the near the top of the d,> band upon charge
transfer from the intercalant to the conduction band, leading to a decrease of DOS(Ef), which
should be detrimental to superconductivity[128, 129]. The above scenario based on the rigid-
band theory apparently fails to account for the experimentally observed distinctly enhanced
superconducting transition temperatures of the hydrates which are higher than those of the
anhydrates[130]. Undoubtedly, interlayer water molecules are favourable for superconductivity
in 2H-TaS». However, whether the enhancement of T is due to the possible enlargement of the
interlayer spacing[131], which in turn weakens the interlayer coupling of the Ta-S layers[103],
or due to the shielding of the random Coulomb potential[102], is still a matter of debate.

4.2 Experiments

The LixTaS2 powders were obtained by solid-state reaction as described in chapter 3.2. The
resulting 2H-LixTaS> samples were exposed to air (relative humidity ~31%) to form

Lix(H20)yTaSz, and then stored in a glove box filled with argon.

The water content y was determined by thermogravimetric analysis in an argon atmosphere
with details given in chapter 2.2.1. The other experimental characterization techniques in this

chapter are the same as in chapter 3.2.
4.3 Results and discussion

4.3.1 Crystal structure

As shown in Fig. 4.1a, the PXRD patterns are characterized at room temperature for all
Lix(H20)yTaS, samples and show a similar crystal structure with the space group of
P6s/mmc[59]. To more clearly reveal the structural differences between the Lix(H20)yTaS
compounds, a detailed refinement has been performed on all PXRD patterns using Fullprof[105]
and autoFP packages. The Rietveld refinement of the PXRD pattern of hexagonal
Lio31(H20)yTaS: is shown in Fig. 4.1(b). The relative coordinates in the Ta-S layer of the
Lios1(H20)yTaS, compound are the same as those of 2H-TaS2. The corresponding data are

presented in Table 4.1[59]. The Ta atoms bond with six surrounding S atoms to form a [TaSe]
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triangular prism, and a co-edged connection to construct the TaS; layer. The interlayer spacing
of about 5.8 A for the Lix(H20)yTaS, compounds is much larger than that of 2H-LixTaS; (~3.4
A)[122], which indicates the presence of interlayer water. The crystal structure with the possible
position of the water molecule is qualitatively shown in the inset of Fig. 4.1b, although the exact
positions of the hydrogen and oxygen atoms are unknown[132]. The lithium contents of these
ICP-MS
measurements. The refinement results of the lattice parameters are displayed in Fig. 4.1c. The

polycrystalline hydrated Lix(H20)yTaS, samples have been measured by
lattice parameter ¢ gradually decreases with increasing lithium content when compared with
2H-TaS,, and shows a significant change for x > 0.42. A linear trend of a slight expansion is
observed for the Ta-S layer, showing a simultaneous contraction of interlayer spacing with
increasing the lithium content, which is similar to 2H-LixTaS;[122], and is another

manifestation of the evolution of the lithium content in Lix(H20)yTaS, samples.
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Fig. 4.1 (a) The PXRD pattern at room temperature for all samples of Lix(H20)yTaS; (0.22 < x < 0.58). (b) The
PXRD pattern of Lio31(H20),TaS,. The black dots are the observed data, while the red solid line represents the
calculated intensities. The bottom blue solid line is the difference between the observed and calculated intensities.
Inset: Crystal structure of Liosi1(H20)yTaS, along the ab-plane. (c) The variation of lattice parameters for
Lix(H20)yTaS; samples. (d) The weight loss of Lix(H20)yTaS, (x = 0.27 and 0.33) samples versus temperature in
an argon environment.
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The thermogravimetric analysis of the selected Lix(H20)yTaS, (x = 0.27, 0.33) samples in an
argon atmosphere (Fig. 4.1d) shows that the weight of the samples decreases, and then stabilizes
with increasing temperature. The interlayered crystal water content is essentially constant,
namely ~ 0.86 per formula unit, despite the differences in lithium content in the Lix(H20)yTaS>
samples, and is also close to the reported results for f-Nai3(H20)0.77-0.87TaS2[96, 98, 129, 133].
In principle, the intercalated water content can be related not only to the lithium content but
also to the air humidity[98, 128]. However, for the present conditions and when the lithium
content is below x = 0.08, any absorbed water must enter the Ta-S layers on interstitial sites, as
it does not qualitatively affect the crystal structure. Preliminary data indicate the presence of
one H.0 interlayer for 0.08< x < 0. 22, and of possibly two H2O interlayers for higher lithium

contents.

Table 4.1 Fractional atomic and occupancy factors for Ligs1(H20)yTaSz (Rup = 8.047%, %2 = 2.30). For this fit,

the positions and occupancies of the light H and O atoms were omitted.

Atom Wyckoff position X y z Occ.
Ta 2b 0 0 0.2500 1
S 4f 0.3333 0.1667 0.6180(4) 1
Li 2a 0 0 0 0.31

4.3.2 Electrical transports and magnetism

To investigate the effect of lithium-intercalation into the hydrated phase Lix(H20)yTaS2 on
superconductivity, the resistivities p(T) at temperatures ranging from 1.8 to 300 K are shown
in Fig. 4.2a for all Lix(H20)yTaS, samples. All samples show a weakly metallic behaviour,
which is similar to that of the parent 2H-TaS> discussed in the above chapter 3.3.2. The typical
CDW-like kink in the p(T) dependence completely disappears in the normal state for all samples
when compared with the CDW transition temperature of ~75 K for 2H-TaS2[134]. The
disappearance of the CDW transition may be due to the large amounts of intercalated
lithium[87]. However, the interlayer spacing is also largely expanded by the water intercalation,
which reduces the dimensionality and tends to suppress the CDW as well[131, 135, 136]. The
detailed normal-to-superconducting transitions are shown in Fig. 4.2b. The transition
temperatures were determined by a 50% criterion and, alternatively, by the onset of the drop

from the normal-state trend lines (T,2™). They first increase from Tc = 2.8 Kto = 4.5 K (T?" =
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5.0 K), and then fall to = 2.1 K (T2™ = 2.9 K), forming a dome-like behaviour with increasing
intercalated lithium content in hydrated Lix(H20)yTaSz, which is similar to the case of several
families of high- and low-temperature superconductors[83, 137, 138].
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Fig. 4.2 The physical properties of Lix(H.0),TaS, samples. (a) Resistivity data in a temperature range between 1.8
and 300 K. (b) The resistivities p/pex between 1.8 and 6 K, showing the transitions to superconductivity. The
dashed line denotes the 50% criterion used to determine T¢, while the arrows indicate the onset temperatures
T2™sethere the p(T) curves start to drop from the normal-state trendlines. (c) The temperature-dependent magnetic
susceptibilities for ZFC and FC procedures (inset), respectively. (d) The T, as determined by 50% of the normal
resistivity (“p(T)-50%"), by the onset temperature of the resistivity drops (“p(T)-onset”), by corresponding data
from FC susceptibility (steepest-slope method and onset temperature of diamagnetism, “y(T)-intersect” and “y(T)-

onset”, respectively), and from the heat-capacity data (“C(T)”).

The temperature-dependent DC magnetic susceptibilities of hydrated Lix(H2O),TaS> are shown
in Fig. 4.2c, measured in an external magnetic field of 2.0 mT and using the ZFC and FC
procedures. The T is determined from the FC magnetization either by defining the intersection
of the extrapolated normal-state magnetic susceptibility with the steepest slope line of the
superconductivity signal, or alternatively by the onset temperature of diamagnetism. The results
from all magnetic susceptibility and resistivity data are shown in Fig. 4.2d, all in good

agreement with the corresponding T. data from the heat-capacity measurements to be discussed
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further below. Lithium-intercalation is therefore an effective way to tune superconductivity in
hydrated Lix(H20)yTaS: in a controllably manner.

4.3.3 Superconducting characteristic parameters
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Fig. 4.3 (a-g) Temperature dependence of the resistivity of Lix(H20),TaS; (0.22 <x < 0.51)for various magnetic
fields. The dashed line corresponds to the 50% criterion used to evaluate B¢.. (h) The estimation of the upper-
critical field for Lix(H20),TaS, (0.22 <x <0.51). (i) The respective extrapolated values of the upper-critical fields
atT=0.

In Figs. 4.3a-4.3g, we show the magnetic field dependence of the resistivity is characterized for
all intercalated Lix(H20)yTaS, (0.22 <<x< 0.51) samples. As the magnetic field is gradually
increased to B <2.0 T, the p(T) curves show a systematic shift to low temperatures along with
a certain field-induced broadening, which is not uncommon in layered superconductors. For
simplicity, the corresponding upper-critical fields Bco(T) are evaluated using the 50% criterion.
A corresponding determination of Bc from the magnetization M(B) data as shown later in Fig.
4.4b is less definite because the transition is very broad in high magnetic fields, but it yields
consistent B¢, values (see below). The respective temperature dependent critical fields for all
investigated samples are summarized in Fig. 4.3h. The critical field Bc2(T) has a positive

curvature as a function of temperature, which has also been found in other superconductors,
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such as organic-intercalated TaS,[43], and MgB[139, 140]. The polycrystalline average of the

Bc2(0) at zero temperature can be estimated with a fit according to[141]

. 3/2]3/2

Be(T) = Bo(0) [1 - (F) (4-1)

The resulting Bc2(0) values are higher than the reported upper-critical field of 1.17 T for the
pristine 2H-TaSy, but are still smaller than the corresponding BCS weak-coupling Pauli limits

(1.86T¢ in Tesla) (Fig. 4.3i).
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Fig. 4.4 (@) The ZFC and FC magnetic susceptibilities, and (b) measured M(B) loop at 1.8 K for optimally
intercalated Lio42(H20)yTaS,. Insets: Magnified views to show details. (c) The ZFC field dependence of the
magnetization between temperatures 1.8 and 4.6 K (in 0.2 K steps) for Lio42(H20)yTaS,. The gray dashed line
shows the ideal diamagnetic shielding. (d) The evaluated B; values from Fig. 4(c) at different temperatures by

methods 1 (squares) and 2 (circles) with the uncertainties from the extraction procedure drawn as error bars. The

dashed lines are the fitting results using equation (4-2).

Figure 4.4a shows the Meissner (FC) and the shielding (ZFC) signals of the optimally
intercalated sample with x = 0.42, measured at 2.0 mT. From the shielding fraction of 131.7%

at 1.8 K obtained in the ZFC magnetic susceptibility, a demagnetization factor N = 0.240(8)
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can be estimated for this sample assuming an effective 100% shielding to correct all the
magnetic low-field data, and all the parameters derived from it, according to Besr. = B - NxpoM.
While the critical temperature as determined from the DC magnetization, T = 4.3-5 K, is
consistent with T¢ from resistivity data (= 4.5 - 4.8 K) (see Fig. 4.2b), the calculated large
effective Meissner volume of ~26% even in the FC magnetic susceptibility indicates significant
magnetic-flux expulsion and the good quality of the sample. The magnetization loop of
Lio42(H20)yTaS: at 1.8 K shows typical type-Il behaviour (Fig. 4.4b and upper inset therein).
The lower inset of Fig. 4.4b shows a further estimate of B¢z based on the first deviation of the
magnetization from linearity, yielding B = 1.9 + 0.2 T at 1.8 K, which is similar to the result
form the magneto-transport data. In Fig. 4.4c, the field dependence of the ZFC susceptibility
for Lio.42(H20)yTaS: is plotted in the temperature range between 1.8 and 4.6 K (in 0.2 K steps).

The dashed line shows the ideal linear behavior of the Meissner state (y = -1).

To obtain an estimate for the polycrystalline average of the lower critical fields Bc1, one can
determine the Bc1 from the magnetic fields where the M(Best) curves in Fig. 4.4c first deviate
from linearity at different temperatures (here referred to as “method 1”’). An improved approach,
incorporating concepts of the Bean critical-state model for the mixed state and making
corresponding assumptions on the mechanism of magnetic-flux penetration allows one to
quantitatively fit the deviation SM(Beft) from a linear M(Bet,) to extract Bc1 (Ref. [142], here
referred to as “method 2”). A work including in addition the effect of Bean-Livingston barriers
(Ref. [143], “method 3”) suggests an improved fitting procedure of SM(Besr) to eliminate this
effect, at least at low temperatures. The resulting Bc: values obtained by methods 1 and 2 are
shown in Fig. 4.4d, while the attempts to fit the dM(Befr) data according to method 3 (which
aimed to include edge-barrier effects) did not result in physically reasonable quantities. In this
way the corresponding upper limits of Bc1(0) can still be derived from the empirical formula
Eq. (3-2) in above chapter 3.3.4 with Bc1(0) = 2.7 mT (method 1, purple dashed line) and 2.1
mT (method 2, red dashed line) using for the further analysis. To be on the safe side, however,

these Bc1(T) values should be interpreted as fields for the first magnetic-flux entry, which could

indeed be larger than the true Bci. Together with B, = (d)o/zm/lz)ln% and B, =

®,/4m&(0)?, both the superconducting coherence length £(0) and the London penetration
depth A(0) can be estimated to ~ 9.6 nm and > 69 nm at zero temperature, respectively. The
resulting Ginzburg-Landau parameterk = A(0)/&(0) = 7, indicates type-Il superconductors

behaviour of Lio.42(H20)yTaSz. As the given Bc1(0) and Bc2(0) stem from extrapolations over an
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extended temperature region, the corresponding errors in these values and the quantities derived
from them may be considerable, but they should reflect the correct orders of magnitude.

4.3.4 Heat capacity
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Fig. 4.5 (a) Reduced specific heat C/T vs. T curves of polycrystalline Lix(H.O),TaS, (x = 0.22, 0.31, 0.37, 0.42,
0.51, and 0.58) samples. The dashed lines represent fits to the data between the superconducting transition
temperature and 10 K. The inset shows the electronic specific heat ACe/T at optimal intercalation with x = 0.42,
together with an entropy-conserving construction to evaluate the discontinuity in Co/T. The red dashed line is a fit
to the superconducting part with a single gap BCS model. (b) Variation of £ and corresponding &p, (c) normal
state y and corresponding DOS(Ek), and (d) the T, determined from the discontinuity in the specific heat, together

with the estimated Zep, all as functions of lithium content x.

The temperature dependence of the reduced specific heat C/T in zero magnetic field was
measured in Fig. 4.5a from 1.9 to 10 K to further investigate the superconductivity in the
hydrated Lix(H20)yTaS,. The T¢ from an entropy-conserving construction with an idealized
specific heat discontinuity is Tc =~ 4.6 - 4.7 K as illustrated in the inset of Fig. 4.5a, which is
consistent with the magnetic susceptibility and resistivity data for x = 0.42 shown in Fig. 4.2d.
The normal-state contribution can be fitted using the data between T¢ and 10 K according to Eq.
(3-3) in chapter 3.3.5. We obtained the parameters and summarized in Fig. 4.5b. The fitted g
values at first increase and then decrease with increasing lithium content, resulting in a
minimum of @p of ~269 K, which is somewhat larger than in metal-intercalated 2H-TaS, and
the parent 2H-TaS, (@b ~ 250 K)[42, 122]. It has been reported that in the organic-matter
intercalated 2H-TaS,, the @p values are also larger than in the parent 2H-TaS,. However, the
reduction of ®@p by ~8.6% upon lithium intercalation in hydrated Lix(H-O)yTaS2 samples may
indicate a certain successive phonon softening associated with lithium doping (Fig. 4.5c). This
is completely different from metal-intercalated 2H-TaS,, where the corresponding quantities
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values hardly change with the intercalation[144]. By subtracting the phonon contribution from
the total specific heats, the electronic parts of specific heat that characterize the superconducting
state can be obtained, as it is shown for optimally hydrated Lio.42(H20)yTaS, with a maximum
of ACe/yTc =~ 0.81(5) in the inset of Fig. 4.5a. This value is significantly lower than the expected
standard BCS weak-coupling value of 1.43 and is similar to those reported for the parent 2H-
TaS, and organic-matter intercalated 2H-TaS». Therefore, superconductivity in the 2H-TaS>
related compounds cannot be described by the BCS theory in its simplest form. The reduced
discontinuity of the specific heat as compared to that of a single-band s-wave superconductor
might indicate unconventional superconductivity with gap nodes [145], multiband
features[146], or possible anisotropic single-gap superconductivity[147]. With the measured
parameters @p and T, the parameter describing the electron-phonon coupling, Aep = DOS(EF)Ve-
ph (Where Vepn denotes the electron-phonon-induced interaction), can be estimated from the
inverted McMillan equation, assuming a repulsive screened-Coulomb parameter u* = 0.13,

which is a typical value for a metallic system[148],

_ 1.04+u* In(@p/1.45T,)
T (1-0.62u*)In(@p/1.45T,)—1.04"

Aep (4-2)

As shown in Fig. 4.5d, the estimated A, ~ 0.6-0.69 are larger than those of parent 2H-TaS;

(~0.49) but similar to those of the metal-intercalated 2H-TaS», such as 2H-LixTaS; (Aep
0.61)[122], 2H-NixTaSz (lep = 0.68)[42], 2H-CuxTaS> (Lep = 0.65)[67], and 2H-TaS2-xSex (Aep =
0.73)[66]. The enhancement of Tc is reminiscent to the effect of the oxygenation of ultrathin
2H-TaS», which has been attributed to an increase in the DOS(EF) by incorporation of oxygen
into the TaS: crystal lattice, resulting in a strongly increased electron-phonon coupling. It is
worth noting that the T¢ of = 4.6 K (with an onset of diamagnetism up to = 5.0 K) for hydrated
Lio.42(H20)yTaS> is somewhat larger than the value reported for optimally metal-intercalated
2H-TaS; superconductors (Tc ~ 4.2 K), indicating that the presence of interlayer water is
favourable for superconductivity, which is similar to the role of other intercalated organic
matter in 2H-TaS2[149]. Using the values of ep and y values in appropriate units, the DOS(Er)
can be estimated from the equation[150],

DOS(Ep) = —f— (4-3)

2k (1+2ep)’

with the Boltzmann constant kg. Asshown in Fig. 4.5¢, the calculated DOS(EF) values initially
exhibit an increasing trend and then slightly decrease with increasing x. The maximum of the

DOS(Ek) value is 5.6(5) states eV! f.u! as the lithium content reaches x = 0.42, which is very
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similar to the associated variation of T. with x. It has been reported that the intercalation of
organic matter has no obvious effects on the DOS(EF) of the 2H-TaS; host, but mainly affect
the interlayer spacing in the 2H-TaS; system[151]. As y =~ 0.86 is constant for x < 0.42 samples,
the observed increase in the DOS(Er) must therefore be due to the intercalation of lithium only.
The reason for the subsequent slight decrease of the DOS(EF) beyond x = 0.42 is unclear, but it
Is conceivable that water intercalation and/or electron doping may further change the size or
shape of the Fermi surface, as it has been found for the related 2H-CuxTaS2[67].

4.3.5 Discussion

To gain some more insight into the enhanced superconductivity in Lix(H20)yTaS> based on the
experimental results, I now focus on the T¢ given by the BCS theory [9] in terms of the DOS(EF),

the total electron-electron interaction V, and @p,
T. = 1.140pexp[—1/DOS(Ep)V]. (4-4)

The T¢ is proportional to @p and is a strongly varying function of the density of mobile charge
carriers as the DOS(Er) enters exponentially. Since the calculated DOS(Er) values and T¢
follow a similar trendline upon lithium intercalation x, it is tempting to make the variation of
the DOS(EFr) solely responsible for the dome-like T. dependence. However, the presence of the
interlayered lithium atoms, together with the interlayer water, is also related to the variation of
Op (Fig. 4.5b) and Zep (Fig. 4.5d), and hence, to the critical temperature T¢ via the effect on the
phonon spectrum and the electron-phonon coupling. It is very interesting to note that a
strengthening of the electron-phonon coupling and a certain simultaneous phonon softening
have been observed in other systems in the context of a dome-shaped T, dependence[148, 152,
153].

Finally, the role of the interlayered water seems to be mainly to expand the interlayer spacing
to ~ 0.58 nm for hydrated Lio.42(H2O)yTaS», which is larger than that of parent 2H-TaS> (~ 0.34
nm). Although this enlarged interlayer spacing does not seem to strongly correlate with
superconductivity in the hydrated Lix(H20)yTaS> system, the situation of interlayered species
in 2H-TaS, can be complicated, and it is possible in principle that a weakened interlayer

coupling and enhanced two-dimensionality can boost superconductivity as well.
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4.4 Summary

Hydrated Lix(H2O)yTaS> (0.22 < x <0.58; y = 0.86) shows a dome-shape dependence of the
critical temperature T¢ on the lithium content x with a maximum T of at least 4.6 K for x~ 0.42.
This value is larger than in corresponding optimally intercalated 2H-TaS, without water or
organic intercalants, supporting the scenario that a weakened interlayer coupling - as a result of
a large interlayer spacing - may suppress the tendency of CDW formation and enhance
superconductivity. The electron density of states at the Fermi level DOS(EF) strongly varies
with lithium content x and closely follows the corresponding variation of the critical
temperature. While this may be the main factor influencing T¢, a simultaneous strengthening of
the electron-phonon coupling and a phonon softening are observed upon approaching the
maximum critical temperature, which has also been reported to occur in other systems in the

context of a dome-shaped T. dependence.

4.5 Related Publication

Superconductivity in hydrated Lix(H20),TaS

Huanlong Liu, Shangxiong Huangfu, Hai Lin, Xiaofu Zhang and Andreas Schilling
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Chapter 5

Signatures of a charge-density wave quantum-critical point

In superconducting 2H-TaS,« induced by disorder

As outlined in the previous chapters, 2H-TaS, is an ideal correlated system for studying the
interplay between superconductivity and the CDW state. In this chapter, | report on the tuning
of the long-range CDW order and superconductivity in bulk 2H-TaS,. x by disorder, the level
of which can be well controlled by the number of structural defects induced by sulfur (S)
vacancies. Measurements of Raman, magnetization, electronic and thermal transport properties
show that the long-range CDW is continuously suppressed, coexists with and is taken over by
the emerging short-range CDW phase, eventually leading to strange-metal behaviour with
linear resistivity at the endpoint of the long-range CDW. The superconductivity shows at first a
two-step-like behaviour but reaches a maximum at the endpoint of long-range CDW with a
single homogeneous phase, suggesting an interplay between superconductivity and CDW order.
Moreover, our results suggest that the strange-metal behaviour, which is closely related to the

short-range CDW, is a signature of quantum criticality with Planckian dissipation.
5.1 Introduction

The cuprate superconductors, for example hole-doped La>xSrxCuQOs, LarxBaxCuOs,
HgBa>CuOa+5 and YBa2CusOe-s, exhibit a competition with the CDW order in the underdoped
region[90, 154-157]. A fan-shaped region of strange-metal behaviour forms around the
maximum of T¢, where the resistivity p shows a linear temperature dependence[158, 159]. A
similar phenomenon has also been observed in iron-based[159, 160], nickelate[161, 162]
superconductors, which could reflect a common mechanism of strange-metal behaviour in
unconventional superconductors. Moreover, a positive relationship between the T. and the
coefficient of temperature-dependent linear resistivity A, Tc ~ A%®, has been found recently,
further suggesting that superconductivity could be closely linked to strange-metal
behaviour[163-166].

In YBaxCuszOe+s, for example, the long-range CDW order disappears when T¢ reaches a
maximum value at the optimal doping level (Fig. 5.1b)[167]. The existence of short-range CDW
order in the pseudogap state up to the optimal doping has recently been demonstrated

experimentally and theoretically[168, 169]. In addition, short-range charge-density fluctuations
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(CDFs) have been observed in the cuprates not only at low doping levels[157], but also in the
strange-metal regime (reddish zone in Fig. 5.1b)[155, 170]. Because such short-range CDW
correlations are accompanied by the occurrence of strange-metal behaviour, there may exist an
intimate link between them[89, 171]. The CDW correlation length decreases to values close to
those of the CDFs as the temperature is increased towards the CDW transition temperature
(Tcpw), suggesting that the CDFs have a common origin with the long-range CDW order and
could represent a short-range CDW order. They may produce a strong isotropic scattering
channel for the carriers at the Fermi level, leading to the strange-metal behaviour in the normal
state[155].
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Fig. 5.1 (a) The temperature dependence of the resistance of YBa,CuzOe:+s5[155, 172]. The region of a linear
temperature dependence is displayed as a red thick solid (b) the phase diagram (T vs. doping level p) of
YBa>CusOs-+5. The green zone is the antiferromagnetic phase. The reddish zone represents the 2D CDFs. In the
cone above optimal doping (between T* and the Fermi liquid), CDFs are responsible for the strange metal behavior

and the linear in T resistivity. Light blue zone: "quasi-critical CDWSs". These figures are taken from Refs.[89, 167].
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As discussed earlier, the Tcow in pristine 2H-TaS; is susceptible to the tuning of external
parameters, in particular to the intercalation of foreign atoms but also to disorder and
pressure[92, 122, 173, 174, 175, 176]. In pressurized 2H-TaS, the complete suppression of
CDW at a critical pressure[68, 72] is accompanied by a non-Fermi-liquid behaviour in the low-
temperature range due to the possible collapse of the long-range CDW along with enhanced
critical CDFs. There, a minimum of the resistivity thermal exponent n, derived from the
standard low-temperature resistivity relation p o T™, has been observed as and in other CDW
systems[108]. In this chapter, we are investigating a possible strange-metal behaviour in defect-

controlled 2H-TaSz«, and its relationship to CDFs and short-range CDW order.
5.2 Experiments

The LiyTaS, samples were synthesized by high temperature solid-state reaction, the details of
which are described in chapter 3.2. Stoichiometric amounts of Li»S, Ta and S powders were
mixed, ground and pressed into a pellet. The pellets were sealed in evacuated quartz tubes and
transferred into a muffle furnace. The tubes were annealed at 1073 K for 12 hours and then
transferred into a glove box filled with argon. The samples were resealed into other quartz tubes,
which were annealed again at 1073 K for one week. The prepared LiyTaS, samples were
immersed in deionized water, then ultrasonicated and filtered several times with deionized
water to remove the interlayer lithium atoms. The resulting lithium-free 2H-TaS,x samples

were dried in a vacuum drying oven at 30 “C and stored in the argon filled glove box.

Raman analyses were performed using a Horiba Labram HR Evolution spectrometer equipped
with an Olympus microscope and an ultra-narrow notch filter with laser excitation at 532 nm.
The samples were mounted in a He flow cryoVac micro Konti cryostat. The chemical
compositions of 2H-TaS,x were estimated by EDS measurements. The microstructure of the
material was characterized by high resolution STEM images obtained on a Thermo Fisher
Scientific Talos F200X TEM operated at 200 kV with EDS. High-resolution SRPES was
performed to determine the chemical compositions and valence states at the synchrotron light
facilities of the Swiss Light Source, Switzerland. The other experimental characterization steps

were the same as those in chapter 3.2.
5.3 Characterization of the structure

The schematic synthesis process of 2H-TaSz« from the intercalated LiyTaS: crystals is shown

in Fig. 5.2a, which visualizes the formation of S vacancies induced by the removal of the
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interlayered lithium. As an example sample, the structures of LiyTaS> (y = 0.51) and the
corresponding 2H-TaS2x (Xc = 0.214) have been characterized using the Raman spectra between
125 - 450 cm™® (Fig. 5.2b). The Raman peaks at ~400 cm™, ~300 cm™ and ~203 cm™ correspond
to the Alg, Ezg, and two-phonon modes, respectively[177], without any additional peaks,
suggesting that both have a similar dynamics of the crystal lattice. The blue shift of the Ezlg

mode at xc of 2H-TaS2-x is related to the weakened interlayer coupling induced by the removal
of interlayer lithium[178].
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Fig. 5.2 (a) Schematic diagram of the 2H-TaS,.x samples synthesized by interlayer lithium extraction and S-
vacancies generation (blue arrows). (b) Raman spectrum of intercalated Lios,TaS, and a corresponding sample by
removal of the interlayer lithium with xc = 0.214. (c) The S-vacancy level as a function of the original interlayer
lithium content in LiyTaS,. The inset shows the STEM images of x. = 0.214 with the corresponding Ta and S
elemental maps. The HR-STEM images and corresponding FFT diffraction patterns of 2H-TaS,.« with (d, g) x =
0.032, (e,h) x =0.143, and (f, i) x. = 0.214.
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Fig. 5.3 (a) The PXRD pattern at room temperature for all samples of 2H-TaS,«. (b) The refined X-ray diffraction
pattern of x = 0.103. The red dots are the observed data, while the black solid line represents the calculated
intensities. The bottom blue solid line is the difference between the observed and calculated intensities. (¢) The

variation of the cell parameters a and ¢ with x for 2H-TaS,.x.

The amount of S-vacancies in the 2H-TaS>«, as a measure of structural disorder, has been
identified by EDS, yielding the Ta/S ratio (Fig. 5.2c), whereas the lithium contents y of these
LiyTaS> samples have been obtained by ICP-MS measurements[179]. The presence and
uniform distribution of Ta and S elements were confirmed by STEM-EDS element mapping
for xc (inset of Fig. 5.2¢). In Figs. 5.2d-f, the lattice structures of 2H-TaS,.x (x = 0.032, 0.143,
0.214) are shown as obtained by high resolution STEM images. The corresponding selected-
area electron diffraction (SAED) patterns with a series of bright spots reveal a hexagonal single
crystal for x = 0.032 in the left inset of Fig. 2d. One can see that the structure becomes
increasingly disordered from x = 0.032 to Xc. The corresponding magnified STEM images
(circled areas in the insets of Figs. 5.2c-e) illustrate the crossover from point-like defects to
disordered regions with increasing number of S - vacancies. The coexistence of ordered and
disordered lattices were observed in Ta-S layers of a bulk single crystal with x = 0.143,

indicating the coexistence of two types of regions with low and high S-vacancy contents. As

60



Signatures of a charge-density wave quantum-critical point in superconducting 2H-TaS2-x induced by disorder

shown in Figs. 5.2g-i, the corresponding Fast-Fourier Transform (FFT) diffraction patterns (x
= 0.032, 0.143, 0.214) consist of hexagonal spots, which become blurrier, together with the
appearance of diffuse rings induced by disordered regions, indicating an increase of the disorder

level from S-vacancies in bulk 2H-TaS,.
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Fig. 5.4 (a) SRPES survey spectra. High-resolution SRPES spectra of the Ta 4f (b) and S 2p (c) peaks for x =
0.103.

To further confirm the crystal structure, all 2H-TaS>.x samples were characterized by PXRD at
room temperature (Fig. 5.3a), confirming the similar crystal structure with a space group of P63
/mmc. Due to the presence of disorder induced by the removed interlayer lithium, the diffraction
peaks of the 2H-TaS,.x samples are weakened, especially at high levels of disorder. To more
clearly reveal the structural differences of the 2H-TaS>.x samples, a detailed refinement was
performed on all the PXRD patterns. As an example, the Rietveld refinement of the PXRD
pattern of the hexagonal structure with x = 0.103 is shown in Fig. 5.3b. The summarized
structural parameters a and c are shown in Fig. 5.3c. A linear trend is observed, with a slight
expansion of the Ta-S layer as the S-vacancy level increases, along with an increase of the

interlayer spacing.
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To confirm the chemical composition and valence states, a selected sample of x = 0.103 was
measured with SRPES. As shown in Fig. 5.4a, the SRPES survey spectrum indicates the
presence of Ta and S elements, but no Li element. The high-resolution SRPES spectra of Ta 4f
can be resolved into four peaks at ~22.9 eV, ~24.5 eV, ~26 eV, and ~27.9 eV (Fig. 5.4b). The
two peaks at 22.9 eV and 24.5 eV can be assigned to Ta** 4f7, and Ta*" 4fsy,, respectively[180,
181]. The peaks at ~26 eV and ~27.9 eV agree well with the binding energy of Ta>" 4f, which
could be attributed to the presence of Ta>Os species [182], which are common in bulk 2H-TaS;
and other TMDs samples. The presence of metallic Ta in the 2H-TaS,.x samples has been
excluded. In addition, there are no impurities in the XRD data and elemental mapping from the
TEM measurements, further suggesting that the Ta,Os only originates from the surface of the
bulk 2H-TaS,x. This could be due to the sample being exposed to air for an extended time for
the measurements, resulting in oxidation of the surface. The S 2p peak shows typical S?" species
without other discernible species (Fig. 5.4c), suggesting the formation of the 2H phase
TaS2[183].

5.4 Transport measurements
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Fig. 5.5 (a) The temperature dependence of the resistivity, (b) the magnetization for both ZFC and FC in B = 2

mT, and (c) the electronic specific-heat data for all 2H-TaS,x samples.
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Fig. 5.6 The temperature dependence of the resistivity, the magnetization for both ZFC and FC in B =2 mT and
the specific-heat curves in zero magnetic field to characterize the normal to superconducting phase transitions of
all 2H-TaS,.x samples.

The normal-to-superconducting transition was characterized for all samples to investigate the
effect of disorder on superconductivity in 2H-TaS.x (Figs. 5.5 and 5.6). As shown in Fig. 5.5a,

the temperature dependence of the resistivities p(T) show a sharp transition from normal to
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superconducting states for less-disordered samples (0 < x < 0.032). The onset of
superconductivity (T2™) of these samples is also evident in the magnetization data and has been
confirmed by the discontinuity in the electronic specific heat (C./T) at the transition to
superconductivity. In contrast, as the disorder level increases above x = 0.058, the normal-to-
superconducting transitions for the 2H-TaS>« set in at T2" ~ 4.2 K, and then show a kink
instead of a sharp superconducting transition, forming a broad transition region to
superconductivity with a two-step-like transition. Consistent with the p(T) dependence, a two-
step transition of diamagnetism has also been observed as revealed by the ZFC data shown in
Fig. 5.5b, indicating inhomogeneous superconductivity in with two superconducting coexisting
phases[184, 185]. Furthermore, the evaluation of the magnetic susceptibility results reveal an
increase in the fraction of the superconducting phase with the high T, up to x =0.188, and the
p(T) shows a single sharp transition to zero-resistivity atT.,. The presence of inhomogeneous
superconductivity with coexisting phases for x < 0.188 is further confirmed by the presence of
two discontinuities in C¢/T (Fig. 5.5¢)[186]. As the disorder level is further increased to a
critical value with X, a single homogeneous superconducting phase forms again, and the critical
temperature reaches a maximum of T., = 3.6 K. Upon increasing the disorder level even
further, superconductivity is continuously suppressed down to Teo = 2.8 K, resulting in a dome-
like superconducting behaviour.

In Fig. 5.7, the systematically measured p(T) and x(T) show the evolution of the long-range
CDW with disorder. This evolution can be accurately followed by determining the onset of
Tcpw and evaluating a measure of the intensity of the CDW peak (Acpw) as illustrated for p(T)
in Fig. 5.7a and the corresponding dp(T)/dT curves in Fig. 5.7c. The Tcpw are defined by the
abrupt upturns of p(T) and the minima in the temperature derivative dp(T)/dT with decreasing
temperature. As the disorder level increases, Tcpw turns out to be unchanged for x <0.214
and is close to its pristine value Tcpw ~ 75 K (Fig. 5.6€). As an alternative to p(T), the CDW
phase transitions for 2H-TaS2x can be determined from y(T) as shown in Fig. 5.7b and from the
onset of the susceptibility drops Ay. Again, they remain almost unchanged at ~78 K with
increasing disorder level, which is consistent with the values obtained from dp(T)/dT. The
intensity of the long-range CDW, however, is suppressed with increasing disorder level. This
intensity can be defined as Icpw = Acpw (%) /Acpw (0), where Acpw (X) is the area between
each normalized dp(T)/dT curve and a baseline from 25 to ~75 K, as shown in Fig. 5.7¢[175,
187]. The Icpw Is gradually suppressed and eventually disappears at xc = 0.214. As expected,
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the Ay(x)/Ax(0) also displays a similar tendency for Icpw(x) with varying disorder level
as shown in the phase diagram in Fig. 5.11b.
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Fig. 5.7 (a) The temperature dependence of the resistivity p(T) and (b) the temperature dependence of the magnetic
susceptibilities y(T) with an external magnetic field B=0.5T. (c) The first derivative of the resistivity as a function
of temperature, dp(T)/dT. Some curves have been offset for clarity. The dashed line around T = 78 K indicates the
Teow and illustrates the evaluation of the CDW intensity, Acow, with disorder (x), where Acpw(X) is the absolute
peak area between 25 and 75K. (d) and (e) Illustrations of the dynamic evolution of the CDW state with x, in which
the coloured waves represent the long-range CDW order (brown) for x = 0 in (e) and the short-range CDW order

(orange-brown) for x. in (d) respectively. (f) Power law fitsto p(T) = py + AT™ inthe range T "< T <20K to

evaluate the exponents n for x = 0, xc = 0.214, and x = 0.279.
5.5 Raman measurements

The CDW signatures of selected samples (x = 0, 0.214, 0.270) were also characterized using
Raman spectroscopy with a cross-polarization configuration. As shown in the lower panel of
Fig. 5.8a, the respective Raman spectra of x = 0 at 5 K and 280 K show the common phonon
modes at ~26 cm™(E3,), ~245 cm™(E3,), and ~ 404 cm™ (A7), defined in the point group Den.
Two well-defined CDW amplitude modes are observed at ~48 cm™ (E,4-CDW) and ~78 cmt
(A;4-CDW). A two-phonon mode is located at ~190 cm, resulting from phonon anomalies[72].
The corresponding temperature-dependent Raman scattering intensity maps for different
disorder levels are shown in Figs. 5.8d-f. The Raman scattering spectra show CDW modes
which become weaker and disappear with increasing temperature towards ~ 80 K for x = 0 (Fig.

5.8d). This indicates that the transition temperature of the long-range CDW is ~80 K, similar to
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the previous results. For x = 0, the CDW state is long-range order as sketched in the schematic
Fig. 5.7e.
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Fig. 5.8 Temperature maps of Raman scattering intensities and frequencies of CDW modes (Aig and Ezg), and two-
phonon modes of x =0 (a and d), Xxc = 0.214 (b and €), x = 0.27 (c and f) for 2H-TaS,.x. Spectra at 5 K and 280 K
(100 K) of each sample are displayed for clarity.

Figure 5.8b shows the Raman spectra for Xxc in the temperature range from 5 to 280 K.
Surprisingly, the CDW amplitude modes exist in the entire temperature range, although their
intensity changes with increasing temperature in Fig. 5.8e[85, 188-190]. The energies of these
features are temperature dependent, suggesting that structural instabilities on short-length scales
could exist at ~ 280 K, which might be related to the CDW gap-closing temperature of ~ 240
K as estimated from the angle-resolved photoemission spectroscopy data on 2H-TaS.[189].
These results demonstrate that short-range charge correlations persist above Tcpyy, With the
formation of short-range CDW order at xc[191], as illustrated by the schematic Fig. 5.7d. As
the disorder level is further increased to x = 0.27, the CDW mode becomes barely visible, while
the two new Raman modes at ~110 cm™ (E;) and ~152 cm™ (4,) are observed (Figs. 5.8b and
5.8¢) as compared to x = 0. This indicates that both E; and A; modes are characteristic for
disordered samples and could be related to the S-vacancy induced disorder, symmetry breaking,
and structural instabilities[192]. The E; and A; modes possess clear symmetry differences,
yet emerge concomitantly with increasing disorder level, implying the existence of structural
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instability even after the suppression of short-range CDW state in Fig. 5.8f[85, 189]. A possible
CDW phase transition is not observed in the low-temperature p(T), (T) and C¢/T data with
temperatures, suggesting the complete disappearance of the CDW state below 5 K. To further
confirm the variation of the CDW state, the Raman scattering spectra of the sample x = 0.167
is shown in Fig. 5.9. The temperature dependence of the Raman spectra shows that the CDW
amplitude modes still exist in the temperature range of 5- 300 K (Fig. 5.9a), indicating the
formation of short-range CDW formation and similar to that of xc. In Fig. 5.9b, the intensity of
the quasi-elastic scattering starts to increase between 60-80 K, which could be due to the closing
of the long-range CDW gap, indicating the coexistence of two types of CDW orders. All these
results are consistent with the data shown in Fig. 5.10b. The decreasing intensity of the long-
range CDW can be interpreted as a trend of the development of the short-range CDW with
disorder. As mentioned above, the disorder-dependent evolution from long-range CDW to
short-range CDW shows the coexistence of characteristic structures of these two different CDW
phases below x¢ (0 <x <0.188) for 2H-TaS».x. Therefore, disorder can effectively tune the CDW

state from long-range to short-range orders by perturbing the crystal structure.
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Fig. 5.9 (a) Temperature dependence of Raman scattering intensities and frequencies of CDW modes (Ezg, dashed
red arrow) from 5 K to 300 K. (b) Temperature map of Raman scattering intensities and frequencies is shown in a

temperature range of 5-140 K of x = 0.167 for clarity.
5.6 Heat capacity

The CDW order competes with superconductivity at states near the Fermi surface[108]. The
weakening of the long-range CDW is accompanied by a change of the contribution of the free
electrons to physical properties that can be probed, for example, with specific heat C(T) and
x(T) measurements. The low-temperature C(T) data for 2H-TaS.x above the respective T¢ were
fitted according to Eq. (3-3) in chapter 3.3.5 (Figs. 5.10a and 5.10b). The extracted $# shows no
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significant change for 2H-TaS.« (Fig. 5.10c), while y first increases with increasing disorder to
a maximum of 12.1 + 0.2 mJ mol™ K2 at x. and then decreases to 9.5 + 0.2 mJ molt K2 at x =
0.279 (Fig. 5.13b and Fig. 5.10d). In addition, the decrease in x(T) near Tcpw indicates a
decrease in the Pauli spin susceptibility[193-195]. The susceptibility drops Ay « ADOS(Eg)
decrease with increasing disorder towards x. (Figs. 5.7b and 5.13b), implying that fewer long-
range CDW states are gapped below Tcpw . The normalized Ay and y data show a
complementary trend for x < X¢, both of which can be used for an experimental determination
of the change in the density of the states DOS(Eg) (Fig. 5.10d)[108], indicating that a
corresponding increase in the DOS(Eg) is mainly caused by the complete suppression of the
long-range CDW. The DOS(Eg) values and T¢, therefore, follow a similar trendline upon the
increase of disorder, demonstrating the significance of the variation in DOS(Eg) for the dome-

like T dependence.
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Figure 5.10 (a) and (b), The slope of the C/T versus T2. Linear fits were used to obtain the coefficients B and plotted
in (c) and the Sommerfeld constants y displayed in (d). A dashed red line is shown as an example for x = 0. (d)

The drops in susceptibility Ay at Tcow as evaluated from the susceptibility data above and below Tcpw.
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5.7 Electronic phase diagram
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Fig. 5.11 (a) The variation of CDW state with disorder in 2H-TaS,.x. The Tcow determined by p(T) and x(T) are
plotted as functions of the disorder level. Both the Icpw and Ay(X)/Ax(0) (right scale) show a similar trend with
disorder. The dome-shaped variation of the normalized Sommerfeld coefficient y(x)/ y(xc) with increasing disorder
shows a pronounced peak at x; = 0.214. (b) Tc-x phase diagram of 2H-TaS,... The shadowed region shows the
disorder-dependent T,™¢, while T exhibits a dome-like variation with a sharp peak at x.. () Temperature-
disorder phase diagram based on the resistivity measurements for 2H-TaS,x. The colours represent the fractional
deviations (p — p,,)/pn (%) fromfitsto a linear temperature dependence p,, = py + A'T below 20 K, while the

red circles are the exponents from corresponding fitsto p(T) = p, + AT™.

To establish the relationship between disorder, CDW order, and superconductivity, all results
are summarized in the electronic phase diagrams present in Figs. 5.11a-b. The disorder
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dependence of T¢ in the range between 0.058 < x < 0.214 shows that the onset of the normal-to-
superconducting transitions takes place already at T°™ with the same value of about 4.2 K,
independent of X, whereas the long-range CDW order is gradually weakened, and as a result,
the short-range CDW order probably takes over. Meanwhile, along with this trend, the
superconducting magnetic shielding of the component with the higher T increases continuously,
and the system finally reaches a state with homogeneous superconductivity at x > 0.214 (Figs.
5.5b and 5.6). This may imply that the superconductivity at Tc ~ 4.2 K originates from the short-
range CDW regions induced by structural disorder, and the closing of the long-range CDW gap
leads to an increase of DOS(E), giving rise to the higher T.. It is comparable to the optimum
value of T. inother 2H-TaS; systems when the long-range CDW is completely suppressed[62].
Above xc, the superconducting pairing strength must be weakened with increasing disorder
scattering, resulting in a slight decrease in Tc. In the range of the two-step-like superconducting
transition, the T™9 increases monotonically and reaches a maximum of ~ 3.4 K at x = 0.167
with increasing disorder level, which is almost identical to the Tc~ 3.6 K observed in disorder-
induced charge-doped TaixS2 monolayers[104]. Furthermore, a systematic suppression of
Tcpw Was not observed with increasing disorder level, suggesting that the enhancement of
T4 could be attributed to the increase in carrier density induced by S-vacancies and point-
like defects for disordered 2H-TaS>x (0 < x < 0.188), as marked by the shadowed region in Fig.
5.10a. The unusual two-step superconducting transition is observed in the intermediate disorder
range with the coexistence of the long-range and short-range CDWs in Fig. 5.11c, suggesting a
unique interplay between superconductivity and the CDW state. This is also similar to the
pressure effect on CsV3Shs, in which a two-step-like superconductivity transition has been

observed in the regions with coexistence of two types of CDW|[61, 109, 196].
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Fig. 5.12 (a) The magnetic field dependence of the Hall resistivity at different temperatures. (b) The estimated

temperature dependence of the Hall coefficients for x.=0.214.
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Figure 5.13 (a) and (b) The plots show the resistivity p(T) in zero magnetic field. Some curves have been offset
for clarity. The red lines represent fits to the power law p(T) = p, + AT™ between T2™ and 20 K. The fitting
procedures have been considered acceptable only when the R-Square value was larger than 0.99. (c) The
temperature derivative of the resistivity for x. = 0.214 measured in magnetic fields of 0 T (green) and 9.0 T (wine),

showing the expected linear behaviour. (d) Resulting residual resistivity p,.

Quantum-critical behaviour can emerge when the CDW order is completely suppressed[197].
Considering the continuous weakening of the long-range CDW in 2H-TaS,, the results of an
analysis of all the low-temperature p(T) data between T2™ and 20 K to search for indications

for quantum criticality are shown in Fig. 5.11c. The colour scheme represents the fractional

deviation (%) of p(T) from fits to a linear temperature dependence p,, = p, + A'T.

pP=pPn
Pn
The yellow region, indicating a linear p(T), extends down to the top of the T¢(x) dome at Xxc,
which is also supported by an alternative analysis based on the temperature derivative dp/dT
shown in Fig. 5.13c. At this disorder level, the significant enhancement of T = 4.2 K coincides
with pronounced strange-metal behaviour, which is accompanied by a complete suppression of
the long-range CDW. Here, the temperature range for linear behaviour is widest with only ~ 4%
deviation from strict linearity. For a further analysis, the low-temperature p(T) can be
approximated by a power law p(T) = p, + AT™ between T™ and 20 K (Figs. 5.13a and

5.13b), where p, represents the residual resistivity at T=0. The systematic evolution of the
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low-temperature p(T) data ranges from normal electron-phonon scattering behaviour (n = 4.5)
to non-Fermi liquid-like at xc (n = 1.04) and finally to Fermi liquid-like (n = 2.2), which is a
typical signature of quantum criticality at X (Fig. 5.11c). Upon application of a magnetic field

of B=9.0 T to the sample with X, the linear range of p(T) even further extends down to 500

mK (Figs 5.13c and 5.7f).

Most interestingly, the disorder dependence of p, shows, contrary to intuition, a decreasing
trend with increasing disorder, reaching a minimum around Xc, before increasing again with
additional disorder (Fig. 5.13d). This is similar to the results reported for pressurized 2H-TaS;
and CsV3Shs[61, 68], and may be related to the enhancement of DOS(Eg) upon approaching
Xe. A universal linear temperature dependence close to a quantum-critical point has recently
been attributed to charge-carrier scattering at a rate given by A/t = akgT, where A is the
reduced Planck constantand kj isthe Boltzmann constant,and a ~ 1 regardless of the nature
of the scattering process. To examine this hypothesis, we combine the estimated effective mass
m*~ 18 me from the heat-capacity measurements y = (2N k% /mh?)a?m*, charge carrier
density n from Ry in Fig. 5.12 with the linear coefficient A = 8.8x10° (Q m K™), and can

estimate a from the below equation[158, 160],

he? n
a=A——.
kg m*

(5-1)

Thevalue @ =0.92 0.1 at x, indicates that the linear resistivity indeed agrees with Planckian
dissipation. This finding strongly supports the hypothesis that the charge-carrier scattering rate
close to a quantum-critical point is universal, which has been verified for many other systems
such as the cuprate, heavy-Fermion, organic, and iron-based superconductors that are all

seemingly unrelated to TMDs[198].

The order parameter in play, in the absence of any magnetic ordering and thereby excluding
spin fluctuations[199], is most likely the charge order, the critical fluctuations of which at its
vanishing lead to the appearance to a quantum critical point (QCP) at xc. We note here that for
the single crystalline 2H-TaS: in the dirty limit[68], there is no clear CDW phase transition in
p(T). There, the low-temperature p(T) shows a Fermi-liquid behaviour under pressure with
an enhancement of superconductivity, which is also observed in the isoelectronic substitution
in disordered 2H-TaSe2.xSx[144]. In the clean limit of 2H-TaS, however, it is a non-Fermi
liquid behaviour that appears concomitantly with the pressure-induced collapse of CDW at a

possibly pressure-induced QCP. The Fermi-liquid behaviour recovers upon further increasing
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the external pressure[68], in a similar way to this experiments, where disorder serves as an

external control parameter.
5.8 Summary

In summary, all results of the disorder-induced variation of the CDW order in 2H-TaS-x show
that the long-range CDW is continuously weakened but is independent of the transition
temperature. This is at first accompanied by a two-step-like superconducting transition, which
could be ascribed to the formation of a short-range CDW when disorder determines the long-
range CDW order in 2H-TaS>«. At the endpoint of the long-range CDW for x. = 0.214, the
superconductivity reaches a maximum of Teo = 3.6 K, accompanied by the development of a
strange-metal behaviour at a QCP which is most likely a result of critical charge-density
fluctuations. At Xc, the resistivity becomes linear in temperature and follows quantitatively the
scenario of Planckian dissipation. All these results on disordered 2H-TaSz.x significantly

contribute to the understanding of quantum critical behaviour in superconductors.
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Chapter 6

Conclusion

In the present thesis, the interplay between the CDW state and superconductivity in the 2H-

TaS> system has been systematically investigated by introducing external atoms and disorder.

We have presented how superconductivity and the CDW state evolve in the 2H- LixTaS; as a
function of lithium-intercalation. The CDW transition temperature is effectively suppressed by
lithium intercalation, while the T is concurrently increased, reaching a maximum of T¢ = 3.5 K
at x = 0.096, which supports a competitive relationship between the long-range CDW state and
superconductivity. A difference in Hall resistivity was observed between pristine 2H-TaS; and
2H- LixTaS,, which may originates from the reconstruction of the Fermi surface by lithium-
intercalation induced suppression of the long-range CDW order, indicating that the prominently
improved T¢ in 2H- LixTaS> results from the increase of the electron density of states at the
Fermi level (DOS(EF)) induced by suppression of the long-range CDW state rather than charges
injection by lithium intercalation. The investigation of superconductivity was extended to
Lix(H20)yTaS, with a constant interlayer water content estimated within the range of the lithium
content, where the CDW order is absence. The superconductivity, dependent on lithium content
X, displayed a dome-like shape with a maximum T of 4.6 K at x = 0.42, which is along with the
variation of the DOS(Er). Moreover, this optimal T value surpassed that of the corresponding
optimally intercalated 2H-TaS> without water or organic intercalants, further emphasizing the
role of the electron-phonon coupling enhancement and phonon softening in boosting
superconductivity. All results indicate that intercalation is an excellent strategy for the
investigation of the competition and coexistence of superconductivity and the long-range CDW
order, and for understanding superconductivity within the BCS theoretical framework.

Based on the as-prepared lithium-intercalated 2H-TaS> samples, we successfully synthesized
the S vacancies-induced disordered bulk 2H-TaS>.« by removing the interlayer lithium atoms
and investigated their physical properties in detail. The disorder-induced variations of the CDW
order revealed a continuous weakening of the long-range CDW, independent of the transition
temperature, and the emergence of the short-range CDW. The two coexisting CDW orders with
different disorder levels lead to a two-step-like superconducting transition and homogeneous
superconductivity at the endpoint of the long-range CDW accompanied by the formation of the

short-range CDW. We have investigated the role of the short-range CDW by analyzing the
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normal resistivity. The evolution of the low-temperature form of the resistivity with the disorder
level is from electron-phonon scattering behaviour to non-Fermi liquid at xc and back to Fermi-
liquid-like, which are classic signatures of quantum criticality and consistent with the Planckian
dissipation scenario in disordered 2H-TaS>x. The complete suppression of the long-range CDW,
together with the minimum of the thermal exponent o~ 1 and the enhancement of the DOS(Er),
Is accompanied by the formation of the short-range CDW, suggesting that the critical charge-
density fluctuations play an important role in the enhancement of T¢ at the CDW quantum
critical point and revealing potential physics between the CDW state, strange-metal behaviour,

and superconductivity.

In the studies illustrated in this thesis, we have systematically investigated the interplay between
superconductivity and the CDW state using different strategies, of which show intriguing and
unexpected physical properties and may be extended to other TMDs system. Our work
represents a major step forward in the interpretation of the interplay between the CDW and
superconductivity, and may even have some relevance to the understanding of high-temperature
superconductivity. This contributes to the understanding of high-temperature superconductivity
and even further to the discovery of superconductors with higher T. and improved physical

properties for applications.
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