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Chapter 1

Introduction

Ever since its discovery, superconductivity has always been an interest of research

in condensed matter physics. The superconducting state, possessing zero resistance,

arises when normal electrons form Cooper pairs and are condensed into a macro-

scopic phase coherent state below the critical temperature (Tc) [1]. Since it is an

order-disorder transition, the reduction of dimensionality (d) critically influences the

superconducting ordered state [2]. Although according to the theory proposed by

Wagner-Mermin, the long-range order state cannot persist at finite temperature for

d ≤ 2, a vast number of experiments evidence that superconductivity in 2d can be

remarkably robust [3]. In recent years, 2d superconductors are evolved into one of the

active fields in superconductivity for fundamental physics as well as for device appli-

cations. Typically, 2d superconductors are found at the interface of bulk insulating

materials [4], crystalline [5, 6], or amorphous thin films [7, 8, 9], few atomic thick

layers of van der Waals materials [10, 11]. It has been realised that 2d superconduct-

ing state is fragile to weak disorder unlike 3d counterpart where superconductivity

is robust against the weak disorder [12]. Thus, 2d superconductors serve as an ideal

system to study intriguing problem that arises from the competition between super-

conductivity and localization namely superconductor-insulator (S-I) transition [13].

Apart from the disorder effect, vortex state in 2d superconductor is another focus of

research. It allows to explore seminal ideas proposed by Berezinskii [14], Kosterlitz

and Thouless [15] (BKT) applicable to both topological defects mediated melting (fur-

ther refined by Halperin, Nelson [16] and Young [17]) and the phase transition driven

by the unbinding of vortex-antivortex pairs in zero magnetic field. Nevertheless, the

vortex state in 2d superconductor becomes even more fascinating when its dynam-

ics combine with the disorder effect. The integrated effect of disorder with vortex
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dynamics give rise to emerging phenomena such as the field driven superconductor-

insulator quantum phase transition [18] and the emergence of Bose metal state [19].

Apart from the disorder effect, the effect of thermal fluctuations also gets enhanced

greatly in the 2d superconductor. As a result, the fluid state of vortices emerges far

away from the mean-field transition line. However, the intrinsic motion of vortices

gets modified eminently in the crystalline samples or in the presence of strong dis-

order. Thus weakly pinned 2d amorphous superconducting films are considered an

ideal platform to explore the melting of vortex lattice [20].

In this thesis, I have studied superconducting properties and vortex dynamics in

amorphous superconducting thin films. The thesis is organised as follows. Chap-

ter 2 gives a short introduction to some theoretical aspects as London equations,

Ginzburg-Landau, and BCS theory. Basic properties of superconductors, structure of

vortex, vortex motion, collective pinning, peak effect, and different phases of vortex

matter are also addressed. We also expose the effect of disorder on superconductivity

and melting of two-dimensional solid. Chapter 3 gives an overview of the sam-

ple preparation method and the measurement techniques: Magneto-transport and

Scanning tunneling microscopy/spectroscopy (STM/S). Chapter 4 is devoted to the

basic characterization of structural, superconducting, and normal state properties of

amorphous MoGe thin films. Chapter 5 presents our investigation of vortex lat-

tice melting in very weakly pinned MoGe thin films using a combination of scanning

tunneling spectroscopy and magneto-transport measurements. Here, we show that

the crystalline vortex solid melts into isotropic vortex liquid through an intermediate

hexatic vortex fluid phase. This melting process is analogous to the melting scenario,

proposed by BKTHNY theory. The intermediate hexatic fluid state has been iden-

tified from real space imaging of vortex lattice. Chapter 6 describes the extreme

sensitivity of weakly pinned MoGe film to low amplitude and frequency ac excitations.

Here, resistance of the sample is measured by changing both amplitude and frequency

of ac excitations as well as by changing film plane direction with respect to magnetic

field direction in the presence of low pass filters. Resistance of the sample remains

below our detection limit without any ac excitations. On the other hand, it has been

noticed that resistance of hexatic fluid increases several orders of magnitude in the

presence of low-amplitude ac excitations above tens of kilo-hertz. We have shown

that the extreme sensitivity of the sample is associated with the vortex dynamics in

fluid phase. The variation of resistance with increasing amplitude and frequency of
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ac signal has been explained using an inertial model of vortex dynamics. Chapter 7

deals with the structure of vortex core in weakly pinned MoGe thin films. The struc-

ture of the vortex core has been explored using scanning tunneling spectroscopy. An

unexpected soft gap has been observed inside the vortex core. The origin of this soft

gap is attributed to the quantum zero-point motion of vortices. Finally, in Chapter

8, I discuss our investigation of highly disordered MoGe films. We observe a magnetic

field induced superconductor-bad metal transition. Details STS measurements and

analysis show that the metallic state arises from the incoherent phase of Cooper pairs.

These measurements give, for the first time, spectroscopic evidence of the elusive Bose

metal state.
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Chapter 2

Basic theoretical aspect of

superconductivity

2.1 Historical overview

Superconductivity is a macroscopic quantum phenomenon where materials have no

resistance to flow of electricity. The history of superconductivity began with Kamer-

lingh Onnes’s discovery of superconductivity in mercury [1] in 1911, just three years

after he first liquified helium to lowest temperature 1.7 K. Onnes also discovered that

strong current density restores the normal electrical state of mercury. Later in De-

cember 1912, he observed that other materials like lead, tin also show zero resistance

state below a certain temperature, called critical temperature (Tc). In 1933 Meiss-

ner and Ochsenfeld discovered another essential feature of superconductivity, perfect

diamagnetism [2]. They found that below Tc, superconductor expels the external

applied magnetic field and when external field is removed, there is no flux trapped or

induced dipole. This behaviour is also popularly known as Meissner effect. Thermal

properties of superconductors were investigated by Gorter and Casimir in 1934. Just

one year later, Brothers Fritz and Heinz London proposed the first set of phenomeno-

logical equations to explain two basic electrodynamic properties of a superconductor

[3]. H. London discerned the anomalous skin effect and F. London was the first to

suggest the quantization of flux inside the superconductor [4]. In the same year of

London paper, Rjabinin and Shubnikov discovered another class of superconductors

[5]. They showed that PbTI2 alloy has two distinct critical fields, named Hc1 and Hc2.

Up to a lower critical field (Hc1), the flux is excluded completely. Above the field, flux

starts penetrating and penetrates completely at upper critical field (Hc2). In 1950,
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Maxwell [6] and independently Reynolds and his co-worker [7] discovered the isotope

effect of superconductivity. They found that the critical temperature of Mercury de-

pends on the isotope mass, TcM
1
2 = constant. In the year 1950, material research

group also discovered a new class of superconductors (A15 crystal structure: V3Si,

Nb3Sn) with Tc much higher compared to the boiling point of liquid helium [8, 9].

The first successful superconducting magnet with field of 7 kOe at 4.2 K, was made

by Yntema using Nb wire. Further, the resulting field of same Nb superconducting

magnet was enhanced to 25 kOe at 4.2 K by Autler in 1960. Even more significantly,

it was used in a persistent current mode to apply the magnetic field for a solid-state

maser which is perhaps the first application of superconductivity. Soon after that,

Nb-Zr, Nb-Ti were used to make high field superconducting magnets, which became

most dominant commercial use of superconductors. The major theories of supercon-

ductivity were also developed in 1950s. Beginning of 1950, Ginzburg and Landau [10]

introduced a phenomenological theory of superconductivity based on Landau’s theory

for second order phase transition. In this theory, the order parameter is taken as a

complex form whose real part is proportional to density of superelectrons. Basic elec-

trodynamics response of a superconductor generalised by Pippard [11] via including

non-local effect within characteristic length ξ (known as coherence length). In 1957,

Bardeen, Cooper, and Schrieffer [12] (BCS) successfully formulated the microscopic

theory of superconductivity based on the electron-phonon mediated interaction. In

the same year, Abrikosov [13] showed the existence of vortex lattice in type II su-

perconductors by solving linearised Ginzburg-Landau equation. In 1958, Bogoliubov

proposed another theoretical method to solve the BCS Hamiltonian based on canon-

ical transformation approach [14]. BCS theory provides a microscopic foundation to

the phenomenological London and Ginzburg-Landau theory, as it was later on shown

by Gorkov [15]. In 1960, Giaver measured precisely BCS predicted superconducting

energy gap using Superconductor-insulator-metal planar tunnel junction [16]. The

next major theoretical breakthrough came from Josephson [17] in 1962. He predicted

the tunneling of supercurrent between two superconductors separated by a thin insu-

lating barrier. This is the main basis of the superconducting electronic devices such

as SQUID. Another milestone in the field of superconductivity came with the discov-

ery of hole doped cuprate [18] (known as High-Tc superconductor) by Bednorz and

Muller in 1986. This vast new class of superconductors with perovskite-like structures

exhibits superconductivity up to 134 K, well above the liquid nitrogen temperature

(77 K). The material that consists of both ferromagnet and superconductivity UGe2
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was first discovered in 2001, and remains in special interest for the spintronics appli-

cation [19]. Another new class of superconductors, iron-based superconductors were

first discovered in 2006. Three years later, superconductivity in MgB2 was found with

Tc = 40 K. In recent year 2015, Another exciting observation was made by Drozdov

and his co-worker [20] where hydride system exhibited conventional superconductiv-

ity near room temperature at pressure 90 Gpa, even though this discovery has been

contested [21].

Figure 2.1: Variation of resistance with temperature for 40 nm thick amorphous MoGe
thin film. Resistance of the sample drops sharply below Tc.

2.2 Fundamental properties of superconductor

2.2.1 Zero-resistive state

Zero resistive state is one of the prime characteristics of a superconductor, first discov-

ered by Kamarling Onnes in Mercury [1]. The complete disappearance of resistance

happens below the critical temperature Tc (fig 2.1). Experimentally, zero-resistive

state is also demonstrated with persistence current in superconducting ring. It is

realised that once such persistence current is established, it can flow without any

measurable change over years. In fact, a lower bound of some 105 years for the char-

acteristic decay time has been established by using nuclear magnetic resonance to

detect any slight decrease in the field produced by the persistence current. Perfect

conductivity is a prerequisite for most potential applications, such as high-current
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transmission lines or high field magnet.

2.2.2 Perfect diamagnetism state

Along with the zero-resistive state, another hallmark property of a superconductor is

perfect diamagnetism. The perfect diamagnetism state of a superconductor was first

discovered by Meissner and Oschenfeld [2] in 1933. Although a perfect conductor may

also exclude any magnetic field, it can have a finite static magnetic field inside of it

depending on the past condition. In contrast, the static field inside a superconductor

is always identically zero. However, the magnetic field lines can penetrate inside

the superconductor over length λ (known as London penetration depth, discussed in

section 2.3.1). Therefore, the perfect diamagnetic state is only possible to observe in

a bulk superconductor (with dimensions >> λ). The perfect diamagnetism state can

be destroyed by applying high magnetic field. Experimentally it has been found that

the perfect diamagnetic state in elemental superconductors (type I superconductors)

vanishes abruptly above a certain critical field Hc and they behave like normal metal.

This value of Hc can be obtained by comparing the free energy density of normal

metal and superconducting state,

Fn(T )− Fs(T ) =
H2
c (T )

2µ0

(2.1)

2.2.3 Absence of low energy excitations

In normal metal, excited states can be created by taking out electrons from states

p ≤ pF and placing them into unoccupied states p′ ≥ pF . The excitation energy of

this single electron-hole pair,

Epp′ =
p′2 − p2

2me

≥ 0 (2.2)

If p and p′ are close to Fermi energy then large number of low energies excitations

are possible in the normal metal. This has been realised through specific heat, ac

frequency measurements (electromagnetic wave, ultrasonic wave). However, the sit-

uation is completely different in superconducting materials and the energy required

to create an excitation is no longer governed by eqn (2.2). It is necessary to provide
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a finite amount of energy ∆ to generate an excitation in a superconductor,

Epp′ ≥ ∆ (2.3)

This existence of finite energy gap ∆ has been found through low temperature specific

heat, absorption of electromagnetic wave, and tunneling measurements.

Figure 2.2: Variation of magnetic field (B) at the boundary normal metal-
superconductor (red dotted line). Magnetic field is decaying exponentially with char-
acteristic length, λ inside the superconductor.

2.3 Theory of superconductivity

2.3.1 London theory

London theory, developed by H. and L. London brothers, is the first phenomenologi-

cal theory that yields two basic electrodynamic properties (perfect conductivity and

diamagnetism) of superconductivity [3]. According to this theory, the zero resistance

state is governed by the given equation (known as the first London equation),

∂
#»
js
∂t

=
nse

∗2

m∗
#»E (2.4)

where E is the applied electric field, js is the supercurrent density, ns is superelectron

density, m∗, and e∗ are the effective mass and charge of the superelectrons. Now to
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get the magnetic field behavior inside of a superconductor, first London equation is

combined with 3rd and 4th law of Maxwell. This results,

∇2 #̇»

B =
1

λ2
#̇»

B (2.5)

where London penetration depth, λ =
√

m∗

µ0nse∗2
. London brothers suggested that

eqn.(2.5) will describe correctly the magnetic field behavior inside a superconductor

if it is applied to B itself,

∇2 #»

B =
1

λ2
#»

B (2.6)

This is known as the second London equation. Using eqn.(2.6), one can easily explain

the Meissner effect. To illustrate this, we consider a superconductor, placed in xy

plane with an infinite dimension along y direction. Here, we assume a constant

magnetic field is applied along y direction,
#»

B = B0ŷ. Therefore, from eqn.(2.6), we

can write,
∂2B(x)

∂2x
=

1

λ2
B(x) (2.7)

where B(x) is the magnetic field inside the superconductor at distance x from the

sample boundary. The solution of eqn.(2.7) can be expressed as, B(x) = B0e
−x/λ.

This shows (fig 2.2) that the magnetic field inside a superconductor decays exponen-

tially with a characteristic length λ. Thus, magnetic field will become zero inside

a superconductor with dimension larger than λ. This is the expected result of the

Meissner effect.

Figure 2.3: (a) Temperature dependence of superconducting energy gap ∆ within BCS
theory. (b) Corresponding normalised superconducting density of states (Ns(E)) with
respect to normal metal density of states (N(0)).
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2.3.2 BCS theory

Bardeen-Cooper-Schrieffer (BCS) proposed first many body theory that elucidate the

microscopic mechanism of superconductivity since its discovery [12]. According to

this theory, even a weak attractive interaction between two electrons with opposite

momentum and spin, caused by phonons, gives rise to a bound pair, known as Cooper

pair [22]. Binding energy of Cooper pairs at zero temperature is given by [23],

∆(0) = 2ℏωDexp
(
− 1

N(0)V

)
(2.8)

where ωD is the debye cut off frequency, N(0) is the density of states of normal elec-

trons at Fermi energy and V is the attractive potential energy between two electrons.

Formation of the Cooper pairs causes instability of the normal Fermi sea and results

in a new ground state denoted as,

|ψBCS⟩ =
∏
k

(
uk + vke

iϕC†
k,↑C

†
−k,↓

)
|0⟩ (2.9)

where |uk|2 + |vk|2 = 1. This form implies that |vk|2 gives the probability of occupied

Cooper pair state and |uk|2 represents the probability of unoccupied pair.

Ground state energy is determined using variational method with Hamiltonian of

interacting electronic system,

HBCS =
∑
k,α

ϵkC
†
k,αCk,α+

1

2

∑
k1,k2,q;αs,βs

V(k1+q, k2−q; k1, k2)C†
k1+q,αs

C†
k2−q,βsCk2,βsCk1,αs

(2.10)

where ϵk = ℏ2k2
2me

− EF and EF is the Fermi energy. αs and βs corresponds to spin

degree of freedom. From the detail calculation, at T = 0, the ground state energy of

the system is found to be,

Es = EN − 1

2
∆2(0)N(0) (2.11)

where EN is the ground state energy of the normal metal state. Therefore, the

condensation energy at T = 0 is 1
2
∆2(0)N(0) which is by definition equal to H2

c (0)
2µ0

.

Although the variational method is effective to calculate ground state energy, it turns

out clumsy in dealing with excited states. However, the self-consistent field method

proposed by Bogoliubov [14] and Valatine [24], becomes well suitable method to
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handle excitations. Using this approach, one can find the energy of the excited states,

Ek =
√
ϵ2k +∆2 (2.12)

Therefore, ∆ is the minimum energy above which excited states are available. The

temperature dependence of ∆ is given by,

1

N(0)V
=

∫ ℏωD

0

dϵ
tanh

(
1

2kbT

√
ϵ2 +∆2

)
√
ϵ2 +∆2

(2.13)

Fig 2.3(a) displays ∆(T ), reckoned for Nb using the above equation and we assume

corresponding Tc = 9.26 K and ωD = 3.61 × 1013 Hz. The excitations above ∆ are

described as fermionic quasi particles which are the linear superposition of electrons

and holes. Now one can find the single particle density of states of superconductor

by equating,

Ns(E)dE = N(ϵ)dϵ (2.14)

For small range of ϵ, we can write, N(ϵ) = N(0). Therefore, the normalised super-

conducting density of states can be written as,

Ns(E)

N(0)
=

dϵ

dE
= Re

(
|E|√

E2 −∆2

)
(2.15)

In fig 2.3(b), we have depicted the BCS density of states. Here, we have noticed that

Ns(E) diverges at ±∆ and these are called coherence peaks.

However, such divergence in the density of states (DOS) is not observed at finite

temperature in disordered superconductors and coherence peaks become more boarder

than the expectation of BCS theory. Authors of ref.[25] interpreted this broadening

as due to finite life time effects of quasi particles at the gap edge. Further, it was

shown that the finite life time effect can be incorporated by adding an imaginary

part Γ to the energy in the BCS density of states (eqn.(2.15)) and the modified DOS

expressed as,

Ns(E)

N(0)
= Re

(
|E + iΓ|√

(E + iΓ)2 −∆2

)
(2.16)

Γ is popularly known as Dynes parameter. It has been observed that the modified

DOS (eqn.(2.16)) captures very well several tunneling data in zero [26, 27, 28, 29]

or presence of magnetic field [30, 31, 32]. However, several authors have criticised
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the above modified DOS on the basis that it has not been derived from the micro-

scopic pair breaking mechanism [33, 34] and they also proposed alternative form of

single particle superconducting DOS with microscopic justifications. Interestingly, in

ref.[33], it has shown that the similar DOS can be produced by taking the energy of

quasi particle is real and energy gap with an imaginary part, −∆2. Here the param-

eter ℏ
2∆2

interpreted as the quasi particle decay rate at the gap edge. Nevertheless,

in the recent years, some theorists have also suggested the microscopic interpretation

for the use of Γ [35, 36].

2.3.3 Phenomenological Ginzburg-Landau theory

Although BCS theory provides the microscopic picture of superconductivity and well

account of data in systems where ∆ is homogeneous spatially. However, there are

several situations that require us to consider a spatially inhomogeneous supercon-

ducting state. For example, superconductor-normal metal interface, mixed state of

type II superconductors, intermediate state of type I superconductors, phase fluctua-

tions in high disorder superconductor. To understand such systems, fully microscopic

theory is extremely difficult and mostly it depends on the macroscopic Ginzburg-

Landau (GL) theory [10]. GL theory was constructed based on Landau’s theory

of second-order phase transition where the complex wave function of superelectrons

ψ(r) = |ψ(r)|eiθ(r) is taken as the order parameter and |ψ(r)|2 represents the local

density of superelectrons, ns(r).

Figure 2.4: Ginzburg Landau free energy without magnetic field for (a) T < Tc and
(b) T > Tc in a homogeneous superconductor.

The basic postulate of GL theory is that ψ is small and varies slowly in space

26



Chapter2

close to Tc. In the presence of magnetic field H (corresponding vector potential A),

the free energy density can be expanded in a power series of |ψ(r)|2 and |∇ψ(r)|2,

Fs = Fn + α|ψ|2 + 1

2
β|ψ|4 + 1

2m∗ |(−iℏ∇− e∗
#»

A)ψ|2 + H2

2µ0

(2.17)

where α = α0(T − Tc), β > 0, are GL parameters, can be determined from the

experimental results. For a homogeneous superconductor, in the absence of magnetic

field, free energy density takes form of parabola and minimum of it occurs at |ψ| = 0

for T > Tc. On the other hand, for T < Tc, free energy density shapes like Mexican

hat (fig 2.4) and minima of free energy happen at |ψ∞|2 = −α
β
. Minimizing free

energy density with respect to ψ, results to the celebrated first GL equation,

αψ + β|ψ|2ψ +
1

2m∗ (−iℏ∇− e∗
#»

A)2ψ = 0 (2.18)

In the absence of external current and magnetic field, above equation can be reduced

into,
ℏ2

2m∗|α|
∇2G + G − G 3 = 0 (2.19)

Here, we assume ψ(r) is real (by choosing an appropriate gauge) and ψ(r) = G (r)ψ∞.

Eqn.(2.19) introduces a characteristic length scale over which ψ(r) varies spatially,

ξ2 =
ℏ2

2m∗|α|
(2.20)

ξ is popularly called as Ginzburg-Landau coherence length and it becomes same

order of BCS coherence length (ξBCS = ℏvF
π∆

, where vF is the Fermi velocity) in clean

superconductor well below Tc. On the other hand, minimization of the free energy

density with respect to A results in the celebrated second GL equation,

#»
j = i

eℏ
2m∗ (ψ∇ψ

∗ − ψ∗∇ψ)− e∗2

m∗ |ψ|
2 #»

A (2.21)

For simplicity, we assume homogenous superconductor and by taking curl both sides

of eqn.(2.21), we obtain similar like London equation,

∇2H =
µ0e

∗2

m∗ |ψ∞|2H (2.22)

Therefore, the London Penetration depth, λ =
√

m∗

µ0e∗2|ψ∞|2
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Another useful quantity of GL theory is Ginzburg-Landau parameter which is defined

as the ratio of two characteristic lengths λ and ξ,

κ =
λ

ξ
(2.23)

2.4 Classification of superconductors

Superconductors are classified based on their response in the presence of an external

magnetic field according to the sign of surface energy at the boundary between a

normal metal and superconducting region. This surface energy at the interface is

proportional to (ξ − λ). Thus superconductors with λ < ξ, have positive surface

energy and expel magnetic field up to critical field Hc, above which it becomes normal

metal (fig 2.5(a)). These are called type-I superconductors. On the other hand,

superconductors with λ > ξ, have negative surface energy and are known as type-II

superconductors. Type-II superconductors show perfect diamagnetism up to lower

critical field Hc1. Above this field, flux lines start penetrating through the material

in form of tubes. Remarkably, negative surface energy causes the flux-bearing normal

regions to subdivide until a quantum limit is reached in which each flux tube consists

of single quanta of flux ϕ0 =
h
2e
. With increasing field, field lines penetrate more and

it becomes completely normal metal above Hc2 (fig 2.5(b) ). From the GL theory, it

has been found that positive to negative surface energy cross over exactly happens at

κ = 1√
2
.

2.5 Vortex lattice

One of the intriguing parts of type II superconductor is the appearance of mixed state

(also known as vortex state) above the lower critical field. It is a coexistence state

of normal metal and superconducting state. In 1957, Russian physicist Abrikosov

first predicted the vortex state in type II superconductor for large value κ [13]. In

particular, he considered the magnetic field close to the upper critical field, defined as

the boundary between superconducting and normal metal state. Since close to Hc2,

order parameter suppresses greatly, one can neglect higher order term of ψ in GL

equation. With this approximation, we can write linear GL equation from eqn.(2.18),(
i∇+

e∗

ℏ
#»

A

)2

ψ − 1

ξ2
ψ = 0 (2.24)
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Assuming H is in ẑ direction, choosing
#»

A = Hxŷ, and ψ = eikzzeikyyU (x), above

equation becomes,

Figure 2.5: (a) Schematic phase diagram for type-I superconductor displaying Meiss-
ner and normal metal state. (b) Phase diagram for type-II superconductor showing
the Meissner state below Hc1, vortex state in between Hc1 and Hc2 and normal metal
state above Hc2.

−U ′′(x) +

(
2πH

ϕ0

)2

(x− xk)
2U (x) = (

1

ξ2
− k2z)U (x) (2.25)

where, xk = kyϕ0
2πH

. This equation is very similar to well known oscillator equation

where a particle of mass m∗ bound in a harmonic potential well with spring con-

stant (2πℏH
ϕ0

)2 1
m∗ . Therefore eigenvalues of eqn.(2.25) is equal to ℏ2

2m∗ (ξ
−2 − k2z). This

condition gives the highest value of magnetic field up to which this solution exists,

Hc2 =
ϕ2
0

2πξ2
(2.26)

This is denoted as the upper critical field of type II superconductor and at this field

we have an infinite number of solutions of form,

ψk = eikyexp

[
−(x− xk)

2

2ξ2

]
(2.27)

Qualitatively, we expect that periodic variation of ψk will cost lower energy than

its random distribution. We introduce the periodicity, by considering discrete value,
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k = nq, where q is integer numbers. Therefore periodicity in y direction, ∆y = 2π
q
.

This will also set automatically periodicity in x direction by, ∆x = ∆kϕ0
2πH

= ϕ0
H∆y

These

conditions also imply that each unit cell of this periodic array carries single quantum

of flux. The periodic microscopic distribution of order parameter |ψ| or magnetic field

line, transverse to the applied field, is popularly called as Abrikosov vortex lattice.

Even though we have shown this periodic structure for H = Hc2 but it is, in fact,

true also below Hc2. More general solution of this periodic structure of vortex state

is given by,

ψL =
∑
n

Mnψn =
∑
n

Mne
inqyexp

[
−(x− xn)

2

2ξ2

]
(2.28)

Depending on periodicity of Mn, one can get different lattice structures. For example,

square lattice arises when Mn+1 = Mn. On the other hand, triangular lattice results if

Mn+2 = Mn and M1 = iM0. However, detailed free energy minimization calculation

reveals that triangular array (fig 2.6) is the most favorable structure [37] with the

lattice constant,

a = 1.075

√
ϕ0

H
(2.29)

The interaction between vortices in the lattice can be expressed in terms of known

elastic tensor [38],

Σi = Cijεj (2.30)

Σi and εj are the stress and strain tensor respectively. i,j take the values 1-6 which

denote xx, yy, zz, xy, yz, zx and xy components. Since field lines are in z direction,

force is independent of length. Further using symmetry, it has been found that only

three elastic constants are needed C11 (compressional modulus), C44 (tilt modulus)

and C66 (shear modulus) to describe the elastic response of vortex lattice.

2.5.1 Structure of vortex

A single vortex consists of a normal metal core of radius ξ around which supercurrent

circulates. Superconducting order parameter vanishes at the centre of the core and

the local magnetic field takes maximum value at the same position. Local magnetic

field distribution for the single isolated vortex can be determined from the modified

London equation [39],

µ0[
#»

H + λ2
#»∇× (

#»∇× #»

H)] = ϕ0δ(
#»r )ẑ (2.31)
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Figure 2.6: Real space image of triangular vortex lattice.

Here, we assume centre of the vortex is located at the origin and applied magnetic

field, H along z-direction. Solution of eqn. (2.23), expresses as,

µ0
#»

H(r) =


ϕ0

2πλ2
K0(r/λ)ẑ, for r ≥ ξ.

ϕ0
2πλ2

K0(ξ/λ)ẑ, for r < ξ.
(2.32)

where K0 is the modified bassel function and corresponding supercurrent density for

this local field,

#»

J s(r) =


ϕ0

2πµ0λ3
K1(r/λ)ϕ̂, for r ≥ ξ.

0, for r < ξ.
(2.33)

where K1 is the derivative of modified bassel function. In fig 2.7, we have depicted the

spatial variation of local magnetic field and Js from the centre of a isolated vortex.

Further, The energy per unit length of a single vortex is given by,

Ev =
ϕ2
0

4πµ0λ2
K0(ξ/λ) (2.34)

Since Ev is quadratic function of magnetic flux, in homogeneous superconductor it

is energetically unfavorable to form multiquanta vortices carrying more than single

quanta of flux.
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Figure 2.7: Variation of magnetic field H, superelectron density ns (a) and supercur-
rent density Js (b) as a function of two dimensional radius vector r from the centre
of a isolated vortex.

2.5.2 Vortex-vortex interaction

Vortices interact repulsively with each other. This repulsive interaction is also the

reason of formation of vortex lattice. The repulsive interaction between two vortices

at position i and j with mutual distance rij can be written as,

Uij(rij) =
ϕ2
0

2πµ0λ2
K0(rij/λ) (2.35)

and corresponding mutual repulsive force expresses as,

#»

F ij(rij) = −∂Uij
∂rij

=
ϕ2
0

2πµ0λ3
K1(rij/λ)r̂ (2.36)

2.6 Vortex motion

One of the prime applications of type II superconductor is to generate high mag-

netic field (> 10 Tesla) without dissipating energy. However, when current is passed

through to generate the magnetic field, it also exerts Lorentz force on vortices,
#»

F =
#»

J × #»

ϕ0 (per unit length). Because of this force, vortices start moving with

velocity VL and they essentially induce the electric field,
#»

E =
# »

VL×
#»

B which is parallel

to applied current density J. This acts as a resistive voltage and power is dissipated.

Further phenomenologically, it also has been proposed that moving vortices experi-

ence viscous drag force, −ηVL (where η is the coefficient of viscous drag per unit

length of a vortex), similar like normal electrons in the metal. Thus in the steady
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condition, external Lorentz force is counterbalanced by the viscous force,

Jϕ0 = ηVL (2.37)

Therefore, resistivity due to flux flow expresses as,

ρf =
E

J
= B

ϕ0

η
(2.38)

To understand the power dissipation mechanism due to the flux flow, we consider the

simple model, proposed by Bardeen-Stephen [40].

Figure 2.8: Schematic illustration of I-V characteristics in thermally activated flux
flow (TAFF) and flux flow (FF) state.

According to this model, dissipation is carried out by normal electrons inside the

vortex core and the dissipation energy per unit length of the core is,

Wcore =
V 2
Lϕ

2
0

2πa2vρN
(2.39)

where av is the size of the vortex core and ρN is the normal state electronic resistivity.

Now by comparing viscous dissipation energy (per unit length) ηV 2
L with eqn (2.39),

we find

η =
ϕ2
0

2πa2vρN
(2.40)
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substituting eqn.(2.40) in eqn (2.38), we obtain flux flow resistivity,

ρf = ρN

(
av
ξ

)2
B

Hc2

≈ ρN
B

Hc2

(2.41)

2.6.1 Flux flow and critical current

From the previous section discussion, we have realised that in the presence of current

and high magnetic field, superconductivity cannot survive in the homogeneous type

II superconductors because of vortex motion. Thus, it is essential to arrest the vortex

motion for the useful practical applications. To pin a vortex at its own position,

we need an additional force. Such pinning force can be provided by pinning centres

like non-superconducting impurities in the sample. It is also found that energetically,

creation of vortices at the already existing normal region of size ∼ ξ is more favourable

rather than having to nucleate vortex core out of superconducting region. Although

the nature of pinning force, Fp is very hard to address because it depends on the

detailed microscopic structure of the pinning centres, its field variation has been

suggested in different theoretical models [41].

Now, in the presence of pinning centres, force equation will be,

Ft = FL + Fp (2.42)

Thus, in the steady state condition, pinning force is the maximum Lorentz force up

to which vortex remains at rest and it is defined as,

Fp = JcB (2.43)

where Jc is the critical current density at fixed magnetic field B. Further, for applied

field in ẑ direction and applied current density in ŷ direction, total force on vortices

(per unit length) expresses as,

fT = Jϕ0 − Fp − ηux (2.44)

ux is the velocity of vortices along x̂ direction. Therefore, in the steady state condition

for J > Jc,

ux =
ϕ0

η
(J − Jc) (2.45)
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Corresponding induced voltage for the motion of vortices is,

V =
dΦ

dt
= nvϕ0uxL (2.46)

nv is vortex density, L is the length of the sample in the direction of the current flow.

Using the expression of ux, we can write,

V =
nvϕ

2
0

η
L(J − Jc) = Rff (I − Ic) (2.47)

Rff is the flux flow resistance. This is the I-V characteristic in the flux flow (FF)

state. Thus one can find the value of critical current from the intercept of linear fit

to the experimental I-V curves (shown in fig 2.8) in the high current limit (> Ic).

2.6.2 Thermally activated flux flow

Even in the presence of pinning, one cannot stop vortex motion completely at finite

temperatures for current density J << Jc. Vortices can hop between the pinning

centres because of the thermal activation energy at finite temperatures. One can

understand the thermally activated flux motion using the flux creep model, proposed

by Anderson and Kim [42]. According to this model, vortices are correlated to form

a flux bundle, having a finite volume Vc. In the absence of driving force, flux bundles

can be thermally activated out of the pinning potential well of depth U0 at rate,

ν = ν0exp

(
− U0

kbT

)
(2.48)

where ν0 is some arbitrary attempt frequency and kb is the Boltzmann constant.

Since the hopping rate is the same in the forward and backward direction, there is no

net motion of vortex bundles. When a bias current density J is applied then vortex

bundles experience Lorentz force and gain energy,

UL = JBVcrp (2.49)

B is the applied magnetic field and rp is the range of pinning potential. Therefore

the modified forward hopping rate is given by,

νf = ν0exp

(
−U0 − UL

kbT

)
(2.50)
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and the backward hopping rate,

νb = ν0exp

(
−U0 + UL

kbT

)
(2.51)

The net forward hopping rate is given by the difference of these two hopping rates

[38],

νn = 2ν0exp

(
− U0

kbT

)
Sinh

(
UL
kbT

)
(2.52)

The average drift velocity vd = νnl. l is the average hopping length. Thus, the electric

field arises from the thermally activated flux flow,

E = vdB = 2ν0BlSinh

(
UL
kbT

)
exp

(
− U0

kbT

)
(2.53)

For temperature T such that UL << kbT , we can write the above equation,

E =
2ν0BlJU0

JckbT
exp

(
− U0

kbT

)
(2.54)

where pinning potential, U0 = JcBVcrp (from the critical state model [38]).

Figure 2.9: (a) Dislocation as disclination dipole (red and green dot). Violet arrow
represents the location of burger vector. (b) positive (s=+1;red dot) and negative
(s=-1;green dot) disclinations.

2.7 Collective pinning and peak effect

For the practical application of type II superconductors, it is important to understand

the pinning mechanism. Theoretically, it has been considered that the vortex lattice
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interacts elastically with pinning centres. This results in a finite pinning force density,

fp. However, for most real systems, the calculation of fp is a complicated problem

because either pinning is too strong, too extended or too correlated for a simple

statistical theory to apply. Nevertheless, one can find fp in the weak pinning limit

using collective pinning model, introduced by Larkin-Ovchinnikov [43].

The interaction between vortices has range of order λ which is very large for the high

κ materials. On the other hand, the density of pinning centres, np is often too large

in real systems, resulting in n
−1/3
p << λ. This justifies the collective treatment of

pinning force.

According to this model, the vortex lattice loses its long-range order in the presence

of weak pinning centres. However, their order remains within a correlated volume Vc,

known as Larkin volume. Each such volume acts as one large pinning center. The

average value of fp is estimated from the fluctuations of total force exerted on Vc.

Using the summation of random pinning force, we can find the total pinning force,

Vcfp = C
√
npVc (2.55)

where C is the elementary pinning force. When current is applied, each correlated

volume moves independently due to the Lorentz force. As we have discussed earlier,

at the critical current density Jc, Lorentz force equal to the pinning force,

JcBVc = Vcfp = C
√
npVc

∴ Jc =
C

B

√
np
Vc

Thus, we can see that for a perfectly ordered lattice, Vc → ∞. Hence Jc → 0. On

the other hand, for disordered lattice, Jc is non zero because of the finite value of

Vc. The magnitude of Vc can be estimated using simple elastic energy calculation.

The interaction energy between vortex lattice and one pinning centre is equal to C a.

Therefore, for randomly distributed pinning centres, total pinning interaction energy

for volume Vc is equal to C a
√
npVc. There is also an increment of elastic energy for

displacing the correlated volume boundary by a distance of order a. Thus the net

change in free energy density caused by the random pinning centers,

δF = C66
(
a

Rc

)2

+ C44
(
a

Lc

)2

− C a

√
np
Vc

(2.56)
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where Rc and Lc are the transverse and longitudinal length of volume Vc. Since

C11 >> C44, C66, we have neglected contribution C11. Inserting, Vc = R2
cLc in the

above equation, we find Rc and Lc by minimizing δF ,

Rc =

√
32C3

66C44a2
n2C 4

;Lc =
8C66C44a4

nC 2

substituting value of Rc and Lc, expression of critical current density becomes,

Jc =
n2C 4

16a3C44C2
66

(2.57)

In general, it is considered that Jc will decrease monotonically with increasing field or

temperature because of the vanishing pinning force. However, in several situations,

it was noticed that with increasing temperature/field, Jc initially decreases monoton-

ically, then suddenly rises, and reaches a peak before vanishing to zero at Hc2. Such

a sudden rise in Jc is popularly called peak effect [44, 45, 46]. Using eqn. (2.57), this

sudden rise in Jc can be accounted for if the elastic modulus decreases much faster

compared to the elementary pinning force for the intermediate range of magnetic

field or temperature. In the original work of Larkin-Ovchinnikov, it was shown that

softening of tilt modulus C44 causes the peak effect as H approaches Hc2. However,

in a recent scenario, the peak effect is attributed to the pre-melting softening of the

shear modulus C66.
In case of thin films with perpendicular magnetic field, Lc is much larger compared to

the film thickness for weak pinning and the problem becomes two dimensional with

only relevant length Rc =
C66a

Cn1/2 . Inserting Vc = R2
ct and using similar procedure, we

find,

Jc =
C

B

√
np
R2
ct

=
nC 2

Bt

1

C66a
(2.58)

where t is the film thickness.

2.8 Phases of vortex matter

In a clean superconductor, vortices form a periodic triangular lattice structure. This

periodic structure acts like a soft solid which has both translation and orientational

order. When the energy of thermal fluctuations becomes equal to the elastic energy

of the lattice, vortex solid melts in liquid. In this traditional view, only two distinct
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phases of vortex state exist; vortex solid and vortex liquid. Using the Lindemann

criteria, the melting line (Hm − T ) of vortex solid due to the thermal fluctuations is

given by [47], √
hm

1− hm

t√
1− t

[
4(
√
2− 1)√

1− hm
+ 1

]
=

2πC2
L√

Gi
(2.59)

where CL is the Lindemann constant, Gi is the Ginzburg number, the reduced melting

field, hm = Hm

Hc2
and reduced temperature, t = T

Tc
.

However, in the presence of pinning and its interplay with elastic energy of the lattice

and thermal fluctuations results in more complex phase diagram of vortex matter. In

the presence of weak pinning, a perfect crystalline vortex state transforms into a quasi

long range ordered glassy state, known as Bragg glass state [48]. Bragg glass phase

retains long range orientational order like perfect lattice but its positional order decays

algebraically with distance. On the other hand, in the presence of strong pinning,

the crystalline phase of vortex solid further modifies into another type of glassy phase

where it loses both long range transitional and orientational order [49]. This phase

is similar to spin glass phase and characterised by random but frozen coherent state

with a finite spatial correlation of the order parameter [50].

2.9 Two dimensional melting

The melting mechanism of a 2d solid is an interesting topic of research over the last

four decades [51]. Apart from usual thermal melting, a 2d solid can also melt via an

alternative route, proposed by Halperin, Nelson [52], and Young [53]. Theory of this

alternative melting process has been developed within the framework of Berezinskii-

Kosterlitz-Thouless (BKT) theory [54, 55] and it is popularly called BKTHNY theory.

BKTHNY theory is based on considering elastic Hamiltonian of 2d triangular lattice

[56],

H =
1

2

∫
d2 #»r [λlu

2
kk + 2µu2ij] (2.60)

where λl, µ are Lame coefficients and uij(
#»r ) = 1

2

[
∂ui(

#»r )
∂xj

+
∂uj(

#»r )

∂xi

]
.

In this melting process, quasi long range translation symmetry of the lattice breaks

due to production of free dislocations. Dislocation at point #»r is mathematically

defined by Burger vector,
#»

Br which is a required vector length to close a contour

by moving equal steps at each direction in a lattice (shown in fig 2.9). The energy

of a single dislocation diverges logarithmically with system size. Hamiltonian of the
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system with dislocations [57],

Hdis = −a
2
0K

8π

∑
i ̸=j

[
#»

b ( #»ri)
#»

b ( #»rj)ln

(
# »rij
a1

)
− (

#»

b ( #»ri).
# »rij)(

#»

b ( #»rj).
# »rij)

r2ij
] + Ec

∑
i

| #»

b ( #»ri)|2

(2.61)

where
#»

b is the dimensionless burger vector, a1 is the dislocation core diameter, Ec

is the core energy of a dislocation, a0 is the lattice constant, and Young modulus,

K = 4µ(µ+λl)
2µ+λl

. The eqn. (2.61) analogous to the equation for vortices, given in

standard BKT theory [55]. Therefore, by comparing with BKT Hamiltonian, we find

the temperature at which dislocations are dissociated and it is

Tm1 =
K a20
16πkb

(2.62)

Above this temperature, dissociation of dislocations results in an exponential decay

of the translation correlation function and shear modulus vanishes. However, it has

been found that orientational order still remains quasi long range in this scenario.

Therefore above Tm1, an anisotropic fluid phase emerges which has short range po-

sitional order and quasi long range orientational order. Since triangular lattice has

six-fold orientational symmetry, this anisotropic fluid phase is called hexatic fluid.

The orientational order in the hexatic fluid phase is controlled by the phenomenolog-

ical Hamiltonian of form [52],

Hor =
1

2
KA(T )

∫
|∇θ( #»r )|2d2 #»r (2.63)

where KA is the Frank constant and it is related to the exponent of orientational

order parameter, G6 as,

KA(T ) =
18kbT

πG6(T )
(2.64)

The orientational order of hexatic fluid phase is destroyed by the proliferation of

disclinations. A disclination in a triangular lattice has property that the integral of

rotational angle, taken along a closed contour enclosing disclination (fig 2.9), acquires

an increment that is multiple of 2π/6,∮
∇θ = ±s2π

6
, s = ±1,±2.. (2.65)
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The disclination interacting Hamiltonian in hexatic fluid phase is given by,

Hdisc = −πKA(T )

36

∑
i<j

s( #»ri)s(
#»rj)ln

(
| #»ri − #»rj |
a2

)
+ Ecd

∑
i

s2( #»ri) (2.66)

where a2 is the core size of a disclination and Ecd is the corresponding core energy.

s( #»r ) = −1 for an atom with seven nearest neighbours and s( #»r ) = 1 for an atom with

five nearest neighbours. This disclination interacting hamiltonian also looks similar

to standard BKT hamiltonian. Therefore, results of BKT theory for xy model can

be used to describe hexatic fluid to isotropic liquid transition that is associated with

dissociation of disclination pairs.

Halperin and Nelson hypothesized that hexatic fluid transform into isotropic liquid

phase at temperature (> Tm1),

Tm2 =
πKA

72kb
(2.67)

Above Tm2, KA vanishes and orientational order parameter G6 decay exponentially.

Therefore, BKTHNY theory predicts that 2d solid melts via two continuous phase

transitions. At the first transition, free isolated dislocations are proliferated and

crystalline solid phase transforms into an intermediate hexatic fluid phase. Later this

intermediate hexatic phase changes into isotropic liquid phase at the second transition

during which dissociation of disclination pairs occurs.

2.10 Disorder effect on superconducting and nor-

mal state

Investigation of disorder effect on superconductivity is a topic of research for the last

two decades. Even though it has been realised that superconductivity in 3 dimensional

system is robust against weak disorder [58], superconductivity in two-dimensional

systems is extremely fragile to weak disorder. Thus, two-dimensional superconduc-

tors, specially thin films, are often considered as the ideal systems to investigate the

disorder effect on superconductivity. Disorder of the system can be enhanced by re-

ducing the thickness, adding external impurities. As we have discussed earlier, the

superconducting state of a system is characterised by a complex order parameter,

ψ = ∆eiϕ. Therefore, with increasing disorder, the superconducting state can be

destroyed through two routes [59], either due to suppression of the amplitude of the

order parameter ∆, or a loss of global phase coherence. These two mechanisms are
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popularly dubbed as fermionic and bosonic scenario of destruction of superconduc-

tivity respectively.

Fermionic mechanism based on the enhancement of Coulomb interactions because of

the reduction of diffusion motion of electrons. This disorder-driven enhancement of

Coulomb repulsion competes with the phonon-mediated electronic attractive inter-

action. This continuous suppression of attractive interaction leads to the amplitude

driven destruction of superconductivity. In this scenario, the pairing amplitude ∆

vanishes and systems transform into a metallic/insulating state. Reduction of criti-

cal temperature with increasing sheet resistance (due to enhancement of disorder) in

this fermionic route was first calculated by Finkel’stein using renormalization group

theory [60],

Tc
Tc0

= eγ

[
1/γ + r/4−

√
r/2

1/γ + r/4 +
√
r/2

]1/√2r

(2.68)

where Tc0 is the unsuppressed critical temperature and r = e2

2π2ℏR
N
s , R

N
s is the normal

state resistance of the sample and γ = ln( h
kbTcoτ

) which is related to the dimensionless

conductivity at critical disorder. τ is the scattering rate of normal electrons.

On the other hand, bosonic route involves the fluctuations of the phase of the

order parameter [61]. In clean or low disorder superconductors, phase stiffness Jst

(effective energy cost to twist the phase) is very high [62]. Hence it becomes relevant

only very close to Tc. However, with increasing disorder, Jst starts decreasing and

phase fluctuations become important [62]. In this situation, superconductivity is

destroyed by the phase fluctuations even though the pairing energy gap remains finite.

Here, one can define two critical temperatures: one is Tc at which superconductivity

vanishes due to loss of global phase coherence and another one is T ∗ at which pairing

energy gap is suppressed completely. The existence of these two critical temperatures

opens up a sizable temperature regime for phase fluctuations between Tc and T ∗

which grows with increasing disorder. This regime is popularly known as pseudogap

state. For large disorder limit, system reaches to a quantum critical point where

phase stiffness vanishes completely due to the quantum fluctuation without breaking

Cooper pairs. At this point, the system transforms from superconducting state to

insulator/bad metallic state (SIT/SMT) which are formed out of Cooper pairs. This

transition is recognised as continuous quantum phase transition, driven by quantum

phase fluctuations. One can understand SIT simply by considering phase Hamiltonian

model [23] along with the phase-number uncertainty principle, ∆N∆ϕ ≥ 1. Another
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seminal approach to understanding this paradigm is the dirty boson model, proposed

by Matthew Fisher [63]. This theory is based on the quantum critical scaling analysis.

The main idea behind this theory is that when magnetic field increases at T=0,

density of pinned vortices increases. As a result, they delocalise and undergo bose

condensation. A similar situation occurs in vortex-antivortex phase when disorder

increases in zero field. According to this model, SIT occurs from the competition

between condensation of Cooper pairs and vortices at the critical resistance, RQ =
h

(2e)2
. Around the critical point, resistance scales universally with form,

R(X,T ) = RQF

(
|δ|
T zν

)
(2.69)

where the scaling variable parameter is defined as, δ = (X−Xc)/Xc. X is the tuning

parameter such as parallel/perpendicular magnetic field, electric field, thickness. Xc

is the corresponding critical value of tuning parameter at the critical transition point.

z and ν are the exponents of temporal and spatial correlation length.

However, In several situations, when samples are moderately disordered, they trans-

form into a bad metallic state rather going into an insulating state [64, 65]. This

scenario can be realised by considering the theoretical model [66] of superconducting

grains embedded in a normal metal. Here, quenching of superconductivity simply

exposes the conductivity of background host metal. By construction, such model

predicts direct superconductor to a metal transition. However, in the absence of the

host metal, such hybrid models with normal electrons providing dissipation in arrays

of superconducting gains show the metallic behavior only at the separatrix between

superconductor and insulator. This metallic state is mediated by Cooper pairs and

called Bose metal [67]. However, the existence of Cooper pairs in the metallic state

still remains debated [68, 69].

Along with the change in superconducting properties, disorder also affects the nor-

mal state electronic properties. At low temperature, in disordered metallic systems,

the energy dependence of normal electronic DOS gets modified due to breakdown of

spatial homogeneity and enhancement of electron-electron interactions. It has been

shown that when electron-electron interactions is taken into account, normal elec-

tronic DOS suppresses at the Fermi level [70, 71] and it is popularly called Altshuler-

Aronov anomaly. Within the first-order perturbation theory, it has been shown that

at finite temperature, the Altshuler-Aronov correction in normal electronic DOS is
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given as (in the absence of magnetic field) [72],

δNN(E) = N(0)
λdT

d/2−1

(ℏD)d/2
fd

(
E

kbT

)
(2.70)

where d is the dimension of the system, D is the diffusion constant of normal electrons,

λd is the proportionality constant depends on the momentum integral of Coulomb

potential, and fd(x) = −
∫∞
0

dy
2y2−d/2

sinh(y)
cosh(x)+cosh(y)

. For this correction only exchange

electronic interaction term has been considered.
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Experimental Method

In this thesis, all the investigated samples are amorphous MoGe (a-MoGe) thin films

and the experimental studies are carried out using a combination of low tempera-

ture scanning tunneling spectroscopy (STS) and magnetotransport measurements.

In this chapter, I will give a description of deposition method of thin films and the

experimental techniques.

3.1 Sample preparation

Samples were deposited on thermally oxidised (∼ 200 nm thick oxide layer) Si sub-

strate by ablating Mo70Ge30 target using Pulsed Laser Deposition technique (PLD)

[1, 2] at room temperature and base pressure, p ∼ 10−7 mbar. In fig 3.1 (a), we have

shown the setup of our PLD system. We have used a KrF excimer laser of wave-

length 248 nm, focused in a tight spot with an effective energy density 240 mJ/mm2

per pulse. Such high energy density is important for the metallic films to maintain

the stoichiometry of the sample close to the stoichiometry of the target. Depositions

were done using a repetition rate of 10 Hz and the growth rate was found to be

∼ 1nm/100 pulses. Mo70Ge30 targets were prepared by arc melting stochiometric

amounts of Mo and Ge. We have observed that samples prepared from arc melted

target have low pinning compared to the samples grown from commercial sintered

target although they have similar Tc. Energy-dispersive x-ray (EDX) compositional

analysis of the thin films showed that the latter had a considerable amount of dis-

solved oxygen which possibly gets incorporated in the sintered targets due to surface

oxidation of the powder. Thus, it is essential to use arc melted target to get samples

with low pinning.
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Figure 3.1: (a) Photograph of pulsed laser deposition setup. Bottom panel of (a)
is the photograph of vacuum suitcase, used to transfer sample from PLD deposition
chamber to STM cross chamber without exposing to atmosphere. (b) Contact pad of
STS sample. (c) Hall bar patterned sample for magneto-transport measurement.

For scanning tunneling spectroscopy, samples were prepared in two steps. First con-

tact pads were deposited on the substrate (fig 3.1(b)) to apply bias voltage. Then

the film of desired thickness was deposited between the contact pads. After the

deposition, we transfer the sample directly into STM chamber without exposing to

atmosphere using an ultra-high vacuum suitcase (fig 3.1(a)). On the other hand, we

have performed transport measurements on either a similar thick sample used in STS

measurements or the same STS sample. For the former case, films were grown in

the pattern of Hall bar geometry (fig 3.1 (c)) with a 2 nm thick Si capping layer to

avoid surface oxidation. In the latter case, first a 2nm thick Si capping layer has been

deposited over the STS film after the measurements. Then, it is patterned into Hall

bar geometry using ion beam milling. Importantly, we have noticed that there is no

significant change in the superconducting properties before and after the ion beam

milling. The basic characterization of these films is discussed in chapter 4.
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3.2 Measurement techniques

3.2.1 Scanning Tunneling Microscopy/ Spectroscopy

Discovery of scanning tunneling microscope (STM) opens up a new area of microscopy

[3, 4]. Over the years, STM appears as an eminently popular technique because of its

ability to image surface topography with atomic-scale spatial resolution. Moreover, in

recent years, STM has also become an integral part of the field of superconductivity

because of its popular application namely scanning tunneling spectroscopy. Using

STS, superconducting energy gap ∆ can be measured and traced spatially. Apart

from the measurement of superconducting gap, STS also provides an opportunity to

image vortex lattice with beautiful spatial resolution [5]. Although several techniques

(Lorentz microscopy [6], scanning SQUID microscopy [7], scanning Hall probe mi-

croscopy [8], magnetic force microscopy [9], magnetic-decoration imaging [10]) were

developed to detect vortices, most of them work only at low magnetic fields. At the

present, STS is probably the only technique that allows to image individual vortex

at all ranges of temperature and magnetic field.

STM works based on the principle of quantum mechanical tunneling. Tunneling cur-

rent is measured between a sharp metallic tip and a conducting sample separated by

a thin insulating vacuum barrier (fig 3.2 (a)). In fig 3.2 (b), we have depicted basic

schematic view of STM. The tunneling current mainly depends on the way the outer-

most tip atom couples to the sample wave function at each position and the applied

voltage between tip and sample. The most popular theory that is used widely to

interpret the STM data is the transfer Hamiltonian method, formulated by Bardeen

[11] and further refined by Tersoff and Hamann [12, 13]. In the following sections, we

will discuss this theory briefly.

Bardeen Transfer Hamiltonian Approach

This model is developed by considering some assumptions. First of all, electron

tunneling is considered as one particle process. Mutual interaction between electrons

during tunneling is completely neglected. Further direct interaction between tip and

sample resulting couple states are not taken into account and whole tunneling process

is assumed elastic. When both the electrodes, representing tip (T ) and sample (S ),

are far apart, the unperturbed wave function of each electrode (ΨS and ΨT ) satisfies
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the following Schrödinger equation,

iℏ
∂Ψj

∂t
=

(
−ℏ2

2me

∂2

∂z2
+ Uj

)
Ψj (3.1)

Figure 3.2: (a) Tunneling between the tip and sample separated by a vacuum barrier
of width d. The electronic wave functions Ψ decay exponentially inside vacuum barrier
with a small overlap, allowing electron to tunnel from one electrode to the other. (b)
schematic view of scanning tunneling microscope [14].

where Ψj and Uj is corresponding wave function and potential for tip and sample

and me is mass of electron. The time evolution of stationary state represents as

Ψj(t) = Ψj
me

(−iEmt/ℏ) where energy eigenvalues satisfy,(
−ℏ2

2me

∂2

∂z2
+ Uj

)
Ψj
m = EmΨ

j
m (3.2)

When the distance (z ) between tip and sample reduces then time evolution of the

system wave function Ψ is governed by the Schrödinger equation containing full po-

tential,

iℏ
∂Ψ

∂t
=

(
−ℏ2

2me

∂2

∂z2
+ Us + UT

)
Ψ (3.3)

The time evolution of state Ψ is treated within perturbation theory. Here it is assumed

that as the tip approaches to the sample, potential of the tip turns on adiabatically.

Such adiabatic switching potential can be described as, UT (t) = eµtUT (where µ

is small but finite). Therefore, as the tip is far away (at t → −∞), the system

wave function Ψ follows the unperturbed state of sample. Within the perturbation
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approximation, the state of whole system Ψ can be expressed as the linear combination

of tip and sample unperturbed wave functions,

Ψ(t) = am(t)Ψ
S
me

−iEmt/ℏ +
∑
n

gn(t)Ψ
T
ne

−iEnt/ℏ (3.4)

By inserting eqn (3.4) in eqn (3.3),

iℏ
dgn
dt

=< ΨT
n |UT |ΨS

m > e−i(Em−En+iµ)t/ℏ +
∑
k

gk(t) < ΨT
n |UT |ΨT

k > e−i(Ek−En)t/ℏ

(3.5)

The above equation can be solved iteratively. However, up to the first-order pertur-

bation correction, it expresses as,

gn(t) =
1

(Em − En + iµ)
Mmne

−i(Em−En+iµ)t/ℏ (3.6)

where Mmn =< ΨT
n |UT |ΨS

m > is the transfer matrix. Hence the probability rate for

an electron from initial ΨS
m to populate state ΨT

n is given by,

Pmn(t) =
d

dt
|gn(t)|2 =

2

ℏ
µ

(Em − En)2 + µ2
e2µt/ℏ|Mmn|2 (3.7)

By taking limit µ→ 0, we find

Pmn(t) =
2π

ℏ
δ(Em − En)|Mmn|2 (3.8)

So far, we have assumed electron tunneling between single energy states m and n.

Since tip and sample are characterized as continuum spectrum of state, we have

considered sum over all states m and n for every spin channel to get the total tunnel

current. Therefore, in the presence of a bias voltage (V ) between tip and sample, the

net tunneling current expresses as,

I = 2e
∑
m,n

Pmn(t)(f(E
S
m)− f(ET

n )) (3.9)

where f(E) is the Fermi-Dirac distribution function. Using equation (3.8) and (3.9),

we find the tunneling current,

I =
4πe

ℏ
∑
m,n

|Mmn|2δ(ES
m + eV − ET

n )(f(E
S
m)− f(ET

n )) (3.10)
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After replacing finite energy state sum by an integral over energies using density of

states,

I =
4πe

ℏ

∫
[f(E)− f(E + eV )]NT (E + eV )NSm(E)|M |2dE (3.11)

where NT (E) and NSm(E) are the density of states of tip and sample respectively.

Thus, to get the full expression of tunneling current, one needs to find the expression

of transfer matrix M.

Tersoff-Hamann model

In the eqn (3.11), we have noticed that through the transfer matrix tunneling current

depends on the state of the tip which is difficult to access. Tersoff and Harmann

[12, 13] proposed a model of the tip such that the tip properties can be characterized

and factorized out of the problem. Within the Bardeen formalism, the transfer matrix

expresses as,

Mmn =< ΨT
n |UT |ΨS

m >=
ℏ2

2me

∫
d3 #»r [ΨS

m

#»∇2ΨT∗
n −ΨT∗

n

#»∇2ΨS
m] (3.12)

where the integral is over any volume laying within the vacuum (barrier) region

separating tip and sample. In this approach, the STM tip is modelled as a local

spherical potential well centred at the position
#»

R0 and the wave function of the tip

can be written as,

ΨT
n (r) = αnk

(1)
0 (ζ| #»r − #»

R0|) = αn
Exp[−ζ| #»r − #»

R0|]
ζ| #»r − #»

R0|
(3.13)

Here, k
(1)
0 is the modified Bessel function, #»r is the position vector inside the vacuum,

ζ =
√

(2meϕ)/ℏ2 (ϕ is the work function of the tip), and αn is a proportionality

constant. Inserting eqn (3.13) in eqn (3.12), we find,

Mmn =
2παnℏ2

meζ
ΨS
m(

#»

R0) (3.14)

In the limits of small voltage and temperature, we rewrite eqn.(3.10) as,

I =
4πe2

ℏ
V
∑
m,n

|Mmn|2δ(ET
n − EF )δ(E

S
m − ET

n ) (3.15)
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Therefore, by combining eqn. (3.14) and (3.15), we find the expression of tunneling

current,

I =
16π3α2

nℏ3e2

ζ2m2
e

V NT (EF )
∑
m

|ΨS
m(

#»

R0)|2δ(ES
m − EF ) ∝ NSm(

#»

R0, EF ) (3.16)

Eqn. (3.16) shows the tunneling current is proportional to the density of states of the

sample at tip position
#»

R0 and independent of tip states.

Scanning Tunneling Spectroscopy

Spatially resolved spectroscopy is probably the most sophisticated application of

STM. From the eqn. (3.16), we have realized that local electronic density of states

can be accessed by recording the tunneling current but the interpretation of tunneling

current can be quite complex. Nevertheless, it is shown that in the ideal condition the

tunneling conductance (G) provides a valid measurement of local density of states of

the sample. Measurement of tunneling conductance as a function of bias voltage is

widely known as scanning tunneling spectroscopy (STS). This is the most straight-

forward way to interpret the experimental data of STM/S studies. From eqn. (3.11),

we find the tunneling current for the finite bias voltage (V ),

I(V ) = J
∫ ∞

−∞
dE|M |2NT (E + eV )NSm(E)[f(E)− f(E + eV )] (3.17)

where J = 4πe
ℏ . At the low bias limit, it has been shown that DOS of tip and |M |2 is

independent of energy. Thus, in this limit, the expression of tunneling can be written

as,

I(V ) = J |M |2NT (EF )

∫ ∞

−∞
dE[f(E)− f(E + eV )]NSm(E) (3.18)

Therefore, the tunneling conductance is given by,

G(V ) =
dI

dV
= G0

∫ ∞

−∞
dE

(
−∂f(E + eV )

∂V

)
NSm(E) (3.19)

where G0 is a proportionality constant.
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3.2.2 Our method of STM/STS

We have conducted STS measurements using our home-built low-temperature STM

down to 450 mK and up to 90 kOe. In fig 3.3, we have shown our STM setup. More

details of our STM setup is given in ref.[15, 16]. Here we apply bias voltage on the

sample and tunneling current is detected through a sharp metallic Pt-Ir tip. Tip

is mounted on a fine positioner piezo tube which is further attached with a course

positioner called piezo walker. The motion of the course positioner piezo is guided

using Attocube controller ANC 350, operated at 250 Hz and 30 Volt using rising edge

of the trigger pulse. STS data were recorded using SPM controller Rev9, built by

RHK.

Figure 3.3: (a) Photograph of our scanning tunneling microscope (STM) setup, (b)
Schematic view of STM head. The Pt-Ir tip is mounted on piezoelectric tube which at-
tached to the top of attocube coarse positioner. Sample is attached to a molybdenum-
made sample holder, facing the tip.

Movement of the fine positioner piezo is controlled by the same SPM controller.

To acquire the STS data, tunneling current is converted into a voltage using low noise

amplifier DLPCA-200 (FEMTO) with a gain of 109. To reduce the vibrational noise

(for example building sway, people walking, nearby heavy object motion), the whole

STM setup is placed on an optical table which is supported by four floating legs, called

isolators (Newport smart table). Power supply of all the electronic devices connected

to STM is taken from the same electrical port so that no ground loop is formed.

Further, to minimize electrical noise, an appropriate low pass filter is installed at
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the input port of the bias. During the surface topography/ vortex imaging, STM is

operated in the constant current mode where the distance between tip and surface

is controlled through a feedback loop, set by the required current. The tunneling

conductance (G) is recorded directly as a function of bias voltage. For that, a small

ac signal vac(150µV , 2.11 kHz) has been superposed on the dc bias voltage (Vdc). In

the presence of small ac modulation (vac << Vdc), the resulting tunneling current can

be expressed as,

I(Vdc + vacsin(ωt)) ≈ I(Vdc) + vacsin(ωt)
dI

dV
|V=Vdc (3.20)

The ac part of the current is directly proportional to the tunneling conductance at

bias Vdc. It is measured using a lock-in amplifier after converting it into corresponding

voltage using pre-amplifier FEMTO. Fig 3.4 shows the tunneling spectra (G(V)-V)

of a conventional superconductor. The spectra were recorded by switching off the

feedback loop at a given location and G(V) was measured by sweeping the bias voltage

from positive to negative value. The required time to complete a full spectrum was

∼ 2 sec. For the spectroscopic area maps, area was divided into grids and each

spectrum was averaged over three sweeps at every grid point.

Preparation of STM tip

Tip was prepared mechanically by cutting Pt-Ir wire at an angle using a sharp scissor.

To make the tip atomically sharp, field emission method was performed. In this

method, silver single crystal was used as sample. Field emission was performed by

applying 240-260 volt and the distance between tip and sample is tuned such that

the corresponding tunneling current ∼ 30 µA. The whole process was carried out

for 30 mins by keeping the tunneling current value within the variation of 15%. The

sharpness of the tip was verified by acquiring spectra and atomic resolution images

on an NbSe2 single crystal.

Determination of superconducting energy gap

To extract superconducting energy gap (∆) from tunneling spectra, we compare the

experimental data (fig 3.4) with the theoretical form given in eqn.(3.19). Here, we

consider the sample density of states is same as eqn.(2.16). During the fitting, we have

primarily focused to match zero bias conductance and coherence peak by taking ∆

and Γ as fitting parameters. Further, we have also taken into account the broadening
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due to the finite voltage modulation (used for lock-in measurements) by performing

an adjacent averaging of points in the theoretical curve over the modulation voltage

range. In this method, we have perceived a tiny mismatch between the experimental

data and theoretical fit (fig 3.4). However, such mismatch has not been observed

using the same method during the fitting of tunneling spectra, obtained from planar

tunnel junction.

Figure 3.4: Normalised tunneling spectra, taken on 20 nm thick a-MoGe thin film.
Brown line is the BCS fit with ∆ = 1.28 meV and Γ = 0.08 meV.

Real space imaging of vortex state

To image vortices, we have recorded spatially resolved tunneling conductance map by

fixing dc bias voltage close to the coherence peak voltage in constant current mode

(50 pA). Positions of the vortices appear as minima in the corresponding conductance

map, shown in fig 3.5. Vortex images have been analyzed using free SPM software

WSXM. Fourier transformation of vortex images also has been performed using the

same software. Nearest neighbours of vortices and topological defects (dislocations

and disclinations) were identified using Delaunay triangulation method.

3.2.3 Magneto-transport

Magneto-transport measurements were performed on the Hall bar patterned films

(mounted on a thin glass plate) (fig 3.1 (c)) using standard four probe method.

Width of the Hall bar bridge is 0.3 mm and distance between two voltage contacts is
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1.3 mm. Electrical contacts were made using silver epoxy (E4110 10Z). First stage of

the contacts (between sample and glass plate) was prepared using gold wire of 25 µm

thick. Second stage of the contacts (glass plate to measurement port) was made via

copper wire of thickness ∼ 80 µm. All transport measurements were carried out down

to 300 mK and 2 K in He3 and He4 Variable Temperature Insert (VTI) respectively,

up to 110 kOe.

Figure 3.5: Real space image of vortex lattice: Black dots are the centre of vortices.
Red and green dots are the topological defects corresponding to five-, seven- fold
coordinations.

He4 Variable Temperature Insert

It is a home built variable temperature insert. The VTI consists of two concentric

thin-walled SS tubes (thickness ∼ 0.5 mm), separated by an evacuated annular space.

Vacuum of the annular space (∼ 10−6 mbar) is maintained by using turbo pump.

The inner tube houses the sample insert. More detailed design of this VTI is given

in ref.[17]. Liquid helium enters into the sample space from the cryostat through

the fine capillary (Cu-Ni) of inner diameter ∼ 0.2 mm. The helium flow through

the capillary is adjusted by tuning the length of the capillary and further inserting

SS wire (diameter∼ 0.1 mm) of the desired length inside the capillary. The sample

temperature is obtained by controlling both sample space (inner tube) and the insert

temperature. The lowest temperature can be reached in this system is ∼ 1.8 K by
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pumping stored helium in the sample space using rotary pump (evaporative cooling).

This system provides an excellent temperature stability and large cooling power. This

helps us to measure I-V characteristics over a large range current without any local

heating of the sample.

Figure 3.6: Photograph of He3 VTI (left side). Expanded view of sample space is
shown at right side.

He3 Variable Temperature Insert

To pursue measurements at temperatures below 2 K we used the He3 VTI, custom-

made by Janis Research company (shown in fig 3.6). It consists of mainly four parts:

(1) sorb, (2) 1K pot, (3) He3 pot, and (4) rotating sample holder which can be rotated

from 0 to 180 degree. He3 pot and sample stage are connected via a thick copper

cord, acting as a thermal anchor.

Cooling method of He3 VTI

To reach the lowest temperature in He3 VTI, the cooling method is used, called as

“Regeneration”. In the regeneration process, first temperature of the sorb stage is

set to 42 K and needle valve is kept open up to a certain level so that temperature of
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the 1K pot stage reaches to 1.7 K through the evaporative pumping. This condition

is kept for 1 hour to ensure most of the He3 gas is liquified and stored in the He3 pot.

After that, heater of the sorb stage is switched off and cooled by flowing cold He4 gas

through the gas line, attached with outside of the sorb stage. As the charcoal in the

sorb stage cools down to below 42 K, it begins to absorb the He3 vapour and the He3

pot stage becomes colder. This process is also same as evaporative cooling. During

He3 pot cooling, the sample stage also cools down parallelly via the thermal anchor.

Using this method, we can go to the lowest temperature 280 mK in this system. This

cooling method is also used in our STM system to reach the lowest temperature.

Method of transport measurement

Dc resistance of the films was measured using standard four probe method. Applied

dc current is sourced from Keithley 6220 precision current source-meter and corre-

sponding voltage drop across the voltage contacts are measured using Keithley 2182A

nanovoltmeter. Measurements were carried out for both polarities of current and cor-

responding voltages are subtracted from one another to eliminate the contribution of

thermal voltage. Most of the measurements were carried out by keeping film plane

perpendicular to applied magnetic field in these investigations.
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Chapter 4

Basic characterization of MoGe

thin films

For these investigations, a-MoGe thin films were deposited by varying film thickness

(t) from 40 nm to 1.5 nm. For t ≥ 10 nm, t was measured directly using a stylus

profilometer. On the other hand, for t < 10 nm, thickness of the films was estimated

from the number of laser shots before and after the actual deposition. We have

characterised the thin films using high resolution transmission electron microscopy,

magnetotransport, and scanning tunneling spectroscopy.

4.1 Structural characterization

For the structural characterization of the films, we have performed high resolution

transmission electron microscopy (TEM) measurements. For TEM measurements,

free-standing a-MoGe films were transferred on a Cu grid. This was done as follows.

First, a-MoGe films were deposited on surface oxidized Si substrates coated with a

PMMA layer. The PMMA was dissolved by dipping the substrate in acetone and the

free-floating film on acetone was then picked up on a Cu grid. TEM was performed

using a Tecnai 20–200 microscope with LaB6 filament operated at 200 kV. We have

observed that sample deposited on PMMA coated substrate shows similar Tc as the

samples deposited directly on thermally oxidised Si substrate. In fig 4.1, we show the

high resolution TEM micrographs along with their selective area diffraction pattern

(SADP). SADP of the films shows homogeneous isotropic ring. This suggests that

our films are amorphous [1].
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Figure 4.1: (a),(b) and (c) Representative high resolution transmission electron micro-
graphs for film thickness 40, 20 and 5 nm respectively. Inset shows the corresponding
selective area diffraction pattern.

4.2 Superconducting and normal state properties

Superconducting and normal state properties of these films have been obtained through

magnetotransport and STS measurements. In fig 4.2(a), we have depicted the tem-

perature dependence of sheet resistance Rs in zero magnetic field. We define Tc as

the temperature at which Rs becomes 0.05% of its normal state value (R9K
s defined

at 9 K). We have also noticed that with reducing film thickness, superconducting

transition becomes broad. To exhibit this fact, we have plotted ∆T
Tc

as a function of

t in the inset of fig 4.2(b), where ∆T = T onc − Tc. T
on
c is the temperature at which

sample resistance becomes 90% of R9K
s . Fig 4.2(b) shows the variation of R9K

s as a

function of t. With decreasing t, Tc decreases, and R9K
s increases but remains well

below quantum resistance, RQ = h
4e2

= 6.45 kΩ. For t ≥ 4 nm, R9K
s varies linearly

with 1
t
suggesting that the increase in Rs is primarily due to the geometric effect

(fig 4.2(c)). In addition, fig 4.2(d) shows the variation of normal state resistivity ρN

with Rs. This behavior is consistent with the earlier report [2] and it is suggested

that the enhancement of ρN with R9K
s down to 2 nm happens because of localization

and interaction effect with a small contribution of boundary scattering. In fig 4.2(e),

we have shown the variation of Tc with R9K
s and it fits well with the well known

Finkel’stein relation, given in eqn. (2.68).

In fig 4.2(f), we have displayed the temperature dependence of upper critical field Hc2

for different film thicknesses. It matches well with the Werthamer-Helfand-Hohenberg

(WHH) theory in the dirty limit [3],

ln

(
1

tr

)
+ΨG

(
1

2

)
=

(
1

2
+
iλso
4γr

)
ΨG

(
1

2
+
hr + iγr + λso/2

2tr

)
+ C.C (4.1)
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Figure 4.2: (a) Sheet resistance Rs vs T with different film thicknesses. (b) Variation
of normal state sheet resistance R9K

s (left axis) and Tc (right axis) for different film
thicknesses. (Inset) plot of ∆Tc

Tc
vs t. (c) Variation of R9K

s (black dot) and ρN as a
function of 1/t; the blue line shows the linear ρN − 1/t variation for thickness down
to 4 nm. (d) Plot of ρN vs R9K

s . (e) Variation of Tc a function of R9K
s . Black solid

line is the fit to Finkel’stein model. (f) Temperature dependence of Hc2 for different
film thicknesses. Solid lines are the theoretical fits obtained using eqn.(4.1)

Where, ΨG is the Digamma function, tr = T
Tc
, hr = 4

π2

Hc2(tr)

− dHc2
dtr

|tr=1
, and γr =√

(αmhr)2 − (λso/2)2. During the fitting, we consider Maki parameter (αm) [4] and

spin-orbit coupling parameter (λso) as fitting parameters.

Superconducting energy gap (∆) of the samples is determined by using the method

discussed in the earlier chapter.
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Figure 4.3: (a)-(d) (left panels) GN(V ) − V spectra along with the theoretical fits
for samples with thickness 20, 11, 5, and 2 nm. (right panels) Temperature variation
of the corresponding ∆ and Γ extracted from the fits; the temperature dependence
of Rs are shown in the same panels. The blue lines in (a) and (b) show the BCS fit
to the temperature variation of ∆. The blue dotted lines in (c) and (d) are guide to
the eye that mimic the BCS variation of ∆; for these two samples, a pseudogap is
observed above Tc.

Fig 4.3(a)-(d) show the theoretical fit of the normalized tunneling (GN(V ) −
V ) spectra (left panels) along with the temperature dependence of ∆ and Γ (right

panels) for the corresponding samples. The temperature variations of Rs of the same

samples are also shown in the right panels. For t > 5 nm, samples behave like

BCS superconductors. However, below film thickness 5 nm, we have observed that

superconducting gap survives above Tc. This suggests the existence of pseudogap state

in these samples. We denoted the pseudogap temperature as T ∗ where GN(0) ≈ 0.95.

In fig 4.4 (a), we have displayed the variation of Tc and T
∗ a function of film thickness.
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We observe that ∆(0)/(kbTc) increases rapidly below t ∼ 5 nm reaching a value of 5

at 2 nm. The emergence of pseudogap between Tc and T
∗ as well as the anomalously

large value of ∆(0)/(kbTc) (fig 4.4) both signal the breakdown of the BCS scenario in

very thin a-MoGe films.

Although, in the earlier reports [5, 6], authors suggested that the destruction of

superconductivity in MoGe thin film follows fermionic route but our measurements

reveal that the superconductivity suppresses through the bosonic route [7, 8] with

decreasing film thickness in this system.

Figure 4.4: (a) Variation of Tc and T
∗ with film thickness. (b) ∆(0) and ∆(0)/kbTc

as function of Tc
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Direct observation of melting in

two-dimensional vortex lattice

5.1 Introduction

In section 2.9, we have discussed the two-step continuous melting of a 2d solid, pro-

posed by BKTHNY theory [1, 2, 3, 4]. Over the past years, several 2d systems

including electrons over a liquid helium surface [5], colloidal crystals [6, 7], inert-gas

monolayer adsorbed on graphite surface [8], have been investigated to explore the

mechanism of two-step continuous melting. Depending on these experimental condi-

tions, one can either prove the occurrence of the melting transition at the expected

value or the existence of an orientational order when the translational one is lost, but

the simultaneous observation of the two melting features has so far been available

only in the case of colloidal crystals [6, 7].

We have shown that in type II superconductors, vortices are organised in a triangular

lattice structure and act like a soft solid (discussed in section 2.5). In general, vortices

can meander along their length inside the superconductor, and therefore the vortex

lattice (VL) is not strictly a 2d system. However, in thin films, the thickness of the

sample can be orders of magnitude smaller than the characteristic bending length of

vortices [9, 10]. In this limit, vortices behave like point objects, and effectively the

VL becomes a 2d hexagonal solid. Therefore, one can also investigate the two-step

melting process in this system. However, it has been realised that melting process

of vortex lattice critically depends on the underlying potential structure and pinning

strength. Through the real space imaging of vortex lattice, it has been observed that

vortex lattice gets coupled with underlying crystal lattice structure in the crystalline
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sample [11, 12]. On the other hand, vortex motion gets completely arrested and order

of melting also gets modified in the presence of strong pinning [13]. Nevertheless, one

can get rid of the complicacy of underlying crystalline potential in amorphous thin

films. Hence VL in weakly pinned amorphous superconducting thin films can be con-

sidered an ideal platform to investigate the two-step melting process. In the earlier

reports, melting of VL in amorphous thin films mostly has been studied through the

macroscopic measurements [14, 9, 15, 10]. Recently, local direct measurements of

melting of VL have been reported over a small area in thick W-film with increasing

temperature [16].

Figure 5.1: (a),(b) Temperature dependence of M′and M′′ in different magnetic fields.
Corresponding variation of λ−2 (c) and δ−2 (d). Plot of λ−2 (e) and δ−2 (f) as a
function of B−1. Solid lines are the linear fits.

In this chapter, I will discuss our investigation on VL melting in very weakly

pinned a-MoGe thin film [17]. The melting process has been explored using a combi-

nation of scanning tunneling spectroscopy and magnetotransport. We have observed
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a direct evidence of two-step melting of VL with increasing magnetic field at a fixed

temperature 2 K.

Figure 5.2: (a)-(f) Representative vortex images at 2 K for different magnetic fields.
Black dots are the centre of vortices in conductance map recorded at a fixed dc bias
Vdc = 1.52 mV. Red, green, magenta, and yellow dots are topological defects with
five-, seven-, four-, and eight-fold coordinations. Above each vortex image is the 2d
FT of image; the scale bar is in nm−1.

5.2 Sample

The sample used for these studies is 20 nm thick films of Tc ∼ 7.2 K. It is a conven-

tional amorphous superconductor. The structural and superconducting properties of

the sample are given in chapter 4. Pinning strength of the sample is characterised by

calculating depinning frequency (f0) from in-field two-coil mutual inductance mea-

surements [18, 19]. Fig. 5.1 (a) and (b) show the temperature variation of the real

(M ′) and imaginary (M ′′) part of the mutual inductance, M =M ′+ iM ′′. The value

of M depends on the complex screening length, λ−2
ω = λ−2 + iδ−2. λ and δ are the

penetration and skin depth of the sample respectively. In fig 5.1 (c) and (d), we have

plotted the corresponding temperature variation of λ−2 and δ−2. For a weakly pinned

vortex solid, in the presence of low ac excitations, the complex screening length can

be expressed as [20],
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λ2ω = λ2(0) +

(
Bϕ0

µ0

)
(αL + iωη)−1 (5.1)

where λ(0) is zero field London penetration depth, αL is Labusch parameter [21] and

η is the Bardeen-Stephen viscous drag coefficient. From the linear fit of λ−2 and δ−2

(shown in fig 5.1 (e) and (f)), we have found αL ≈ 0.026 N/m2 and δ ≈ 7.15× 10−7

Ns/m2. This results f0 =
1
2π

αL

η
∼ 6 kHz which is 6 orders of magnitude smaller than

the corresponding values for both YBa2CuO7 and Nb thin films of similar thickness

[22, 7]. Thus, the MoGe films used in these studies are very weakly pinned. Further,

we have noticed that temperature dependence of ac susceptibility χ measured in Field

Cooled (FC) and Zero Field Cooled (ZFC) conditions show identical behaviour. All

these results suggest that our samples are very weak pinned.

Figure 5.3: (a)–(c) Three consecutive vortex images were captured at the same lo-
cation at 2 K for 3, 25, and 55 kOe, respectively. Color scheme for vortices and
topological defects is the same as fig 5.2.

5.3 Evidence of hexatic fluid phase from the real

space imaging of vortex lattice

We have studied the melting process with increasing magnetic field at T=2 K through

the real-space imaging of vortex lattice using low temperature STS. Fig 5.2 represents

the vortex images at different magnetic fields. At 1 kOe, we perceive hexagonal vortex

lattice without any topological defects. This suggests that the observed phase of VL
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is vortex solid (VS). Above 3 kOe onwards, we have observed that free dislocations

start to appear as expected in the vortex fluid state. However, up to 70 kOe, Fourier

transformed (FT) images of VL show the six-fold orientational symmetry. Above 70

kOe, six-spot in FT image transform into blurred diffusive ring which corresponds to

isotropic vortex liquid phase (IVL). Moreover, above the same field, single vortices

are also hard to observe due to their large motion in IVL phase. To identify different

phases, we have also tracked the temporal motion of vortices by performing both fast

and slow imaging over the same area.

Figure 5.4: (a)–(c) First image of 12 consecutive vortex images over same area at 2 K
for 1, 55, and 85 kOe, respectively. Color scheme for vortices and topological defects
is the same as fig 5.2. (d)–(f) Corresponding arrow map of vortex displacement. Each
arrow gives displacement for every vortex through individual steps of 12 consecutive
vortex images. (g)-(i) Zoomed view of red boxes in the arrow maps.

In fig 5.3, we have displayed the results of slow imaging where three successive

images were recorded in 1.5 hours intervals. In each image, dislocations appeared

randomly and sometimes disappeared from field of view. Therefore the observed vor-

tex fluid state up to 70 kOe is hexatic vortex fluid (HVF). We have further confirmed

this from the fast imaging where 12 successive images were taken in the 15 mins in-

tervals (shown in fig 5.4). At H=1 kOe, we have observed a small wandering motion
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of vortices about its mean motion (fig 5.4 (g)) which is expected in the solid phase.

In HVF (fig 5.4 (h)), we observe that the motion of individual vortices is irregular

and follows a jagged trajectory. However, over a longer timescale, all vortices within

the field of view preferentially move along one of the three principal directions of VL

which is another prime characteristic of the hexatic fluid. This regularity of motion

is disturbed in the vicinity of locations in which topological defects (dislocations) ap-

pear, where the movement becomes more random. On the other hand, above 70 kOe,

the motion becomes completely random (fig 5.4 (i)), as expected for an IVL. Inter-

estingly, above the same field, we have noticed that the orientational order abruptly

drops to a very small value (zero within the error bar), suggesting that HVF trans-

form into IVL (shown in fig 5.5). Here, the orientational parameter [23], defined as

ψ6 =<
∑

k,l exp(i6ϕkl) >. The angular brackets represent the average over the total

number of vortices. ϕkl is the angle of ith and kth bond with respect to any fixed

direction in the vortex lattice.

Figure 5.5: Field dependence of ψ6 (left axis) and ρlin (right axis) at 2 K. Represen-
tative error bar on ψ6 is shown on 40 kOe data point. Horizontal orange line shows
normal state resistivity, ρN .

5.4 Melting signature in transport properties

The formation of vortex fluid states also leaves clear imprints on the transport char-

acteristics. In the transport measurements, solid and fluid phases have been distin-

guished by investigating vortex dynamics in the thermally activated flux flow state

(TAFF). In the TAFF state, a small but finite voltage appears due to thermally

activated flux flow over the pinning barrier U, giving a TAFF resistance RTAFF =

R0Exp
(
− U
kbT

)
(discussed in section 2.6.2). For vortex solid phase, pinning barrier

depends on the applied current I as U = Up(Ic/I)
αt [24]. Up is a proportionality

constant. Hence, for the vanishing current limit, RTAFF goes to zero exponentially
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in the vortex solid phase. In contrast, in vortex liquid phase, U remains independent

of current [25] and a finite resistance appears in the fluid state for I → 0 limit.

Figure 5.6: (a) Ic vs H at 2K. Inset shows the corresponding I-V curves in different
magnetic fields at same temperature. (b) ρlin as a function of magnetic field calculated
from the low current regime of I-V curves. Inset shows expanded view of low current
regime of I-V curves (below 100 µA). (c) I-V curves for I < Ic for four fields spanning
vortex solid to vortex fluid transition. Red lines show fit to TAFF equation with
U(I) = Up

(
Ic
I

)
. Blue lines are linear fit to I-V curves below 100 µA. Insets of the

upper two panels show same data in semilog scale, and insets of lower two panels
show expanded view of linear fit.

Inset of fig 5.6 (a) shows the low field I-V characteristics at T=2K. In the high

current regime (flux flow state), I-V characteristics are fitted with eqn.(2.47) and

from the intercept of the fit, we obtain the value of Ic. Low field variation of Ic

is plotted in fig 5.6 (a). To estimate TAFF resistivity ρlin, we have considered I-V

characteristics up to current range I=100 µA << Ic (inset of fig 5.6 (b)). Above

1.9 kOe, the I-V curves show linear characteristics which is giving a finite ρlin. On

the other hand, below 1.9 kOe, voltage remains below our measurable limit (fig 5.6

(b)). Therefore, 1.9 kOe is the field above which vortex solid transform into fluid

phase. To further confirm that this field corresponds to the vortex solid to vortex
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fluid transition, we also inspect the functional form of the I-V curves for I < Ic (fig

5.6 (c)). Below the transition field (1.5 kOe and 1.8 kOe), the I-V curves can be

fit well with the expected form for a vortex solid with αt = 1. Whereas, above the

melting field, I-V curves significantly deviate from the exponential dependence and a

linear slope appears below 200 µA as expected for a vortex fluid. In fig 5.5, we have

plotted ρlin, obtained from the linear slope of I-V curves (for I << Ic) as a function

of magnetic field. We have realised that above 70 kOe, ρlin increases rapidly signaling

the increased mobility of vortices as the system enters into IVL phase. These results

are also consistent with the STS observations.

Figure 5.7: (a) The magnetic field variation of Jc (connected blue square) and ρlin
(connected black square) at 2K. (b) Current dependence of resistivity (ρ) as a function
of H.

5.4.1 Collective flux pinning in Hexatic fluid phase

In the transport properties, we have noticed that apart from melting signature, ρlin

also conveys another important characteristic. Around the second melting field (HVF-

IVL), ρlin displays a shallow minimum. In fig 5.7 (a), we have plotted the field

variation of ρlin along with Jc at T= 2K. we have found that the minimum in ρlin

appears close to the same field at which Jc exhibits a maximum. Therefore, the

shallow minimum in ρlin is concomitant with maximum of Jc. This non-monotonic

variation in Jc is widely known as peak effect [26, 27, 28] (discussed in section 2.7 ).

To highlight the peak effect, in fig 5.7 (b) we have plotted resistivity as a function

of magnetic field (ρ − H) for different current densities (J ). We observed that the

peak effect gets pronounced as J increases toward Jc. The most intriguing part of

this result is the observation of the shallow minimum in ρlin associated with the

peak effect. Earlier, peak effect was mostly observed for J ≳ Jc at the boundary
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between a Bragg glass and a vortex glass in weakly pinned type II superconductor

[29]. However, since the ρlin is immeasurably small both in a Bragg glass and the

vortex glass, typically no signature of peak effect is observed for measurements with

J << Jc . Here, in contrast, the peak effect is observed at the boundary between two

vortex fluid states where ρlin is finite.

Figure 5.8: (a) Representative vortex image at 3 kOe (left panel) and its autocorre-
lation map (right panel). Three red lines represent three primary axes along which
autocorrelation values are calculated.(b)–(f) Gauto is plotted as function of r (in lat-
tice constant unit) at different magnetic fields, with the exponential fit to each of
them. (g) Plot of Rc vs H.

Comparison with theoretical model

To understand the observed peak effect, we have considered a similar collective pin-

ning model, proposed by Larik and Ovchinnikov (LO). First, we inspect the internal

consistency between the observed variation in Jc and ρlin. In the presence of weak

pinning centres, vortices remain ordered up to the Larkin length Rc [30]. Thus, for

the current density J << Jc, vortices are moving collectively under the thermal ac-

tivation within the volume Vc ∼ R2
ct. From eqn. (2.54), the linear resistivity due to

the thermal hopping at temperature T can be expressed as,

ρlin =
2lν0t

kbT
βpξ(HRc)

2exp

(
− U0

kbT

)
= k1(HRc)

2exp

(
− U0

kbT

)
(5.2)

80



Chapter5

where k1 is a field independent proportionality constant. We assume the range of

pinning potential rp = βpξ and U0 = βpJcHR
2
ctξ. The above equation shows the

dependence of ρlin on Jc which enters through U0. Now to test eqn.(5.2) with exper-

imental result, one needs to find the field dependence of Rc. In most of the earlier

works, the variation of Rc was found using the theoretical form of C66 which is known

for vortex solid [31] (given in section 2.7). However, in the hexatic fluid phase, we

have realised that Frank constant KA [3, 32] plays the same role as C66 for vortex

solid phase. In the hexatic fluid state, a similar free energy can also be constructed

using KA as given in eqn.(2.56). Since the magnetic field dependence of KA is not

explicitly known, we adopt a different approach. Here, we determine Rc directly from

VL images acquired using STS. The definition of Rc somewhat varies in the literature.

In the original formulation of LO theory, this was defined as the distance at which

the vortex is displaced by an amount of the order of vortex lattice constant, a. Later

it was pointed out that a more precise definition should be when the displacement is

∼ ξ. We have used autocorrelation of vortex lattice to estimate Rc. The Normalised

autocorrelation has been calculated using the following formula,

Gauto(k, l) =
1

(N − k + 1)(N − l + 1)

N∑
m=|k|

X(m,n)X(m− |k|, n− |l|)
σ2
X

(5.3)

where X(i, j) = I(i, j)− < I >, I(i, j) refers to the intensity of each pixel of the

vortex image, and < I > is the average value of I over the entire image. σ2
X is the

variance in X. For an ideal hexagonal VL, Gauto(k, l) will also be a hexagonal lattice

with unit intensity at each lattice point. For an imperfect lattice, the intensity of

each lattice point decays from 1 as one moves away from the origin. Fig 5.8 (a) shows

a representative VL image at 3 kOe along with its autocorrelation plot. In fig 5.8

(b)-(f), we plot the decay of the autocorrelation function (Gauto(r)) averaged along

the three principal axes and further averaged over 12 images. Rc is determined as

the characteristic decay length of Gauto(r), by fitting the function with a relation,

Gauto(r) ∝ e(−r/Rc). Fig 5.8(g) shows the magnetic field variation of Rc. In fig 5.9(a),

we compare the experimentally measured ρlin with the one obtained from eqn. (5.2)

using these values of Rc and βp = 0.5. The theoretically calculated ρlin captures well

the experimental variation, showing the consistency of the adopted procedure up to

70 kOe. Beyond this field, Rc

a
< 1 and the collective pinning framework within which

we are analyzing our data is no longer applicable. Now we focus on the magnetic field

variation of critical current density, Jc. In principle, the collective pinning of vortices
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for a VS with imperfect order can be understood from the LO theory. We argue that

the same theory can be applied here even for the HVF state. For this, we first note

that in the HVF, ρlin/ρFF < 0.03 implying that the diffusive motion of the vortices

in the TAFF regime is very slow compared to their motion in the flux flow regime.

Figure 5.9: (a) Experimentally obtained ρlin (connected black square) is plotted along
with the theoretical values calculated using eqn.(5.2) (red dot). Figure (b) shows
variation of JcB as a function of H (connected black square) and expected variation
of volume pinning force (blue dot) from collective pinning theory.

Thus, we can assume the HVF to be quasi-static. Consequently, we can apply the

general arguments of LO theory to understand the variation of Jc in the HVF state.

Within the LO theory, the collective volume pinning force of 2d VL is given by,

JcB =

√
< C 2 > nA
tRc

(5.4)

where C is the elementary pinning force and nA is the areal density of pinning

centres. This expression is valid till Rc ∼ a where the VL crosses over from collective

to individual pinning. Here we reach this limit at 70 kOe. The functional dependence

of C with magnetic field depends on the nature of pinning. For bulk pinning, < C 2 >

nA has the general form,

< C 2 > nA = Lnhnd(1− hd)
2 (5.5)

where the value of n depends on the nature of pinning, reduced magnetic field

hd = H
Hc2

, and Ln is proportionality constant. Two established forms are n = 1,

which corresponds to dislocation loops and n = 3, which corresponds to impurities

and vacancies. We observe that eqns. (5.4) and (5.5) together with the extracted
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values of Rc and n = 1, captures very well the experimental variation of JcB (Fig.

5.9 (b)) till 70 kOe (HVF to IVL boundary). Beyond this field, Rc

a
< 1 and the

pinning becomes single-particle in nature; JcB decreases monotonically up to Hc2

due to collapse of single particle pinning. In this field regime, the collective pinning

theory is no longer applicable and the precise functional form of JcB is difficult to

determine. We should note that in addition to bulk pinning, in finite size samples,

edge pinning could also influence Jc. However, the contribution of edge pinning is

negligibly small when 2πλ >> a. In our sample, London penetration depth λ ∼ 530

nm [17], and therefore edge pinning should be negligible above 100 Oe. Thus, we can

ignore its influence on the magnetic field range of this study.

Figure 5.10: (a) ρlin vs H at different temperatures. (b) H-T phase diagram showing
vortex solid (red area), hexatic fluid (gray area), and isotropic vortex liquid phase
(green area). Vortex solid and hexatic fluid phase boundary is multiplied by 10 on
magnetic field axis for clarity.

5.5 Phase diagram

We have used ρlin −H variation at different temperatures (fig 5.10 (a)) to construct

the phase diagram in H-T parametric space (fig 5.10 (b)). Lower melting field (solid-

hexatic fluid) is defined as the field above which non-zero resistance appears and

upper melting field (hexatic fluid-isotropic liquid) is defined as the field above which

ρlin increasing rapidly. It is interesting to note that both the solid-hexatic fluid and

the hexatic fluid-isotropic vortex liquid phase boundaries keep increasing in field down

to the lowest temperature, as expected for the thermal melting transition.
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5.6 Summary

In this chapter, we have clearly demonstrated two-step melting of 2d vortex lattice in

a very weakly pinned a-MoGe thin film. Along with the melting signatures, we have

shown that the collective pinning model captures the magnetotransport characteris-

tics when the system is in Hexatic vortex fluid phase. It is important to note that the

collective pinning framework remains valid as long as two conditions are satisfied: (i)

the diffusive motion of the vortices is much slower than the typical flux flow veloci-

ties, such that the interaction of vortices with pinning centres can be assumed to be

quasi-static and (ii) the Larkin length, Rc > a, such that we can define quasi-ordered

domains. In our sample, both conditions are satisfied for H < 70 kOe, where the

vortices are in a hexatic fluid phase.
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Chapter 6

Extreme sensitivity of hexatic fluid

state to low ac excitation

6.1 Introduction

In the previous chapter, we have shown that vortex lattice in very weakly disordered

film melts via an intermediate hexatic fluid phase. This intermediate hexatic fluid

phase has always been a great interest of research. Through well-controlled transport

measurements, we have perceived that the hexatic fluid phase is extremely fragile to

low ac excitation [1] which I will discuss in this chapter.

6.2 Discrimination between STS and transport re-

sults

While studying the melting process of vortex lattice, we observe a remarkable quali-

tative agreement between the STS and magnetotransport measurements. However, a

close analysis reveals a striking discrepancy between these measurements. Since STS

is a slow measurement, individual vortices can be imaged only when the movement

of the vortices is slow, i.e., the diffusivity of the vortices is small. To estimate the

diffusion constant D, we consider the temporal dynamics of vortices, obtained from

the fast imaging (discussed in the previous chapter). In fig 6.1, we have plotted mean

square displacement of vortices < r2 > as a function of time (td) at 450 mK. In IVL

phase (H=85 kOe), it follows the expected form < r2 >= 4Dtd for the Brownian

motion [2]. We assume the motion of vortices is happening because of the thermal
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energy and we find D = 3.2×10−21 m2/s from slope of the curve at 85 kOe. For such

a small D, the resultant TAFF resistivity [3], ρTAFF = DdBϕ0
kbT

∼ 10−19 Ωm which

is below our measurement sensitivity limit. Although this analysis is not completely

free from our inability to determine large flux jumps given the indistinguishability of

the vortices, this gives an order of magnitude estimation of the resistivity that one

would expect in the vortex fluid phases. Thus, in principle, no electrical resistance

should be observed in the hexatic vortex fluid phase.

Figure 6.1: The mean-square displacements in units of lattice constant, a, as a func-
tion of time, obtained from the 12 successive images at different magnetic fields at
T= 450 mK. The magenta straight line is a linear fit to the data at 85 kOe.

6.3 Transport measurements with low pass filter

From the above analysis, we realise that the finite ρlin observed in vortex fluid state

during the transport measurements is not compatible with the slow vortex dynamics,

perceived in the STS measurements. Nevertheless, such finite ρlin in transport mea-

surements, can arise due to the effect of external electromagnetic (EM) radiation or

carrier overheating. To explore the effect of external EM radiation, we have carried

out our measurements with modified transport measurements setup (shown in fig

6.2). To shield the sample from external EM radiation, room-temperature low-pass

RC filters were installed on the electrical feedthrough connected to the sample at the

entry point into the metal cryostat. We have tried five filters with cut off frequencies

fc varying between 340 kHz and 7.8 MHz. Fig 6.3 (a) and (b) show the magnetic
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field variation of dc resistance (R) at 300 mK and 2 K respectively with RC filters

with different fc. During the measurements, direction of the magnetic field has been

kept perpendicular to film plane and applied dc current, Idc = 80 µA (supplied from

precision current sourcemeter) which is much smaller compared to critical current,

Ic ∼ 0.3− 1 mA. We have also verified that the resistive response remains unchanged

for the lower value of Idc. We observe that the resistive response gets progressively

suppressed as we use filters with lower fc. For the lowest cutoff frequency, fc = 340

kHz, the resistance is below the sensitivity of our measurement up to 95 kOe at 300

mK. Thus, the resistive features associated with the structural transitions of the VL

are only observed when the sample is exposed to external EM radiation.

Figure 6.2: (a) Schematic drawing of the four-probe resistance measurements setup.
The current is sourced from an ac+dc voltage source in series with a 22 kΩ resistor.
For measurements where no ac current is applied a precision current source was used
instead. The dc voltage is measured using a nanovoltmeter. RC filters are connected
on the electrical feedthrough at room temperature leading to the sample. (Right)
Typical frequency response of the RC filter with fc = 340 kHz.

6.4 Transport measurements with controlled low

ac excitation

To understand the effect of external electromagnetic radiation, we further investigate

the resistive response in the presence of small controlled ac excitation. For these

measurements, we first shield the sample using the filter of fc = 340 kHz and replace

the precision current sourcemeter with a modified current source (as shown in fig

6.2). For that, we take the voltage output of Lock-in amplifier (SR865A) which can

provide both ac (V ac
f ) and dc (Vdc) signals. Then the output voltage converts into

the current source by adding a series resistance Rs1 = 22 kW, much larger compared
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to the normal state resistance of the sample. This method allows us to supply dc

current superimposed with small ac current,

I = (Vdc + V ac
f )/Rs1 = Idc + Iacf (6.1)

Since the combined resistance of the sample and the connecting wires is ∼ 200Ω,

this configuration results in a maximum inaccuracy in current of 1% as compared to

a true constant-current source.

Figure 6.3: (a) Dc resistance, R, as a function of magnetic field H, measured at 300
mK with RC filters of different fc; (Inset) the same data as in the main plot but
plotted in semilog scale. (b) Same as (a) at 2 K.

However, in practice, the variation in current due to variation in load is much

less since the primary load resistance comes from the constantan wires inside the

cryostat, which have a very small temperature coefficient of resistance and very small

magnetoresistance. Due to the large integration time, only the dc component of the

voltage across the voltage contacts is measured with the nanovoltmeter. By measuring

standard resistors of different values, we verified that the measured dc voltage in the

nanovoltmeter is insensitive to the presence of a small ac signal for frequencies > 500

Hz, both in terms of the mean value and the noise. Fig 6.4 (a) and (b) show the

variation of dc resistance R (at 300 mK) as a function of the ac amplitude, Iac100kHz
(at f = 100 kHz) in different magnetic fields. Up to 6 kOe, R remains zero within the

sensitivity of our measurements even in the presence of ac excitation. However, above

this field R strongly depends on the excitation and a small Iac100kHz drives the sample

from a zero-resistance state to a dissipative state. Above 60 kOe, a small resistance

appears even with very small excitation current, but even there the ac excitation

increases the resistance by orders of magnitude.
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Figure 6.4: (a), (b) Dc resistance, R, as a function of the amplitude of ac current,
Iac100kHz in different magnetic fields at 300 mK. The lines in the three-dimensional plot
(b) correspond to the variation of resistance for fixed Iac100kHz as a function of magnetic
field. (c), (d) R, as a function of the frequency, f, of ac current with a fixed amplitude
of 6.7 µA, in different magnetic fields at 300 mK. The line in the three-dimensional
plot (d) corresponds to the variation of resistance for f = 50 kHz as a function of
magnetic field.

Fig 6.4(c) and (d) show the variation of R as a function of frequency for a fixed

amplitude, Iacf = 6.7 µA. Again, a strong frequency response is observed above 6

kOe, where the resistance increases rapidly above 10 kHz. The peak in the frequency

response around 55 kHz is an artifact caused by the broad frequency response of single-

pole RC filter which slightly decreases the amplitude Iacf at higher frequencies. Fig 6.5

shows the field dependence of R, measured in the presence of different amplitudes of

Iac100kHz. Comparing with Fig 6.3 (a), we have realised that increasing Iac100kHz has the

same qualitative effect as exposing the sample to external electromagnetic radiation.

Measurements performed at the high temperature are very similar to those performed

at the lowest temperature. The main change with temperature is that the threshold

magnetic field above which we observe the sensitivity of the superconductor to an ac

current comes down to a lower value with increase in temperature.
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Figure 6.5: R vs H at 300 mK measured in the presence of Iac100kHz of different mag-
nitudes. Measurements are done with RC filter with fc = 340 kHz.

6.5 Association of extreme sensitivity to vortex

dynamics

From the above observations, we discern that the transport properties of weakly

pinned sample are extremely sensitive to low ac excitation. Recently, a similar ex-

treme sensitivity also has been observed in two-dimensional samples of InOx and

NbSe2 [4] and authors attributed the observations to overheating of the electronic

bath. However, in the presence of magnetic field the transport properties of the type

II superconductor are expected to be dominated by vortex dynamics. Therefore, the

observed extreme sensitivity because of the low ac excitation can have two possible

origins: (1) equilibrium/non-equilibrium heating of electron bath, (2) modified vortex

dynamics due to the effect of ac excitation. To inspect the first case, we have com-

pared the temperature variation of R, measured with and without RC filter at H=40

kOe (deep in hexatic fluid phase) (shown in fig 6.6 (a)). It shows that the temperature

at which the R−T curve with filter reaches the same resistance as that of the R−T

curve without filter at 300 mK, it would require the sample to get overheated by

about 4 K. An equilibrium heating of the sample by such large amount is impossible

without manifesting as a corresponding increase in the temperature measured on the

temperature sensor placed next to the sample which we haven’t observed.
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Figure 6.6: (a) Dc resistance, R, as a function of T measured at 40 kOe, without and
with RC filter of fc = 340 kHz. The dotted line denotes the resistance measured at
300 mK when the measurement is done without a filter. (b) I-V characteristics of the
sample at 40 kOe, 300 mK without and with the same filter; (Inset) expanded view
of the graph at low currents.

On the other hand, to check the non-equilibrium heating scenario, we have com-

pared I-V characteristics at 40 kOe (at 300 mK) with and without filter (shown in

fig 6.6 (b)). The linear slope of the I-V curve in the flux-flow regime (I > Ic) gives

Rff which is identical for the two curves even though the I-V characteristics at low

bias (inset of Fig. 6.6 (b)) are significantly different. From eqn.(2.41), we can write,

Rff = RN
H
Hc2

, where RN is the normal state resistance and Hc2 is the upper critical

field. Since Hc2 decreases with increase in temperature one would have expected a

significant increase in Rff if the electrons were overheated. However, we have ob-

served in both cases, the value of Rff is same. Therefore, we can also rule out the

possibility of large non-equilibrium overheating of the electronic bath.

Now, to investigate the second reason, the resistive response of the sample has been

measured by changing the orientation of the film plane with respect to the magnetic

field direction. In fig. 6.7 (a) we compare the R-H in presence of Iac100kHz = 2.3 µA

for three orientations of the sample: (i) H perpendicular to the both film plane (FP)

and applied current; (ii) H parallel to the FP and the applied current; and (iii) H

parallel to the FP but perpendicular to the applied current. Since the thickness of

our film is larger than twice the coherence length of a-MoGe, ξ ∼5 nm (estimated

from upper critical field, shown in fig 4.2 (f)), vortices can nucleate even when the

magnetic field is parallel to the plane of the film. Configuration (i) is our usual mea-

surement arrangement and discussed so far. In configuration (ii), Lorentz force on

the vortices due to the current is zero. Consequently, the dc resistance remains below

our sensitivity up to 100 kOe, confirming that the observed resistance is caused by

the flow of vortices. In configuration (iii) the Lorentz force per unit length,
#»

J × #»nϕ0
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(where #»n is the unit vector along the direction of H), on the vortices is the same as

(i), but vortices are along the plane of the film. In this case, finite resistance appears

above 60 kOe. The insensitivity of the superconductor to the ac excitation until much

larger fields than configuration (i) reflects the fact that the long vortex lines in this

configuration are more strongly pinned than in the case where the magnetic field is

perpendicular to the film plane. In addition, between 60 and 100 kOe the resistance

shows a pronounced non-monotonic behavior reminiscent of the peak effect (discussed

in chapter 2). However, since the sample is expected to have between 1 and 2 vortices

on its width, this behavior is difficult to understand based on conventional explana-

tions of peak effect. In fig. 6.7 (b), we have plotted the resistance as a function of

Iac100kHz at 30 kOe for different angles θ of H with the normal to the FP, but keeping

the current perpendicular to H. The sensitivity of the resistance to Iac100kHz gradually

decreases with increasing θ and goes below the sensitivity of our measurements for

θ = 75◦. These results confirm that the observed sensitivity of the superconductor is

fundamentally linked to the vortex state since the vortices in different configurations

can respond differently to ac excitation.

Figure 6.7: (a) Dc resistance, R, versus magnetic field at 300 mK with Iac100kHz= 2.3
µA, in three different sample orientations with respect to the magnetic field as shown
left side. (b) R as a function of the amplitude of ac current Iac100kHz at 30kOe with
magnetic field, H, at different angles, θ, with respect to the normal to the film plane
(FP), while the current is kept perpendicular to the H. (Inset) Schematic of the field
orientation with respect to magnetic field and current; the black arrow denotes the
normal to the film plane. Measurements are done with RC filter with fc = 340 kHz.
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6.6 Theoretical aspect of effect of low ac excitation

on vortex state

Our angular dependence measurements conclude that the extreme sensitivity of the

superconducting state in the weakly pinned film is associated with the vortex dy-

namics. Here the effect of low ac excitation seems to be a dynamic phenomenon,

whereby the mobility of vortices in the HVF state increases by orders of magnitude

when the vortices are shaken, producing a measurable linear dc resistance well below

Ic. To understand the effect of low ac excitation on the vortex state, we consider an

inertial model of vortices. This model is formulated by extending flux creep theory

[5] (discussed in section 2.6.2) in the presence of a small driving force. In the earlier

theoretical study, similar approach was also used to investigate the vortex dynamics

in the limit of small drive which is considered in the form of ac magnetic field or

pulse dc field [6]. However, the key difference between the presented model and the

previous study is that the small driving force is taken in form of small ac current

instead of the magnetic field and the most relevant parameter ‘pinning potential’ is

modified using the equation of motion of vortices. We assume that the role of the ac

excitation is to oscillate the vortices which have a small mass, mv, about the minima

of the pinning potential [7]. Thus, our problem is also mapped to an old statistical

mechanics problem, namely, the activated escape of a particle from a potential well

in the presence of an oscillatory drive[8, 9].

6.6.1 Inertial model of vortex

For sub-critical driving current, the motion of the vortices is caused by activation of

bundles of vortices over their effective pinning barrier. Without any excitation, from

eqn. (2.54), the TAFF resistance for a current I << Ic can be written as,

RU = R0Exp

(
− U0

kbT

)
(6.2)

where U0 is the height of pinning barrier in the absence of ac excitation. Now, we

consider a situation where a small ac current is added to a dc current. Such ac

excitation induces small oscillatory motion of vortex bundle inside the pinning well.

This oscillatory motion imparts an energy to the vortex bundle, ∆U . As long as

∆U < U0 the effect of this oscillation is to effectively reduce the height of the pinning
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barrier to, U0 −∆U . Thus, using eqn. (6.2), we find the expression for resistance,

R = R0Exp

(
− U0

kbT

)
Exp

(
∆U

kbT

)
= RUExp

(
∆U

kbT

)
(6.3)

In order to compare the above equation with experimental data we need to cal-

culate ∆U . Calculation of absolute value of ∆U is difficult because it depends on mv

and the number of vortices in the vortex bundle (Nv), both of which have high level

of uncertainty [10, 11, 12].

Figure 6.8: (a)-(h) Fitting of R as a function of frequency of ac current at 10 kOe, 20
kOe, 32 kOe, 48 kOe, 56 kOe, 64 kOe, 72 kOe and 88 kOe respectively. (i) Magnetic
field variation of f0 and Jc.

However, we can find its dependence on frequency and amplitude of ac current.

To calculate ∆U , we start with the equation of motion of vortex bundle in pinning

potential in the presence of a driving current density J = Jdc+ Jace
iωt, where Jac <<

Jdc (dc current density). We further assume that Jac, Jdc << Jc(critical current

density) such that we can use harmonic approximation for the pinning potential.
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Since the motion of vortices are strongly overdamped, we can neglect the vortex mass

and write the equation of motion of the vortex bundle as [13],

Nvη
dx

dt
+ kpx = JNvϕ0 (6.4)

where η is Bardeen-Stephen viscous drag coefficient per unit length of a single vortex

and kp is the restoring force per unit length on the vortex bundle due to the pinning

potential. We assume a solution of the form, x(t) = x0 + x1(t) and x1(t) << x0. We

can show x1(t) satisfies the equation,

Nvη
dx1
dt

+ kpx1 = JacNve
iωtϕ0 (6.5)

and the static equilibrium position, x0, is given by,

kpx0 = JdcNvϕ0 (6.6)

We assume solution of eqn. (6.5) of the form, x1(t) = y0e
iωt. Therefore, the amplitude

of oscillation is given by,

y0 =
JacNvϕ0

kp + iωNvη
=

Jacϕ0

η[ω0 + iω]
(6.7)

where the depinning frequency f0 =
ω0

2π
= kp

2πNvη
. Thus, the energy is gained by vortex

bundle due to the oscillation is,

∆U = Nvmvω
2|y0|2 =

Nvmvϕ
2
0

η2

(
ω2

ω2 + ω2
0

)
J2
ac (6.8)

Substituting the expression of ∆U in eqn.(6.3),

Rth = RUExp

[(
f2

f2 + f 2
0

)(
Jac
Jr

)2
]

(6.9)

where Jr =
√

η2kbT
Nvmvϕ20

, has the dimension of current density. In fig (6.8) and (6.9),

we have compared the eqn (6.9) with the experimental results (shown in fig 6.4).

For frequency dependence fit (fig 6.8), we use |Ifdc| = 6.7 µA corresponding to Jac =

8.8 × 105 Am−2 and RU , f0 and Jr are taken as the fitting parameters. We note

that the theoretical form matches well with the experimental data expect at the
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high frequency regime. This deviation primarily happens due to the broad frequency

response of single pole RC filter. On the other hand, for the amplitude dependence

fit, we have taken fitting parameters as RU , Jr and use same value of f0, obtained

from frequency dependence fit.

Figure 6.9: (a)-(h) Fitting of R as a function of Jac100kHz at 10 kOe, 20 kOe, 32 kOe,
48 kOe, 56 kOe, 64 kOe, 72 kOe and 88 kOe. (i) Plot of Jr vs H.

Here, we have observed that the theoretical fit deviates at high current density,

Jac > 5.5× 105 Am−2 which is expected since anharmonic terms start getting impor-

tant. We have also noticed that the value of depinning frequency f0, obtained from

the frequency dependence fit, shows the similar range of values, calculated from in

field low frequency penetration depth measurements (given in section 5.2). Fig 6.8 (i)

shows the field variation of f0 is qualitatively similar to the variation of critical cur-

rent density, Jc (also plotted in the same graph). f0 and Jc decrease at low fields and

then display a shallow peak close to the boundary between HVF and IVL transition.

Appearance of this peak is popularly known as the “peak effect”, is a manifestation of

collective pinning [14] (discussed in section 2.7 ). Although f0 and Jc exhibit similar
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field dependence, they are related to the different parts of the pinning potential: f0

is directly related to the force constant kp corresponding to the harmonic part close

to the bottom of the potential, whereas Jc is proportional to the maximum pinning

force which is governed by the anharmonic part of the potential. This accounts for

the quantitative difference, for example, in the peak positions. It is also interesting

to note that Jr obtained from the fit to the amplitude dependence data also shows

a weak signature of the peak effect (fig 6.9 (i)). This is somewhat unexpected even

though we cannot rule out Nv or mv having such a weak dependence on magnetic

field. This needs to be explored further. Furthermore, Jr obtained from the frequency

dependence fit is nearly constant with magnetic field. However, the frequency depen-

dence measurements are done with relatively large ac drive, and it is possible that Jr

reaches a saturation value at high ac drive. In fig 6.10, we finally compare the fitting

parameter RU with R (without any ac excitation) and they match well. Although

the residual external radiation does not produce a detectable resistance within the

measurement sensitivity, this makes RU somewhat arbitrary and dependent on the

level of ambient noise present at the time of the measurement.

Figure 6.10: Variation of RU and R (without ac excitation) as a function of H.

6.7 Summary

We have exhibited that the superconducting state of weakly pinned 2d superconduc-

tor extremely susceptible to low ac excitation. This extreme sensitivity arises from
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the modified vortex dynamics in vortex fluid state due to the ac excitation. We have

also explained the transport properties of the sample in the presence of ac excita-

tion using an inertial model of vortex dynamics. However, we have observed that

the sample remains insensitive to small ac excitation in low magnetic fields. Never-

theless, it is possible to destroy the low field zero-resistance state by increasing the

amplitude of ac current. This is shown in fig 6.11 (a) where Iac100kHzis increased up to

a much larger value. This raises the obvious question on whether the identification

of the VL at low fields and at intermediate fields as distinct state, namely vortex

solid and hexatic vortex fluid, is meaningful. This question is particularly important

since at low fields it is difficult to quantitatively determine the metrics of positional

and orientational order within the limited field of view of STS that would allow us

to discriminate between a vortex solid and hexatic vortex fluid from structural pa-

rameters of the VL alone. To address this, in fig 6.11(b) we plot R at 300 mK in the

form of an intensity plot as a function of Iac100kHz and H. (A measurable heating on

the temperature sensor placed next to the sample is only observed for Iac100kHz > 14

µA).The deep-blue line shows contour where R exceeds 1 mΩ, the sensitivity of our

measurement. We observe that threshold in Iac100kHz where a measurable resistance

appears rapidly decreases with magnetic field and drops below our resolution of 0.3

µA above 17 kOe. This indicates the collapse of a pinning-related energy scale which

renders the vortex lattice susceptible to very small perturbations. We believe that it

is this energy scale that demarcates the low-field state, identified earlier as a VS with

the HVF at intermediate fields. However, this needs to be confirmed through more

in-depth theoretical analysis.

Finally, it is interesting to try to identify the source of EM radiation that could give

rise to the observed effect when measurements are performed without filter. We ob-

serve that using a low-pass filter with 340 kHz cutoff effectively removes the effect

of ambient radiation, even though the sample responds to much lower frequencies.

To understand this, we first note that most wireless communicating devices, such as

Wi-Fi, Bluetooth, wireless mouse, and keyboard work at frequency ranges well above

100 MHz. FM radio stations which are another source of electromagnetic radiations

transmit at carrier frequencies of tens of MHz. All these are easily filtered out with

filters with much higher cutoff. However, in the city of Mumbai, we found six short-

and medium-wave AM radio stations transmitting in hundreds of kHz to few MHz

frequency range [15]. The lowest-frequency ambient radiation source that we could

identify is Mumbai B (Asmita Vahini) radio channel transmitting at 558 kHz. Once

101



Chapter6

the filter cutoff is set to lower than this value, the spectrum is more or less silent.

Figure 6.11: (a) Dc resistance R, as a function of Iac100kHz in different magnetic fields
at 300 mK. (b) Intensity plot of R as a function of Iac100kHz and magnetic field, H. The
blue line shows the contour for which R ≈ 1mΩ. Measurements are done with RC
filter with fc = 340 kHz.
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Evidence of zero-point fluctuation

of vortices

7.1 Introduction

Until now, I have discussed the structural transition of vortex lattice in very weakly

pinned sample. Now, we will focus on the structure of vortex core (VC) in the same

sample. Detailed study of the structure of VC has been a long interest of both

theoretical and experimental research. Over the years, development of STM with

its ability to spatially resolved local density of states with atomic resolution provides

opportunities to check theoretically predictions related to VC structure. In the mixed

state, magnetic flux in a vortex is sustained by circulating supercurrent density (Js)

that diverges at the centre of vortex (discussed in chapter 2). This divergence in Js

is cut off through the formation of normal metal core at the centre of vortex of size ξ

[1]. Theoretically, it has been shown that normal electrons inside the vortex core in

a clean conventional superconductor form bound states with discrete energy levels,

Ep = p∆2

EF
(where p = 1

2
, 3
2
, 5
2
.....;EF is Fermi energy), popularly known as Caroli-de

Gennes-Matricon (CdGM) states [2]. In most conventional superconductors, CdGM

states manifest in form of a peak with symmetrical shape in the local density of

states (LDOS) around the zero-bias energy. This peak also smoothly decays and

splits when one moves away from centre of the vortex core. It has been realised

that this symmetrised peak around zero energy at the vortex centre appeared due to

the accumulated DOS arising from many symmetric CdGM states when the quantum

limit T
Tc
<< ∆

EF
is not satisfied. Nevertheless, recently discrete energy levels of CdGM

state have been observed in clean iron-based superconductors [3, 4] because of the

104



Chapter7

low value of EF . On the other hand, disorder scattering smears the CdGM peak,

eventually leaving a LDOS that is flat over energy scales a few times ∆ in dirty

samples [5]. Therefore, the LDOS either remained flat or exhibited a small peak

inside VC depending on the disorder strength of the sample.

Figure 7.1: (a)–(d) The top panels show the image of the vortex lattice over a small
area at 450 mK in a field of 5, 30, 65, and 80 kOe, respectively; here, the local variation
in conductance ∆G is in arbitrary units. The second row shows the intensity plot
of tunneling spectra GN(V ) − V along the red dashed line in the top panel passing
through the center of a vortex. The third row shows the spectra at the center of a
vortex (black) and at the midpoint between two vortices (Magenta) corresponding to
the vertical dashed lines of the same color in the second row. The bottom panels show
spatial variation of GN(0) along the three dashed lines passing through the center of
a vortex in the top panel, respectively, along with their average (thick gray line).

Although the vast majority of superconductors follow either of the above descrip-

tions, a handful of superconductors, namely, high-Tc cuprates [6, 7] and strongly
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disordered NbN thin films [8, 9] display a radically contrasting behaviour. In these

systems, at the centre of VC, the LDOS is neither flat nor shows a zero bias peak

but rather displays a suppression of LDOS over an energy scale comparable with

∆. In case of high-Tc superconductor, the origin of the soft gap (inside the VC) has

been suggested that it is alternatively associated with preformed Cooper pairs or to

the presence of a competing order [6]. On the other hand, for strongly disordered

NbN thin films, it has been recently proposed that the soft gap inside the VC arises

from Josephson vortices due to the formation of superconducting puddles induced

by strong disorder [10]. Apart from these two mechanisms, theoretically, authors

of ref. [11, 12] also have been shown that spatial vibration of vortices about their

mean position due to thermal/quantum fluctuations could also result in the unusual

suppression of LDOS inside the VC. Even though such vibrational picture of vor-

tices initially has been suggested for high-Tc superconductors but in this chapter, I

will show similar picture is compatible with our experimental results in homogenous

conventional superconductor [13].

Figure 7.2: Variation of GN(0) with magnetic field at the center of vortices and far
from the center.

7.2 Unusual suppression of density of states at the

centre of vortex core

Fig 7.1 displays the spectroscopy results of vortex core in different magnetic fields.

The top panels show the VL images in different fields at 450 mK over a small area

containing 6–8 vortices over which we have performed the spectroscopy. Above 5 kOe,

the VL enters the hexatic state, where defects proliferate in the form of dislocations
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and locally distort the perfect hexagonal symmetry of the Abrikosov vortex lattice.

These distortions of the vortex lattice affect the supercurrent pattern because of which

some vortices, sitting in low-symmetry sites, appear noncircular in the images at high

magnetic fields. The panels in the second row show the normalized tunneling spectra

GN(V ) − V along a line passing through the centre of a vortex. The panels in the

third row show representative spectra at the centre of the vortex and approximately

midway between two vortices. Though the superconducting gap starts to fill while

approaching to the VC, a soft gap in the tunnelling spectra continues to exist even

at the centre of the vortex such that normalised zero bias conductance GN(0) < 1.

The bottom panels show the variation of GN(0) along three lines passing through

the vortex centre, as shown by the dashed lines in the top panel. Here, again, we

observe that GN(0) < 1 even at the centre of the vortex. In fig 7.2, we plot GN(0)

at the centre of the vortex and at the midpoint between two vortices as a function of

magnetic field. We observe that GN(0) at the centre of the vortex shows an overall

increasing trend with magnetic field except for two anomalies ∼ 5 and 70 kOe but

the soft gap does not close fully up to 80 kOe.

Figure 7.3: (a),(b) Normalized conductance maps at 450 mK at zero bias and coher-
ence peak voltage, Vp = 1.45 mV. (c) Histogram of corresponding conductance map
and their standard deviations are shown next to the histograms.

7.3 Origin of the soft gap inside vortex core

As mentioned earlier, the observation of soft gap inside the VC given for high-Tc

superconductors or strongly disordered NbN film is explained either by consider-

ing competing order or strong inhomogeneity in the superconducting state. How-

ever, both of these suggested mechanisms cannot justify our observations because our

sample neither has pseudogap state like in high-Tc superconductors nor it contains

Josephson vortices [10, 14] induced by strong disorder. From the lowest temperature
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conductance map (in zero magnetic field) at zero bias and coherence peak bias voltage

(Vp), we perceive that the superconducting state of our sample is highly homogenous

(shown in fig 7.3). On the other hand temperature dependence of ∆ and Rs reveal

that the sample is conventional BCS superconductor (shown in chapter 4). Hence to

explain the observed soft gap inside VC in this sample, we consider similar theoretical

model of rapid spatial vibration of vortices, given in ref. [11, 12]. Such vibrations

can arise from two origins: (i) thermal fluctuations and (ii) quantum zero-point fluc-

tuations. The thermal fluctuations gradually decreases as it cools down, and at low

enough temperature, the quantum zero-point fluctuation sets the limiting value of

the vibration at T = 0. Since STS is a slow measurement and probes the average

tunneling conductance at a given location over time scale of few milliseconds, such

rapid fluctuation will get integrated out, thus blurring the boundary between the VC

and the gapped superconducting region in between the cores. Therefore, the effect of

fluctuation is that the tunneling conductance close to the center of the vortex would

have contribution both from the VC as well as regions outside it, thus exhibiting the

soft gap.

Figure 7.4: The black points show one undistorted hexagonal unit cell; the red points
show the positions of the top two lattice points after applying a shear deformation (of
exaggerated magnitude). The shaded red region shows the distorted primitive unit
cell.

7.3.1 Theoretical model

We assume vibration of vortices analogous to atomic vibration in two-dimensional

solid. We further consider the vibration of vortices follows the harmonic approxi-

mation. The lattice vibration of the 2d VL is governed by two elastic moduli [15] :
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C11 (compression) and C66 (shear). Since C66 << C11, the elastic energy of the VL is

mainly controlled by C66 for small deformation. In the language of lattice vibrations,

this means that transverse lattice vibration modes are easier to excite than longitu-

dinal ones. Moreover, the vortex motion is overdamped and we further assume that

each vortex oscillates individually. Therefore, instead of focusing on the full disper-

sion relation, we use a simple Einstein model of the VL phonon, as has been done in

ref.[11]. It is important to note that, even though this analysis is formulated assum-

ing a vortex solid, it will remain valid even in a vortex fluid if there is short-range

hexagonal coordination and if the timescale of diffusive motion of vortices is much

larger than the inverse of Einstein frequency.

To start with, let us assume that vortices in a row are displaced by a distance ∆a

(<< a) from its equilibrium position, as shown in fig 7.4. The shear strain in the

lattice is,

tan(θ) ≈ θ =
∆a

a
(7.1)

The corresponding total elastic energy per unit volume,

ε =
1

2
C66
(
∆a

a

)2

(7.2)

Thus, total elastic energy per unit cell, E = 1
2
C66
(
∆a
a

)2
A t, where A is the area of

rhombus unit cell (red shaded area shown in fig 7.4). In the London limit, the shear

modulus of an isotropic superconductor for small magnetic field is given by [15],

C66 =
ϕ0H

16πµ0λ2
(7.3)

Using the above expression of C66, we find the elastic energy per unit cell,

Eel =
ϕ0t

32πµ0λ2
(HA )

(
∆a

a

)2

(7.4)

since we have single vortex per unit cell, HA = ϕ0,

Eel =
1

2

[
ϕ2
0t

16πµ0λ2a2

]
(∆a)2 (7.5)
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Therefore, motion of vortices about their equilibrium positions is analogous to a

harmonic oscillator with frequency,

ω =

√
ϕ2
0t

16πµ0λ2a2mv

=
1

a

√
Ks

mv

= ω0

√
H

Hc2

(7.6)

where mv is mass of vortex and Ks =
ϕ20t

16πµ0λ2
, and ω0 = 1

1.075

√
KsHc2

mvϕ0
. The total

energy for each vortex oscillating with amplitude ∆a is given by mvω
2(∆a)2. By

comparing total oscillator energy with the quantum zero-point energy ℏω we find,

∆a

a
=

[
ℏ2

Ksmv

]1/4
1√
a
∝ H1/4 (7.7)

The above expression is very similar to a more detailed calculation in ref.[11] and

differs only by factor of 0.6. On the other hand, if the motion is thermal in origin,

mvω
2(∆a)2 ∼ kbT (7.8)

Therefore,
∆a

a
∝
√
kbT

Ks

(7.9)

which is independent of magnetic field.

7.4 Simulation of conductance map for spatially

vibrating vortices

In principle, the exact calculation of the LDOS in the presence of vortices is possible by

solving the Usadel equations [16], but the computation is very difficult [17]. Instead,

we adopt a simple phenomenological approach like refs.[18, 19]. To compare with eqn.

(7.7) and (7.9) with our STS results, we consider a numerical simulation method.

Details of the method have been discussed in the following subsections.

7.4.1 Static vortex lattice

First, we simulate the regular VL in a superconductor where the vortices are static.

We assume that the conductance profile around a vortex can be obtained by interpo-

lating between that at the center of the vortex core and that far from it. From the
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temperature variation of ns, we find ∆0τ
ℏ = 0.069 << 1 for 20 nm thick MoGe film

[20]. Hence the used film is an extremely dirty conventional superconductor. Thus,

at the center of the VC, we assume LDOS is flat and corresponding normalised tun-

neling conductance Gin
N (V ) = 1. Far from the core, we consider that the conductance

Gout
N (V) is given by the usual BCS relation,

GBCS
N (T, V,∆,Γ) = G1

∫ ∞

−∞
Re

[
|E + iΓ|√

(E + iΓ)2 −∆2

](
∂f(E − eV )

∂V

)
(7.10)

where G1 is the normalization constant and GBCS
N (T, V,∆,Γ) is obtained by fitting

the experimental zero-field tunneling spectra at the same temperature, with ∆ and

Γ used as fitting parameters.

Figure 7.5: (a) Vortex image on NbSe2 single crystal, observed by recording ∆G(V =
1.2 meV) across the area, showing three lines passing through a vortex center. (b)
GN(V )−V spectra along the red dotted line in (a) with black dotted line denoting the
center of the vortex. (c) Variation of GN(0) along the dotted lines passing through
the vortex cores in (a); inset: two spectra at the black and pink dotted lines in (b),
respectively. The transparent gray is the average of the three. (d) The two spectra
at the center of the VC and far away from the VC taken for our simulation. (e)
Simulated GN(0) (black line) along with the average GN(0) (red squares) for three
lines passing through the center of the vortex obtained from experimental data.

To simulate the spatial variation of the conductance, we use an interpolation
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formula of the form,

GN(V, r) = Gin
N (V, r) ∗ F(r) + (1−F(r))Gout

N (V, r) (7.11)

where F(r) is a position-dependent weight factor. In the absence of a microscopic

theory, several authors have proposed different phenomenological forms for F(r) [18,

19]. Here, we use a simple Gaussian form F(r) = exp
(
− r2

2σ2

)
where σ is of the order

of ξ. Numerically, this form produces a variation very similar to the expression in ref.

[19] but introduces fewer adjustable parameters in our eventual analysis.

For a VL, the resultant normalized conductance Gst
N(V, r) is assumed to be a linear

superposition of conductance from all vortices, i.e.,

Gst
N(V, r) =

∑
iGN(V, r − ri)

[
∑

iGN(V = 0, r − ri)]max
(7.12)

where ri is the position of the ith vortex and sum runs over all vortices; the normal-

izing factor ensures that the Gst
N(0) = 1 at the center of each vortex.

To check the consistency of the above simulation procedure, we compare our sim-

ulating results for static vortex lattice with STS results, taken on an NbSe2 single

crystal where we do not have any evidence that the vortices fluctuate about their

mean positions. Fig 7.5(a) shows the VL image on an NbSe2 single crystal at 5 kOe,

450 mK, keeping the bias voltage at 1.2 meV, close to the coherence peak. Fig 7.5(b)

shows the GN(V )−V tunneling spectra along a line passing through the center of the

vortex. Here, the core of vortex shows a zero-bias conductance peak [GN(V = 0) > 1]

resulting from the CdGM bound states [2]. On the other hand, spectra obtained at

superconducting regions away from the VC have regular BCS characteristics, partially

broadened by the circulating current around the VC (inset fig 7.5(c)). The spatial

variation of GN(0) along three lines passing through the center of the vortex as well

as their average is shown in fig 7.5(c). In fig 7.5(e), we show GN(0) for a line passing

through the vortex center along with the corresponding value obtained from our sim-

ulation. In this case, we have multiplied eqn.(7.12) with 1.6 prefactor to capture the

zero-bias conductance peak and we find σ ∼ 8.9 nm for the best fit which matches

well with the value of ξ, determined from the upper critical field (Hc2 ≈ 42 kOe).
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Figure 7.6: Representative simulation of the normalized conductance at 10 kOe,
450 mK for different relative vibration amplitudes: (a) ∆a

a
= 0, (b) ∆a

a
= 0.1, and

(c) ∆a
a

= 0.2. The top row shows the normalized conductance maps for V = 0

[Gf
N(0) ≡ Gf

N(0, r,∆a)]. The second row shows the normalized conductance maps for
V = Vp = 1.45mV [Gf

N(Vp) ≡ Gf
N(Vp, r,∆a). The third row shows the variation of

Gf
N(0) and G

f
N(Vp) along a line passing through the center of the vortex. The bottom

row shows the simulated GN(V ) vs V spectra at the center of the vortex and at the
midpoint of two vortices.
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7.4.2 Random vibration of vortices

Now we take up the situation where the vortices are randomly fluctuating about their

mean positions. We assume that the tunneling conductance measured by STS at each

point is a temporal average of the instantaneous conductance due to fluctuating vor-

tices. Thus, to capture the situation, we first compute the instantaneous conductance

map Gst
N(V, r,∆a) using eqn.(7.12) for 200 realizations. Each of these realizations cor-

responds to a distorted hexagonal lattice (with lattice constant a) where each lattice

point is displaced by a random vector δ #»r i, satisfying the constraint δ #»r i ≤ ∆a (am-

plitude of the vibration). The final simulated conductance profile Gst
N(V, r,∆a) has

been determined by taking the average over 200 realizations,

Gf
N(V, r,∆a) =

1

200

200∑
j=1

Gst,j
N (V, r,∆a) =< Gst

N(V, r) >∆a (7.13)

where the index j represents the different configurations. This procedure neglects

any retardation effect, which in this context is equivalent to working in the Born-

Oppenheimer approximation and it is justified if the vibrational frequency of the

vortices is smaller than the gap frequency Ω0 = 2(∆(0))/ℏ ∼ 3.89× 1012 Hz. We will

show later that it is the case here. In fig 7.6, we exhibit the simulation results at 10

kOe. Fig 7.6(a) is for the case of no fluctuation, i.e., Gf
N(V, r,∆a = 0) = Gst

N(V, r),

whereas fig 7.6(b)-(d) are for increasing magnitude of fluctuations. The top panels

show the spatial variation of Gf
N(V, r,∆a = 0) at 10 kOe. The second row shows the

corresponding conductance maps at the coherence peak voltage Gf
N(Vp, r,∆a). In the

third row, we plot the variation of Gf
N(0, r,∆a) and G

f
N(Vp, r,∆a) along a line passing

through the center of the VC. At the center of the core, Gf
N(0, r,∆a) progressively

decreases from one with increase in ∆a/a; at the same time, Gf
N(Vp, r,∆a) remains

> 1, showing incomplete suppression of the coherence peak. In the bottom panels,

we show the simulated tunneling conductance spectra at the center of a vortex and

at the midpoint between two vortices.

7.5 Extraction of vibrational amplitude of vortices

In fig 7.7, we show the spatial profile of zero bias conductance GN(0, r) along with the

best fit Gf
N(0, r,∆a) at different fields at 450 mK. To fit the experimental data, we

take ∆a
a

and Γ as fitting parameters and constrain ξ within 25% of the value obtained
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from Hc2(0)(ξ0 ∼ 5.2nm). Above 10 kOe, we use a larger Γ than its zero-field value

to account for the additional broadening from the orbital current around vortices. In

fig 7.8, we have plotted ∆a
a

as a function of magnetic field extracted at 450 mK and

2 K. While ∆a decreases with increasing field (inset of fig 7.8), ∆a
a

shows an overall

increasing trend except two anomalies observed close to melting boundaries. The field

dependence of ∆a
a

at 450 mK is very well captured with H
1
4 dependence, consistent

with quantum zero-point motion.

Figure 7.7: (a)–(h) The red connected points are averaged line cuts ofGN(0, r) passing
through the center of a vortex core in different magnetic fields. The black lines are
line cuts of simulated Gf

N(0, r) at the corresponding field. (i) Magnetic field variation
of the broadening parameter Γ used in the fits.

From the coefficient of the fit and using the experimental value of λ ∼ 534 nm

[21], we obtain mv ∼ 36me. Though different estimates of mv considerably vary

[22, 23, 24, 25], we can compare this value with the most widely used estimate [26],

mv =
2
π3m

∗kF t, where m
∗ is the effective mass of electron, and kF is the Fermi wave
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vector. Assuming m∗ = me, and using the free electron expression kF = (3π2n)
1
3 ,

where n = 5.2×1029el/m3 is the carrier density determined from Hall measurements,

we obtain mv ∼ 32me, which is in very good agreement with the value obtained from

our experiments. Finally, we have also calculated the value of vibrational frequency,

ω0 = 8.65× 1011 Hz < Ω0, justifying the Born-Oppenheimer approximation. Coming

to the cusplike anomalies observed at between 5–7 kOe and 70 kOe, we note that these

anomalies appear very close to the VS-HVF and HVF-IVL boundaries, respectively.

These anomalies most likely arise from the anharmonicity of the confining potential

close to the phase boundaries, though a detailed understanding will require further

investigations. It is interesting to note that the first anomaly appears when ∆a
a

∼ 0.14,

which is in the ballpark value expected from the Lindemann criterion for melting.

Coming to the ∆a
a

vs H data at 2 K, we note that the value is very close to the

450 mK value, for different magnetic fields > 40 kOe. But it becomes larger than

the 450 mK value at lower fields. To understand this behavior, we need to account

for the role of thermal fluctuations. The quantum-thermal crossover is expected to

happen when the thermal excitation energy exceeds the oscillator level spacing, i.e.,

kbT > ℏω = ℏω0

√
H
HC2

. Thus, at a given temperature, a simple estimate of this

crossover field will be Hcross ≈ Hc2

(
kbT
ℏω0

)2
; thermal and quantum fluctuations are

expected to dominate for H << Hcross and H >> Hcross, respectively. At 450 mK,

Hcross = 0.54 kOe (Hc2 ≈ 126 kOe); since the lower limit of our data is 1 kOe,

the magnetic field variation of ∆a
a

can be understood based on quantum fluctuations

alone. On the other hand, at 2 K, Hcross ≈ 9.5 kOe using the same value of ω0

(since the λ does not change significantly in this temperature range) and Hc2 ≈ 108

kOe. Thus, for magnetic fields >> 9.5 kOe, ∆a
a

at 2K will be identical to 450 mK

since both are governed by quantum fluctuations; as the field approaches 9.5 kOe,
∆a
a

will become progressively larger due to the additional contribution from thermal

fluctuations. This is qualitatively consistent with our data.

116



Chapter7

Figure 7.8: ∆a
a

as a function of magnetic field at 450 mK (connected black points) and
2 K (connected blue points); the red line is a fit of the 450 mK data to ∆a

a
∝ H1/4.

(Inset) Magnetic field variation of ∆a at 450 mK.

7.6 Summary

We have shown a clear evidence of quantum zero-point fluctuation of vortices at low

temperatures in a weakly pinned 2d VL. The spatial fluctuation of vortices leaves a

prominent signature on the spectral property of the vortex in the form of a soft gap

at the center of the vortex. Given the characteristic frequency of fluctuation from

our analysis (ω0 ≈ 0.865 THz), it might be worthwhile to look for direct signatures

of vortex fluctuation from THz measurements.
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Chapter 8

Magnetic field induced vortex

liquid to Bose metal transition in

ultrathin MoGe film

8.1 Introduction

In the previous chapters, I have talked about our investigations on very weakly dis-

ordered a-MoGe films. Now we will concentrate on the experimental results of high

disordered a-MoGe films. The disorder effect on 2d superconductors is one of the most

intriguing problems in condensed matter physics over the last two decades [1]. As

mentioned earlier, in the presence of strong disorder, superconductivity is destroyed

either in Fermionic or Bosonic routes in zero magnetic field. In the first mechanism,

with increasing disorder electron-phonon attractive interaction diminishes due to loss

of Coulomb screening and at the critical disorder Cooper pairs break down where

electronic repulsion overcomes the electron-phonon attractive interaction. Whereas

in the latter case, the zero resistance state gets ruined due to the phase fluctuations

[2] at Tc, even though Cooper pairs continue to survive up to much higher tempera-

ture [3, 4, 5, 6], T ∗, giving rise to the so called pseudogap state [7, 8, 9, 10, 11]. On

the other hand, when magnetic field is applied at low temperatures, one can observe

another intriguing phenomena superconductor (S)-insulator(I)/ bad metal transition

[12, 13, 14, 15]. At a characteristics field H∗
c , the magnetoresistance isotherms in-

tersect, giving rise to a state with negative coefficient of resistance above this field.

Moreover, in very strongly disordered superconductors such as InOx and TiN, this

results in a strongly insulating state with divergence electrical resistance at finite
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temperature, sometimes called as a superinsulator [16, 17]. The S-I transition can

be understood by considering the dirty boson model [18] where the ground state of

Cooper pairs can be either a superconductor or an insulator. However, when the dis-

order is more moderate, in several systems such as MoGe, Ta, and NbN, the resistance

increases weakly with decreasing temperature and remains finite even as T → 0 and

this state is more appropriately classified as a bad metal [19, 20, 21, 22]. Whether

Cooper pairs can survive in this bad metallic state is an open question. Recently

several theoretical works have suggested that Cooper pairs could live in a metallic

state called Bose metal state [23, 24, 25, 26, 27, 28] although its existence and origin

are intensely debated [29, 30, 31].

In the earlier reports, the evidence of the Bose metal state has been displayed mostly

through the magnetotransport measurements [19, 32]. However, the transport results

can be influenced by extrinsic effects such as external EM radiation (discussed in

chapter 6) or carrier overheating which may also disrupt the phase coherence of the

superconductor and results in the metallic ground state of Cooper pairs [33, 34]. Al-

though recently the phase coherence of the Cooper pair in the metallic state has been

investigated in high-Tc superconducting samples patterned with an array of holes [35],

the spectroscopic evidence of Bose metal state was still lacking.

In this chapter, I will talk over the evolution of superconducting properties and vortex

state in a 2 nm-thick MoGe film using a combination of low temperature scanning tun-

neling spectroscopy and magnetotransport measurements. In this study, we observe

a magnetic field induced transition from a vortex liquid to a bad metal state which

exhibits clear spectroscopic signatures of the existence of phase incoherent Cooper

pairs as predicted for a Bose metal [36].

8.2 Experimental results

8.2.1 Zero-field scanning tunneling spectroscopy

Fig 8.1 (a) shows the averaged tunneling spectra GN(V ) (normalised with respect

to maximum bias voltage Vmax = 4 mV), acquired over 150 nm × 150 nm with

32 × 32 grid. Superconductivity manifests as a suppression of GN(V ) for voltages,

|V | < ∆/e, and the appearance of coherence peaks at the gap edge. Along with the

superconducting feature, we also observe an additional V-shaped background that

extends up to high bias like other disordered superconductors [37, 38, 39]. This is
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originated from the electron-electron Coulomb interactions and popularly known as

Altshuler-Aronov (AA) anomaly [40, 41, 42]. To fit the spectra, we have incorporated

both the contribution of AA corrections and superconductivity. At temperature T,

tunneling conductance expresses using single-particle DOS of the sample (discussed

in chapter 3),

G(V, T ) ∝
∫ ∞

−∞
dE

1

kbT
N(E)

e
E+eV
kbT(

1 + e
E+eV
kbT

)2 (8.1)

Figure 8.1: (a) GN(V )− V tunneling spectra at different temperatures in zero mag-
netic field along with the theoretical fit (eqn.(8.1)). For T ≥ 3.7 K, spectra are fitted
with only AA correction (dashed lines) whereas at lower temperatures (T < 3.7 K)
additional contribution from superconductivity has to be incorporated (solid lines).
Inset of (a) shows spatial map of GN(0) at 450 mK. (b) Temperature dependence of
superconducting energy gap ∆ and Γ (left axis) and sheet resistance Rs (right axis)
in zero magnetic field.

In a normal metal, AA corrections modify the bare electronic DOS as [43],

NAA
N (E) = 1+λ0[fd(E,Γ0)−λr{fd(E,Γ1)+ fd(E+Ez,Γ1)+ fd(E−Ez,Γ1)}] (8.2)

and

fd(E,Γn) = −1

2

∫ Γt
kbT

0

dx
x

x2 +
(

Γn

kbT

)2 sinh(x)

cosh(x) + cosh
(

E
kbT

) (8.3)

where Γt =
ℏ
τ
, τ is the transport scattering time, Zeeman energy Ez = 2µBH (µB

is Bohr magneton and H is the applied magnetic field). Γ0 and Γ1 account for the

broadening due to energy and spin scattering. We use Γ0, Γ1, λ0 and λr are the
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adjustable parameters. In fig 8.1 (a) we can fit the data for T ≥ 3.7 K using eqn. (8.1)

with N(E) = NAA
N (E). During fitting, we have fixed Ez = 0, Γ0 = Γ1 = 0.2 meV.

It is important to note that the parameters related to AA fitting do not vary more

than ±10% from their mean value over the entire range of temperature and magnetic

field which arises from statistical error. The complete set of best fit parameters is

listed in Table-I. We have also fixed Γt ∼ 20 eV based on τ ∼ 3× 10−17 sec estimated

from normal state resistivity. However, for such a large value of Γt >> kbT ,Γ0,Γ1,

we have realised that eqn (8.3) remains insensitive to its precise value. For T < 3.7

K, to fit the spectra, we need to consider the effect of superconductivity along with

AA corrections and we assume single-particle DOS as [43],

N(E) = NBCS
s (E)NAA

N (Ω) (8.4)

where the expression of NBCS
s (E) is given in eqn.(2.16) and the complex energy

Ω = Re[
√
(E + iΓ)2 −∆2]; Ω in the second term ensures conservation in the number

of states above and below the superconducting transition. Using this form of N(E),

we fit the spectra down to 450 mK (fig 8.1). While fitting, we choose ∆ and Γ as

fitting parameters and we have kept other parameters same as the normal state value.

Fig 8.1(b) shows the temperature variation of ∆ and Γ along with the temperature

dependence of the sheet resistance, Rs. Tc ∼ 1.36 K is defined as the temperature

where Rs is 0.05% of its normal state value. This temperature is much lower than

T ∗ ∼ 3.7 K where ∆ vanishes, showing the existence of an extended pseudogap state.

The normalised zero bias conductance map GN(0) (inset of fig 8.1(a)) shows large

variations, forming puddle like structures.

8.2.2 Magneto-transport

Now we will focus on the magneto-transport data. Fig 8.2(a) shows magnetic field

dependence of Rs at different temperatures and isothermal magnetoresistance curves

cross close to critical field, H∗
c ∼ 36 kOe. From the temperature variation of Rs, we

have observed that for H > H∗
c ,

dRs

dT
< 0 down to 300 mK (shown in fig 8.2(b)), even

though the sheet conductance, Gs (= 1
Rs
) extrapolates to a finite value as T → 0,

characteristic of a bad metal (inset of fig 8.2(b)).
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Figure 8.2: (a) Magnetic field dependence of sheet resistance Rs at different tempera-
tures. (Inset) zoom view of same plot close to H∗

c (blue dotted line). (b) Temperature
dependence of Rs at various magnetic fields. (Inset) corresponding temperature vari-
ation of sheet conductance Gs.

Therefore H∗
c is the critical field at which the superconductor-bad metal transition

happens. In addition, we have also observed finite Rs above 3 kOe at 450 mK. We con-

firm that this finite value of Rs corresponds to the linear resistance, Rlin = dV
dI
|I→0 (fig

8.3(b)) calculated from I-V characteristics for the subcritical current regime (shown in

fig 8.3(a)). The appearance of a finite linear resistance at subcritical current suggests

the formation of vortex liquid (VL) state [44].

8.2.3 In-field scanning tunneling spectroscopy

To understand the evolution of superconducting state with increasing magnetic field,

we have investigated the in-field tunneling spectra, spatially averaged on 32× 32 grid

over 150 nm × 150 nm area (fig 8.4 (a)). For H > H∗ = 70 kOe, tunneling spectra

can be fitted using N(E) = NAA
N (E). Below H∗, we have observed two distinct

regimes (fig 8.4 (b)). For H < H∗
c , we can fit the tunnelling spectra using N(E), given

in eqn.(8.4) using ∆ and Γ shown in the inset of fig 8.4 (d). For H∗ ≥ H > H∗
c ,

this form is no longer adequate; we observe that the fitted value is larger in the

voltage range corresponding to the energy where the coherence peaks are expected in

NBCS
s (E). This deviation results from complete suppression of the superconducting

coherence peaks above H∗
c .

To illustrate this point we modify NBCS
s in the following way: we use the empirical

form, Nmod
s = αsc − Aexp (−Bx2), and adjust αsc, A and B such that Nmod

s (E) ≈
NBCS
s (E) when Nmod

s ≤ 0.95, asymptotically approaches 1 instead of exhibiting the
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coherence peak at higher values (fig 8.4 (c)).

Figure 8.3: (a) Low field I-V characteristics at 450 mK. (b) Plot of field dependence
of Rs (black square) and Rlin (red circle) calculated from I-V characteristics shown
in (a) at 450 mK. (c)-(e) Representative vortex images at 450 mK for magnetic field
1, 5 and 10 kOe respectively. At 1 kOe we observe a disordered vortex lattice; at
5 kOe individual vortices can be resolved only at some locations (such as the ones
shown by ×) but in the rest of the area individual vortices cannot be identified; at 10
kOe we can no longer resolve individual vortices indicating that the vortex lattice has
completely melted. Representative nearest neighbors are shown through connected
black lines at a few representative locations for the image at 1 kOe.

Using N(E) = Nmod
s (E)NAA

N (Ω) results in an excellent fit of the tunneling curves

above H∗
c (fig 8.4 (b)). In fig 8.4(d), we plot the coherence peak height (CPH),

defined as max{NBCS/Mod
s − 1}. With increasing magnetic field, CPH gradually

reduces and becomes zero above H∗
c . Apart from the study of in-field spectra, we

also perceive the evidence of formation of vortex liquid state from the STS images

of vortex state. At 1 kOe, we have observed extremely disordered vortex lattice (fig

8.3 (c)). With increasing field, we observe that the vortex state becomes blurred or

elongated structures (at H = 5 kOe) indicating considerable motion of vortices during

the acquisition time of the image (fig 8.3 (d)). However, at 10 kOe the vortex system

is deep into vortex liquid and we cannot resolve individual vortices anymore (fig 8.3
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(e)).

Figure 8.4: (a) Field dependence of tunneling spectra GN(V ) − V at 450 mK along
with theoretical fit. For H > 70kOe, spectra are fitted with AA corrections alone
(dashed line). (b) Fit of GN(V ) vs V at H=30, 40, 50 kOe using NBCS

s (E) (solid line)
and NMod

s (dashed line) respectively. Successive spectra following 30 kOe are shifted
upward by 0.12 for clarity. For 40 kOe, 50 kOe (H > H∗

c ), the fit using NBCS
s (E)

deviates significantly in the voltage range where the coherence peak appears (shaded
grey region). (c) Plot of NBCS

s (E) (Black dot) and NMod
s (E) (blue solid line), used

for the theoretical fit in (b) at 40 kOe. (d) Magnetic field dependence of coherence
peak height. Inset shows the field variation of ∆ and Γ at 450 mK. For H > H∗

c , these
values correspond to the values used in NBCS

s from which Nmod
s has been constructed.

8.3 Phase diagram

In fig 8.5, we construct the phase diagram in H-T parameter space. The H∗ boundary

is determined from STS measurement and is defined as the highest magnetic field

(at fixed temperature) or highest temperature (at fixed field) where the tunnelling

spectra cannot be fitted with the AA contribution alone. On the other hand, the H∗
c

boundary is defined from the magnetic field at which two magnetoresistance curves

at successive temperatures intersect. As expected for a quantum phase transition,
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this boundary is nearly temperature independent till about Tc and above Tc it closely

follows H∗ boundary. Finally, we define the vortex lattice melting boundary, Hm,

above which a finite linear resistance appears. The temperature variation of Hm is

described very well by the formula for thermal melting of the vortex lattice (eqn.

2.59) if one substitutes H∗
c for the upper critical field.

8.4 Possibility of Quantum vortex liquid state

Our experimental results show that above and below H∗
c , there are two different

dissipative states, separated by distinct transport and spectroscopic characteristics.

We have identified the state below H∗
c is classical vortex liquid. However, the question

remains as to what the other state which we phenomenologically classify as a Bose

metal is. From these experimental results, we cannot conclusively settle this question.

One possibility is that it is a quantum vortex liquid (QVL). From eqn (7.7) (derived

in chapter7), we find the relative vibrational amplitude of vortices due to quantum

fluctuations,

∆a

a
=

√
ℏ2

Ksmv

1√
a

(8.5)

where Ks =
ϕ20d

16πµ0λ2(0)
. Zero field penetration depth λ(0) = 1162 nm, estimated from

two coil mutual inductance measurements [10]. To determine mv for this sample,

we assume mv per unit length remains unchanged with decreasing film thickness.

Therefore, using the vortex mass of 20 nm thick film (given in chapter 7), we obtain

mv = 3.6me for this sample. Using the parameters value of λ(0) and mv, we find
∆a
a

≈ 0.5 at H = H∗
c . This suggests that quantum tunneling could be the dominant

mechanism of vortex motion above this field. Whether such a state would display

the complete suppression of the coherence peak needs to be theoretically investigated

further.

8.5 Distinction between pseudogap and Bose metal

state

Superconducting state arises when normal electrons form Cooper pairs and condense

in a macroscopic coherent state. The formation of Cooper pairs results in the super-

conducting energy gap. On the other hand, global phase coherence among Cooper
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pairs is related to the appearance of coherence peak at the gap edge [45]. If Cooper

pairs lack phase coherence, it is expected that the single-particle spectrum will re-

main gapped, but the coherence peaks will get suppressed [46, 47, 48]. In magnetic

field, the nucleation of vortices complicates this scenario. Here both the gap and the

coherence peaks vanish inside the vortex core but appear as one goes further from

the vortex centre.

Figure 8.5: Phase diagram showing the temperature evolution of H∗ (orange square),
H∗
c (blue square) and Hm (red square); the dashed line the fit to thermal melting

line. Bose metal phase is realised between H∗
c and H∗. The region between Hm and

H∗
c corresponds to vortex liquid.

In a vortex lattice, where vortices are rapidly moving, a slow measurement like

STS measures the time-averaged tunnelling spectrum which has contribution from

both inside and outside the core. This broadens the spectrum by partially filling the

gap and suppressing the coherence peaks (shown in the previous chapter). It also has

been shown that the average spectrum in the mixed state can be captured by adjust-

ing Γ [49]. This accounts for the gradual increase in Γ and suppression of CPH below

H∗
c . On the other hand, the abrupt disappearance of the CPH for H∗ ≥ H > H, with

no commensurate filling of the gap indicates that the Cooper pairs have lost global

phase coherence. In conjunction with Gs in the T → 0 limit, this implies the forma-

tion of a dissipative state made of Cooper pairs, i.e. a Bose metal. We would like to

note that this state is distinct from the zero field pseudogap state, where, as shown

before, the spatially averaged spectra do not undergo any qualitative change across

Tc. The origin of the pseudogap state lies in the emergence of tens of nanometer sized

superconducting puddles [50, 51, 52] separated by insulating regions and thermal fluc-

tuations between these puddles that destroy the zero resistance state [10, 52]. Here,
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even though we observe inhomogeneity in GN(0), the complete suppression of CPH

in the average spectrum suggests that the coherence peak is uniformly suppressed

everywhere. This has been further confirmed by selectively fitting spectra in regions

of high and low GN(0) (fig 8.6) at 40 kOe.

Figure 8.6: (a) Spatial map of GN(0) at 40 kOe and T= 450mK. (b) Corresponding
GN(V ) − V tunneling spectra at averaged over regions of low GN(0) (blue dot) and
high GN(0) (purple dot) along with theoretical fit.

8.6 Summary

In conclusion, we have shown spectroscopic evidence of the existence of a magnetic

field-induced Bose metal in ultrathin a-MoGe thin film. Interestingly, in our exper-

iments the Bose metal exists only for T ≲ Tc, when the zero field state can sustain

a finite supercurrent, even though fragmented superconducting puddles continue to

exist up to T ∗. In addition, our preliminary quantum fluctuation analysis suggests

that the observed Bose metal phase could be a quantum liquid phase. However, to

confirm this, one needs further theoretical and experimental investigations.
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Table-I

1. H = 0 kOe, Γt = 104 meV, Γ0 = 0.2 meV

T (K) λ0 λr ∆ (meV) Γ (meV) form of N(E)

0.45 0.0765 -0.102 0.73 0.34 NBCS
s NAA

N

0.9 0.0765 -0.102 0.72 0.36 NBCS
s NAA

N

1.6 0.0765 -0.102 0.71 0.37 NBCS
s NAA

N

2.1 0.0765 -0.102 0.67 0.36 NBCS
s NAA

N

2.6 0.0765 -0.102 0.62 0.41 NBCS
s NAA

N

2.9 0.0765 -0.102 0.543 0.43 NBCS
s NAA

N

3.7 0.083 -0.116 0.543 0.43 NBCS
s NAA

N

4.8 0.078 -0.107 fitted with AA corrections only

5.8 0.078 -0.107 fitted with AA corrections only

7.1 0.078 -0.102 fitted with AA corrections only

8.1 0.0755 -0.1 fitted with AA corrections only

10 0.0765 -0.102 fitted with AA corrections only

12 0.0765 -0.102 fitted with AA corrections only

14 0.0742 -0.102 fitted with AA corrections only

16 0.078 -0.107 fitted with AA corrections only

18 0.0755 -0.097 fitted with AA corrections only
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2. H = 20 kOe, Γt = 104 meV, Γ0 = 0.2 meV

T (K) λ0 λr ∆ (meV) Γ (meV) form of N(E)

0.45 0.076 -0.111 0.68 0.57 NBCS
s NAA

N

0.9 0.076 -0.111 0.47 0.63 NBCS
s NAA

N

1.5 0.076 -0.111 0.43 0.63 NBCS
s NAA

N

2.0 0.076 -0.111 0.36 0.58 NBCS
s NAA

N

2.5 0.076 -0.111 0.35 0.8 NBCS
s NAA

N

2.8 0.0815 -0.111 fitted with AA corrections only

3.8 0.0772 -0.111 fitted with AA corrections only

4.5 0.0752 -0.111 fitted with AA corrections only

5.5 0.0757 -0.111 fitted with AA corrections only

6 0.0757 -0.111 fitted with AA corrections only

7 0.0762 -0.111 fitted with AA corrections only

7.5 0.0748 -0.111 fitted with AA corrections only

8.1 0.0745 -0.111 fitted with AA corrections only
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3. H = 40 kOe, Γt = 104 meV, Γ0 = 0.2 meV

T (K) λ0 λr ∆ (meV) Γ (meV) form of N(E)

0.45 0.073 -0.111 0.58 0.79 NMod
s NAA

N

0.9 0.077 -0.111 0.43 0.73 NMod
s NAA

N

1.5 0.077 -0.111 0.39 0.77 NMod
s NAA

N

2.0 0.077 -0.111 0.35 0.8 NMod
s NAA

N

2.6 0.0805 -0.111 fitted with AA corrections only

3.8 0.0775 -0.111 fitted with AA corrections only

4.5 0.0775 -0.111 fitted with AA corrections only

5.5 0.0755 -0.111 fitted with AA corrections only

6 0.0765 -0.111 fitted with AA corrections only

6.5 0.0755 -0.111 fitted with AA corrections only

7 0.0755 -0.111 fitted with AA corrections only

7.5 0.0765 -0.111 fitted with AA corrections only

8.1 0.0745 -0.111 fitted with AA corrections only

4. H = 60 kOe, Γt = 104 meV, Γ0 = 0.2 meV

T (K) λ0 λr ∆ (meV) Γ (meV) form of N(E)

0.45 0.072 -0.111 0.54 1.35 NMod
s NAA

N

0.9 0.084 -0.111 fitted with AA corrections only

1.5 0.0835 -0.111 fitted with AA corrections only

2.0 0.0825 -0.111 fitted with AA corrections only

2.5 0.0805 -0.111 fitted with AA corrections only

3.6 0.0785 -0.111 fitted with AA corrections only

4.2 0.0785 -0.111 fitted with AA corrections only

5.2 0.0785 -0.111 fitted with AA corrections only

6 0.0785 -0.111 fitted with AA corrections only

7 0.0785 -0.111 fitted with AA corrections only

8.1 0.0785 -0.111 fitted with AA corrections only
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5. H = 80 kOe, Γt = 104 meV, Γ0 = 0.2 meV

T (K) λ0 λr ∆ (meV) Γ (meV) form of N(E)

0.45 0.08 -0.111 fitted with AA corrections only

0.9 0.082 -0.111 fitted with AA corrections only

1.6 0.083 -0.115 fitted with AA corrections only

2.0 0.081 -0.115 fitted with AA corrections only

2.5 0.0805 -0.11 fitted with AA corrections only

3.76 0.0805 -0.11 fitted with AA corrections only

4.83 0.0805 -0.11 fitted with AA corrections only

6.05 0.079 -0.11 fitted with AA corrections only

8.1 0.0785 -0.111 fitted with AA corrections only

6. T = 450 mK, Γt = 104 meV, Γ0 = 0.2 meV

H (kOe) λ0 λr ∆ (meV) Γ (meV) form of N(E)

0 0.072 -0.1 0.715 0.345 NBCS
s NAA

N

5 0.072 -0.1 0.68 0.4 NBCS
s NAA

N

10 0.072 -0.1 0.67 0.44 NBCS
s NAA

N

20 0.072 -0.1 0.665 0.535 NBCS
s NAA

N

30 0.073 -0.1 0.625 0.65 NBCS
s NAA

N

40 0.072 -0.1 0.55 0.64 NMod
s NAA

N

50 0.072 -0.1 0.525 0.69 NMod
s NAA

N

60 0.072 -0.1 0.495 0.78 NMod
s NAA

N

70 0.072 -0.1 0.49 1.2 NMod
s NAA

N

80 0.072 -0.1 0.49 1.2 NMod
s NAA

N
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Open questions and Outlook

In this thesis work, vortex dynamics and superconducting properties of amorphous

MoGe thin films were studied by varying the film thickness down to 2 nm. Although

our detailed investigations using magnetotransport and low temperature scanning

tunneling microscopy reveal several intriguing results in these samples but there are

still many important questions remain to be answered.

Firstly, in the weakly pinned (20 nm thick) film, a well-ordered Abrikosov vortex

lattice has been observed at low fields. At a fixed temperature, this vortex lattice

melts into isotropic liquid phase via an intermediate hexatic fluid phase with increas-

ing magnetic fields [1]. It has been realised that the melting process is similar to the

two-step BKTHNY melting. However, the order of melting transitions still remains

unexplored. Although BKTHNY theory suggests both the melting transitions should

be continuous, other theoretical works propose that these two melting transitions can

have different orders [2]. Therefore it would interesting to investigate these melting

phenomena further to find the order of melting and its evolution with increasing dis-

order.

Secondly, our control transport measurement shows that the intermediate hexatic

fluid phase is extremely sensitive to the external electromagnetic radiation/ low ac

excitations [3]. This opens up a possibility for practical applications of amorphous

MoGe thin as a low amplitude and frequency signal detector.

Thirdly, our investigation of vortex structure in weakly pinned films shows a soft

gap inside the core. Detailed analysis reveals that the soft gap arises from the quan-
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tum zero-point motion of vortices [4]. Further, it shows the frequency of the vortex

motion is in THz range. Therefore, it might be worthwhile to look for direct signa-

tures of vortex fluctuation from THz measurements. It would also be interesting to

investigate the impact of zero-point fluctuations on the state of the 2d vortex lattice

at low temperatures. In liquid He4, the zero-point fluctuation prevents the liquid from

solidifying and thus producing a quantum fluid at T = 0. Whether zero-point fluc-

tuations can produce a quantum vortex fluid at very low temperatures is at present

unclear. Even though existing studies indicate that the hexatic and isotropic vortex

fluid continue to exist over a large magnetic field range down to 450 mK, it would be

interesting to explore this more carefully through transport and STS imaging down

to lower temperatures.

Finally, in our last investigation, Bose metal state has been unravelled in ultrathin

MoGe film. In this study, it has been observed that superconducting spectra continue

to persist in the bad metallic phase even though the coherence peaks are suppressed.

This result suggests the presence of incoherent Cooper pairs in the metallic phase as

expected for a Bose metal [5]. However, to confirm further the Bose metal state, one

also needs to investigate the charge of the carriers in this metallic phase. This informa-

tion can be obtained by carrying out magnetotransport measurements in the planar

tunnel junction [6] of 2 nm thick MoGe film. In this arrangement, superconducting

gap and resistivity can be measured through the regular 4 probe measurements. On

the other hand, charge of the carrier can be measured through the shot noise. Never-

theless, this information is also possible to obtain using tunneling noise spectroscopy,

as recently shown in ref. [7].
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Appendix A

Superconductivity in amorphous

RexZr(x ≈ 6) thin film

In addition to my primary thesis work, I have also grown and characterised newly

amorphous superconducting thin film Re6Zr. This work has been performed during

covid time in collaboration with Prof. Sangita Bose (UM-DAE CEBS, Mumbai).

These samples are prepared using pulsed laser deposition technique and films are

characterised using two-coil mutual inductance, magnetotransport, scanning tunnel-

ing spectroscopy measurement.

A.1 Introduction

The discovery of non-centrosymmetric superconductors opens up a new platform to

investigate the effect of different symmetric order parameters on superconducting

properties [1]. Superconductors with inversion symmetry, have distinct symmetric

order parameter, that corresponds to either spin-singlet or spin-triplet pairing. How-

ever, in non-centrosymmetric superconductors, it is possible to get an admixture of

spin-singlet and spin-triplet pairing [2] because of the lack of inversion symmetry

combined with antisymmetric spin-orbit coupling [3]. Recently, a superconducting

transition with Tc = 6.7 K, has been found in non-centrosymmetric bulk polycrys-

talline Re6Zr sample. This sample has body centred α-Mn structure and it exhibits

breaking of time-reversal symmetry (TRS) during µSR measurements [4]. This result

suggests the existence of a spin singlet-triplet mixing pairing in this system. Al-

though the bulk measurements on both single and polycrystal Re6Zr samples showed

a fully gaped single band [5, 6], point contact Andreev reflection revealed the presence
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of multigap superconductivity [7], suggesting unconventional modification of super-

conductivity close to the surface. These observations motivated us to attempt the

synthesis of thin films of this superconductor where the surface to bulk ratio can be

controlled.

Figure A.1: (a) X-ray diffraction θ − 2θ scans of the Re6Zr target (left axis) and
a-ReZr films (right axis). (b) High resolution TEM image of 40 nm thick film and
representative selective area electron diffraction pattern (inset). (c) and (d) AFM
topographic image of two a-ReZr films; one particulate can be observed (as a bright
spot) within the field of view in the 20 nm sample. (e) Elemental mapping of Re
and Zr over 40 µm × 40 µm area for films with different thickness; the color scales
show the photon counts corresponding to the Re M(1.842 keV) and Zr Lα(2.042 keV)
respectively.

In this chapter, I have discussed the primary growth of thin films of amorphous

RexZr (x ≈ 6) and characterisation of their superconducting properties [8]. We ob-

serve that samples remain superconducting to the lowest thickness, t ∼ 3 nm. On the

other hand, samples with t > 40 nm show a limiting transition temperature close to

5.9 K which is near to its bulk counterpart. The temperature dependence of super-

conducting energy gap in 20 and 5 nm sample shows the BCS variation with strong

coupling limit. Moreover, the superfluid stiffness, Jst, estimated from penetration

depth, shows that the phase fluctuations play a negligible role in determining the

superconducting properties down to 5 nm.
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A.2 Experimental details

Amorphous Re6Zr (a-Re6Zr) thin films of different thicknesses were deposited on

thermally oxidised Si substrate (oxidised layer ∼ 200 nm) using pulsed laser deposi-

tion method with similar growth parameters, used for a-MoGe thin films (discussed

in Chapter 3). The target of Re6Zr was prepared using Arc-melting starting from

stoichiometric ratios of high purity Rhenium powder (99.99%) and Zirconium shots

(99.999%) both from Alfa Aesar. During the preparation of the target, Rhenium pow-

der was first arc melted to form small Rhenium shots in a mono arc furnace. After

that, Zirconium shots were then taken along with the Rhenium shots in stoichiometric

amounts (Re : Zr → 6 : 1) and melted to form a button in a tetra arc furnace under a

partial pressure of ultra-high pure Argon gas on a water-cooled hearth. This button

(∼ 1.1 cm diameter) was flipped several times and re-melted to get a homogeneous

mixture. To obtain a flat smooth surface for the deposition, we further polished the

top surface of the target using emery paper. Samples with varying thickness were

grown by changing the number of laser shots. For t > 10 nm, the film thickness was

measured directly using a stylus profilometer. For thinner samples, it was estimated

from the number of laser pulses using the calibration from thicker samples. The films

were structurally characterized using X-ray diffraction (XRD) and high-resolution

TEM. The surface morphology of the films was examined using a Nanosurf Atomic

force microscope (AFM). For TEM measurements, free-standing a-Re6Zr films were

transferred on a Cu grid. This was done as follows. First, a-Re6Zr films were de-

posited on surface oxidized Si substrates coated with a PMMA layer. The PMMA

was dissolved by dipping the substrate in acetone and the free-floating film on acetone

was then picked up on a Cu grid. It was verified that 20 nm thick film on PMMA

coated substrate had the same Tc (within 0.1 K) as the film of the same thickness on

surface oxidized Si substrate. Magnetotransport measurements were performed in a

He4 bath cryostat operating down to 1.8 K or a He3 cryostat operating down to 300

mK (discussed in chapter 3) fitted with a superconducting solenoid with magnetic

field up to 110 kOe. Further, to remove the contribution of external electromagnetic

noise, all electrical feed-throughs leading to the sample were fitted with low pass RC

filters with a cut-off frequency 340 kHz (discussed in chapter 6). For the magneto-

transport measurements, samples are patterned into Hall bar geometry and covered

with a 2 nm thick Si layer to prevent surface oxidation. London penetration depth λ

was measured from the magnetic shielding response using two coil mutual inductance

measurement technique [9]. In this method, the films were grown in a circular geom-
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etry of 8 mm diameter is placed in between a quadrupolar primary coil and a dipolar

secondary coil such that the magnetic shielding response is given by the complex

mutual inductance, M = M ′ + iM ′′ measured at 31 kHz. The penetration depth is

determined from the mutual inductance using the numerical procedure described in

ref [10, 11]. Further, to obtain the superconducting energy gap and vortex images,

we have used the STS method, discussed in chapter 3.

Figure A.2: (a) Temperature dependence of Rs with different film thicknesses. (b)
Expand view of Rs vs T below 30 K. (c) Normal state sheet resistance R9K

s and
corresponding normal state resistivity ρN as a function of 1/t.

A.3 Results

We will first focus on the structural characterization of the films. Fig A.1(a) shows the

representative XRD pattern for a-Re6Zr films Compared to target XRD (fig A.1(a))

pattern, we have noticed that XRD patterns of the films exhibit broad humps around

the main peaks of Re6Zr. This feature has been seen for films of all thicknesses in-

cluding the 120 nm thick film. Such broad features in XRD patterns are usually

associated with the amorphous sample. For Re6Zr having a lattice constant of 0.96

nm, even a two-atom thick crystalline nano-grain would have given a crystalline peak

with ∼ 4◦ full width at half maxima which should have been visible above the amor-

phous background of the SiO2. While all films show the hump between 2θ ∼ 40◦

and 50◦, in the 20 nm film the hump between 60◦ and 70◦ becomes prominent. This

probably reflects some change in the local coordination of Re and Zr with reducing

film thickness. High resolution TEM image captured on a 40 nm thick sample is uni-

form and featureless and selective area electron diffractions taken at several locations

exhibit a uniform isotropic ring (fig A.1(b)). All these results suggest that the films

are homogeneous and amorphous in nature. AFM measurement shows smooth films
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with no granularity giving a surface roughness of ∼1–1.5 nm (fig A.1(c),(d)). Energy

dispersive x-ray (EDX) analysis of several films measured at various locations on the

surface showed x in RexZr to be in the range 5.9–6.1. Elemental mapping on films of

different thicknesses shows uniform distribution of Re and Zr without any elemental

segregation (fig A.1(e)).

Figure A.3: (a),(b) The real (M ′) and imaginary part (M ′′) of the complex mutual
inductance, M = M ′ + iM ′′ a function of temperature. (c) Comparison of the tem-
perature dependence of Rs and M

′ on the same sample with t = 20 nm, close to the
superconducting transition; the dotted line denotes the superconducting transition
temperature, Tc. (d) Temperature variation of λ−2 for films of different thickness; the
solid lines are fits with dirty limit BCS expression (eqn. A.1). Representative error
bars are shown for two thickness.

Fig A.2(a) and (b) show the temperature dependence of the sheet resistance (Rs)

for films with different t. At high temperatures, all films show a weak negative tem-

perature coefficient of Rs, which coupled with large normal state resistivity (ρN) is

indicative of a bad metal. For films with t ≥ 3 nm, Rs crosses over to positive tem-

perature coefficient at a temperature below 50 K and eventually shows a clean single

superconducting transition. Tc of the films was defined as the temperature at which

Rs falls to 0.05% of the normal state value. Below film thickness t = 3 nm, samples
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do not exhibit any superconducting transition down to 2 K (fig A.2 (b)). We observe

that the normal state sheet resistance (defined at 9 K) follows, R9K
s ∝ 1

t
, for films

with t ≥ 3 nm, implying that the corresponding normal state resistivity, ρN , does not

significantly change with reducing film thickness/disorder(fig A.2(c)). On the other

hand, for t < 3 nm R9K
s shows a faster increase than this linear relation and ρN also

increases rapidly (fig A.2(c)). These observations are indicative of a thickness-driven

superconductor to non-superconductor transition above film thickness 3 nm.

Figure A.4: (a),(c) GN(V ) vs V tunneling spectra at various temperatures for the 20
nm and 5 nm thick a-Re6Zr thin film; each spectrum is the average of 1024 points
over 200 nm × 200 nm area. The solid lines correspond to theoretical fits. (b),(d)
Temperature variation of ∆ and Γ for the same films; the solid blue line is the fit to
the BCS temperature dependence.

In fig A.3 (a) and (b), we have plotted the magnetic shielding response for the

superconducting films measured using the two coil mutual inductance technique for

films with different thicknesses. In this method, we define Tc as the temperature

where M ′ increases to 99% of the normal state value. Interestingly, we have noticed

that both definitions of Tc give exactly the same value when the measurement is

performed on the same sample, as shown in fig A.3 (c). All films showed a reasonably

narrow single peak in M ′′−T , close to Tc showing that they are single phase (fig A.3

(b)). From these measurements, we have determined the value of λ by comparing
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the experimental values of complex mutual inductance with the theoretical values,

obtained by solving numerically the Maxwell and London equations simultaneously

[9]. In fig A.3 (d), we have plotted the temperature variation of λ−2 for different

thicknesses. We fit the data with the dirty limit BCS expression [12],

λ−2(T )

λ−2(0)
=

∆(T )

∆(0)
tanh

[
∆(T )

2kbT

]
(A.1)

Using ∆(0) and λ(0) as fit parameters and assuming a BCS temperature variation of

∆(T ). The best fit values of ∆(0) and λ(0) are shown in fig A.5 (a). For 5 nm and 20

nm thick samples, value of ∆(0) matches well with the STS measurements (fig A.4).

To fit the tunneling spectra, we use the same procedure discussed in the chapter 3.

Fig A.5 (b) shows the variation of ∆(0)/kbTc with different film thicknesses. In fig

A.5 (c), we have further plotted the variation of Tc with t. Tc remains more or less

constant up to the film thickness 40 nm. Down to 8 nm, there is a gradual decrease

in Tc by about ∼ 1 K and below 8 nm, Tc starts decreasing sharply. In fig A.5 (d),

we plot the magnetic field dependence of the Hall resistivity, ρxy = VH t
I

(where VH

is the Hall voltage, I is the measurement current), for films with t = 20 nm and 40

nm. The carrier density, ne ∼ 9.0(±0.4) × 1029 el m−3, was obtained from the Hall

coefficient, RH = ρxy
H
, using the relation, ne =

1
eRH

. Using the free electron relations,

we obtain the electronic mean free path (l),

l =
ℏ

neρN

kF
e2

(A.2)

where the fermi wave vector, kF = (3π2ne)
1/3. We find the electronic mean free path,

l ∼ 0.05 nm. This is smaller than that reported in a-MoSi [13], a-MoGe [14], and

disordered NbN films [15]. However, this free electron estimate should be taken only

within an order of magnitude since any effect arising from electron-electron interac-

tions, which become important at strong disorder, are not accounted for. However,

even considering these caveats the very small value of l show that kF l ∼ 1, suggesting

that the films are close to the Anderson metal-insulator transition [16].
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Figure A.5: (a) Variation of λ(0) and ∆(0) with film thickness; for ∆(0) the red
squares are from the fit of λ−2(T ) (fig A.3 (d)) and the orange stars are from STS

measurements. (b) ∆(0)
kbTc

as a function of film thickness. (c) Variation of Tc with t

measured from M − T (blue square) and Rs − T (red dot). (d) ρxy as a function of
magnetic field measured at 25 K for films with 20 nm and 40 nm thickness.

In fig A.6 (a) and (b), we have presented the magnetic field variation of Rs for

different film thicknesses measured at different temperatures. In these measurements,

the current was adjusted such that the current density on the superconducting bridge

was in the range of 1.3–1.4× 102 A/cm2. The magnetic field is applied perpendicular

to the film plane. For the 5 nm thick sample, the magnetoresistance curves cross

around 72 kOe, reflecting the weak negative temperature coefficient of resistance in

the normal state. We define two characteristic fields: the depinning field HI where

Rs is 0.05% of the normal state value and the upper critical field, Hc2, at which Rs

reaches 90% of the normal state value.
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Figure A.6: Variation of Rs with magnetic field for two films with thickness, (a) 40
nm and (b) 5 nm. Variation of HI (black square) and Hc2 (red square) with T for
the films with thickness, (c) 5 nm (d) 20 nm and (e) 40 nm; the blue lines are fit of
Hc2 with WHH theory, and the black line guides to the eye. The values of αm and
λso used for the WHH fits are shown in each panel. (f) Variation of Hc2(0) and ξ(0)
with film thickness; dashed lines are guides to the eye.

Thus, HI is the field at which the vortices start moving due to the applied current

density giving rise to finite resistance. For the 5 nm film, at the lowest temperature

(300 mK), HI (∼ 44.35 kOe) is much smaller than Hc2 (∼ 67.36 kOe). Furthermore,

Hc2/HI increases with increasing temperature. This suggests that the vortices get

depinned even under this very small current density (1.33 × 102 A/cm2) indicating

weak pinning. In fig A.6 (c)-(e), we plot HI and Hc2 for 3 representative films.

We fit Hc2(T ) with the Werthamer-Helfand-Hohenberg theory in the dirty limit [17].

During the fitting, we consider the Maki parameter (αm) and spin-orbit (λso) coupling

parameter as fitting parameters. In the H-T phase diagrams, we observe that the

current density at which the vortices get depinned is extremely small (≤ 1.4 × 102
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A/cm2) at a field much smaller than Hc2. This points towards the existence of a

weakly pinned vortex lattice over a large part of the H-T parameter space. We

calculate Hc2(0) by extrapolating the WHH fit at T = 0. The variation of Hc2(0) and

ξ0 =
√

ϕ0
2πHc2(0)

with film thickness is shown in fig A.6(f).

A.4 Suppression of superconductivity

In fig A.5 (c), we observe that Tc decreases with the reduction of t. Since the samples

are highly disordered, it is important to understand the mechanism of suppression of

Tc with reducing film thickness. In the case of strong disorder, two mechanisms have

been suggested for the destruction of superconductivity (discussed in section 2.10).

Here, we have found that the thickness variation of normal sheet resistance matches

well with the Finkel’stein relation [18] for Tc0 = 6.5 and γ = 8 (shown in fig A.7

(a)). The fitting value of γ is consistent with the other amorphous superconductors,

MoSi [13] and MoGe [19]. On the other hand, to explore scenario related to phase

fluctuation, we have estimated the superfluid stiffness using formula [20],

Jst =
ℏ2nsa
4me

(A.3)

where ns = me

µ0e2λ2
, and a = min[t, ξ(0)]. The role of phase fluctuations becomes

important when Jst(0) ≲ ∆(0). In our samples down to t = 5 nm, Jst(0) is larger than

∆(0) (fig A.7 (b)). Therefore, we do not expect phase fluctuations to play a significant

role. We also do not observe any characteristic signature of phase fluctuations, such

as the existence of a pseudogap state or a linear decrease of the superfluid density.

However, in the chapter 4, we have illustrated that there is a crossover from fermionic

to bosonic mechanism when the thickness becomes ∼ 2 nm in a-MoGe and below the

same thickness, we have also observed phase fluctuations become important [19]. The

possibility of such a crossover in a-ReZr will have to be investigated in more detail in

the future.
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Figure A.7: Plot of Tc vs normal state sheet resistance R9K
s ; the solid line is the fit

with the Fikel’stein relation. (b) Comparison of ∆(0) (blue circle) and Jst(0) (green
square) for films of different thickness; the lines are guide to the eye.

A.5 Summary

In conclusion, we have deposited a-Re6Zr thin films by varying film thickness down

to 2 nm. We have observed that below film thickness 3 nm, samples become non-

superconducting and the suppression of superconductivity is consistent with the

fermionic scenario.
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