SINGLE CRYSTALS GROWTH AND PHYSICAL
PROPERTIES CHARACTERIZATION OF NbSe,
SUPERCONDUCTOR

Ph.D. Thesis

By

RUKSHANA PERVIN

DISCIPLINE OF METALLURGY ENGINEERING AND
MATERIALS SCIENCE (MEMYS)

INDIAN INSTITUTE OF TECHNOLOGY INDORE
MARCH-2020






SINGLE CRYSTALS GROWTH AND PHYSICAL
PROPERTIES CHARACTERIZATION OF NbSe,
SUPERCONDUCTOR

A THESIS

Submitted in Partial Fulfilment of the Requirements for the Award of the

Degree of

DOCTOR OF PHILOSOPHY

By
RUKSHANA PERVIN
Roll No. PHD1501181001

DISCIPLINE OF MATELLURGY ENGINEERING AND
MATERIAL SCIENCE (MEMYS)

INDIAN INSTITUTE OF TECHNOLOGY INDORE
MARCH-2020






“The most beautiful thing we can experience is
the mysterious. It is the source of all true art
and science”

- Albert Einstein






INDIAN INSTITUTE OF TECHNOLOGY INDORE

CANDIDATE’S DECLARATION

I hereby certify that the work which is being presented in the thesis entitled SINGLE
CRYSTALS GROWTH AND PHYSICAL PROPERTIES CHARACTERIZATION OF NbSe;
SUPERCONDUCTOR in the partial fulfilment of the requirements for the award of the degree of
DOCTOR OF PHILOSOPHY and submitted in the DISCIPLINE OF METALLURGY
ENGINEERING AND MATERIALS SCIENCE, INDIAN INSTITUTE OF TECHNOLOGY
INDORE, is an authentic record of my own work carried out during the time period from March-2015
to March-2020 under the supervision of Dr. Parasharam M. Shirage, Associate Professor, Discipline of
Metallurgy Engineering and Materials Science.

The matter presented in this thesis has not been submitted by me for the award of any other
degree of this or any other institute. Ry kalaii Rrvin
20 fo3 /zozo

Signature of the student with date
(RUKSHANA PERVIN)

This is to certify that the above statement made by the candidate is correct to the best of my
knowledge.

March 20, 2020

Signature of Thesis Supervisor#1 with date
(Dr. PARASHARAM M. SHIRAGE)

RUKSHANA PERVIN has successfully given his Ph.D. Oral Examination held on 18/09/2020.

\9’“ 1
& Bt

Signature of Chairperson (OEB) Signature of External Examiner Signature of Thesis Supervisor
Date: 18/09/2020 Date: 18/09/2020 Date: 18/09/2020
7/ .
Zz MDY
Signature of PSPC Member #1 Signature of PSPC Member #2 Signature of Convener, DPGC
Date:  18/09/2020 Date: 18/09/2020 Date: 18/09/2020

Signature of Head of Discipline
Date: 18/09/2020







ACKNOWLEDGEMENTS

First and foremost, I would like to express my profound and genuine
gratefulness to my supervisor Associate Professor Dr. Parasharam M.
Shirage, IIT Indore, for providing me the prospect to do research and
helped me with fruitful remarks and guidance during my Ph.D. study. His
enthusiasms towards work have intensely cheered me to work more actively
and fervently.

| would like to extend my sincere gratitude to my PSPC member Dr. Rupesh
S. Devan, MEMS, IITI and Dr. Santosh Hoshmani, MEMS, IITI for their
encouragement and invaluable suggestions.

During my Ph.D. years, | was fortunate enough to receive the financial
support from INSIPRE, DST, Govt. of India for providing me the fellowship
as a inspire  fellow under grant no. DST/INSPIRE
Fellowship/2015/1F150330. | also owe my genuine obligations to Discipline
of Matellurgy Engineering and Material Science, IITI for providing the
laboratory facilities and rich environment to explore new ideas. | am also
grateful to all the academic and administrative staff of IITI for providing
practical support with friendly enthusiasm and grace. | thank Nitin
Upadhyay for helping me in the technical works at SIC Indore.

I am extremely thankful to Sachin Kumar Dabaral and Dr. Rajiv Rawat,
IUC Indore for permitting me to use the characterization facilities at their
institute. 1 am also thankful to my friends and lab mates for their co-
operation and support during my Ph.D. work.

| appreciatively acknowledge Manikandan Krishnan, M. Kannan, and Prof.
S. Arumugam from Bharathidasan University for giving the magnetization
measurement data of all samples used in this research work. Their intense
supports help me to complete my research work.

My sincere thanks to Abyay Ghosh and Prof. Haranath Ghosh, Raja
Ramanna Centre for Advanced Technology, Indore for their contributions
in my research work and valuable discussions regarding the difficulty
facing during the analysis of measurement data. | also have to thank prof.

Sulabha K. Kulkarni of Indian Institute of Science Education and Research



(IISER), Pune, India for her helpful and efficient evaluation during the
upgradation from JRF to SRF.

Most importantly, | owe my heartfelt gratitude to my family; Mother,
Father, and siblings without whom none of this will be possible. My family
has been a continuous source of love, concern, care and strength during
these years.

On a very special and personal note | extend regards from the core of my
heart to Almighty God for his continuous blessing. It is his love and trust

which give me the strength to complete this beautiful journey of my life.

Date: 18/09/2020 ZRubsstiana Pervin









LIST OF PUBLICATIONS
PAPER -1

R. Pervin, M. Krishnan, A. K. Rana, M. Kannan, S. Arumugam, P. M.
Shirage, Enhancement of Superconducting Critical Current Density by Fe
Impurity Substitution in NbSe, Single Crystals and the Vortex Pinning
Mechanism, Phys. Chem. Chem. Phys. 19, 11230, 2017. (IF = 3.430)

PAPER -2

R. Pervin, M. Krishnan, A. K. Rana, S. Arumugam, P. M. Shirage, Effect
of Cr atoms in vortex dynamics of NbSe, superconductor and study of
second magnetization Peak Effect, Mater. Res. Express. 5, 076001, 2018.
(IF =1.929)

PAPER -3

R. Pervin, M. Krishnan, S. Arumugam, P. M. Shirage, Coexistence of
Superconductivity and Ferromagnetism in Defect-Induced NbSe, Single
Crystals, J. Mater. Sci. 54, 11903-11912, 2019. (IF = 3.553)

PAPER -4

R. Pervin, A. Ghosh, H. Ghosh, P. M. Shirage, Study of Transport
Properties in Se Deficit and Fe Intercalated NbSe, Single Crystals:
Experiment and Theory, J. Mater. Sci. 55, 250-262, 2020. (IF =3.553)

PAPER -5
R. Pervin, M. Krishnan, S. Arumugam, P. M. Shirage, Second

Magnetization Peak Effect and the Vortex Phase Diagram of Vg 0015NbSe;
Single Crystal, J. Magn. Magn. Mater. 507, 166817, 2020. (IF = 2.717)

PAPER -6

R. Pervin, M. Krishnan, S. Arumugam, P. M. Shirage, Disordering induced
second magnetization peak effect and the vortex pinning mechanism in
Vo.0007NbSe, single crystal, J. Supercond. Novel Magn. 33, 2679-2689,
2020. (IF = 1.244)

PAPER -7

R. Pervin, P. M. Shirage, Study of vortex dynamics in Vgg01NbSe;
superconductor, AIP Conference proceedings, 2100, 020141, 2019.



Vi



LIST OF CONFERENCE/WORKSHOP ATTENDED

. Oral presentation at “11™ International Conference on Magnetic and
Superconducting materials (MSM19)”, Seoul National University, South
Korea, 17"-24™ August 2019.

. Poster Presentation at “27th National Symposium on Cryogenics and
Superconductivity (NSCS-27)”, Indian Institute of Technology Bombay
(1ITB), Mumbai, India, 16™-18" January 2019.

. Poster presentation at “National conference on physics and chemistry of

materials”, Devi Ahilya University, Indore 27"-28" December 2018.

. GIAN workshop on “High-Pressure Synthesized Materials: A Chest of
Treasure and Hints”, at IIT Indore, 11" to 19" July 2016.

. GIAN workshop on “Chemical Sensors: Principles, Technologies and
Applications”, at IIT Indore, 1% to 9™ July 2016.

. Poster presentation at “2"® International Conference on Materials
Science and Technology (ICMST)”, St. Thomas college Palai, Kerala,
05"-08" June 2016.

. Poster presentation at “PRL conference on Condensed matter Physics-
2016 (PRLCCMP-2016)”, Physical Research Laboratory (PRL),
Ahmedabad, India 11"-13" April 2016.

. Poster presentation at “Ramanujan Conclave”, 22"-23" December, 2015
at lI'T Indore.

Vii



viii



TABLE OF CONTENTS

Acknowledgements
List of Publications
List of Conference/Workshop Attended
List of Figures
List of Tables
Nomenclature
CHAPTER 1: Introduction to Superconducting Materials
1.1. Background and motivation
1.1.1. Overview of superconducting materials
1.1.2. Niobium Diselenide (NbSe,): The material of interest
1.2. Application of niobium diselenide
1.3. Scope and goal of thesis
1.3.1. Thesis objectives
1.3.2. Thesis outline

References

CHAPTER 2: Essential Models of Superconductivity

2.1. Phenomena of superconductivity: its discovery and evolution

2.2. Theory of Superconductivity
2.2.1. Properties of zero resistance
2.2.2. The Meissner Effect
2.2.3. London Theory
2.2.4. Non-local response and Pippard coherence length
2.2.5. Ginzburg-Landau (GL) theory of superconductivity
2.2.6. BCS theory
2.2.7. Type 1 and Type Il superconductors
2.2.8. Vortex Matter
2.2.9. Critical current in Type Il superconductor
2.2.9.1. Bean’s Critical State Model
2.2.9.2. Peak effect
2.2.9.3 Second Magnetization Peak (SMP) effect

vii
XV
XXV

XXviii

17
18
18
19
21

32
34
34
35
37
39
40
42
44
45
46
47
49
49



Table of Contents

2.2.10. The effect of pinning
2.2.10.1. Pinning mechanisms in type Il superconductors
2.2.10.1.1. Superconducting nature of the pinning centres
2.2.10.1.2. Size dependent pinning mechanisms
2.2.10.1.3. Structural pinning (Interaction between the vortices
and the pinning centres)
2.2.10.2. Larkin-Ovchinnikov Theory of Collective Pinning
References
CHAPTER 3: Experimental Techniques
3.1. Sample growth technique
3.1.1. Different Kinds of Crystal Growth Techniques
3.1.1.1. Melt Growth
3.1.1.2. Vapour Growth
3.1.1.3. Solution growth
3.1.2. Chemical Vapour Transport (CVT) method
3.1.3. Synthesis Procedure (IVT method)

3.2. Analytical characterization tools
3.2.1. X-Ray Diffraction

3.2.2. Scanning electron microscopy and energy dispersive X-ray
spectroscopy

3.2.3. Transition electron microscopy
3.2.4. X-ray photoelectron spectroscopy

3.2.5. Physical Properties Measurement System (PPMS) - Vibrating
Sample Magnetometer (VSM)

3.2.5.1. Outline of VSM module
3.2.5.2. Principle of VSM and measurement procedure
3.2.6. Resistivity/Magnetoresistance Set-up
References
CHAPTER 4: Effect of Fe Doping on Niobium
Diselenide (NbSe;) Single Crystals
4.1. Materials and Method
4.2. Results and discussion
4.2.1. Structural properties
4.2.2. Superconducting properties

50
50
50
o1

52
53
55

62
62
63
64
64
66
68

68
68

70
73
76

78
79
80
82
86

92
92
92
95



Table of Contents

4.2.2.1. Temperature dependent magnetization studies 95
4.2.2.2. Upper limit of superconductivity 96
4.2.2.3. Hysteresis loop (M vs. H curve) analysis 98

4.2.2.4. Magnetic field dependence of irreversible field (Hj,) study 99
4.2.2.5. Magnetic field dependence of critical current density study 100

4.2.2.6. Study of pinning mechanism 103
4.2.2.6.1. Interaction between the vortices and pinning centres 103
4.2.2.6.2. Size dependent pinning mechanism 105

4.3. Summary 106
References 108

CHAPTER 5: Study of Vortex Dynamics of NbSe, Single

Crystals in Presence of Cr Atoms

5.1. Materials and Method 118
5.2. Results and discussion 119
5.2.1. Structural properties 119
5.2.1.1. X-Ray diffraction 119
5.2.1.2. X-Ray photoelectron spectroscopy (XPS), HRTEM
and SAED analysis 121
5.2.2. Superconducting properties 122
5.2.2.1. Temperature dependent magnetization studies 122
5.2.2.2. Upper limit of superconductivity 124
5.2.2.3. Hysteresis loop (M vs. H curve) analysis 125

5.2.2.4. Magnetic field dependence of critical current density study 126

5.2.2.5. Estimation of dynamical relaxation rate (Q) and intrinsic

activation energy (Uc) 128

5.2.2.6. Study of pinning mechanism 130
5.2.2.6.1. Type of interaction between the vortices and pinning

centres 130

5.2.2.6.2. Size dependent pinning mechanism 132

5.3. Summary 134

References 136

CHAPTER 6: Study of Structural, Electronic, Transport and
Magnetic Properties in Defect Induced NbSe,
6.1. Materials and Method 146

Xi



Table of Contents

6.2. Results and discussion
6.2.1. Structural properties
6.2.1.1. X-ray diffraction
6.2.1.2. FESEM and EDS analysis
6.2.2. Electronic properties by theoretical calculation
6.2.2.1. Band structure calculation
6.2.2.2. DOS analysis
6.2.2.3. Spin polarization calculation
6.2.2.4. The contour plots of charge density
6.2.3. Transport properties
6.2.3.1. Temperature dependent resistivity analysis
6.2.3.2. Magnetoresistance study
6.2.3.3. Temperature dependence of resistance in TAFF region
6.2.3.4. Magnetic field dependence of TAE
6.2.4. Magnetic properties
6.2.4.1. Temperature dependent magnetization analysis
6.2.4.2. Upper limit of superconductivity
6.2.4.3. Hysteresis loop (M vs H) analysis
6.2.4.4. Pure Superconducting (Meissner) state
6.3. Summary
References
CHAPTER 7: Effect of V Doping on NbSe; Single Crystal
and Study of VVortex Phase Diagram
7.1. Materials and method
7.2. Results and discussion
7.2.1. Structural properties
7.2.1.1 X-ray diffraction
7.2.1.2 FESEM and EDS analysis
7.2.2. Superconducting properties
7.2.2.1. Temperature dependent magnetization studies
7.2.2.2. Upper limit of superconductivity
7.2.2.3. Hysteresis loop (M vs. H curve) analysis

146
146
146
148
150
151
152
154
154
155
155
157
159
162
165
165
168
170
172
173
175

187
188
188
188
189
191
191
193
194

7.2.2.4. Magnetic field dependence of critical current density study 195

Xii



Table of Contents

7.2.2.5. Study of pinning mechanism 198
7.2.2.5.1. Size dependent pinning mechanism 198
7.2.3. Magnetoresistance study 201
7.2.3.1. Glassy transition 202
7.2.3.2. Temperature dependence of resistance in TAFF region 203
7.2.3.3. Magnetic field dependence of TAE 204
7.2.3.4. Vortex phase diagram of V go15NbSe; 206
7.3. Summary 208
References 209

CHAPTER 8: Conclusion and Scope of Future Work
8.1. Thesis summary 216
8.2. Outlook and future prospects 220

Xiii



Table of Contents

Xiv



CHAPTER -1

Figure No.
1.1

CHAPTER -2

Figure No.
2.1

2.2

2.3

24

2.5

2.6

2.7

LIST OF FIGURES

Figure Caption

(@) 1120 section diagram of 2Ha-NbSe, and
2Hb-NbSe, and two possible models for 4Hd-
NbSe,. Transition-metal atom and selenium atom
are represented by small red circles and big black
circles, respectively; (b) 3D structure of 2H-
NbSe,. The unit cell is defined with the ¢ axis
perpendicular to the layers, and the a and b axes
along the minimal chalcogen -chalcogen
distance.

Figure Caption

Plot of resistance versus temperature of normal
metal and superconductor.

The difference between perfect conductors and
superconductors; (a) Perfect conductors when
cooled below T, and then applied magnetic field,
flux does not pass through conductor but when
first applied field and then temperature is
decreased, flux passes through the conductor; (b)
Superconductor expels magnetic flux below T,
whether a field was applied or not.

The decay of the magnetic induction B into a
superconductor over the scale of the penetration
depth, A., at a normal/superconductor (N/S)
interface.

Sketch of the interface between coexisting
normal and superconducting domains.

Illustration of the mechanism of the Cooper pair
formation as a result of lattice polarization.

Abrikosov vortex lattice imaged on NbSe,, a
typical type Il superconductor at an applied
magnetic field of 2 T.

Internal flux-density profiles in a slab subjected
to (a) increasing and (b) decreasing external
field. Hs is the maximum applied field that can
be screened at the midplane. The occurrence of
cancelling flux densities in (b) Hex = (1/2) Hs.

XV

Page No.
14

Page No.
35

36

39

42

43

45

48



List of figures

CHAPTER -3

Figure No.
3.1
3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

CHAPTER -4

Figure
No.

Figure Caption
Classification of Single crystal growth techniques.

Scheme of CVT experiments for crystallization of
solids in a temperature gradient.

The schematic diagram for synthesis of single
crystal through chemical vapour technique. (a)
Shows ampoule in which precursors are kept; (b)
two zone furnace in which ampoule is placed at
high temperature.

The diffraction process in direct lattice space.
Parallel rays are incident on the atomic planes and
are scattered as shown.

Schematic diagram of X-ray diffractometer
showing different components of an XRD. The
dotted circles represent the goniometer where the
sample is placed in the center. A divergent source
of x-rays is focused on the flat plate sample which
then diffracted and collected by the detector. The
diffraction pattern is recorded by rotating both the
source and the detector at an angle (0).

The schematic diagram of (a) SEM, and (b) its
working principle.

Schematic representation of (a) TEM, and (b) its
working principle.

Schematic of the x-ray photoelectron spectroscopy
showing its basic components.

Photograph of a PPMS-VSM setup available at the
CHPR, Bharathidasan University, Tiruchirappalli.

Photograph of a VSM and detection coil (M/s
Quantum Design, USA).

The schematic diagram of Vibrating Sample
Magnetometer (VSM).

Block diagram of Resistivity/Magnetoresistance
set up.

Figure Caption

XVi

Page No.
63
65

67

69

70

71

76

79

81

81

85

Page No.



4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

List of figures

XRD pattern of NbSeg, Feo_ooongsez, Feo_ooanSez
single crystals and inset shows the typical photograph
of NbSe; single crystal.

Shows the temperature dependence of magnetization
measurements of pure NbSe;, single crystal at (a-1)
0.005 T (a-2) 0.05 T(a-3) 0.2 T (a-4) 1 T magnetic
field; Feooo0sNbSe, single crystal at (b-1) 0.005 T
(b-2) 0.05 T (b-3) 0.2 T (b-4) 1 T magnetic field;
and Feg.0011NbSe; single crystal at (c-1) 0.005 T (c-
2) 0.05T (c-3) 0.2 T and (c-4) 0.1 T magnetic field.
The dependence of the upper critical field (H.,) on
temperature and the corresponding fit of the sample
NbSEz, FEo_ooongsez and FEo,ooansez using
Ginzburg-Landau phenomenological equation.
Displays the Isotherm magnetization (M - H) curves
of (a) pure NbSe,at2 K, 25 K, 3 K, 35K, 4K, 5K;
(b) FeoooosNbSezat 2 K, 25 K, 3K, 35K, 4 K, 5K
(C) FEQ,OOlleSEQ at2 K, 25K, 3K,35K, 4K, and
4.5 K temperatures.

Temperature dependence of the irreversible field
Hirr(T) for NbSez, FEQ_ooongSEZ and Feo_ooanSez
single crystal with the solid lines represent the fitted

results using H;.(T) = H;-(0)[1 — (T/TC)Z]% .
Displays the critical current density at 2 K, 2.5 K, 3
K, 3.5 K, 4 Kand 5 K temperature of the sample (a)
pure NbSez (b) Feo,ooongSEZ and (C) FEo,oollesez
estimated from the (M-H) curves. Field dependence
of J; curve at 2 K using the collective pinning model
is shown in the inset of figure (a), (b) and (c). The
red fitted line represents the exponential decay of the
Jc at the small bundle region and the green lines (not
clearly visible due to overlapping) indicate the
power law dependence of J. on magnetic field at the
large bundle pinning region, (d) critical current
density plot at 2 K temperature of NbSe,
Feo.000sNbSe, and Feg go11NbSe; single crystal.
Shows the J; plot of (a) pure NbSe, (b) Feo.000sNbSe;
(c) Feopo011NbSe; in the log-log scale. The inset
shows collective pinning model fitting at log-log
scale at temperature of 2 K.

Double -logarithmic plots of
—logiolJc(H)/Jc(H = 0)] vs. the applied field (H)
of (a) NbSeg (b) Feo,ooongsez (C) Feo,ooj_lesez. The

XVii

94

95

97

99

99

101

102

103



List of figures

4.9

4.10

inset represents the Hy, and Hy, values calculated at
temperature of 2 K.

Demonstrates the temperature dependence of the
Hg, and Hy, for (a) NbSe, (b) Feooo0sNbSe; (c)
Feo.0011NbSe, fitted with the &1 and 8T, pinning
mechanism, respectively.

Shows the field dependence of the reduced pinning
force for the sample (a) NbSe, (b) Feg.o00sNbSe; (C)
Feo.0011NbSe; at temperatures 2 K, 2.5 K, 3 K, 3.5 K,
4K respectively. The inset plot shows the fitted
results using the scaling law f = AhP(1 — h)9 +
Bh"(1 — h)®at temperature of 2 K.

CHAPTER -5

Figure
No.

5.1

5.2

5.3

5.4

5.5

5.6

Figure Caption

XRD pattern of NbSe; and CryNbSe; (with x = 0.0005,
0.0009 and 0.0012) single crystals.

Displays the X-ray photoemission spectroscopy (XPS)
spectra of the (a) Nb 3d (b) Se 3d and (c) Cr 2p peaks
from Crpoo2NbSe, single crystal. Figure (d)
Represents HRTEM image of Crpgo12NbSe;. Inset:
SAED pattern of the single crystalline Crgo12NbSe;.
Display the temperature dependence magnetization
measurement of Cr,NbSe, (x = 0.0005, 0.0009, and
0.0012) single crystal at different magnetic fields
(vertical black arrows (1) indicate the superconducting
transition temperature (Ty)).

Represents the temperature dependence of H (T)
values of CryNbSe, (x = 0.0005, 0.0009, and 0.0012)
single crystal and fitted with the Ginzburg-Landau
anisotropic single band equation, He, (T) = Hc2 (0) [1-
(TITe).

Displays the magnetic field depended magnetization
p|0t of (a) CTo,ooo5NbS€2 (b) Cfo,ooongSEz (C)
Cro0012NbSe; at different temperatures with magnetic
field applied parallel to the a-b plane.

Represents the J. value as a function of magnetic field
at different temperatures for (a) CroooosNbSe;, (C)
Cro_ooongSE‘Q, and (E) Cro_o()lszsez. The inset
includes the fitted curves using exponential decay

XViii

104

106

Page No.

120

121

123

124

126

127



5.7

5.8

5.9

List of figures

model (black line) in the Sg region and power law
model (green line) in the Lg region at 2 K. Inset of (e)
indicates the Hs, value at which the SMP occurs.
Figure (b), (d), and (f) represented the different
anomalous region of vortex dynamics in log-log scale
at 2 K.

Shows the magnetic hysteresis loop curve of
Croooi2NbSe, at different sweeping rate, (b)
Represents the magnetic field dependence behaviour
of the dynamical relaxation rate (Q) and apparent
activation energy (U*=Uc/Kg). Hmin represents the
minimum value of dynamical relaxation rate Q and He,
denotes the crossover field of elastic to plastic creep
dominated region. Vertical dash lines separate the Sv,
Sg, and Lg regions.

Represents the temperature dependence behaviour of
Hsp values for (a) Cfo_ooo5NbS€2, (b) Cro_ooongsez,
and (c) Cro012NbSe,. The black solid line and green
solid line are the fitted curves, which follow 6/ and
oT. pinning mechanism, respectively.

(a) Represents the f, (= Fo/Fymax) as a function of
reduced magnetic field (h) of CrgoosNbSe,. at 2 K,
25 K, 3K, 35K, 4 Kand 5 K temperatures. (b) the
scaling behaviour of f, (= Fy/Fy may) at 2 K
temperature of Crgo00sNbSe; single crystal. The sharp
zero field peak is encircled as Bean-Livingstone
surface barrier peak. The blue solid line is the fitted
curve at low magnetic field region considering the
contribution from both the surface pinning and point
pinning. The red dotted line represents the
contribution from core ¢/ pinning at intermediate and
higher magnetic field region. (c) the f, vs. h curve of
Crooo0oNbSe; at 2 K, 25 K, 3 K, 35K, 4 Kand 5 K
temperatures, and (d) the f, vs. h curve of
Cl’o,o()lszseZ at 2 K, 25 K, 3 K, 35 K and 4 K
temperatures.

CHAPTER -6

Figure
No.

Figure Caption

XiX

129

131

133

Page No.



List of figures

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

Represents the XRD patterns of NbSe;,, NbSe; g5 and
Feo.001sNbSe; single crystals.

EDS analysis of (a) NbSe;, (b) NbSeigs and (c)
Feo.001sNbSe; single crystals.

() FESEM morphology of pristine NbSe, and the
corresponding EDS colour mapping images of (b)
all elements, (c) Nb and (d) Se.
FESEM morphology of NbSe;gs and the
corresponding EDS colour mapping images of (b)
all elements, (c) Nb and (d) Se.
(@) FESEM morphology of Feggo1sNbSe, and the
corresponding EDS colour mapping images of (b)
all elements, (c) Nb and (d) Se.

Crystal Structure of 2x2x1 supercells of NbSe,: (a)
without doping, (b) with Se vacancy, (c) with
intercalation doping of Fe.

Electronic Band structures of (a) NbSe,, (b) NbSe;
with Se vacancy, and (c) NbSe, with Fe I-doping
along the major high symmetric directions.

(@) Full density of states (DOS), partial density of
states (pDOS) of Nb, pDOS of Se in case of
undoped NbSe, with 2x2x1 supercell.(b) Full DOS,
pDOS of Nb, pDOS of Se in case of Se vacancy
with 2x2x1 supercell. (c) Full DOS, pDOS of Nb,
pDOS of Se, pDOS of Fe in case of Fe intercalation
doping with 2x2x1 supercell. (d) Full DOS, pDOS
of Nb, pDOS of Se in case of Se vacancy with
2x2x2 supercell. Full DOS, pDOS of Nb, pDOS of
Se, pDOS of Fe in case of Fe intercalation doping
with 2x2x2 supercell for Fe intercalation position —
(e) middle (f) down (g) up. The Fermi level is
indicated by the dashed vertical line at zero energy.
The change in partial DOS of Nb and the total DOS
per atom with Fe intercalation in different supercells
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6.11 Shows the temperature dependent resistance of (a) 158
NbSe, (b) NbSeigs and (c) FeoooisNbSe, single
crystal at different applied magnetic fields along ab -
plane of crystal surface.
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temperatures. The red solid lines correspond to the
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interacting pinning region, large bundle pinning
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CHAPTER 1

Introduction to Superconducting
Materials

In this chapter, a brief description of the current research on

different superconducting materials is demonstrated. It includes the
discoveries from low transition temperature superconductors to
high transition temperature superconductors, their properties and
the applications associated with them. Also, the previous and the
ongoing researches on Niobium Diselenide (NbSe;) superconductor
are highlighted. In this section all the significant characteristics of
NbSe, single crystals have been discussed elaborately extracting
from different physical properties measurements. Finally, this thesis
covers a precise overview of the diverse applications of NbSe, and

the  objectives and outline of the thesis  work.
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1.1. Background and Motivation

1.1.1. Overview of Superconducting Materials

Succeeding the discovery of superconductivity in mercury at 4 K by Prof.
Kamerlingh Onnes in 1911, various new superconducting materials have
been explored, which led to an incredible growth of higher transition
temperature (T;) superconductors over the decades. This triumph makes a
plateau at 23 K with the discovery of superconductivity in Nb3Ge by
Gavaler [1]. After 13 more years, the search of high T, superconductors (i.e.
~ 35 K) were accelerated in 1986 after discovering “LBCO” (a mixed oxide
of lanthanum, barium, and copper) by Bednorz and Muller [2], for which
they were awarded the Nobel prize in 1987. Later, in this structure “La” is
replaced by another rare earth element “Y” and reported T. at 90 K in the
“123” class of materials by several groups of United States, Japan, and
China [3]. Shortly thereafter, still higher T, values were found [4] in the
“BSCCO” system (mixed oxides of bismuth, strontium, calcium, and
copper) and the “TBCCO” [5] system (mixed oxides of thallium, barium,
calcium, and copper). The discovery of high T, superconductor enlightened
the way to applications which involves only liquid N cooling (77K), rather
than liquid helium. Till now, there is no final agreement of the mechanism
causing the high T, in these materials. However, the most important
difference in physical properties between a high T and conventional BCS
type superconductors is the presence of extreme anisotropy which is caused
by its layered structure, and from the extremely short coherence length. The
layered structured materials show highly anisotropic magnetic behaviour,
and in extreme case the two-dimensional behaviour that are resulted from
the decoupled superconducting film planes. From this starting point of
view, we will focus on the superconducting properties of the anisotropic,
layered low T, superconductors, which are easy to investigate due to
moderate upper critical field (Hc) and high critical current density (J¢). We
will observe that the practical applicability of the superconducting materials
can be improved significantly through controlling different competitive
forces (Pinning force density, Lorentz force, etc.) acting on flux-line-lattice

(FLL), which determines the T, J. and H. parameters of superconductors.
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Among the various type of superconducting materials, quasi two-
dimensional transition metal dichalcogenides (TMDCs) superconductors
(i.e. 2H-NDbSe,, 2H-NbS;, TaS, and so on) emerge as an essential class of
materials which shows highly anisotropic nature associated with their
layered structures. These materials are characterized by strong bonding
within layers and weak (Van der Walls) interaction between the layers and
thus exhibit structural anisotropy. From many decades the scientists are
endeavouring to understand the vortex dynamics of FLL through rigorous
experiments and theoretical approaches. TMDCs are acknowledged to
cover different complex vortex phases (i.e., vortex liquid state, Brag glass
state, Vortex glass state, Vortex solid state) [6], instead of the simple
Abrikosov [7] vortex lattice of type-ll superconductors. Besides, these
materials are studied extensively for understanding of fundamental physics
among two dimensional materials and showing promising properties in
electrical [8], mechanical [9] and optical devices [10]. Rapid and advanced
developments have been made in the measurement process of transport and
magnetic properties, which make possible to study the details of the
transitions between different superconducting phases and anisotropy
associated with diverse physical properties.

TMDC materials display a wide range of electronic properties.
Depending on these diverse properties, they can be semiconductors (MoSe;,
MoS,, WS;, etc.), semimetals (MoTe,, PtTe,, etc.), metals (NbSe,, etc.),
superconductors (NbSe,, NbS,) and topological insulators (Sb,Ses, Bi,Tes).
These materials have been enticing intense research efforts for possible
applications in electronic and optoelectronic devices, such as field-effect
transistors (FETs) [11 - 14], gas sensors [15-18], photodetectors [19-25],
and solar cells [26-28]. Layered TMDCs divulge a rich and diverse source
of two dimensional (2D) materials. The importance of these 2D materials is
associated with their unusual electronic properties and high specific surface
areas, which make them useful for applications ranging from electronics to
energy storage [29]. More specifically, TMDC superconductors are widely
investigated due to their layered structure, interplay between charge density
wave (CDW) (commensurate, incommensurate) and superconductivity.

They can be extracted from their bulk crystals and can be treated as 2D

3
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superconductors [30, 31]. The structural and physical properties of these
superconductors can be enriched by low doping levels [32-34]. Thus,

TMDC superconductors take important positions in the materials chemistry.

1.1.2. Niobium Diselenide (NbSe;): The Material of Interest

Literature _Survey: Research on NbSe, is going on for many decades

following to a tremendous achievement. NbSe; has rich literature as it is
one of the most studied TMDCs that exhibits metallic behaviour at room
temperature but undergoes to charge density wave phase at 33 K and
superconductivity at 7.2 K [35]. Frindt et al. [36] first reported on the few
molecular layers of 2H-NbSe, flakes exfoliating mechanically onto various
substrates. He observed a decrease in T, value with decreasing flake
thickness in samples estimated to be less than six molecular layers thick.
The ongoing researches of NbSe, superconductor can be categorized into
several groups depending on its diverse characteristics. The foremost
characteristic is the construction of novel phase diagram of NbSe; based on
transition between different vortex phases and anomalous J. characteristics
through transport, ac/dc magnetic measurement and susceptibility study.
These studies help improvement of fundamental properties of
superconducting materials and open the possibility of discovering the room
temperature superconductor. The outcomes of these studies are various
novel vortex states like vortex solid state (vortex Bragg glass phase, vortex
Bose glass phase), vortex glass phase, and vortex liquid phase (pinned
vortex liquid state, unpinned vortex liquid state). On the other hand, the
prominent anomalous J. characteristics have been recognized as peak effect
phenomena, fishtail effect (Second magnetization peak effect (SMP effect))
phenomena. Banerjee et al. [37] reported a generic phase diagram of NbSe,
which is weakly pinned comprising six phases i.e., Bragg glass, plastically
deformed vortex glass phase, pinned amorphous phase, unpinned
amorphous phase, a low density re-entrant glass phase and a Meissner
phase. The boundary separating the re-entrant glass and the Bragg glass
phases is referred as a prominent crossover phenomenon. Ravikumar et al.
[38] reported the peak effect phenomena in weakly pinned NbSe, by
metastable vortex states which is characterized by different J.
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characteristics largely influenced by the past thermomagnetic history of the
superconductor. They suggested the peak effect phenomena as the
occurrence of a first order phase transition from an ordered phase to a
disordered vortex phase. Tomy et al. [39] constructed a generic vortex
phase diagram of NbSe, based on the ac and dc magnetization
measurements of the peak effect phenomena characterizing the phase
boundaries of the possible order-disorder transformations in the vortex
matter. However, the metastability and hysteretic vortex pinning near the
order-disorder transition in NbSe, were discussed by Bermudez et al. [40]
that proposes a scenario governed by the interplay between the plastic and
elastic energy barriers. Banerjee et al. [41] demonstrated the peak effect,
plateau effect, and the fishtail effect anomaly in 2H-NbSe, through the
magnetic field dependence of J. characteristics in high-temperature and the
low magnetic field region of the (H, T) space. Their experimental results
exhibited different pinning regimes like individual pinning region (at low
magnetic field), collective pinned quasiordered solid (at intermediate field)
and the amorphous state (around the re-entrant peak-effect
boundary). Further, Banerjee et al. [42] reported a generic phase diagram
for vortex matter via a study of peak effect phenomenon in 2H-NbSes.
Their experimental details successfully enlighten on the influence of
disorder on the peak effect, the revolution of a topologically ordered FLL to
a plastically deformed FLL at the onset of the peak effect, and the presence
of robust metastability and history dependence of the magnetic response.
On the other hand, Okamoto et al. [43] showed the experimental evidence
of the pronounced Bragg glass density wave phase in NbSe; via scanning
tunneling microscopy experiments. They indicated the charge density wave
(CDW) is associated with locally strong pinning by non-negligible defects
in “Bragg glass” phase having dislocations and antidislocations in bound
pairs. Moreover, the glassy dynamics in a heavy ion irradiated
NbSe; crystal was investigated by Eley et al. [44] with the application of
columnar defects tilted ~ 30° from the c-axis. They discussed the possibility
of competing disorder that introduces a field-orientation-driven transition
from a Bose-glass to an anisotropic glass relating to both point and
columnar disorder. Contrarily, Ganguli et al. [45] reported the disordering

5
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of the vortex lattice through successive destruction of positional and
orientational order in the weakly pinned Cog07sNbSe; single crystal using
scanning tunnelling spectroscopy across the peak effect. At the onset of the
peak effect, the equilibrium quasi-long range ordered state transforms into
an orientational glass through the proliferation of dislocations.

Secondly, NbSe, is vastly investigated based on the debate of single
band superconducting nature and the multi band superconducting nature.
BCS (Bardeen, Cooper, and Schrieffer) theory predicts electron-electron
pairing to be a direct result of electron-phonon interactions and evaluates
the pairing strength as a function of momentum to be constant. This results
the isotropic s-wave gap in conventional superconductors. This isn’t the
situation for high-temperature superconductors, where a highly anisotropic
gap has been confirmed and unconventional pairing mechanisms other than
electron-phonon interaction are actively considered. On the other hand,
even for phonon-mediated s-wave superconductors, the presence of several
Fermi surface (FS) sheets having different electron-phonon coupling
constants and differing density of states (DOS) at the Fermi level (Ef) can
contribute a momentum dependent superconducting gap in real materials.
Several experiments confirmed the two bands or multiband
superconductivity of NbSe; but generally an alternative explanation of the
results regarding an anisotropic s-wave single band scenario could not be
excluded. Due to the current discovery of the various novel
superconductors, different novel concepts of the superconductivity have
been well established, like d-wave pairing in cuprates [46] and two gap
superconductivity in MgB; [47, 48]. Since then, interest has been gained
considerately in the superconducting order parameter of NbSe; [49]. Recent
studies of the superconducting order parameter in NbSe, largely approve
that more than one energy scale is involved [50-52]. Zehetmayer et al. [53]
represented the evidence of two-band scenario in NbSe; through reversible
magnetization measurement. The field dependence of the reversible
magnetization (M (B)) has been analysed based on Ginzburg Landau (GL)
theory, stating that the M (B) cannot be satisfactorily delineated by the
anisotropic single-band scenario but by multiband superconductivity
associated with one anisotropic band and one almost isotropic band.

6
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Yokoya et al. [54] investigated on the superconducting energy gap and the
spectral function near superconducting transition in NbSe, resulting Fermi
surface sheet dependent superconductivity in the background of low
transition temperature multiband system via high-resolution angle-resolved
photo emission spectroscopy. They designated both the Se 4p and Nb 4d
derived sheets as the dominating sheets. Boaknin et al. [55] explored the
heat transport study throughout the vortex state down to T./100 to provide
strong evidence for multiband superconductivity in NbSe,. They showed
one localized states at fields very near Hc, and one delocalized quasiparticle
excitations participating in the multiband superconductivity with distinct
small and large superconducting gaps on different sheets of the Fermi
surface. The gap on the pocket like 7"band is nearly 3 times lesser than the
gap on the other two Fermi surfaces. Rodrigo et al. [56] also gives evidence
of the presence of multiband superconductivity in NbSe, by using scanning
tunneling microscopy/spectroscopy experiments indicating the distribution
of gap values between 0.7 and 1.4 meV. Fletcher et al. [57] reported
temperature dependence of both in-plane and out-of-plane penetration
depths with a radio-frequency tunnel diode oscillation circuit supporting
anisotropic superconductivity of this compound. Again, Huang et al. [58]
gave the experimental evidence of the two-gap structure of NbSe, through
specific heat study in external magnetic fields. They suggested two-gap
scenario is more favourable than the anisotropic s-wave model to describe
the gap structure of NbSe,. They represented two-gap scenario with large
gap (= 1.26 meV) and small gap (= 0.73 eV) in the two-gap model. The
small gap is more isotropic and has a 3D-like feature and is located either
on the Se-derived Fermi surface or on the bonding Nb Fermi sheets.
However, the low field spin relaxation of ®Li show the wide distribution of
the superconducting gaps in NbSe,;, which supports the multiband
superconductivity [59].

The other most fascinating and ongoing study on NbSe; is the
coexistence of CDW and superconductivity and the correlation between
them. The CDW transition in layered TMDCs has been studied extensively

in the several years. Neutron diffraction studies on 2H-NbSe, show a
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transition from a normal lattice to an incommensurate CDW phase around
30 K. On the other hand, 2H-NbSe, is a highly anisotropic type-II
superconductor below T, of 7.2 K. Therefore, superconductivity and the
CDW ordered state coexist in 2H-NbSe, below 7.2 K. Sooryakumar et al.
[60] demonstrated the superconducting energy gap in 2H-NbSe, and its
coupling to charge density waves through Raman spectrum analysis. Straub
et al. [61] studied the layered CDW material NbSe, by angle-resolved
photoelectron spectroscopy. They represented the first experimental
mapping of the Fermi surface (FS) portions that involved in the CDW
transition suggesting that the CDW instability in this material is driven by
FS nesting and not by saddle point singularities. Arguello et al. [62]
reported the direct observation of the charge density wave (CDW) phase
transition in real space in pristine NbSe, using atomic resolution scanning
tunneling microscopy (STM). Spectroscopic imaging measurements of the
real space phase show that an energy gap in NbSe; occurs at 0.7 eV below
the Fermi energy in the CDW phase, indicating that strong electron-lattice
interactions and not Fermi surface physics is the dominant source for CDW
formation in NbSe,. In contradiction, Borisenko et al. [63] supported
nesting mechanism behind the CDW formation and showed that CDW and
superconductivity are two competing phenomena. It anticipates the
superconducting gap by eliminating the nested portions of the Fermi surface
in contributing to superconductivity. Recently, Gye et al. [64] discovered
that the CDW of 2H-NbSe; is comprised of two different, energetically
competing structures. The lateral Heterostructures of two CDWs are
entangled as topological excitations, which generate a CDW phase shift and
the incommensuration without a conventional domain wall. However, Lian
et al. [65] reported nicely the interplay of charge density wave and
superconductivity in NbSe, with varying thickness. They showed that as the
layer thickness decreases (from bulk to monolayer), the CDW order is
gradually enhanced with rising energy gain and strengthened Fermi surface
gapping, while superconductivity is weakened due to the increasingly
reduced Fermi level density of states in the CDW state. Their results well
explained the observed opposite thickness dependencies of CDW and

superconducting transition temperatures and uncovered the nature of
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competitive interaction between the two collective orders. Xi et al. [66]
described the many-body collective order phase diagram of NbSe, down to
a thickness of one monolayer. They showed superconducting transition
temperature decreases on lowering the layer thickness, but charge-density-
wave transition temperature increases from 33 K (in the bulk) to 145 K (in
the monolayer). Such strange enhancement of charge density waves can be
implicated to be a result of considerably enriched electron-phonon
interactions in two-dimensional structure and is assumed due to the large
blueshift of the collective amplitude vibration. Rossnagel et al. [67] nicely
visualized the Fermi surface of NbSe, to find its implications on the charge-
density-wave mechanism. They reported the detailed experimental and
theoretical investigation of the Fermi-surface topology of NbSe, around the
second-order phase transition into incommensurate charge-density-wave
phase at 33.5 K. High-resolution angle-resolved photoemission with
synchrotron radiation yielded two Nb 4d-related Fermi-surface cylinders
with a Se 4p,-derived pocket around the centre of the Brillouin zone, which
opposed the results of Straub et al. [61] claiming that the driving
mechanism for the charge-density-wave transition associated with Fermi-
surface nesting. Following to their works, Johannes et al. [68] investigated
actual relation of the Fermi-surface nesting with the charge-density wave
in NbSe, through density functional calculations. They estimated the real
part of the noninteracting susceptibility, which represents the magnitude of
CDW instability and the imaginary part, which expresses Fermi surface
(FS) nesting. They showed that FS nesting isn’t responsible for CDW
instability in NbSe, and briefly addressed the contribution of electron-
electron interactions in the total susceptibility of NbSe,. Méasson et al. [69]
reported on the experimental evidence for the observation of the
superconducting (SC) amplitude mode i.e. the pronounced ‘‘Higgs” mode
using Raman scattering. They demonstrated that the SC mode in NbSe,
cannot be a simple Cooper pair breaking peak but is associated with the
coupling to the CDW amplitude mode.

The last most extensive effort has been done to obtain modification
of the above said properties of NbSe; by applied pressure [70, 71], doping,
irradiation and layer thickness [72]. Hydrostatic pressure increases T, and
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the effective dimensionality of the electronic structure of NbSe, followed by
degradation in T, Vvalue [73]. Again, there are many focussed
investigations going on towards the correlation of superconductivity and
CDW in the presence of defects. Mutka et al. [74] showed that less than 1%
of irradiation-induced lattice defects in the form of displaced metal atoms
have significant contributions on the competition of CDW and
superconductivity in NbSe,. He elucidated on the fact that superconducting
transition temperature can be enhanced by destroying the long range
coherence of the CDW phase. Moreover, the nature of relationship between
the interlayer distance and T, of NbSe, upon intercalation is also a matter of
fundamental interest in understanding the superconductivity of anisotropic,
layered compounds. Theoretical investigations on the effect of intercalation
on the T, of NbSe, predict that the donor-type intercalant suppresses the T,
value, whereas, the accepter-type intercalant raises the T, until there is no
lattice instabilities [75]. Yan et al. investigated nicely the trend of
degradation of T with S substitution and Cu intercalation or by both Cu and
S substitution in NbSe, [76]. It is also to be noted that Cu intercalation in
NbSe, resulted an unusual S shaped suppression of superconductivity [77].
Fan et al. [78] reported the variation in structural and superconducting
properties in Rb intercalated NbSe, demonstrating a surprising L shaped
quick suppression of superconductivity. Their results bring the fact that
larger ionic radius, higher valence, and magnetic moment bring a faster
suppression of superconductivity in NbSe,. Naik et al. [79] reported
influence of Sn intercalation on superconducting properties of NbSe,
through structural, spectroscopic, magnetic and transport studies. Both T,
and He, (0) have been suppressed with Sn intercalation. They suggested that
there is no correlation between the superconductivity and the CDW
transition in the layered structure of NbSe,. Prodan et al. [80] investigated
the surface superstructures in niobium diselenide intercalated by Cu, Co and
Fe, which shows that different intercalate fill selectively the available
interstitial sites forming composition dependent superstructures with
different stacking of the host crystals. lavarone et al. [81] used low
temperature scanning tunneling microscopy and spectroscopy to study the
effect of Co and Mn atomic impurities on the superconducting state of
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NbSe,. On the other hand, the effect of Te doping on the superconductivity
and charge-density wave in NbSe, by Wang et al. [82] revealing that both
the RRR value and T. decrease monotonically with increasing Te content
and the disorder induced by impurity Te is remarkable. Mohammed Kars et
al. [83] also did the research on the structures of two intercalation
compounds GepoNbSe, and Gep3NbSe, using single crystal X-ray
diffraction, high resolution electron microscopy and X-ray microanalysis,
shedding light on some different superstructures and diffracted diffuse
intensity.

Compiling all the pioneering research works on NbSe,, the unique and
remarkable properties are enlisted below that led NbSe, to consider as an
appropriate candidate for the study of fundamental superconducting
properties (T., Hcz, and Jc), dynamics of vortices and the associated pinning
mechanism.

1) NbSe; has transition temperature at 7.2 K and its upper critical field
not much larger than 4 T perpendicular (BS,, ¢ direction) and 12 T
parallel (B%?, ab direction) to Nb planes. Accordingly, most part of
the superconducting phase diagram is accessible to experiment, in
contrast to the high T. materials. Besides, the large anisotropy
associated with the magnetic and electronic properties of NbSe, are
also comparable to the high-T, superconductors. So, the outcomes of
the experimental analysis of NbSe, can be applicable to the
improvement of physical properties of high-T. superconductors.

2) Large high-quality single crystals of NbSe, with almost negligible
vortex pinning effects can be grown. Introducing a small amount of
disorder (e.g. by particle irradiation, doping) may lead to the
emergence of the numerous well-known phenomena (peak effect,
fishtail effect), which is still discussed a lot by the superconductivity
community to improve the field dependence characteristics of J..

3) NbSe, was the first material in which scanning tunneling
microscopy was successfully employed for observing vortex cores

or distribution, and it is still widely used for such investigations.
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This will open the path of controllable manipulation of single
vortices in different conditions.

4) The charge-density-wave state, formed about 33 K, allows studying
the effect of competing order parameters in layered crystal structure,
which is an important issue for high temperature superconductors.

5) Ginzburg number, Gi ( = kgT./H?cé3), a measure of the
importance of fluctuations, is lower (~ 10™*) than the cuprates (~10"
%) but much larger than in typical low-T. materials (~10%). So,
NbSe, can be considered an ideal system to study the interplay of
thermal fluctuations, pinning force density and the elasticity of flux
line lattice.

Crystal Structure: NbSe, is a metallic black material, sometimes with a

slightly greenish form [84]. NbSe, has a hexagonal crystal structure of
space group 194-P6s/mmc. In 1962, Brixner first reported the unit-cell
parameters of NbSe, and suggested associated structural models [85].
Afterward, in rapid progression, several other groups published their
investigations on NbSe, [86-93]. Brown and Beerntsen [86] investigated
polypism among Nb- and Ta-selenides and the formation of single crystals
of two-, three- and four layer selenides, providing the information about
unit cell parameters and space group data. Revolinsky et al. [89] identified
the different chalcogenides (particularly selenide and telluride) phases in
the vicinity of Niobium dichalcogenides (NbCh;) and Tantalum
dichalcogenides (TaCh,) using X-ray techniques. Seite et al. [88, 90]
studied the intermediate phases in the selenide and telluride systems of Nb
and Ta and Kadijk synopsized all the information about polytypism of
NbSe, in 1971 [87]. Huisman et al. [92] discussed about the non-
stoichiometric Nb.xSe; and Ta.xSe, phases. Revolinsky et al. [93]
investigated the dependence of the superconducting transition temperature
on the variation of composition and structure in the two-layered hexagonal
NbSe, and in the four-layered NbSe,. They represented the impact of
stoichiometry on the superconductivity highlighting on the difficulty to
achieve the equilibrium and reproducibility in the Nb-Se system. TMDCs
can be found in different polymorphs called 1T, 2H, 4H and 3R. Here the
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numbers indicate the number of layers in the unit cell and the letters denote
the symmetry (T-trigonal, H-hexagonal, and R-rhombohedral). Each layer
contains three atomic planes with a hexagonally filled plane of metal atoms
sandwiched between two planes of chalcogen atoms with a thickness of 6-7
A. Metal atoms are six-fold coordinated within a layer and their bonding
geometry can be either prismatic or octahedral. In the trigonal prismatic
phase, the two chalcogenides planes developing a slab are stacked directly
above each other, while in the octahedral arrangement they stagger. The
different polymorphs of NbSe, have been recognized [86, 87, 94] as the
2H-NbSe; and 4H(a)-NbSe,, which are stable at lower temperatures, and
the two other high temperature forms denoted as 1T-NbSe, and 4H(d)-
NDbSe; respectively. Besides, there is also another form known as 3R-NbSe;
(also stated to be 3R-Nbi+Sey). The 2H-NbSe, and 4Ha-NbSe, follow
trigonal-prismatic coordination, the 1T-NbSe, has octahedral coordination,
while in the 4Hd-NbSe,, layers with alternatively octahedral and trigonal
prismatic coordination of Nb atom. On the other hand, the 3R-NbSe; has
only prismatic coordination. The preferred phase adopted by NbSe;
depends predominantly on the d-electrons, although a certain dependence
on the relative size of the atoms plays a prominent role. The most two
common crystalline forms of NbSe, are 2H-NbSe, and 4Ha-NbSe,. The
2H-NbSe; unit cell contains two NbSe; units with ABAB staking. Each unit
is formed from a sandwich of two layers of Se atoms with Nb atom layer
between them. The coordination number of Se atoms is 3, while it is equal
to 6 for Nb atoms. Each selenium atom is surrounded by three Niobium
atoms. Strong covalent bonds exist inside the layers, while there is a weak
interaction between adjacent layers as a result of van der Waals coupling.
The Se-Nb bonds within a sandwich are covalent bonds, and they form the
2D-hexagonal lattice. The NbSe, molecular layers are bound by Van der
Waals coupling. Thus 2H-NbSe; is easy to cleave along a plane parallel to
the layers. The Se sheet is usually the termination layer after exfoliation.
The spacing between Nb sheets is 6.3 A. Therefore, the c-axis of the
unit cell is 12.6 A, while the a-axis lattice constant is 3.6 A [35]. Moreover,
the 2H polymorphs can exist in three different modifications, with 2Ha,
2Hc and 2Hb. These three forms have different stacking symmetries. In
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2Ha (AbA CbC) stacking, Nb atoms in one layer are located on top of Nb

atoms of the neighbouring layer.

TR
28 <83

2Ha 2Hb

Figure 1.1. (a) 1120 section diagram of 2Ha-NbSe, and 2Hb-NbSe, and two possible
models for 4Hd-NbSe,. Transition-metal atom and selenium atom are represented by small
red circles and big black circles, respectively; (b) 3D structure of 2H-NbSe,. The unit cell
is defined with the ¢ axis perpendicular to the layers, and the a and b axes along the
minimal chalcogen - chalcogen distance.

The 2Hc polymorph is characterized by the CaC AcA stacking, i.e.
any transition metal atom is located on top of two chalcogenides atoms of
the subsequent layer. This polytype form does not exist in NbSe,. The 2Hb
polytypes are obtained for the nonstoichiometric compounds Nb1.,Se, and
TazxSez, with the excess Nb atoms intercalated in the VdW interlayer gap.
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The structures of typical 2Ha-NbSe,, 2Hb-NbSe, and 4Hd-NbSe, are
shown in Figure 1.1 (a) and Figure 1.1 (b) represents the 3D-structure of
2H-NbS€2.

Table 1.1. Physical parameters of NbSe; [12, 77, 87, 95 - 96].

Molecular formula NbSe;

Molar mass 250.83 g.mol™

Appearance Black Metallic luster

Odour Odourless

Crystal size 0.04x 0.04 x 0.008 mm®

Stable phase at 300 K 2H-NbSe; and 4H(a)-NbSe;

boundaries {100}, {010}, {001}

Space group P6s/mmc (#194)

Coordination no.(z) 2

Lattice Constants a=b=3.4425 (5) A, c= 12.547 (3)
(A)

Unit cell volume (V) 128.77 (4) A®

Density 6.467 g/cm™

Melting point > 1300°C

Thermal conductivity 70 mW/Kem @ T=8 K [1]

Electronic specific heat coefficient 17.4 mJ mol™ K

(¥)

Phonon specific heat coefficient 0.56 mJ mol™*K™

(B)

Debye temperature (6p) 218 K

Electron-phonon coupling 0.81

constant (Aep)

Density of states (N(Ef)) 4.08eV?

Energy Gap 0.9-1.0eV @ T=5.3K

Seebeck coefficient (S) -4.08 uV/K @T=300 K

Resistivity 0.68x10™ Q-cm @ T= 300 K

2H-NDbSe, is a conventional superconducting material having a
highly anisotropic energy gap. 2H-NbSe; is a normal metal above = 7.2 K,
while, it becomes a type-11 superconductor below = 7.2 K. Both 2H-NbSe;
and 4H-NbSe, phases are type-1l superconductors having slightly different
T, values. The CDW transition temperature of 4H-NbSe; (~ 42 K) is much
higher than the CDW transition of 2H-NbSe;, (~ 35 K) [95]. The negative
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value of Seebeck coefficient of 4H-NbSe; is nearly twice as compared to
2H-NbSe,. The higher room temperature resistivity, RRR ratio, and the
absolute value of Seebeck coefficient of 4H-NbSe; indicate the presence of
higher electron density of d-band in 4H-NbSe, as compared to 2H-NbSe;
[95]. However, in this thesis work, we have concentrated on the synthesis
and physical properties characterization of 2H-NbSe, superconductor
because of higher T, value and lesser number of atoms involved in the
formation of unit cell. Table 1.1 represents some of the elementary physical
parameters of 2H-NbSe,. It should be noted that there is still uncertainty in
some of these values. For example, the values for energy gap show some
spread in values, which may be the result of the influence of two band
superconductivity, like the case for MgB,.

In NbSe,, electrons can travel easily inside the layers, while
simultaneously an overlap of the electronic wave function exist between the
layers because of the VVan der Waals character of the layer interaction. This
fact is strongly linked with the anisotropy of the electronic properties of
NbSe, [97]. Hence, NbSe;, signifies a new model system for studying
superconductivity in low-dimensional systems [31, 36]. Generally, the 2D
nature of TMDC materials stimulates the manifestation of electronic
instabilities that are determined by Fermi surface nesting. This creates
CDW phases in TMDCs. CDW is an ordered quantum fluid of electrons in
a linear chain compound or layered materials. The electrons within a CDW
form a standing wave pattern and flows through a linear chain compound in
a highly correlated fashion. NbSe; is a well-known TMDC for showing the
coexistence of CDW and superconductivity at low temperature as we
discussed already in the previous section. Numerous investigations on the
Fermi surface and band structure have been accomplished in the normal and
superconducting states of NbSe; to shed light on the coexistence of CDW
and superconductivity. The first electronic structure calculations for NbSe;
were reported by Mattheiss in 1973 [98]. He derived two bands crossing the
Fermi energy and addressed nesting to generate CDW transition in NbSe,.
Generally, NbSe, consists of three Fermi surfaces (small Se-derived
pancake surface, the bonding Nb-derived Fermi surface with strong
wrapping along z direction and the nearly 2D anti-bonding Nb-derived
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Fermi surface), which assists the CDW to persist in the superconducting
state [68, 99]. Moreover, the interaction of the d-orbitals of Nb atoms with
the outer p-orbitals of Se atoms in the unit cell assists to understand the
band structure and appreciate the shifts of the Fermi energy. Lots of
literatures have been reported on the energy bands of two dimensional (2D)
NbSe, and three dimensional (3D) NbSe, [98]. Lebegue et al. [100]
demonstrated nicely the 2D band structure of a single molecular layer of
NbSe,. Two prime characteristics have been noticed near the Fermi level of
NbSe,. Firstly, the bands across the band gap are comparatively flat due to
the “d”character of the electronic states at these energies, and secondly, the
band state which is pinned at the Fermi level (mainly created from the Nb
d-orbitals) is separated in energy from all other states.

1.2. Application of Niobium Diselenide

TMDCs have stimulated marvellous research interest because of
their numerous fascinating properties for application in superconductor
[12], photodetector [12] and spintronic devices [30, 31, 66, 101-103].
Current experimental progresses on NbSe, and its two-dimensional (2D)
single crystals have revealed a variety of unusual physical and electronic
phenomena, comprising the reduced superconducting transition temperature
on reducing the sample thickness to nanoscale [101, 102], 2D
superconductivity [30], the coexistence of charge-density-wave (CDW)
order and superconductivity [101], the Ising pairing protected by spin-
momentum locking in superconductivity [30], the tenability of the
superconducting and CDW transition temperatures [66], and the Bose-metal
state under a magnetic field [103]. The Ising superconductivity with its
auspicious applications in equal spin Andreev reflections [104], proximity
phenomenon [105], engineering Majorana fermions [104, 106], and the
topological superconductivity [107] has accelerate extreme attention in
condensed matter physics and material science. The transport, magnetic and
superconducting properties of NbSe; can also be well tuned by introducing
both intrinsic and extrinsic defects and implicated in a broad range of

applications.
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1.3. Scope and Goals of Thesis

The key objective of this thesis is to grow large NbSe; single
crystals with high purity which have versatile fundamental properties in its
unique approach contributing to the different fields of condensed matter
physics and material science. The initial effort is to synthesize large NbSe;
single crystal first and thoroughly investigate the criteria to improve its
different fundamental superconducting properties. The prepared NbSe,
single crystals are employed to magnetic and magnetoresistance
measurement to shed light on the dynamics of quantized magnetic vortices
and their pinning by materials defects to improve its ability to carry non-
dissipative currents. It highlights on the phase transitions, collective creep
of vortex lattice and pinning at different kinds of pinning centres of pure as
well as doped NbSe;, in response to an external dc magnetic field. Novel
phase diagrams of doped NbSe; single crystals have been also constructed
at different magnetic fields and temperatures based on the analysis of T,
Hco, Jc characteristics and pinning mechanism. The comparisons between
the phase diagrams of the low and high T, superconductors will help us to
unveil the physics behind the layered high T, superconductors and may give

further the solution to synthesize room temperature superconductors.

1.3.1. Thesis objectives

The specific ideas of the research work plans are classified as follows:

1. Growth of large NbSe, single crystals using the chemical vapour
transport method with lodine as transporting element.

2. To comprehend the growth mechanism of the formation of large and
pure single crystals having higher RRR ratios.

3. Influence of doping on NbSe; single crystal to study the change of their
structural, transport and magnetic properties.

4. To improve the J. characteristics and the associated pinning mechanism
of NbSe, superconductor in presence of intrinsic and extrinsic defects
and construction of phase diagram in all available range of temperatures
and magnetic fields for the applications of high electromagnetic fields
(i.e., magnetic resonance imaging (MRI) and nuclear magnetic

resonance (NMR) machines).
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1.3.2. Thesis outline

Regarding the chosen objectives, and evaluating all the information
extracted from literature survey, the precise growth of NbSe, single crystal
is implemented successfully. The formation of NbSe, single crystals is led
by simple chemical vapour transport method using lodine as a transporting
agent followed by properties characterizations. In combination with NbSe;
single crystals, the impact of doping on NbSe; is also investigated through
performing systematic characterizations of the defect induced materials to
comprehend their physical properties. The different characteristics of pure
and doped NbSe; single crystals then are successfully utilized to form phase
diagram based on core interaction and competing vortex phases.

In this thesis, all the above specified works have been demonstrated
in the form of eight chapters confined between the introduction chapter
(chapter 1) and conclusions chapter (Chapter 8). The chapter subjects are
compiled as follows:

Chapter 1, designated as “Introduction to the Superconducting Materials”
represents a literature review starting from different kind of (both low T,
and high T.) superconductors to the highly anisotropic layered transition
metal dichalcogenides superconductors where major emphasis is given on

the NbSe, superconductor.

Chapter 2, designated as “Essential Models of Superconductivity” provides
the different models of superconductivity those are essential to study the
fundamental superconducting properties of NbSe; in both bulk as well as
2D form.

Chapter 3, designated as “Experimental Techniques” gives the details
information of the experimental setup and the preparing procedures
employed to the formation of NbSe; single crystals. A precise description
of the several analytical characterization tools is also complied. Further, the
preparation of materials involved for the desired measurements is also

briefly depicted.

Chapter 4, designated as “Effect of Fe Doping on NbSe, Single Crystal”
represents the effect of iron (Fe) doping in NbSe, through investigating its

structural and superconducting properties. To control the applicability of
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superconducting material in high magnetic field and high current density,
this doping is accomplished. This work gives a comprehensive analysis
regarding critical current density, vortex dynamics and their pinning into

the different pinning centres through the magnetization studies.

Chapter 5, designated as “Study of vortex dynamics of NbSe, single
crystals in presence of Cr atoms” provides the alternation of the
superconducting properties of NbSe;, due to chromium (Cr) doping through
magnetization measurement with different relaxation rate. This chapter
focuses on the improvement of J. characteristics at high magnetic fields. A
detailed understanding of the different features associated with pinning

force density is also described in this chapter.

Chapter 6, designated as “Study of Structural, Slectronic, Transport and
Magnetic Properties in Defect Induced NbSe,” provides in-depth analysis
of the impact of intrinsic (via formation of non - stoichiometric NbSe,) as
well as extrinsic defect (via incorporation of Fe atoms) to the structural,
electronic, transport and magnetic properties of NbSe,. To check the
applicability in superconducting spintronic and quantum computing, the
coexistence of ferromagnetism and superconductivity is systematically
investigated in defect induced NbSe, through transport and magnetic
properties. To observe the effect of both intrinsic and extrinsic defect in the
thermally activated flux flow region (TAFF) of NbSe,, magnetoresistance
measurements is performed. The band structures and density of sates (DOS)
of the above mentioned two cases is also investigated through first-principle
density functional theory.

Chapter 7, designated as “Effect of V doping on NbSe, single crystal and
Study of vortex phase diagram” provides the detailed analysis of the effect
of vanadium (V) atoms in the disordering of vortex lattice, J. characteristics
and the vortex phases of NbSe, superconductor. The concentration
dependence of the SMP effect and the transitions (i.e., collective to plastic
transition, vortex glass critical state to vortex glass transition) between
different superconducting states (i.e., vortex solid state, vortex glassy state

and vortex liquid state) is studied thoroughly with magnetic and
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magnetoresistance measurements. Finally, a vortex phase diagram of V
doped NbSe; is constructed to understand the superconducting properties of

anisotropic layered (both low T, and high T.) materials.

Chapter 8, designated as “The Conclusions and Scope for Future Work”
synopsized the complete studies achieving remarks drawn from the thesis
by establishing its title and suggested objectives. This chapter also features

the possible opportunity of expanding this work in the near future.
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CHAPTER 2

Essential Models of Superconductivity

The superconducting behaviour of a material depends on the

nature of the material itself. Each superconducting element or alloy has its
own characteristic critical temperature, upper critical field and critical
current density. These fundamental superconducting parameters show
different characteristics in different range of temperatures and magnetic
fields and thus control the electromagnetic properties of the
superconductor. In this chapter, various models associated with both
conventional and unconventional superconductivity are explained
elaborately, which are used to characterize the superconducting behaviour

of NbSe, and its doped samples.
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2.1. Phenomena of Superconductivity: Its Discovery and Evolution

In 1911, Prof. Kamerlingh Onnes achieved a breakthrough in
Physics by discovering the property of superconductivity in mercury at a
temperature of a few degrees Kelvin above absolute zero [1]. Later he
discovered the superconducting behaviour of several different materials
having different transition temperatures. Numerous studies have been
endeavoured to explain the prime characteristic of a superconductor,
namely the property of zero resistance. In 1933, Walther Meissner and
Robert Ochsenfeld discovered the complete expulsion of the magnetic field
from the interior of the superconductor occurring at T < T, (H), now called
as the Meissner-Ochsenfeld effect.

In 1953, the London brothers Fritz and Heinz published a famous
article entitled “The electromagnetic equations of the superconductors” [2].
Their equations were developed to correctly explain the Meissner effect.
Also, they introduced a characteristic parameter for the superconductor, the
London penetration depth 4., which can be defined as the depth to which a
magnetic field is able to penetrate the sample.

In 1957, a new theory, which is considered a milestone in the
history of condensed matter physics, was introduced by three physicists, J.
Bardeen, L. Cooper and J. R. Schrieffer [3]. This so-called BCS theory
described a mechanism of superconductivity that is based on Cooper
pairing through phonon mediation. A few years later, a new interesting
effect was discovered, called the Josephson effect [4]. Josephson introduced
the possibility of the flow of Cooper pairs between two superconductors
connected by a weak link. The DC Josephson effect is obtained when the
supercurrent flows in the absence of an applied voltage, whilst the AC
Josephson effect is exhibited when the flow of Cooper pairs occurs with an
applied voltage between the two superconductors.

The main limitation of using superconductors in many applications
has been the low temperatures that are required to keep the material in its
superconducting state. This situation changed dramatically in 1986 with the
discovery of high temperature superconductors (High-T). In 1986, Bednorz

and Muller, [5] published a paper entitled ‘“Possible High T.
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superconductivity in the Ba-La-CuO system” which discussed the synthesis
of a metallic oxygen-deficient compound with the composition BayLas.
xCUsO0s3.y) With a transition temperature above 30 K. This discovery of high
T, superconductivity has led to a new era in the field. The discovery was the
culmination of the outbreaking research on oxides such as SrTiOs, Li-Ti
oxide system [6], BaPb1.4BixO [7] and LaBaCuO systems [8].

Chu’s group at the University of Texas observed an increase in T, t0
52 K in the LaBaCuO system by application of pressure [9] and
subsequently made a major contribution in the field of high superconductor.
They also reported superconductivity up to 93 K in a ceramic YBa,Cu3O7-5
sample. This discovery of a superconducting critical temperature well
above the boiling point of liquid nitrogen opened new era for technologies
and condensed matter physicists throughout the world.

Maeda et al. [10] in Japan first described the existence of
superconductivity with a T, of around 105 K in the BiSrCaCuO system.
Other scientists around the world quickly stabilized related Bi-systems with
structural formula Bi,Sr,Can.1Cu,O2nq and T 's of 10 K, 85 K and 110 K for
n =1, 2, 3 respectively. Shortly afterwards, Sheng and Hermann [11]
discovered superconductivity above 100 K in the thallium-copper oxide
system, and the structural formula for the system was established by Hazen
et al. [12] as Ti;Ba,Can-1CunO2n+4 With T, 0of 80 K, 110 K and 125 K for n =
1, 2, 3, respectively. T1-2223 apprehended the record for the highest T, of
125 K for a long period of time until Ott’s group in Zurich [13] reported
superconductivity at about 130 K in the HgBaCaCuO system. This mercury
compound saw an increase in T, up to 160 K with a high-pressure of 150
kbar. Another period started in superconductivity when research was started
with the discovery of high T. superconductivity in Fe-based compound
having T, of 26 K. The discovery of superconductivity in most common
ferromagnetic atom Fe opened new path of research towards the
understanding of the mechanism behind these high temperature
superconductors. Further, many superconductors were discovered in the

subsequent years.
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More than two decades have passed since the discovery of the first
high temperature superconducting (HTS) materials and this period has been
enthralling and exciting for physicists as well as material scientists,
electrical engineers and chemists working in the area of superconductivity.
Enormous progress has been achieved in most of the physical and
engineering aspects of superconductivity and there is still a tremendous
scope to do more and try to resolve some of the very difficult unsolved
problems. Many commercial applications of HTS can now be realised in
communication and remote sensing systems with significantly improved
performance. Channel filters for mobile communications are now routinely
found in many base stations around the world [14].

To summarise, even though the first observation of
superconductivity was over a century ago there still seems to be much more
to discover in this expanding area of physics.

2.2. Theory of Superconductivity:

The vortex lattice of a Type-1l superconductor has been considered
as the model system to study the superconducting properties of pure as well
as doped NbSe; single crystal. Different essential models associated with
superconducting properties of Type-1l superconductor are described
elaborately in the next section.

2.2.1. Properties of zero resistance:

The perfect conductivity (zero resistance) is the prime hallmark of a
superconducting material (Figure 2.1). The resistance of a superconductor
decreases to zero below certain temperature which is known as
superconducting critical transition temperature (T.). In 1911, Prof. Heike
Kamerlingh Onnes invented that the electrical resistance of several metals
like mercury, lead and tin immediately change into zero below a specific
critical value of temperature (T;) characteristics of the materials. The
electrical resistance of a metallic conductor drops gradually as the
temperature is lowered. In ordinary conductors, for example copper or
silver, this decrease is restricted by impurities and other defects. Even near
absolute zero, a real sample of a normal conductor displays some resistance.

In a superconductor, the resistance drops abruptly to zero when the material
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is cooled below its critical temperature. It is a characteristic of a perfect

conductor.
5 Non-superconductor
g
=
3
E
&
Superconductor
TC
0°K Temperature (K)

Figure 2.1. Plot of resistance versus temperature of normal metal and superconductor [1].

2.2.2. The Meissner Effect:

The Meissner effect is the complete expulsion of magnetic flux line
from the interior of superconducting materials during its transition to the
superconducting state. In 1933, this novel characteristic of superconducting
materials has been discovered by Meissner and Ochsenfeld [15]. This
characteristic is elucidated in Figure 2.2. Superconductors expel external
magnetic fields by inducing surface currents that flow across the perimeter
of the superconductor. These surface currents generate a magnetic flux
density that is equal and opposite of the applied magnetic field and
precisely cancels the external applied magnetic field inside the
superconductor.

Commonly, the applied magnetic field (H), the magnetic induction
(B), the permeability of vacuum (u,) and the magnetization (M) of a
sample are related with equation (2.1) [16].

B = 1 (H+M) (2.1)

Where M = yH, and y is the magnetic susceptibility. For a perfectly

diamagnetic material, we know that y = -1. Henceforth, B = pyoH (1-1) = 0

35



Chapter 2

inside the superconducting sample. This indicates that the material has
expelled the magnetic flux from the inside. At a point when a material is
cooled below T. and then a magnetic field is applied, current will be
induced to accomplish an unchanged magnetic field inside the material
(Figure 2.2) and when temperature is increased above T, magnetic field

penetrates through the material.

(@) (b)

T<T. g | T>T. T<T, ‘I T>T,
SR ‘ | B>0

& $
T<T, T<T, T<TCK } K } T<T,
B>0c B>0 7 B>0
4 ¥

$y §

T>T @ T>Tc T>T, T>T,
st O \Y)B=0 B>0 B=0

Figure 2.2. The difference between perfect conductors and superconductors; (a) Perfect

conductors when cooled below T, and then applied magnetic field, flux does not pass
through conductor but when first applied field and then temperature is decreased, flux
passes through the conductor; (b) Superconductor expels magnetic flux below T, whether

a field was applied or not [17].

Alternatively, first the magnetic field is applied and then the
material is cooled below T. then the magnetic field is expelled from the
interior with some magnetic flux trapped inside the material. Again, with
the enhancement of the temperature, magnetic field tries to penetrate
through the material. This differentiates a superconducting material from a
perfect conductor. Below a definite value of the magnetic field, which is
defined as the critical magnetic field (H.), the material act as a perfect
diamagnet and it is in the superconducting state. However, at H > H,
superconductivity will be destroyed and the material returns to its normal

state [17]. The variations in the free energy (per unit volume) of a material
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associated with the variations of M are represented by equation (2.2) in
presence of an applied field (Hy).

Af(Ho) = o [, MdH (2.2)
In the Meissner state M = -H and
2
Af(Ho) = —po J “(~H)dH = F2, (2.3)

The onset of superconductivity suppresses the overall energy of the system
because of the superconducting condensation energy. When this energy is
precisely balanced with the increase in energy associated with the
increasing magnetization, the material returns to its normal state and
superconductivity will be destroyed. The difference between the free energy
of the normal and superconducting states of the material is represented by
equation (2.4).

fu(T,0) = £,(T,0) = LD (2.4)

Henceforth, the critical magnetic field H. is demonstrated by equation (2.5).

H(T) = (2 1,(1,0) - £, 0)]) (25)

An empirical formula that designates the temperature dependence of the
critical field, Hc, in numerous superconductors is represented with equation
(2.6) [18].

T

H(T) = H(0 [1 - (2)]] (26)

Tc

2.2.3. London Theory:

The first phenomenological theory of superconductivity was London
theory. It was proposed by Fritz and Heinz London in 1935 [19], shortly
after the discovery of Meissner effect. A major triumph of the equations of
this theory is their ability to explain the two fundamental properties of
superconductivity (zero resistance, and perfect diamagnetism). The London
theory is based on the two-fluid model and accomplished by altering the
electrodynamic equations that defines the (infinite) conductivity of the

material.
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In classical mechanics, the movement of electrons in a conductor is

described by
m% =eE + % (2.7)
Where 7 is the damping time for scattered electrons, e is the electronic
charge, m is the electronic mass, v is the electron velocity and E is the
applied electric field.
Following from the property of zero resistivity of superconductor,

the damping time zcan be neglected and equation (2.7) can be rewritten as:

dv _ ﬁ
7t (2.8)
The supercurrent density Js is given by:
Js = nsevs (2.9)

Where Vs is the superconducting velocity and ng is the superclectron density.
By differentiating equation (2.9) with respect to time and substituting into
the equation (2.8) we get equation (2.10) in the following form.

2
ds _ e p (2.10)
dt m

Now combining equation (2.10) with the third and fourth Maxwell’s

equations leads to,

__4B __dB _ m p(dB 2p_ B
VXE= i e? (dt):VB e (2.11)

where A, = |[——, is a characteristics length scale.
L Honse?

Given that the Meissner effect leads to B = 0, the London brothers
estimated that equation (2.11) can be applied to B as well as dB/dT and this

leads to the London equation

V2B = % (2.12)
Where A_ is known as London penetration depth.
So, the magnetic induction decays within a superconductor having a
characteristic decay length 4, called the London penetration depth.

The solution to equation (2.12) for a semi-infinite [20] superconductor (for

x = 0)is
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B(x) = Bye %9 and J4(x) = —j—OZAe_Z for x >0 (for the magnetic field
L

B = B,y for x < 0).

Thus, the supercurrents flow in the direction parallel to the surface and
perpendicular to B and decrease into the bulk over the same scale 4,
(Figure 2.3).

B(x)=Be "

A
~

0 X

Figure 2.3. The decay of the magnetic induction B into a superconductor over the scale of
the penetration depth, 4., at a normal/superconductor (N/S) interface [17].

Hence, the London brothers predicted that a static or low frequency
magnetic field is not excluded from a superconductor and penetrates a small
distance beyond a normal (N)/superconductor (S) boundary. The magnetic
field induces supercurrent loops at the surface of a finite superconductor
producing a magnetic field inside which is equal and opposite of the applied
field. Also, the penetration of the magnetic field into the superconductor
increase with increasing temperature T, and complete penetration occurs at
T > T, when the superconducting state is destroyed. London theory did not

correctly predict the value of A, as T — 0 [16, 18].

2.2.4. Non-Local Response and Pippard Coherence Length:

Pippard estimated a length scale over which the superfluid density,
ns changes with non-local supercurrent density Js and magnetic vector

potential A [21]. He evaluated this length scale using uncertainty principle.
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Electrons within the energy range kT, of Fermi energy participate

in superconductivity and these electrons have a specific momentum
kpTc
vf

). This provides Ax >-- ~ 2L . Consequently, the
Ap kpTc

range (Ap =
characteristic length scale is named as coherence length and is represented

with equation (2.13).
173
kpTc

$o=a

where, a is a numerical constant of order unity.

(2.13)

Coherence length in presence of scattering can be characterized by equation

(2.14).
1

+

~|F

(2.14)

1
$o
where, | is the mean free path.

2.2.5. Ginzburg-Landau Theory for Superconductivity:

For inhomogeneous superconductors where the superconducting
properties vary spatially, microscopic theory is difficult to establish. This
direction is solved with the Ginzburg-Landau (GL) theory of
superconductivity [22], which concentrates entirely on the superconducting
electrons rather than on excitations and was proposed in 1957. Ginzburg
and landau developed a theory of superconductivity based on an order
parameter or “wave function”, y(r), which describes the behaviour of the

superconducting electrons. The density of objects that are responsible for
superconductivity is n} = [p(x)|%, (n; - %)

They proposed that in the case of a homogeneous system, when

n;(r) = constant, the free energy density can be expanded as a power series
of [¥]?,

£ = (D) + aMIpl? + E2 | + -, (2.15)
Where, fsis the free energy density in the superconducting state, f, is the
free energy density of the normal metal and «, f are Ginzburg-Landau
(GL) coefficients. By minimizing equation (2.15) with respect to |i|?, the

following condition can be obtained,
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.  —a(T
[pI2 =g = =0 (2.16)

where, £ (T) must be positive. Two situations arise according to the sign of

a. For T > T, a (T) > 0 (positive value), the system will be in the normal
state as the energy minimum is at |y|? = 0. However, at T < T, a (T) <0,
the system will be in the superconducting state as the minimum energy is at
ng = [Pl

In an inhomogeneous system with applied fields/currents, another
two terms are added to the free energy density relation which has the form

of equation (2.17).

fi(1) = fu(T) + @12 + E2 [|* + = [ (—inV — e A)pl? +

b (217)

where m* is the mass of the object that is responsible for superconductivity
(m* = 2mg) and e* is the charge of the object that is responsible for
superconductivity (e = 2e*).

The pair of well-known GL equations is obtained by minimising the free

energy density equation and has the following form:
1

alpl + Bl + - |—ihV — e* A2 = 0 (2.18)
Jo = 22 (wrvy — pvpt) - S |w)PA (2.19)

where A is the electromagnetic vector potential.

Assuming that the magnetic field in equation (2.18) is equal to zero (A = 0),
and dividing the equation by a we find,

hZ

[l + BlpIPp — —— V2 =0 (2220)

Hence the GL equation introduces a length scale (coherence length

(&) over which the superconducting order parameter varies spatially
(Figure 2.4),

h2
$6.(T) = | omoa] (2.21)

GL coherence length is of the order of Pippard coherence length for a clean
superconductor well below T.. This is described as the shortest

characteristic lengthscale over which ¥(r) can vary.
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GL theory also allows one to write the London penetration depth in a new
form. London penetration depth (4;) can be described by equation (2.22).

_ m* _ m* _ m*g
AL = /_uoezns /“062(_%> /2Ho€2|0l| : (2.22)

(Asfor T< T, n} :%: lW|? = _%)

One of the successes of the GL theory is in being able to deal with the
mixed state that arises in type 11 superconductors.

Moreover, Ginzburg and Landau introduced an important parameter
that distinguishes between type-l1 and type-1l superconducting materials.
The GL parameter is the ratio between the penetration depth, A and the

coherence length, &£is represented by equation (2.23). For type-I materials

<— and for type-11 materials x> iz .

z z
Kzg (2.23)

P? =n, |(la_)>| H,

Superconductor Normal

|< & (T) %I x

Figure 2.4. Sketch of the interface between coexisting normal and superconducting
domains [18].

2.2.6. BCS Theory:

In 1956, Cooper [23] proposed the idea that superconductivity was
related with bound pair of electrons, each having equal but opposite spin
and momenta. The pairs are bound together by an electron-phonon
interaction. In 1957 Bardeen, Cooper and Schireffer [24] used a many body
microscopic theory to demonstrate that this leads to superconductivity with

a finite energy gap for an indefinitely, small attractive interaction, V. It
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states that a net attractive interaction that is mediated by phonons bounds
two electrons near the Fermi level. This bound state is known as Cooper
pair. Subsequently, the whole system condensates into a phase coherent
ground state which results the phenomena of superconductivity.

The origin of attractive interaction between the two electrons in a
Cooper pair can be explained with the theory of Fréhlich (1950) as follows;
an electron moving through a medium will attract nearby positive charged
nuclei of the surrounding atoms in the lattice via Columbic interactions.
This deformation of lattice causes another electron, with opposite spin, to
move into the region of higher positive charge density giving rise to
effective attractive interaction between the two electrons. The competition
between the attractive interaction between Cooper pair and the repulsive
screened Coulomb interaction results a net attractive interaction between

the two electrons. This mechanism of attraction is illustrated in Figure 2.5.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 2.5. Illustration of the mechanism of the Cooper pair formation as a result of
lattice polarization [25].

Cooper proposed that Fermi sea is unstable against the formation of
at least one bound pair. This can be expressed with the addition of two
electrons to a Fermi sea at T = 0. Considering the equal and opposite
momenta k and -k (to have zero angular momenta), the two-electron
antisymmetric wavefunction can be constructed. Solving the Schrddinger

equation for the antisymmetric wavefunction we can get the energy of the
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2

bound state as E = 2E; — 2hwpe NOV where N(0) is the density of states
at the Fermi level for one spin orientation.

Electrons in a normal conductor are Fermions and follow Fermi
statistics [26]. In contrast, Cooper pairs of electron can be considered as the
Bosons which are regulated by Bose-Einstein statistics. Cooper pairs can
fill the same quantum states. BCS theory elucidated many experimental
observations like the existence of an energy gap, 2A (0), in the quasiparticle
spectrum. It predicted to have a value of 3.52 KgT, in the weak coupling
limit. Another feature of the BCS theory is that it treats with the metal in
terms of quasiparticles rather than electrons. A quasiparticle is a mixture of

electron and hole states.

2.2.7. Type I and Type Il Superconductors:

Based on the Ginzburg-Landau parameter(x = %), superconducting

L
V2!
shows complete flux expulsion up to some critical field Hc, above which it

materials are classified into two categories. For < the superconductor

becomes normal. These type of superconductors are called type-I
superconductors. Type-1 superconductors are generally elements or simple

alloys.

For ;c>%, up to certain field Hc; called lower critical field the

response is completely diamagnetic. Above Hg it is energetically
favourable for the superconductor to form normal regions within which the
external field penetrates. These normal regions are separated by
superconducting regions between them where there is no flux penetration.
The normal region dominates over superconducting region with increasing
magnetic field. Above Hc,, called upper critical field, the material becomes
completely normal. Type-1l superconductors are mostly used for industrial
application because these types of superconductors are able to retain
superconductivity even at very high external magnetic fields (> 50 T). The
state (of a type-1l superconducting material) having both normal and
superconducting regions for applied fields H (where H¢; < H < Hcp) is called
mixed state. Normal regions having magnetic flux (integer multiple of flux

guantum) pass through it. These regions are called vortices.
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To screen the magnetic field that is penetrating through the sample,
a screening current flow at the edge of each vortex. Depending of the
direction of applied magnetic field, screening current flowing at the edge of
each vortex has same sense. As a result, vortices feel mutual repulsion
among themselves. So, to minimise the repulsive interaction energy, the
vortices tend to align periodically in the form of triangular (hexagonal)

lattice. The nearest neighbour separation between the vortices is a, =

1
1.075(%)5. This periodic array of vortices is called flux line lattice (FLL)

or Abrikosov vortex lattice. Figure 2.6 shows the regular array of
Abrikosov vortex lattice. The regular array of superconducting vortex state
can be destroyed by applying external magnetic fields, crystalline defects,
impurities etc. and the system become disorder. So, the vortex lattice (VL)
in a type-11 superconductor provides an extremely versatile system to study

various phases associated with the order-disorder transition.
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Figure 2.6. Abrikosov vortex lattice imaged on NbSe,, a typical type Il superconductor at
an applied magnetic field of 2 T [27].

2.2.8. Vortex Matter:

A. A. Abrikosov [28] established the theory of vortices to depict the
intermediate state of type-l1l superconductors when the magnetic field
exceeds H¢;. Physically, when a magnetic field is applied to a type-II
superconductor it enters the material as discrete flux lines, which produce

tubular regions parallel to the applied magnetic field. These tubes form

45



Chapter 2

around normal cores and each contain the same amount of flux, equal to
h _ .
one flux quantum &, = = 2.07 x 10715 Tm?. These normal regions are

enclosed by a matrix of superconductor, which can still transport
supercurrent. The magnetic flux in each tube is developed by a vortex of
persistent supercurrents circulating around the core. Energetically it is
favourable for the flux lines to form a regular periodic array called the
vortex lattice in samples with low disorder. For high current and field
applications large values of J. are obtained in type-Il superconductors by
the controlled introduction of crystal defects which pin the flux lines and

prevent them from moving and dissipating energy.

2.2.9. Critical Current in Type-I1 Superconductor:

The practical applicability of a superconducting material depends
upon the ability of carrying a usefully high current in the presence of strong
penetrating field without dissipation of energy. Any appreciable dissipation
leads to heating, which degrades the performance. Further, it also leads to
intolerable catastrophic flux jumps. The origin of the dissipation is the
Lorentz force density. When flux lines pass through the superconductors in
the mixed state in the form of vortices, supercurrent (J) generates Lorentz
force upon each vortex. These vortices stay in their state as far as the
Lorentz force is not as much as the pinning force. At some value of J (i.e.,
Jo), the Lorentz force overcomes the pinning force such that the vortices
starts to move in a steady motion with a velocity limited by viscous drag.
This is known as flux flow. However, for strong currents, the vortices begin
to move due to a reduced pinning force associated with thermal initiation of
the FLL. This movement is usually more irregular and much slower. This is
defined as the flux creep. There will always be thermally activated flux
“creep”, in which vortices hop from one pinning site to another, and in
some cases, this will occur at a measurable rate. Hence, for practical
applications, flux flow must be avoided, and the creep rate held to a low
level. If the pinning is sufficiently strong, vortex motion can be made small
enough so that the superconductor acts much like a perfect conductor.

For a finite current density J, the Lorentz force density can be

represented by equation (2.24):
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F=]x> (2.24)

Due to this force the flux lines will tend to move transverse to the current
with velocity v. This will induce an electric field of magnitude

E=Bx> (2.25)

This acts parallel to J, so a finite power E.J is dissipated resulting in

non-zero resistance. So, for an ideal type-Il superconductor in mixed state,

a finite current, no matter how small, will drive it to the normal state. This

problem can be avoided with the incorporation of point disorder (impurities,

vacancies etc.) in real systems. These point disorders play the role of

pinning centres for the vortices. For the formation of a vortex,

superconductivity is destroyed locally. By passing through pinning centre,
the energy gained is ~ m&2L; Gﬂoch)- Here L; is the linear extension of

the pinning centre. So, the vortices would prefer to pass through pinning
centres. To move the vortices out of this potential trap, a finite current

density is required. It is called critical current density (Jc).

2.2.9.1. Bean’s Critical State Model:

Bean’s critical state model, introduced by C.P. Bean in 1962, gives a
macroscopic explanation of the irreversible magnetization behaviour
(hysteresis) of hard type-1l superconductors. This model depends on the
experimental observations and considers only two states involving perfect
diamagnetism and mixed state, with a sharp change [29, 30]. The Bean
critical-state model contributes a phenomenological description for the
hysteretic magnetization of type-Il superconductors in a varying external
magnetic field. The magnetic field penetrates into these superconductors in
the form of superconductive electron current vortices. Each of the vortices
transports a similar amount of magnetic flux, thus the magnetization
depends upon the vortex distribution. As per Bean model, in a type-II
superconductor the distribution of vortices is determined by the balance
between electromagnetic driving forces and pinning forces. At whatever
point the external magnetic field is changed, magnetic vortices begin to

enter or leave the superconductor through its boundary. When the region
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appears where the driving forces overcome the pinning, the arrangement of
vortices relocates itself into another meta-stable state to such an extent that
all vortices are pinned again and the balance with the external field at the
boundary is re-established. Since the unpinned vortices move quickly, the
system rapidly alters itself to the changing external conditions, and thus a
quasi-stationary model with immediate interactions is justified.

In the Bean’s model, the flux-density profiles are simply straight
lines of slope 4nJc/c, which simplifies qualitative discussion. Figure 2.7 (a)
illustrates the profiles for flux penetrating into a thick slab of thickness d as
the external field H is increased. As it is evident from the Figure 2.7 (a), we
get equation (2.26), which represents the maximum external field that can
be completely screened out at the midplane of the superconductor. It the
applied field is now reduced and eventually reversed in direction; the

successive field profiles are shown in Figure 2.7 (b).

__2mj.d (226)
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Figure 2.7. Internal flux-density profiles in a slab subjected to (a) increasing and (b)

decreasing external field. Hs is the maximum applied field that can be screened at the

midplane. The occurrence of cancelling flux densities in (b) when He,, = - (1/2) H, [16].

Note that a very substantial amount of flux may be left trapped in
the slab after the external field is reduced to zero. One may even have flux
densities which change sign in the interior of the slab. In that case, one
would expect some annihilation of opposing vortices to occur, but if the

pinning is strong, this would affect only a thin layer at the crossover of B
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from one sense to the other. As is evident from this figure, there is much
hysteresis, and associated irreversibility, in the cycling of these ‘“hard”
superconductors. For example, if the external field is cycled through a
maximum field Hp, < Hs, one can see that the area inside the hysteresis loop
¢ BdH (hence the energy Q dissipated as heat per cycle) will increase as
H3,. On the other hand, if Hy >> Hs, then Q o Hy,. These hysteresis losses

limit the value of type Il superconductors for ac applications.
2.2.9.2. Peak Effect Phenomenon:

The peak effect phenomena [31] is the occurrence of an anomalous
enhancement of the Jg, i.e., the pinning force per flux line, at high magnetic
fields near the normal-state phase boundary (the Hc; line) in low-T, systems
and nearly coincident with the melting line in the HTSC’s [31]. The exact
causes of the peak effect are uncertain [32-34], but it is widely regarded as
the result of a rapid softening of the lattice and the occurrence of plastic
deformations [32] and proliferation of topological defects [33, 35] in the
FLL. The lattice is expected to be amorphous at and above the peak
position in J; [35, 36].

2.2.9.3. Second Magnetization Peak Effect phenomenon:

For some superconductors, the J. values estimated from the
magnetization hysteresis loops (MHLS) increase with the external magnetic
field after the first peak of penetration field. This is the so-called fishtail
effect or second magnetization peak effect. This feature has been perceived
in the clean and high-quality single crystals of cuprate superconductors. The
anomalous second peak appears at different fields for REBa,Cu3O7.s
(REBCO) bulks (RE = rare earth element) at different temperatures [37].
However, the peak position is temperature independent for Bi-based and TI-
based cuprate [38, 39]. This is due to the different origins of SMP effect in
REBCO and in Bi-or Tl-based cuprates, and has not got final agreement.
The second peak effect has been also found and reported in polycrystalline
samples of the FeAs-1111 phase [40-43]. However, it has not been reported

in the FeAs-122 phase either in polycrystalline or single crystal samples.
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The effect thus deserves a detailed investigation on single crystals of

different superconducting materials.
2.2.10. The Effect of Pinning:

Properties of the superconducting materials can be improved with
the incorporation of internal as well as external defects in a material. These
defect centres appear as pinning canters for flux line lattice. The defects can
be localized defects, such as departures from stoichiometry at the atomic
scale, or more extended defects, such as dislocations, grain boundaries,
inclusions of second phases, twin planes, etc. The energy of a flux line will
be different if it passes through a defect centre, instead of passing to the
side. The resulting force tends to “pin” flux lines in particularly favourable
positions relative to the underlying material. When the magnetic flux lines
are trapped or pinned in the vortex state inside of a superconducting
material, such phenomenon is called Flux pinning. This flux pinning causes
a field gradient in the superconductor and offers a nonzero critical current
in the material by retarding flux motion. From a practical standpoint the
goal is to find a means to introduce sufficient pinning to raise significantly
the flux line melting temperature, and therefore the effective resistive

transition temperature.

2.2.10.1. Pinning Mechanisms in Type-I1 Superconductors:

The collective pinning model of Larkin and Ovchinnikov is the
prominent treatment to study the influence of pinning by randomly
distributed weak point defects. There are also various approaches which are
suitable for describing strong or correlated defects like twin boundaries.
Consequently, it is worthwhile to discuss several origins of pinning which
are essential in type-Il superconductors. The following discussion will give
a basis for determining the applicability of various theories of the impact of

pinning.
2.2.10.1.1. Superconducting nature of the pinning centres:
Flux-lines interact with pinning centres because the superconducting

properties of the pinning centres are different from those of the bulk of the

superconductor. The strength of the interaction is a function of the
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magnitude of this difference. The difference may be small, and manifest
itself as a difference in critical temperature, critical field, or Ginzburg-
Landau x. The difference may be large, as is the case when the pinning
centre is non-superconducting. The largest difference, and the strongest
pinning, arises when the pinning centre is ferromagnetic [44, 45]. Of all the
various possibilities, only two are believed responsible for flux-pinning in
most commercial superconducting materials. These are (i) small differences
in x (superconducting pinning centre) and (ii) non-superconducting pinning
centre. The variation in x is associated with changes in the normal state
resistivity, due to the composition fluctuations [46], non-uniform
distributions of dislocations [47, 48] or martensite transformation. Non-
superconducting pinning centres can be normal metal, insulator or void.
Bibby et al. [49] has shown that the pinning strength of the non-
superconducting particles is independent of the nature of the particles. If
non-superconducting metallic particles have a diameter < the
superconducting coherence length & of the matrix, the proximity effect will
induce them to become superconducting, and their presence can be regarded
as producing a change in x. These two type of pinning centres give rise to

‘superconducting pinning (or, Ax pinning)’ and ‘normal pinning’.
2.2.10.1.2. Size dependent pinning mechanisms:

There are three types of pinning mechanism in type-ll
superconductors depending on the dimension of pinning centres. Pinning
centres can be classified by the number of their dimensions which are large

compared with the inter flux-line spacing d (= 1.07(¢o/B)"?

). Point pins are
regions whose dimensions in all direction are less than d. A point pin can
only interact with only flux line at a time. Point pinning occurs due to the
irregularities in the crystal structural. Line pins, such as dislocations or
needle shaped precipitates, have one dimension long compared with d.
When lying parallel to the local direction of B, they can interact with one
flux line over their whole length. Lying at an angle to B they can interact
with several flux lines. Grain-, twin- and martensite boundaries, stacking

faults, dislocation arrays such as sub-grain, polygonized boundaries, plate-
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like precipitates, and the surface of the superconductor may have two
dimensions greater than d and act as surface pins. They have the strongest
influence when their plane normal is parallel to the direction of the Lorentz
force. The importance of pinning by twin planes in YBCO was
demonstrated experimentally by Kwok et al. [50, 51].They measured the J.
as a function of the orientation of the FLL relative to crystal axes and found
a sharp peak when the field was within ~1°0of the twin plane. However,
volume pins, with all dimensions larger than d, are large precipitates and
thick-walled dislocation cell-structures resulting from cold-deformation.
Flux-lines interact with the surface of volume pins, and the important
parameter is the projected area of surface in the direction of the Lorentz
force. In order to understand the vortex pinning mechanism, it is necessary
to calculate the pinning force density (Fp) from the critical current density
and applied field, using the formula F, =HJ. at low temperatures. Dew-
Hughes [52] proposed a formula in order to explain single vortex pinning
mechanism, the pinning force f, = Fy/Fp,max as a function of reduced field
(H/Hir).

2.2.10.1.3. Structural pinning (Interaction between the vortices and the
pinning centres):

A vortex can be trapped or pinned due to the presence of spatial
variations in the free energy of the FLL. Almost any kind of defect can
create local minima in the free energy landscape, e.g. crystalline
imperfection, columnar defects, grain boundaries, thickness variations of a
film, etc. Depending on the interaction between the vortex and the pinning
centre, a distinction can be made between two contributions to the pinning
mechanism: core pinning and electromagnetic pinning. Core pinning is the
origin of flux pinning at most point defects and nano engineered pinning
sites, and refers to the local variation of T. or x which reduces the free
energy if the vortex core is located at the position of the (normal) defect or
pinning centre. Electromagnetic pinning is due to the Kinetic energy of the
confined screening currents around the defect and the perturbation of the
magnetic field of a vortex. Theoretically, it can be described by assuming

the presence of an anti-vortex image, in analogy with electrostatics.
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Thickness variations of a film can lead to the admixture of this type of
pinning. The vortices are pinned at the locations of smallest thickness
where their energy is lowest. The typical length scale for this kind of
pinning is the penetration depth. Both the core and the electromagnetic
contributions define the pinning, which eventually controls the J. of a
superconductor. The core pinning is estimated by the short-range disorder
in GL coefficient and the mean free path (I) of charge carriers [53]. The
spatial variation of the GL coefficient associated with the disorder of T; is
defined as 6T, pinning. On the other hand, the &1 pinning shows the
variation in | near pinning centres. The disorder parameter, § which
determines the spatial variation due to the point defects, provides

characteristic temperatures in case of 8T, pinning and &1 pinning.

2.2.10.2. Larkin-Ovchinnikov Theory of Collective Pinning:

A perfectly periodic and rigid FLL cannot be effectively pinned by
any random collection of pinning sites. It is because for any position of the
FLL relative to the pinning landscape, there will be an equal number of
random pinning sites exerting forces adding to the Lorentz force as
opposing it, which sums up to zero net force. It is the elastic response of the
FLL to these pinning forces which results in a finite volume pinning force.
For most real systems, the pins are either too strong, too extended or too
correlated for calculation by statistical theory. In the limit of weak pinning
and assuming a random collection of pins, the concept of collective pinning
was introduced by Larkin and Ovchinnikov [54]. The interaction between
FLL has a range of A_ which is large for high x materials. The
concentration of pinning centres n, is often very large for a real system,
resultingnp‘1/3<<AL. So, the collective treatment of pinning forces is
suitable.

In the collective pinning model, it is supposed that there is no long
range order present in the FLL. Instead there is finite volume V. within
which short range order exists and the FLL is periodic. When a current
below the critical value is passed, each of the volumes V. is displaced

independently by the Lorentz force for a distance less than ~ £, so that the
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pinning force compensates the Lorentz force. The random pinning forces
would add in the manner of random walk resulting in a net force ~ VN «
\/VC. Where N = nV, is the total number of pinning centres in volume V., n

is no. density of pinning centres. For applied current density J., the Lorentz
force is JBV.. At critical current density, Lorentz force equals to the

maximum pinning force. If f is pinning force per unit volume then we have

N

fn2 (2.27)

Ve

1 1
JeBV. = fraVz = ] =

N[ R

So, we can see that for perfectly ordered vortex lattice V, — oo hence J, —
0. For disordered vortex lattice, V. is finite and hence J. is non-zero.

If Lc and R. are correlation lengths along and transverse to the field
directions, then we have V, = RZL.. Since the lattice correlations are lost if
the distortion distance ~ &. So, for distortions L. and R, for tilt and shear
respectively the strains are of the order &L, and &/R., respectively. So, the
resulting increase in the elastic free energy per unit volume can be

represented by equation (2.28).

1 £)? £)?

3 (cee () s (E)) (2:28)
where Cgg, Cy4 are the elastic moduli for FLL shear and tilt.
The pinning force acts only through a distance ~ ¢ before changing

randomly. Therefore, we have the net free-energy change per unit volume

in the presence of pinning sites,

1
1 £ 2
oF =2 oo (£) + 26 () ~fe (2.29)
C
Minimising the free energy with respect to L. and R we get,
4 1 3
2 2 22 2 ~4 ¢6
Lo = Pl g, = Tl y, = WS
2 r4 2 r4
SFmin = i, Je = 257 (2:30)

8C44C3:E2’ B 2C44C3:83
Therefore, a larger pinning energy and larger critical current have been

acquired for a softer FLL (smaller elastic moduli).
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In summary, various models associated with both conventional and
unconventional superconductivity are explained, which are used to
characterize the superconducting behaviour of NbSe, and its doped samples

in future chapters.
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CHAPTER 3

Experimental Techniques

This chapter represents the detailed description of experimental methods

that are employed to synthesize and characterize the NbSe; single crystals
for investigating the physical properties defined in this thesis. Firstly, a
brief description of the different crystal growth techniques is presented
which includes melt growth, vapour growth, solution growth techniques
along with an elaborate description of the iodine vapour transport method.
Secondly, a brief review of the various analytical tools including their

principle of operations for material characterizations is summarized.
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3.1. Sample Growth Technique
3.1.1. Different Kinds of Crystal Growth Techniques:

This section is focussed on the details of the crystal growth
techniques which are employed to grow large single crystals of different
kinds of materials depending on the requirement of various applications.
Single crystals are regular arrangement of basic building blocks (such as
atoms, ions, molecules) that is preserved on the macroscopic scale. The
crystal lattice of the whole sample is continuous and unbroken to the edges
of the samples, with no grain boundaries. The absence of the defects
associated with grain boundaries provides single crystals unique properties,
especially mechanical, optical and electrical, which can also be anisotropic,
depending on the form of crystallographic structure. Single crystals are
essential in research specially condensed-matter physics, materials science,
surface science, etc. Single crystals are broadly used for the study of
intrinsic properties and crystalline structures and in innovative applications.
Single crystal of silicon is used in the fabrication of semiconductors.
Microprocessor fabrications depend on the formation of large single
crystals. Most of the superconducting materials are highly anisotropic in
nature. Only in single crystals it is possible to study the directional
dependence of various properties. So, single crystals are used to estimate
the anisotropy associated with fundamental superconducting parameters
such as lower and upper critical fields, coherence length, penetration depth
and critical current density. Intrinsic characterization of high-quality single
crystals boosts the premise for scheming a variety of applications like
magnetic imaging and storage, electronic power transmission and high
speed signal propagation on strip lines. These are equally used for full
determination of the fundamental structures of pure superconducting phases
to accelerate the invention of room temperature superconductors and
predicting the existence of unfamiliar superconducting compounds.

The growth of single crystals is a challenging task which involves
the arrangement of atoms, molecules or ions in a repeating pattern. It
depends upon the characteristics of the materials under investigation, such
as its melting point, volatile nature, solubility in water or other organic

solvents and so on. There are numerous approaches to grow single crystals,
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certain procedure of which is appropriate to a certain compound. The
methods using for crystal growth can be a small inexpensive technique to a
sophisticated growth process with crystallization times ranging from
minutes, hours, days and to months. The crystal growth techniques involve
in the transport of crystal constituents in the solid, liquid or vapour phase.
Hence, the basic growth methods can be classified as solid growth, vapour
growth, melt growth and solution growth based on phase transformation.
Figure 3.1 represents the classification of different crystal growth methods.

Crystals growth
|
I I I |

From Melt From Solid From Vapor From Solution

Chemical transport  physical transport

| | | |

Low temperature High temperature Hydro thermal Gel growth

solution growth  solution growth growth
| | | | |
Bridgman  Czochralski Vernuil  Kyropoulos Zone melting
Method Method method  Technique method

Figure 3.1. Classification of Single crystal growth techniques.

3.1.1.1. Melt Growth:

Melt growth is the process of crystallization of fusion and
resolidification of the pure material, crystallization from a melt on cooling
the liquid below its freezing point. In this technique, there are no impurities
introduced in the growth process except the possible contamination from
crucible materials and surrounding atmosphere. The rate of growth is
normally much higher than possible by other methods. It is commercially
the most important method of single crystal growth. The growth from the
melt can further be classified into various techniques such as i) Bridgmann
method, ii) Czochralski method, iii) Vernuil method, iv) Zone melting
method, v) Kyropoulos technique, vi) Skull melting. CaF,, CeFs, Bi;Ge3O1;,
etc. materials are grown by Bridgmann method. On the other hand, the
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materials which are synthesised with Czochralski method are YAG with
dopants, YAP with dopants, LiNbO3, PbsGe301;, etc.
3.1.1.2. Vapour Growth:

The growth of single crystal from vapour phase is likely the most
flexible of all crystal development forms. High purity crystals can be
synthesised from vapour phase by condensation, sublimation and sputtering
of essential materials. Crystallization from vapour is widely used to grow
bulk crystal, epitaxial films, and thin coatings of high melting point.
Techniques for growing crystals from vapour are divided into two types.
They are i) Chemical transport method, ii) Physical transport method.
Chemical transport method involves a chemical transport in which material
is transported as chemical compound, which decomposes in the growth area
[1, 2]. This process is used to synthesis all the samples used in this thesis
and discussed elaborately in the next section. Physical transport method
involves in the direct transport of materials by evaporation or sublimation
from a hot source zone to a cool region. I1-VI compounds (ZnS, CdS) are
widely grown in this method either in vacuum or with a moving gas stream.
3.1.1.3. Solution growth:

In this method, crystals are grown from aqueous solution. This
method is widely used for producing bulk crystals. The four major types of
solution growth technique are i) Low temperature solution growth, ii) High
temperature solution growth, iii) Hydro thermal growth, iv) Gel growth.
Hydrothermal growth is suitable for single crystal growth of SiO,, ZnO, etc.
The Gel method has been applied to the study of crystal formation in human

system such as cholesterol stores, different kinds of hormones etc.

3.1.2. Chemical Vapour Transport (CVT) method:

The most often used method for the growth of single crystal is
chemical vapour transport method in which reversible and heterogeneous
reactions are involved to transport the source material as a volatile material
to the crystallization region [3-6]. The systematic research and description
of CVT reactions was carried out by Schafer in the 1950s and 1960s [1].
The pure and crystalline species of various solids could be made with the

help of CVT reaction like metals, metalloid and intermetallic phases as well
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as halides, chalcogen halides, pnictides and many others. Selecting a
suitable transporting agent is an important subject in this method. In the
process of CVT, a condensed phase, typically solid is volatilized in the
presence of a gaseous reactant (transport agent) and deposited elsewhere in
the form of crystals. The deposition will take place if there are different
external conditions (like temperature, pressure) for the chemical
equilibrium at the position of crystallization than at the position of
volatilization. Usually, different temperatures are applied for volatilization

and crystallization as shown in Figure 3.2.

Figure 3.2. Scheme of CVT experiments for crystallization of solids in a temperature

gradient.

Various transport agents like halogens (iodine, chlorine) and
halogen compounds are used for CVT technique. The parameters that can
be optimized for an effective CVT reaction are growth temperature,
transport direction, rate of mass transport, choice of the transport agent and
the free energy of the reaction. Transport is governed through two processes
(convection and diffusion). Though larger crystals can be formed by
enhancing the transport rates esteeming convection, the crystals become
inhomogeneous and are disposed to having more defects. The source and
sink temperatures have been altered depending on the free energy of the
reaction between the species. Single Crystals of various 2D transition metal
dichalcogenides (MoS,, MoSe,, TaS;, TaSe,, NbS,, NbSe; etc.) showing

65



Chapter 3

different intriguing properties have been successfully achieved by this

process.

3.1.3. Synthesis Procedure (lodine Vapour Transport Method):

High quality single crystals of NbSe, characterized in this thesis
were synthesized by standard iodine vapour transport method with
precursors Nb (99.95%), Se (99.999%) and iodine (I,). The precursors Nb
and Se were mixed appropriately in suitable stoichiometric ratio in an agate
motor and then pelletized in the form of circular pellets of diameter ~ 1.2
cm by applying pressure using a hydraulic press. lodine concentration was
taken as ~ 5 mg cm™ of quartz tube. Circular pellets (~ 4 gm) were sealed in
quartz tube followed by the evacuation of the tube at a pressure of 2.5x10
mbar in the atmosphere of liquid nitrogen. The quartz tubes with length ~
20 cm and internal diameter 1.3 cm were utilized for single crystal growth.
Vapour transport reactions take place in a temperature gradient. So, the
tubes were heated in a two-zone furnace with temperature gradient of about
150 °C to create the separate environment for the charge zone (zone of
volatilization) and growth zone (zone of crystallization). The two zone
furnace was kept in a horizontal position to keep convection as part of the
gas motion as small as possible. Figure 3.3(a) represents the schematic
diagram of the two zone furnace which demonstrates the crystals growth
process in a temperature gradient, set by a programmed temperature
controller. T; and T, indicate the temperatures of zone 1 and zone 2,
respectively with Ty > T,. The pellets were placed in the high temperature
zone (T) so that the charges can be volatilised in the form of a chemically
intermediate phase. The intermediate phase diffuses to a region of lower
temperature T,. Here the chemical intermediate decomposes and deposits
the single crystal of NbSe,. The initial increment of the temperatures of
both zones was kept at 4 °C/hr. The mobility of Nb and Se atoms were
enhanced by using iodine which forms the intermediate phase with Nb. The
reaction between Nb and Se occurs through an exothermic reaction at an
approximate temperature of 550 °C. After that the temperatures of both
zones were kept at 900 °C for one day. For occurrence of the complete

reaction, the temperatures of charge zone (zone 1) and growth zone (zone 2)
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of two zone furnace were kept at 850°C and 700°C for one week,
respectively. Then the furnace was forcefully shutdown to avoid the
formation of triselenides.

The equilibrium reaction, which is responsible for the transport of
intermediate phase in the growth zone, can be designated by equation (3.1).

2NbSe, + 2I, = 2Nbl, + 2I, (3.1)
At the growth temperature, the dissociation of the di-iodide to the tetra-
iodide occurs which deposits the diselenide following the reaction
represented by equation (3.2).

2Nbl, + 2Se, = Nbl, + NbSe, + Se, (3.2)
The tetra-iodide cycles to the reaction end of the system, where it reacts
with more Diselenide. The process continues until all the charge is
transported to the growth region.

The image of Figure 3.3(b) shows a sealed quartz tube containing
the full-grown single crystal after the removal from two zone furnace.
Similar procedures were followed to make single crystals of NbSe; gs,
FexNbSe,, CryNbSe,, and VNbSe, with the requisite precursors. It is
absolutely essential to avoid the condensation of liquid oxygen or moisture
within the tubes prior to sealing. For this purpose the tubes are annealed at
1000 °C for 24 hours before putting into the two zone furnace. The single

crystals of nearly 4 mm x 4 mm size were obtained using this technique.

”‘.ﬂ"-----) wé

i b)

Figure 3.3. The schematic diagram for synthesis of single crystals through the chemical
vapour technique; (a) two zone furnace in which the quartz tube is placed at temperature

gradient; (b) shows the quartz tube in which single crystals are formed.
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3.2. Analytical characterization tools

3.2.1. X-ray Diffraction:

The X-ray diffraction (XRD) pattern of a crystalline substance is a
rapid analytical technique mostly utilized for phase identification of a
crystalline material which can give the information about unit cell
dimensions [7]. X-ray diffraction technique is utilized to estimate structural
characteristics such as lattice parameters, strain, grain size, phase
composition, orientation and thermal expansion. In 1916, Debye and
Scherrer [8] first produced the powder diffraction pattern. It is established
on the concept of constructive interference of monochromatic X-rays and a
crystalline sample. These X-rays are generated using a cathode ray tube and
is filtered to produce monochromatic radiation which is then focused
toward the sample.
Theory: The wavelength of X-rays is equivalent to the interatomic
distances of crystals. This makes the X-rays to be diffracted from a
crystalline specimen by irradiating on it following to the Bragg’s law.
Bragg’s law gives the conditions required for constructive interference for a
particular wavelength. According to Bragg’s law:

nA = 2dsinf (3.3)

Where d represents the spacing between two crystal planes i. e. interplanar
distance, n is an integer, 4 is the wavelength of the X-ray beam, 6 is acute
angle between the incident ray and the scattering. Figure 3.4 explains the
Bragg’s law where 1 and 2 represent the incident rays and 1’ and 2’
represent the diffracted rays. The method, which is employed in XRD
measurement, record the intensity of the diffracted X-ray beam with the
help of a camera or a diffractometer as a function of Bragg’s scattering
angle (26), the incident wavelength and the specimen’s orientation as
shown in Figure 3.5. The same family of crystal planes of a specimen
produces a diffraction peak at a specified angle. The spacing between the
diffracting planes of the atoms determines the peak positions which are the
unique properties of a specimen.

The diffraction pattern of a material, as attained experimentally, are
compared with standard powder diffraction files published by the
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international center for diffraction data (ICDD) and thus the information of
all the composition of a specimen can be extracted. ICDD is formally

known as joint committee on powder diffraction standards (JCPDS).

Figure 3.4. The diffraction process in direct lattice space. Parallel rays are incident on the
atomic planes and are scattered as shown.

A Bruker D8 Advance X-ray diffractometer with CuK,, radiation (A
= 1.54A) was used to analyse the phase formation and phase purity of the
samples presented in this thesis. In this diffractometer incident angle of X-
ray beam is changed continuously to record a spectrum of intensity versus
angle between incident and diffracted beam. The diffractometer consists of
an X-ray tube, incident beam optics, sample holder, receiving side optics
and a detector. The X-rays are produced in cathode ray tube by heating
filament to high energy electrons, accelerated towards the object by
applying electric field and bombarded on the target specimen. These X-rays
are diffracted by the sample and are converged at the receiving slits before
they enter a detector. A detector records this X-ray signal and converts the
signal to a count rate which is then output to a device such as a printer or
computer monitor. The XRD pattern of the samples in this thesis are
collected in the 26 range of 10-80° and analysed with the help of FullProf

software.
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Detector

N~_-__—_¢
Figure 3.5. Schematic diagram of X-ray diffractometer showing different components of
an XRD. The dotted circles represent the goniometer where the sample is placed in the
centre. A divergent source of x-rays is focused on the flat plate sample which then
diffracted and collected by the detector. The diffraction pattern is recorded by rotating

both the source and the detector at an angle 4

3.2.2. Scanning Electron Microscopy and Energy Dispersive X-ray
Spectroscopy:

The structure and topographies of different kind of surfaces
associated with different specimen can be realized nicely by scanning
electron microscopy (SEM) with a beam of electrons. The secondary
electrons created by the specimen generates image of the sample with high
magnification which comprehends the information about the topological
characteristics. The elevated magnification, larger depth of focus, greater
resolution and the simplification of the procedure of image interpretation
make SEM as one of the most intensely employed microscopic analytical
tools in research areas today [9].

Theory: SEM utilizes a beam of electrons over a preferred range
of electron energies to yield an image with high resolution. An SEM entails
the parts: (i) an electron gun, (ii) electromagnetic lens system, (iii) detectors
and (iv) a stage or sample holder for imaging the sample (as shown in
Figure 3.6).
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Figure 3.6. The schematic diagram of (a) SEM, and (b) its working principle.

To produce a strong penetrating beam of high energy, two sorts of

electron guns are used. These are Conventional Thermionic gun and Field

emission gun. The conventional thermionic gun consists of a tungsten

filament which generates sufficient energy so that the electrons can

overcome the work function of the material of filament and emerges as a
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highly intense electron beam. The field emission gun consists of a sharply
pointed Muller-type emitter at several kilovolts negative potential relative
to a nearby electrode to provide sufficient potential gradient at the emitter
surface for field electron emission. The emerging highly intense beam is
then controlled and focused by electro-magnetic lenses (condenser lens,
scan coils, stigmator coils and objective lens) and the apertures in the
column towards the sample following a vertical line.

The interaction between the high energy electron beam and the
sample causes either inelastic scattering (i.e., involve with atomic electrons)
or elastic scattering (i.e., involve with the atomic nucleus). This interaction
generates backscattered electrons (BSEs), secondary electrons (SEs), and
characteristics X-rays. When an electron energy (excited from the sample)
is less than 50 eV, it emerges as SEs, and when the energy of the electron
beam is greater than 50 eV, it emerges as BSEs. Different sort of detectors
are used to perceive different kinds of beams like Everhart-Thornely
detector which is employed to detect the SE electrons. The SE beam is
usually used to generate definite image of the surface of a sample. In
contrast BSE electrons give the information about atomic number contrast
besides the topographic contrast. However, X-ray provides the composition
of a substrate (Figure 3.6).

The sample is mounted in a sample holder after it is covered by a
conductive layer. It is then implanted to an exchange chamber into the high
vacuum part of the microscope and attached on a moveable stage. It can be
repositioned in the chamber and can be tilted, rotated and moved in Z
direction to generate images at different orientations. The modern electron
microscope utilizes field emission technology for ultra-high resolution of
electron imaging, which is far superior to conventional scanning electron
microscopes.

In order to be observed with SEM, sample is prepared following
some procedures. The sample is made conductive for current by coating it
with an extremely thin layer (1.5-3.0 nm) of gold or gold-palladium.
Furthermore, the sample must be able to hold the high vacuum and should
not lose water molecules or gases to interrupt the vacuum. Metals, polymers

and crystals are usually less challenging and retain their structure in the
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SEM. Here the surface morphology of NbSe; single crystals have been
investigated through field emission scanning electron microscopy (FESEM,
Supra 55 Zeiss, and UK).

This system has another associated apparatus called the EDS
analyzer (Oxford Instruments, UK), which is utilized for compositional
analysis and elemental mapping of the layered structure of the NbSe; single
crystals used in this thesis. Energy Dispersive X-ray spectroscopy (EDS) is
an analytical technique which is operated to acquire the elemental analysis
or chemical characterization of a material. The principle of this tool is based
on the fact that when a beam of electrons falls on the sample, an electron
being excited jumps from an internal nuclear shell to an external nuclear
shell that results a hole in the former position of an electron. Consequently,
another higher energy electron comes to fill the position of the hole and the
excess energy emerges as X-ray. The discharged energy contains the
characteristic of the energy difference between these two energy levels, thus
gives the information about the electronic structure of the components
involved in the specimen. An X-ray detector is used to record the number
and energy of X-rays generated in the specimen investigated under the
irradiation of the electron beam. The energy spectra contain peaks which

give the information about the elemental composition of the sample.

3.2.3. Transmission Electron Microscopy:

A transmission electron microscope (TEM) is an extremely effective
device that uses a beam of highly energetic electrons to examine objects on
the microscopic scale for characterizing crystal structure of different
materials and microstructure simultaneously by diffraction and imaging
techniques. We get evidence about the morphology (size, shape,
arrangement of particles on scale of atomic diameters), crystallographic
information and micro-chemical state with an appreciable spatial resolution
[10]. TEM can be used to study the growth of layers, their composition and

defects in semiconductor.

Theory: TEM operates on the same principles as the light microscope but

uses electrons instead of light. It consists of a high energy electron beam
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which is generated in the electron gun (Thermionic Gun, Field Emission
Gun) to analyse the specimen. The electron beam is accelerated under
vacuum, focused by condenser lens (electromagnetic bending of the
electron beam) into a small, thin, coherent beam. This beam is restricted by
the condenser aperture, which excludes high angle electrons. The beam then
strikes the specimen and the resulting interaction between the electron beam

(Figure 3.7) and specimen provides the subsequent results:

» A part of the high energy electron beam transmitted through the
specimen depending upon the thickness and electron transparency of
the specimen. This transmitted portion is focused by the objective
lens into an image on phosphor screen or charge coupled device
(CCD). These transmitted electrons suffer no interaction and no loss
of energy in the specimen which carries information about the
structure of the sample. The transmitted beam gives a bright field
image of the specimen. The darker areas of the image represent
those areas of the specimen that fewer electrons are transmitted
through while the lighter areas of the image represent those areas of
the sample that more electrons were transmitted through.

» Part of the electron beam scattered (both elastic and inelastic way)
while passing through the specimen.

» While passing through the specimen, elastically scattered electrons
get diffracted from their original path. It results no loss of energy
and the transmission of the scattered electron beam occurs through
the remaining portion of the specimen. Elastic scattering is usually
coherent when the specimen is extremely thin and crystalline. Dark
field image is produced by the scattered electron beam where the
transmitted electron beam is blocked by the primary aperture.

> All incident electrons which are scattered by same atomic spacing
would be scattered by the same angle and will result Bragg’s
diffraction. This diffracted beam gives us the evidence about the
orientation, atomic arrangements, and phases present in the area

being examined. Diffraction image is formed when one of the
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diffracted beams is selected by using a selected area diffraction

aperture.

» There is also inelastic interaction that occurs between the incident
electrons and the specimen, which results loss of electron energy.

Due to the energy of change, electrons after inelastic scattering

become incoherent. The loss of energy associated with the inelastic

scattering of electrons can be measured through Electron Energy

Loss Spectroscopy (EELS). This information is mainly used for

analytical analysis such as elemental composition, chemical bonding

and valence and conduction band electronic properties.
Analogous to SEM, a modern TEM consists of filament, an objective
lens system, magnification system, a specimen stage and data recording
and chemical analysis system. In TEM, sample preparation is a crucial
technique as the sample has to pass through several procedures to be
thin enough so that electron beam can penetrate it easily.

To characterize the samples in our research work, high-resolution
transmission electron microscopy (HRTEM, Tecnai G2 F20 S-Twin)
technique and HRTEM-JEOL JEM 2100 was used. The samples were
prepared by sonicating the samples in propanol for 30 minutes which results
the dispersion of sample in propanol. Then the dispersion was casted on the
copper TEM grid with a micropipette, which was permitted to dry for
another 60 minutes inside a heating furnace to evaporate the solvent. The
NbSe, samples are observed through TEM in the bright field as well as dark
field imaging modes. The modern high-resolution transmission electron
microscopy (HRTEM) is an excellent device for imaging at the atomic scale
and has outstanding methodical performance. The SEAD pattern containing
a series of spots is collected to analyse the crystal structure. HRTEM
images are analysed with ImageJ software, which is a public domain Java-

based image processing program.
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Figure 3.7. Schematic representation of (a) TEM, and (b) its working principle.

3.2.4. X-ray Photoelectron Spectroscopy:
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive

spectroscopic technique for measurement of the material’s surface,
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developed by the noble laureate Kai Siegbahn in the 1960s [11]. XPS
measurements are involved for identifying the elemental composition of a
sample surface, the empirical formula of materials, chemical state, presence
of any contamination on the material surface, and the electronic state of the
elements that exist within a material. So, it not only shows the composition
of a material but also gives the information about the other element they are
bonded to.
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\ 4 - — 1s

Figure 3.8. Schematic of the x-ray photoelectron spectroscopy showing its basic
components.

Theory: XPS spectra involve the irradiation of a material with a beam of X-
rays while simultaneously measuring the kinetic energy and number of
electrons that escape from the top (~ 0 to 10 nm) of material’s surface that
being analysed. In XPS, soft X-rays of energy 100 — 2500 eV is generally
utilized to investigate the core levels of the material surface under ultra-
high vacuum. Generally, when the X-rays of sufficient energy fall on the

sample, it excites the core-level electrons of the bound states resulting the
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ionization and emission of the core electrons (photoelectrons) (Figure 3.8).
The emitted photoelectrons are then detected by a hemispherical electron
analyzer which measures their kinetic energy. To count the number of
electrons during the acquisition of a spectrum with a minimum error, XRS
detectors must be operated under high vacuum (UHV) conditions. Based on
the theory of the photoelectric effect, the electron analyzer generates an
energy spectrum of the detected photoelectrons versus detected binding
energy following to the relation given by Ernest Rutherford [12] as
represented by equation (3.4).
Ep= hv— (Eit @) (3.4)

where, Eg represents the binding energy of the photoelectrons, Av is the
photon energy and Ey represents the Kkinetic energy of the emitted
photoelectrons with “@ " as a work function of the spectrometer.

The XPS measurement of the synthesized NbSe; single crystal was
implemented using a Kratos Axis spectrometer with Al K, source (hv =
1886.6 eV) in an ultra-high vacuum chamber. Survey scan data were
collected at the pass energy of 50 eV and using a high energy hemispherical
detector analyser (HDA). The vacuum chamber consists of various probes,
anlyzers, and detectors. The pressure inside the ion-pumped analysis reactor
is maintained upto 1.0 x 10”° mbar throughout the data procurement. The
shifting in the binding energy values due to the surface charging effects is
resolved considering the C1s peak (binding energy value of 285 eV) as the
standard reference. The precision of the binding energy values is in the

range of £ 0.2 eV.

3.2.5. Physical Properties Measurement System (PPMS) — Vibrating
Sample Magnetometer (VSM):

The PPMS (Quantum Design, USA) is considered as a unique tool
in determining several physical characteristics such as transport and
magnetic properties based on specifically planned measurement options.
Sample background consists of magnetic fields up to + 90 kOe and the
temperature range of 1.9 - 400 K. Its innovative flexible structure allows
various characteristics in one device that makes the PPMS as one of the

most resourceful instrument. The PPMS consists of sealed sample chamber
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with 2.6 cm diameter sample access, pulse tube (PT410, Cryomech, UK),
cryogen-free cooling technology and versatile sample mounts couple with
12 electrical leads made into the chamber insert. PPMS is controlled by a
microprocessor-controlled device (Model 6000) that has current or voltage
sources using an integrated visual basic interface within the Windows-based
MultiVu software. Figure 3.9 displays PPMS 90kOe associated with the
VSM [13, 14].

3.2.5.1. Outline of VSM module:

The VSM P525 (Quantum Design, USA) option, designed for the
PPMS is a fast and sensitive DC magnetometer where the measurement is
done by vibrating the sample adjacent to a detection (Pickup) coil and
simultaneously the induced voltage is recorded. Simon Foner invented
VSM in 1955 and reported in 1959 [15]. Figure 3.10 represents the
Photograph of a VSM and detection coil (M/s Quantum Design, USA) [14]

and Figure

Figure 3.9. Photograph of a PPMS-VSM setup available at the CHPR, Bharathidasan

University, Tiruchirappalli.

3.11 describes the working principles of VSM, respectively. VSM is
employed to measure the magnetic hysteresis loops and conduct the
temperature - dependent magnetization measurements with a static
magnetic field. The compact gradiometer pickup coil configuration, which

has comparatively large oscillation amplitude (1-3 mm peak) and a
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frequency of 40 Hz, is capable of determination of changes in
magnetization less than 10-6 emu at a data rate of 1 Hz.

The VSM option for the PPMS mainly contains a VSM linear motor
transport (head) for oscillating the sample, a coil set puck for detection,
electronics for driving the linear motor transport and detecting the response
from the pickup coils, and a copy of the MultiVu software application for
automobile and control. The signals are recorded using two pickup coils,
large coil and small-bore coil. Small bore is used for magnetization
measurement at ambient pressure whereas large bore is used for pressure
dependent magnetization measurement.
3.2.5.2. Principle of VSM and measurement procedure:

The fundamental principle of a VSM is based on the Faraday’s law of
induction [15, 16], which can be represented by the following equation
(3.5).

do
Veoir = qt (35)

Where V. is the induced voltage and Z—f represents the change in magnetic

flux.

The sample to be measured is kept in the middle of a paddle shaped
sample rod by GE varnish. The sample rod is then inserted through the
VSM motor into the PPMS Dewar. The magnetization of a sample upsurges
due to the enhancement of the magnitude of the magnetic field and the
alteration in flux generates a voltage signal, which is recorded by the pickup
coil located near the sample. The signal is generally small, and is amplified
by a lock-in amplifier at a specific frequency. The signal measured by the
pickup coil is directly proportional to the magnetization of the sample and
independent of the external field intensity.

The magnetization measurements of the proposed samples presented
in this thesis were carried out in ZFC and FC modes in the Centre of High
Pressure Research of Bharathidasan University. In ZFC mode, the sample
was cooled initially in zero magnetic field and the data was recorded on
warming by applying an external magnetic field, whereas in FC mode the
data was recorded upon cooling without removing the applied magnetic

field. Isothermal magnetization curves near the superconducting transitions
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were accomplished for all the samples in order to investigate both the
reversible magnetization and irreversible magnetization associated with
versatile vortex dynamics of NbSe,. During the measurement of
temperature dependence of ZFC and FC curves, the temperature was
measured by continuously keeping the sweep rate at 1 K/min. The ZFC and
FC hysteresis loops of NbSe, were measured with the sweep rate of 100

Oe/sec.

Figure 3.10. Photograph of a VSM and detection coil (M/s Quantum Design, USA).

Vibrator
Pick-up coil Reference
\ Signal
Hallprobe, oy N~ ™ Generator
Electromagnef\‘

- |

V Sample

Stepping
Motor

Figure 3.11. The schematic diagram of Vibrating Sample Magnetometer (VSM).
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3.2.6. Resistivity/Magnetoresistance Set-up:

Many conventional methods are generally used for the resistivity
measurement of different materials [17, 18]. The method used in this thesis
to complete the resistivity measurement of the proposed samples is four
probe method. It permits measurements of resistivity in samples having a
wide variety of shapes, including the resistivity of small volumes within the
bigger pieces. In this method, four sharp probes are placed on the flat
surface of the material to be measured, current is passed through the outer
electrodes, and the floating potential is measured across in the inner pair.
To prevent minority carrier injection and make good contacts, the surface
on which the probes rest, is mechanically exfoliated. The insert for
resistivity measurements is the most important tool in the resistivity and/or
magnetoresistance set-up at extremely low temperatures. It has been
designed and developed to provide cryogenic environment inside liquid
helium storage Dewar for various measurements such as resistivity, heat
capacity etc., in the absence of magnetic field. The sample space
temperature of this insert can be varied from 1.5 K to 300 K and it requires
very less amount of liquid helium. To generate high magnetic field and low
temperature environment, a superconducting magnet system, purchased
from Oxford instruments is used. This system consists of a superconducting
solenoid, which can produce magnetic field up to 80 kOe at 4.2 K. This
system can be operated in the persistent mode using a persistent current
switch, which is formed by wrapping a small heater around a short segment
of the magnet’s superconducting wire.

The insert for the resistivity and magnetoresistance measurements
contains a sample holder which is made of square OHFC copper block
(12x12x40 mm?®). At the top of each face of the copper block, a cigarette
paper is attached with GE varnish to insole the samples electrically from the
sample holder. Four samples can be loaded on each face. At the four
corners of the block, copper strips are attached, on which PCB strips have
been attached to make electrical terminals. From these terminals four
uninsulated copper wires (two each for current and voltage leads) for each

sample are taken for electrical contacts. The electrical contacts on samples
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are made with the help of silver paste or indium solder. For temperature
measurement, a calibrated Cernox temperature sensor (model no. CX-1050-
SD) is fixed in the sample holder using GE7031 varnish. The sensor has
been calibrated with respect to a calibrated Cernox temperature sensor
purchased from Lakeshore Cryogenics. A pairwise twisted manganin wire
is wounded around both the ends of the copper block as a heater for
homogeneous heating. This copper block is connected to about a meter long
SS tube of diameter 10 mm. On the SS tube ten equally spaced copper
baffles of thickness 1 mm and diameter 36 mm are brazed. These baffles act
as a radiation shield and also utilized the enthalpy of outgoing He gas for
efficient cooling. The copper wires of SWG 44 (0.081 mm diameter) are
utilized as electrical leads from sample and temperature sensor to the room
temperature end of the insert. For the sample holder heater, SWG 34 (0.234
mm diameter) copper wire is used. The voltage leads as well as current
leads are pair-wise twisted separately, for each sample holder. Since large
numbers of copper wire are coming from room temperature to the sample
holder, it may prevent to achieve the lowest temperature. Therefore careful
thermal anchoring has been done to overcome this problem.

In this insert, sixteen samples can be loaded at a time. It can be used
for resistivity measurements in absence of magnetic field in the temperature
range of 1.5-300 K, with the general-purpose variable temperature insert.
For in-field measurements same resistivity insert is used with the magnet
system, which provides a magnetic field up to 100 kOe and temperature
variation 1.5 to 300 K. The samples are fixed on sample holder with the
help of GE varnish. Silver paint is used for making electrical contacts. In
some cases indium contacts are also used. After making the contact the
insert is placed inside the cryostat (VTI or magnet system) for resistivity
and magnetoresistance measurements.

The schematic diagram of the electrical connections between the
various electronic instruments used in this set up is shown in Figure 3.12.
Lakeshore temperature controller (DRC-93CA) is used for measuring and
controlling the temperature of the sample holder. For selecting the different

samples Keithley Switching System (model 7002) is used. A nanovolt
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scanner card (model 7168) is used for switching between the voltage leads
of different samples and a general-purpose scanner card (model 7056) for
switching between the current leads. Keithley source meter (model 2400) is
used for sending the current through the current leads, and the voltage
across the voltage leads is measured by Keithley sensitive digital voltmeter
(model 182). The automation is written Quick Basic. A PC (HP486) is used
for controlling and automated data collection using IEEE-488 interface. The
measurement is started by controlling the temperature of interest using
Lakeshore temperature controller. After controlling the temperature, the
scanner selects a particular sample. Then through the current lead a
specified current is passed through the sample and voltage is measured
again. It cancels the offset voltage generated due to thermos emf, which is
independent of the current direction. The process is repeated few times to
improve the accuracy of the measurement. After that the scanner selects the
next sample for measurement and repeats the process. Since one nanovolt
scanner card can scan voltage of only eight samples, at present it is possible
to do the measurement of maximum eight samples at a time. Once the
measurement of all the samples are completed the temperature controller
sets next temperature. The process of measurement is repeated after
achieving the required temperature stability. The collected data is plotted
online as resistance versus temperature on the computer monitor.

The resistivity (p) is determined from the resistance (R) following

equation 3.6.

A
p=(7)r (3.6)
Where A is the area perpendicular to current direction and | is the
distance between the voltage leads.

The magnetoresistance (Ap/p), which is defined as

p p(0,T) (3.7)

can be measured in two different modes; (i) Magnetoresistance as a
function of temperature at constant magnetic field, which is obtained from
the measured resistance as a function of temperature in zero magnetic field
and in presence of constant magnetic field. (ii) Magnetoresistance as

function of magnetic field at constant temperature can be obtained by
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measuring the resistance at various magnetic fields at that temperature. If
the magnetic field is parallel to the current direction it is known as the
longitudinal magnetoresistance and if it is perpendicular to the current
direction it is known as the transverse magnetoresistance. The
magnetoresistance data presented in this thesis is the longitudinal

magnetoresistance.
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12 p2 T
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Figure 3.12. Block diagram of Resistivity/Magnetoresistance set up.
In our thesis work, we have measured resistance of NbSe, and
doped NbSe; single crystals as a function of temperature at 2K-300 K
temperature to investigate the superconducting transition and the effect of
intrinsic and extrinsic defects in UGC-DAE Consortium for Scientific
Research, Indore. Magnetoresistance measurement as a function of
temperature at constant magnetic field was also accomplished of various

samples.

In summary, in this chapter the single crystal growth techniques and

various characterization techniques are successfully demonstrated.
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CHAPTER 4

Effect of Fe Doping on Niobium
Diselenide (NbSe,) Single Crystal

Different dopants such as Co?*, Fe**, Fe?*, Sn**, Cu?* etc. are adequately

efficient [1-3] to control the superconducting properties of NbSe,, and there
is no doubt that these doping investigations give significant information to
understand the physical properties of NbSe,. As already discussed, NbSe; is
a promising candidate among all transition metal dichalcogenides for
studying of different physical properties [4]. Due to the layered structure
[5], NbSe, shows large anisotropy in the electrical [6], mechanical and
magnetic properties. Here iron atoms are added to the layered structure of
NbSe, to give some insight into the J. characteristics and pinning

mechanism.
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To study the doping effect in the vortex dynamics of layered
superconductors, we have first chosen magnetic element iron (Fe), where
Fe belongs to group-VIII. Fe is d-block transition metal element with ionic
radii of 0.63 nm which is ferromagnetic in nature. The prime objective of
this chapter is to study the effect of Fe doping on NbSe; single crystal and
investigate their structural and superconducting properties. The
superconducting properties include the enhancement of critical current
density (Jc), improvement of pinning mechanism and also the interaction
between vortices and pinning centres. To improve the superconducting
properties, it is very important to control the magnetic field dependence of
Jc characteristics due to sharp reduction of the J. values with increasing
magnetic field making it inapplicable in practical purpose. Irradiation [7]
and foreign atom doping are two most efficient procedures to improve
superconducting J. characteristics [8]. The defects created due to the
addition of foreign atom changes elasticity of the vortex lattice which
compensates with the change in pinning force density (Fp) [9]. The
destabilization created due to the defects leads variety of pinning regime
like weak collective pinning regime and strong pinning regime [10]. The
transverse (R.) and longitudinal (L.) correlation length that are estimated
from the three dimensional (3D) nature of the crystal structure [11] give
some deep insight into the short range order of vortex lattice created due to
the random distribution of the weak pins. Banerjee et al. [12, 13] gives the
experimental evidence on the vortex dynamics specially the peak effect
phenomena based on the transition from order to disorder of vortex lattice
from J. study and theoretical explanation on pinning strength.

Most of the literature in Fe-doped NbSe; single crystal focusses on
the change of transport properties such as resistance, magnetoresistance,
Hall effect due to the presence of Fe impurities. Hillenius et al. [16] studied
the temperature dependence of the susceptibility measurement in the range
1.3-300 K for Fe intercalated NbSe; single crystals for the Fe concentration
range from 0 to 33 %. Curie-Weiss behaviour is reported at higher
temperatures and a susceptibility maximum at lower temperatures with a
long-range ordered antiferromagnetic state at higher Fe concentration.

Similarly, Morris et al. [17] depicted nicely the Kondo effect and its
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anisotropic nature with the direction of magnetic fields in Fe doped NbSe;
in the range 0.25% to 5%. However, NbSe, with the addition of Fe is also
investigated through low temperature scanning tunnelling microscopy and
spectroscopy showing the change in its superconducting properties [1]. Dai
et al. [18] reported the changes of the electronic, magnetic and structural
properties in NbSe, single crystals using scanning tunneling microscope
(STM) and atomic force microscope (AFM) probing induced by Fe doping.
They observed that the formation of Fe superlattice in FeyNbSe;, at the
higher concentration of Fe atoms (above x > 0.20) replacing the CDW
superlattice with a reduced but stable energy gaps in the electronic
spectrum. Fasano et al. [19] reported the magnetic decorations of the vortex
structures of Fe doped NbSe, single crystal which shed light on the
correlation between the topology of vortex structure and the J.
characteristics in disordered vortex phase. Noto et al. [20] showed
magnetoresistance and temperature dependence of the electrical resistivity
in the Fe doped NbSe, single crystals indicating the presence of interband
scattering. However, despite of all these findings, a systematic experimental
study on J. characteristics and pinning mechanism with variation in doping
concentration is somewhat limited. Complete understanding regarding the
interaction between the vortices and the defects driven in presence of
random pinning potential of Fe atoms are necessary to optimize the J.
characteristics at different layered superconductors. So, Fe doped NbSe;
single crystal is a very interesting field to explore as it will help to improve
further the practical applicability of anisotropic, layered Fe based
superconducting materials.

This chapter demonstrates the temperature and magnetic field
dependence of magnetization measurement and the change of the magnetic
hysteresis loop (MHL) of NbSe, and Fe,NbSe, (with x = 0.0008, 0.0011)
single crystals. The magnetic field dependence of the J. characteristics of
these samples is investigated based on Larkin-Ovchinnikov (LO) collective
pinning model [21]. Further the effect of core interaction is discussed to

show the change in the vortex pinning mechanism due to Fe doping. The

91



Chapter 4

magnetic field dependence of the pinning force density is also shown in this

chapter to investigate further improve of J; on increasing magnetic field.

4.1. Materials and Method

Materials: Niobium (Nb, 99.95%; Alfa Aesar), Selenium (Se, 99.999%;
Alfa Aesar), iron (99.99%; Alfa Aesar) and lodine (I, 99.998%; Alfa
Aesar).

Method: The large single crystals of NbSe, and Fe,NbSe, (with x = 0,
0.0008, 0.0011) were grown through the method of chemical vapour
transport reactions using iodine as a transporting agent. The precursor, Nb,
Se and Fe were grinded in an agate motor to form pellet without any further
refinement. Circular pellets (~ 4 gm) were sealed in quartz tube by
evacuating the tube at a pressure of 2.5x10™ mbar. The quartz tubes with
length ~ 20 cm and internal diameter 1.3 cm were utilized for single crystal
growth. The tubes were heated in a two-zone furnace with temperature
gradient of about 150 °C. The pellets were placed in the high temperature
zone (T) so that the charges can be volatilised in the form of a chemically
intermediate phase. The intermediate phase diffuses to a region of lower
temperature. Here the chemical intermediate decomposes and deposits the
single crystals of NbSe, and FeNbSe,. The initial increment of the
temperatures of both zones was kept at 4 °C/hr. The reaction between Nb
and Se occurs through an exothermic reaction at an approximate
temperature of 550°C. For occurrence of the complete reaction, the
temperatures of charge zone (zone 1) and growth zone (zone 2) of two zone
furnace were kept at 850 °C and 700 °C for one week, respectively. The
furnace was forcefully shutdown to avoid the formation of triselenides. The
obtained single crystals were characterized further for structural and

physical properties.

4.2. Results and Discussion
4.2.1. Structural properties:
X-Ray diffraction: The XRD patterns of NbSe,, FepoosNbSe, and
Feo.0011NbSe; single crystals are represented in Figure 4.1. All XRD peaks

of the single crystals are indexed with the hexagonal phase of NbSe, (space
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group P63/mmc), suggesting that all the crystals are phase pure according

to the JCPDS card no. 01-070-5612 with a = b = 3.442 A and ¢ = 12.547

A. 1t has been observed from Figure 4.1 that the strong directional growths
along the (00I) planes, indicating that all the single crystalline samples are
orientated along the c-axis. The addition of Fe atoms in NbSe, does not
show any additional impurity peaks confirming the phase purity of the
samples without any change in their hexagonal phase.

However, it has been noticed from Figure 4.1 that the suppression of
the (008) peak intensity with an increase in the (006) and (004) relative
intensities. It gives the hint of growth along the (006) and (004) directions
with an increase in Fe concentration and confirms the Fe incorporation into
the NbSe; lattice. The intensities of (0010), (0012) and (0014) are relatively
very small (almost in the background level).

Due to the comparable ionic size of Fe** (0.645 A in CN = 6) and
Nb** (0.68 A in CN = 6), Fe** ions can easily replace Nb*" ions in the
NDbSe; lattice without any lattice distortion. It can result the Vegard’s law
type behaviour in the lattice parameters. Again, due to the presence of van
der Waals gap, layered TMDs offer space for the intercalation of smaller
cations. As the doping level of Fe atoms is less than 5 % in our case, it is
very difficult to detect by XRD. The estimated c-axis lattice parameter of
NDbSe; is in good agreement with the standard JCPDS data and has been
found to be ¢ = 12.55(5 + 4) A. It is observed that an insignificant shift in
the c-axis lattice parameter in FeggoosNbSe, within the error bar. The peak
positions shift towards the lower two theta value with increase in Fe
concentration (i.e., Fepo011NbSe;). The estimated c-axis lattice parameters
are provided in Table 4.1. It is observed that the c-lattice parameter
increases slightly in Fegg011NbSe,. Analysing above results, where defects
are created by foreign atoms [2, 3], support the successful incorporation of
Fe atoms between the Nb-Se-Nb layers as Fe clusters.

Unit cell lattice parameter for a hexagonal structure of NbSe, and

FexNbSe, has been calculated using equation (4.1), as shown in Table 4.1.

2
= (R + (hk) + K2) + (4.1)

93



Chapter 4

Intensity (a.u.)

~
=
5 2 B
Z S
<
~ -’ =xa
2
S ] l_Feo.mmNbsez
jlLTAAﬁAAAIIAAAAlAAAAlAllll
& =
a § % Fe, s NDSe,
S
e o~
b g
>
e =~ S
= 3
| S &
PN BT R BT T
~
E
e = — NbSe,
=
=
8 2 s & S
S S s 2= S
T | S £ =
PP N T T T . |
20 40 60 80 100 120
20 (degree)

Figure 4.1. XRD pattern of NbSe,, FegqosNbSe,, Feggo11NbSe; single crystals and the inset
shows the typical photograph of the single crystal of NbSe..

The variation in the estimated full width at half maxima (FWHM)

(Table 4.1) with doping concentration shows non-systematic or negligible

variation. There might be two probable reasons for the non-systematic

change in FWHM with doping concentration; first is due to the change in

the structure of NbSe, and second is due to internal compressive micro

strain.

Table 4.1. Estimated structural parameters for NbSe, and FeNbSe, (x =

0.0008, 0.0011) single crystals.
Sample c(A) FWHM
(002) | (004) | (006) | (008)
NbSe; 12.555+0.004 | 0.12 |0.12 [0.16 |0.12
Feo.oo0sNbSe, | 12.559+0.003 | 0.11 |0.12 |0.14 |[0.14
Feo.0011NbSe, | 12.568+0.005| 0.07 |0.17 |0.21 |0.27
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4.2.2. Superconducting properties:
4.2.2.1. Temperature dependent magnetization studies:

To study the evolution of superconducting properties with Fe
incorporation in Fe,NbSe,, we first investigated the temperature dependent
magnetization behaviour. Figure 4.2 ((a-1)-(c-4)) displays the temperature
dependence of the magnetization measurement of pure and FeyNbSe, in
presence of 0.0005 T, 0.05 T, 0.2 T and 1 T magnetic field in both zero
field cooled (ZFC) and field cooled (FC) modes. The deviation of the ZFC
curves from zero magnetization value gives the diamagnetic transition
temperature (T;) at each magnetic field and indicated by red arrow in Figure
4.2.

0.0 = (b-1) 0.0 |

ZFC r

(0.005 T)

-0.8

0.0
-0.2

0.4
ZFC (057 0

2 4 6 8 2 4 6 8 2 4 6 8

M (emu/g)

0.00
-0.05
-0.10
-0.15

0.00

-0.02

-0.04

-0.06

T (K)
Figure 4.2. Shows the temperature dependence of magnetization measurements of pure
NbSe, single crystal at (a-1) 0.005 T (a-2) 0.05 T(a-3) 0.2 T (a-4) 1 T magnetic field;
Feo000sNbSe, single crystal at (b-1) 0.005 T (b-2) 0.05 T (b-3) 0.2 T (b-4) 1 T magnetic
field; and Fegq01:NbSe, single crystal at (c-1) 0.005 T (c-2) 0.05 T (¢c-3) 0.2 T and (c-4) 0.1

T magnetic field.

The T, values are decreased systematically with increasing magnetic
fields for both NbSe, and Fe,NbSe,. This suggests that the reduction of the
shielding effect of supercurrent with increasing magnetic fields. At higher

magnetic fields both ZFC and FC curves merge. It is due to the rapid
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destruction of superconducting region overcoming the pinning effects
associated with defects. However, Figure 4.2. shows the T values also shift
systematically to lower temperatures with increasing concentration of Fe in
FexNbSe,. This indicates that the Fe-incorporation appears as the disruptive
for superconducting Cooper pair electron densities in NbSe,. Similar results
have been described by Luo et al. [2] and Naik et al. [3], where such
suppression in T, values with the doping of foreign atoms has been
acknowledged in CuxNbSe, and SnyNbSe,. Here we can conclude that this
may be due to either the electron doping of the NbSe, layer that results on
Fe intercalation or to the magnetic disorder accounted for Fe incorporation.
The degradation of T, values with both Fe doping as well as with increase
in magnetic field is listed in Table 4.2.

Table 4.2. The variation of T with magnetic fields and Fe concentration for
NbSe, and Fe,NbSe, (x = 0.0008, 0.0011) single crystals.

Sample | T¢(K) Tc(K) | Te(K) Tc(K)
(@0.005T) | (@0.05T) | (@02T) |(@1T)

NbSe;, 6.4 6.2 5.8 5.0

Feo.oo0sNDSe; 5.4 5.1 4.8 3.6

Feo.0011NbSe; 5.2 4.6 4.3 NA

4.2.2.2. Upper limit of superconductivity:

To obtain the evolution of H-T phase diagram with Fe-
incorporation, we estimated the upper limit of magnetic fields (i.e., the Hc,
values) upto which the superconductivity of Fe,NbSe, exists. The upper
critical fields of NbSe,, Feg 000sNbSe, and Feg go11NbSe, are estimated from
the M-T curve considering the onset point of the superconducting transition
at each magnetic field [22]. The Hc(T) values of the samples are plotted as
a function of temperature in Figure 4.3, which is fitted with the anisotropic
G-L single band formula, H,, = H.,(0)[(1 — T/T,)*]?, with a = 1.39 and
b = 1 associated with the large gaps that open in the Nb bands [23]. From
the He; (T) vs. T graph, it can be noticed that Fe incorporation in pure

NbSe, diminishes the Hc (T) value appreciably.
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The Hc (0) values calculated using the G-L fitting of NbSe,,
FeoooosNbSe, and Fepgo11NbSe, are tabulated in the Table 4.3. The
appreciable decay of the Hc, (0) values in FexNbSe, samples indicates that
the Fe impurity destroys the superconducting properties by enhancing the
pair-breaking phenomena in the presence of magnetic field [24]. To find the
orbital effect in pair breaking, we have considered the Werthamer-Helfend-
Hohenberg (WHH) formula [25] for type-11 superconductors as shown in
equation (4.2).

HZP(0) = —0.693T.(dH,, /dT) r—rc (4.2)

8 - L1 NbSe2
Fe NbSe2

0.0008

¢ Fe NbSe2

0.0011
—— Fitted curve with

_ 1.39
H = H_,(0)[1-(T/T)""]

3 4
T (K)

Figure 4.3. The dependence of the upper critical field (H.,) on temperature and the

corresponding fit of the sample NbSe,, Fego0sNbSe, and Feggo11NbSe, using Ginzburg-
Landau phenomenological equation.

The H2?(0) represents the orbitally limited upper critical field in
presence of magnetic field. The H%?(0) values are also summarized in
Table 4.3. Table 4.3 indicates that the H%?(0) values are comparable to
Hc, (0) values of NbSe, and Fe,NbSe, suggesting orbital effect has large
contribution in pair breaking mechanism in presence of external magnetic
fields. The Pauli limiting upper critical field, H, (0) of NbSe, and Fe;NbSe;
are extracted using equation (4.3) for BCS (Bardeen-Cooper-Schrieffer)
type superconductors [26, 27].

Hp (0) = 1.84T, (4.3
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The H, (0) values of both NbSe, and Fe,NbSe, are much larger than the
obtained H¢, (0) values. This implies that Pauli paramagnetic pair breaking
effect has negligible contribution in determining the upper limit of critical
field in NbSe, and FexNbSe,. Thus, orbital pair breaking mechanism is
dominating for both cases. The Ginzburg-Landau coherence length (&g (0))

is estimated to the range from 72 A for NbSe, to ~177 A for Feggo1:NbSe;
using the equation (4.4).

HoHer = 725 (4.4)

anéL

where ¢, is the quantum of magnetic flux.

Table 4.3. Upper critical field at zero temperature (He (0)),
(dH.,/dT)r=r. value, Orbital limited upper critical field ((H%?(0)),

Pauli limiting upper critical field (H, (0)) and superconducting coherence
length (&s1) of NbSe; and FeyNbSe; (x = 0.0008, 0.0011) single crystals.

Sample He2(0) | (dHc2/dT)r=rc | HZ%P(0) | Hy(0) | £(0)
() (T/K) (T) M [ &

NbSe; 7.4 -1.3 5.8 12 72
Feo.000sNbSe; 2.6 -0.54 2.0 9.9 110
Feo.001:NbSe; 1.0 -0.09 0.32 9.6 177

4.2.2.3. Hysteresis loop (M vs. H curve) analysis:

The hysteresis loops (M - H) of pure and Fe,NbSe, are shown in
Figure 44 at 2 K, 25 K, 3 K, 35 K, 4 K and 5 K temperatures. The
hysteresis loop in the M vs. H curves of both NbSe, and Fe,NbSe;, reflect
the presence of irreversible magnetization at low magnetic fields (~ 0.3 T).
This confirms the presence of both intrinsic (i.e., NbSe,) and extrinsic (i.e.,

FexNDbSe,) defects which causes the pinning of magnetic fluxes.
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Figure 4.4. Displays the Isotherm magnetization (M-H) curves of (a) pure NbSe, at2 K,
25 K, 3K, 35K, 4K, 5K (b) FegesNbSe, at 2 K, 2.5 K, 3 K, 3.5 K, 4 K, 5K (c)
Feooo1tNbSe, at 2 K, 2.5 K, 3K, 3.5 K, 4 K, 4.5K temperatures.

4.2.2.4. Magnetic field dependence of irreversible field (Hiy) study:

Figure 4.5.
FeolooongSEQ

0.8€ U NbSe,

B Feo.ﬂuﬂsNbsel
0 6 [ 0 Fe“.UOHNbSEZ
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TEoar
=t
0.2F
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Temperature dependence of the irreversible field H,..(T) for NbSe,,

and Feqgo11NbSe, single crystals with the solid lines represent the fitted

results using H;,.(T) = H;.(0)[1 — (T/TC)Z]% .

To observe the crossover of FLL from irreversible magnetization

region to reversible region, we have estimated the irreversible field (Hir).

At a given temperature, for fields below Hiy, the vortices are pinned

effectively and above, they move freely (i.e., the melting of vortex lattice).

Hirr (T) values of NbSe, and Fe,NbSe, are calculated from the
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magnetization loop (M-H loop) using the criteria of zero critical current
density due to depinning [28, 29] of the magnetic fluxes. Enhancement of
the irreversible field with Fe concentration suggests that the applicability of
the superconductors can be improved by doping with foreign atom like Fe.
The temperature dependence of the Hiy (T) is well fitted with H;,,.(T) =

3
H;-(0)[1 — (T/T.)?]z as shown in Figure 4.5. This gives the clear
evidence of the three dimensional (3D) nature of giant flux creep [30, 31] in
NbSeg, Fe o_ooongsez and F60,0011Nbsez.

Table 4.4. The estimated Hi, (0) values from M-H curves for NbSe, and
FexNbSe; (x = 0.0008, 0.0011) single crystals.

Sample Hir+(0) (T)

NbSe, 0.72
Feo.oo0sNbSe; 0.58
Feo.oo11NbSe; 0.50

4.2.2.5. Magnetic field dependence of critical current density study:

The critical current density, J. (A/cm?) is calculated using the
magnetization width, AM = [M,(H) — M_(H)] of the M - H loop from
Bean's model [32, 33]. Figure 4.6 (a - c) represent the plot of J. as a
function of magnetic field at different temperatures (2 K - 5 K) for NbSe,,
Feo.000sNbSe, and Feg oo11NbSe,. Figure 4.6 (d) shows the J. (H) curves of
all three samples at 2 K temperature for comparison. From the Figure 4.6
(d), the J. (H = 0) values are estimated from the magnetic hysteresis loop
(MHL) at 2 K temperature and shown in Table 4.5.

The J. (H = 0) values of NbSe,, Feo o00sNbSe; and Fegg011NbSe; at 2
K are 138997 A/cm?, 261738 Alcm? and 357280 A/cm?, respectively and
drop significantly towards the lower values with increasing magnetic field.
The variation in J. (0) values suggests that magnetic impurity (Fe) can
boost the J. value of NbSe; at a considerably small amount due to the
presence of layered structure. Feg0011NbSe, displays higher J. (0) values in
contrast to the Fegoo0sNbSe, because of the enhanced pinning of magnetic

flux lines in defect structures associated with increase of point pinning
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centres. This hints the presence of weak pinning phenomena at the

surrounding of magnetic impurities which act as point pinning centres.
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Figure 4.6. Displays the critical current density at 2 K, 2.5 K, 3 K, 3.5 K, 4 Kand 5 K
temperatures of the sample (a) pure NbSe, (b) Feg000sNbSe; and (c) Feg o01:NbSe; estimated
from the (M-H) curves. Field dependence of J. curve at 2 K using the collective pinning
model is shown in the inset of Figure (a), (b) and (c). The red fitted line represents the
exponential decay of the J. at the small bundle region and the green lines (not clearly
visible due to overlapping) indicate the power law dependence of J. on magnetic field at
the large bundle pinning region, (d) critical current density plot at 2 K temperature of
NbSe,, Feqo0sNbSe, and Feg g0::NbSe, single crystal.

According to the weak collective pinning model [34], the spatial
fluctuation of the superconducting properties (including T., «, |, etc.)
appears due to the presence of intrinsic and extrinsic disorder. It introduces
different pinning regions like single vortex (sv), small-bundle (sb), large-
bundle (Ib) and the charge-density-wave (CDW)-type relaxation of the FLL
in vortex phase diagram. Single vortex pinning region which is separated
from the small bundle region through Hg, (crossover field from single
vortex pinning region to small bundle pinning region) is independent of
magnetic field due to the negligible interaction between the vortices. To
show the field independent behaviour of J. in the single vortex pinning
region, the J; values are also plotted in log-log scale as shown in Figure 4.7

(a-c). In the field range Hy, < H < Hy, (Where Hy, stands for the crossover
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from the small bundle pinning region to large bundle pinning region), J.

shows exponential decay with increase in magnetic field in the form:

Je(H) = Je(0)exp |—(H/Ho)z | (45)
(b)
E
: = 2K o 25K
K Wv 3K o 35K
4k K

1

=]

2K o 25K

I f v 3K ¢ 35K
; 001 1y () ™1 c 4K » 5K
10 i AL i
0.01 H (T) 0.1

Figure 4.7. Shows the J. plot of (a) pure NbSe, (b) FepgosNbSe, (€) Fepgo1:NbSe, in the
log-log scale. The inset shows collective pinning model fitting at log-log scale at
temperature of 2 K.

Table 4.5. The estimated J.(0) values from M - H curves for NbSe, and
FexNbSe; (x = 0.0008, 0.0011) single crystals.

Sample Jc (0) (Alem?)
(@T=2 K)
NbSe, 1.4x 10°
Feo.000sNbSe? 2.6 x 105
Feo.001:NbSe; 3.6 x 10°%

The insets of Figure 4.7 (a-c) show good agreement with equation
(4.5). There is an exponential dependence of J. value in all the samples
with magnetic field in small bundle pinning region. On the other hand, the
Jc values show algebraic dependence on magnetic field (H) in the large
bundle pinning region. The fitted curves that are shown in the insets of

Figure 4.6 (a-c), expose the H3-2 dependence of J; at 2 K temperature. So,
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the study of the vortex dynamics of NbSe, and Fe,NbSe; indicates the
presence of single vortex region with zero interaction at low magnetic fields
and collective pinning regions (small bundle pinning and large bundle

pinning region) near intermediate fields.

4.2.2.6. Study of pinning mechanism:

4.2.2.6.1. Interaction between the vortices and pinning centres:
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Figure 4.8. Double -logarithmic plots of —log,o[J.(H)/J-(H = 0)] vs. the applied field
(H) of (a) NbSe; (b) Feqo0sNbSe; (€) Fego01:NbSe,. The inset represents the Hy, and Hy,
values calculated at temperature of 2 K.

The interaction between the core region of vortices and the pinning
centres is described by core pinning. The core pinning occurs in the
background of random pinning potential introduced by pinning centres
around the magnetic fluxes. The core interaction in type-Il superconductor
reveals the coupling of the locally distorted superconducting properties with
the periodic variation of the superconducting order parameter. It is
estimated by the short-range disorder in Ginzburg-Landau (GL) coefficient
and the mean free path (l) of charge carriers [34]. The spatial variation of
the GL coefficient associated with the disorder of T. is defined as 6T,
pinning. On the other hand, the &I pinning shows the variation in | near
pinning centres. The disorder parameter, § which determines the spatial
variation due to the point defects, provides characteristic temperatures in
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case of 8T, pinning and &1 pinning. Qin et al. [30] represented the
temperature dependence behaviour of Hg,values for 6T, and &1 pinning.
Equation (4.6) and equation (4.7) demonstrate the different Hsp
characteristics for 6T, and &1 core pinning, respectively.

2

Ho = Hop(0) (25) (4.6)
Hyy = Hyp(0) (252) @4.7)

NbSe, shows 6T, pinning because of the presence of intrinsic
defects. The doped samples show 61 pinning as the pinning occurs through
the variation in | associated with Fe impurity (i.e., extrinsic defects). In case
of superconductors like single crystalline MgB, [35], YBCO, the dominant
pinning mechanism is 6T, pinning while C substituted MgB, shows 61
pinning as the main pinning mechanism associated with the shortening of

the mean free path due to substituted C atoms [36].
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Figure 4.9. Demonstrates the temperature dependence of the Hg, and Hy, for (a) NbSe, (b)

Feo.000sNDSe; (€) Fego11NbSe, fitted with the §1 and 6T, pinning mechanism, respectively

Figure 4.9 (a) reveals that the single vortex pinning region is
comparable to the small bundle pinning region in pure NbSe,. However, the

small bundle pinning region and large bundle pinning region take larger
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place in the H-T phase diagram in Fe,NbSe;, as shown in Figure 4.9 (b, ¢). It
reflects the extreme disorder state of vortex lattice in FexNbSe,. Due to the
incorporation of Fe atoms in NbSe,, the interaction between the vortices
increases as the fluxes deviate from their original position to find a region
of minimum potential around point defects. So, the core interaction results
6T, pinning in pure NbSe, and 81 pinning in FexNbSe,. Further, the Fe
atoms introduce a competitive nature between the single vortex, small

bundle and the large bundle pinning regions.

4.2.2.6.2. Size dependent pinning mechanism:

Further to investigate the pinning mechanism depending on the size
(1D, 2D, 3D) of pinning centres, we have evaluated the pinning force
density using the relation, Fp = uyH % J.. Fietz et al. [37] first showed the
scaling behaviour of F, at different temperatures using the Hc, dependence
of J. characteristics. Dew-Hughes [38] proposed a universal formula to
describe the pinning force on the basis of crystal dimensionality. The
proposed universal formulais f,(h) = Fp/Fp max = ARP(1 — h)4, where
A, p, q are the scaling parameters and the value of p=1 and g =2
representing the point pinning mechanism with h,.q ~ 0.33 and h is
reduced magnetic field (= H/H;-). On the other hand, Kramer [39]
provided a similar form of magnetic field dependence of reduced pinning
force density f (= F,/F, nax) With p = 0.5, g = 2 and hy,q;, ~ 0.2 based
on the surface pinning phenomena.

Figure 4.10 (a - ¢) shows the f values as a function of h (= H/H;,,)
at different temperatures for NbSe, and FesNbSe,. The fitted curve of each
sample in Figure 4.10 (a - ¢) exhibit scaling behaviour similar to the MgB,
samples [40]. The field dependence of f characteristics of NbSe, and
FexNDbSe, at temperatures 3.5 K and 4 K deviates appreciably from the
curves at lower temperatures. It suggests that only single pinning
mechanism cannot explain the pinning mechanism in NbSe, and Fe doped

samples.
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Figure 4.10. Shows the field dependence of the reduced pinning force for the sample (a)
NbSe, (b) FegoosNbSe, (€) Fepoo11NbSe, at temperatures 2 K, 2.5 K, 3 K, 3.5 K, 4K
respectively. The inset plot shows the fitted results using the scaling law f = AhP(1 —
h)? + Bh" (1 — h)®at temperature of 2 K.

The magnetic field dependence curves of NbSe; at 2 K temperature
are fitted with the Dew-Hughes point pinning model with the p = 0.95 and
q = 3.74 along with surface pinning with r = 0.52 and s = 1.37 in the

form,

f=AhP(1—h) + BR™(1 — h)S (4.8)

The fittings are shown in the inset of Figure 4.10 (a - c). The appearance of
the surface pinning in NbSe; single crystal is due to the layered Se-Nb-Se
structure with the higher value of q parameter reflecting the presence of
dense point pinning centres. The broadening of the f, curves with f,, ;.45 at
higher h (= H/H;,,) value in FegpsNbSe; and Feg 0011 NbSe; indicates the
enhancement of the pinning centres in the Fe incorporated single crystals
compared to NbSe;.

4.3. Summary

In this chapter, we have observed that the single crystals of NbSe,,
Feo.000sNbSe, and Fego01:NbSe, have been successfully synthesized through

chemical vapour transport method to investigate the alternation of
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superconducting properties due to the addition of Fe atoms. XRD results
confirm the single crystalline nature of pure and Fe,NbSe, samples. It
confirms the incorporation of Fe atoms in FeyNbSe,. The X-ray diffraction
patterns show no secondary phase related to Fe doping. The temperature
dependence of magnetization measurement shows the significant
degradation of the T. values with both increasing magnetic fields and Fe
doping. The H_,(0) values of Fe,NbSe; are reduced to very lower values
(as compared to pure NbSe;) which reveal the enhancement of pair
breaking phenomena due to the presence of Fe defects. The magnetic
hysteresis loop analysis shows the irreversible magnetization in both NbSe,
and Fey,NbSe,, which is associated with defect induced flux pinning. The
magnetic hysteresis curves provide the H;i(0) values which shows largest
value at highest Fe concentration (Fe ~ 0.0011) in comparison to NbSe,. As
Hirr directly proportional to Je, it indicates that J. characteristics can be
improved by Fe doping. Bean’s critical model provides the magnetic field
dependence of J. characteristics from the M vs H curves demonstrating the
significant enhancement of J. (0) values associated with Fe doping in
NbSe,. It confirms the presence of weak collective pinning in both NbSe,
and FeyNbSe,. The flux pinning phenomena is investigated based on
interactions between the fluxiods and the inhomogeneities in crystal
structure. 6T, pinning is extracted as a dominating core pinning mechanism
in NbSe, whereas the Fe doped samples show &1 pinning as main core
pinning phenomena. The small bundle pinning and the large bundle pinning
region take larger part in the H-T phase diagram compared to the single
vortex pinning region in Fey,NbSe,. The reduced pinning force density
shows both surface pinning and the point pinning in NbSe, while the
FexNbSe, shows enhancement of the point pinning mechanism. So, the
pinning of the vortices in NbSe, and Fe,NbSe, associated with various
types of micro structural inhomogeneities, such as inter- and intra- grain
boundaries, precipitation of secondary phases is ruled out through the
present investigation due to the presence of point sized defects. The current
results are an important in view of basic understanding of the vortex

dynamics in layered superconductors and technological applications.
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CHAPTER 5

Study of Vortex Dynamics of Niobium
Diselenide (NbSe;) Single Crystals in
Presence of Cr Atoms

The reversible magnetization (M) in the intermediate state of type-

Il superconductor has been depicted nicely by Z. Hao and J. R. Clem in
connection with the condensation energy (i.e. electromagnetic energy).
They linked it with the supercurrent density (J) and magnetic field energy
[1]. However, the intermediate state consists of reversible as well as
irreversible magnetization (M;r) [2, 3]. Various vortex states are reported
in different superconductors which give contributions to the reversible and
irreversible magnetization [4, 5]. These result various anomalous
characteristics such as peak effect, fishtail effect associated with the
pinning of fluxes, which includes point pinning [6], surface pinning [7], and
bulk pinning mechanism [8]. In this chapter, we reported the presence of
fishtail effect and other vortex dynamics associated with reversible and

irreversible magnetization of NbSe, in presence of Cr atoms.
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The presence of internal defects (i.e., in nano range) and/or the
external defects (produced via neutron radiation) generally arise point
pinning mechanism in vortex lattice. Moreover, surface pinning of the flux
line lattice (FLL) is associated with the variation in potential energy due to
the Bean-Livingstone (BL) surface barrier effect and grain boundary
pinning [9]. The competition between attractive force (i.e., among vortex
and its image vortex) and repulsive force (i.e., among the vortex and the
surface-shielding effect of J) leads BL surface barrier effect, which result
sharp low field peak in the pinning force density. F, is categorised with a
universal scaling law by Dew-Hughes [10] and Fietz-Webb [11], which is
linked with different sources of pinning. Moreover, bulk pinning follows
short-range interaction between vortices, which typically emerges at higher
magnetic field through large size particles. Amongst the various types of
superconducting elements, polycrystalline granular superconductor like
MgB; accelerates the technical applicability in the industrial research areas.
It has been established that the surface pinning in MgB, emerges because of
grain boundary pinning effect. It enhances the J; value appreciably at low
magnetic field region. However, the J. (H) diminishes rapidly at higher
magnetic field regions towards Hc, [12]. Later, Pallecchi et al. [13] have
reported the enhancement of the J. value upto 1 Tesla (T) by creating
defects with neutron irradiation. The defects act as the point pinning centres
which make a slow decay of J. (H) value with increasing magnetic field.
Furthermore, the foreign particles such as C [14], SiC [15] produced point
defects in MgB, superconductor that boosted the pinning mechanism. It
creates both the surface pinning mechanism and point pinning mechanism.
The high-T, cuprate based superconductor shows bulk pinning as a
dominating pinning mechanism at low temperatures through analysing the
Fp characteristics. Surface barrier effect has been also reported in these
superconductors. Additionally, several pure and doped superconductors
reveal an anomaly in the J. characteristics related to the different flux
pinning mechanism known as ‘peak effect’ and ‘fishtail effect’.

The “fishtail” effect appears in the magnetization hysteresis loop of

different kind of superconductors because of the formation of secondary
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peak (e.g. YBa,CuzO:s (YBCO) [16], Bi,Sr.CaCu,Oy (BSCCO) [17],
NbsSn [18]). Daeumling et al. [19] detected the fishtail effect in the YBCO
superconductor. He showed that the fishtail effect is induced due to the
defects, which are formed from the oxygen deficit clusters. However,
Genoud et al. [20] synthesized extremely clean YBCO single crystal
through proper oxidation process which shows the absence of fishtail effect.
So, we can conclude that the fishtail effect depends on the type of
superconductors according to these debatable observations. For example,
the second magnetization peak (SMP) effect is observed in high T, cuprate
(e.g. BSCCO) superconductor due to the transition of ordered 3D flux line
to disordered 2D pancake vortices [17, 21]. On the other hand, SMP effect
occurs in another extremely anisotropic 2212 type curate superconductor
Bi,Ba,CaCu,0Oy because of the Bean Livingstone’s surface barrier effect.
According to the BL’s surface barrier effect, the flux penetration is
hindered at the edge of crystal surface caused by the repulsive force. This
force is exerted by the fluxes that are formed inside the crystal [22]. Like
cuprates, various theories were reported for the occurrence of SMP effect in
Fe based superconductors. For example, the origin of SMP effect in
SmFeAsQq gsFo.15 superconductor is the transition of 3D disordered vortex
lattice to 2D nature [23]. Moreover, both the vortex lattice (VL) phase
transition and the crossover from collective creep to plastic creep cause the
SMP effect in the magnetization loop of Ba(Fe, Co),As; [24]. SMP appears
in the classical low-T. superconductor (e.g. Scslr;Siyg) due to the softening
of vortex line when the external magnetic field is close to the upper critical
field [25]. Similarly, MgB, shows the transition of the low field Bragg glass
phase to high field amorphous vortex glass phase associated with the SMP
effect [26]. Various research groups investigated the origin of SMP effect in
different kind superconducting materials which are summarized in Table
5.1. Recently, Song et al. [27] described the prominent SMP effect of
pristine Ba;xKiFe,As; single crystal with (0.25 < x < 0.52) in association
with the orthorhombic phase domain boundary and the inhomogeneity in
the dopant distribution. Additionally, Babu et al. [28] investigated the

difference on the characteristics and origin between the SMP and peak
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effect phenomena in CasRhsSnyz single crystal through the analysis of
spectral fluctuation in noise distribution of magnetization data across the
SMP and peak effect regions. This indicates that dynamic research is going
on in this field to comprehend the physical scenario of fishtail effect which
is still in discussion and yet to be evaluated. Subsequently, it is crucial to
realize the actual mechanism behind the presence of fishtail effect to
disentangle the improvement of J. at low as well as higher magnetic field.

Large single crystals of Cr,NbSe, were synthesized through
chemical vapour transport method to find out the origin of fishtail effect
through flux dynamics and magnetization relaxation studies [29, 30]. NbSe,
has Hq, value as high as 14 T, with an anisotropic behaviour in J;
characteristics just as Fp [31, 32]. In addition, Koorevaar et al. directed the
2D nature of F, characteristics in the layered structure of NbSe,, which
follows the collective pinning theory. Here the peak effect anomaly has
been characterised by the crossover from 2D FLL to 3D FLL while the
magnetic field is applied perpendicular to the layers [33]. Similarly,
Sugawara et al. reported a prominent peak in the highly anisotropic F,
characteristics of S-doped NbSe, superconductor when the applied
magnetic field is perpendicular to the crystal surface. However, the
magnetic field dependence of F, didn’t show any peak when the applied
magnetic field is parallel to the layers [3]. Our previous studies on
Fe,NbSe, single crystal expose J. value as high as 3 x 10°> A/cm? without
any F, peak. It shows both the point pinning and the surface pinning
mechanism linked with the anisotropy of layered structure [34 - 37]. This
study inspires us to explore more insight into the vortex dynamics adding
with other dilute point defect pinning centres.

In this chapter, we represent the evolution of the J. characteristics
and the corresponding pinning mechanism in NbSe; single crystal by
incorporating dilute amount of Cr impurities. Initially, we perceived the
enhancement of J. in Crg o00sNbSe, from magnetization measurement but it
is restricted only at low magnetic field regions. The J. value decreases
rapidly with increasing magnetic field. By examining the magnetization
data using several fundamental models [38], we shown that the point
defects initiated by Cr atoms alter the vortex creep movement at higher
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magnetic field resulting SMP effect at highest Cr concentration. This
presence of SMP effect in magnetic hysteresis loop is confirmed by the
magnetic field dependence of dynamical relaxation rate indicating the
elastic (E) — plastic (P) crossover of FLL. Moreover, the interactions
between the core regions of FLL and defect structure are explored through
core o/ and o7 pinning. We have also estimated the size dependent pinning
mechanism in CryNbSe;, by studying the reduced magnetic field dependence
of reduced pinning force density. It shows BL surface barrier effect at
nearly zero magnetic field and point pinning and surface pinning at low
magnetic field in Crgoo0sNbSe;. CrpoogNbSe, and Crgoo12NbSe; also
include higher field peak associated with lattice softening. The obtainable
results give broad idea for improvement of the J. characteristics. It also
provides the basic understanding about the pinning mechanism in low T,
superconductor.

Table 5.1. Different types of superconductors and possible reasons behind
SMP effect.

Sample Type of superconductors  Possible reasons
behind SMP
effect
BSCCO Unconventional strong  Transition of the

layered cuprate SC ordered 3D flux line
to disordered 2D
pancake vortices.

Bi,Ba,CaCu,0y 2212 type strong BL’s surface barrier
layered and highly effect.
anisotropic cuprate

superconductor
YBCO Layered cuprate Crossover of flux
superconductor dynamics from elastic
to  plastic creep
region.
LiFeAs [1] 111 type layered Fe Phase transition of
based superconductor  vortex lattice i.e. the
VL model.
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Sm FEASOo_85F0,15

Ba(Fe, Co),As;

YN|282C/LUN|282C

[2]

MgB-

NbSez

CrxN bsez
[Present work]

1111 type highly

anisotropic strong
layered Fe based
superconductor

122 type layered Fe
based superconductor

Conventional tetragonal
superconductor with
stacks of alternating
rock salt Lu(Y)C and

Ni,B; layers

Layered superconductor

Conventional layered
superconductor

Conventional layered
superconductor

Three-dimensional
(3D) to 2D disordered

vortex phase
transition.
Both collective to

plastic crossover of
flux line lattice and
vortex lattice phase
transition (VL) are
proposed.

Phase transition of

vortex lattice from
quasi Bragg glass
state to a multi-

domain vortex glass
phase.

Transition of the flux
line lattice from low
field Bragg glass
phase to a high field
amorphous vortex
glass phase.

Soften of the vortex
line when external
field is close to the
upper critical field
and crossover of the
elastic stiff flux line
lattice to the plastic
soft flux line lattice.

Elastic to plastic
creep transition of
flux line lattice.

5.1. Materials and Method
Materials: Niobium (Nb, 99.95%; Alfa Aesar), Selenium (Se, 99.999%;
Alfa Aesar) and Chromium (99.99%; Alfa Aesar), lodine (l,, 99.998%;

Alfa Aesar).
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Method: CryNbSe; single crystals with x = 0.0005, 0.0009 and 0.0012 were
grown following chemical vapour transport method by using lodine as a
strong transporting agent. The necessary precursors like Niobium (Nb),
99.95%, Selenium (Se) 99.99%, and Chromium (Cr) 99.99% purity were
bought and used as received without any further purification. The
precursors were pressed at a pressure of 5 ton to form pellets after mixing
with proper stoichiometric ratio. The CryNbSe, pellets with appropriate
amount of iodine were sealed in a quartz tubes retaining a pressure of 9x10°
® mbar in presence of liquid nitrogen atmosphere. The well-sealed quartz
tubes were heated inside a two-zone furnace fixing the charge zone and
growth zone temperatures at 800°C and 720°C, respectively for one week.
We follow the same procedure for formation of single crystals of CryNbSe,
as that of the FexNbSe; single crystals.

5.2. Results and Discussion

5.2.1. Structural properties:

5.2.1.1. X-Ray diffraction:

Initially, the material properties of CryNbSe, single crystal are
investigated for structural information. The X-ray diffraction (XRD)
patterns of CryNbSe, single crystals are shown in Figure 5.1. The peak
position of the single crystals reveals that all peaks are associated with the
hexagonal phase with P6s/mmc space group (JCPDS Card No. 01-070-
5612). All the samples show the presence of only (00l) planes which
confirm the single crystalline nature of all samples. No sign of impurity
peak is found in the CryNbSe,, suggesting the growth of high purity single
crystals. Table 5.2 summarizes the parameters estimated from the XRD
peak position. Increase in doping concentration indicates slight peak shift
towards lower theta, which is due to the incorporation of Cr atoms in the
lattice. The ionic size of Cr** (0.615 A in CN = 6) is analogous to the Nb**
(0.68 A in CN = 6). So, Cr* ions can easily substitute Nb** ions in the
NbSe, lattice without any lattice distortion. However, there will be decrease

3* replaces Nb** ions following

of lattice parameters (‘a’ and ‘c’) if Cr
Vegard’s Law. As the doping level of Cr atoms is less than 5% in our case,

it is very difficult to comment on substitution or intercalation of Cr atoms
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into the lattice. However, our results confirm the incorporation of Cr atoms
in NbSe; layer structure.

The unit cell lattice parameter for CryNbSe, samples has been calculated
using equation (5.1), as shown in Table 5.2.

1 4

I 2 2 ﬁ
= = 5.5 (" + (hk) + k%) + (5.1)
Cro.oonszsez
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S | Ny
.E 1 N 1 N 1 N 1 N 1
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Figure 5.1. XRD pattern of NbSe, and Cr,NbSe, (with x = 0.0005, 0.0009 and 0.0012)
single crystals.

Table 5.2. Estimated structural parameters for CryNbSe, (x = 0.0005,
0.0009, 0.0012) single crystals.

Sample c(A) FWHM
(002) | (004) | (006) | (008)
NbSe, 12.555+0.004 | 0.12 | 0.12 | 0.16 | 0.12
CrooosNbSe, | 12.562+0.005 | 0.10 | 0.13 | 0.10 | 0.16
CrooooNbSe, | 12.563+0.002 | 0.09 | 0.11 | 0.11 | 0.13
Cro.o012NbSe, | 12.578+0.003 | 0.08 | 0.10 0.1 | 012
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5.2.1.2. X-Ray photoelectron spectroscopy (XPS), HRTEM and SAED

analysis:

L —o— Expt data E
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Figure 5.2. Displays the X-ray photoemission spectroscopy (XPS) spectra of the (a) Nb 3d
(b) Se 3d and (c) Cr 2p peaks from Crq012NbSe, single crystal. Figure (d) Represents
HRTEM image of Crqg12NbSe,. Inset: SAED pattern of the single crystalline Crggo1.NbSe).

Figure 5.2. shows the high-resolution X-ray photoelectron
spectroscopy (XPS) spectra of Crgoo2NbSe, single crystal. It reveals
characteristic doublet peak at 203.4 and 206.1 eV correspond to Nb 3ds.,
and 3dsy, states, respectively (Figure 5.2 (a)). The obtained binding energy
(BE) difference between the doublet 3d (2.7 eV) peaks is in good agreement
with the reported value of Nb*" oxidation state [39]. The shoulder of the
Nb** peak is due to the presence of Nb>* (Nb>* 3ds,) ion in NbSe, which is
associated with the Nb,Os in Crg 0012NbSe,. Figure 5.2 (b) shows the spectra
of Se 3d core level presenting two distinct peaks of Se 3ds/, and 3ds, at 53.2
and 54.1 eV, respectively that agrees with the spectra of NbSe, [40, 41].
The oxidation state of Cr is determined by analysing the Cr 2p spectra,
shown in Figure 5.2 (c). The two peaks at 577.8 and 587.3 eV can be
assigned to Cr 2ps; and 2py, respectively, having a BE difference of 9.5 eV

[42, 43]. The Cr environment for the 2ps/, peak indicates the presence of the
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Cr*3 state in Croo012NbSe; [44]. Conclusively, the XPS spectra of the Cr 2p
region indicate the successful incorporation of Cr atoms in NbSe, matrix.
Moreover, the high resolution TEM (HRTEM) and Selected Area Electron
Diffraction (SAED) pattern successfully illustrate the lattice structure of
Cro0012NbSe; as shown in Figure 5.2 (d). HRTEM result indicates the
interplanar spacing of 0.62 nm that is consistent with that of the NbSe,
(002) plane. The SAED pattern (in the inset of Figure 5.2 (d)) confirms the
single crystalline nature of Crgoo12NbSe,. The pattern consists of (002),
(004) and (006) planes, matches well with those of XRD results.

5.2.2. Superconducting properties:
5.2.2.1. Temperature dependent magnetization studies:

The superconducting properties of the CryNbSe, samples have been
studied after confirming the successful incorporation of Cr atoms in NbSe,
matrix from the structural characterization. Here a detailed analysis is
accompanied to observe the effect of Cr atoms on the superconducting
transition of NbSe; single crystal. The T, value, which is estimated from the
point of deviation of ZFC curve from zero magnetization value (shown by
vertical black arrows (1) in Figure 5.3), started nearly at ~ 5.9, 5.4, and 4.5
K (at 0.005 T) in CryNbSe; (x = 0.0005, 0.0009, and 0.0012), respectively.
So, the T, value of NbSe; is reduced with incorporation of Cr atoms in
CryNbSe; [35]. These reductions in T, values indicate the enhancement of
electron scattering phenomena with Cr doping in CryNbSe; [45]. Similar
trend of degradation in T, values were reported by lavarone et al. [46] in
case of CoxNbSe, and Mn,NbSe; single crystals.

Table 5.3. The variation of T, with magnetic fields and Cr concentration in
NbSe, and CryNbSe; (x = 0.0005, 0.0009, 0.0012) single crystals.

Sample Te(K) T«(K) | T(K) Te(K)
(@0.005T) | (@0.05T) | (@0.2/03T) | (@1
M)
NbSe; 6.4 6.2 5.8 51
Cro.000sNbSe, 5.9 5.8 5.7 4.5
Cro.0009NbSe; 54 51 5.0 4.5
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Figure 5.3. Display the temperature dependence magnetization measurement of Cr,NbSe,
(x = 0.0005, 0.0009, and 0.0012) single crystal at different magnetic fields (vertical black

arrows (1) indicate the superconducting transition temperature (T¢)).

Moreover, a rapid reduction of T. is also detected with increasing
magnetic field. This is because of the increasing of orbital pair breaking
mechanism, which diminishes the cooper pair electron densities. However,
in case of CryNbSe,, Pauli pair breaking may also contribute in the process
of pair breaking, which we will discuss in the proceeding section. The
degradation of T with both Cr doping as well as with increase in magnetic
field is systematically shown in Table 5.3. The degradation of T, with
increasing doping concentration is almost identical in both Fe,NbSe, and
CryNbSe; case [35]. Comparably, the reduction of T. is more rapid with
increasing magnetic field in FexNbSe, than CryNbSe,. Also, we observed a
significant deviation between the ZFC and FC magnetization curves in
CryNbSe; at low magnetic fields. This is due to the pinning of remnant
magnetic fluxes after removal of magnetic field and confirms the presence
of large density of pinning centres.
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5.2.2.2. Upper limit of superconductivity:

The Hc (0) values of CrNbSe, are estimated following the
Ginzburg-Landau  (G-L) model of anisotropic  single  band

.. ™l .
superconductivity. It has the form, H.,(T) = H.,(0) [(1 —T—) ] with the

G-L parameters, a = 1.39 and b = 1. These parameters reveal the anisotropic
single band nature of Cry,NbSe, superconductors, which is associated with
Nb 4d bands crossing the quasi-2D Fermi surface of Cr,NbSe,. It is worth
to referencing that because of the uncertain contribution of the Se bands in
the superconducting properties of NbSe, [47], the multiband nature isn’t
considered in the present study. The estimated Hc, (0) values are tabulated
in Table. 5.4, which indicates the rapid destruction of the superconducting
order parameter at the presence of magnetic field as represented in Figure
5.4. However, here we show that the Hc, values are much higher than
FexNbSe, [35] which may be associated with the faster reduction of T,

values with increasing magnetic fields.
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Figure 5.4. Represents the temperature dependence of Hc, (T) values of CryNbSe, (x =
0.0005, 0.0009, and 0.0012) single crystal and fitted with the Ginzburg-Landau
anisotropic single band equation, He, (T) = He, (0) [1-(T/To)™*].

Further we have calculated the HZ?(0) and H, (0) values of
CryNSe, as shown in Table 5.4. The Hp(0) values are higher than the

estimated Hc(0) values that indicates Pauli pair breaking mechanism less
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participates in the pair breaking mechanism in presence of Cr atoms in
Cr,NbSe,. Surprisingly, like Fe;NbSe;, H%?(0) values are comparable to
the experimental Hc, (0) values of CryNbSe,. This is because of the strong
contribution of orbital effect in pair breaking mechanism. The orbital pair
breaking mechanism reduces the Hc, (0) values from the H, (0) values. The
Zs1 (0) values are evaluated to the range from 83 A for CrggosNbSe; to ~
86 A for Crg 012NbSe; as presented in Table 5.4.

Table 5.4. The He, (0), HZ"(0), H,(0) and & (0) values of NbSe,

CroooosNbSez,  CrogoosNbSe; and  Crgoo12NbSe, single crystals are

summarized.

Sample He2(0) | (dHc2/dT)r—rc | H%P(0)(T) | Hp(0) | &
(T) (T/K) M 1)
(A)

NbSe; 7.4 -1.3 5.8 12 72
Cro000sNbSe; 4.8 -0.80 3.3 11 83
Cro.000sNbSe; 4.5 -0.85 3.2 99 | 85
Cro012NbSe; 4.4 -1.0 3.0 8.3 86

5.2.2.3. Hysteresis loop (M vs. H curve) analysis:

The magnetic field depended magnetization curves of Cr,NbSe; are
represented at 2 K, 2.5 K, 3 K, 35 K, 4 K and 5 K with the applied
magnetic field parallel to the a-b plane as shown in Figure 5.5. The
magnetization curves show asymmetric nature similar to the BL shape
indicating the prominent surface-barrier effect. Surface-barrier effect makes
hindrance to the entrance of magnetic fluxes in the superconducting region
and excludes the possibility of volume pinning. However, the magnetic
hysteresis loops (MHLs) of the isothermal magnetization curves describe
nicely the irreversible region of the vortex lattice in CryNbSe,. Also, at
highest Cr concentration (i.e. Crggo12NbSe;), the hysteresis curves show
prominent SMP like behaviour at all temperatures near Hc, (Figure 5.5 (c)).
In order to realize the physical origin of SMP phenomenon, we have

estimated the dynamical relaxation rate (Q) and intrinsic activation energy
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(Uc). The related physical scenario as well as the affecting factors to the

SMP effect in Crgo12NbSe; is discussed later in detail.

) M (emu/g)
. M (emu/g)

M (emu/g)
s =
N >

o
=

Figure 5.5. Displays the magnetic field depended magnetization plot of (a) CrggesNbSe,
(b) Cro00sNbSe, (c) Crggo12NbSe, at different temperatures with magnetic field applied
parallel to the a-b plane.

5.2.2.4. Magnetic field dependence of critical current density study:

The key parameter J; (H) values have been evaluated from MHLs
for investigating the vortex dynamics in CryNbSe; using the Bean’s critical
state model as shown in equation (5.2).

Je=20AM/(b(1 — b/3D)) (5.2)
Here AM is defined as the (AM = M,(H) — M;(H)) width of the hysteresis
loop, b and | are the width and length of the samples (b <) [48, 49].

As shown in Figure 5.6 (a, ¢, e), the estimated J,(H=0T, T = 2 K)
values are represented in Table 5.5 for CryNbSe, (x = 0.0005, 0.0009 and
0.0012), respectively, which are larger than pure NbSe, and Fe,NbSe; [35].
However, the J. values decrease rapidly after zero magnetic field regions.

To comprehend the J. characteristics with applied magnetic field we
have redrawn the Figure 5.6 (a, c, €) in log-log scale as appeared in Figure

5.6 (b, d, f). At near zero magnetic fields (Figure 5.6 (a, c, €) and Figure

126



Chapter 5

(5.6 (b, d, 1)), the field independent behaviour of J. is observed confirming

the presence of single vortex pinning region (Sy).

Table 5.5. The estimated J. (0) values from M-H curves for NbSe, and
CryNbSe, (x = 0.0005, 0.0009, 0.0012) single crystals.

Sample Je (0) (A/em?) (@T =2 K)

NbSe, 1.4x 10°
Cro.000sNbSe; 2.3 x10°
Cro.0000NbSe; 3.5 x 10°
Cro.0012NbSe; 4.0 x 10°
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Figure 5.6. Represents the J. value as a function of magnetic field at different
temperatures for (a) CrggosNbSe,, (€) CrggoeNbSe,, and (e) Crggo2NbSe,. The inset
includes the fitted curves using exponential decay model (black line) in the Sg region and
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power law model (green line) in the Lg region at 2 K. Inset of (e) indicates the Hy, value at
which the SMP occurs. Figure (b), (d), and (f) represented the different anomalous region
of vortex dynamics in log-log scale at 2 K.

This is due to the negligible correlation between the vortices. Here
the vortices being separated from each other by lattice constant considered
as individual system. Figure 5.6 (a, c, €) shows an exponential decay of J.
in the intermediate region of magnetic field, which is fitted with equation
(5.3) as shown by black solid line in the inset of Figure 5.6 (a, c, €). This
region is designated by small bundle pinning (Sg) region as shown in figure
5.6 (b, d, f) in the log-log plot. Here more vortices enter into the FLL and
respond in the form of small vortex bundle to the external magnetic fields.
Finally, the J. values at higher magnetic field region follow power law
fitting by equation (5.4). It is shown by green solid line in the inset of
Figure 5.6 (a, c, €)) and designated as large bundle pinning region (Lg) in

Figure 5.6 (b, d, f). Here vortices move in the form of large bundle.

-] 53
Je xH™™ (5.4)

Now we will concentrate on the evolution of magnetic field

Je(H) = Jo(0)exp

dependence of J. characteristics with Cr concentrations. Figure 5.6 (b)
shows the collective creep motion (small bundle, large bundle) of vortices
of Crooo0sNbSe; causing the final degradation of J. by decreasing the
effective activation energy. The distance between the vortices in Sg and Lg
regions of Crggo0sNbSe; is still greater than the coherence length resulting
negligible inter-vortex interaction. On the other hand, Figure 5.6 (f) shows
an anomalous enhancement of J. at high magnetic field in Crggp12NbSe;
following a sudden decrease after reaching a maximum value at Hsp.
However, this peak is suppressed and moved to lower magnetic field region

with enhancement of temperature as shown in Figure 5.6 (c).

5.2.2.5. Estimation of dynamical relaxation rate (Q) and intrinsic
activation energy (U):
In order to realize the effect of Cr impurity on the SMP effect, we

have computed the precise crossover point of the FLL in Crgg012NbSe,. For
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this the M-H measurement has been accomplished with different sweeping
rate (dH/dt). The magnetic field dependence of dynamical relaxation rate
(Q) and intrinsic activation energy (U.) are estimated from magnetization

curves. The dynamical relaxation rate is stated as follows:

_ dlnj, __dln(AM)
Q= dln(dB/dt)  din(dB/dt) (5:5)

The magnetic hysteresis loops of Crgg012NbSe; are illustrated in Figure 5.7
(a) with dH/dt of 50 Oe/sec and 150 Oe/sec at 2 K. The slight increase of
AM value with enhancing dH/dt designates that SMP effect is associated
with higher dH/dt. The Q (H) values (Figure 5.7 (b)), estimated using dH/dt
and AM values, display a minimum value at 0.82 T (Hmin) that is close to

the Hop.
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Figure 5.7. (a) Shows the magnetic hysteresis loop curve of Cryg2NbSe, at different
sweeping rate, (b) Represents the magnetic field dependence behaviour of the dynamical
relaxation rate (Q) and apparent activation energy (U*=Uc/Kg). Hpin represents the
minimum value of dynamical relaxation rate Q and H, denotes the crossover field of

elastic to plastic creep dominated region. Vertical dash lines separate the Sv, Sg, and Lg
regions.
The relationship between the Q and U, is defined by equation (5.6).
T __Uc(T,Be)
Q (T, Be) Kp

where B, 1 and C are the local magnetic induction, glassy exponent and a

+ u(T,B,)CT (5.6)

weakly temperature dependent parameter. At such low temperature (2 K),
1CT has insignificant value compared to the U./Kg, so here, T/Q = U/Kg is
considered and accordingly we can assume that U* is comparable to U./Kp.

Figure 5.7 (b) represents the apparent activation energy (U* = T/Q) vs. H
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plots at 2 K. The positive curvature region of U (=U./Kg) vs H curve at low
and intermediate magnetic field regions is indicated as elastic region
according to the elastic manifold theory. Furthermore, the negative
curvature after Her (~ 0.9 T) at higher magnetic field is designated as the
plastic region. The elastic creep dominated region and the plastic creep
dominated regime are separated by the characteristic field (Hc). It is worth
mentioning that Ho, almost agrees with the Hc, value and Hsp arises at the
dominating plastic creep regime.

It can be concluded that the dominating pinning mechanism, which
emerges from various sort of intrinsic and extrinsic defects results only
elastic deformation of magnetic flux line (i.e. elastic creep region) in
Crooo0sNbSe,. However, the larger set of weak pinning centres increase the
pinning force density noticeably in Crggo12NbSe,. This overcomes the
dissipation energy arising from Lorentz force and thermal fluctuation and
results the SMP effect in Crggo12NbSe; [37]. Another reason might be the
enhancement of the effective disorder of vortex lattice owing to the weak
pinning potential of Cr impurities that reduces the stiffness of FLL. This
may introduce the plastic deformation of soft FLL [50] of Crggo12NbSe;
which is considered as the possible cause of SMP effect after Ho, (point
after which SMP started). Similar kind of SMP effect is detected by Zhou et
al. [6] which is associated with the plastic distortion of FLL in Co-co-
doping in 112-type superconductor CagglagaFe;xCosAS;. In
Crooo09NbSe,, pinning energy becomes equal to dissipation energy of the
FLL at higher magnetic field. As a consequence, an anomalous field
independent J. region is observed near Hc, (Figure 5.6 (d)). This reveals
that Cr impurities tune the elastic to plastic (E - P) deformation of vortex
lattice in CryNbSe;.
5.2.2.6. Study of pinning mechanism:
5.2.2.6.1. Type of interaction between the vortices and pinning centres:

Moreover, to check the impact of the local disorder of FLL on
superconductivity, the correlation between core region of vortices and the
pinning centres are estimated through different characteristic temperatures
of 6T and o/ mechanism [51]. 67¢ pinning designates the interaction via the
spatial variation of T, throughout the sample due to the pinning centres. On
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the other hand, J/ pinning defines the interaction owing to the fluctuation of
I. The temperature dependence of o6Tcand o mechanism for Hg, (crossover
field from Sy to Sg region) are described by equation (5.7) and equation
(5.8) [51]:

1-¢22/3

Hgp = Hgp (0) (m) (5.7)
1-2)2

Hgp = Hyp (0) (355) (5.8)

In Cro000sNbSe;, Cr impurities trigger the fluctuations in | by acting as
scattering pinning centres, which result ¢/ core pinning (Figure 5.8 (a)). By
increasing the concentration, the inhomogeneous distribution of Cr
impurities throughout the sample broadens the T, value and hence generates
the oT¢ pinning in Crq009NbSe, (Figure 5.8 (b)) [52].
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Figure 5.8. Represents the temperature dependence behaviour of Hg, values for (a)
Cro.000sNbSe,, (b) Crgo0oNbSe,, and (c) Crggo1oNbSe,. The black solid line and green solid

line are the fitted curves, which follow 6! and 6T, pinning mechanism, respectively.

Figure 5.8 (b) also shows the appreciable reduction of single vortex
region compare to small bundle pinning region indicating the strong
coupling between the vortices and pinning centres. However, Figure 5.8 (c)

shows almost equal contribution of 67, pinning and o/ pinning in
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Croo012NbSe; single crystal. This is because of strong temperature
dependence of both 67, and ¢/ pinning that influences the core interaction
[53]. ol pinning conducts the core interaction at low temperatures and its
contribution is diminished with enhancement of the temperature. On the
other hand, for the temperatures close to T, the fluctuation in T, enhances
the o7 interaction. This makes the temperature dependence behaviour of
oT. pinning reverse to o/ pinning. Therefore, we can conclude that the
interaction of the vortex lattice turns from 6/ to 67, pinning with increase of
Cr atoms and finally shows both | and T, fluctuation in the highest
CryNbSe,. Thus the pinning mechanism is advanced due to presence of core

interaction in CryNbSe; superconductors.
5.2.2.6.2. Size dependent pinning mechanism:

In order to further develop the crucial landscapes of pinning
potential in CryNbSe,, magnetic field dependence of F, was estimated. In
superconducting material, F, displays three types of peak depending on the
size of pinning centres. It includes the low field BL peak, intermediate peak
associated with bulk pinning and high field peak near Hg. The highly
intense lower and higher field peaks in F, are noticeable mainly in single
crystalline samples. However, intermediate peaks are mostly observed in
polycrystalline samples due to the strong bulk pinning mechanism. Figure
5.9 (a - c) demonstrations the normalized flux pinning force density (f, =
Fo/Fp max) as a function of reduced magnetic field (h = H/Hcy).

Figure 5.9 (a) displays the prominent zero field peak indicating the
BL surface barrier effect in CrogoosNbSe,. Here magnetic fluxes must
overcome the barrier that is formed because of the edge potential [25].

Similar strong surface pinning mechanism is also observed in untwined

YBa,Cuz05.5 single crystal [54]. However, there is no intermediate and

higher field peaks in Figure 5.9 (a) indicating the absence of volume
pinning and lattice softening. All the f, curves for 2 K < T < 5 K of Figure
5.9 (a - ¢) didn’t collapse into one unified curve. Hence one pinning
mechanism can’t explain the magnetic field dependence nature of f, in

CryNbSe;. The experimental data of CrggoosNbSe, are fitted with equation
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(5.9) considering p = 0.8 and q = 2.6 in Dew Hughes model and r = 0.51

and s = 3.5 in Kramer’s model at the low magnetic field region.

f, = ARP(1 — h)4 (5.9)
(a) ——2K——25K [} . K
RO, —3K——35K of
~ —BL zero field peak
r_fa - Surface pinning + Point pinning
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Figure 5.9. (a) Represents the f, (=Fy/Fymay) @s a function of reduced magnetic field (h)
of CrooosNbSe,. at 2 K, 2.5 K, 3 K, 3.5 K, 4 K and 5 K temperatures. (b) the scaling
behaviour of f, (=Fy/Fy max) at 2 K temperature of Crgge0sNDSe;, single crystal. The sharp
zero field peak is encircled as the Bean-Livingstone surface barrier peak. The blue solid
line is the fitted curve at low magnetic field region considering the contribution from both
the surface pinning and point pinning. The red dotted line represents the contribution from
core 0l pinning at intermediate and higher magnetic field regions. (C) the f, vs. h curve of
Crooo0sNbSe; at 2 K, 2.5 K, 3 K, 3.5 K, 4 K and 5 K temperatures, and (d) ) the f, vs. h

curve of CrygooNbSe, at 2 K, 2.5 K, 3 K, 3.5 K and 4 K temperatures.

Figure 5.9 (b) represents the Dew-Hughes and Kramer’s fit by the
blue solid line. In case of intermediate and high fields regions, the f, curves
follow core &1 pinning as presented by red dotted line. The surface pinning
(associated with Kramer’s model) at low magnetic fields indicates the
parallel alignment of the external magnetic fluxes to resolve themselves
into the region of minimum potential [35]. However, point pinning gives
the hints of the presence of dense point pinning centres in CrggoosNbSe;
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single crystal. Sang et al. [55] stated both the point pinning and the &1
pinning in FeSepsTeqs single crystal that results giant enhancement in flux
pinning associated with Co-impurities.

Further, Figure 5.9 (c) represents the BL zero field peak at near zero
magnetic field and prominent higher field peak near Hg, in CrogoodNbSe,.
However, it is difficult to distinguish the impact of different pinning
mechanism in Crgoo090NbSe; because of the overlapping of zero field and
higher field peak. Pippard et al. [56] described the higher field’s peak due
to the softening of shear modulus of FLL associated with random pinning
potential. Later, Bhattacharya et al. [57] elaborately clarified the presence
of this peak as a consequence of the change from interaction-dominated
coherent motion of the elastic FLL to the disorder-dominated plastic motion
of soft FLL. The onset of peak region is caused by the plastic flow
instabilities of vortex medium. Finally, Figure 5.9 (d) shows the highly
intense peak of Crpo012NbSe; single crystal near Hc,. It seems that FLL is
more relaxed in Crg0012NbSe, compare to other Cr concentration. Both the
zero-field peak and the core interaction (i.e. the 6/ and 67, pinning) are
significantly suppressed by high field peak in Crg012NbSe,. This is because
of the creeping of FLL following to the path of less variation of point pin
densities. The fluctuation of pin densities determines the path of flux
creeping throughout the crystal. Therefore, the different pinning
mechanisms are successfully explored in CryNbSe,, which involved BL
surface barrier effect at zero magnetic fields, point pinning and surface
pinning at low magnetic fields and the lattice softening at the higher field
regions. Thus, Cr impurities improve the J. characteristics of NbSe; at low
as well as higher magnetic field regions. On the other hand, FeyNbSe,
illustrates the involvement of only point pinning and surface pinning
mechanism in the pinning landscape and thus, results rapid destruction of

the J; values at higher magnetic field regions [35].

5.3. Summary
In conclusion, CryNbSe; single crystals with x = 0.0005, 0.0009 and 0.0012
were successfully investigated to study the influence of Cr doping on the

vortex dynamics of NbSe, superconductor via magnetization measurement.
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Cr atoms noticeably enhance the J. value up to 4x10° A/cm?® in Cr,NbSe,
single crystals. With increasing the Cr concentrations, diverse anomalous
characteristics of J. are observed at higher magnetic field. The prominent
fishtail effect of MHL curves in Crgoo2NbSe, exposes that single
crystalline nature and optimal doping are two essential circumstances for
enhancing the practical applicability of superconducting material at higher
magnetic fields. To investigate the physical origin of SMP in J., we studied
the magnetic field dependence of dynamical relaxation rate. The positive
curvature of the U* vs H curve changes to negative curvature at the
characteristic field H indicating the crossover from elastic to plastic
region. Hon approximately agrees with Hcr and Hgp locates at the plastic
creep dominated region. So, Crgg012NbSe; single crystal demonstrates the
SMP effect which supports the E-P crossover. CrpoosNbSe, shows dl
pinning due to the interaction between the core region of vortices and the
pinning centres. However, the interaction is improved by increasing Cr
concentration. Crg0012NbSe, allows both o/ and 67 core interaction. These
ol and 6T core pinning strongly turn the 3D magnetic fluxes into 2D nature
by enhancing the coupling between the vortices in the pinning potential of
Cr atoms. Crg00sNbSe, shows point pinning and surface pinning at low
magnetic field region. Moreover, it supports the 6/ pinning at intermediate
and high magnetic field regions along with the BL surface barrier effect
near zero field region. The softening of the vortex lattice is enhanced
gradually with increasing Cr concentration resulting out the intense peak in
Fp at higher field in Crgo009NbSe, and Crgo012NbSe,. The softening of the
FLL designates the effective disorder of the FLL with degradation of the
long-range order of the vortex lattice. There is no intermediate peak in the
magnetic field dependence of f,, characteristics in CryNbSe, superconductor,
indicating the insignificant contribution of the bulk pinning in pinning

mechanism.
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CHAPTER ©

Study of Structural, Electrical,
Electronic, Transport and Magnetic
Properties in Defect Induced NbSe,

In this chapter we try to focus on the significant characteristics of

NbSe, in presence of the different kinds of defects (Intrinsic and extrinsic).
These characteristics depend on the intriguing electronic properties of
layered TMD materials that are extremely influenced by their anisotropic
crystal structure. As we discussed earlier, different TMDs show different
electronic properties based on their band structure formation, density of
states at the Fermi level and the structure of the Fermi surface [1-4]. This
chapter focuses on studies on defects and to investigate the related changes
in the physical properties of NbSes.
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Diverse  transport  properties, for example, resistance,
magnetoresistance, Hall effect and superconductivity exhibit the strange
and intense changes with the external defects [5, 6]. Morris et al. delineated
the Kondo effect elaborately with anisotropic nature in association with the
direction of magnetic fields in Fe doped NbSe; in the range from 0.25% to
5% [7]. However, there is an absence of methodical examinations on the
disruptive movement of FLL in the thermally activated flux flow region
(TAFF) of NbSe, in the presence of intrinsic and extrinsic defects. The
dissipative TAFF region of low and high T. superconductors still is a
massive essential field for investigation specifically for the application of
long length cables. The superconducting state of a material is generally well
known as dissipation less state. In case of type-Il superconductors, the
supercurrent is constrained because of the interaction between two opposite
forces that act on the magnetic flux lines. One of the forces is pinning force
which arises because of the spatial distribution of inhomogeneities. The
other force is the Lorentz force that appears due to the supercurrent [8]. The
movement of the flux lines results dissipation of energy in this region. The
dissipation happens when there is ‘flux creep’ in FLL associated with the
dominating pinning force [9] and ‘flux flow” which is associated with the
dominating Lorentz force [10, 11]. Conversely, another kind dissipation is
also observed which arises due to the thermal fluctuation and independent
of supercurrent. It follows the Arrhenius relation in the TAFF region [12].
The lowest thermal energy which is essential for flux lines to creep from
one pinning centre to different pinning centre is defined as thermal
activation energy (TAE). The TAE is being influenced by magnetic field
and different orientation of the material. Its characteristics solely depend on
system which has different strength of pinning centres, coherence length,
and thermal fluctuations of superconducting materials. The calculated TAE
value of high T, superconductor (i.e., BSCCO) is in the range of 300-3000
K [13]. However, strong grain boundary pinning of MgB, shows the TAE
value as high as 10* K [14]. The comprehension of TAE properties plays a
crucial role for the functional appropriateness of superconductors as it
damages the effectiveness of the material in presence of high magnetic
field. Thermal fluctuation mainly dominates in the thermally activated flux
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flow region (TAFF) and vortex flux flow (FF) region of mixed state of a
superconductor. It leads the thermal motion of FLL. The Ginzburg number
(Gi), which measures the thermal fluctuation, demonstrates an estimation of
102 - 10™" in Cu-O superconductors. Low T superconductor such as NbSe,
shows the Gi value in the range of 10®-107. NbSe, shows fewer results
previously associated with the TAE properties in TAFF state. This chapter
will provide a comprehensive depiction of the resistive movement of FLL
through TAFF study of NbSe, caused by intrinsic and extrinsic defects.
Though NbSe, has very low Gi value, it is chosen for the TAFF study due
to its electronic anisotropy like the high T, superconductors. Another
fascinating topic for the discussion of present chapter is the effect of defects
on the interaction between two prominent phenomena superconductivity
(SC) and ferromagnetism (FM). It is an enthralling scientific topic for a
long time in the superconducting spintronic and quantum computing field
[15-18]. Besides the property of exactly zero dc electrical resistance,
superconductors also expel magnetic flux lines because of the presence of
singlet Cooper pair electrons [8]. On the other hand, FM destructs this
singlet s-wave pairing and therefore, opposes the existence of FM and SC
simultaneously [19, 20]. However, the appearance of these two novel
phenomena was demonstrated in 1970s through the measurement of
magnetic and temperature dependence of superconducting properties in
ErRh4B4 and Ho;12Mo0¢Sg superconductors [21, 22]. In the late 1990s, the
high T, superconductors showed the presence of SC and weak FM. Here the
electrons, accountable for SC and FM arise from different origin [23, 24].
However, UGe, and URhGe superconductors have electrons which are
responsible for both SC and FM properties [25, 26]. TMDCs (e.g. MoSy,
NbSe,, SnSe; etc.) act as a distinct electronic system for perceiving the
connection between SC and FM Among different kinds of elements [27-
29]. TMDs are known as quasi two-dimensional electronic systems
showing usually nonmagnetic properties [30]. Changing the magnetic
properties of these low-dimensional systems appears as a continuous
objective of the widespread study in the spin-electronic devices. Localized
magnetic moment is incorporated via defects [31-32] along with strain [33-

35] in two-dimensional nonmagnetic TMDCs to explore the magnetic
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properties. Additional important method is the structural alteration via
doping of transition metal (TM) atoms [36-38]. The intrinsic properties of
NbSe, are easily amenable for such kind of effective alteration to
investigate the simultaneous existence of superconductivity and
ferromagnetism. Similarly, it can also effortlessly be doped with impurities
between the Se-Nb-Se layers [39]. Pristine NbSe, are nonmagnetic in nature
due to the presence of Nb atoms. Nb atoms are trigonal prismatically
bounded by six Se atoms that pacify the magnetic properties of Nb** ions
[40-42]. Several experimental and theoretical studies have been performed
to persuade and control the spin structures of NbSe, superconductor.
Manchanda et al. reported that the extremely localized magnetic moments
can be induced in NbSe; via creation of Nb vacancies [43]. These moments
are limited to the Se atoms that are nearby to the vacancies. However,
NbSe, monolayer, having single and double selenium vacancies shows
nonmagnetic metallic characteristics. Zhu et al. stated that the
ferromagnetic ordering of Nb atoms has been incorporated in ultrathin
NbSe, by the polar reductive hydrazine molecule [28]. Additionally, the
ferromagnetic and antiferromagnetic properties were also found in NbSe,
via incorporation of Co, Fe, and Cr atoms in high concentration. For
example, Cro2sNbSe; and Mng 33NbSe, show weak ferromagnetism having
ordering temperatures of 79 K and 22 K while Feg,sNbSe, represents
antiferromagnetic (AFM) properties with a transition temperature of 122 K
[44]. The superconducting properties are destructed completely due to these
high ordering temperatures. Consequently, it eliminates the probability of
coexistence of FM and SC.

In this chapter, we first thoroughly studied the transport
characteristics through resistance measurement as a function of temperature
and magnetic field for B|lab plane in the TAFF region of mixed state of
NbSe, single crystal by creating Se vacancy (i.e., NbSe;gs) and
incorporating Fe impurities (i.e., FepoosNbSe,). Additionally, the
coexistence of FM and SC has been also studied in NbSe; g5 (to observe the
effect of the non-stoichiometric ratio of Nb and Se atoms) and Feg go1sNbSe;
(to observe the effect of very dilute concentration of Fe atoms). The
magnetoresistance study shows the broadening of the transition regions in
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both  NbSe;gs and FepooisNbSe,.  This is  associated with the
inhomogeneities of Se concentration in NbSeigs and the nanoscale
inhomogeneities of Fe concentration in Fegoo1sNbSe,. The TAE values of
NbSe1gs and FegooisNbSe, are lesser than pure NbSe,. In NbSe, and
Feo.ooisNbSe,, TAE follows temperature linearly and consequently,
resistance is nicely depicted by Arrhenius relation. In contrast, the
resistance of NbSe; g5 is well described by modified TAFF method because
of the nonlinear reliance of TAE on temperature. The magnetic field
dependency of TAE differentiates the Fe intercalated NbSe, from Se
deficient NbSe,. NbSe; g5 shows plastic deformation of FLL rather than the
elastic deformation of FLL in FepooisNbSe,. The Flux lines exhibit 2D
features in the TAFF state of NbSe;gs. The temperature dependence of
resistance measurement of both NbSe;gs and FeggoisNbSe, show no
resistance minima associated with Kondo-like behaviour. Further, first
principle calculation of NbSe,, NbSe;gs and Fepoo1sNbSe; have been
accomplished to explore the distinction in band structure and density of
state (DOS) in NbSe, because of Se vacancies and Fe intercalation. It
displays that Fe atoms or Se vacancies intensely modulate the
superconducting properties of NbSe,. The spin polarization estimation
demonstrates the insignificant impact of magnetism of Fe atoms in
Feo.ooisNbSe,. Further, the disorder related to Se vacancy and Fe
intercalation has been affirmed by the room temperature resistivity
measurement. The resistivity curves demonstrate that the Se vacancy and Fe
defect reduce the T, value in NbSe;gs and Fego01sNbSe, because of the
presence of disorder and enhancement of scattering phenomena of charge
carriers. The signature of both SC and FM transition has been observed
from the temperature dependence of magnetization measurement in
NbSe;gs. The superconducting and ferromagnetic transition temperatures
are estimated from DC susceptibility measurements which reveal the
presence of itinerant ferromagnetism of 4d electrons of Nb atoms in
NbSe; gs. Moreover, the coexistence of FM and SC is nicely represented in
the magnetic hysteresis curve of NbSe;gs though Fepoo1sNbSe, shows no

such kind of evidence. This investigation not just gives the impact of
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defects in SC and FM characteristics, yet additionally urges to ponder the

impact of deformities on different kinds of superconducting materials.
6.1. Materials and Method

Materials: Niobium (Nb, 99.95%; Alfa Aesar), Selenium (Se, 99.999%;
Alfa Aesar), Iron (Fe, 99.99%; Alfa Aesar), and lodine (I, 99.998%; Alfa
Aesar).

Method: The single crystals of NbSe,, NbSe;gs and Fegoo1sNbSe, were
grown following to the standard lodine vapour transport method using
precursors Nb (99.95%), Se (99.999%) and Fe (99.99%) purchased. First,
the circular pellets of required stoichiometric concentrations were sealed in
a quartz tube of length approximately 20 cm after evacuation at a pressure
of 2.5 x 10 mbar. Then the tubes were heated in a two-zone furnace
following the procedure as described in our previous studies [45, 46]. The
mobility of Nb and Se atoms were accelerated by iodine as a transporting

agent.

6.2. Result and discussions
6.2.1. Structural properties:
6.2.1.1. X-Ray diffraction:

The XRD patterns of NbSe,, NbSe; g5 and Feg 0015NbSe; single crystals
are represented in Figure 6.1. The diffraction peaks of both NbSe, and
defect induced NbSe, consist of (002), (004), (006) and (008)
crystallographic planes of hexagonal NbSe, phase with space group
P6s/mmc (JCPDS card no. 01-070-5612). All the diffraction peaks confirm
the single crystalline nature of NbSe,, NbSe; g5 and Feg 0015sNbSe,. The full-
width-at-half-maximum (FWHM) is about 0.06° confirming the high
quality and perfect c-axis orientation of these single crystals. The lattice
constant “c” of NbSe,, NbSe; g5 and Fep go1sNbSe; has been computed using

equation (6.1), as shown in Table 6.1.

142 2y 4 &
= = 3 (h* + (hk) + k°) + p (6.1)
The calculated lattice parameter “c” of NbSe; is in good agreement
with the previously reported literature for NbSe, [45]. There is no

additional impurity peak associated with Fe doping in NbSe,. However, a
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slight escalation in lattice parameter is noticed because of 0.15% Fe doping
in NbSe,. As we discussed in our previous observations (chapter 5), the
ionic size of Fe®" (0.645 A in CN = 6) is comparable to the Nb** (0.68 A in
CN = 6). So, externally generated defects of the Feg 0015NbSe, manifest the

successful intercalation of the Fe atoms in between the Se layers [3].
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Figure 6.1. Represents the XRD pattern of NbSe,, NbSe;gs and FegoosNbSe, single

crystals.

In comparing with the pure NbSe,, no phase change is observed
in NbSe; g5 associated with the intrinsic defects. However, the formation of
the Se defect might be related to the enhancement of the lattice constant “c”
of NbSe;gs as shown in Table 6.1. The presence of both intrinsic and
extrinsic defects and the associated lattice alteration of NbSe;gs and
Feo.ooisNbSe,  will discuss elaborately in the transport properties

measurement of the next section.
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Table 6.1. The estimated structural parameters for NbSe,, NbSe;gs and

Feo.001sNbSe; single crystals.

Sample c (A) FWHM
(002) | (004) [ (006) [ (008)
NbSe, 12.552+0.004 0.12 0.14 | 0.14 0.15

NbSe; g5 12.623+0.005 | 0.09 0.17 | 0.22 0.27

Feo.oo1sNbSe; | 12.588+0.002 | 0.09 0.14 | 0.17 0.18
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Figure 6.2. EDS analysis of (a) NbSe, (b) NbSe;gs and (c) Feooo1sNbSe;

single crystals.

To study the surface morphology, composition and stoichiometry,
the FESEM and EDX spectroscopy are carried out for all the single crystal
compounds. The EDX spectra (Figure 6.2 (a-c)) of NbSe,, NbSe; g5 and
Feo.001sNbSe, show the proper elemental composition without having any
other phase which further confirms the purity of the materials. The EDX
elemental mapping of NbSe,, NbSe;gs and Fepo01sNbSe, are shown in
Figure 6.3, 6.4 and 6.5. Figure 6.4 shows that there is uniform distribution
of Se concentration, in NbSejgs. In FegooisNbSe, (Figure 6.5), it is not
possible to measure the Fe distribution accurately as the best achievable
elemental sensitivity of EDS is 0.1% (achieved using standards). However,

there might be some inhomogeneity in Fe distribution at nanoscale.
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Figure 6.3. (a) FESEM morphology of pristine NbSe, and the corresponding EDS colour
mapping images of (b) all elements, (c) Nb and (d) Se.

Figure 6.4. (a) FESEM morphology of NbSe;g and the corresponding EDS colour
mapping images of (b) all elements, (¢) Nb and (d) Se.

gl
WAG: 199 x HV. 150 KV WD: 7.1 pm " ey 54

Figure 6.5. (a) FESEM morphology of Feg05NbSe, and the corresponding EDS colour
mapping images of (b) all elements, (c) Nb and (d) Se.
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6.2.2. Electronic properties by theoretical calculation:

Computational Method:

The electronic structures of NbSe;, NbSe; g5 and Feg o01sNbSe; have
been investigated using first principle density functional theory to make
better understanding of the superconducting phenomena. The Cambridge
Sequential Total Energy Package Code (CASTEP) [47] is used to
accomplish the first-principles ab-initio simulations. It utilizes the plane-
wave pseudo-potential method depending on DFT. In the simulations, we
use ultrasoft pseudopotential in the Vanderbilt form that describes the
electron-ion interactions. The electronic exchange correlation has been
studied with Perdew-Burke-Enzerhof (PBE) functional considering the
generalized gradient approximation (GGA) [48]. We use the Broyden-
Fletcher-Goldfrab-Shanno (BFGS) scheme for geometry optimization of the
three compounds. All the simulations are performed constructing the
2x2x1, 2x2x2 and 3x3x1 supercells of three samples. Spin polarized single
point energy calculations have been achieved considering the hexagonal
phase of space group symmetry P6s/mmc with ultrasoft pseudopotentials.
We take plane wave basis set with energy cut off 600 eV. Monkhorst-Pack
scheme is used for sampling the Brillouin zone in the k space [49, 50]. The
grid size has been taken as 17x17x8 for SCF calculation. For yielding the
optimized structures, all atoms have been fully relaxed to converge the
magnitude of force on each atom less than 0.01 eV/A. However, the energy

changed per atom is converged to less than 5x10” eV.

Se vacancy, (c) with intercalation doping of Fe.
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6.2.2.1. Band structure calculation:

Energy(eV)
Energy(eV)

Energy(eV)

Figure 6.7. Electronic Band structures of (a) NbSe,, (b) NbSe, with Se vacancy, and (c)
NbSe, with Fe I-doping along the major high symmetric directions.

We have considered three models of NbSe, to investigate the
electronic structure theoretically. The models are (i) NbSe, without doping
(Figure 6.6 (a)) (denoted as undoped), (ii) NbSe, with Se vacancy (Figure
6.6 (b)) (mentioned as Se vacancy), (iii) Intercalation doping model in
which one Fe atom is intercalated between two NbSe; interlayers (Figure
6.6 (c)) (denoted as Fe I-doping). Initially, the lattice constants of NbSe; are
taken as a = b = 6.8892 A and ¢ = 12.5444 A to calculate the electronic
structure. After that these parameters are optimized geometrically [51]. The
band structures and the density of states (DOS) of the above stated three
cases have been calculated to realize the influence of Se vacancy and Fe I-
doping on the electronic properties of NbSe,. Figure 6.7 (a) shows that
more than one band cross the Fermi level (Ef) in undoped NbSe,. This
shows the metallic characteristics of undoped NbSe; and supports the
previously reported experimental observations [52]. The large DOS of
NbSe, at Er as shown in Figure 6.8 (a) gives also the evidence of the
metallic characteristics of NbSe,. Figure 6.7 (b) and Figure 6.7 (c) show the
reduction of number of bands crossing the Fermi level for Se deficient as
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well as Fe I-doping cases. This indicates the accessibility of the lesser
number of electronic states for pairing in both defects induced cases causing
the degradation of superconductivity. As compare to the undoped case,
there is no gap (defined as the absence of electronic states near 2 eV in the
electronic band structures of Figure 6.7 (a)) in the conduction band of Fe I-

doping and Se deficient NbSe; as shown in Figure 6.7 (b) and Figure 6.7
().
6.2.2.2. DOS analysis:

Figure 6.8 (b) shows the DOS analysis indicating the reduction of
DOS in Se deficient NbSe;, at the Fermi level. The DOS also decreases in
Fe I-doping case as compare to NbSe; as shown in Figure 6.8 (c).

The partial DOS (pDOS) data of Figure 6.8 (a - g) expose the Nb 4d
bands which are mainly responsible for the availability of DOS at Eg. Thus,
for both pristine and defect induced NbSe,, Nb bands take participate in the
phenomena of superconductivity. Though both the intrinsic and extrinsic
defects diminishes the pDOS of Nb at Ef, a peak shift is observed only in
extrinsic defect induced NbSe; (i.e. Fe I-doping case) at the Fermi level as
demonstrated in Figure 6.8 (c) and Figure 6.8 (e). Thus, we can say that
both the Se vacancy and Fe I-doping reduce the superconductivity in
NbSe,. There is no straight comparison between the theoretical 2x2x1
supercell (with Fe-doping) and the experimentally taken 0.0015 Fe doping
NbSe,. Further, we also performed simulations in 2x2x2 or 3x3x1
supercells considering (without Fe doping) 48 (450 electrons) and 54 (458
electrons) atoms, respectively. It gives the information about the effect of
smaller concentration of Fe intercalation or Se vacancy in NbSe;.

The simulation estimated with 2x2x2 and 3x3x1 supercells is
analogous to the outcomes as we get from 2x2x1 supercell. In addition,
larger supercell is considered for randomizing and creating a minimum
interaction among the defects. In 2x2x2 supercell four NbSe layers are
taken considering three different probable places for Fe intercalation.
Simulations of the 2x2x2 supercell have been accomplished with Fe
intercalation at all the three probable places and for Se vacancy at different

positions. All the considerable cases show nearly comparable outcomes.
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(A) DOS for calculation with 2x2x1 supercell:
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(B) DOS for calculation with 2x2x2 supercell and comparison of

partial DOS for calculation with different supercells :
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Figure 6.8. (a) Full density of states (DOS), partial density of states (pDOS) of Nb, pDOS
of Se in case of undoped NbSe, with 2x2x1 supercell.(b) Full DOS, pDOS of Nb, pDOS of
Se in case of Se vacancy with 2x2x1 supercell. (c) Full DOS, pDOS of Nb, pDOS of Se,
pDOS of Fe in case of Fe intercalation doping with 2x2x1 supercell. (d) Full DOS, pDOS
of Nb, pDOS of Se in case of Se vacancy with 2x2x2 supercell. Full DOS, pDOS of Nb,
pDOS of Se, pDOS of Fe in case of Fe intercalation doping with 2x2x2 supercell for Fe
intercalation position — (e) middle (f) down (g) up. The Fermi level is indicated by the
dashed vertical line at zero energy. The change in partial DOS of Nb and the total DOS

per atom with Fe intercalation in different supercells is shown in Fig- (h), (i) respectively.

There is no peak shift with the variation in supercell size in the
partial DOS of Nb and the total DOS of Fe | doping case as shown in
Figure 6.8 (h)-(i). No considerable Fe moment is observed in the first
principles calculations with spin polarized optimization taking initial high
magnetic moment of Fe in both pristine and defect induced NbSe, with

different supercells. This indicates enormous Fe-Se overlaps and in
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contradiction of Kondo mechanism behind the suppression of

superconductivity in Fe I doping case.

6.2.2.3. Spin polarization calculation:

The spin polarization in percentage is estimated using equation
(6.2). Table 6.2 shows the obtainable P values in Fe | doping case having
different supercells. The estimated P value for 2x2x1 supercell (smallest
supercell) is 0.6102 % which is very small as represented in Table 6.2.

P = [(N+(EF) - N, (EF))/(N+(EF)+N,(EF))] x 100 (6.2)

P decreases further for bigger supercell sizes which contains smaller Fe
concentration. These outcomes designate clearly the insignificant
contribution from Fe magnetism in the actual experimental NbSe, sample
having the smaller (i.e., 0.15%) concentration of Fe atoms than the

theoretical one.

Table 6.2. Calculated values of Polarization (P) are presented for different

sizes of the supercells for single Fe atom doping.

2x2x1 0.6102
2x2x2 0.2882
3x3x1 0.1730

6.2.2.4. The contour plots of charge density:

Figure 6.9. Contour plots of charge densities of (a) undoped NbSe,, (b) NbSe, with Se

vacancy, and (c) NbSe, with Fe I-doping.

Figure 6.9 shows the contour plots of charge density for both pristine
and defect induced NbSe,. The Se vacancy causes charge depletion between
the NbSe; layers (Figure 6.9 (b)) in contrast to the undoped case (Figure 6.9

(a)). This indicates the weakening of the Van Der Waals interaction among
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the NbSe, layers and degradation of T, in NbSe; g5 as compare to pristine
NbSe,. Electron Localization Function has been estimated for this purpose.
We can’t remark on the bonding type or charge density depending on
Electron Localization Function (ELF) analysis because it gives weak
clarification for extremely localized or delocalized system. Furthermore, the
given charge density of ELF is with reference to that of the free electron
charge density. Therefore, the charge contour plots have been deduced here
using the eminent Mulliken population analysis. Additionally, we have
considered four layers of NbSe in 2x2x2 supercell that gives three positions
for Fe intercalation for simulation. The 2D to 3D like crossover is
determined only between the layers of Fe intercalation (Figure 6.9 (c)). The
2D character of all the remaining layers retains almost identical
characteristics as that of the undoped NbSe, (hence not exposed for

brevity).

6.2.3. Transport properties:
6.2.3.1. Temperature dependent resistivity analysis:
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Figure 6.10. (a) The temperature dependence of normalized resistivity of NbSe,, NbSe; g5
and FeggusNbSe,. (b) Enlarged view near the transition region showing T2™¢* and

TP=0)

The variations in the electronic structure associated with Se vacancy
and Fe | doping in NbSe; have been examined through the room
temperature resistivity measurements in NbSe,, NbSe; g5 and Feg0015NbSe,.
It gives us the necessary information about the scattering mechanisms of
conduction electrons due to both intrinsic and extrinsic defects. Figure 6.10
(a) represents the change of normalized resistivity (p/pso0x) @S @ function
of temperature in NbSe,, NbSe; g5 and Fegoo15NbSe, single crystals. The
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onset transition temperature (TZ2"¢*) and Tc(pzo) of NbSe, have been
detected at 6.5 K and 6.4 K, respectively. It gives the clear evidence of

superconducting transition. In contrast to pure NbSe,, the (T2™¢') &

TP=% decrease to 4.3 K & 3.5 K in NbSeigs and 4.6 K & 4.1 K in
Feo.001sNbSe,, respectively. The reduction of T, values in the above two
defect induced cases depend on the formation of different charge transfer
NbSe, complexes. Matthesis et al. reported that the Fermi level of NbSe; is
adjacent to an esteem intense peak in the plot of density of states through
the band structure calculation [53]. Chen et al. shows the alternation of the
intensity and the peak position because of the disorder introduced at
different lattice position of NbSe, complexes [54]. The local disorder
incorporated in NbSe; g5 and Feg0015sNbSe; with Se vacancy and Fe I-doping
causes the degradation of density of states as shown in DOS calculation of
the previous section. It results the rapid reduction of T. in both defects
induced NbSe,. Additionally, the temperature dependent resistivity

behaviour shows metallic character in the temperature range of 10-300 K of
all samples i.e. (Z—’T’ > 0) . The residual resistivity ratio (RRR) of the

superconductors have been estimated using the relation, RRR=R (300K)/R
(Tc). The RRR values of NbSe,, NbSe; g5, and Feg go1sNbSez are 11, 3 and 6

calculated from Figure 6.6. Table 6.3 represents the RRR, T2"s¢t, Tc(pzo)and
AT, values for all the samples.

These outcomes show two distinct phenomena viz. intrinsic (owing
to the Se vacancies) and extrinsic (owing to Fe | doping) defects in NbSe..
The change in parameters like T, 47, RRR values can enlighten on the
lattice defects and disorder of a superconductor. A comparatively lesser
value of RRR in NbSe; g5 indicates the presence of defects in the conduction
plane as compared to NbSe,. This defect is formed caused by the short-
range discontinuation of NbSe, hexagonal lattice structure due to the
destruction of a little fraction of Nb-Se covalent bonds during the formation
of NDbSe;gs single crystals. It indicates alternation of trigonal prismatic
coordination of Nb atoms locally and therefore, there is accumulation of

unpaired electrons near the Nb** ions. This is practically equivalent to the
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charge accumulation phenomena around Nb atoms associated with the

structural modification in the hydrazine treated 2H-NbSe, system [28].

Table 6.3. The RRR values along with T.2"s¢t, TC(”:O) and AT, are shown
below ( T2™¢ and Tc(pzo) define the transition temperatures that are
evaluated using the criteria of 90% of the normal state resistance and
(p = 0) of the transition region of NbSe;, NbSe; gs and Fegoo1sNbSe;. AT,

represents the transition width, which is estimated from the differences

between Tomset and T.°=%).

NbSe; 6.5 6.4 0.10 11
NbSe; g5 4.3 3.6 0.70 3
FeO_o()lsNbsez 4.6 4.1 0.50 6

Again, the lower RRR value of Feg g015sNbSe, designates the increase
of the interband s-d scattering and the electron-electron scattering
phenomena as compared to pure NbSe; due to Fe intercalation. Similar kind
of results has been observed in CuxNbSe; as reported by Luo et al. [3]. The
higher AT, value is also a clear indicator of disorder in vortex lattice
because the presence of disorder increases dissipative motion of flux line
and thus increases the AT value. Here in this study the 4T, value increases
significantly in both NbSe; gs (~ 0.7) and Fego01sNbSe; (~ 0.5) compare to
NbSe; (~ 0.1). This confirms the lattice disorder of NbSe;gs and
Feo.001sNbSe,. So, by analysing the room temperature R-T measurement we
get information about the defect and the corresponding lattice distortion in

both intrinsic and extrinsic defect induced NbSe,.
6.2.3.2. Magnetoresistance Study:

The temperature dependence of electrical resistance is also studied
under different external magnetic fields along the ab-plane for both NbSe,
and defect induced NbSe, up to 8 T (Figure 6.11). In the zero applied
magnetic field, the estimated T.°™¢* of NbSe,, NbSe; g5 and Feggo1sNbSe;
are 6.55 K, 4.3 K and 4.6 K, respectively, which are in agreement with the
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previous room temperature resistivity studies [55]. As we have discussed in
our previous section, the AT, value of NbSe, is about 0.1 K which is
practically identical to the FeTegsSep4 single crystal [56]. This confirms

the high quality of the single crystal of NbSe;.
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Figure 6.11. Shows the temperature dependent resistance of (a) NbSe, (b) NbSe; g5 and (c)
Feq.00:5NbSe, single crystal at different applied magnetic fields along ab - plane of crystal

surface.
However, from the magnetoresistance data we observe that both

Tomset and Tc(pzo) diminish significantly due to the increasing magnetic
field for both pristine and defect induced NbSe,. The reduction of (T2mset)
value with increasing magnetic field indicates the enhancement of the
magnetic flux flow in the superconducting region of FLL. This causes the

dissipation of supercurrent density in the vortex liquid phase near the

transition region. However, the reduction of TC(p =% values with increasing
magnetic field designates the degradation of TAE with the applied magnetic
field which is associated with the collective creep motion of FLL and is
investigated later in detail [9, 57]. Ozgelik et al. has been described the
absence of flux traps with the applied magnetic field in polycrystalline Bi-

2212 system that results a magnetic field independent behavior of T.2"s¢t,
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However, the strong intergrain transition [58] in this system affects the

magnetic field dependence nature of Tc(pzo) . Moreover, from the
magnetoresistance measurement, we observe that the transition width
(AT, = (TC""S“ - Tcpzo)) increases with increasing magnetic field in both
cases. The A T, value appears to be broadened appreciably in NbSe; gs
compare to NbSe, due to the inhomogeneous distribution of Se
concentration which is not matched with Nb concentration. On the other
hand, the widened transition region in FeggosNbSe, confirms the
inhomogeneous distribution of Fe concentration at the nanoscale which
increases the dissipative motion of flux line. In high T, superconductor, for
example, YBCO, the widening of the superconducting transition mostly
happens because of the inhomogeneous distribution of labile oxygen [59].
Figure 6.11 (a - c¢) shows absence of any resistance minima or negative
magnetoresistance in the temperature dependence of resistance for
Feooo1sNbSe,.  In contrast, Kondo-like resistance minima has been
represented by Whitney et al. [60] followed by negative magnetoresistance
in FeyNbSe, at x = 0.005, 0.05, 0.0166 in parallel as well as perpendicular
direction. The simulated electronic properties of FegoosNbSe, in our
previous section with density functional theory support our experimental
observation. It shows the negligible effect of Fe moment in Fe | doping case

in all size of supercell and excludes the possibility of Kondo mechanism.
6.2.3.3. Temperature dependence of resistance in TAFF region:

Further, the temperature and magnetic field dependence of TAE
have been demonstrated with Arrhenius relation and modified TAFF
method to shed light on the vortex motion in transition region (i.e., the

TAFF region). The temperature dependence of resistance follows equation

JBVL

(6.3) in TAFF region due to the smaller value of J. and — (< 1), (where

L and V defines the hopping distance and the bundle volume) [61].

2R:U U U
R = ——exp (— F) = Rorexp (— ;) (6.3)
U(= J.,BVL) is defined here as TAE of FLL [62, 63] in TAFF region and

R.(=vyLB/].,) represents a constant which is independent of
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2R.U
T

temperature. Considering Rof(= ) = cont. and linear dependency of

TAE on temperature (U(T,H) = Uy(H) (1 - Tl)) the [nR vs. 1/T graph

provides the Arrhenius relation having the form of InR(T,H) = InR,(H) —
Uo(H)/T with InRy(H) = InRys + Uy(H)/T,. The slope of InR vs. 1/T
curve gives the Uy (H) value which is acknowledged as the apparent

activation energy with the y intercept as InRy(H).
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Figure 6.12. (a) Arrhenius plot of resistance measurement for NbSe,at H = 0.5,1,2,4,6
and 8 T where the solid lines are linearly fitted to the TAFF region (b) The solid lines are
the linear fitting to TAFF region of NbSe, g5 and the dotted lines are the fitted curves using
modified TAFF relation at H =0.5,1,2,5,7 and 8T (c) Similar Arrhenius plot for
FeooosNbSe, at H = 0.5, 1, 2, 4T is shown. Insets in (a), (b) and (c) represent the linear

fitting to InRy(U,) vs. U, curve derived from Arrhenius plots.

In contrast, the nonlinear relation of TAE (U(T,H) = Uy(H)(1 —
t)?) with temperature is considered in modified TAFF method. It gives the
resistance in the TAFF region in the form of equation (6.4). Here Up and R
are acknowledged as the temperature independent parameters [64].
InR = In(2R.Uy) + qin(1 —T/T.) —InT —U, (1 —T/T,)?/T (6.4)
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The applicability of the Arrhenius relation and the modified TAFF method
in the TAFF region of above three cases has been estimated following two
methods. The first method is the extraction of T Value at the crossing
point of linearly fitted lines in the TAFF regions of InR vs. 1/T graph at
different magnetic fields and compare with T,°™s¢t. Another method is the
estimation of inversion of the slope of linearly fitted curve to InRq vs. Ug
and match with T.2™s¢t, The Arrhenius plots of pure NbSe; single crystal has
been characterized in Figure 6.12 (a) at magnetic fields of H=10.5, 1, 2, 4,
6and 8 T. The Uy values are calculated from the slopes of fitted lines to the
linear regions of Arrhenius plot (as shown by the solid lines in Figure 6.12
(@)). The Tross Value is evaluated at 6.6 K which is in almost consistent with
the experimental T.°™s¢* value of NbSe,. The linear relationship between
InR, and Up is shown in the inset of Figure 6.12 (a). The inverse of the
slope of the lineally fitted line to InR, and U, curve gives the T, value as
6.58 K which also supports the T2"¢t value. So, the Arrhenius plot
provides the precise values of Uy of pure NbSe; in the given temperature
range. Conversely, Figure 6.12 (b) shows both the Arrhenius fitting and the
modified TAFF fitting simultaneously of NbSe;gs single crystal in the
TAFF regionsat H=0.5, 1, 2, 3,5, 7and 8 T. It demonstrates that the solid
lines which are fitted linearly to the TAFF region following the Arrhenius
relation don’t cross accurately at the point of Teress. N the other words, it is
not possible get linear fitting to the TAFF region considering the point of
intersection at 1/T.. The Arrhenius plot is restricted only in a limited region
of NbSe;gs. Additionally, the T. value estimated from the slope of the
linearly fitted line to [nRy vs. Uy curve don’t follow T.2™s¢t value of
NbSe; g5 (as shown in the inset of Figure 6.12 (b)). Thus, we can say that
the constant prefactor (Rqf) and the linear dependence of Uy on temperature
don’t provide accurate values of TAE in TAFF region. Song et al. reported
analogous restriction of Arrhenius fitting and therefore considered modified
TAFF method for estimation of Uy values in the LiFeAs single crystal [65].
So, the modified TAFF method is used to estimate the TAE values
of NbSe;gs with equation (6.4) considering three fitting parameters ¢, R.

and Ug as represented by dotted red curves in Figure 6.12 (b). The curves,
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which are fitted taking into consideration the experimental value of T is in
good agreement with the experimental results. The Uy values are higher
than the values estimated using Arrhenius relation. The estimated g value of
NbSeigs is 2, enlightening the 2D like behaviour of FLL in the TAFF
region. Analogous kind of 2D feature of FLL is described in Fe (Te1.xSy)
single crystal [66]. Again, Figure 6.12 (c) represents the Arrhenius plots of
Feo.001sNbSe; single crystal at the magnetic fields of H=0.5,1, 2, and 4 T.
The Teross Value (4.61 K) of Feg o015NbSe; is nearly coincide with T2™s¢t (4.6
K). In addition, we extracted the T, value from the inverse of slope of InRy
vs U curve. This is comparable to T2™¢t. This signifies that the TAE
depends linearly on temperature in Fegoo1sNbSe,. So, it can be concluded
here that Uy depends linearly on temperature for NbSe, and Feg go15NbSes.
The resistive dissipation occurs following to the Arrhenius relation in the
TAFF region of NbSe; and Fegg015sNbSe,. However, the U values don’t
depend linearly on the temperature in NbSe; g5 and hence, it follows the
modified TAFF theory. The NbSe;gs behaves as the 2D system in the
thermally assisted TAFF region.

6.2.3.4. Magnetic field dependence of TAE:

Figure 6.13 (a-c) shows the magnetic field dependence of U of both
pure and defect induced NbSe,. Up values of NbSe;, NbSe;gs and
Feo.00isNbSe, are 4607, 1591 and 269 K at 1 T, respectively. Ug reduces
from 7512 K value (at H = 0.5 T) to 528 K value (at H = 8 T) with
increasing applied magnetic field for H //ab plane in NbSe,. Similarly, U,
drops from 1596 K value (at H=0.5T) to 48 K value (at H =8 T) in case
of NbSe, gs for H //ab plane. Analysing the above data, we observe that the
Up value of NDbSe; gs is appreciably small as compare to NbSe,. This is
because of the presence of phase incoherent superconducting state which is
associated with the thermal fluctuation of order parameter of NbSe;gs
around Se vacancies [8]. In contrast, the U, value reduces from 411 K (at H
=05T)to66 K (at H=4T) in FegoosNbSe, single crystal. So, the Uy
values of Fegoo1sNbSe, are reduced to even lower values compare to
NbSe;gs. This significant reduction of Uy of FeggoisNbSe; indicates the

virtual polarization of Fe impurities in the singlet bound state [67].
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Figure 6.13. Apparent activation energy is plotted against magnetic field H for (a) NbSe,
(b) NbSey g5 (¢) Fegoo1sNbSe, single crystal on log — log scale. The field dependence of Ug
of NbSe, and Feg g01sNbSe, in (a) and (c) are fitted with Uy(H)~H" (1 — H/H;,,)? relation
whereas the solid lines in (b) represents power-law fitting with Uy(H) ~ H™¢.

Furthermore, Figure 6.13 (a-c) represents the magnetic field
dependence of Uy in NbSe,, NbSe;gs and FegooisNbSe,. Figure 6.13 (a)
shows the parabolic dependence Ug on applied magnetic field which has the

form of equation (6.5).
UH) = al? (1 - (H/HY))® (6.5)
Here H™ is defined as the Kramer’s scaling magnetic field [68] which have

same order of magnitude as Hi,rand a, y, J designate the scaling parameters

of equation (6.5). Here, (1 — (H/H*))aconsiders the destruction of the
superconducting region in presence of magnetic field and the term, aH?Y is
associated with the degradation of J. characteristics caused by the collective
creep motion of magnetic flux lines. The fitting parameters, extracted from
Figure 6.13 (a), have the values a =1057 K, y = - 0.78, 6 = 1.7 with a
goodness of fit R* = 0.989. These outcomes are similar to the results
reported by Kaushik et al. [14]. Patnaik et al. also reported the similar kind
of parabolic dependence of Uy on applied magnetic field which is caused by

the grain boundary pinning [69]. In our case, the magnetic fluxes entering
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the NbSe, crystal try to align themselves parallel to the Nb-Se-Nb layer
resulting the strong surface pinning along ab direction [45].

We compare the Ug values of NbSe; gs in Figure 6.13 (b) estimated
from both modified TAFF relation and Arrhenius relation. The Uy values
vary significantly at each magnetic field. It can be realized that both curves
follow power law dependence with applied magnetic field in the form of
equation (6.6).

Uy(H) ~H™“ (6.6)
Here « is defined as the fitting parameter in the above equation. Uy values,
which are estimated from modified TAFF analysis follows H™® relation at
low magnetic fields (till 3 T) whereas it follows H?? relation at elevated
magnetic fields (higher than 3 T). Conversely, U, values determined from
Arrhenius relation, follows H®' relation at the low field region (till 3 T)
and H™* relation at elevated magnetic field region (higher than 3 T).
According to the plastic-flux-creep-theory, the weak pinning causes
distortion of the vortex lattice which results entanglement of the vortices
and the reduction of Ugvalue with the external magnetic field following to
the relation U, o« H%5 [70, 71]. As the magnetic field increases, the
vortices move rapidly resulting the cutting of the entangled vortices. This
causes degradation of the transverse correlation length of FLL. In this
region, the Up value follows the relation U, o H~%7 [72]. Even quicker
degradation of U with external magnetic field hints the presence of strong
pinning with the entangled vortex liquid behaviour. The exponents of the
power law dependence of NbSe; g5 have higher values than the probable
values of plastic weak creep model at low as well as high magnetic fields.
This designates the appearance of strong pinning associated with plastic
creep motion in NbSe; gs. Figure 6.13 (b) shows a crossover field (~ 3 T)
that divides the plastically deformed vortex lattice from more entangled
state. The BSCCO single crystals show similar type of crossover field at
elevated magnetic fields as reported by Wang et al. [73]. Additionally, Choi
et al. reported the crossover magnetic field associated with two different «

value due to the evolution of FLL from collective pinning region to plastic
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pinning region in NaFe;.xCosAs (where x = 0.01, 0.03, and 0.05) single
crystals [74].

In contrast, Figure 6.13 (c) shows the parabolic dependence of U, of
Feo.001sNbSe; in response of external magnetic field following the equation
(6.6). The corresponding parameters that are needed to fit the Ugvs. H curve
are a =370 K, = - 0.48, 5 = 1.8 resulting a goodness of fit R> = 0.991.
Depending on the previous literature survey, the parabolic degradation of
Uo with applied magnetic field suggests that the FLL is elastically deformed
in Feg001sNbSe; [8]. This indicates the variation of dependence of U, values
on applied magnetic field appears due to the presence of different defect
concentrations and scattering centres in NbSe, [75]. So, the faster
degradation of Uy with magnetic field following the power law is concluded
as the strong plastically deformed vortex lattice in NbSe; gs. In contrast, the
comparably slow reduction of Ug in response of external magnetic field is

concluded as the elastically deformed FLL in NbSe; and Feg go1sNbSes.

6.2.4. Magnetic properties:
6.2.4.1. Temperature dependent magnetization analysis:

The variation in the superconducting transitions with increasing
magnetic fields for both extrinsic and intrinsic defect induced NbSe; is
further examined through temperature dependence of magnetization
measurements. Figure 6.14 (a) shows the dc magnetization curves of
NbSe; g5 following the protocol of both ZFC and FC in presence of 0.005 T,
0.01 T, 0.05 T and 0.1 T magnetic fields at 2 K to 8 K temperatures. The
prominent diamagnetic transition that is induced by supercurrent is
confirmed from the sharp drop of the ZFC curves from zero magnetization
value. Figure 6.14 (al) shows the dc susceptibility curve of NbSeigs
indicating both ferromagnetic (Trm) and superconducting (T) transition at ~
39&35K,~32K & 3K, and ~3 & 2.4 K (as shown in Table 6.4) in
response of external magnetic field of 0.005 T, 0.01 T and 0.1 T,
respectively. The upward turn of the dc susceptibility curve of NbSe;gs
designates the FM transition. Li et al. [76] reported similar kind of

transitions associated with the SC and FM phenomena in SrosCeosFBIS;
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superconductor. These outcomes confirm the appearance of both SC and
FM ordering in NbSe; gs.

=
¥

M (emu/g)
=

1
=
[

—a—0.005T 02HD)
0.0 o

——0.01T
—o—005T | 5

)

:l—lo—

1 '
s W

x(x 107 e.m.u. g per Oe)
©

J
W

dy/dT (10* K ™)
-'—l (—) —_

1
[

x (10'3e.m.u.g'1per Oe)

4 5
T (K)

> 0.1 T E -0.2 [ « ™
S04} &
s -0.6

-0.8
-1.0

dy/dT (10 K

a L o

1
o

o
N

S = N W A W

1
.

Figure 6.14. Represents the temperature dependence of magnetization curves of (a)
NbSe; g5 and (b) FegoosNbSe, at different applied magnetic fields. (al) NbSe; g5 and (bl)
Feon01sNbSe, are DC susceptibility measurement data at H= 0.005T, 0.01T, 0.1T, 0.05T

and 1 T magnetic fields; (a2) & (b2) show temperature dependence of derivative plots of

NbSe; g5 and Feg 015sNbSe; at selective applied magnetic fields.

Additionally, the isothermal magnetization measurement data is

represented in the next section which discusses elaborately the concurrence
of FM and SC in NbSe; g5 system. Figure 6.14 (al) shows the weak drop (~

2.4 K) of the ZFC curve in susceptibility measurement data connected to
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the diamagnetic signal indicates the presence of the weak superconductivity
in NbSe; g5 at 0.05 T magnetic field. The derivative plots of susceptibility
measurement as shown in Figure 6.14 (a2) establish the values of T, and
Trm at different magnetic fields which point towards the degradation of T,
in NbSe; g5 with increasing magnetic fields. Additionally, the coextistence
of SC and FM has been reported by Pachmayr et al.[18] in the [(Li;-
xFex)OH](Fe1yLiy)Se superconduting system, which demonstrates T (~43
K) >> Ty (10 K). However, comparable to the SrosCesFBIS; system, our
sample show T (3.5K at 50 Oe) < Trwm (3.9K at 50 Oe) which is associated
with the itinerant ferromagnetic state [77]. This implies that the 4d electrons
of Nb atoms might be play the role of itinerant electrons that are intensely
interacting with each other and accountable for both superconductivity and
ferromagnetism in NbSe gs.

However, this ferromagnetic states appears as the magnetic domains
that are short range in nature. This is reasonable to assume that the random
defect configuration associated with Se vacancy causes the short range
magnetic domains in NbSe; gs and it is usually lesser than the long range
spin-ordered coherent state as described by Menard et al [78].

Figure 6.14 (b) represents the distinctive curves of the dc
magnetization as a function of temperature in Fego01sNbSe; single crystal
following ZFC and FC methods in presence of 0.005 T, 0.01 T, 0.05 T, 0.1
T, 0.5 T and 1 T magnetic fields. The sharp superconducting transition
designates the high-quality of the Feg g01sNbSe; crystals. There is no upward
turn in the »-T curve of FepoosNbSe, as shown in Figure 6.14 (bl),
therefore simply representing the superconducting transitions in both ZFC
and FC processes. This eliminates the occurrence of both superconducting
and ferromagnetic transition in FeggosNbSe,. Table 6.4 represents the
variation in the T, values of NbSe;gs and FegpoisNbSe, with increasing
magnetic fields. Similar trends of degradation in T. are noticed in
Feo.oo0sNbSe, and Fegoo11NbSe, superconductors in our previous studies
[45]. However, Figure 6.14 (b2) shows the Tgy transition at 4.3 K in the
derivative plot of susceptibility measurement at the magnetic field of 1 T.

This reveals the ferromagnetic ordering in Fegoo1sNbSe, at 1 T induced by
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Fe impurities. So, we can conclude that the incorporation of small amount
of external impurities may result the ferromagnetic transition after T..
Furthermore, our previous studies on the magnetization plots of NbSe,
indicate that there is no anomaly associated with the ferromagnetic

transition at low as well as higher magnetic fields [45, 79].

Table 6.4. The variation of T, values with external magnetic fields in

NbSe; g5 and Feg 0015NbSe; single crystals from magnetization studies.

Sample Te(K) T(K) T(K) Te(K)
(@0.005T) | (@0.017T) (@0.1) (@17)
NDbSe; g5 3.5 3.0 2.4 NA
Feo.001sNbSe; 4.9 4.8 3.8 NA

6.2.4.2. Upper limit of superconductivity:

The upper limit of critical magnetic field at 0 K i.e. Hc, (0) values of
NbSe1gs and FepooisNbSe, have been estimated from the temperature
dependence of magnetization measurement. Figure 6.15 represents the Hc,
(T) vs. T curve that is fitted with Ginzburg-Landau (G-L) formula reflecting
the anisotropic characteristics of Nb bands around the Fermi surface [80].
Table 6.5 summarizes the estimated Hg, (0) values of NbSe;gs and
Feo.001sNbSe, which are lesser than NbSe; [45] as reported in the previous
chapter. The HZ?(0) values of both samples are found as 0.098 T (for
NbSe1 gs) and 0.49 T (for Fegg015NbSe;) with the initial slopes (dHc./dT) as
shown in Table 6.5 (from the Hc, (T) vs. T curve). We use the previously
described WHH empirical model to estimate the H2?(0) values. The
H2P(0) values indicate the robust influence of spin-orbital coupling in the
pair breaking phenomena of both intrinsic and extrinsic defect induced
NbSe, in presence of external magnetic fields. However, the H, (0) values
of NbSe;gs and Fepoo1sNbSe; extracted following the relation, H, (0) =
1.84T. of BCS (Bardeen-Cooper-Schrieffer) [81, 82] superconductor are
also listed in Table 6.5. The H, (0) values of both superconductors show

higher value than the estimated Hc (0). This suggests that Pauli
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paramagnetic pair breaking mechanism has insignificant influence in

estimating the upper limit of critical field in NbSe; g5 and Feg go1sNbSes.
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Figure 6.15. Display the temperature dependence of upper critical field (H,,) and the
T

1.449
corresponding fitting using Ginzburg-Landau formula (H,,(T) = H.,(0) (1 — (—) )

Tc

Therefore, orbital pair breaking mechanism is leading the pair
breaking phenomena with increasing magnetic fields for both defects
induced NbSe,. The estimated &g (0) values of NbSe; g5 and Feg 0o15NbSe;

are represented in Table 6.5.

Table 6.5. The He, (0), H2(0), H,,(0) and & (0) values of NbSe; g5 and

Feq.0015NbSe, are summarized.

NbSe; g5 6.5 0.09 0.1 57
FeoooisN bSEz 9.2 0.49 0.5 25

These outcomes indicate the influence of weak coupling
superconductivity similar to the conventional low T, superconductors. The
considerable reduction in Hc (T) values reveals that the disorder,
introduced with the Se vacancy and Fe impurities, appear destructive to the
superconducting characteristics of NbSe,. This gives the hints of variation
in spin-orbit interaction in NbSe;gs through the modifications of its 2D
characteristics. Conversely, the comparably small Hc, (0) value of
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Feo.001sNbSe, designates the variations in intrinsic Ising spin-orbit coupling
[83].

6.2.4.3. Hysteresis loop (M vs. H) analysis:

Figure 6.16 represents the M vs. H plots of NbSe;gs and
Feo.ooisNbSezat 2 K, 2.5 K, 3 K, 3.5 K, 5 Kand 5.5 K temperatures. Figure
6.16 (a, b) reveals the hysteresis loop curves containing both reversible and
irreversible magnetization associated with superconductivity of NbSe; gs
and Feg.001sNbSe; single crystals. A ferromagnetic hysteresis loop is seemed
to be overlapped with the superconducting hysteresis loop at 2 K
temperature in NbSeigs as seen in Figure 6.16 (a). This unveils the
outstanding concurrence of FM and SC phenomena in NbSejgs. The
existence of the dual loop indicates the two ordered states (i.e. FM and SC)
which are solely linked to the Se defects. This comprehends the novel

characteristics of this material.
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Figure 6.16. Shows the M-H loops, (a, al) for NbSe; gs and (b, bl) for Fego15NbSe; at

different temperatures.

In contrast, the ferromagntic superconductor such as UCoGe shows
the coexistence of SC and FM. However, there is no superposition between

the ferromagnetic and superconducting hysteresis loops in the hysteresis

170



Chapter 6

curve of UCoGe [84]. The bulk superconductivity leads at the low magnetic
field region in NbSe; g5 till 0.07 T and after that the diamagnetic signal is
being weakened by the ferromagnetic ordering at 2 K temperature. The M
vs. H curve of NbSe, doesn’t show any ferromagnetic hysteresis loop [45].
Thus, Se-defect results fundamental modifications in the superconducting
and magnetic characteristics of the parent material NbSe,. Further, Figure
6.16 (al) shows the superconductivity survives till 0.005 T at 3.5 K. After
0.005 T, there is a complete destruction of superconductivity in NbSe; gs.
Consequently, the hysteresis curve only represents the ferromagnetic
hysteresis loop. This outcome agrees with the M-T data as discussed in our
previous section. Again, the presence of minor hysteresis loop at 5 K
temperature in M-H plot impling the weak ferromagnetism in NbSe; gs.
Surprisingly Figure 6.16 (b, b1) shows no such kind of overlapping between
SC and FM phenomena in the M-H hysteresis loop of Fego1sNbSe,. At the
temperatures of 2 K and 3 K, the superconductivity of Feggo1sNbSe; exists
only upto low magnetic fields but the densities of Cooper pair electrons are
destroyed rapidly with incresing magntic fields. Thus, Fego1sNbSe, only
shows paramagnetic nature after T.. At 5 K and 5.5 K temperatures, the M
vs. H curve of Fego015NbSe, displays almost linear behaviour with external
magnetic fields with insignificant hysteresis loop as shown in Figure 6.16
(b1). The M vs. H curve of ferromagnetic materials display a linear
characteristics at low magnetic fields and a saturation nature at higher
magnetic fields described via a saturation field. The saturation field controls
the range of the magnetic field which shows the linear behaviour of the
magnetization curve. The minor hysteresis loops at low magnetic fields
might be appear due to ferromagnetism at higher temperatures, though, it is
identical in both NbSe; g5 and Fepo01sNbSe, and may be consequences of
the experimental issues. These results hereafter confirm that the M vs H
curves of NbSe;gs comprise of both SC and FM characteristics. The Se
defects incorporate magnetic moments in NbSe;gs that is short range in
order. In contrast, the hysteresis curves of FeggoisNbSe, contain only
superconducting characteritics. Consequently it didn’t show any localized
magnetic moments in Fepg01sNbSe; and disdain the coexistence of SC with

FM characteristics in extrinsically defect induced NbSe;.
171



Chapter 6

6.2.4.4. Pure Superconducting (Meissner) state:

Figure 6.17 shows the Hc1(T) values of NbSe; g5 and Feg go1sNbSe,,
which are calculated from the M-H curves representing the lower limit of
mixed state at different tempeartures. Below H.; value, a superconductor
remains in the Meissner state which represents the pure superconducting
state having the maximum value of superconducting order parameter in the

entire bulk. Figure 6.17 (a, b) shows the temperature dependence of Hc; (T)

values which are well fitted with the equation, H.(T) = H.,(0) (1 —

2
(Tl) ) This denotes the BCS type superconductivity of both NbSe; g5 and

Feo.o0isNbSe, dissimilar to the MgB, superconductor having linear

dependence of Hc; (T) on temperature [85].
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Figure 6.17. Shows the temperature dependence behaviour of H¢(T) of (a) NbSe; g5 and
(b) Fego01sNbSe; and the red solid line indicates parabolic fitting using the relation,

2
H.(T) = H,,(0) (1 - (1) ) . Fig. (al) & (b1) represent the estimated values of H.,(T) at
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2 K temperature and is indicated by red arrows.

Figure 6.17 (al, b1) demonstrate the linear region of magnetization
curves as the Meissner state (as represented by the red solid line) and the

arrows indicate the Hq; values at the deviation of the M-H curve from
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linearity in the immensely small field region at 2 K temperature. The
H.,(0) value might be influenced with the demgnetization factor. The
complete evaluation of the demagnetization factor are reported in CuyNbSe,
and Crooo0sNbSe; [3, 86]. So, both samples, NbSe;gs and Fepoo1sNbSe;
preserve convensional (BCS type) superconductivity similar to NbSe;
despite of having structural defect. So, the M - T curves successfully
represent the FM and SC transition temperatures of NbSe; gs. Further, the
M-H curve addresses the coexistence of FM and SC in NbSe;gs. The
structural modifications of the crystal structure associated with Se defect
induce moments in NbSe; g5 in an otherwise nonmagnetic superconductor.
Feo.0oisNbSe, severely diminishes the Cooper pair electron densities by
increasing the scattering phenomena and thus, expresses the paramagnetic
nature above T.. This indicates that the structural alteration introduced by
external defects with foreign Fe impurities don’t induce any localized

magnetic moment in NbSe,.
6.3. Summary

The influence of defects that are created in NbSe; via intrinsic (i.e.
Se vacancy) and extrinsic method (i.e. Fe incorporation) have been studied
effectively through structural, electronic, magnetoresistance and
magnetization measurements. The structural analysis accomplished by
XRD data shows all the samples are highly crystalline in nature with
hexagonal structure, corresponding to the space group P63/mmc. The
increase of “c” lattice parameter with Fe doping gives the hints of
intercalation of Fe atoms between the Nb-Se-Nb layers. Room temperature
resistivity measurements provide strong evidence about the existence of
intrinsic and extrinsic defects in NbSe; gs and Feggo;sNbSe; single crystals.
Lower RRR and higher A7, values indicate the presence of disorder or
impurities in the conduction bands. The variation in the numbers of bands
across the Fermi level of NbSe, superconductor has been nicely exposed by
Kohn-Sham density functional theory with inducing the Se vacancy as well
as Fe intercalation at the different lattice positions of the hexagonal crystal
structure. DOS analysis shows that the metallic properties and the T, values

of NbSe;gs and Fego1sNbSe;, are extremely reduced in contrast to pure
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NbSe,. It is because of the decrease of partial density of state associated
with Nb 4d orbital electrons. These electrons are mostly accountable for the
superconductivity of NbSe,. The spin polarized optimization does not result
any considerable Fe moment in FepoosNbSe, in the first principles
calculations. This recommends the extreme overlapping of Fe and Se
orbitals and contradicts the occurrence of the Kondo mechanism behind the
suppression of superconductivity in Fegoo1sNbSe,. Contour plots of charge
densities of NbSe; g5 show the charge depletion between the NbSe, layers
due to presence of Se related defect. It confirms that the Se vacancy
weakens the Van Der Walls interaction between the interlayers of NbSe,.
However, the Fe intercalation results 2D to 3D crossover between the layers
of Fe incorporation. Further, the magnetoresistance measurements of all
samples represent the change in the superconducting properties, especially
in the transition region (i.e. the TAFF region) with defect incorporation.
Arrhenius relation and modified TAFF model were used to investigate the
temperature dependence behaviour of resistance in the TAFF region of
NbSe,, NbSe;gs and FegooisNbSe; single crystals. The modified TAFF
method gives reasonable values of TAE in NbSe;gs that signifying the
nonlinear characteristics of TAE on temperature. NbSe; gs behaves as 2D
FLL in TAFF region. Furthermore, TAE shows different magnetic field
dependence characteristics in intrinsic and extrinsic defect induced NbSe..
TAE displays parabolic nature in response of magnetic field in NbSe, and
Feo.001sNbSe,. However, in contrast to NbSe,, NbSe;gs has lower TAE
values which show power law dependence on the magnetic field. The lower
TAE value is ascribed to the enhancement of thermal fluctuation around the
Se defects. The Se defect behaves as strong pinning centres in NbSe; gs
causing 2D plastic creep in the TAFF region. Additionally, the
modifications of the lattice structure caused by Se deficiency and Fe
impurities also influence the magnetic properties in NbSe,. NbSe, appears
as a self-supporting system which shows the coexistence of SC and FM in
presence of intrinsic defect. The intrinsic defects cause distortion of FLL
around the Se vacancies which decrease the covalent interactions among the
Nb and Se atoms. This strengthens the unpaired electron densities near the
Nb ions and therefore, ensuing FM order which is short range in nature.
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Besides, the extrinsic defect that is introduced with Fe intercalation
diminishes superconductivity significantly because of the enhancement of
interband scattering. The M-H curves of FepoosNbSe, at different
temperatures show no sign of coexistence of FM and SC characteristics.
Feo.001sNbSe, represents the paramagnetic characteristics after T, and at the
elevated temperatures. This can be concluded that the method of
modifications of electronic, resistive and magnetic properties via
incorporation of intrinsic and extrinsic defects will recommend several
ingenious ways for the examination of various coexisting electronic,

resistive and magnetic properties in correlated systems.
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CHAPTER 7

Effect of VV Doping on NbSe, Single
Crystal and Study of Vortex Phase
Diagram

The several characteristics which are associated with disordering and

pinning can be ideally studied in the vortex lattice of type-1l superconductor
[1, 2]. In a clean superconductor, the VL structure is considered for several
factors. The foremost characteristic is the interaction between vortices
which orders them into a hexagonal Abrikosov vortex lattice. The other
significant characteristic is thermal fluctuation which favours disordering
and melts the lattice into vortex liquid phase at a characteristic’s
temperature [3, 4]. Structural imperfection (i.e., quenched disorder,
twinned boundaries) also plays important role to destroy the long range
Abrikosov lattice by creating a disordered background potential in type-II
superconductors [5]. The external pinning centres add more novel pinned
vortex phases to the phase diagram of clean superconductor [6, 7]. This
chapter focuses on the nature of these phases and the transition amongst

themselves in NbSe; single crystal in presence of V atoms.
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Two remarkable consequences of the transition between various
vortex states are the fishtail effect and the peak effect phenomena. It is well
known that the critical current density obtained from the magnetization
hysteresis loops decreases with increase of magnetic field due to the
dissipative motion of FLL. Some superconductors show enhancement of J.
after the first peak of penetration field with increasing magnetic field. This
is known as the fishtail effect or prominent SMP effect. SMP has been
detected in high quality and clean crystals of cuprate superconductors [8, 9].
This has been also studied in single crystals as well as polycrystalline
samples of FeAs-1111 and also in FeAs-122 superconductors [10-12].
While in the low T, superconductors, e.g., NbsSn, MgB,, etc., peak effect
has been generally perceived [13, 14]. The peak effect phenomenon, i.e. the
anomalous enhancement of the J. and the pinning force per flux line occurs
at the He, line near the normal-state phase boundary in low-T, systems and
almost overlap with the melting line in the HTSC’s [15]. It is considered as
the outcome of rapid softening of the lattice and the phenomenon of plastic
deformations [16]. This creates topological defects in FLL. As a
consequence, the lattice shows amorphous nature at and above the peak
position in J.. In cuprates, the peak effect can only be seen in ultra-clean
crystals with a low level of pinning centres which is discussed by Nishizaki
et al. in YBCO systems [17]. Surprisingly, with increasing weak point
disorders by electron irradiation [17], the J. (H) peak broadens in clean
YBCO and the peak position shifts towards the intermediate fields. This is
the clear signature of SMP that differentiates the peak effect. However, the
anomalous SMP appears due to different mechanism in different
superconducting systems. It appears at different fields for REBa,CuzO7.s
(REBCO) bulks (RE = rare earth element) at different temperatures [18].
Contrarily, the peak position is temperature independent for Bi-based and
Tl-based cuprate [19, 20]. To explore such anomalous behaviour of critical
parameter (like J;) and the associated different vortex states of
superconducting material, doping or additions of foreign atoms appear as a
potential method. It is also a major concern for technological applications
because it is an effective method for improving the structural,
superconducting, transport and flux pinning properties that allow
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superconductors to be suitable for applications at higher temperatures and
magnetic fields. These additives lead to structural stability and aid to
understand the structure and diversity of different FLL. In this chapter, we
investigated the SMP effect and different vortex phases associated with the
phase diagram of V\NbSe, single crystal at different concentration (i.e., x =
0.0007, 0.001, 0.0015) through magnetic and magneto transport
measurement. We have done structural characterization to observe the
effect of V atoms in lattice constant and phase purity. We have analysed the
magnetic field dependence of J. characteristics at different (H, T) space in
V0.0007NbSe,, Vo001NbSes and Vo o015NbSe,. The onset of the SMP effect
appears as the regime where a three dimensional collectively pinned
ordered vortex phase terminate and precisely exposes to vortex glassy
phase. The F, peak near H;,, demonstrates the lattice softening and the two
dimensional to three dimensional FLL distortions in Vgo007NbSe, and
Vo.001sNbSe;. Vo 001NbSe; shows no BL zero field peak and the higher field
peak near Hq. The thermally activated vortex motion is studied through
Arrhenius relation in the TAFF region of VopisNbSe,. The estimated
apparent thermal activation energy shows power law dependence on
magnetic fields and a crossover field (Hc,) that differentiates the plastically
deformed vortex liquid state from more entangled state. Finally, we
constructed the vortex phase diagram of Vg 0015NbSe, demonstrating the
collective creep region, plastic creep region, vortex glassy state and vortex

liquid phase in the H-T phase diagram.

7.1. Materials and Method

Materials: Niobium (Nb, 99.95%; Alfa Aesar), Selenium (Se, 99.999%;
Alfa Aesar) and Vanadium (V, 99.99%; Alfa Aesar), lodine (I, 99.998%;
Alfa Aesar).

Method: Thesingle crystals of V0007NbSe,, Vo.001NbSe; and Vo 0015NbSe;
were grown through the method of chemical vapour transport reactions
using lodine as a transporting agent. The precursors Niobium (Nb), 99.95%,
Selenium (Se) 99.99% and Vanadium (V) 99.99% purity were obtained and
grinded in an agate motor to form circular pellet without any further

refinement. The pellet (~ 4 gm) was sealed with 2-3 mg of iodine in a
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quartz tube at a pressure of 9 x 10 mbar at the liquid nitrogen atmosphere.
Then the sealed quartz tube was heated inside a two zone furnace keeping
charge zone and growth zone temperatures fixed at 820°C and 720°C,
respectively for one week. Similar procedure is used to form large single
crystals in our previous studies [21, 22].

7.2. Result and discussions

7.2.1. Structural properties:

7.2.1.1. X-Ray diffraction: First, the crystal structures of V\NbSe, (with x
= 0.0007, 0.001, 0.0015) single crystals were characterized by Rigaku
Smartlab powder X-ray diffractometer with Cu K, radiation at room
temperature (A = 1.54 A) for structural information regarding the phase
purity. The X-ray diffraction (XRD) pattern of V,NbSe, single crystal is
represented in Figure 7.1 which demonstrates the hexagonal phase with
P63s/mmc space group (JCDPS card no. 01-070-5612). The pattern shows
the presence of only (00I) plane without any impurity phase confirming the
single crystalline nature of VxNbSe,. The estimated c-axis lattice parameter
of Vooo7NbSe, is equivalent to pure NbSe, (12.55 (5 + 4 A)) [23].
However, a slight degradation in “c” lattice constant can be observed in
higher V doping. Table 7.1 shows evidence of an abrupt reduction in lattice
parameter because of V doping followed by a gradual increase up to 0.15%
doping.

In contrast, Luo et al. [24] reported the linear increase of c- axis
parameter with increasing Cu contents as a signature of the 3d metal
intercalation in NbSe,. V is the same group elements of Nb. The ionic
radius of V** atom (58 pm) is less than that of Nb** atom (68 pm) instead of
having same coordination number of V** to that of Nb**. So, following the
Vegard’s law, the reduction of c-axis parameter can be predicted as the
substitution of Nb by V atom in Vg 0015NbSe,. Chen et al. [25] reported that
substitution of Nb atom (by V atom) is more energetically favourable than
that intercalation of V atom into the interlayer of the 2H-NbSe, supercell.
The detail analysis of the crystallographic cell regarding the position of V
atoms in Vo 001sNbSe; is not the subject of this study and is not presented

here.

188



Chapter 7

V0.00|5Nbsez
7~ I
= PR TR T T TR VI VI SO
9}
N Vo,oolesez
:
£
S |
c 1 A 1 Y 1 A L " 1
% Vo.omwasez
>
S
o; l
=
£ | y
~
=
J—

——NbSe, & 2
e e
& £
S &
1 |
10 20 30 40 50 60 70
20 (in degrees)

Figure 7.1. Represents the XRD pattern of NbSe, Vggo7NbSe,, VogiNbSe, and

Vo.001sNbSe; single crystals.
Table 7.1. Estimated structural parameters for NbSe;, Voo007NbDSes,
Vo.001NbSe; and Vg 0015NbSe; single crystals.

Sample c(A) FWHM
(002) | (004) | (006) | (008)
NbSe; 12.555+0.004 | 0.12 0.12 | 0.16 | 0.12

Vo.0007NbSe, | 12.5404£0.007 | 0.13 0.16 | 0.20 | 0.24

Vo.00tNbSe g5 | 12.513+0.005 | 0.14 | 0.16 | 0.19 | 0.16

Vo.oo1sNbSe; | 12.49240.004 | 0.11 0.12 | 0.10 | 0.11

7.2.1.2. FESEM and EDS analysis:

The surface morphology, composition and stoichiometry of VNbSe,
(with x = 0.0007, 0.001, 0.0015) have been examined via the FESEM and
EDX analysis. Figure 7.2(a) and 7.3(a) characterize the morphologies of
Vo.0007NbSe, and Vo 001sNbSe, which affirms the layer-by-layer formation

of the single crystalline compound.
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Figure 7.2. (a) The FESEM morphology of the layered structure of Vg g07NbSe, single
crystals and (b) the corresponding EDS analysis. The EDS colour mapping images of (c)
Se and (d) Nb.
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Figure 7.3. (@) The FESEM morphology of the layered structure of Vg ¢0:5NbSe, single
crystal and (b) the corresponding EDS analysis. The EDS colour mapping images of (c) Nb
and (d) Se.

Quantitative depiction using the EDX spectrum (Figure 7.2(b)) reveals the
atomic percentages of V, Se, and Nb as 0.09%, 66.39% and 33.52% in
Vo.0007NbSe;, respectively. Moreover, the EDX spectrum of Vg 0015NbSe;

190



Chapter 7

(Figure 7.3(b)) exhibits the atomic percentages of V, Se, and Nb as 0.14%,
66.46% and 33.4%, respectively. The elemental compositions are in the
stoichiometric ratios of the as-grown crystal without having any impurity
phase. The EDX elemental mapping of Vg0007NbSe; is shown in Figure
7.2(c-d) representing the distinction in the Se and Nb concentration on the
selected portion of surface (shown by yellow rectangle of Figure 7.2(a)).
Figure 7.3(c-d) shows the uniform distribution of the Nb and Se
concentration. However, it is challenging to record the V distribution of
V,NbSe, (with x = 0.0007, 0.001, 0.0015) accurately as the best achievable
elemental sensitivity of EDS is 0.1% (comprehended via standards).
However, the EDS analysis of VNbSe, validates the homogeneous
insertion of V within the spatial resolution of this measurement, typically of

the order of a micrometer.

7.2.2. Superconducting properties:
7.2.2.1. Temperature dependent magnetization studies:

To study the evolution of superconducting properties with V doping
in VxNbSe,, we investigated the temperature dependence of magnetization
measurement in both ZFC and FC processes. Figure 7.4 represents the
diamagnetic transitions of Vg o007NbSes, Voo0iNbSe, and Vo po1sNbSe;
single crystals which are estimated by drawing tangents to the deviation of
ZFC curves from zero magnetization value at the dc magnetic fields of
0.005 T, 005 T, 05 T and 0.7 T. The ZFC curve shows perfect
diamagnetism in the low temperature region with sharp transition at 5.6 K,
44 K and 3.65 K, respectively. Table 7.4 represents the T, values at
different magnetic fields in VxNbSe,. This suggests that the T, values shift
systematically to lower temperatures with increasing V concentration as
well as magnetic fields in V\NbSe,. The decrease in T, may be due to the
modification of density of states either due to electronic charge transfer to
the parent NbSe, conduction bands and the associated changes in the band
structure or the disorder accounted for the V substitution as we observed in
FexNbSe; and CryNbSe,. The onset of the T. values is designated by black
arrows in Figure 7.4. This confirms the presence of bulk superconductivity
of VxNbSe;.
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Figure 7.4. Shows the temperature dependence of magnetization measurements of pure
Vo.0007NbSe, single crystal at (a-1) 0.005 T (a-2) 0.05 T(a-3) 0.5 T (a-4) 0.7 T magnetic
fields; Voq01NbSe, single crystal at (b-1) 0.005 T (b-2) 0.05 T (b-3) 0.5 T (b-4) 0.7 T
magnetic fields; and Vy g015NbSe, single crystal at (c-1) 0.005 T (c-2) 0.05 T (c-3) 0.5 T and
(c-4) 0.7 T magnetic fields.

Table 7.2. The variation of T, with magnetic fields and V concentration for
NbSe, and V,NbSe, (x = 0.0007, 0.001, 0.0015) single crystals.

Sample Te(K) T(K) Te(K) Tc(K)
@0.005T) | @005 | @05T) | (@
) 0.7
T)
NbSe; 6.4 6.2 5.8 5.0
Vo.0007NbSe; 5.6 5.2 4.9 4.5
Vo.00:NbSe; 4.4 3.8 2.6 2.5
Veg0015NbSe; 3.6 3.2 2.4 19
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This study indicates that V substitution appears as disruptive for the
superconductivity in NbSe;.

7.2.2.2. Upper limit of superconductivity:

3
o VO,OUO7NbSGZ
» V(D,()l)leSCZ
= VO.OO]SNbseZ

— Fitted curve with
H_=H_(0)[1-(T/T )"*]

Figure 7.5. The dependence of the H.,(T) on temperature and the corresponding fit of
Vo.0007NDS€2, Vo000oNDSe, and Vg oeisNbSe, using Ginzburg-Landau phenomenological
equation.

The magnetization measurement permits a further detail analysis in

the upper critical field. He, (T) values which are estimated from the M-T

curve considering the onset point of the superconducting transition at each

dH¢,
ar

magnetic field. It gives slope of |z, =-04T/K, -0.2 T/K and -0.14 T/K

for Vo.0007NbSes, Voo01NbSe, and Vo o01sNbSe,, respectively (Table 7.3).
The Hg, (T) vs. T plots of VNbSe, superconductors are shown in Figure 7.5
(a-c), which are fitted with the anisotropic G-L single band formula, H., =
H.,(0)[1— (T/T,)*1° with a = 1.39 and b = 1. The H., (0) values of
V«NbSe, are estimated from the G-L fitting which show lower value than
NbSe;, (Table 7.3). This indicates V doping enhances the pair-breaking
phenomena in presence of magnetic field compared to NbSe,. The H%?(0)
values of V,NbSe, are obtained as 1.54 T, 0.6 T and 0.4 T using the
Werthamer- Helfand-Hohenberg (WHH) formula [26], which suggests the
participation of orbital effect in pair breaking mechanism in presence of
magnetic fields. However, similar to Cr,NbSe, samples, the H, (0) values
are much higher than the H¢, (0) values in V\NbSe,. This indicates that the

orbital pair breaking effect lowers the experimental values of Hg, (0) of
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V,NbSe, by supressing the spin paramagnetic effect. The Ginzburg-Landau
coherence length (&g (0)) is estimated to the range from 109 A for
Vo,ooo7NbS€2, to ~173 A for V0_0015Nb8e2.

Table 7.3. The He, (0), HZ"(0), H,(0) and & (0) values of NbSe,

Vo.0007NbSe,, Vo 001NbSe; and Vo 0015NbSe; single crystals are summarized.

Sample He2(0) | (dH2/dT)r—rc | H2P(0) | Hp(0) | &
(T) (T/K) (T) (M | ()

(A)

NbSe, 7.4 -1.3 5.8 12 72
Vo.0007NbSe; 2.7 -0.40 15 10 109
Vo.000NbSe; 1.3 -0.21 0.60 8.1 |158
Vo.001sNbSe; 1.2 -0.14 0.40 6.7 | 173

7.2.2.3. Hysteresis loop (M vs. H curve) analysis:

The MHLs of V,NbSe,, which are measured at different
temperatures from 2 K to 5 K, are demonstrated in Figure 7.6 (a-c). The
asymmetric nature of MHL curves indicate that the surface barrier pinning
instead of the volume pinning dominates in the low magnetic field region of
all V doped NbSe,. Paltiel et al. [27] has demonstrated the significance of
the surface barrier pinning at low magnetic fields in NbSe; crystal. At the
high magnetic field regions, there is an increment of the width of
irreversible magnetization (AM) with increasing magnetic field indicating
the fishtail effect in Vo 0007NbSe2, Vo001NbSe, and Vo 01sNbSe, samples.
Vo.0007NbSe; and Vo 00:NbSe, show very weak fishtail effect as compared to
Vo.001sNbSe,. The SMP effect which is associated with the FE can be easily
detected in Figure 7.6 (a-c) at all temperatures especially for T >2 K. With
increasing the temperature, the peak moves to the lower magnetic field and
finally disappears near transition temperature region as shown in Figure 7.6
(a-c). The detail analysis of this monotonous reduction of the peak position
with increasing temperature is discussed in the phase diagram plot later.
The analogous mechanism is detected in REBa,CuzO7; (REBCO)

superconductors (RE = rare earth element) [28].
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Figure 7.6. Isotherm magnetization hysteresis loops as a function of magnetic field are
shown for (&) Vo.0007NDSEs; () Vo.0015NbSe,; () Vo001NbSe, at temperatures 2 K, 2.5 K, 3
K,35K,4K,45Kand5K.

7.2.2.4. Magnetic field dependence of critical current density study:

To investigate further, the magnetic field dependence of J. is

extracted from the MHL curves using Bean critical state model, J. =
20AM/ [w (1 — %)] where AM is measured in emu/cm®, and the width w

and the length | of the sample (w < I) are measured in cm. [29]. The
estimated J.(0) values at 2 K reach to 2x10°, 4x10° and 9x10° A/cm? for
Vo.0007NbSe2, Vo.00:NbSe; and Vo 0015sNbSe,, respectively. However, it drops
down to 7x10° A/cm? at 3.5 K for highest V concentration (i.e.,
Vo.0015NbSey). This indicates all V doped NbSe, have good current carrying
capability.

Figure 7.7 (a-c) shows the resulting J. (H) plot of VNbSe; single
crystal in log-log scale at different temperatures. At extremely low
magnetic fields (region | of Figure 7.7), a field independent J.
characteristics is observed for all temperatures which is the signature of
nearly zero interacting region (i.e. the single vortex pinning region or small

bundle pinning region) [23]. However, J. decreases with enhancement of
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temperature and magnetic fields which indicates the dissipation of energy
due to the collective motion of vortices. The J. (H) curves follow a power-
law relationship J; o H" with n = 2.46 (below H = 0.14 T) for V,0007NbSe;,
n =1.35 (below H = 0.12 T) for Vo 00:NbSe; and n = 1.38 (below H = 0.28
T) for Vo.001sNbSe, at 2 K temperature (region Il of Figure 7.5). For a 3D
elastic FLL, it is demonstrated by Blatter et al. [2] that J. is leaded by a
power law J. (H) o H* in the large bundle-pinning regime. This is a qausi-
long range Bragg glass phase where vortices creep in the form of large
bundle [30]. However, the 2D elastic FLL shows single pancake pinning at
low magnetic fields with field independent J., then a 2D collective-pinning
region at higher fields with J. o 1/H. In case of thermal fluctuations, the n
value is found to be as large as 20 which results from the giant flux creep
[2].

The relatively lower value of n (i.e. 1 < n < 3) indicates the weak
disorders in the 3D elastic FLL of VV\NbSe,, which results the dissipation of
FLL associated with the large bundle flux creep. So, the power-law
response of J. supports the presence of collective creep at low magnetic
fields which destructs the long-range order of Abrikosov vortex lattice.
Again, the J; curves deviate from the power law scaling at 0.4 T, 0.3 T and
0.23 T (at 2 K temperature) for Vo 0007NbSe2, Vo.00:NbSe, and Vo 0015NbSe,,
respectively and the SMP starts at the onset magnetic field (region-11l of
Figure 7.7). At 2.5 K, the departure from the power-law response occurs at
comparatively lower magnetic fields. The exponent n tends to decrease with
increasing temperature within the temperature span of 2 K to 5 K, which is
associated with the rate of change of flux creep.

The power-law behaviour of J. (H) also implies the existence of a
fairly dense distribution of weak pins in VxNbSe, [31]. A fast drop in J; in
Figure 7.7 (a-c) is observed after SMP because of the fast creeping of
vortices associated with large magnetic field. Besides diminishing the
density of cooper pair electrons and reducing T, the presence of the V
atoms may also be responsible for this novel anomalous vortex state in
V«NbSe,. However, the analysis of J. (H) characteristics indicates that the

enhancement of the V concentration boosts the SMP effect, like in the case
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of Vo001sNbSe,. Ahmed et al. [32] reported that the Co doping results the
similar kind of prominent secondary peak at the optimally doped and
overdoped NaFe;.Co,As system. However, another intense peak of J. (H) is
observed at the edge of the irreversibility line (where J. — 0) in
Vo.0007NbSe; and Vo .001sNbSe; (region 1V of Figure 7.5) which indicates the
peak effect phenomena. The Hswe and H, mark (as indicated by the red
arrows in Figure 7.7(c)) the maxima accompanying the SMP and the PE

phenomena of Vg o01sNbSes.

—a—2 K——3K
——4 K——45K
—o—5K

Power law fitting
111 Hff!"

——2K——25K
f (b) ——3K—0—35K

——4K

Power law fitting]

Figure 7.7. The J.-H diagram of (a) VogosNbSe, at 2 K, 3 K, 4 K, 45 K and 5 K
temperatures; (b) VooiNbSe, at 2 K, 2.5 K, 3 K, 3.5 K and 4 K temperatures; (c)
VoooisNbSe, at 2 K, 2.5 K, 3 K and 3.5 K temperatures. The red solid lines correspond to
the power-law decay according to the J. o H™ for H||ab plane. Region I, II, Ill, IV indicate
the non-interacting pinning region, large bundle pinning region, SMP region and the PE
region, respectively. The black arrow of (a) represents the onset of SMP effect of
Vo.0007NbSe, at 2 K temperature. The red arrows of (c) indicate the peaks associated with
SMP and PE effect of Vg go15NbSe,.

The evolution of J. (H) curves in V,NbSe, is comparable to the
quenched disorder dominated NbSe, as reported by Banerjee et al. [33].
They demonstrated the collective pinning of ordered vortex lattice at

intermediate fields and peak effect phenomena in the vicinity of highly
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disorder (i.e., at the amorphous limit) vortex lattice in J; characteristics of
NbSe; at t (= T/T.(0)) = 0.973, 0.983, 0.990. The peak effect evolves to FE
with increasing temperature towards the transition region. The evolution of
Je (H) curves from the PE to the FE phenomena has been also reported in
YBa,Cu307.5 [34, 35]. In contrarily, the J. characteristic of Vg 0007NbSe, and
Vo.001sNbSe; show SMP anomaly along with the indication of PE effect

near the irreversibility line.

Table 7.4. The estimated J. (0) values from M-H curves for NbSe, and
V,NbSe; (x = 0.0007, 0.001, 0.0015) single crystals.

Sample J. (0) (Alcm?)
(@T =2K)
NbSe, 1.4x 105
V0.0007NbSE; 2.0x 10°
V0.001NbSe; 3.2 x 10°
Vo0.0015NbSEe; 9.3 x 10°

7.2.2.5. Study of pinning mechanism:
7.2.2.5.1. Size dependent pinning mechanism:

In order to find out the type of pinning mechanism operating in the
FE or SMP region, the F, value is evaluated using F, = J. X H. As we
discussed earlier, Dew-Hughes proposed a model in terms of elementary
pinning forces to explain pinning mechanism ignoring the flux line
elasticity and flux creep effect [36]. In this model the F, follows a scaling
relation f, = AhP(1 — h)? with p = 1, g = 1 for volume pinning, p=1, q =
2 for normal core point pinning with hyn.x ~ 0.33, and p = 0.5, q = 2 for
normal surface pinning mechanism with hya~ 0.2. Here h is defined as h =
H/Hirr where H;, is obtained from the zero value of J; in the J. - H curves.

Figure 7.8 (a-c) represent the normalized pinning force density (f, =
Fo/Fp, max) as a function of reduced field (h = H/Hi) of VxNbSe; at different
temperatures. Figure 7.8 (a) represents the noticeable zero-field peak
suggesting the BL surface barrier effect in Vo 0007NbSe,. This indicates the
presence of edge potential which hindrances the magnetic fluxes to enter or

leave the surfaces of single crystals. Similar features have been observed in
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CryNbSe; single crystals. In the intermediate fields, the overlapping of
different peaks of Vo 0007NbSe; make difficult to differentiate the influence
of different pinning mechanisms. All the f, curves didn’t fall into one curve
which indicates more than one pinning mechanism involved in the pinning
force density at the intermediate magnetic field. The presence of high field
peak is also observed in Vo o007NbSe, near Hc,. Here, the peak seems with
the external magnetic field parallel to the ab plane, demonstrates the
enhancement of the anisotropy with entering the screw dislocations at the
onset of the high field peak and hence, results softening of the vortex

lattice.

a) —*+—2K —o—3K b —a3—2K
() ——35K—<+—4K I.O() S

p p,max

0.6 0.8 1.0

0.0 OTZ 0?4
h=HH,_

0.0 3 1 1
00 02 04 06 08 1.0

h=HMH,_

Figure 7.8. The normalised pinning force density (f, = Fp/Fy, max) VS. the reduce field (h =
H/H;) diagram of (a) Vooo7NbSe; at 2 K, 3 K, 3.5 K, 4 K and 5 K temperatures, (b)
VoootNbSe, at 2 K and 3 K temperatures, (¢) VooosNbSe, at T =2 K, 2.5 K, 3 Kand 3.5 K
temperatures.

Figure 7.8 (c) also shows the BL zero field peak and highly intense
peak near Hir in Vooo1sNbSe; like Vo007NbSe,. However, in contrast to
Vo.0007NbSe,, the zero- field peak at each temperature is suppressed highly
by higher field peak in Vo0015sNbSe;. The peak of f, doesn’t follow the
normal point pinning and surface pinning mechanism in Vo 01sNbSe;. So, it
can be predicted that another mechanism is responsible for this kind of high
field peak. There are lots of literature surveys about the peak effect in F, of
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NbSe, system [37]. According to these analyses, peak effect in NbSe;
appears only when a dimensional crossover occurs. Koorevaar et al. [38]
reported high field’s peak in F, in thin single crystals of NbSe, which sets at
about b, = 0.8Hc in fields directed perpendicular to the layers. The onset of
the peak is demonstrated as the transition to three-dimensional FLL
disorder following to the considerable reduction of tilt modulus. This means
that Vo.0015sNbSe; acts as a three-dimensional anisotropic vortex lattice with
flexible FLL structures allowing a rapid relaxation of diamagnetic
magnetization.

The variation of F, with H and most significantly the peak in F,
near Hc; i.e., the “peak effect”, has also been studied extensively by Pippard
et al. [39]. He ascribed it to the softening of the elastic modulus of the FLL
and the easy compliance of the same to the pinning configuration. However,
it is observed (from Figure 7.8 (c)) that the peak of f, shifts to h = 0.33 for T
= 3 K which indicates the point pinning mechanism as a dominating one in
Vo.001sNbSe,. Even at higher temperature (T = 3.5 K) there is an overlap of
peaks associated with different pinning mechanism due to thermal
fluctuation. So, it can be concluded that due to the rapid softening of the tilt
modulus and hence of the FLL, the high field peak appears in Vg g015sNbSe,.
The onset of the peak supports crossover from 2D to 3D disorder of FLL
with the presence of 3D collective pinning (3DCP) before H*". As the
temperature increases, the F, peak shifts to lower magnetic field indicating
point pinning as a dominating pinning mechanism in Vg go1sNbSes.

Moreover, in order to shed light on the geometry of pinning centres
in Vo001NbSe,, the normalized pinning force is fitted with the equation
(7.2):

f(h) = ah®>(1 — h)? + bh(1 — h)? (7.1)
The f,, curves are well fitted with equation (7.1) as shown in Figure 7.8 (b).
The fitting parameters (a, b) indicate that the surface pinning dominates
over the point pinning mechanism. The V impurities act here as point
pinning centres. As we stated above, Dew-Hughes also indicated that hyax =
0.33 and 0.2 corresponding to the point core pinning and surface pinning,
respectively. Thus, Hyax = 0.2 in the Vi 00:NbSe, indicates towards the

surface core pinning as the dominating pinning mechanism. There is also a
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clear deviation of f, vs. h curves from the fitted plot following equation
(7.1) at higher magnetic fields, which refers to the onset of flux creep
phenomena. The presence of BL zero-field peak and the high field peak are
not observed in the f; - h plot of Vo .00:NbSe;, which excludes the possibility
of BL surface barrier effect and the lattice softening in Vg g01NbSe, single

crystal.
7.2.3. Magnetoresistance Study:

Figure 7.9 (a) shows the temperature dependence of the normalized
resistance (R/Rspo k) Of Vo.001sNbSe, demonstrating a metallic characteristic
(dR/dT > 0) between T ~ 50 K temperature and 300 K temperature similar
to Fepo01sNbSe; single crystals [48]. The residual resistivity (pp), room
temperature resistivity (os00) and the residual resistivity ratio (RRR = (p
(300 K)/ p (T¢)) of Vo.001sNbSe,, which are calculated from Figure 7.9 (a),
have values 6.5x10° Q-cm, 7.58x10™ Q-cm, 6.95, respectively. In
Vo.0015NbSe,, oo was estimated by assuming a power law dependence for

the ideal resistance (R; = R-Ry).

( a ) —— Vo.nolsNbseZ

10 20 30 40 50
T (K)

0 50 100 150 200 250 300
T (K)

Figure 7.9. (a) Normalised temperature dependent resistance plot of Vg05NbSe,
indicating metallic characteristics (indicated by red solid line) in the temperature interval
50 K < T <300 K. The inset shows excellent fitting of the data from 4 K to 50 K
considering electron-electron scattering (~ T?) and interband scattering (~ T°). (b)
Resistance measurement of Vgg0sNbSe, at 0.2 T, 04 T, 06 T, 08 T, 1 Tand 1.5 T

magnetic fields along the ab-plane of the crystal surface.

Low temperature region (5 K < T <50 K) of R (T) of Vo.0015NbSe;

(inset of Fig. 7.9 (a)) shows good fitting considering the contribution from
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electron-electron scattering (~ T?) and phonon mediated inter-band s-d
scattering (~ T°) which can be attributed to the disorder induced by V
impurities. Furthermore, by taking the criteria of 90% R, (where R,
indicates the resistance at T= 5 K), the onset transition temperature at zero
field (T2™(H = 0)) is estimated at 4.07 K, while the zero resistance

temperature (5= is as 3.7 K. The T2™(H = 0) value of Vo o0osNbSe;
shifts to lower temperature as compare to NbSe, (~ 6.5 K) as we observed
in our previous magnetization study [23]. The possible reason of the
degradation of T, of Vg 0015NbSe, has been discussed elaborately in the
previous section. Figure 7.9 (b) represents the temperature dependence of
resistance at 0.2 T,04 T,0.6 T, 0.8 T, 1 T and 1.5 T magnetic fields in the

highest V concentration (i.e., Vo.0015NbSey).

7.2.3.1. Glassy transition:

Further to investigate the presence of the glassy state of FLL in
Vo.001sNbSe; we have studied the magnetoresistance data at different
magnetic fields. The electrical resistance is studied below the TAFF region
following to the vortex glass theory. The temperature dependence of
resistance in the vortex - glass critical region (i.e. the region between vortex

glass transition temperature (T4) and vortex glass critical temperature (™))
follows the linear relation R (T) o« (T —T,)", where s is the critical

exponent [40].

0.4
2.0 _(b) Vi.o01sNbSe,
T 0.31 §
= N\ A
= 1.5 ) \
(.21 (7]
0.1 1.0 °
0.0 0.5 T T T
3.0 31 34 35 0.0 1.5

0.5 H (T) 1.0

Figure 7.10. (a) Inverse logarithmic derivative of resistance of VggosNbSe, at H =1 T.

32 33
T (K)

The red solid line represents the fitting to vortex glass critical region using the relation
[d(InR)/dT]™! = (1/s)(T —Tg). The red arrows indicate the vortex glass transition

temperature (Ty) and vortex glass critical temperatures (T"); (b) The magnetic field

dependence of critical exponent s (H).
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As shown in Figure 7.10 (a), the linear resistance below vortex glass
critical temperature T~ (as indicated by red arrow) is well described by this
equation and a straight line is shown in the critical region of the glass

-1
transition of [aéiTR] vs. T plot. The Ty value at each magnetic field is

determined from the extrapolation as shown by red arrow of Figure 7.10
(a). Here T is described as the temperature which departs from the linear
electrical resistance of the vortex glass state and is approximately equal to
the temperature at the lower side deviating from the TAFF fitting. In Figure
7.10 (b), the estimated critical exponent s is plotted as a function of
magnetic field which is smaller than 2.7 for all magnetic fields. This is the
lower limit of s predicted by 3D vortex glass theory [2]. So, it can be
concluded here that the vortices are frozen to 2D vortex glassy state below
TAFF region and coincide with the region of SMP effect at lower magnetic
fields.

7.2.3.2. Temperature dependence of resistance in TAFF region:
30 700

160

120]
o
£ 80

404

Qf‘]O- 0% 150 200 300 400 500 600 700
A= U,(K)
0
~10- —
0.25 0.3 0.35
1T (1/K)

Figure 7.11. Arrhenius plot of resistance of Vg ¢05NbSe, at H=0.2T,04T,06T,08T,1
T and 1.5 T magnetic fields where the solid lines are linearly fitted to the TAFF regions.
Now to investigate the effect of V substitution on the motion of
thermally activated vortices in TAFF region of NbSe,, we evaluated the
temperature and magnetic field dependence of thermal activation energy

from the magnetoresistance measurement of Vqg015sNbSe,. The broadening
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of the superconducting transition width in external magnetic field is

strongly related to the thermally activated flux flow mechanism.
Considering the lower value of J. and JBVL (<< 1), (where V and L

are the bundle volume and hopping distance) the temperature dependence

of resistance in TAFF region can be described as

U U
exp (=) = Ry exp(=7) (72
Where U (= J-obVL) symbolises TAE of FLL in TAFF region and

2R.U

R =

R. =voLB/] is a temperature independent constant. Assuming Ry (:
—ZR;U) = constant and linear dependence of TAE on temperature (i.e., U (T,

H) = Uy(H) (1—%)) , the relation between InR vs. 1/T provides the

Arrhenius  plot  letting [nR (T,H) = InRy(H) — Uy(H)/T  where
InRy(H) = InR,¢ + Ug(H) /T, . The slope of InR vs. 1/T curve gives Up(H)
value which is known as apparent activation energy with the y intercept as
InRo(H).

Figure 7.11 demonstrates the Arrhenius plots of Vg 015sNbSe; single
crystal at magnetic fields of H=0.2T,04 T,0.6 T,0.8T,1Tand 1.5 T in
TAFF region. The Uy value is extracted from the slope of the fitted line to
the linear region of Arrhenius plot (as presented by the solid lines in Figure
7.11). All the fitted lines intersect at Teross at 4.06 K which is in good
agreement with T2t of V 001sNbSe,. The inset of Figure 7.11 shows the
linear relationship between InR, and Up with the T, value (i.e., inverse of
the slope of linear fitting) at 4.06 K which is also comparable to T2™$¢*. So,

the Arrhenius plot gives the accurate value of Ug in Vg 015sNbSe;.
7.2.3.3. Magnetic field dependence of TAE:

Figure 7. 12 represent the magnetic field dependence of Uy that has
value 266 K at 1 T in VoosNbSe,. It can be seen that the Uy value is
decreased significantly in Vo 001sNbSe; as compare to NbSe, [41]. These
results suggest that FLL become more entangled due to the point defects
and emerges 2D nature in TAFF region of V001sNbSe;. This makes the
easy movement of flux lines through FLL resulting reduction of Ug [42].

However, another reason behind the reduction of Uy (H) can also be the
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weakening of the F, (H). Liu et al. [43] reported the reduction in Ug (H) in
optimally doped and overdoped (Bai.xKy)Fe2As; single crystals due to the
weak o7; pinning. In contrast, the underdoped (Ba;-«xKx)Fe,As, single
crystal shows large U, (H) value which is associated with strong vortex
pinning. Agil et al. [44] also reported that the addition of Gd to BSCCO
superconductor weakens the link of the grains (i.e. reduces the surface
pinning) and thus there is a reduction of U, compare to pure sample.
However, the higher J; (0) value and the high field F, peak exclude the
possibility of reduction of pinning energy of Vg 015NbSe, compare to pure
NbSe, [23]. So it can be concluded that the FLL is in more entangle state in
Vo.001sNbSe; due to the presence of point defects resulting lower Ug (H).

ggg 1 ~H®* " Vo00sNbSe,
600 -
500 -
~~
N 400 -
e’

5300

EH//ab
foge: pmy o e
H(T) '

Figure 7.12. Apparent activation energy (U, (K)) of Vg 0015sNbSe; is plotted against H on
log-log scale. The solid lines represent power-law fitting with Uy (H) ~ H™.

In order to examine the field dependence nature of Uy, a log-log
graph of Uy is plotted against the applied magnetic field (Figure 7.12). The
Uo values of Vo 001sNbSe; follow the power law dependence with magnetic
field in the form of,

Uo (H) ~H™® (7.3)
The exponent o has a smaller value 0.5 upto H =~ 0.7 T and a large value
0.9 over ~ 0.7 T, for H || ab plane. This is the similar mechanism as shown
in many iron-based superconductors [45]. As mentioned by Choi et al. [42],
the Up (H) value of Co doped NaFe;.«Co,As (with x = 0.01, 0.03 and 0.07)
follows power law relation with lower o value (~ 0.29) below H ~ 2 T and

larger o value (~ 0.7) at higher magnetic field for H || ab plane indicating
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two different pinning mechanisms. Under the E-P crossover model, Uy
should increase with magnetic fields in the elastic creep regime following
the relation Uy oc H'J™ with a positive v value. However, according to the
plastic-flux-creep-theory, the magnetic field dependence of U, should
follow the relation Uy ~ H®°[46, 47]. In this region, the vortices are
plastically deformed and entangled due to the point defects in the potential
background of weak pinning. In the high magnetic fields, the entangled
vortices are cut and disconnected due to the faster motion of vortices so that
the Uo (H) follows the relation Uy~ H®'[48]. The even faster reduction in
Up with magnetic fields is obtained due to the entangled vortex liquid
behaviour in a state of stronger pinning associated with point defects. From
this point of view, it is reasonable to assume that the field dependence of Uy
in Vo.001sNbSe; is governed by weak plastic pinning upto H = 0.7 T and

after that it follows stronger entangled state in vortex liquid phase.
7.2.3.4. Vortex phase diagram of Vg go15NbSe:

In Figure 7.13, the vortex phase diagram plot of V0015NbSe; single
crystal has been represented based on magnetization and magneto-transport
studies. The characteristic fields like Hez, Hirr, H', Hy are confirmed from
the magneto-transport measurement and the other two fields - Hswe and Hp
are confirmed from the magnetization measurement. The Hc, (T) and Hi.
(T) values are estimated from the magnetoresistance measurement using the
90% and 10 % R, criteria at a constant magnetic field as shown in Figure
7.13. The locations of H™ and Hy are obtained from the deviation of the
temperature dependence of resistance from vortex glass critical region (as
shown by open and solid squares in Figure 7.13), respectively. However,
Hswp and H, indicate the peaks associated with SMP effect and PE effect
which are determined from the anomalous variations of J. with magnetic

field. The Hc-T curve is fitted with the anisotropic Ginzburg-Landau

\%1? A A
model, H.,(T) = H.,(0) [(1—T—C) ] (as indicated by black solid line)

associated with the Nb bands at Fermi energy level as we stated earlier [50].
The temperature dependence of Hi. is fitted with the relation, H;,.(T) =

H; (0)[1 — ((T/T,)?]3/? as represented by red solid line in the vortex
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phase diagram. This indicates the presence of giant flux creep in
Vo_0015NbSe2 [49]

H |lab .
1.6 b Hg H*Hirrﬂggﬁ

Vortex Glass
Critical state

~—
" 0.8 Plastic Creep

H SMP

Collective Creep

0.0 (Bragg Glasls)

3
T (K)

Figure 7.13. Vortex phase diagram plot of Vgg0sNbSe, shows different phases, i.e., the

collective creep region, plastic creep region, vortex glass state, vortex glass critical state,

and the vortex liquid state. The solid lines correspond to the fits performed to the H2?% —

T, Hir—T, Hswp - T and Hy- T curves.

As Hgswp -T curve don’t follow linear behaviour, so it can be
predicted to have different origin from those superconductors having linear

dependence of Hswp on T. The curve is well fitted with functional
relationship having the expressions Hgyp(T) = Hgpp(0) X (1 — %)1-5 with

Hswp (0) = 0.51 T. Sugui et al. [51] reported similar positive curvature with
decreasing temperature for T > 6 K in deoxygenated YBa,Cu3Og g5 single
crystal with the relation (1 — T/T.)™ with m = 1.5. They refer it to the
crossover from plastic pinning that controls creep above Hj to the collective
pinning below Hp. In the latter section we demonstrate the difference in the
relaxation rate with temperatures for these two pinning mechanisms
resulting in the positive curvature of SMP with decreasing temperature.
Similar case is observed by Ahmed et al. [32] in the optimally doped and
overdoped NaFe;xCosAs single crystals (with x = 0.03, 0.05 and 0.07) for
H/lc axis. However, Abulafia et al. [52] showed the temperature
dependence of SMP position with the relation H, = [1- (T/T¢)*** which
supports the origin of the fishtail effect as a crossover from elastic to plastic
creep in YBCO crystals. So, the temperature dependence of SMP studies
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indicates the Hswp-T line as a transition from collective pinning region to
the plastic pinning region. Based on the above analysis, the H-T space of
Vo.001sNbSe; (especially the region between Hswp (T) and the Hc (T)
curves) has been divided into several vortex phase regions. The regime
below Hsyp represents the collective creep phase which is also marked as
the quasi ordered Bragg glass state. It is avoided here to make the domains
of the low field single vortex pinning region of V015sNbSe; as distinct from
the collectively pinned state. The region between Hsyp and Hp is designated
as the plastic creep regime which merges with the disorder dominated
vortex glass state at Hp. The transition at H, might be an indication of the
disorder like melting, i.e., from the plastically deformed solid to a pinned
amorphous state. The region after H, specifies the dislocation mediated
vortex glass phase where FLL shows 2D characteristics. The narrow regime
between the Hy(T) and H(T) has been noticeable as the vortex glass critical
state indicating the initialization of the resistive region of vortex phase
diagram. However, the regions above H'(T) has been named as vortex
liquid state. Finally, the state above Hc is referred as normal state
suggesting the complete destruction of superconducting state of
V0.0015NbSe,.

7.3. Summary

We investigated here the nature of the vortex motion and the
corresponding vortex phase diagram in different regions of mixed state of
VNbSe, (with x = 0.0007, 0.001 and 0.0015) using the magnetic and
magnetoresistance measurement for H//ab plane. The presence of the V
atoms acts as weak point defect centres which result the SMP effect in the
M-H curves of all V doped NbSe,. The enhancement of the V concentration
boosts the fishtail effect and the corresponding SMP effect, like in
Vo.001sNbSe, as compared to Vpoo07NbSe,. At the low magnetic field
regions, the J. indicates nearly non-interacting vortex lattice following the
single vortex, and small bundle pinning regime. At the intermediate
magnetic field, J. follows 3D collective creep in the form of the large
bundle and then enters into the disorder-induced SMP region. At higher
temperatures, the SMP moves away from Hc, to the lower magnetic field
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and finally disappear near transition region. This characteristic of the SMP
effect confirms the crossover of flux lattice from interaction dominated
collective creep region to the disorder dominated plastic creep region.
Moreover, the f, vs. h curve shows zero field peak because of the BL
surface barrier effect. In Vy001sNbSe,, the BL zero field peak is highly
suppressed by the higher field peak. There is no BL zero-field peak and the
higher field peak in Vo 001NbSe; single crystal. However, the prominent
peak at the higher magnetic field region (near Hi) indicates 2-dimensional
to 3-dimenstional lattice distortion associated with lattice softening in
Vo.0007NbSe; and  Voo01sNbSe;.  Magneto-transport  measurements  of
Vo.001sNbSe; show glassy transition from Bragg-glass to vortex glass region
below the TAFF region with 2D like characteristics. The temperature
dependence of resistance of Vg 0015NbSe; is analysed in the TAFF region
with Arrhenius relation by considering the linear temperature dependence
of Uy (H). The magnetic field dependence of Uy (H) shows a power law
relationship following the relation Uy (H) ~ H“. The exponent increases
from 0.5 to 0.9 at a crossover field of ~ 0.7 T indicating two different
pinning mechanisms in Vo 0015NbSe,. It suggests that there is a crossover
from weak plastic pinning to strong entangled state in the vortex liquid state
due to the highly dissipative motion of flux lattice in the presence of weak
disorder. Finally, the vortex phase diagram of Vg g015NbSe; shows collective
creep region (i.e., the Bragg Glass state), plastic creep region, vortex glass
state, vortex glass critical state and vortex liquid state at different regions of
magnetic fields and temperatures.
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CHAPTER 8

The Conclusions and Scope of
Future Work

The core basis of this thesis work is to synthesize large single crystals of

NbSe, with high purity through lodide vapour transport method for their
physical properties characterization to understand the basic mechanism
and improve the potential applications. Prominence is provided to study the
three fundamental superconducting characteristics (T¢, Hc, and Jc) of NbSe,
in presence of intrinsic and extrinsic defects through magnetic, electronic
and magneto-transport measurements. Efforts have been made to
understand the vortex dynamics and pinning mechanism of NbSe; single
crystals in presence of foreign atoms like iron (Fe), Cromium (Cr) and
Vanadium (V) to realize large, non-dissipative currents in superconductors

for various applications.
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8.1. Thesis summary

A brief review of different superconducting materials, quasi 2D
transition metal dichalcogenides: NbSe; and diverse physical properties of
NDbSe; are discussed in Chapter 1.

As stated in the introduction part (Chapter 1), there are number of
superconducting materials including both low T, and high T.
superconductors which are discovered for diverse physical properties and
various practical applications. However, progressive and excellent research
have shown gradual improvement in the physical properties study of
different superconductors for better device performance as reported by
many scientists. One of the biggest challenges of understanding the
fundamental properties of high T, superconductors is their highly
anisotropic and complex crystal structure which involves many atoms. As a
result, the discovery of room temperature superconductors is still far from
accomplished. Therefore, this thesis took the opportunity to present a
comprehensive approach to improve the physical properties of NbSe; single
crystals for understanding the basic physical properties of highly
anisotropic, layered superconductors and to realize it for various possible
applications.

Chapter 2 describes the different fundamental models that are
employed in this research work to analyze the superconducting properties
associated with transport and magnetic measurements.

In Chapter 3, describes the prime experimental techniques that are
employed in this thesis for the growth of materials and characterization.

In chapter 4, the effect of Fe doping in NbSe, single crystals is
studied. This study includes the effect of Fe doping on the structural,
magnetic and superconducting properties and understanding the physics
behind the dissipative vortex motion and the associated pinning mechanism
in response to the dc magnetic fields. The successful incorporation of Fe
atoms is confirmed by XRD analysis and the systematic degradation of T,
value. It enables for further possible characterization of Fe-doped NbSe,.
We have studied the effect of Fe impurities on the basis of Larkin-
Ovchinnikov (LO) 3D collective pinning model in NbSe,. With
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enhancement of the concentration of Fe impurities, the J¢(0) value enhances
appreciably compared to pure NbSe,. The random pinning potential that is
introduced by the Fe atoms is studied through the interaction between the
core region of vortices and the pinning centres. It results a competitive
nature between the single vortex, small bundle and the large bundle pinning
regions. Furthermore, the field dependence of pinning force density in both
pure and Fe doped NbSe, is investigated through Dew Hughes and
Kramer’s point pinning and surface pinning model. The normalized pinning
force density shows the presence of both point pinning and the surface
pinning mechanism with a broadening of the peak in the Fe doped NbSe..
Through studying all the superconducting properties, we conclude that the
addition of Fe atom assists the practical applicability of NbSe..

In chapter 5, the effect of Cr doping in NbSe; single crystals is
studied. Basically, in our previous report on Fe,NbSe,, our prime focus was
to improve J; (0) value and to study the associated pinning mechanism. The
addition of Fe atoms in NbSe;, successfully improved the J. value at low
magnetic fields. However, there is a rapid degradation of J. in the high
magnetic field regions. Besides, the presence of the Fe impurities reduces
the He, (T) and T. values significantly by enhancing the pair breaking
phenomena. Therefore, in this chapter, we had focussed to grow Cr,NbSe;
single crystals to understand the mechanism to improve the J;
characteristics at high magnetic field. So, we have reported the high-quality
single crystal of CryNbSe, to study the effect of Cr impurity on NbSe,
superconductor using M - H curves with different relaxation rates. We have
observed significant improvement in the field dependence nature of J.
characteristics at low as well as high magnetic field regions with increasing
the Cr concentration in NbSe,. The crossover from elastic (E) to plastic (P)
creep region is observed which results SMP effect or the fishtail effect at
the highest Cr concentration. The interaction between the core region of
vortices and pinning centres is investigated based on &l pinning and ST,
pinning. The highest Cr concentration allows both 8 pinning and 6T,
pinning which enhance the coupling between the vortices. Furthermore, the

magnetic field dependence of pinning force density shows diverse features
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associated with different pinning mechanism at different magnetic fields.
All the Cr concentration result zero field BL peak related to the surface
barrier effect. Moreover, the appearance of the prominent peak near Hc,
indicates the lattice softening at higher Cr concentrations (i.e., at
CroooosNbSe; and  Crgoo12NbSe;). These studies not only provide
fundamental study of vortex dynamics of Cr,NbSe, but also open the door
for further study in high T, superconductors.

In chapter 6, the influence of defects that are created in NbSe, via
intrinsic (i.e. Se vacancy) and extrinsic method (i.e. Fe incorporation) have
been studied effectively through structural, electronic, magnetoresistance
and magnetization measurements. Here, we have investigated the
coexistence of two antagonistic phenomena (i.e., superconductivity and
ferromagnetism) in NbSe, in presence of these defects through
magnetization measurement. The temperature-dependent magnetization
measurement gives the signature of coexistence of SC and FM in NbSe; gs.
Interestingly, there is no such evidence in case of FepgosNbSe;. The
temperature-dependent resistance measurements confirm that both Se and
Fe defects decrease the superconducting transition temperature due to the
presence of disorder as well as enhancement of scattering phenomena of
charge barriers. We have also studied the magnetoresistance measurements
of NbSe; g5 and Feg go15sNbSe, to observe the effect of intrinsic and extrinsic
defects in the TAFF region of NbSe,. The temperature and magnetic field
dependence of TAE is described elaborately in each case. The magnetic
field dependence of TAE distinguishes the Fe intercalated NbSe, from Se
deficient NbSe,. The flux lines show 2D characteristics in TAFF region of
NbSe; gs. Moreover, the first principle calculation is also performed to
investigate the variation in band structure and density of state (DOS) in
NbSe,, NbSe; gs and Feggo1sNbSe,. The experimental as well as theoretical
calculations will help the communities to understand the effect of defects in
FLL of anisotropic superconductors.

In chapter 7, the effect of weak point disorder in NbSe; is studied
by incorporation of V atoms through magnetic and magnetoresistance
measurement in V\NbSe; single crystal. We observe that the point disorder
introduces fishtail effect and the second magnetization peak (SMP) effect in
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V doped NbSe,. Unlike the CryNbSe; single crystals, VxNbSe, show SMP
effect at very low concentration of V atoms. Enhancement of the V atoms
boosts the SMP peak. Presence of the 3D collective creep (only large
bundle pinning region) of elastic FLL supports the vortex motion below
onset of SMP effect. However, the crossover from collective to plastic
transformation supports the occurrence of SMP effect in highest V
concentration. Magneto transport measurement shows the glassy transition
near the zero resistance region. Like CryNbSe,, the BL zero field peak and
the high field peak are observed in the magnetic field dependence of
pinning force density of V,NbSe,. We have also studied the temperature
and magnetic field dependence of TAE in Vy001sNbSe,; which shows
similar characteristics to Feg001sNbSe; single crystals as we discussed in the
previous chapter. Finally, a vortex phase diagram is constructed
demonstrating all the different phases of vortex lattice of Vg 0015sNbSe; in H-
T phase space.
Overall, it is concluded that the growth of large single crystals of NbSe, and
its physical properties measurement is very crucial to enhance the practical
applications of superconducting materials with stable characteristics.
Several key aspects are addressed in the present work. Firstly, the formation
of large single crystals of NbSe, superconductors is discussed in detail by
iodine vapour transport method. Secondly, the effect of doping in NbSe; is
highlighted for improving the structural and superconducting properties
(i.e., T¢, Hez and Jo). It sheds light on the phase transitions, vortex dynamics
and pinning at different kinds of pinning centres, collective creep of vortex
lattice, collective motion and dissipative hopping of individual vortices of
pure as well as doped NbSe, in response to an external dc magnetic field.
Thus, the outcomes of the present study are a decent contribution in
the FLL of 2D and high T, anisotropic, layered superconductors. This study
also fulfils the main objectives of the thesis and the thesis title is quite well

justified.
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8.2. Outlook and Future Prospects

Assimilating the benefits from literature and different aspects of the present
study, diverse proposals for future work are in line. A few among them are
presented briefly:

Niobium diselenide’s promising future is dependent on achieving
monolayer NbSe,, which is still obstructing and most difficult to grow. This
is beneficial to extend its application in the different field of new quantum
physics and high-temperature superconductors. As we have shown, NbSe;
stands as a good candidate in providing significantly different properties
arising from reduced dimensionality with creating defects. There are also
some other observation arising from reduced dimensionality like Ising
superconductivity, quantum metallic state, and strong enhancement of
charge density wave order. However, there are number of important issues
related to its stability and reproducibility that are needed to be addressed by
further research to form monolayer NbSe; for its commercialization.

Besides this, with the help of the efficient exfoliation method, few
layers NbSe, can be extracted which have a significant impact on
applications like low noise photon detection, transition edge sensors
(TESs), Kinetic inductance detectors (KIDs), and superconducting
nanowire single photon detectors (SNSPDs). SNSPDs can be built with >
90% single photon detection efficiency at 1550 nm, and have found
applications in quantum optics, quantum key distribution, single photon
LIDAR, and infrared astronomy.

As the field of low dimensionality is nurturing, it becomes
increasingly necessary to unravel the underlying physics of two-
dimensional superconductivity of NbSe, from both experimental and
theoretical aspects.

These are the few points where the future research work is needed and

will be focused.
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