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Abstract

The discovery of superconductivity in 1911 by Heike Kamerlingh Onnes is one of the
most significant foundations of science that leads to a number of groundbreaking
research in the field of condensed matter physics. Superconductors are highly
fascinating due to their exotic properties like perfect conductivity and perfect
diamagnetism, and their potential for wide range applications. Discovery of super-
conductivity in new materials has always been subject of interest among the material
scientists. Several materials are investigated to demonstrate superconductivity, of
which the cuprates, iron oxipnictides and transition metal dichalcogenides are most
studied systems for last few decades. Recently, a new class of MTChy (M: Metal, T:
Transition metal, Ch: Chalcogen element with M # T) type intercalated transition
metal dichalcogenide based layered superconductors like PbTaSes, SnTaS, and
PbTaS, has re-established the interest in these systems. These materials apart from
being superconducting also possess nontrivial topological electronic band structure
that makes them strong candidates to realize novel quantum states like topological

superconductors and Majorana fermions.

In this thesis we have presented the synthesis, characterization and physical
properties of transition metal dichalcogenide based layered PbNbSy, PbNbSe; and
SnTaS, systems. Polycrystalline samples of all these compounds were prepared
via solid state reaction route following the sealed tube method. This thesis in-
troduces two new superconductors PbNbS, and PbNbSey, and also discuss the
superconducting properties of polycrystalline SnTaS,. All three systems crystallize
in centrosymmetric hexagonal structure with space group P63/mmc, containing
alternative M (= Pb or Sn) and TChy (NbSs, NbSey or TaS,) layers in which T
atom is accommodated in the trigonal-prismatic co-ordination with Ch atoms while
M occupies the octahedral site. The PbNbS, system is found to be superconducting
below T, ~ 8.8 K. Superconductivity in PbNbSe, is found below 7. ~ 5.75 K in



ii

association with weak ferromagnetism, which is found to evolve in the close vicinity of
the superconducting transition with ordering temperature Try; ~ 4.4 K. Coexistence
of superconductivity and ferromagnetism in PbNbSe, is a novel phenomenon by
itself and therefore, offers a new platform to investigate exotic physics in this system.
Polycrystalline SnTaS, is found to be superconducting below T, ~ 2.8 K. Detailed
superconducting properties and characteristic parameters are discussed by the means
of transport, magnetic and thermodynamic studies. The final chapter summarizes all
the major results of our investigations on the transition metal dichalcogenide based
layered superconducting systems that have been discussed in the preceding chapters

and gives the prospect of their future studies and potential applications.



List of Publications

Included in the thesis

1. Soumen Ash, Moumita Naskar, Vipin Nagpal, Ravi Shankar P. N.; A. Sun-
daresan, Satyabrata Patnaik and Ashok Kumar Ganguli; Superconductivity
in topological nodal line semimetal PbNbS,. (Manuscript under prepa-

ration)

2. Soumen Ash, Moumita Naskar, Vipin Nagpal, Satyabrata Patnaik and
Ashok Kumar Ganguli; Superconductivity with signature of coexisting
ferromagnetism in topological nodal line semimetal PbNbSe;.

(Manuscript under preparation)

3. Soumen Ash, Moumita Naskar, Ravi Shankar P. N., A. Sundaresan and
Ashok Kumar Ganguli; Superconductivity and topological properties of

centrosymmetric SnTaS,. (Manuscript communicated to Supercond. Sci.

Thechnol.)

Other publications

1. Soumen Ash, Moumita Naskar, Premkumar Yanda, A. Sundaresan, Laxmi
Chand Gupta and Ashok Kumar Ganguli; Negative magnetization and
spin glass freezing in 112-type iron pnictide EuFeAs,. (Manuscript

communicated to J. Appl. Phys.)

2. Moumita Naskar, Soumen Ash, D. P. Panda, C. Viswakarma, B. K.
Mani, A. Sundaresan and Ashok Kumar Ganguli; Superconductivity in

noncentrosymmetric LasSe,. (Manuscript under preparation)

3. Antara Sarkar, Anirban Das, Soumen Ash, Ravi Shankar P. N. and
Ashok Kumar Ganguli; Structural and magnetic properties of
Ry 5Sr5FeqsMng 503 (R = Gd, Nd or Pr) perovskites. (J. Alloys Compd.
882, 160747 (2021))



v

4. Antara Sarkar, Anirban Das, Soumen Ash, Ravi Shankar P. N. and Ashok
Kumar Ganguli; Investigation of structural and magnetic properties of

a Ru-deficient perovskite PrMnj;Ru,3503. (Manuscript communicated

to Mater. Res. Bull.)



Contents

Abstract

List of Publications
List of Figures

List of Tables

1 Introduction

1.1 Superconductivity

1.1.1  Brief history . . . . . . .. ..

1.1.2  Perfect conductivity . . . . .. ...

1.1.3  Perfect diamagnetism . . . . . . ... ...

1.1.4  Type-I and type-II superconductors . . . . . . . . . ... ...

1.1.5 Parameters to define a superconductor . . . . . ... ... ..

1.2 Superconductivity in pristine and intercalated TMDs . . . . . . . ..

1.3 Motivation and structure of the thesis. . . . . . . . .. .. ... ...

2 Experimental techniques

2.1 Synthesis. . . . .

2.1.1 Solid state reaction . . . . . . . . . ...,

2.1.2 Sealed tube method . . . . . . . . . ...,

2.1.3 Intercalation technique . . . . . . . .. .. ... ... .. ...

2.1.4 Polycrystalline PbNbSy, PbNbSe; and SnTaS, . . . . . . . ..

iii

ix

XV

co N o ot N



vi

CONTENTS

2.2 Characterization . . . . . .. ... ...
2.2.1 X-ray diffraction . . .. ... 0oL
2.2.2 Resistivity . . . . . ..o oo
223 Magnetism. . . . . ...
224 Heat capacity . . . . ... ... ... ...

3 Superconductivity in PbNbS,

3.1 Imtroduction . . . . . .. .. .o
3.2 Experimental details . . . . . ... ... ... ...
3.3 Results and discussion . . . . ... ... ... L.
3.3.1 Structural properties . . . . . . ... ... ..
3.3.2  Transport properties . . . . . . ... ... . ...
3.3.3 Magnetic properties . . . . . . . ... ... ...
3.3.4 Thermodynamic properties . . . . . . . ... ...
3.4 Conclusions . . . . ... ..o

4 Superconductivity and ferromagnetism in PbNbSe,

4.1 Introduction . . . . . . . .. ..o
4.2 Experimental details . . . . . ... ... 0000
4.3 Results and discussion . . . . ... ..o L
4.3.1 Structural properties . . . . . . ... ...
4.3.2 Transport properties . . . . . .. ... ... ...
4.3.3 Magnetic properties . . . . .. ...
4.4 Conclusions . . . . . .. ...

5 Superconductivity in SnTaS,

5.1 Introduction . . . . . . . ...
5.2 Experimental details . . . . .. ... ..o
5.3 Results and discussion . . . . . . .. ...

5.3.1 Structural properties . . . . .. .. ... ... ..



CONTENTS vii

5.3.2 Transport properties . . . . . . . ... ... ... 53

5.3.3 Magnetic properties . . . . . . ... oL 56

54 Conclusions . . . . . . . . . . e 58

6 Summary and future outlook 59

Bibliography 62






List of Figures

1.1

1.2

1.3

1.4

1.5

2.1

2.2

2.3

(a) Temperature dependence of resistivity for a normal metal and
a superconductor. (b) Temperature dependent resistivity showing
superconductivity of a YBayCu3zO7_s5 (YBCO) sample. . . . . .. ..
(a) Expulsion of magnetic flux from the interior of a superconductor.
(b) Temperature dependent magnetic susceptibility of Pb showing
Meissner effect. . . . . . ... o
Temperature dependence of critical magnetic field for a (a) type-I
superconductor and (b) type-II superconductor. . . . . . . ... ...
Crystal structure for polytypes of TMDs: 1T (octahedral coordination,
one Ch-T-Ch unit in a unit cell), 2H (trigonal prismatic coordination,
two Ch-T-Ch units in a unit cell) and 3R (trigonal prismatic
coordination, three Ch-T-Ch units in a unit cell). . . .. ... .. ..
Crystal structure of 2H-type NbSsy, NbSey and TaSs showing trigonal

prismatic coordination and two Ch-T-Ch units in each unit cell.

Intercalation technique showing the insertion of intercalate atoms into
the layers of the host crystal structure. . . . . ... ... ... ...
(a) Schematic diagram of four probe point contact geometry used for
resistivity study. (b) Picture of four probe point contact made on a
polycrystalline sample loaded on a sample holder. . . . . .. ... ..
Superconducting sample loaded onto a heat capacity measurement

platform. . . . . ...

156

14



LIST OF FIGURES

3.1

3.2

3.3

3.4

3.5

(a) Rietveld fitted room temperature powder X-ray diffraction pattern
of polycrystalline PbNbS,. Vertical bars indicate the allowed Bragg’s
reflections for hexagonal P63/mmec phase. Blue line indicates the
difference between observed and fitted patterns. (b) Crystal structure

of PbONbSo. © . o o

(a) Temperature dependent resistivity of PbNbS,. The solid red line is
a guide to the linear behaviour of the resistivity in the high temperature
range. The solid green line represents the p = po+AT? fit. (b) Enlarged
view of p vs. T data at low temperature showing the superconducting

transition. . . . .. L,

(a) Superconducting transition from temperature dependent resistivity
under various applied magnetic fields. (b) Temperature dependence
of the upper critical field extracted from the resistivity curves. The
solid red line represtents the Ginzburg-Landau fit and the solid blue
line shows the fitting of the upper critical field data to H.o(T) =
He(0)(1-13%)%? equation. (c) Linear fit (solid green line) to the

temperature dependence of upper critical field data. . . . ... . ..

(a) Temperature dependent zero field cooled (ZFC) and field cooled
(FC) magnetic susceptibility with an applied magnetic field of 20 Oe.

(b) Isothermal field dependent magnetization studied at 6 K.

(a) Zero field cooled (ZFC) isothermal magnetization at different
temperatures. The solid green line is the linear fit to the 2 K data
in the low field range. (b) Lower critical field extracted from the
isothermal magnetization curves. The solid red line represents the
H.(T) = H.(0)[1-(T/T.)? fit to the temperature dependence of the

lower critical fields. . . . . . . ...

33

34

37



LIST OF FIGURES

X1

3.6

4.1

4.2

4.3

4.4

(a) Temperature dependent specific heat measured at H = 0 T and 5
T. (b) C/T vs. T data at H = 0 T showing the bulk superconducting
jump and the isoentropic approach for 7. determination. (c) Low
temperature C/T vs. T2 data for H = 5 T fitted with C/T =
v+ BT? + 8T equation. . . . . . ...

(a) Rietveld fitted room temperature powder X-ray diffraction pattern
of polycrystalline PbNbSes. Vertical bars indicate the allowed Bragg’s
reflections for hexagonal P63/mmec phase. Blue line indicates the

difference between observed and fitted patterns. (b) Crystal structure

of PbNbSes. . . . . .

(a) Temperature dependent resistivity of PbNbSes. The solid red line is
a guide to the linear behaviour of the resistivity in the high temperature
range. (b) Enlarged view of p vs. T' data at low temperature showing

the superconducting transition. (c¢) Normal state p vs. T? data at low

temperature region fitted (solid green line) with p = py + AT? equation. 45

(a) Superconducting transition from temperature dependent resistivity
under various applied magnetic fields. (b) Temperature dependence
of the upper critical field extracted from the resistivity curves. The
solid red line represtents the Ginzburg-Landau fit and the solid blue
line shows the fitting of the upper critical field data to Heo(T) =
Ha(0)(1-t32)%% equation. (c) Linear fit (solid green line) to the

temperature dependence of upper critical field data. . . . . ... ..

Temperature dependent zero field cooled (ZFC) and field cooled (FC)
magnetic susceptibility with an applied magnetic field of (a) H = 20
Oe and (b) H = 100 Oe. (c) and (d) show the extended view of the
low temperature susceptibility data. (e) and (f) represent dy/dT vs.
T curves for H = 20 Oe and H = 100 Oe data respectively. . . . . .



XI1

LIST OF FIGURES

4.5

5.1

5.2

5.3

5.4

(a) Isothermal field dependent magnetization studied at 2 K. (b) Initial
diamagnetic curve of the field dependent magnetization. The lower
critical field value at 7' = 2 K has been marked by a down arrow. (c)

Extended view of the M vs. H curve. . . . . . . . . . . . ... ...

(a) Rietveld fitted room temperature powder X-ray diffraction pattern
of polycrystalline SnTaS,. Vertical bars indicate the allowed Bragg’s
reflections for hexagonal P63/mmec phase. Blue line indicates the
difference between observed and fitted patterns. (b) Crystal structure

of SnTaSy. . . . . .

(a) Temperature dependent resistivity of PbNbS,. The solid red line is
a guide to the linear behaviour of the resistivity in the high temperature
range. The solid green line represents the p = po+AT? fit. (b) Enlarged
view of p vs. T data at low temperature showing the superconducting

transition. . . . .. L

(a) Superconducting transition from temperature dependent resistivity
under various applied magnetic fields. (b) Temperature dependence
of the upper critical field extracted from the resistivity curves. The
solid red line represtents the Ginzburg-Landau fit and the solid blue
line shows the fitting of the upper critical field data to H.o(T) =
He(0)(1-¢32)%? equation. (c) Linear fit (solid green line) to the

temperature dependence of upper critical field data. . . . . ... ..

(a) Temperature dependent zero field cooled (ZFC) and field cooled
(FC) magnetic susceptibility with an applied magnetic field of 20
Oe. Inset shows the extended data at low temperature region. (b)

[sothermal field dependent magnetization studied at 2 K. . . . . ..

49

93



LIST OF FIGURES

xiii

9.5

6.1

(a) Zero field cooled (ZFC) isothermal magnetization at different
temperatures. The solid green line is the linear fit to the 2 K data
in the low field range. (b) Lower critical field extracted from the
isothermal magnetization curves. The solid red line represents the
H.(T) = H,(0)[1-(T/T.)% fit to the temperature dependence of the

lower critical fields. . . . . . . ..,

Crystal structure of generalized MTChs system where M = Pb/Sn, T
= Nb/Ta and Ch = S/Se. Chl, Ch2, Ch3 and Chl’ belong to the same

atomic site, and the nomenclature followed here is only for convention.

o8

60






List of Tables

6.1

6.2

Characteristic bond distances (A) and bond angles (deg) of PbNbS,,
PbNbSe; and SnTaS, systems. Here M = Pb/Sn, T = Nb/Ta and Ch
=95/Se (see Fig. 6.1).. . . . . . . .. 61
Superconducting parameters of PbNbS,, PbNbSes, Sn'TaS, and related

isoelectronic systems . . . . ... Lo Lo 61

XV






Chapter 1

Introduction

In this chapter we provide a general introduction about the phenomenon of
superconductivity. Its brief background, several characteristics and parameters are
discussed in detail. An overview about the transition metal dichalcogenide (TMD)
based superconductors which are the building blocks for the superconductors that we

discuss in later chapters are also given.

1.1 Superconductivity

Superconductivity is an exotic phenomena in which a material poses zero electrical
resistance and expulsion of magnetic flux fields from its interior when it is cooled
below a certain characteristic temperature known as critical temperature (7v).
Superconductors, in normal state, are generally not a very good conductor of current.
For example, Nb, Pb, Ta, Sn become superconductor at low temperature while being
a better conductor Cu, Ag, Au do not show superconductivity. In normal state,
superconductors may behave as a diamagnet or paramagnet, but below T it certainly

exhibit perfect (or quite pronounced) diamagnetism.



2 Chapter 1. Introduction

1.1.1 Brief history

The term Superconductivity was first coined by Dutch physicist Heike Kamerlingh
Onnes in 1911, Leiden. During his study on electronic transport properties of mercury
(Hg), he found a totally unexpected and novel behavior of sudden fall in its resistance
to an unmeasurably small value (~ 107° Q) around 4.2 K [1]. The absence of electrical
resistance below a certain temperature was then termed as superconductivity. The
very next year, Onnes found that application of a sufficiently strong magnetic field
can destroy the superconductivity and restore the normal state resistance even if the
temperature is below its 7T,.. In 1913, the element Pb was found to be a superconductor
with 7., ~ 7.2 K [2]. Several other elemental superconductors then discovered
including Nb (7. ~ 9.2 K) which surpassed the record critical temperature of Pb

after a long years [3].

The next important finding to be discovery of another distinguishing characteristic
of superconductor: the perfect diamagnetism. In 1933, Meissner and Ochsenfeld
found that not only magnetic field gets excluded from entering a superconductor,
due to perfect conductivity, but also the field inside a material at normal state gets

expelled as it is cooled below T,. This phenomenon is known as Meissner effect [4].

Discovery of Meissner effect eventually led the brothers Fritz and Heinz London
in 1935 to propose two equations that explain this effect and give an estimation of
penetration depth for a superconductor [5]. The next theoretical milestone achieved
in 1950 with the Ginzburg and Landau theory which described superconductivity
by introducing order parameter and provided a derivation for London equations
[6,7]. In the same year, H. Frohlich made a prediction that 7, would decrease as
the average isotope mass increased [8]. This effect, known as isotope effect, was
then experimentally verified [9, 10] and provided support for the electron-phonon

interaction mechanism of superconductivity.

BCS theory, the first microscopic theory of superconductivity was introduced in

1957 by J. Bardeen, L. Cooper and J. R. Schrieffer [11]. Our present understanding
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of superconductivity is mainly based on the BCS theory. According to this theory,
superconductivity is a microscopic phenomenon that occurs due to a condensate
state of bound electron pairs, known as Cooper pairs, that carry the supercurrent
and the normal and superconducting states are separated by a characteristic energy
gap. The Ginzburg-Landau and London results fit well into the BCS theory.
Being the most accepted theory for superconductivity BCS theory still has some
limitations to properly explain the high 7T, superconductivity. BCS theory explains
superconductivity using the concept of cooper pairs formed from the continual
exchange of phonons between two electrons due to lattice distortions. However, the
theory predicts that such cooper pairs can only form below a temperature of ~ 30K
as too great of lattice vibrations cause too much scattering of the electrons to be able
to form cooper pairs. Hence, BCS theory is limited as it only can properly explain
superconductivity in low 7. superconductors.

For the next 30 years, number of alloys and compounds were extensively studied,
especially the so-called A15 ompounds such as Nb3Sn (7. ~ 18.1 K), NbsGa (T, ~
20.1 K) and Nb3Ge (7, ~ 23.2 K), which reported the highest transition temperatures
till the discovery of cuprate superconductors. Apart from this, doped semiconductors
(CB,, T. ~ 10 K), intercalated graphite (C¢Ca, T, ~ 11.5 K), layered transition metal
dichalcogenides (NbSey, T, ~ 7.2 K), Chevrel phases (PbMogSs, 7. ~ 15 K), magnetic
superconductors (ErRhyBy, 7. ~ 8.7 K) were several classes of superconductors

investigated before 1986.

The major breakthrough in the field of superconductivity came in 1986, when
a copper oxide based layered ceramic material La-Ba-Cu-O was discovered to be
a superconductor with 7, ~ 30 K [12]. Discovery of cuprate superconductors
revolutionized the field and started the age of high-T, superconductivity. Several
cuprate superconductors were discovered within a few years with transition
temperature reaching as high as ~ 90 K for YBayCu3O;_5 [13], ~ 110 K for
BisSroCagCuzOqg [14], ~ 125 K for Tl,BagCayCuzOy¢ [15] and ~ 133 K for

HgBayCayCuzOg, s [16] at ambient pressure.
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In the last decade a new class of Fe-based layered superconductors gained
worldwide attention. The first superconductor of this family was LaOFeP with T, ~ 4
K [17], almost went unnoticed until superconductivity with 7, ~ 26 K was discovered
in LaO;_,F,FeAs by Kamihara and group [18]. Normally Fe was not considered as
a good candidate for superconductivity due to its strong ferromagnetic nature, such
high T, in Fe-based compounds were therefore very unlikely. Several other families of
Fe-based superconductors were then discovered within a few years, such as AEFeAsF
(CaFe;_,Co,AsF, T, ~ 22 K) [19], AEFesAs, (Ba;_, K, FesAsy, T ~ 38 K) [20], FeSe
(T. ~ 8 K) [21], AFeAs (LiFeAs, T, ~ 18 K) [22], A, FeySey (K FesSes, T, ~ 30
K) [23] (AE: alkaline earth metals, A: alkali metals). Some other recently reported
superconductors are CaKFe As, (T, ~ 33.1 K) [24], KCasFe AsyFy (T, ~ 33 K) [25]
and RbLnyFeyAsyOq (70 ~ 35 K) [26] (Ln: Lanthanides). The highest 7T, achieved in
Fe-based superconductors till now is ~ 58 K in SmFeAsO;_,F, [27].

In 2012, a new class of superconductors with BiSy conducting layers was
introduced by Mizuguchi and coworkers. Superconductivity in Bi;O4S3 (7. ~ 4.6
K) [28] and LaO;_,F,BiSs (T. ~ 10.6 K) [29] led to discovery of several other BiS,-
based superconductors [30-33].

The material systems discussed in this thesis is based on the transition metal
dichalcogenide superconductors NbSey (7. ~ 7.2 K) [34], NbS, (T, ~ 6.5 K) [35] and
TaS, (T ~ 0.8 K) [36]. Recent report of superconductivity and nodal line topology in
PbTaSey (T, ~ 3.8 K) has stimulated enormous research interest [37-43]. Following
the discovery of PbTaSe, isoelectronic SnTaS, [44] and PbTaS, [45] are reported
lately.

Apart from all these superconductors some other important systems are there that
deserve special mention viz. MgBs (7. ~ 39 K) [46], LuNiyBoC (7. ~ 16 K) [47,48],
heavy fermion superconductors (CePt3Si, T, ~ 0.75 K) [49]. Recent reports on highly
intruging hydride superconductors, at very high pressure the transition temperature
reached to as high as 288 K, open a new avenue that possibly may lead to room

temperature superconductivity in near future [50-53].
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1.1.2 Perfect conductivity

The most important aspect of a material to be a superconductor is its perfect
conductivity. Below a certain temperature superconductor shows practically zero
electrical resistance and become a perfect conductor. This characteristic temperature

is known as critical temperature or superconducting transition temperature (T).

(a) (b)

Normal metal
5
= G
Superconductor =
Q
T, 0 . . . .
T 0 100 200 300

T (K)

Figure 1.1. (a) Temperature dependence of resistivity for a normal metal and a
superconductor. (b) Temperature dependent resistivity showing superconductivity of a
YBayCuzO7_s (YBCO) sample.

Fig. 1.1(a) represents standard behaviour of a superconductor in comparison to a
normal metal and Fig. 1.1(b) shows the temperature dependence of a polycrystalline
YBayCuzO7_s (YBCO) superconductor that we have prepared in our lab. Electrical
resistance in a material primarily arises due to the scattering of the conduction
electrons by the lattices owe to their tharmal vibration. When a normal metal
is cooled down much below the room temperature, the tharmal vibration of the
atoms decreases. This results in decrease of the resistivity of the material, but it
never reaches to zero. On the other hand, resistivity of a superconductor shows
abrupt drop below its critical temperature and eventually reaches to an immeasurable
value (almost zero). In superconductors, the scattering mechanism is no longer
effective and thus the electrons move unimpeded through the material. The reason

behind this complete loss of the resistance is not fully understood. The most
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widely accepted explanation of this perfect conductivity is given by the BCS theory
(1957) [11]. According to this theory, mutually linked pairs of electrons, known as
Cooper pairs, get formed due to electron-phonon interaction and act as the carrier of
the supercurrent when cooled down below the critical temperature, T,.. Due to this
perfect conductivity, an electrical current set in a superconducting loop (7' < T.) can
keep flowing indefinitely without requiring any external power source. This perpetual

electric current is known as persistent current.

1.1.3 Perfect diamagnetism

The second hallmark characteristic for a superconductor is its perfect diamagnetism.
When a superconductor is cooled down in presence of an external magnetic field,
below its critical temperature T, it expels all the magnetic flux from its interior
and behaves as a perfect diamagnet with magnetic susceptibility x = —1. This

phenomenon is known as characteristic Meissner effect, discovered by Meissner and

Ochsenfeld (1933) [4].
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Figure 1.2. (a) Expulsion of magnetic flux from the interior of a superconductor. (b)
Temperature dependent magnetic susceptibility of Pb showing Meissner effect.

T>T. T<T,

Fig. 1.2(a) depicts the magnetic flux expulsion by a superconductor when cooled
down below T.. Due to the influence of an external magnetic field, a surface current

develops to create magnetization which opposes the external magnetic field, resulting
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in cancelling out the magnetic field from the inside of the superconductor and
exhibiting perfect diamagnetism. This surface current is known as demagnetization
current or shielding current. Fig. 1.2(b) shows the temperature depending zero field
cooled (ZFC) and field cooled (FC) magnetic susceptibility, demonstrating Meissner

effect in superconducting element Pb.

1.1.4 Type-I and type-II superconductors

Depending upon the responses to the externally applied magnetic field the
superconductors are devided into two categories: type-I and type-II. For every
superconductor there is a characteristic maximum magnetic field, known as critical
field (H.), that can be applied just before the superconductor reverts back to its
nonsuperconducting state. Type-I superconductors are those which abruptly reverts
back to its normal state with application of magnetic field just greater than the
critical field H.. At this stage the Meissner state vanishes and the magnetic flux
lines can penetrate through the material unhindered. On the other hand, for a type-
IT superconductor, there is an additional intermediate state that occurs in between
the Meissner state and the normal state known as vorter state or mized state. The
vortex state is a mixing of both the normal state and the superconducting state. At
this stage, the magnetic flux lines are pinned in some parts of the material where
normal state is stabilized, while the rest of the parts remain superconducting and
exhibit Meissner effect by expelling the magnetic field. Fig. 1.3(a) and Fig. 1.3(b)
show the temperature dependence of critical magnetic field for type-1 and type-II
superconductors respectively. Type-II superconductors are, therefore, characterized
by two critical magnetic fields viz. lower critical field (H. ) and upper critical
field (H.). The magnetic flux lines start penetrating above H. while a weak
superconducting state still survives till H., and beyond this field the system becomes

nonsuperconducting.

Generally type-1 superconductors are pure metals or metalloids having very low
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(a) Type | (b) Type |1
Hc2

Hcl

Normal state Normal state

\ortex state

Meissner state Meissner state

T T

Figure 1.3. Temperature dependence of critical magnetic field for a (a) type-I
superconductor and (b) type-II superconductor.

critical temperature as well as low critical field values. On the other hand, except
for the elements niobium, vanadium and technetium type-II superconductors are
mainly comprised of intermetallic compounds, alloys and ceramic oxides. Type-
IT superconductors are mostly suitable for technological applications due to their

comparatively high transition temperature and higher critical field values.

1.1.5 Parameters to define a superconductor

Not only the superconducting transition temperature but also few more parameters
play important roles in the behaviour of a superconductor and are required to be
known for its practical applications. Here, we will discuss about some important

superconducting parameters required to define the superconductivity of a material.

Critical temperature

Superconductivity is a phenomenon that usually can be observed at very low
temperatures. The particular temperature below which a material undergoes a phase
transition and shows superconductivity is known as its critical temperature (T,).

The critical temperature is the most important parameter to define the nature
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of a superconductor. Generally, superconductors having T, below 30 K are known
as low-T, superconductors and those are having T, above it are known as high-T.
superconductors. Some consider the boiling point of nitrogen (= 77 K) as the limiting
scale to define high-T, or low-T, superconductors, to give emphasize whether one can

cool the sample with liquid nitrogen or not.

Critical field

Apart from the limitation of having a maximum operating temperature (7),
superconductivity can also be destroyed by applying a sufficiently large magnetic
field, known as critical field (H.). Type-1 superconductors have only one critical field
(H.) value while type-II superconductors are defined by two characteristic critical
field values: lower critical field (H.;) and upper critical field (H.).

Variation of the critical magnetic field with temperature is shown in Fig. 1.3.
Nature of the temperature dependent critical field (lower critical field in case of type-

IT superconductor) can be approximated well by the formula:

He\(T) = Ha (0)1-(T/T)’] (1.1)

On the other hand, temperature dependence of the upper critical field for a type-II

superconductor can be fitted well with generalized Ginzburg-Landau (GL) formula:

Hoo(T) = Ha(0)(1 £2)/(1+ 1) (1.2)

where t = T/T,. At the same time, the orbital contribution to the upper critical
field can be given by the Werthamer-Helfand-Hohenberg (WHH) formula:

HZ'(T) = —AT.(dH2/dT )1, (1.3)

where A = 0.69 or 0.72 for the dirty and clean limits respectively [54].

The external magnteic field that will be strong enough to break the Cooper pairs



10 Chapter 1. Introduction

and destroy the superconductivity is theoretically determined by the Pauli limiting

field or Clogston-Chandrasekhar limit defined as:

Hp = AV 2up (1.4)

where A = E,/2; E, = 3.53kgT. is the superconducting BCS energy gap ratio
and pp is the Bohr magneton, gives Hp = 1.85T, [55,56].

Critical current density

The current density associated with the maximum current that can be carried by
a superconducting wire is known as the critical current density (J.). Due to the
flow of the transport current, a corresponding magnetc field gets induced to the
superconductor. This induced magnetic field can achieve the critical field value H,
as the current density reaches to J. and eventually destroys the superconductivity.
This phenomenon is known as the Silsbee effect. The relation between the critical

magnetic field and the critical current density can be expressed as:

Ho(T) = poA(T)Jo(T) (1.5)

where 1o is the permeability of vacuum and A is the penetration depth.

Temperature dependence of critical current density can be well approximated as:

Jo(T) = J(0)1~(T/T2)?] (1.6)

Coherence length

The superconducting order parameter changes with distance in the neighborhood of
the boundary of a superconductor, and this provided us the first fundamental length
scale of superconductivity: the coherence length &.

In relation to the Fermi velocity (vg) of the material and the energy gap ()

associated to the condensation of the superconducting state, the coherence length
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can be represented as:

. —2711)17

¢ Tk,

(1.7)

where £ is the reduced Planck constant.
The superconducting coherence length is the minimum distance over which the
superconducting electron density changes significantly. From the Ginzburg-Landau

theory, coherence length can be estimated as:

o 1/2
é-: <27TI302> (18)

where &g = h/2e and H,., is the upper critical field.

Penetration depth

The second of the two fundamental length scales of superconductivity is the
penetration depth A. Superconducting penetration depth or the London penetration
depth is associated to the exponential decay of the magnetic field at the interior
surface of a superconductor when kept in an external magnetic field.  The
characteristic distance to which a magnetic field becomes equal to e™! times that
of the magnetic field at the surface of the superconductor is known as the penetration
depth.

Therefore, the variation of the magnetic field (H) inside a superconductor with

the distance (z) from its surface can be represented as:

H(zx) = Hye ®/* (1.9)

London theory gives an explicit formula for the penetration depth (\) in relation

to the density of superconducting electrons (ng) as:

m 1/2
() o
Hons€
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where m is the mass of the charge carrier with electronic charge e and p is the
permeability of the free space.

On the other hand, the relation between the lower critical field (H.) and the
superconducting penetration depth () is given by the Ginzburg-Landau theory as:

pofte(0) = (o ) 1V/€ (1.11)

where &y = h/2e and ¢ is the superconducting coherence length.

Charge density wave (CDW)

Charge density wave (CDW) is a periodic modulations of conduction electron density
with association of lattice distortions in solids [57-60]. It is a type instability
of coupled electronic-lattice, occurred in several quasi low dimensional systems,
including layered transition metal dichalcogenides. The reason behind such instability
is the reduction in electrons’ energy in a material as a consequence of generating a
spontaneous periodic modulation of the crystalline lattice with an appropriate wave
vector. The symmetry of CDW state depends upon the electronic structure of the
host material. One of the most studied transition metal dichalcogenide NbSey exhibits
both CDW and superconductivity at low temperatures. In bulk 2H-NbSey;, CDW
order appears below 33.5 K [61] and superconductivity emerges when the temperature

is lowered further below 7.2 K [62]. For 2H-TaS,, CDW transition appears ~ 80 K [63].

1.2 Superconductivity in pristine and intercalated

TMDs

Transition metal dichalcogenides (TMDs) form a number of quasi-two-dimensional
layered compounds that exhibit interesting and unusual physical properties.
Transition metals from Group-IV, V and VI (denoted by T) with chalcogen atoms

S, Se and Te (denoted by Ch) form the compounds that share common TCh,
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Figure 1.4. Crystal structure for polytypes of TMDs: 1T (octahedral coordination, one

Ch-T-Ch unit in a unit cell), 2H (trigonal prismatic coordination, two Ch-T-Ch units in
a unit cell) and 3R (trigonal prismatic coordination, three Ch-T-Ch units in a unit cell).

stochiometry. The weak van der Waals interlayer bonding between the hexagonal
layers of octahedral or trigonal prismatic Ch-T-Ch building blocks allows many
polytypes to form. In the octahedral configuration, the Ch-T-Ch near-neighbour
group forms a straight line at a 45-degree angle with the vertical direction, whereas
in the trigonal prismatic configuration, the pair of chalcogen atoms nearest to a given
metal atom are displaced vertically in the c-axis direction from each other, and the
metal ion is displaced horizontally form the line connecting the chalcogens. Fig. 1.4
depicts three most common polytypes 1T, 2H and 3R TMD structures in which the
number 1, 2 and 3 refer to the number of TCh, layers in the unit cell, whereas the letter
T, H and R stand for trigonal, hexagonal and rhombohedral, respectively [64,65]. 1T
polymorph consists one octahedrally coordinated Ch-T-Ch layer in a unit cell, whereas
2H and 3R polymorphs are stacking arrangement of two and three Ch-T-Ch layers,

respectively, with trigonal prismatic coordination.
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Pristine TMDs

TMDs are found to exhibit strongly competing effects of charge-density wave (CDW)
formation and superconductivity (SC). A number of Group-V TMD compounds,
having TChy composition, are known to be superconducting with T = Nb or Ta
and Ch = S, Se or Te. The electronic properties of two TMD materials are
generally quite different and depend upon the polymorhic configuration of the system.
Pristine 1T polytypes, such as 1T-TaS,, 1T-TiSy, 1T-TiSe; and 1T-VSe; were never
found to be superconducting at ambient pressure [66-68], while the normal state
nature were found to be either semiconducting or semi-metallic. 1T-TaS, becomes
superconducting under the influence of 2 GPa pressure and with further increase in
pressure, both the Mott phase and nearly commensurate CDW are suppressed to give
rise of SC with 7, ~ 5 K for pressure up to 25 GPa [67]. Pristine 1T-TiTe, exhibits
pressure driven superconductivity at ~ 5 GPa that rapidly reaches to T, ~ 5.3 K at
12 GPa and the SC state surprisingly persists even after decompression of the system
down to ~ 0.5 GPa [69]. Recent report shows pressure induced suppression of CDW
in 1T-VSe, and emergence of SC at ~ 15 GPa with T, ~ 4 K [70]. Pressure induced
superconductivity can also be seen in WTey [71] and MoTe, [72] where WTe, achieve
the maximum 7, ~ 7 K at 16.8 GPa, while MoTe, become superconducting at ~ 11.7
GPa with T, ~ 8.2 K.

O \b

QO Ta

O Se
O S

TaS,

Figure 1.5. Crystal structure of 2H-type NbSs, NbSes and TaSs showing trigonal
prismatic coordination and two Ch-T-Ch units in each unit cell.
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Fig. 1.5 shows crystal structures for 2H polytypes of NbSs, NbSe; ans TaS,,
consist trigonal prismatic Ch-T-Ch building blocks. In the 2H polytypes of TMDs,
the transport properties are considerably more varied than in the 1T-TMDs. Ambient
SC, usually assisted by CDW, is most likely to be observed in 2H-TMDs. A
weak first-order CDW transition at Topy ~ 75 K is found to be associated with
superconductivity at ambient pressure with 7. ~ 0.6 K in 2H-TaS, system [73-75]. An
incommensurate CDW can be seen to form below ~ 125 K in 2H-TaSes that bocomes
commensurate with the lattice below ~ 90 K. 2H-TaSe, undergoes a superconducting
transition below T, ~ 0.2 K and hence commensurate CDW and SC coexist below
this temperature [76-78].

2H-NDbS, is one of the most interesting as well as quite unusual TMD system having
superconducting T, ~ 5.84 K with no signature of CDW transition [79-85]. The star-
shaped CDW which was evident for analogous 2H-NbSe, [86, 87] is not observed
in the scanning tunneling microscopy (STM) study of 2H-NbS, [84]. However,
two superconducting gaps which are usually associated with the CDW formation
in TMDs are found in the STM. This phenomenon is comparable to the cases for
MgB; and pnictide superconductors [88]. Applying hydrostatic pressure of ~ 20 GPa
the superconducting 7. was raised from 6 K to 8.9 K [85].

The best characterized superconducting TMD is 2H-NbSe, [68, 76,78, 80, 81, 86,
89-106]. There are several aspects of 2H-NbSe, that make it highly interesting and
vastly studied pristine TMD superconductor. It has the highest T, of ~ 7.2 K for
the class of pristine TMD superconductors. There is an incommensurate CDW with
Tepw = 35 K that coexist with the anisotropic superconductivity in a hexagonal
crystal structure of 2H-NbSes. Direct evidence for the coexisting SC and CDW was
reported by Hess [86,107]. Moreover, growing a large size single-phase single crystal
of 2H-NbSe, is comparatively easy as polytypism in the Nb-Se system is less likely
than in the analogous Ta-S, Ta-Se and Nb-S systems. Application of external pressure
suppresses the CDWs, as Topw decreases linearly with increasing pressure [102] and

raises the superconducting T, up to about 8.5 K [81,98,102].



16 Chapter 1. Introduction

Metal intercalated TMDs

CDWs in TMDs usually get suppressed by application of external pressure or by
intercalation, resulting SC to enhance, even in the 1T polytypes. We can categorize
the metal intercalated superconducting TMDs into two classes. The first class
represents the set of superconducting Group-V TMD materials intercalated with a
transition metal. This class is having the common composition of M, TCh, with M
=% T as a transition metal. Almost all the transition metals can be intercalated into
these Group-V TMDs by following the reaction conditions similar for the pristine
compounds. A small amount of intercalate is sufficient to increase the c-axis and
to affect significantly its physical properties. 2H-Cogg75NbSe; and 2H-Feq g5TaS,
were prepared by adding a small amount of M to the starting material [108]. The
concentration of the ferromagnetic metal intercalant within the TChy layers is not
sufficient to suppress the superconducting 7, to zero, as in the pair-breaking theory
of Abrikosov and Gor’kov (1961) [109]. Surprisingly, the T, of 2H-Feq g5TaS, greatly
exceeds that of 2H-TaS, itself. The competition between CDW and superconductivity
in Cu,TaSy was studied by Wagner et.al. [110]. Transport, magnetic and thermal
properties measurements for various x values were carried out, and the maximum
T, of 4.7 K was found for x = 0.04. A phase diagram was presented by including
both the CDW transition temperature and the superconduccting T, as functions of
Cu concentration. Superconducting MxTaSsy type intercalation compounds of 2H-
TaS, were prepared with x = 1 using transition metals Hg, In, Sn and Pb had T,
of 2.1 K, 1.0 K, 2.95 K and 1.7 K, respectively [111,112], while for M = Bi the x
compositions 1/3 and 2/3 were synthesized with superconducting 7. of 2.0 K and
0.78 K, respectively [111].

The second class of metal intercalated TMD compounds generally associates
intercalation of the Group-IV and VI TMD compounds with alkali or alkali earth
metal. These materials were synthesized by first preparing the dichalcogenide using

vapour-phase transport, and then the intercalation can be achieved mainly in three
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ways: by exposing the TChy to the alkali vapour, exposing it to the alkali or alkali
earth element dissolved in liquid ammonia and then evaporating the excess ammonia,
and by reacting it with n-butyllithium in hexane. CDWs are generally removed
via intercalation with a large variety of elements or compounds, and the resulting
superconductors are often extremely anisotropic in their normal and superconducting
state properties. Number of layered superconductors were prepared by doping (or
intercalating) 2H-MoS,, 2H-TaS,, 1T-TaSs, 2H-ZrS,, and 2H-ZrSe; TMDs with alkali
metals [113-118]. The resulting superconducting compounds were very air-sensitive.
Superconductivity can be induced into 2H-MoS, with T, ~ 11 K by electrostatic
gating [119]. Ye et.al. discuss the unified phase diagram of superconductivity for
both electrostatically and chemically doped 2H-MoS, as a function of alkali metal
doping concentration and carrier density. A very interesting superconducting system
is Cu,TiSeq, prepared and studied by Morosan et.al. [120]. The pristine TiSe; is
either a semimetal or a semiconductor due to a commensurate CDW. Intercalation of
Cu into the TiSe, layers supressed the charge-density wave and the materials become

superconducting with the maximum 7, = 4.15 K attained for x = 0.08.

1.3 Motivation and structure of the thesis

Discovery of new superconductor and study of its exotic physics have always been
of great interest among the material scientists. Metal intercalation in quasi-2D
layered structure of TMD is a very effective approach, that may lead to interesting
properties such as suppression of CDW, evolution of superconductivity or sometimes
enhancement of superconducting 7,.. Recent discovery of nodal line superconductivity
in noncentrosymmetric PbTaSe, has renewed the interest in the intercalated transition
metal dichalcogenide based layered systems [37,40]. Related isoelectronic systems
such as PbNbSes, SnTaSe;, SnNbSe, and PbTiSe, are theoretically predicted
to be superconducting [121, 122]. After PbTaSe,, superconducting properties of

centrosymmetric SnTaSs [44] and PbTaS, [45] have been studied in details in the
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single crystal form, focussing on their possible topological characteristics. We were
already working on the study of superconducting properties in our polycrystalline
Sn'TaS, sample when these two reports came.

In this thesis we have discussed the synthesis, characterization and physical
properties of metal intercalated transition metal dichalcogenide based PbNbSs,
PbNbSe; and SnTaS, systems. PbNbS, and PbNbSe; have been introduced here
as two new superconductors, while we also discuss the superconducting properties of

polycrystalline Sn'TaS,.

The thesis has been divided into six chapters as follows:

Chapter 1: Introduction.

Chapter 2: Experimental techniques.

Chapter 3: Superconductivity in PbNbS;.

Chapter 4: Superconductivity and ferromagnetism in PbNbSe,.
Chapter 5: Superconductivity in SnTaS,.

Chapter 6: Summary and future outlook.

Chapter 1: Introduction

In the first chapter, a general introduction of superconductivity and its brief
background have been presented. Key superconducting characteristics and
parameters are explained.  Structural and physical properties of the pristine
and intercalated transition metal dichalcogenide based superconductors have been
discussed. A detailed literature survey and the motivation for the thesis have been

presented.

Chapter 2: Experimental techniques

In the second chapter, detailed synthesis procedure to acquire polycrystalline samples
of PbNbS,, PbNbSe, and SnTaS, has been discussed. An overview of solid state
reactions, sealed tube method and intercalation technique are presented. Several

characterization techniques and the measurement criteria that have been used to
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study the physical properties of the materials under consideration are discussed in

detail.

Chapter 3: Superconductivity in PbNbS,

In the third chapter, we have reported transition metal dichalcogenide based layered
superconductor PbNbS,. Synthesis, crystal structure, electrical resistivity, magnetic
susceptibility and heat capacity of polycrystalline PbNbS, have been studied in detail.
PbNDS, crystallizes in a centrosymmetric hexagonal structure consist of alternating
Pb and NbS, layers which separated by weak van der Waals force. The system is
found to be superconducting below T, ~ 8.8 K. Detailed superconducting properties
and characteristic parameters are discussed by the means of transport, magnetic and

thermodynamic studies.

Chapter 4: Superconductivity and ferromagnetism in PbNbSe,

In the fourth chapter, we discuss another transition metal dichalcogenide based
layered superconductor PbNbSe,;. Synthesis, crystal structure, electrical resistivity
and magnetic properties have been studied in detail. PbNbSe, crystallizes in a
centrosymmetric hexagonal structure with alternative Pb and NbSe, layers separated
by weak van der Waals force. PbNbSe; is found to be superconducting with
T. ~ 5.75 K. Detailed transport and magnetic properties have been discussed. A
weak ferromagnetism is found to evolve in the close vicinity of the superconducting
transition with ordering temperature Ty, ~ 4.4 K. Coexistence of superconductivity

and ferromagnetism in PbNbSe, is a novel phenomenon.

Chapter 5: Superconductivity in SnTaS,

In the fifth chapter, we have presented the detailed physical properties study of
transition metal dichalcogenide based SnTaS, superconductor. Superconductivity in
SnTaS, was known from 1970 but lacked a detailed study of its physical properties.
We have discussed the synthesis, crystal structure, electrical transport properties and
magnetic properties of polycrystalline SnTaS, in detail. The material crystallizes in

a centrosymmetric hexagonal structure consist of alternative van der Waals layers of



20 Chapter 1. Introduction

Sn and TaSs. Polycrystalline Sn'TaS, is found to be superconducting below T, ~ 2.8

K. Key superconducting parameters are discussed in detail.

Chapter 6: Summary and future outlook

The sixth and final chapter summarizes the major findings of our investigations on
the transition metal dichalcogenide based layered superconducting systems that have
been discussed in the preceding chapters of this thesis, and gives the prospect of the

future studies.



Chapter 2

Experimental techniques

In this chapter we describe the synthesis and characterization techniques that are
used for preparing and carrying out physical properties studies of the material systems

discussed in this thesis.

2.1 Synthesis

2.1.1 Solid state reaction

The most extensively used technique to synthesize polycrystalline materials is the
solid state reaction method. As the name suggests, this synthesis route involves a
reaction of two or more solid components. It is quite obvious that such a reaction will
not be completed in any reasonable time scale at room temperature. It is therefore
required to heat them at high temperatures, typically above ~ 800 °C. Generally,
the solid reactants are not raised to their melting point, so the reaction takes place
in the solid state (subsolidus). The reaction may proceed very slowly, but increasing
the temperature can accelerate the reaction by increasing the diffusion rate. At these
high temperatures, the reaction, between the thoroughly mixed starting materials,
happens through diffusion and still takes several days and requires several such heat

treatments to get a phase pure sample.

21
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Some measures are need to be taken for a solid state reaction: (1) The reactants
must be taken in stoichiometric ratio. (2) Based upon the reactivity of reagents,
different crucible and environment need to be considered. (3) The starting materials
must be ground thoroughly in an agate mortar and pestle, typically for about an
hour, to increase the surface area that will speed up the diffusion process. (4) To
promote proximity of reagents, one can press the starting mixture into pellets by
applying a pressure of typically ~ 5 tonnes. (5) The mixed powder/pellets have to be
given high temperature heat treatments for several days with intermediate grinding.
Some drawbacks that may be identified are non-uniformity of particle size and shape,

multiphase character, lack of reproducibility and loss of stoichiometry.

2.1.2 Sealed tube method

The most conventional method for preparing intermetallic compounds which are
often air sensitive is reaction of solid reactants at high temperature for several hours
in a sealed quartz ampoule. The reactants are weighed in stoichiometric amounts
and mixed together in an inert atmosphere (inside a nitrogen/helium/argon filled
glove box). The mixture then finally ground together either manually with mortar
and pestle or by ball milling. This mixture further can be cold pressed for a
better compactness and then flame sealed in an evacuated quartz tube (pressure
< 107° mbar). The quartz ampoule is then heated at desired temperature. As the
temperature rises and reaction precedes the surface area of the reactant decreases.
The effect of grinding is to ensure a high surface area and an intimate mixing
between the reactants. Information about the phase diagram of the reactants serves
as a guideline in designing the reaction conditions and compositions for synthesis.
Often, the reactants can attack quartz tube during the course of reaction and pose
several problems like inclusion of secondary phases, difficulty in product separation or
cracking of tubes. To overcome these problems the reactants are kept inside alumina

or other inert crucible or are sealed in a metal tube (Nb or Ta) before sealing in
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quartz tubes. The choice of type of crucible depends on the initial reactants.

2.1.3 Intercalation technique

One of the most effective technique to tune the physical properties of layered
transition metal dichalcogenides (TMD) is the metal intercalation approach. The
term intercalation literally means the process of including some extra time period
into the calendar, such as February 29 in a leap year. In chemistry, it refers to the
reversible insertion of guest species into the layeres of a host crystal without destroying
the structural features of the host. Fig. 2.1 depicts the intercalation process, in which

the intercalants get inserted into the interlayer spaces of the host material.

Intercalation

ﬁ

Figure 2.1. Intercalation technique showing the insertion of intercalate atoms into the
layers of the host crystal structure.

In TMD, from alkali metal ions to post-transition metal ions can be used
as intercalates, which can significantly affect the structural, chemical, electronic,
magnetic or optical properties of the host material. Typically, intercalation facilitates
the charge transfer between the guest ions and the host material that eventually
induces structural changes as well as markedly affect the conductivity behaviour of
the system depending on the degree of electron transfer between guest and host layers.

Successful Pb intercalation into the van der Waals (vdW) layers of 2H-NbS, and
2H-NbSe; was achieved via solid state reaction routes to synthesize polycrystalline
PbNbS, and PbNbSe,. Similarly, Sn intercalation into the vdW layers of 2H-TaS,; was

carried out by solid state reactions which led to formation of polycrystalline SnTaS,.
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2.1.4 Polycrystalline PbNbS,;, PbNbSe; and SnTaS,

We now describe the synthesis details of the specific materials studied in this thesis.
Polycrystalline samples of PbNbS,, PbNbSe, and SnTaS,; were synthesized via solid
state reaction route following a sealed tube method approach. The deatil reaction

protocols are discussed below.

PbNbS,

Polycrystalline PbNbS, was prepared from the solid state reaction of elemental Pb
with presynthesized NbSs. First, NbSy precursor was synthesized from the reaction of
Nb turnings (Aldrich, 99.8%) and S powder (Sigma Aldrich, 99.98%). Stoicheometric
amount of Nb metal and S powder were taken, ground well then sealed in an evacuated
quartz tube and heat treated at 850 °C for 48 h. Next, Pb granules (Acros, 99+%) and
prereacted NbS,; powder were taken into stoicheometric ratio and further mixed and
ground thoroughly. The mixture was then vacuum sealed in a quartz tube and heated
at 800 °C for 7 days and then cooled down to the room temperature by switching off
the furnace. The heat treated sample was then reground, pelletized and again sealed
in an evacuated quartz ampoule followed by sintering at 800 °C for another 7 days
and then furnace cooled to the room temperature. The final product is dark grey in
colour and having a metallic lustre. The air-stable sample is kept in an argon filled
glove box to prevent any unwanted contamination. The entire sample handling except
pelletizing and sealing was carried out inside a glove box with controlled oxygen and

moisture atmosphere (maintained concentration is < 0.1 ppm for each).

PbNbSe,

Polycrystalline PbNbSe, was synthesized via solid state reaction route taking Pb, Nb
and Se in elemental form. Pb granules (Acros, 99+%), Nb powder (Acros, 99.8%) and
Se powder (Alfa Aesar, 99+%) were taken in stoicheometric ratio, ground thoroghly

and then sealed in an evacuated quartz ampoule. The sealed reactants were then



2.1 Synthesis 25

heated at 850 °C for 48 h and then cooled down to room temperature with a cooling
rate of 100 °C/h. The heat treated mixture was then reground, pelletized and resealed
in an evacuated quartz tube. The sample was then sintered at 850 °C for 48 h and
finally cooled down to the room temperature following a 100 °C/h cooling rate. The
final product is dark grey in colour with metallic lustre. The sample is air-stable but
preserved in an argon filled glove box to avoid any possible contamination. All the
sample handling except pelletizing and sealing were performed inside an argon filled

glove box under controlled oxygen and moisture level (< 0.1 ppm each).

SnTaSQ

Polycrystalline SnTaS, was synthesized via solid state reaction route taking elemental
Sn and presynthesized TaS,; in stoicheometric ratio. First, TaS, precursor was
prepared by reacting stoicheometric amount of Ta powder (Alfa Aesar, 99.9%) and
S powder (Sigma Aldrich, 99.98%) at 850 °C for 48 h in a vacuum sealed condition.
Next, this TaS; powder was mixed with Sn granules (Sigma Aldrich, 99.5+%) and
ground thoroghly. The mixture was then sealed in an evacuated quartz tube, heat
treated at 850 °C for 48 h and cooled down to room temperature by following a
cooling rate of 150 °C/h. The sample was then reground, pelletized and resealed in
an evacuated quartz tube followed by sintering at 850 °C for 48 h. The sample was
then cooled down to room temperature with 150 °C/h cooling rate. The air stable
sintered sample is dark grey in colour with a metallic lustre. To avoid any unwanted
contamination the sample was preserved in an argon filled glove box with a controlled
atmosphere (oxygen and moisture level is < 0.1 ppm). All the sample handling except

vacuum sealing and pelletizing were carried out inside the glove box.
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2.2 Characterization

2.2.1 X-ray diffraction

Powder X-ray diffraction is a powerful and widely used technique to determine the
crystal structure as well as phase purity of a crystalline material. X-ray is an
electromagnetic radiation having wavelength comparable to the interatomic distances
in the crystalline solids. A single crystal can be devided into various sets of parallel
atomic planes that can act as a three dimensional grating for X-rays. After getting
reflected by these sets of parallel atomic planes X-rays result into a diffraction pattern

by following the Bragg’s law for constructive interference,

2dsinf = nA (2.1)

where d is the inter-planar distance between the (hkl) planes, X is the wavelength
of the incident X-ray beam, @ is the scattering angle and n is a positive integer giving
the order of reflection (n =1,2,3,...) [123].

The phase purity of all the samples discussed in this thesis were characterized by
room temperature powder X-ray diffraction technique using a Bruker D8 Advance
diffractometer with Cu-Ka radiation source and Ni-filter. Structural analysis has
been performed by Rietveld refinement method with a least square fitting approach
using TOPAS 4.0 software package [124]. A shifted Chebyschev polynomial of first
kind with 10 variables was used for background modelling and the shape of peaks

were described by Thompson-Cox-Hastings pseudo-Voigt function.

2.2.2 Resistivity

Temperature dependent electrical resistivity in the range of 2 — 300 K was measured
in a cryogen free transport properties measurement set up (Cryogenics Ltd.) using
a standard four-probe technique. In a four probe measurement, four point contacts

are made on a freshly cleaved surface of the sample pellet, a constant current I (~ 10
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mA) is applied to the outer probes and potential difference V' is measured across the
inner probes. Fig. 2.2 depicts the schematic, as well as the practical realization of

four probe contact.

(a)

O
+ +‘ \— -

Figure 2.2. (a) Schematic diagram of four probe point contact geometry used for
resistivity study. (b) Picture of four probe point contact made on a polycrystalline sample
loaded on a sample holder.

(b)

The inner probes draw very small current (ideally no current) because of the
high impedance of the voltmeter. Thus unwanted voltage drop at the contacts
due to contact resistance between probes and the sample is eliminated from the
voltage measurement. The resistivity p of the sample is obtained from a voltage V'

measurement at constant current I using the Ohm’s law:

o= (%) (22)

where A is the cross-sectional area of the sample through which current passes,
and L is the distance between the two voltage leads.
Field dependence of the resistivity was studied by applying external magnetic field

ranging from 0 — 1 T perpendicular to the probe current direction.

2.2.3 Magnetism

Temperature dependent and field dependent magnetic measurements were performed

in a superconducting quantum interference device (SQUID, Quantum Design
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MPMSXL-7 T). Both zero field cooling (ZFC) and field cooling (FC) protocols were
followed for the temperature dependent DC susceptibility measurement whereas field
dependence of magnetization was studied in the zero field cooling condition. To
diminish the remanent field, a demagnetization sequence was run at room temperature
before measuring the magnetism in the superconducting state. The magnetic field
was ramped up to maximum (= 7 T), then to the maximum in the opposite direction
(= — 7 T). The field was roughly halved at each subsequent step and the positive

and negative direction was repeated down to 10 Oe, then finally to zero.

2.2.4 Heat capacity

Temperature-dependent heat capacity for representative samples was measured in a
physical properties measurement system (Quantum Design PPMS-7 T) under zero
field and applied magnetic field down to 2 K. The heat capacity option in the QD-
PPMS uses a relaxation technique (QD, 2004).

Figure 2.3. Superconducting sample loaded onto a heat capacity measurement platform.

As shown in Fig. 2.3, the samples were attached to the heat capacity platform
which contains a heater and a thermometer with a thin layer of Apiezon N grease.

The platform is connected through conducting wires to a reservoir. After the bath
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and the sample have reached the same temperature, a well defined constant heating
pulse is applied to the platform for a fixed time (heating process), until a steady state
temperature is reached. The heater power is then turned off and the temperature
decays for the time duration. After each measurement cycle (a heating process and
a cooling process), the heat capacity values can be obtained by fitting the entire
temperature response of the sample platform to a model which includes both thermal
relaxation of the sample platform to the bath temperature and the thermal relaxation

between the platform and sample itself.
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Chapter 3

Superconductivity in PbNbS,

3.1 Introduction

2H-NbS,; with a quasi-2D structure shows superconductivity below T, ~ 5.84 K
[79-85]. It is a metal in the normal state and there is no signature of CDW transition
in NbSy. Absence of CDW is a quite uncommon feature for a transition metal
dichalcogenide system. It consists layered NbSy units in which Nb atoms occupy
the trigonal prismatic position coordinated by S atoms (Fig. 1.5). These layers are
strongly associated in the ab-plane due to covalent bonding, while stacked together
along the c-axis by weak van der Waals interaction. Due to this weak van der Waals
force metal ions can be easily intercalated into the NbS, layers, resulting significant
changes in its crystal structure as well as electronic properties.

Polycrystalline PbNbS, has been prepared by following metal intercalation
approach via solid state synthesis route. Structural, transport, magnetic and
thermodynamic properties have been studied. PbNbS, crystalizes in centrosymmetric
hexagonal structure with space group P63/mmec. PbNbS, is found to be a
superconductor with 7, ~ 8.8 K. Superconducting 7, has increased due to
intercalation effect. Important superconducting parameters such as upper and lower
critical fields, coherence length, penetration depth, Ginzburg-Landau parameter,

thermodynamic critical field, Debye temperature, and nature of spin-orbit coupling

31
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have been determined. PbNbS, with such high superconducting 7. in comparison to

other pristine TMD systems, provides a platform to investigate interesting physics.

3.2 Experimental details

Polycrystalline samples of PbNbS, were synthesized by the solid state reaction of
elemental Pb with NbS,. The phase purity of the sample was verified by the powder
X-ray diffraction using a Bruker D8 advance diffractometer with Cu-Ka radiation. A
conventional four probe technique was used for the transport property measurements,
carried out in a liquid helium cryostat equipped with a superconducting vector
magnet. Field dependent as well as temperature dependent magnetization studies
were carried out using a Superconducting Quantum Interference Device (SQUID,
Quantum Design). The specific heat data were taken by the time relaxation technique
using a Physical Property Measurement System (PPMS, Quantum Design). Detail

experimental procedure is discussed in Chapter 2.

3.3 Results and discussion

3.3.1 Structural properties

Rietveld fit for the room temperature powder X-ray diffraction pattern of
polycrystalline PbNbS, has been shown in Fig. 3.1(a). A shifted Chebyschev
polynomial of first kind with 10 variables was used for background modelling and
the shape of peaks were described by Thompson-Cox-Hastings pseudo-Voigt function.
The reliability factor of R,, = 5.13% with a goodness of fit y* = 1.48% demonstrate
a reasonably good fitting. PbNDbS, crystallizes in a centrosymmetric hexagonal
structure with P6s/mimc space group. Lattice parameters a = 3.310(2) A and ¢
— 11.891(1) A for 2H-NbS, become a = 3.3334(7) A and ¢ = 17.580(4) A due to
intercalation effect, suggests successful insertion of Pb into the van der Waals (vdW)

layers of NbSs.
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Figure 3.1. (a) Rietveld fitted room temperature powder X-ray diffraction pattern
of polycrystalline PbNbSs. Vertical bars indicate the allowed Bragg’s reflections for
hexagonal P63/mmc phase. Blue line indicates the difference between observed and
fitted patterns. (b) Crystal structure of PbNbS,.

Intensity (arb. unit)

Fig. 3.1(b) shows crystal structure of PbNbS, consisting alternative NbS, and
Pb layers. In the layered structure, Nb accommodates in the trigonal-prismatic co-
ordination with Se atoms whereas Pb occupies the octahedral site. The inversion
symmetry as well as two-fold screw rotational symmetry in NbS, gets preserved after

the intercalation of Pb.

3.3.2 Transport properties

Resistivity of polycrystalline PbNbS, has been studied as a function of temperature
from 2 K to 300 K as shown in the Fig. 3.2(a). The normal state resistivity reveals a
metallic nature (dp/dT > 0) with residual resistivity ratio RRR = psoox/pox = 4.69.
Linear characteristic of the high temperature resistivity, as shown by the solid red line,
suggests dominance of electron-phonon scattering. Enlarged view of resistivity data at
the low temperature region has been depicted in Fig. 3.2(b). A sharp superconducting
transition is observed with critical temperature T2"** ~ 8.8 K and transition width

AT, ~ 1 K. Temperature dependence of resistivity data in the range of 9 — 50 K
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has been fitted to power law p = py + AT? as shown by the solid green line in Fig.
3.2(a). The T? dependence of resistivity in the temperature range indicates Fermi
liquid behaviour of the system. Fitting yields the residual resistivity pp = 5.3 p£2 cm
and coefficient A = 0.0006 1€ cm/K?. The value of pq is quite small, indicates highly

conducting nature of the sample.
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Figure 3.2. (a) Temperature dependent resistivity of PbNbSy. The solid red line is a
guide to the linear behaviour of the resistivity in the high temperature range. The solid
green line represents the p = pg + AT? fit. (b) Enlarged view of p vs. T data at low
temperature showing the superconducting transition.

Temperature dependence of resistivity has been studied at various applied
magnetic fields in the temperature range of 2 — 11 K as depicted in Fig. 3.3(a).
A variable magnetic field of 0 — 1 T was applied perpendicular to the probe current.
Finding the T, at different magnetic fields, the upper critical field values H. have
been plotted as a function of temperature as shown in Fig. 3.3(b). The temperature
dependence of H. data has been fitted (solid red line) with generalized Ginzburg-
Landau (GL) formula He(T) = Heg(0)(1-t*)/(1 + t*), where t = T/T. and T,
is the transition temperature at zero field. The upper critical field at T = 0 K
determined from the GL fit is pugH2(0) = 1.56 T. Temperature dependent H., data
has an upward like nature at the low temperature region and therefore deviates from
the GL fit. This upward feature indicates possible multiband mechanism that can

also be seen for isoelectronic PbTaSey [37], SnTaS, [44] and PbTaS, [45]. Further,



3.3 Results and discussion 35

the H.(T) data has been fitted (solid blue line) with Hu(T) = H.(0)(1-t32)3/2
equation [125], where t = T/T,, provides a better fit with R = 0.99809. The upper
critical field determined from this model is poH2(0) = 1.88 T. This model has been
earlier used to fit the H.o(T) data for PbTaSe; [37], Nbg 1sReg g2 [126] and borocarbide
superconductors [127]. Using ugHe(0) = 1.88 T for T' = 0 K, the superconducting

coherence length is determined to be ¢ (0) = [@0/27rHCQ(O)]1/2 = 13.2 nm, where

by = h/2e.
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Figure 3.3. (a) Superconducting transition from temperature dependent resistivity
under various applied magnetic fields. (b) Temperature dependence of the upper critical
field extracted from the resistivity curves. The solid red line represtents the Ginzburg-
Landau fit and the solid blue line shows the fitting of the upper critical field data to
Heo(T) = Hep(0)(1-13/2)3/2 equation. (c) Linear fit (solid green line) to the temperature
dependence of upper critical field data.

Again, for a single band BCS type superconductor, the orbital upper critical field
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can be obtained from Werthamer-Helfand-Hohenberg (WHH) formula H%"(T) =
—AT.(dHe.o/dT )=, where A = 0.69 and 0.72 for the dirty and clean limits
respectively [54]. Temperature dependent H. values have been linearly fitted as
shown by the solid green line in the Fig. 3.3(c) and the slope is determined to
be dH./dT = — 0.22 T/K. Hence taking 7, = 8.8 K the orbital critical field is
found to be H%(T) = 1.33 T and 1.39 T for the dirty and clean limits respectively.
Furthermore, the Pauli limiting upper critical field [55,56] can be determined from
Hp = A/\/iug where A = 1.76kgT, and hence found to be pgHp = 16.28 T. Hence,
H%YT) < H,, < Hp which suggests the superconductivity in PbNbS, to be Pauli
limited. The Maki parameter o = vV2H%®/Hp [128] is determined to be 0.12 is less
than 1 and therefore, the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [129, 130]

which is reflective of the spatially modulated order parameter is not favourable.

3.3.3 Magnetic properties

Zero field cooled (ZFC) and field cooled (FC) temperature dependent DC magnetic
susceptibility of PbNbSs has been studied from 2 K to 15 K with an applied external
magnetic field of 20 Oe as shown in Fig. 3.4(a). Superconductivity has been
confirmed from the nature of the diamagnetic signals in both the ZFC and FC curves
showing Meissner effect. The smaller FC signal in comparison to the ZFC signal is
caused by vortex pinning which is associated with type-II superconductivity. The
superconducting transition temperature determined from the susceptibility data is
8.6 K which is in good agreement with that derived from the resistivity study.

Fig. 3.4(b) displays isothermal field dependence of the magnetization of PbNbS,
studied at 6 K. A magnetic hysteresis loop has been observed that confirms type-II
superconductivity.

To determine the lower critical field of PbNbS, we have carried out field dependent
magnetization at several temperatures with a zero field cooling protocol. Fig. 3.5(a)

shows isothermal magnetization at different temperatures from 2 K to 8 K with AT =
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Figure 3.4. (a) Temperature dependent zero field cooled (ZFC) and field cooled (FC)
magnetic susceptibility with an applied magnetic field of 20 Oe. (b) Isothermal field
dependent magnetization studied at 6 K.

1 K and the solid green line shows the linear fit in the low field range. Magnetization
starts to deviate from the linear fit with the increase of the applied magnetic field,
giving a lower critical field H., for each isotherm. These experimental lower critical
field values are then fitted with the formula H (T) = H.,(0)(1-t*) where t = T/T.
as shown by the solid red line in the Fig. 3.5(b). From this fit the zero temperature

lower critical field is determined to be pgH.1(0) = 38.4 mT.
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Figure 3.5. (a) Zero field cooled (ZFC) isothermal magnetization at different
temperatures. The solid green line is the linear fit to the 2 K data in the low field range.
(b) Lower critical field extracted from the isothermal magnetization curves. The solid red
line represents the Hei(T) = H. (0)[1-(T/T.)?] fit to the temperature dependence of the
lower critical fields.
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The Ginzburg-Landau superconducting penetration depth can be calculated
from the formula pgHei(0) = (®o/47M5; )In(Aar/Ear) to give Aqr(0) = 90.94 nm.
Therefore, the Ginzburg-Landau parameter to be determined as k = Ag1,(0) /&6 (0) =
6.85 indicating that PbNbS, is a type-1I superconductor. Further, the thermodynamic
critical field of PbNbS, can be determined from the relation H.(0)H.(0) =
H.(0)in(k) and found to be poH.(0) = 193.7 mT. The superconducting coherence
length of PbNDS; is smaller and the thermodynamic critical field of PbNbS, is quite

high in comparison to that of noncentrosymmetric PbTaSe, [37].

3.3.4 Thermodynamic properties

To further investigate the superconductivity in PbNbS; temperature dependent
specific heat measurement has been carried out with applied magnetic fields of H= 0
T and 5 T as depicted in Fig. 3.6(a). At H= 0 T the specific heat data shows a sharp
jump demonstrating superconductivity and the transition temperature 7, ~ 8.4 K
has been determined by the isoentropic method shown in the Fig. 3.6(b). Applying
magnetic field of H= 5 T completely suppress the superconducting transition and the
C/T vs. T? curve can be well fitted by the relation C'/T = ~ + BT? as shown by
the solid red line in the Fig. 3.6(c). From the fit we can determine the normal state
Sommerfield coefficient v = 33.08 mJ mol™' K2 and the phonon-specific coefficient
B = 0.42 mJ mol™* K™% The AC/~T, parameter is calculated to be 1.54, which
is larger than the theoretical value of 1.43 for a conventional weak coupling BCS
superconductor suggests moderately enhanced electron-phonon coupling.

From Op = [(12/568)n*nNakp]"?, where n = 4 for PbNbS,, N, is the
Avogadro number and kg is Boltzmann’s constant, the characteristic Debye
temperature is estimated to be Op = 263.9 K. The electron-phonon coupling
constant A, can be determined using the McMillan’s formula [131], A, = [1.04 +
win(©p/1.45T,)]/[(1-0.62u")In(©p/1.45T,)-1.04]. Taking p* = 0.13 the value of

Aep is found to be 0.81 which is lesser than 1, the minimum value for a strong
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Figure 3.6. (a) Temperature dependent specific heat measured at H =0 T and 5 T. (b)
C/T vs. T data at H = 0 T showing the bulk superconducting jump and the isoentropic
approach for T, determination. (c) Low temperature C'/T vs. T2 data for H = 5 T fitted
with C/T =~ + BT? + 6T* equation.

coupling, suggests PbNbS, is a moderately coupled superconductor. Using these
results one can derive the noninteracting density of states at Fermi level from
N(Ep) = 3v/[r*k5(1+ A, gives N(Er) = 7.77 states eV ™! per formula unit. The
value of Debye temperature ©p, electron-phonon coupling constant A., and density
of states at Fermi level N(FFr) are comparatively higher than that of the related
PbTaSe; [37] and SnTaS, [44] systems.



40 Chapter 3. Superconductivity in PbNbS,

3.4 Conclusions

This chapter introduces PbNbS, as a transition metal dichalcogenide based layered
superconductor with superconducting 7, ~ 8.8 K. Synthesis, crystal structure,
electrical transport, magnetization and specific heat measurements have been
discussed to investigate the physical properties of this system. PbNDbS, crystallizes
in a centrosymmetric hexagonal layered structure with P63/mmec space group.
The layered structure consists of alternative Pb and NbS, layers stabilized due to
weak van der Waals interaction. Resistivity, magnetic susceptibility and specific
heat measurements confirm type-II bulk superconductivity in this system. The
superconducting upper and lower critical fields are found to be poH.(0) = 1.88
T and poH.(0) = 38.4 mT, respectively. The characteristic coherence length and
penetration depth are determined to be &5 (0) = 13.2 nm and Ag(0) = 90.94
nm, respectively, with the Ginzburg-Landau parameter value x(0) = 6.89. The
characteristic Debye temperature determined from the specific heat data to be ©p =
263.9 K, while the electron phonon coupling constant A., = 0.81 and AC/~yT,. = 1.54

signify that PbNbS, is a moderately coupled superconductor.
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Superconductivity and

ferromagnetism in PbNbSe,

4.1 Introduction

The highest superconducting 7T, among the pristine transition metal dichalcogenide
systems is observed in 2H-NbSe,. NbSe; is a superconductor below T, ~ 7.2 K,
while an incommensurate CDW with Topw ~ 35 K is found to coexist with this
highly anisotropic superconductivity [68, 76, 78, 80, 81, 86, 89-106]. The quasi-2D
structure consists layers of NbSes units, in which Nb atoms are in trigonal prismatic
coordination with Se atoms (Fig. 1.5). These layers are strongly bound in the
ab-plane, while a weak van der Waals force stabilizes these layers along the c-axis.
Introduction of intercalants, even in small amount, into these layers can significantly
affect the crystal structure and the physical properties of this system.

We have prepared polycrystalline samples of PbNbSes. Pb intercalation in NbSe,
layers has been realized via solid state reaction method. Detail structural, transport
and magnetic properties studies have been carried out. PbNbSe; is found to be
superconducting with 7. ~ 5.75 K. A weak ferromagnetic feature is observed to
emerge in the close vicinity of superconductivity with Try, ~ 4.4 K, indicates

coexistence of superconductivity and ferromagnetism in PbNbSe,. Concurrence of
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two mutually exclusive phenomena, superconductivity and ferromagnetism, is a novel

characteristic of this system.

4.2 Experimental details

Polycrystalline PbNbSe,; samples were synthesized via solid state reaction route
taking Pb, Nb and Se in elemental form. The phase purity of the sample was
verified by the powder X-ray diffraction using a Bruker D8 advance diffractometer
with Cu-Ka radiation. A standard four probe technique was used for the
transport property measurements, carried out in a liquid helium cryostat equipped
with a superconducting vector magnet. Field dependent as well as temperature
dependent magnetization studies were carried out using a Superconducting Quantum
Interference Device (SQUID, Quantum Design). Detailed experimental procedure is

discussed in Chapter 2.

4.3 Results and discussion

4.3.1 Structural properties

The room temperature powder X-ray diffraction pattern of polycrystalline PbNbSe,
has been fitted with Rietveld method as shown in Fig. 4.1(a). Background was
modelled using a shifted Chebyschev polynomial of the first kind with 10 variables
and peak shapes were described by Thompson-Cox-Hastings pseudo-Voigt function.
The reliability factor R,, = 7.69% and the goodness of fit x* = 2.06% indicate a
reasonably good fit. PbNbSe, crystallizes in a centrosymmetric hexagonal structure
with P63/mmc space group. Significant change in lattice parameters from a =
3.444(1) A and ¢ = 12.544(2) A for 2H-NbSe, to a = 3.4344(2) A and ¢ = 18.523(1)
A for PbNbSe, implies a successful intercalation of Pb into the van der Waals (vdW)
layers of NbSes.

Crystal structure of PbNbSe; has been depicted in Fig. 4.1(b). The layered
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Figure 4.1. (a) Rietveld fitted room temperature powder X-ray diffraction pattern
of polycrystalline PbNbSes. Vertical bars indicate the allowed Bragg’s reflections for
hexagonal P63/mmc phase. Blue line indicates the difference between observed and
fitted patterns. (b) Crystal structure of PbNbSes.

70 80

structure consists of alternative NbSe, and Pb layers. Nb is in trigonal-prismatic
co-ordination by the Se atoms whereas Pb occupies the octahedral co-ordination.

PbNbSe, preserves the inversion as well as the two-fold screw rotational symmetries

of hexagonal 2H-NbSe,.

4.3.2 Transport properties

Temperature dependence of resistivity of polycrystalline PbNbSe, in the temperature
range of 2 — 300 K is shown in Fig. 4.2(a). The normal state resistivity shows
a metallic nature (dp/dT > 0) with residual resistivity ratio RRR = psoox/prx
= 2.83. Linear temperature dependence of the resistivity at the high temperature
region, as shown by the solid red line, suggests the dominance of electron-phonon
scattering. Fig. 4.2(b) shows extended view of resistivity at the low temperature
region exhibiting superconducting nature of the sample. Slope of the temperature
dependent resistivity data starts to change at T°"*" ~ 6.5 K and the zero resistivity is

found to be achieved at T“"” ~ 4.7 K. The criterion for selecting the superconducting
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transition temperature 7, ~ 5.75 K has been demonstrated by the solid black lines.
Superconducting T, has been considered at the intersection of the extrapolations
of the steepest slope of the superconducting transition region and the normal state
resistivity. Low temperature resistivity data in the range of 7 — 25 K has been
fitted (solid green line) to power law p = py + AT? and shown in the Fig. 4.2(c).
The T? dependence of resistivity over this temperature range suggests Fermi liquid
behaviour of the system. The residual resistivity is found to be pg = 252 pf2 cm and
the coefficient A = 43 Q) cm/K?. The value of py is quite large, most likely due to
polycrystalline nature of the sample.

Fig. 4.3(a) depicts the magnetotransport study in the temperature range of 2 — 10
K with applied magnetic field varying from 0 T to 1 T. Field dependence of resistive T
has been determined and hence upper critical field H., as a function of temperature
is plotted as shown in the Fig. 4.3(b). The temperature dependence of H., data
has been fitted (solid red line) with generalized Ginzburg-Landau (GL) equation
Ho(T) = Hp(0)(1-t%) /(1 + %), where t = T//T, and T, is the transition temperature
at zero field. The upper critical field from GL fit is determined to be pgH.o(0) =
1.84 T. Temperature dependent H. data has an upward feature and hence deviates
from the GL equation at low temperature. This upward curvature possibly arises
due to multiband mechanism. Similar upward feature in H.o(T') data is also evident
for PbNbSy (Chapter 3), SnTaS, [44], PbTaSey [37] and PbTaS, [45]. Therefore,
the H.(T) data has been fitted (solid blue line) with Hu(T) = H.o(0)(1-t32)3/2
equation [125] with ¢ = T'/T,, provides a better fit with R* = 0.99819. The upper
critical field is determined to be pgHe2(0) = 2.26 T. This model has been previously
used to fit the Heo(T) data for PbTaSe, [37], NbgisReps2 [126] and borocarbide
superconductors [127]. Based on Ginzburg-Landau theory, the superconducting
coherence length is given by &qp(0) = [®o/2mHeo(0)]? where &, = h/2e. Using
the upper critical field pugHe(0) = 2.26 T, the coherence length is calculated to be

éGL(O) = 12.1 nm.

Alternatively, for a single band, BCS type superconductor, the orbital upper
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Figure 4.2. (a) Temperature dependent resistivity of PbNbSes. The solid red line
is a guide to the linear behaviour of the resistivity in the high temperature range. (b)
Enlarged view of p vs. T data at low temperature showing the superconducting transition.

(c) Normal state p vs. T2 data at low temperature region fitted (solid green line) with
p = po + AT? equation.

critical field can be determined using Werthamer-Helfand-Hohenberg (WHH) formula
H3T) = —AT.(dHu/dT)p—1, where A= 0.69 and 0.72 respectively for dirty and
clean limits [54]. From the linear fit of the temperature dependent H., data as shown
in the Fig. 4.3(c), slope dH/dT = — 0.39 T/K and hence taking T, = 5.75 K the
orbital critical field is found to be H%®(T) = 1.56 T and 1.63 T for the dirty and
clean limits respectively. Further, the Pauli critical field [55,56] can be determined
from Hp = A/\/§,u3 where A = 1.76kgT, and is estimated to be poHp = 10.64 T.

Since H%"(T) < H., < Hp, the superconductivity in PbNbSe, is Pauli limited. The



46 Chapter 4. Superconductivity and ferromagnetism in PbNbSey

(b)

s H,

— GL fit
312,312

— H,0)(1-t™)

1 2 3 6
T (K)
1.00F g Linear fit
RCH
~ 075 X, A
~ HIN
5 050} o
T HI™
0.25¢ "N\
(©) S
0.00¢ . -
3 4 5 6
T (K)

Figure 4.3. (a) Superconducting transition from temperature dependent resistivity
under various applied magnetic fields. (b) Temperature dependence of the upper critical
field extracted from the resistivity curves. The solid red line represtents the Ginzburg-
Landau fit and the solid blue line shows the fitting of the upper critical field data to
Heo(T) = He(0)(1-t3/2)3/2 equation. (c) Linear fit (solid green line) to the temperature
dependence of upper critical field data.

estimated Maki parameter @ = V2H%?/Hp = 0.22 [128] is less than 1 and hence
the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [129,130], which is reflective of

spatially modulated order parameter, is not favourable.

4.3.3 Magnetic properties

Zero field cooled (ZFC) and field cooled (FC) temperature dependent DC magnetic
susceptibility of PbNbSes has been studied from 2 K to 300 K with applied magnetic
field of 20 Oe and 100 Oe as shown in Fig. 4.4(a) and Fig. 4.4(b) respectively.
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Superconductivity is further confirmed from the diamagnetic signals in both the 20
Oe and 100 Oe data demonstrating Meissner effect. Fig. 4.4(c) and Fig. 4.4(d)
show the enlarged view of the low temperature susceptibility data. The diamagnetic
ZFC data in both the cases show a broad superconducting transition similar to the
resistivity data. The diamagnetic FC signal at 20 Oe shows a magnetic anomaly and
gradually starts increasing below 4.2 K that eventually becomes positive around 3.8 K
and then shows a magnetic saturation in the lower temperature range. The nature of
the FC curve suggests ferromagnetic ordering below the superconducting transition.
The ferromagnetic transition temperature Try; = 4.4 K has been determined from
the dx/dT" vs. T curve as shown in Fig. 4.4(e). Ferromagnetism in the close vicinity
of superconductivity is also confirmed from the FC signal of 100 Oe susceptibility
data. The FC diamagnetic signal in this case starts to deviate from its usual path
and shows a saturation like nature below 4.2 K but never becomes positive as in the
case of 20 Oe data. The ferromagnetic transition temperature Tr); = 4.4 K, in this
case, is further confirmed from the dx/dT vs. T curve as shown in Fig. 4.4(f).

Despite the same ferromagnetic transition temperature in both the 20 Oe and
100 Oe cases the nature of the FC curves is quite different. It suggests competitive
behaviour between the coexisting superconductivity and the ferromagnetism. At low
field (H = 20 Oe) the ferromagnetic ordering becomes dominating below Tr); and
hence, gives rise to a positive FC signal in the low temperature range. Whereas, in
higher magnetic field (H = 100 Oe), the superconducting signal becomes stronger
than that of the ferromagnetic signal and gives rise to a saturation like nature
in the FC curve while keeping the magnetization negative. This close interaction
between superconductivity and ferromagnetism is comparable with the cases for
EuFey(Aso7Po3)2 [132] and EuFey(As; ,P.)s [133] where Try < T..

To further probe the interplay between superconductivity and ferromagnetism
in PbNbSe,, isothermal field dependent magnetization has been studied at 2 K
as shown in Fig. 4.5(a). We found a type-II superconducting hysteresis loop

to be superimposed with the ferromagnetic signal demonstrating the coexistence
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Temperature dependent zero field cooled (ZFC) and field cooled (FC)

magnetic susceptibility with an applied magnetic field of (a) H = 20 Oe and (b) H = 100
Oe. (c) and (d) show the extended view of the low temperature susceptibility data. (e)
and (f) represent dx/dT vs. T curves for H = 20 Oe and H = 100 Oe data respectively.

of both the phenomena.

Similar type of unusual hysteresis loop corresponding

to the coexisting superconductivity and ferromagnetism can be observed for

[(Li;—,Fe,)OH](Fe;_,Li,)Se [134], EuFes(As;_,P,)o [133], RhGe [135] and surface
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modulated 2D-NbSe, [136]. Fig. 4.5(b) shows the initial diamagnetic curve of the
field dependent magnetization and the lower critical field is determined from the
deviation of the isotherm from the linear fit (solid green line) to be Hy = 6 Oe at T
= 2 K. This diamagnetic signal eventually transforms into a ferromagnetic one with

the increasing applied magnetic field as shown in the Fig. 4.5(c).
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Figure 4.5. (a) Isothermal field dependent magnetization studied at 2 K. (b) Initial
diamagnetic curve of the field dependent magnetization. The lower critical field value at
T = 2 K has been marked by a down arrow. (c¢) Extended view of the M vs. H curve.

The ferromagnetism in superconducting PbNbSe, is comparable with the case
of ferromagnetism induced by the surface molecular adsorption in 2D-NbSe, [136].
Structural modulation occurs due to Pb intercalation in NbSes layers results in a
longer Nb-Se bond. This bond elongation weakens the covalent Nb-Se interaction

and reduces the hybridization of Nb with Se atom, thereby results in accumulation
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of unpaired electrons around Nb and hence to ferromagnetism.

4.4 Conclusions

We have synthesized Pb intercalated transition metal dichalcogenide based layered
superconductor PbNbSey with T, ~ 5.75 K. Synthesis, crystal structure, electrical
transport and magnetizatic measurements have been discussed to give insights of
the physical properties of this system. PbNbSe, crystallizes in a centrosymmetric
hexagonal layered structure with P63/mmec space group. The layered structure
containing alternative Pb and NbSe, layers are stabilized due to weak van der Waals
interaction. Resistivity, magnetic susceptibility measurements confirm type-II bulk
superconductivity in this system. The superconducting upper critical field is found
to be poH2(0) = 2.26 T, while the characteristic coherence length is determined to
be £ (0) = 12.1 nm. Evolution of a weak ferromagnetic ordering is evident in the
close vicitity of the superconducting 7., with Tr); ~ 4.4 K. Competetive nature of
the coexisting superconductivity and ferromagnetism has further been characterized
from the isothermal field dependent magnetization, where a superconducting type-II

hysteresis loop is found to be superimposed with a ferromagnetic hysteresis loop.



Chapter 5

Superconductivity in SnTaS-

5.1 Introduction

The sub-Kelvin superconductivity in 2H-TaSs (7. ~ 0.8 K) [36, 74] can be
effectively tuned via intercalation approach as we have discussed in Chapter 1.
Superconductivity in this quasi-2D system is associated with CDW phase with
Tepw ~ 78 K. This hexagonal polytype consists layers of TaS, units in which
Ta atoms occupy the octahedral position and oriented in a trigonal prismatic
coordination with S atoms (Fig. 1.5). These layers are strongly connected via covalent
bonding along the ab-plane, whereas the bonding along the c-axis is quite infirm due
to the weak van der Waals interaction.

We have prepared polycrystalline samples of SnTaS, by solid state reactions and
detail structural, transport and magnetic studies have been carried out. We found
SnTaS, to be superconducting with 7, ~ 2.8 K. Though the superconductivity in
SnTaS, system was known from 1973 [111] and the corresponding specific heat was
measured by Dijkstra et.al. [112], detail study of the superconducting properties
was still lacking. When we were working on our polycrystalline sample of SnTaS,,
a report comes on single crystal of SnTaSy [44] focussing its superconducting and
topological properties. Therefore, it will be of interest to see the variation in the

several superconducting parameters in our polycrystalline sample and to compare

o1



52 Chapter 5. Superconductivity in SnTaS,

them with the reported single crystal system.

5.2 Experimental details

Polycrystalline samples of SnTaS; were synthesized via solid state reaction route
taking elemental Sn and presynthesized TaS, in stoicheometric ratio. The phase
purity of the sample was verified by the powder X-ray diffraction using a Bruker
D8 advance diffractometer with Cu-Ka radiation. A standard four probe technique
was used for the transport property measurements, carried out in a liquid helium
cryostat equipped with a superconducting vector magnet. Field dependent as
well as temperature dependent magnetization studies were carried out using a
Superconducting Quantum Interference Device (SQUID, Quantum Design) and
a Physical Properties Measurement System (PPMS, Quantum Design). Detail

experimental procedure is discussed in Chapter 2.

5.3 Results and discussion

5.3.1 Structural properties

Rietveld fit to the room temperature powder X-ray diffraction pattern of
polycrystalline SnTaSs has been demonstrated in Fig. 5.1(a). A shifted Chebyschev
polynomial of first kind with 10 variables was used to model the background and
the peak shapes were described by Thompson-Cox-Hastings pseudo-Voigt function.
Reliability factor of R,, = 7.20% with a goodness of fit x* = 1.69% demonstrate a
reasonably good fitting. SnTaS, crystallizes in a centrosymmetric hexagonal structure
with P63/mmec space group. The refined lattice parameters are a = 3.3006(2) A
and ¢ = 17.404(1) A for SnTaS, shows adequate increase specifically in the c-lattice
parameter in comparison to a = 3.314(2) A and ¢ = 12.097(1) A for TaS,. This
suggests successful intercalation of Sn atoms in between the van der Waals (vdW)

layers of TaS,.
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Figure 5.1. (a) Rietveld fitted room temperature powder X-ray diffraction pattern
of polycrystalline SnTaS,. Vertical bars indicate the allowed Bragg’s reflections for
hexagonal P63/mmc phase. Blue line indicates the difference between observed and
fitted patterns. (b) Crystal structure of SnTaSs.

Fig. 5.1(b) shows the crystal structure of SnTaS, consist of alternative TaS; and
Sn layers. In this structure Ta occupies the trigonal-prismatic position coordinated
with S atoms and Sn accommodates the octahedral site. The inversion symmetry as
well as the two fold screw rotational symmetry in TaSs remain unaltered after the

intercalation of Sn in the crystal structure.

5.3.2 Transport properties

Temperature dependence of resistivity at zero applied magnetic field has been studied
for polycrystalline SnTaS; from 2 K to 300 K as shown in Fig. 5.2(a). The normal
state resistivity shows a metallic behaviour (dp/dT > 0) with residual resistivity ratio
RRR = psoox/psx = 6.78. Linear nature of the resistivity at high temperature has
been shown by the solid red line suggests dominance of electron-phonon scattering.
Fig. 5.2(b) shows enlarged view of low temperature resistivity data depicting a sharp
superconducting drop with transition temperature T7"** ~ 2.8 K and transition width

AT, ~ 0.1 K. Temperature dependent resistivity data in the range of 3 — 60 K has
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been fitted with power law p = py + AT? as shown by the solid green line in Fig.
5.2(a). The T? dependence of resistivity in this temperature range suggests Fermi
liquid behaviour of the system. From the fit we found the residual resistivity py =
8.34 1 cm and coefficient A = 0.0024 pQ cm/K?. The small value of p, indicates

highly conducting nature of the sample.
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Figure 5.2. (a) Temperature dependent resistivity of PbNbS,. The solid red line is a
guide to the linear behaviour of the resistivity in the high temperature range. The solid
green line represents the p = pg + AT? fit. (b) Enlarged view of p vs. T data at low
temperature showing the superconducting transition.

Temperature dependent resistivity at varying magnetic field has been studied in
the temperature range of 2 — 4 K as shown in the Fig. 5.3(a). A variable magnetic
field of 0 — 300 Oe was applied perpendicular to the probe current. After finding the 7.
as the mid-point of the transition at different magnetic fields, the upper critical field
values H . have been plotted as a function of temperature shown in the main panel of
Fig. 5.3(b). The high field temperature dependent H., data has been fitted (solid red
line) with generalized Ginzburg-Landau (GL) formula He(T) = He(0)(1-%)/(14+1),
where t = T/T. and T, is the transition temperature at zero magnetic field. The
GL fitting yields the upper critical field at 7" = 0 K to be pugHg(0) = 1170 Oe.
Temperature dependent H. data has an upward like nature at the low temperature
region and therefore considerably deviates from the GL fit. This upward feature

arises possibly due to intrinsically anomalous pairing mechanism that can also be
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seen for PbNbS, (Chapter 3), PbNbSes (Chapter 4), PbTaSe, [37], SnTaS, single
crystal [44] and PbTaS, [45]. Therefore, the H.o data has been further fitted (solid
blue line) with Heo(T) = H(0)(1-t32)%/? equation [125] where t = T'/T., provides
a better fit with R? = 0.99998. The upper critical field determined from this model
is uoHe2(0) = 1458 Oe. This model has been used earlier for fitting the H.o(7T') data
of PbTaSes [37], NbgisRegs2 [126] and borocarbide superconductors [127]. Using
toHe(0) = 1458 Oe for T= 0 K, the superconducting coherence length is determined
to be £qr(0) = [®0 /21 H,5(0)]/? = 47.5 nm, where &y = h/2e.
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Figure 5.3. (a) Superconducting transition from temperature dependent resistivity
under various applied magnetic fields. (b) Temperature dependence of the upper critical
field extracted from the resistivity curves. The solid red line represtents the Ginzburg-
Landau fit and the solid blue line shows the fitting of the upper critical field data to
Heo(T) = Hep(0)(1-13/2)3/2 equation. (c) Linear fit (solid green line) to the temperature
dependence of upper critical field data.
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For a single band BCS type superconductor, the orbital upper critical field
can be determined from Werthamer-Helfand-Hohenberg (WHH) formula H%*(T) =
—AT.(dH.5/dT )7, where A = 0.69 and 0.72 for dirty and clean limits respectively
[54]. The linearly best fitted (solid green line) high field temperature dependent H..o
values are shown in Fig. 5.3(c) and the slope is determined to be dH.o/dT = — 510
Oe/K. Hence taking T, = 2.75 K (midpoint of the zero field resistivity transition)
the orbital critical field is found to be H%?(T) = 968 Oe and 1010 Oe for the dirty
and clean limits respectively. Further, the Pauli critical field [55,56] is determined
from Hp = A/ﬂﬂg where A = 1.76kgT, and found to be ugHp = 5.09 T. Therefore,
H%(T) < H,y < Hp which suggests the superconductivity in SnTaS, is Pauli limited.
The Maki parameter o = v2H%%/Hp [128] is determined to be 0.02 which is less
than 1 and therefore, the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state [129, 130]

is not favourable.

5.3.3 Magnetic properties

Temperature dependent DC magnetic susceptibility of polycrystalline SnTaS; has
been studied in the temperature range of 2 — 300 K under both the zero field cooled
(ZFC) and field cooled (FC) protocols with applied magnetic field of 20 Oe as shown in
Fig. 5.4(a). Superconductivity below ~ 3 K has been confirmed from the diamagnetic
signals in both the ZFC and FC curves demonstrating characteristic Meissner effect.
The smaller diamagnetic signal for FC curve in comparison to ZFC data is attributed
to vortex pinning in type-II superconductor. Inset shows the enlarged view of the
susceptibility data at low temperature. Fig. 5.4(b) depicts the isothermal field
dependent magnetization of SnTaS, studied at 2 K. The magnetic hysteresis loop
obtained suggests type-II superconductivity.

Further, to determine the lower critical magnetic field of SnTaS,, the field
dependence of magnetization at various temperature has been studied with a zero

field cooling protocol. Inset of Fig. 5.5(a) shows isothermal magnetization at different
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Figure 5.4. (a) Temperature dependent zero field cooled (ZFC) and field cooled (FC)
magnetic susceptibility with an applied magnetic field of 20 Oe. Inset shows the extended
data at low temperature region. (b) Isothermal field dependent magnetization studied at
2 K.

temperatures from 2 — 2.6 K and the solid green line is the linear fit to the low field
data. As we increase the applied magnetic field the magnetization data starts to
deviate from the linear fit giving a lower critical field H.; for each isotherm. These
lower critical field values are then fitted with the formula H.(T) = H.(0)(1-t%)
where t = T'/T, as shown by the solid red line in the main panel of Fig. 5.5(b). The
zero temperature lower critical field is determined from the fit to be poH:1(0) = 45.5

Oe.

The Ginzburg-Landau superconducting penetration depth can be calculated from
the formula pgH.i(0) = (®o/47)%;)In(Aar/éqr) and found to be approximately
Aor(0) = 243 nm. Further, the Ginzburg-Landau parameter to be determined
as K = Agr(0)/€cL(0) = 5.12 confirms that SnTaS, is a type-II superconductor.
The thermodynamic critical field of SnTaS; can be determined from the relation
H.(0)He(0) = H.(0)In(k) and found to be puoH.(0) = 202 Oe. The polycrystalline
sample is having the coherence length and the penetration depth both in between of

that for the H||c-direction and H||ab plane of SnTaS, single crystal [44].
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Figure 5.5. (a) Zero field cooled (ZFC) isothermal magnetization at different
temperatures. The solid green line is the linear fit to the 2 K data in the low field range.
(b) Lower critical field extracted from the isothermal magnetization curves. The solid red
line represents the Hey (T) = H, (0)[1-(T/T,)?] fit to the temperature dependence of the
lower critical fields.

5.4 Conclusions

Superconducting properties of polycrystalline SnTaS, have been studied in detail by
means of structural, resistivity and magnetic measurements. SnTaS, crystallizes in a
centrosymmetric hexagonal layered structure with P63/mmec space group. SnTaS, is
found to be superconducting below T, ~ 2.8 K, with an upper critical field of o H2(0)
= 1458 Oe and lower critical field of pgH.(0) = 45.5 Oe. The characteristic coherence
length is found to be {51 (0) = 47.5 nm, while the penetration depth is determined
to be Ag(0) = 243 nm. The superconducting Ginzburg-Landau parameter x(0) =

5.12 signifies Sn'TaS, to be a type-II superconductor.
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Summary and future outlook

The present chapter is an integration of the results discussed in the previous chapters.
The thesis focussed on the design and development of new superconducting systems
via the intercalation approach in layered transition metal dichalcogenides. A brief
overview on the background of the field of superconductivity, following a vast
literature survey has been presented in the first chapter of the thesis. The second
chapter discusses the aspect of experimental procedures to synthesize and characterize
the TMD based layered superconductors studied in this thesis. Physical properties,
mainly the superconducting nature, of layered PbNbS,, PbNbSes and Sn'TaS, systems
have been discussed in the next three chapters.

We report synthesis, crystal structure, electrical transport, magnetization and
specific heat measurements to investigate the physical properties of PbNbS,. Several
key superconducting parameters have been determined to get insights of the nature
of the superconductivity in this material. Superconductivity in layered moderately
coupled PbNbS, system with a comparatively high T, of 8.8 K offers a new avenue
for several interesting studies.

Superconductivity and ferromagnetism are considered to be mutually exclusive
electronic states which rarely found to coexist. We report concurrence of these
two exotic phenomena in centrosymmetric PbNbSe,. Superconductivity (T, ~ 5.75

K) has been confirmed from the electrical resistivity and magnetic susceptibility

29
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measurements. A weak ferromagnetism is observed to evolve in the close vicinity
of superconductivity with ordering temperature Tw); ~ 4.4 K. Coexistence of
superconductivity and ferromagnetism in layered PbNbSe, system offers a novel
platform for exotic physics.

We also investigated the superconducting properties of polycrystalline SnTaS,,
synthesized by solid state reactions. Crystal structure, electrical transport and
magnetic properties have been studied in detail. Key superconducting parameters
have been determined to investigate the nature of superconductivity in this material.
A comparative overview of superconductivity is given for the polycrystalline samples

with the reported single crystal data.

C

Figure 6.1. Crystal structure of generalized MTChy system where M = Pb/Sn, T =
Nb/Ta and Ch = S/Se. Chl, Ch2, Ch3 and Chl’ belong to the same atomic site, and
the nomenclature followed here is only for convention.

Table 6.1 represents the characteristic bond distances and bond angles of PbNbS,,
PbNbSe, and SnTaS, to give an insight of crystal structure of these systems.
Table 6.2 summerizes the characteristic superconducting parameters of PbNbS,,

PbNbSe; and SnTaS,, and compares them with other related isoelectronic systems.
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Table 6.1. Characteristic bond distances (A) and bond angles (deg) of PbNbSs, PbNbSe,
and SnTaSs systems. Here M = Pb/Sn, T = Nb/Ta and Ch = S/Se (see Fig. 6.1).

Parameter PbNbS» PbNbSes SnTaSo
Bond distances

T -M 4.7979(10) 5.0374(3) 4.7500(3)
T — Chl 2.5369(4) 2.8564(1) 2.2998(1)
M — Chl 2.7421(7) 2.5747(1) 3.0635(2)
Chl — Ch2 3.3334(8) 3.4344(3) 3.3006(3)
Chl — Chl” 3.3057(8) 4.1121(3) 2.5751(2)
Bond angles

Chl — T — Ch2 82.141(14) 73.908(4) 91.711(4)
Chl — T — Chl’ 81.315(18) 92.077(5) 68.091(5)
Ch2 — T — Chl’ 135.418(7) 139.381(2) 131.050(1)
T — Chl — M 130.657(9) 136.038(3) 124.045(3)
Ref. Chapter 3 Chapter 4 Chapter 5

Table 6.2. Superconducting parameters of PbNbSs, PbNbSes, SnTaSs and related
isoelectronic systems
Parameter Unit PbTaSes SnTaSs PbTaS2 PbNbSo PbNbSes SnTaSs
Sample Polycrystalline Single crystal Single crystal Polycrystalline Polycrystalline Polycrystalline
Space group P6m2 P63/mmec  P63/mmc P63 /mme P63/mmec P63/mme
T, K 3.72 3 2.6 8.8 5.75 2.8
poH:1(0) mT 7.5 5.4 8.2% 3.4%4.1° 38.4 4.5
o Hea(0) T 1.47 0.3%,0.2% 0.3%,0.5% 1.88 2.26 0.15
woHp T 6.8 5.5 4.84 16.28 10.64 5.09
£ar(0) nm 15 127*.8.5°  85.1%,12.2° 13.2 12.1 475
Aar(0) nm 248 64.4%,962.4 127.3%,889.7° 90.94 243
#(0) 17 7.645.1°  10.5%,1.5° 6.89 5.12
~(0) mJ mol ™ K2 6.9 4.45 6.07 33.08
AC/~T. 1.41 1.23 1.54
©p K 112 154.4 120 263.9
Aep 0.74 0.66 0.69 0.81
Ref. [37] [44] [45] Chapter 3 Chapter 4 Chapter 5
“:HJ/ab
b, H//c

The thesis introduces two new superconductors PbNbS, and PbNbSe; from the

family of intercalated layered transition metal dichalcogenide systems. In addition,

these systems are isoelectronic with related PbTaSe, [37,40], SnTaS,; [44] and

PbTaS, [45], which are known to have nontrivial electronic structures that offers a

promising platform to realize novel quantum states like topological superconductors

and Majorana fermions. This makes PbNbS,, PbNbSe,; and ofcourse SnTaS, strong

candidates for investigation of exotic topological properties, that may facilitate the

future study of realizing 3D topological superconductors. This work opens a new
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avenue to search for novel superconductors in related transition metal dichalcogenide

syatems via intercalation approach.
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