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Preface

The work presented here, includes setup of a high-vacuum, low temperature Scanning Tun-
neling Microscope (STM) and using it as a tool to study the local density of states and vortex
configurations in conventional type-II superconductors, NbN and NbSe2.

The quantum mechanical tunneling technique introduced by Giaever provided a robust
method of measuring the evolution of superconducting energy gap with temperature and
magnetic field. With the advent of scanning tunneling microscopy, another line of explo-
ration was added to this by having the spatial resolution of the gap at atomic length scales.
STM also proved useful in the study of another important aspect of type-II superconduc-
tors, the flux line lattices. Spatial variation of electronic density of states mapped by STM
provides a way to image well-resolved flux line lattices at moderately high magnetic fields
which are inaccessible by other real-space vortex imaging techniques using magnetic con-
trast for resolution.

The thesis is organized as follows: Chapter I provides a theoretical background of su-
perconductivity and an overview on insights obtained in the field of superconductivity by
the experimental technique of scanning tunneling spectroscopy (STS). Chapter II contains
the experimental details of the instrumentation and setup of variable temperature STM and
STS measurement procedure. Chapter III discusses our results on real space vortex imaging
on the weakly pinned superconductor, NbSe2. By calculating the bond-orientation and po-
sitional correlation functions from the real space configuration of the vortex lattice obtained
by STS imaging, we establish the metastability of the equilibrium Bragg glass state at low
temperatures and the order-disorder transition across the peak effect temperature. In chapter
IV we establish a phenomenological phase diagram for NbN in different regimes of disorder
based on results obtained primarily by scanning tunneling spectroscopy measurements and
supported by results of penetration depth and transport measurements. Spatially resolved
local density of states (LDOS) measurements reveal inhomogeneity in the order parameter
and an interesting phenomenon of pseudo-gap similar to that observed in high Tc supercon-
ductors. NbN thin films have many applications in superconductor photon detectors and
bolometric devices. As an aside, we have explored the growth of NbN on an unconventional
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substrate- “graphene” and developed a novel method to obtain free-standing NbN films for
device applications, details of which are provided in chapter V. Appendix-I shows a method
for electrochemical etching of Pt-Ir wires to obtain robust STM tips. Appendix-II contains
the MATLAB codes used for calculating bond-orientation and positional correlation func-
tions in vortex lattices.
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Synopsis

Introduction

Superconductors provide an interesting platform to study the rich physics of phase tran-
sitions experimentally. Various phenomena like the quantum phase transition seen in the
superconductor-insulator transition (SIT) [1], Berezinsky-Kosterlitz-Thouless transition in
2D superconducting films [2], or the thermodynamic phase transitions in the vortex lattice
in type-II superconductors [3, 4], can be readily realized experimentally in superconducting
systems.

SIT has been studied in superconducting thin films either by reducing thickness, ap-
plying magnetic field or by varying disorder [5]. Novel observations in the vicinity of the
critical disorder for destruction of superconductivity like the peak in magneto-resistance
(MR) [6, 7], and the persistence of superfluid stiffness at temperatures above the mean field
transition temperature [8] has resulted in renewed experimental and theoretical interest in
this field. Recent scanning tunneling spectroscopic measurements reveal finite spectral gap
in the conductance spectra much above Tc [9, 10], suggesting the existence of finite su-
perconducting correlation persisting in the system even when global superconductivity is
destroyed. Thus STM adds another promising line of exploration towards understanding
these systems by having the spatially resolved information of order parameter even above
Tc.

STM also proves useful in the study of another important aspect of type-II supercon-
ductors, the vortex lattices. Static and dynamic properties of the vortex lattice in type-II su-
perconductors have been explored through transport measurements and real-space imaging
techniques like magneto-optical and magnetic decoration. Reciprocal space studies using
neutron scattering have been employed to obtain insight into the collective behavior. But the
microscopic details of vortex arrangements have been difficult to obtain at higher magnetic
fields. Spatial variation of electronic density of states of the order of the superconducting
coherence length (ξ ) mapped by STM provide a way to image well-resolved vortex lattice at
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moderately high magnetic fields which are inaccessible by other real-space vortex imaging
techniques using magnetic contrast for resolution since ξ is much smaller than the magnetic
penetration depth (λ ). Recent STM imaging results on thin film superconductors revealed
novel melting mechanism in 2D vortex lattice [11] and effect of increased pinning potential
on vortex configuration [12, 13]. STM images involving a large number of vortices enables
us to access exponents regarding positional and orientational correlation for better quantita-
tive understanding of various phases in the whole phase diagram and crossover regimes in
particular.

Basic principle and instrumentation of Scanning Tunneling
Spectroscopy

Quantum mechanical tunneling technique introduced by Giaver [14] provided a robust method
of measuring the evolution of superconducting energy gap with temperature and magnetic
field. For normal metal-insulator-superconductor junction, the differential tunnelling con-
ductance G(V ) is proportional to the superconducting density of states DOS, obtained from
the tunneling equation:

G(V ) ∝
dI
dV

∣∣∣∣∣
V

∝
d

dV

{∫
∞

−∞

NS(E)NN(E − eV ){ f (E)− f (E − eV )}dE
}

(1)

At each value of bias voltage, the tunneling current will depend on Ns(E) and Nn(E) i.e. the
densities of states of the superconducting and normal metal electrodes respectively as well
as the Fermi-Dirac distribution function f (E).

Giaever used an insulating oxide layer as barrier. As he mentions in his Nobel lecture,
they discarded the thought of using air or vacuum as barrier due to mechanical vibrations.
With advancement in piezoelectric materials which provide angstrom level precision in po-
sitioning, vacuum tunnelling became a possibility. The Scanning Tunneling Microscope is a
surface probe with a sharp metal tip hovering just few nanometers above the sample surface
to detect tunneling current of the order of pico amperes. The main challenges for an STM
setup are obtaining stable tunneling current on clean sample surfaces by isolating the system
from electrical and vibrational noise. In addition, for spectroscopic studies on superconduc-
tors, temperature stability is very critical. Details of the STM setup in our lab are discussed
below.
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Figure 1 shows schematics of the STM. The cryostat hangs from a table which is isolated
from ground vibrations using two-stage vibration isolation system. The entire variable tem-
perature insert (VTI) inside the cryostat is maintained at a high vacuum of ∼ 1×10−6Torr.
At the end of the VTI there is a copper pot which is connected to the helium bath of the
cryostat through a fine Cu-Ni capillary tube of inner diameter 150µm. This pot is pumped
by a rotary pump for lowering the temperature of the pot from 4.2K down to 2.6K. A heater
on this pot is used to control the amount of helium in the pot and thus the temperature. The
STM head (Figure 2) is directly attached at the end of this pot.

The scanning unit consists of a Pt/Ir tip mounted on top of coarse and fine peizo-
positioning units. The coarse positioner in z-direction is a commercial Attocube walker
which works on the principle of slip-stick motion. Raster scanning and z-motion of the tip
is done using the fine positioner which is a peizotube.

For in-situ film deposition, the substrate is mounted on a sample holder, which is in-
serted in the deposition chamber using a horizontal manipulator. After the deposition, the
sample is brought to a load-lock cross and transferred from the horizontal to a vertical ma-
nipulator which guides the sample holder directly into the STM head. For single crystal
samples, in-situ cleaving is performed in the load lock and then the sample is transferred to
the STM head. To avoid any radiation falling on the sample holder, after loading the sam-
ple, a radiation plug is placed just above the STM head. Temperature uniformity is further
ensured by placing the STM head inside a copper can.

Intially the STM tip is at few mm distance from the sample surface. It is brought into
tunneling distance by the process called engaging of tip. First the coarse positioner moves
one step, the fine positioner which is a piezoelectric tube, expands towards the sample in
z-direction to look for tunneling current. This process is continued until a tunneling current
is detected when tip reaches within few nanometers of the sample. Distance of tip from the
sample surface (z-direction) is governed by a feedback loop which controls the z-position of
the tip as per the specified condition of keeping the current constant or keeping the distance
from sample surface fixed. Scanning the tip over the sample is done by applying different
voltages on the peizotube which control the finer expansion and contraction of the tube in
x and y directions. The scanner is calibrated in x, y and z direction by obtaining atomic
resolution images and at atomic steps (Figure 3).

For performing the spectroscopy, differential conductance is directly measured using
the modulation method. The bias voltage(V0) applied to sample is modulated by a small
a.c. signal (δV sinθ ) from lock-in amplifier, in turn the tunnelling current measured also
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Fig. 1 Schematic diagram of the low-
temperature STM
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Fig. 2 STM head assembly

contains a.c. part.

I (V0 +δV sinθ) =

[
dI
dV

]
V=V0

δV sinθ + O(δV 2) (2)

This tunnelling current is passed through a preamplifier (gain = 108V/A). We use the same
lock-in amplifier to measure the magnitude of the a.c. part of the voltage output from the
preamplifier. The output of the lock-in amplifier gives us a d.c. voltage that is proportional
to the tunnelling conductance dI/dV . For acquiring spectra at different locations, the tip is
moved to the desired point and feedback loop is momentarily switched off while the bias
voltage is swept in desired range.



xxi

Fig. 3 (a)Atomic resolution on NbSe2, (b)-(c) Atomic step on NbSe2

Phases of vortex lattice in weakly pinned type-II supercon-
ductor, NbSe2

The magnetic field versus temperature phase diagram of weakly pinned type-II supercon-
ductors is significantly complex due to competition of thermal fluctuations, elasticity and
disorder pinning. Vortex lattice (VL) equilibrium configuration and phases across the peak
effect region, where there is anomalous increase in critical current near the Tc at constant
magnetic field or near HC2 at constant temperature, have been of interest [15] as the nature
of order-disorder transition and the quantification of these ordered and disordered states as
Bragg glass; hexatic glass or vortex glass is still ambiguous. Small angle neutron scattering
studies give information on the collective behavior and report existence of a Bragg glass
(BG) state [16], but the microscopic details of vortex arrangements in real space is missing.
Real space imaging by magnetic decoration techniques, are limited to low fields [17]. STM
imaging fills in this gap as instead of using magnetic contrast, mapping of spatial variation
of electronic density of states allows well-resolved vortex lattice images to be obtained at
moderately high magnetic fields [18].

NbSe2 has been explored extensively using transport measurements for study of com-
plexities in the vortex phase diagram. Incidentally it also presents an ideal system for real
space vortex imaging by scanning tunneling spectroscopy, due to its ease of cleaving into
large atomically flat surfaces. Our sample is an NbSe2 single crystal with superconducting
transition temperature, Tc ∼7.2 K (∆Tc ∼ 0.15 K). The crystal is cleaved in-situ in vacuum
giving atomically flat facets larger than 1 µm × 1 µm prior to measurement. Since the
vortex core behaves like a normal metal, well resolved images of the VL are obtained by
measuring the tunneling conductance, G(V ) = dI/dV , at a fixed bias voltage (V ) which
is close to the superconducting coherence peaks such that each vortex core manifests as a
local minimum in G(V ). Coordinates of the centre of each vortex are determined[19] and
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this lattice is then Delaunay triangulated to find the nearest neighbor coordination for each
vortex. Topological defects in the hexagonal lattice manifest as points with 5-fold or 7-fold
coordination number.

Fig. 4 Real space image (500nm× 500nm) of the VL at 350 mK in magnetic field of 15
kOe after preparing the VL using different protocols: (a) ZFC, (b) FC after applying a pulse
of (c) 100Oe and (d) 130Oe on the FC state. The lines show Delaunay triangulation and
the dislocations in the VL are shown as pairs of points with five-fold (red) and seven-fold
(white) coordination.

In order to analyze the VL images more quantitatively we calculate the orientational
and positional correlation functions, G6(r) and Gk(r), which measure the degree of mis-
alignment and the relative displacement between two vortices separated by distance r re-
spectively, with respect to the lattice vector of an ideal hexagonal lattice [20, 21]. The
orientational correlation function is defined as, G6(r) = ⟨cos(6∗θ (⃗r))⟩, where θ (⃗r) is the
angle between the bond located at origin and the bond located at position r. We calculate
G6(r) by evaluating the average 1

n(r) ∑
r+δ r
r cos(6∗θ (⃗r)), over a circular shell containing

n(r) bonds at distance r from the origin, and further averaging over this quantity calculated
by shifting the origin over the mid-point of each of the bonds in the lattice. The spatial
correlation function, GK⃗(r) =

〈
cosK⃗ · r⃗

〉
, (where r is the position of the vortex and K⃗ is the

reciprocal lattice vector obtained from the Fourier transform) is calculated from the posi-
tion of the vortices using a similar averaging procedure. For an ideal hexagonal lattice both
G6(r) and Gk(r) are 1 for all values of r.

The bulk pinning property of the VL is measured separately on the same crystal through
the magnetic shielding response using a two-coil mutual inductance technique operating
at 60 kHz. In this technique, the sample is sandwiched between a miniature quadrupole
primary coil and a dipole secondary coil [22] . In the mixed state of the superconductor
the mutual inductance (M) between the primary and the secondary coil will depend on the
Campbell penetration depth [23], which is inversely related to the pinning strength of the
vortex lattice. Thus a weakly pinned VL will give rise to a larger M compared to a more
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strongly pinned VL.

Fig. 5 Positional correlation function, Gk and
orientational correlation function, G6 (aver-
aged over the principal symmetry directions)
as a function of r/a0 for the VL configura-
tions obtained by cooling back from various
temperatures above and below TP.

Fig. 6 ZFC and FC runs of AC sus-
ceptibility measurements at constant
magnetic field of 15 kOe. Inset
shows the blow up in temperature
range 4 K to 5.2 K and the ZFCW
runs from cooling back from differ-
ent temperatures. These runs access
the intermediate phases.

We explore the real space configuration of low temperature equilibrium state and probe
its glassiness. Figure 4(a) and (b) show the real space VL image over an area of 500nm×
500nm, for the zero field cooled (ZFC) and field cooled (FC) state at 15 kOe and 350 mK.
We observe that the ZFC state is free from topological defects. The vortex lattice constant,
a ≈ 39.8nm, is in excellent agreement with expected value at 15 kOe. In contrast, in the
FC lattice we identify three dislocation pairs within the field of view. When the FC lattice
is shaken with a magnetic field pulse of 100 Oe two of the three dislocations are annihi-
lated(Figure.4(c)). Repeating this experiment with a pulse of 130 Oe we observe that all
dislocations are annihilated resulting in state similar to the ZFC state (Fig.4(d)).

We further study the vortex lattice configurations around peak effect temperature (TP)
and observe an order-disorder transition. Since the conductance contrast at temperatures
close to TP is lost, we use the following thermal cycling protocol to capture the vortex con-
figuration at higher temperatures. The vortex state is prepared in ZFC by applying magnetic
field of 15 kOe at T0 ∼ 4K, well below the peak effect temperature. Then the sample is suc-
cessively heated to higher temperature TH and cooled back to T0 at which all the images are
acquired. At constant magnetic field, such supercooled vortex states are frozen replica of
states at higher temperature. On calculating the positional (Gk) and orientational (G6) cor-
relation functions for various state from the real-space images, we see a clear distinction in
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the nature of decay of G6 and Gk for TH < TP and TH > TP indicating an order-disorder tran-
sition (figure 3.22). In AC susceptibility measurements, the states prepared by same thermal
cycling protocol display hierarchical shielding response with decreasing screening as TH is
increased (figure 6). It is to be noted that although the bulk response does show hierarchial
states, we are unable to capture this in images due to small field of view (∼ 1µm2).

To summarise, our investigations reveal that while the VL can be prepared both as dis-
ordered and quasi-long-range ordered states, the equilibrium state of the system at low tem-
perature is a BG, composed of large number of degenerate metastable states, which can be
accessed using small magnetic perturbations and peak effect is the cross over regime of this
BG state into a disordered state.

Phase diagram of a strongly disordered s-wave supercon-
ductor, NbN, close to the metal-insulator transition

Based on Bardeen-Cooper-Schrieffer (BCS) theory, Anderson postulated that the supercon-
ducting transition temperature (Tc) of a superconductor will remain unchanged in presence
of non-magnetic disorder [24]. However, subsequent measurements on a wide variety of
systems [25] showed that as the disorder level is increased towards the strong disorder limit,
Tc gradually decreases, eventually leading to a non-superconducting ground state.

To understand the mechanism of destruction of superconductivity at different levels of
disorder we choose NbN thin films as our model system. Epitaxial thin films of NbN are
grown using reactive magnetron sputtering on (100) oriented single crystalline MgO sub-
strates by sputtering a Nb target in Ar/N2 gas mixture. The effective disorder, resulting from
the amount of Nb vacancies in the NbN crystalline lattice, is controlled by controlling the
sputtering power and/or the Ar/N2 gas mixture both of which effectively changes the Nb/N
ratio in the plasma. For each film, we characterize the effective disorder through the pa-
rameter kF l, where l is the electronic mean free path and kF is the Fermi wave vector. The
disorder in this set of films spans a wide range, from the moderately clean limit (kF l ∼10)
down to kF l ∼0.4, close to metal-insulator transition.

STS measurements are done on in-situ films and transition temperature of these films
are measured using four-probe method in another cryostat after taking it out from the STM
cryostat once the STS mesurements are over. The measurement is performed by recording
tunnelling conductance versus voltage, (G(V ) vs. V ) on 32 equally spaced points along a
150 nm line at different temperatures, which allowed us to obtain information on both the
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temperature evolution as well as the spatial variation of the tunneling DOS in the sample.
Figure 7 shows the normalized conductance, G(V )/GN (where GN = G(V >> ∆/e)) as a
function of V , averaged over the 32 points, at different temperatures for 6 samples with
different disorder. For the first three samples (Fig. 7(a-c)) where the lowest temperature of
measurement is less than Tc, the conductance spectra show a dip at V = 0 and two symmetric
peaks as expected from BCS theory. This feature is also observed in the next two disordered
samples (Fig. 7(d-e)) where the lowest temperature of our measurements is higher than Tc.
The most disordered sample (Tc << 300mK) shows a dip in G(V ) for V ≲ 2mV which rides
over a broader “V” shaped background which extends up to high bias. This nearly temper-
ature independent broad background, is observed for all our samples and persists up to the
highest temperature of our measurements. It arises from Altshuler-Aronov type electron-
electron interactions and becomes more pronounced for samples with higher disorder . In
order to isolate the feature associated with superconductivity, for each sample, we divide
this background using the spectra at the temperature above which the low-bias feature asso-
ciated with superconductivity disappears (shown as thick lines). The background corrected
conductance spectra (Gdiv(V ) vs. V ), normalized at high bias, are shown in Figure 7(g-l).
In the Gdiv(V ) vs. V spectra, the broadened coherence peaks are visible in all the samples.
For the most ordered film (Tc ∼ 11.9K), the features in the tunneling DOS associated with
superconductivity disappear at Tc, thereby restoring a flat metallic DOS for T >Tc. However
with increase in disorder, the low-bias dip in Gdiv(V ) vs. V spectra continues to persist up to
a characteristic temperature T ∗>Tc. It is interesting to note that the pseudogap temperature
(T ∗) remains almost constant for samples with Tc ≲ 6K. Figure 8 shows the spatial variation
of Gdiv(V ) recorded at the lowest temperature along a 150 nm line for each sample. While
the zero bias dip and the two symmetric peaks are uniform over the entire line for the sam-
ple with Tc ≲ 11.9K, the superconducting state becomes progressively inhomogeneous with
increase in disorder. For the two most disordered samples, for which Tc is smaller than the
base temperature of our STM, the local DOS in the pseudogap state shows superconducting
domains, few tens of nanometers in size, separated by regions where the superconducting
feature is completely suppressed.

Based on above observations, we establish a phenomenological phase diagram for NbN
in different regimes of disorder(Figure 10), supported by results of penetration depth and
transport measurements.

The superconducting state is characterized by a complex order parameter |∆|eiφ and can
get suppressed either by a decrease in |∆| caused by a weakening of the pairing interactions
or through a decrease in the phase stiffness Js. In region I of the phase diagram, Tc mono-
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Fig. 7 (a)-(f) Normalized tunneling spectra at different temperatures for NbN films with
different disorder. The spectrum shown in thick line corresponds to the temperature at which
the low bias feature in the tunneling conductance disappears. Each tunneling spectrum is
averaged over 32 equally spaced points along a 150nm line on the sample surface. (g)-(l)
The spectra corresponding to (a-f) after dividing the V shaped background.
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Fig. 8 (a)-(f) Gdiv(V ) vs. V spectra along a
150nm line (measured at 2.6K) for six NbN
thin films with different disorder.
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tonically decreases with increase in disorder, but continues to follow conventional BCS
behavior. Therefore, we expect the decrease in Tc to be caused by a weakening of the pair-
ing interaction. This weakening can result from two effects. First, with increase in disorder,
the diffusive motion of the electron results in an increase in the repulsive e− e Coulomb
interactions[26], which partially cancels the phonon mediated attractive pairing interaction.
The second effect comes from the fact that disorder, in addition to localizing the electronic
states close to the edge of the band also increases the one electron bandwidth[27] , thereby
decreasing the density of states (N(0)) close the middle of the band.

As the disorder is further increased, the superconductor enters regime II, which is char-
acterized by two temperature scales, namely, Tc, which corresponds to the temperature at
which the resistance appears and T ∗, which corresponds to the temperature at which the
superconducting energy gap disappears. Tc continues to decrease monotonically with in-
creasing disorder, whereas T ∗ remains almost constant down to kF l ∼ 1, where the su-
perconducting ground state is completely destroyed. These two temperature scales can be
attributed to the phase stiffness of the superfluid (J) and the strength of the pairing interac-
tion (|∆|) respectively. J can be estimated using the relation[28],
J = (h̄2ans)/(4m∗), where ns is the superfluid density, a is the length scale over which the
phase fluctuates and m∗ is the effective mass of the electron. A rough estimate of J is ob-
tained from ns derived from the low temperature penetration depth[8](λ (T → 0)) and setting
a ≈ ξ . In conventional “clean” superconductors, J is several orders of magnitude larger than
|∆|, and therefore phase fluctuations play a negligible role in determining Tc. However, dis-
order enhanced electronic scattering decreases ns, thereby rendering a strongly disordered
superconductor susceptible to phase fluctuations. In Figure 4.16, we summarize the values
of J for NbN films [8]. We see that while for the samples in regime I, J >> kBTc such that
phase fluctuations are irrelevant, as we enter regime II, J ≲ kBTc. We therefore conclude
that the superconducting state in strongly disordered NbN samples is destroyed at Tc due to
phase fluctuations between superconducting domains that are seen to spontaneously form in
our STS data (Fig.8). However, even above this temperature, |∆| remains finite due to phase
incoherent Cooper pairs which continue to exist in these domains.

To summarize, based on transport and STS measurements on 3D films spanning a large
range of disorder, we construct a phase diagram (Fig.10) where we can identify the domi-
nant interaction in different regimes of disorder: (i) In the intermediate disorder regime, Tc

decreases due to a gradual weakening of the pairing interaction; (ii) a strongly disordered
regime, where Tc is governed by a decrease in the superfluid stiffness, though the pairing
strength remains almost constant.
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Highly oriented, free-standing, superconducting NbN films
growth on chemical vapor deposited graphene

For terahertz applications and increased detection efficiency by integrating superconduct-
ing single photon detectors (SSPD) on optical structures, there are recent explorations of
NbN growth on non-conventional substrates like GaAs[29], 3C-SiC[30] and Si[31]. On-
chip graphene-based photo-detectors are another area of research due to simpler CMOS-
compatible fabrication techniques. Here we report the growth and characterization of highly-
oriented NbN thin films with Tc ∼ 14K on large-area chemical vapor deposited (CVD)
graphene. Growth on graphene layers deposited onto SiO2 coated silicon wafers provides
an easy route for delamination of the graphene layer along with the deposited film. This
enables the release of the NbN film from the substrate, thus allowing flexible, free-standing
NbN layers to be obtained.

Thin films of NbN were deposited by low-pressure reactive dc magnetron sputtering on
CVD graphene layers[32, 33]. A Nb target was sputtered at a power of 230W in a mixture of
Argon and Nitrogen (Ar:N2::80:20) at an ambient pressure of 4.8 mTorr (6.4x10−6bar). The
sputtering power, gas pressure and gas ratio were kept constant, the substrate temperature
(Tsb) was varied from room temperature to 600◦C and the sputtering was carried out for 3
minutes.

Figure 11(a) shows the x-ray diffraction profile (2θ scan) for ∼250 nm thick NbN films
grown at different substrate temperatures (Tsb). For films grown at temperatures ranging
from 30◦C to 450◦C, peaks corresponding to (111) and (200) cubic δ -NbN can be seen.
Additional peaks for hexagonal ε-NbN are observed in film grown at 600◦C. Based on
the ratio of the heights of the peaks corresponding to diffraction from the (111) and (200)
planes, film grown at 150◦C can be identified as the most oriented film along the (111)
direction. Figure 11(b) shows the variation of the superconducting critical temperature with
Tsb. In these samples, ∆TC increases for deposition temperatures above 150◦C, which is due
to existence of different orientation of crystallites as evident from the decreasing ratio of
(111) and (200) peaks in the x-ray diffraction profiles.

To obtain free standing films of NbN, we first spin coat the NbN film with 300nm of
poly methyl methacralate (PMMA) for protection. Then the edges of the film are scratched
to expose the SiO2 layer underneath, and the sample soaked in buffered HF solution (con-
centration: HF: NH4F : : 1: 7). The SiO2 layer is etched away and the NbN/graphene layer
covered with PMMA and floats to the top of the solution. The process takes approximately
30 minutes for a 1 cm2 film. This floating film is then scooped on to a glass slide or any
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other target substrate. The protective PMMA layer is removed using a cycle of rapid ther-
mal annealing (RTA) (300◦C for 10 minutes and 350◦C for 5 minutes in 100 sccm Ar).
Figure 12 shows the normalized resistance vs. temperature curves for the NbN/graphene
film before and after delamination from the SiO2/Si substrate. The inset shows the floating
NbN film after the SiO2 has been etched away. There is a very slight decrease in transition
temperature which indicates the robustness of this technique.

The use of large-area CVD graphene offers a promising alternative to conventional sub-
strates for the growth of NbN. We have shown that (111)-oriented NbN films with ∼14K
transition temperature and very high upper critical field (33T) can be obtained via growth on
graphene layers. The additional advantage of the process is that free-standing, flexible NbN
films can easily be obtained, which could enable new designs for bolometers and SSPD
devices. In combinations with CMOS compatible fabrication of graphene, this opens up a
possibility for direct on-chip integration of NbN for superconducting thin-film devices.
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Chapter 1

Introduction

Discovered over 100 years ago, superconductivity still continues to throw fresh challenges
in fundamental understanding of underlying physics and newer avenues of application.
Superconductivity was first observed by Kamerlingh Onnes in 1911 as loss of resistance in
mercury wire on cooling below 4.2 K [1]. Superconductors further intrigued by expelling
magnetic field known as Meissner effect [2], which was phenomenologically explained by
London brothers [3]. Major breakthrough in microscopic understanding of superconduc-
tivity came as the BCS theory [4] which stood the test of experiments for most conven-
tional superconductors. The discovery of newer materials showing superconductivity like
the high-Tc [5], iron-based [6], organic [7], heavy-fermion [8] and disordered superconduc-
tors, has pushed the horizons of superconductivity beyond BCS theory.
The elegant phenomenological theory of superconducting phase transition was given by
Ginzburg and Landau [9] which explained behaviour of thermodynamic quantities remark-
ably. This theory also explained the behaviour of superconductors in presence of magnetic
field and was used by Abrikosov [10] to predict type-II superconductors which allow quan-
tised magnetic flux to pass, forming a flux lattice inside the superconductors. Each flux line
is surrounded by circulating super current and is also alternatively called a vortex. Although
the perfectly crystalline flux line lattice (FLL) can exist in clean systems, the real world
imperfections in superconductors lead to a much more complicated physics of breakdown
of crystalline order in presence of a disordered background and thermal fluctuations [11].
In this chapter, an overview of BCS theory, G-L theory and the Abrikosov lattice is presented
and the experimental methods to study the superconducting energy gap and the vortex lattice
are discussed.



2 Introduction

1.1 Ginzburg-Landau theory

Ginzburg-Landau (GL) theory was developed on the premise of Landau theory of phase
transition where an order parameter is a thermodynamic variable that is zero in the disor-
dered state above Tc and becomes non-zero below Tc. GL postulated a complex supercon-
ducting order parameter ψ such that:

ψ = 0 (T > Tc) (1.1)

ψ ̸= 0 (T < Tc) (1.2)

The free energy density of the superconductor depends smoothly on ψ , since ψ goes to zero
at Tc, free energy density can be Taylor expanded in powers of |ψ| :

fs(T ) = fn(T )+a(T )|ψ|2 + 1
2

d(T )|ψ|4 + ... (1.3)

Here fs and fn are the superconducting state and normal state free energy densities. For
a(T )> 0, fs has a minimum at ψ = 0 and for a(T )< 0 minimum occurs at |ψ|2 =−a(T )/b(T ).
Thus a(T ) = 0 at Tc, making Taylor expansion around Tc,

a(T ) = ȧ× (T −Tc)+ ... (1.4)

b(T ) = b+ ... (1.5)

Thus the temperature dependence of order parameter is given by:

|ψ| = (ȧ/b)
1
2 (Tc −T )

1
2 T < Tc (1.6)

|ψ| = 0 T > Tc (1.7)

If the order parameter depends on position, ψ(r), free energy density will include a new
term depending on the gradient of ψ(r):

fs(T ) = fn(T )+
h̄2

2m∗

∣∣∣∣ h̄i ∇ψ

∣∣∣∣2 +a(T )|ψ|2 + 1
2

b(T )|ψ|4 + ... (1.8)

In presence of magnetic field h̄
i ∇ → h̄

i ∇−qA, thus:

fs(T ) = fn(T )+
h̄2

2m∗

∣∣∣∣( h̄
i
∇+2eA

)
ψ

∣∣∣∣2 +a(T )|ψ|2 + 1
2

b(T )|ψ|4 (1.9)
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Total free energy Fs(ψ(r)) =
∫

fs(ψ(r))d3r, performing functional differentiation to mini-
mize Fs(T ) w.r.t ψ(r) gives:

−h̄2

2m∗

(
∇+

2ei
h̄

A
)2

ψ(r)+(a(T )+b(T )|ψ|2)ψ(r) = 0 (1.10)

1.2 Abrikosov flux lattice

When the external applied field is very close to Hc2, the GL order parameter ψ is small in
magnitude and goes to zero at Hc2. B = µ0H, where H is the applied field. For B = (0,0,B),
the vector potential A = (0,xB,0). In this case, equation 1.10 becomes:

−h̄2

2m∗

(
∇+

2eBi
h̄

xey

)
·
(

∇+
2eBi

h̄
xey

)
ψ(r)+(a(T )+b(T )|ψ|2)ψ(r) = 0 (1.11)

Where, ey is the unit vector in y direction. Abrikosov came up with a periodic solution of
above equation of the form:

ψ(r) = ∑
n=−∞,∞

Cnei(2πny/ly)ei(kyy)e−(x+nΦ0/Bly)
2/ξ (T )2

(1.12)

Where Cn are the variational parameter which are to be chosen to minimise the GL free
energy, the solution is periodic in y with period ly. The solution becomes periodic in x for
Cn+ν = Cn for integer ν and the period in x is then lx = ν

Φ0
Bly

. For ν = 2, the minimum
energy state is obtained corresponding to triangular lattice. The order parameter ψ(r) goes
to zero at one point in each unit cell and there is one flux quantum Φ0 per unit cell. Such
arrangement of flux passing through type-II superconductor is termed Abrikosov flux line
lattice or vortex lattice. This is illustrated in figure 1.1.

Fig. 1.1 Abrikosov flux lattice. The contour lines show the order parameter |ψ(r)|2 in xy
plane.
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1.3 The BCS theory

The BCS theory provided a breakthrough in microscopic understanding of superconductiv-
ity [4]. The key features of BCS theory are [12], i) due to coupling between phonons and
electrons the effective force between electrons can become “attractive”, ii) electrons close to
fermi-level can form stable bound pair however weak be this attractive force, iii) the paired
up electrons near fermi surface can be represented by a many-body wave function ψBCS and
iv) solving the mean-free Hamiltonian for ψBCS shows presence of energy gap 2∆ at the
Fermi surface which corresponds to the energy required to break the bound pair into two
free electrons.

Effective attraction for electrons near Fermi surface

The electrons interact with each other via their interactions with the lattice phonons. The
electron in a Bloch state ψnk⃗1

(r) can excite a phonon of crystal momentum h̄q leaving the
electron in state ψnk⃗1−q⃗ later a second electron picks up this momentum. This process can
be depicted by the Feynman diagram as shown in Figure 1.2.

Fig. 1.2 Interaction between electrons due to
exchange of crystal lattice phonon

Fig. 1.3 Cooper pair around Fermi surface

Cooper pairs and BCS wave function

Cooper noted that the effective interaction is attractive only near the Fermi surface. Assum-
ing a spherical Fermi surface, all states below k < k f are occupied at zero temperature. Plac-
ing an extra pair of electrons outside the Fermi surface interacting via the electron-phonon
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interaction, the two particle wave function of these extra electrons is:

ψ(r1,σ1,r2,σ2) = eikcm·Rcmφ(r1 − r2)φ
spin
σ1,σ2 (1.13)

Where Rcm is the centre of mass and h̄kcm is the total momentum of the pair. The minimum
energy is achieved for kcm = 0, figure 1.3. The whole Fermi surface becomes unstable to
the creation of such pairs and essentially every electron at the Fermi surface becomes bound
into a Cooper pair in presence of attractive interaction. A many body BCS wave function
represents a state where all electrons are paired.

|ψBCS⟩= ∏
k

(
u∗k + v∗kP̂†

k

)
|0⟩ (1.14)

Where P̂†
k is the pair creation operator, P̂†

k = c†
k↑c†

−k↓.

BCS Hamiltonian and Bogoliubov transformation

BCS proposed a phenomenological Hamiltonian capturing the details of Cooper mechanism
of free electrons scattering via an effective instantaneous interaction:

H = H0 − (∆∑
k

c†
k↑c†

−k↓+h.c.)+∆

〈
c†

k↑c†
−k↓

〉∗
(1.15)

Where the c† and c are creation and annihilation operators. This hamiltonian can be diag-
onalised using Bogoliubov transformations by introducing quasiparticle operators γk0 and
γk1:

ck↑ = u∗kγk0 + vkγ
†
k1 (1.16)

c†
−k↓ = −v∗kγk0 +ukγ

†
k1 (1.17)

Where |uk|2 + |vk|2 = 1, the diagonalised hamiltonian is:

HBCS = ∑
k

Ekγ
†
k0γk0 + γ

†
k1γk1 +∑

k
ξk −Ek +∆k

〈
c†

k↑c†
−k↓

〉∗
(1.18)

Where ∆k is the superconducting order parameter and the gap in single-particle spectrum
at Fermi surface defined by ξk = 0, and Ek is the Bogoliubov quasiparticle spectrum, Ek =√

ξ 2
k + |∆k|2. Doing a change of variables from the normal metal eigenenergies ξk to the

quasiparticle energies Ek: N(E)dE = NN(ξ )dξ . The gap ∆ is much smaller than the en-
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ergy over which the normal state dos NN(ξ ) varies near the Fermi level, we can make the
replacement: NN(ξ ) ≈ NN(0) ≡ N0, so using the form of Ek, we get (This is illustrated in
figure 1.4):

N(E)
N0

=
E√

E2 −∆2
E > ∆ (1.19)

= 0 E < ∆ (1.20)

Fig. 1.4 Normalized density of states and Quasiparticle spectrum, from ref: [13]

1.4 Measuring Superconducting energy gap

The quasiparticle density of states provides wealth of information about the superconductor
like: the magnitude of SC gap (pairing strength), number of gaps, pairing symmetry (gap
symmetry) and to extract the energies of “Pairing glue”.

Photoemission spectroscopy (PES) and tunnel junction spectroscopy are most com-
monly used techniques to measure the gap experimentally. The photo-emission intensity
is proportional to the density of occupied states for electrons. The low intensity near the
Fermi energy at low temperature in superconductors show the absence of occupied states
which gives information on the superconducting energy gap at Fermi energy. PES probes
only the occupied states below Fermi level. Tunnel junction spectroscopy or the quantum
mechanical tunneling technique introduced by Giaever [14] which probes both occupied and
unoccupied states around Fermi level, provided a robust method of measuring the evolution
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Fig. 1.5 Representation of density of states of Normal metal-Insulator-Superconductor junc-
tion a) At zero applied bias to the superconducting sample there is no current flow, b) on
applying positive bias above the superconducting gap to the sample (eV > ∆), current flows
from superconductor to the normal metal and c) on applying negative bias to the sample
results in current flow from normal metal to the superconductor.

of superconducting energy gap with temperature and magnetic field. For normal metal-
insulator-superconductor (NIS) junction, the differential tunnelling conductance G(V ) is
proportional to the superconducting density of states DOS, obtained from the tunneling
equation:

G(V ) ∝
dI
dV

∣∣∣∣∣
V

∝
d

dV

{∫
∞

−∞

NS(E)NN(E − eV ){ f (E)− f (E − eV )}dE
}

(1.21)

At each value of bias voltage, the tunneling current will depend on Ns(E) and Nn(E) i.e.
the densities of states of the superconducting and normal metal electrodes respectively as
well as the Fermi-Dirac distribution function f (E). The conductivity should vanish at low
temperatures at small energy bias because of the gap in the BCS DOS. Yet, a small leakage
current is observed in the experiments that is attributed to the Dynes DOS, a BCS-like ex-
pression with life-time broadening, representing quasiparticle states mainly due to inelastic
scattering in the superconductor [15, 16]. In practice, the gap value is extracted by fitting
the tunneling spectra with Dynes’ expression:

Ns(E) = Re

(
E − iΓ√

E − iΓ2 −∆2

)
(1.22)

Where, the parameter Γ(= h/τ) in this expression is to account for the finite lifetime τ of
the superconducting quasiparticles i.e. the time for their recombination into Cooper pairs.
However, in the context of fitting the experimental spectra, it phenomenologically incorpo-



rates all non-thermal sources of broadening in the BCS DOS.

Giaever used an insulating oxide layer as barrier. As he mentions in his Nobel lecture,
they discarded the thought of using air or vacuum as barrier due to mechanical vibrations.
With advancement in piezoelectric materials which provide angstrom level precision in po-
sitioning, vacuum tunnelling became a possibility. The local density of states can now be
measured with spatial resolution of single atom using the scanning tunneling spectroscopy
where the normal metal tip, vacuum gap between tip and sample and the superconducting
sample forms a nano-scale NIS junction. The tip can be positioned anywhere on the sample
surface and information on the local density of states (LDOS) can be obtained by sweeping
the applied voltage (NIS junction is illustrated in figure 1.5).

1.5 Imaging Vortex lattice

Scanning tunneling microscope which was originally designed for imaging the surface to-
pography with atomic precision also proves useful in doing tunneling spectroscopy with
added spatially resolved information. In a STM, an atomically sharp metal needle is scanned
over the sample at very small distance over which tunneling current is detectable. Supercon-
ducting vortices are imaged using STM by recording the spatial variation of conductance
at fixed bias voltage. For bias voltage lying within the superconducting gap, the conduc-
tance inside the vortex is larger than the conductance in superconducting region around it,
thus vortices appear as maxima in the conductance map recorded by STM. For bias voltage
near the coherence peak in superconducting spectra, the conductance in the vortex region is
lower, thus in such conductance map vortex show up as local minima, shown in figure 1.6.

Fig. 1.6 Conductance spectrum for superconducting and vortex region is shown. For a bias
voltage=1.4mV (around coherence peak), vortices are seen as local minima and in next
panel, the conductance map at bias voltage=0.1mV (within superconducting gap) vortices
are seen as local maxima.
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In this thesis, we explore the effect of disorder on superconducting LDOS and on the
orientational and positional order of vortex lattice using scanning tunnelling spectroscopic
technique.
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Chapter 2

Scanning tunneling microscope basics
and Instrumentation

Scanning tunnelling microscope (STM) was invented by Rohrer and Binnig [1–3], for which
they were awarded the 1986 Nobel prize in Physics. STM consists of a sharp metallic wire
which is brought so close to the sample surface such that it is able to detect the tunneling of
electronic wave function. The piezoelectric transducer attached to this wire allow the wire to
move over the sample surface providing information on surface topography and electronic
states.
Applications of STM extend far beyond the initial use for mapping surface topography.
STM has found use in mapping the local density of states with atomic resolution in samples
ranging from metals [4], semiconductors [5] to superconductors [6]. STM provides access
to individual atoms and molecules on the surface and the novel capability of manipulating
atoms has opened avenues for “bottom-up” fabrication on surfaces [7].
Quantum tunneling was first used by Giaever [8] to study the quasiparticle density of states
in superconductors. They used an insulating oxide layer as barrier. As he mentions in his
Nobel lecture, they discarded the thought of using air or vacuum as barrier due to mechan-
ical vibrations. With the advent of STM, vacuum tunneling became a possibility and is
extensively used to study the superconducting energy gap and the inelastic tunneling pro-
cesses. STM is also used in exploring another aspect of superconductors, the vortex lattice
[9] with the ability to map the vortex lattice over large areas at considerably high magnetic
field.
Main challenges in setting up of a scanning probe are mechanical stability and protection
from external electrical noise. For spectroscopic measurements on superconductors, tem-
perature stability is another important aspect in the design. In this chapter, I present the
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basic principles of scanning tuning microscopy and the describe the setup in our laboratory.
The instrumentation details of this setup are published in ref [10].

2.1 Scanning Tunneling Microscopy and Spectroscopy

2.1.1 Theory

Bardeen approach

The tunneling of electrons can be understood by Bardeen’s approach [11, 12] which uses
time dependent perturbation theory. In this scheme, system is represented by two indepen-
dent regions, the tip and the sample (Figure 2.1). The probability of tunneling of the electron
with wave function ψµ at Eµ from the tip to state in sample ψν at Eν is given by Fermi’s
golden rule.

w =
2π

h̄
|M|2

µ,νδ
(
Eµ −Eν

)
(2.1)

The total current is sum over all possible states:

I =
4πe

h̄ ∑
µ,ν

|M|2
µ,νδ

(
Eµ −Eν − eV

)[
f (Eµ)− f (Eν − eV )

]
(2.2)

The Fermi-Dirac function ( f (E)) takes into account that tunnelling of electrons can happen
only from filled to empty states. The energy shift eV is caused by applied bias on the
sample. A factor of 2 has been introduced accounting for the two possible spin states of
each electron. The finite summation over the discrete states can be replaced by an integral
over energies using the density of state ρ(ε) : ∑µ →

∫
ρ(ε)dε . Approximating the Fermi

distribution as a step function (kT ≪ Eresolution), the current is:

I =
4πe

h̄

∫ eV

0
|M|2ρsample(ε − eV )ρtip(ε)dε (2.3)

Where ρsample and ρtip are local densities of states of the sample and the tip. For a very
small bias voltage:

I =
4πe

h̄
V |M|2ρsample(εF)ρtip(εF) (2.4)

Thus the differential conductivity, which can be measured experimentally is directly pro-
portional to the density of state of the sample at very low bias voltages:

dI
dV

=
4πe

h̄
|M|2ρsample(εF)ρtip(εF) (2.5)
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Fig. 2.1 A schematic picture of STM is shown
on top. A simple barrier as shown below it ex-
plains the physics of tunneling. When the two
sample and tip are far apart, the wave func-
tions of both decay into the vacuum while the
tunneling can take place if the sample and tip
are closer.

Fig. 2.2 Tip center r0 and tip radius of curva-
ture R defined by Tersoff and Hamann. The
tunneling current is concentrated at the vicin-
ity of the closest point to the sample.

Tersoff-Hamann model

The tunneling matrix element is given by an integral over a surface in the barrier region
lying between the tip and the sample:

Mµ,ν =
h̄

2m

∫ (
ψµ

∗
∇ψν −ψν

∗
∇ψµ

)
dS (2.6)

To evaluate the effective matrix element Mµ,ν a simplified model was suggested by Tersoff
and Hamann [13, 14] to replace the unknown electronic structure of the tip. In this model the
tip is represented as a locally spherical potential well (Figure 2.2). The tip wave functions in
the region of interest are taken to have the asymptotic spherical (s-wave) form. It is assumed
that only the s-wave solutions of this quantum mechanical problem (spherical potential well)
are important. Thus, at low bias the tunneling current is proportional to the local density of
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states at the center of curvature of the tip r0:

I ∝

EF

∑
Eµ=EF−eV

|ψ∗
ν(r0)

2 = eV ρsample(r0,EF) (2.7)

This model is often called the ‘s-wave tip model’. Chen [15, 16] proposed an elegant
method, to extends the TH-model for STM-tip with more complicated wave function char-
acterizing the apex atom. He showed that tunneling matrix element can be expressed as a
derivative of the sample wave functions at the centre of the apex atom for more directed
wave functions like pz,dz2 . This approach explains the atomic resolution obtained by STM
tips not previously understood in the s-wave tip model.

2.1.2 Principle of operation

Since the tunneling current dies exponentially with distance, to detect a tunneling current
the sample needs to be approached in the range of few nanometers without actually touch-
ing the sample. Initially the STM tip is at few mm distance from the sample surface. It is
brought into tunneling distance by the process called engaging of tip. First the coarse po-
sitioner moves one step, the fine positioner which is a piezoelectric tube, expands towards
the sample in z-direction to look for tunneling current. This process is continued until a
tunneling current is detected when tip reaches within few nanometers of the sample.
The ambient vibrations in the environment oscillate the tip back and forth with respect to
the sample which produces fluctuations in the current as the gap distance oscillates. A feed-
back mechanism is used to maintain the distance between tip and the sample in tunneling
regime and to prevent it from crashing into the sample. Motion over such small distances
are achieved using piezoelectric transducers. The detected tunneling current is read by the
control electronics after amplification. This value is compared with the predetermined set
point. If the current is larger than the setpoint, the tip is too close and needs to be pulled
away from the surface. If the current is less than the setpoint, the tip is too far away and
needs to be pushed towards the surface. The tip is moved by changing the voltage applied
to the z piezo (schematic in Figure 5.10). The digital feedback loop of the system has pro-
portional (P) and integral (I) gain. The speed of the loop response to a deviation from the
setpoint is determined by the combination of the P and I factors. A higher P leads to faster
response and a larger Time Constant for I slows down the response.
Scanning the tip over the sample is done by applying different voltages on the peizotube
which control the finer expansion and contraction of the tube in x and y directions.
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Fig. 2.3 Schematic of STM: Metal tip is maintained within tunneling distance from the
sample using the Z feedback loop where the tunnelling current is the control parameter.
Current and Z values are recorded simultaneously while scanning the x and y position of tip
over the sample which results sample topography.
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For a given bias voltage, the physical quantity measured by the STM is the tunneling cur-
rent, which is a function of the lateral coordinates (x,y) and the z coordinate: I = I(x,y,z).
Differential conductance maps can be simultaneously recorded while scanning by modulat-
ing the DC bias voltage with a small AC signal. Bias spectroscopy at any point (x, y) can
be obtained by interrupting the feedback circuit, applying a voltage ramp and acquiring the
tunneling current, this explained further in section 2.2.10.

2.2 Experimental setup

The details of the low-temperature, high-vacuum STM setup in our lab are illustrated in
Figure 2.4 and explained in the following subsections. The main features of this setup are:

• In-situ thin film deposition by magnetron sputtering and evaporation and In-situ sam-
ple cleaving.

• High vacuum ∼ 1×10−6 Torr.

• 9 Tesla magnetic field perpendicular to sample plane.

• Temperature stability within 10mK from 2.6K to 20K.

• Unique sample holder design which allowed for STS on superconducting films grown
on insulating substrates.



2.2 Experimental setup 19

Fig. 2.4 Side view of the setup of STM. Details are described in following sections.
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2.2.1 Variable temperature insert

The variable temperature insert (VTI) is a cylindrical tubular structure that is inserted into
the bore of a 9 T superconducting magnet. The central tube has flanges at both ends. The top
flange has additional feedthrough pipes which end at the bottom flange for wiring. Bottom
of the VTI consists of a removable copper can which houses the He4 pot and STM head. This
can is vacuum sealed using indium wire, with the bottom flange. The He4 pot is a copper pot
which is connected to the helium bath of the cryostat through a fine Cu-Ni capillary tube of
inner diameter 150µm. This pot is pumped by a rotary pump for lowering the temperature
of the pot from 4.2K down to 2.6K. A heater on this pot is used to control the amount of
helium in the pot and thus the temperature. The STM head (Figure 2.10) is directly attached
at the end of this pot. The entire variable temperature insert (VTI) is maintained at a high
vacuum of ∼ 1×10−6 Torr. The VTI is pumped through the load lock cross using a turbo
pump while transferring sample, the load lock is closed and the pump is switched off during
the measurements.

2.2.2 Vibration Isolation

The entire unit is placed in a concrete pit which is separated from the building floor by
a buffering pit filled with sand. The cryostat table sits on pneumatic legs which lift the
table on applying gas pressure, a source of compressed air is set to to maintain them. Next
stage of vibration isolation is done using Halcyonics Active Vibration Isolation system [17].
This consists of damping spring system and active piezoelectric elements which adjust the
load and respond to the vibrations depicted in figure 2.5. The pumping of the helium 4 pot is
done using a rotary pump during the measurements for cooling and the STM head is directly
attached to this helium 4 pot, thus it is crucial to remove the vibrations in the pumping line.
The vibrations in the pumping line are eliminated by passing the pumping line through a
heavy concrete block and a chamber containing high density foam placed in series (Figure
2.6).
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Fig. 2.5 Schematic of active vibration isola-
tion

Fig. 2.6 Elimination of vibration in pumping
line

2.2.3 Sample deposition chamber

The sample deposition chamber is a high vacuum unit with a sputtering gun on top. There
are multiple ports arranged diagonally around the cylindrical chamber. These ports can be
used for viewing glass, heater, evaporator, thickness monitor or additional sputtering gun
as per requirement. The chamber has a gas inlet port which can be closed by a Swageloc
regulator. The gas inlet is controlled by mass flow controller where one can set the rate
of gas flow while sputtering. The sample holder is mounted on the horizontal manipulator
and pushed into the chamber over the molybdenum radiation heater, facing the sputtering
gun/evaporator for deposition. The end of horizontal manipulator has a Pt-100 temperature
sensor for monitoring the sample temperature while it is heated using the molybdenum
heater (Figure 2.7).

Fig. 2.7 Sample deposition chamber
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2.2.4 Sample preparation and transfer

The work reported in this thesis is carried on NbN thin films and NbSe2 single crystals.
Conducting and clean sample surface is a major requirement for STM experiments, thus
sample surface preparation is an important step. We deposited the NbN films in the above
explained sample deposition chamber. An ideal substrate for epitaxial growth of NbN thin
films is MgO which is insulating. Thus providing electrical contact to the NbN films through
the substrate was not a possibility. This problem was overcome by using a novel sample
holder design (Figure 2.8). Contact pads are deposited on the insulating substrate using a
mask prior to in-situ deposition of film. Now the substrate with contact pads is glued to
the sample holder using silver paste which ensures uniform heating of the substrate during
in-situ deposition. The sample holder cap is tightened such that the cap of sample holder is
in electrical contact with the contact pads. The in-situ film deposited through the hole in the
cap is thus in electrical contact with the sample holder. Since the STM measurements span
only few micron area in the centre of the sample, the contact pads do not induce a proximity
effect on the measurements.

Fig. 2.8 Contact pads are deposited on the insulating substrate prior to in-situ deposition of
film such that the cap of sample holder is in electrical contact with the contact pads. The
in-situ film deposited through the hole in the cap is thus in electrical contact with the sample
holder

NbSe2 is easily cleavable using a scotch tape. We stick a double sided tape on the
sample surface with a magnetic stub on its end. Inside the load-lock cross, after pumping to
∼ 1×10−6 Torr, the magnetic stub is pulled using a horizontal manipulator with magnet on
its end, thus revealing a freshly cleaved surface in vacuum (Figure 2.9). This method works
for other cleavable samples and a metal plate stuck to the sample with silver paste can be
used instead of tape when the sample is hard to cleave.
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Fig. 2.9 Schematic of cleaving mechanism: A double sided tape is stuck on the sample
surface with a magnetic stub on its end. Inside the load-lock cross, the magnetic stub is
pulled using a manipulator with magnet on its end, thus revealing a freshly cleaved surface
in vacuum.

2.2.5 STM head

The STM head (Figure 2.10) consists of a monolithic part made of Oxygen-free high thermal
conductivity (OFHC) copper which houses the scan stage, tip, sample and the electrical
connections. This part was electroplated with a thin gold layer to prevent formation of
insulating oxide layer on copper and thus ensure good thermal contact. The sample holder
transferred through the vertical manipulator sits on the Cu housing of the sample holder in
the top part of the head. The holder is grabbed in place by phosphor-bronze leaf springs
on either sides. The slots on the sample holder get engaged into the steel stud such that the
sample holder does no rotate when the vertical manipulator is unthreaded and pulled out.
The sample is electrically isolated from the STM head using a Macor [18] spacer.
The Attocube coarse positioner is mounted on the removable bottom plate of the head. The
peizo scan tube [19] is glued using Stycast [20] on top of the attocube positioner stage along
with macro spacers on both ends for electrical isolation. The bigger tip holder is glued on
top of the peizo scan tube. It has a phosphor-bronze leaf spring to hold another removable
smaller tip holder which has a blind hole of 300µm for insertion of a 250µm Pt/Ir wire tip.
The tunneling current in the tip is shielded from the high voltages applied on the peizo tube
by using a grounded copper ring which is glued on the Macor spacer between the peizo tube
and tip holder. Cernox temperature sensor [21] is placed on the side wall of the head.
The electrical connections for the bias voltage to sample, tunneling current, electrodes of
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Fig. 2.10 STM head is a copper cavity which houses the sample, tip, scan and approach
assembly

the peizotube, attocube and the temperature sensor are made on the printed circuit boards
mounted on the walls of the STM head.

2.2.6 Electrical connections

All electrical connections to the STM head in the high vacuum are from the multipin
feedthroughs in the top flange of the VTI. The feedthrough for tunneling current and bias
are BNC connectors and the connections for peizotube, attocube positioner, temperature
sensors and heater are made using two Oxford 10 pin connectors. The connections for
tunneling current, peizo scan tube and bias are realized by stainless steel coaxial cables to
achieve the most effective screening and thus the lowest possible noise. The connections
to the attocube positioner are made using copper wire to minimise the loop resistance for
faster response of the positioner. Since all electrical leads introduce heat load to the STM
head, all wirings are thermally anchored on the 4He pot with GE varnish. Special attention
has been paid to separate the tunneling current cable from all other wiring to minimize the
pickup noise. The high voltage output for the peizo scan tube passes through a RC filter to
cut off high frequency noise. All the power cables of the electronics, the STM table and the
VTI are grounded to a common ground to avoid ground loops.
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2.2.7 Tip preparation

We prepare the tip by cutting a 250µm Pt-Ir wire obliquely using a wire cutter and ensured
the sharpness under an optical microscope. We also attempted electrochemical etching of Pt-
Ir wire which is described in appendix1, there was not significant difference in observations
by either of the tips. Since the tips are cut in atmosphere, it might have contamination or
even while scanning over the tip can get contaminated by crashing on sample surface. To
clean the tip in-situ in high vacuum we use the process of field emission.

Field emission

Fig. 2.11 Circuit diagram for field emission Fig. 2.12 Fluctuations in field emission cur-
rent reduce over time and the process is
stopped when current stabilises

In this process high voltage (∼ 100−200V ) is applied between the tip and a clean sample
(usually gold or silver crystal). Current in the circuit is limited to few µA by placing a high
resistance (660 kΩ) in series in the circuit since there is a danger of electro-welding of the
tip to the sample if the tip crashes to the sample and high current is flowing which results in
blunt tip. Electromigration of atoms on the tip takes place, modifying the composition of the
last atom at the end of the tip. Figure 2.11 shows the diagram of the circuit we have used for
field emission. Figure 2.12 shows the time evolution of the field emission current with time.
Initially for an unstable tip, the current fluctuates a lot and with passage of time the current
stabilises. Figure 2.13 shows the I-V spectrum on silver surface by a dirty tip. After field
emission procedure a straight line I-V spectrum (Figure 2.14) is obtained on silver surface
indicating a clean tip.
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Fig. 2.13 Voltage versus current graph ob-
tained on silver before field emission

Fig. 2.14 Voltage versus current graph ob-
tained on silver after field emission

2.2.8 Electronics

We use the commercial control electronics from the Nanonis SPM control system [22] with
following components:

• Realtime Controller RC4: It is a pentium processor with Labview RT operating sys-
tem.

• Signal Conditioning SC4: This unit has 8 analog inputs and 8 analog outputs (+/-
10V, bandwidth of 5kHz). Input 1 (AI1) is configured to read the tunneling current,
and output AO1 is reserved for the bias voltage. The signals x, y, z for scanning are
also assigned and they cannot be changed: x, y and z are available as outputs AO5,
AO6, and AO7 respectively. Other input Channels can be used to acquire external
data. The input voltage range is ±10V , and the channel can be assigned a name, an
SI unit, and a calibration. There is an additional integrated power supply, delivering
±15V dc, max current 200mA used for powering the preamplifiers.

• High-Voltage Amplifier for Piezo Scanners HVA4: It is a low noise, six-channel high-
voltage amplifier specifically designed for nanopositioning applications using piezo
elements with maximum output voltages of ±140V . The low voltage x, y, z signals
available from the outputs AO5, AO6 and AO7 are fed in this unit for amplification.

• High-Voltage Power Supply HVS4: This unit is power supply for the HVA4

The control software is a Labview based interactive GUI. It has the essential features of STM
operation like the tip approach, z-controller for digital feedback, interactive scan control, z
and bias spectroscopy and monitoring the input and output signals.
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2.2.9 Approach to sample and scanning

We use Attocube ANPz50 vertical stepper positioner with the power supply Piezo Position-
ing Controller - ANC150, for coarse approach towards the sample [23]. This positioner
works on the ‘slip-stick’ mechanism. The slip stick motion is based on the application of
sawtooth shaped voltage pulses to the piezo. During the slowly increasing voltage phase
the clamped table sticks to the guiding rod and is moved over a distance ∆z proportional to
the applied maximum voltage applied to the peizo stack. During the steep fall of voltage
to the piezo, the guiding rod is accelerated very rapidly over a short period of time, so that
the inertia of the clamped table overcomes friction. This way, the clamped table disengages
from the accelerated rod and remains nearly stationary with net displacement of ∆z. This
procedure is depicted in Figure 2.15.
For scanning over the sample we use a piezoelectric tube scanner. When the base of the tube
is fixed, the tip translations ∆x and ∆y and vertical elongation is approximately:

∆x = Vx
2
√

2d31L2

πDh
(2.8)

∆y = Vy
2
√

2d31L2

πDh
(2.9)

∆L = V × d31L
h

(2.10)

where ∆x and ∆y are the x and y axis deflection, ∆L is the vertical elongation, d31 is the
piezoelectric strain constant, L is the length of the tube, D is the outside diameter, h is the
tube thickness, and Vx and Vy are the electrode voltages which are applied oppositely to
either side of the tube and V is the voltage applied between z and inner ground electrode.
Figuer 2.16 shows the peizo scanner tube with the electrodes. Displacement of the tip is
shown when equal and opposite voltages are applied to two opposite electrodes making one
of then expand and the other one contract resulting in the bending of tube. The scanner is
calibrated in x, y and z direction by obtaining atomic resolution images and at atomic steps
(Figure 2.21).
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Fig. 2.15 ‘Slip-stick’ working principle of Attocube positioner

Fig. 2.16 a) Shows the actual peizotube and electrode configuration we have used in the
setup(the Y- electrode on the backside is not visible in this view), b) shows the displacement
of the tip when equal and opposite voltages are applied to two opposite electrodes making
one of then expand and the other one contract resulting in the bending of tube
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2.2.10 Tunneling conductance measurement

For direct measurement of tunneling conductance, the bias voltage of the STM sample is
modulated with a small AC signal from lock-in amplifier (Stanford Research SR830) using
a voltage adder circuit (Figure 2.17). The modulation of the sample bias causes a response
from the STM in the form of a modulated tip current, which is converted into a proportional
modulated-voltage by the pre-amplifier (108 gain). The output from the pre-amplifier now
contains a d.c. part (due to the normal tunneling current), and an a.c. part (due to the
modulated bias voltage). This a.c. part is proportional to differential conductance (dI/dV )
at the particular bias voltage and lock in amplifier is used to measure its magnitude. Apart
from the signal originating from the resistance of tunnel junction, the signal also contains a
capacitive part. To eliminate its effect the tip is first retracted back from tunneling regime
and the phase of lock-in is so adjusted that all the noise is seen as out of phase component.

I (V0 +δV sinθ) =

[
dI
dV

]
V=V0

δV sinθ + O(δV 2) (2.11)

For acquiring conductance map at fixed value of bias voltage, while scanning over pre-
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Fig. 2.18 Modulated voltage ramping for bias spectroscopy

defined areas, the modulation is set to a higher frequency and the feedback response for
the z adjustment of the tip distance is slowed down such the the feedback is not able to
compensate for the changes in tunneling current due to modulation. For bias spectroscopy
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at particular points on the surface, the tip is moved to the desired point and the feedback
is momentarily switched off while ramping the voltage in the required range(Figure 2.18),
lock-in values are recorded simultaneously. The typical values of modulation frequency is
our experiments ranges from ∼ 400−2kHz, the time constant of the lock-in is adjusted ac-
cording to the frequency such that data for at least ∼ 4−5 cycles is averaged. The ramp rate
for varying bias voltage is adjusted so that feedback is not switched off for extended times.

2.3 Calibration and results

Current stability

Fig. 2.19 Power spectral density (PSD) of the
measured tunneling current for set current of
50pA. The inset is expanded view of the
same data to show the low noise at higher fre-
quency.

Fig. 2.20 Power spectral density(PSD) of the
background noise in current when the tip is
withdrawn

The usual set point for tunnelling current is ∼ 50−100pA. Figure 2.19 shows the power
spectral density(PSD) of the measured tunneling current for set current of 50pA. The inset
is expanded view of the same data to show the low noise at higher frequency. The back-
ground noise in current when the tip is withdrawn is shown in figure 2.20, the value at zero
frequency is 0.4pA

√
Hz which is < 1% of the signal.



Atomic resolution

We have obtained atomic resolution images and at atomic steps on in-situ cleaved NbSe2

surfaces (Figure 2.21).

Fig. 2.21 (a)Atomic resolution on NbSe2, (b)-(c) Atomic step on NbSe2

Moire Pattern

Another observation showing the sensitive of STM is the Moire pattern which is essentially
due to three-dimensional tunneling [24]. Moire Patterns are interference patterns created
by a misalignment between two periodic lattices. We observed periodic super-lattice with
hexagonal symmetry on cleaved HOPG surface (Figure 2.22). A relative rotation between
the top graphene layer and the underlying graphite crystal leads to regions forming a lattice
whose periodicity D depends of the mis-rotation angle by D = a0/[2sin(θ/2)], where a0 is
the graphene lattice constant.

Fig. 2.22 Misaligned graphene flake on HOPG surface showing Moire pattern
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Chapter 3

Phases of vortex lattice in weakly pinned
type-II superconductor, NbSe2

In this chapter we discuss our results on real space vortex imaging by STM and two-coil mu-
tual inductance measurements on the weakly pinned superconductor, NbSe2. By calculating
the bond-orientation and positional correlation functions from the real space configuration
of the vortex lattice obtained by STS imaging, we establish the metastability of the equilib-
rium Bragg glass state at low temperatures and the order-disorder transition across the peak
effect temperature. The results of this study are reported in Ref [1].

3.1 Vortex lattice phase diagram

When a small magnetic field is applied to a superconductor, screening currents are gener-
ated that completely expel the field, known as the Meissner effect. At higher applied fields,
type-II superconductor allows quantised magnetic flux to pass through it forming a trian-
gular Abrikosov lattice due to repulsion between the flux-lines (Figure: 3.1). In presence
of defects and impurities within the superconductor the condensation energy is locally sup-
pressed and it is energetically favourable for the flux lines to pass thorough such regions.
It gives rise to pinning of the flux lines which disrupts the perfect crystalline order of the
lattice [2]. Also when the motion of the vortices due to thermal fluctuations becomes com-
parable to the lattice constant a0, the lattice melts into a liquid. The magnetic field versus
temperature phase diagram of weakly pinned type-II superconductors is significantly com-
plex due to competition of thermal fluctuations, elasticity and disorder pinning giving rise to
amorphous and liquid phases and intriguing phenomenon like the peak effect (Figure: 3.2)
[3, 4].
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Equilibrium phase of Vortex lattice (VL) configuration and phases across the peak effect
region have been of interest [5] as the nature of order-disorder transition and the quantifica-
tion of these ordered and disordered states as Bragg glass, hexatic glass or vortex glass is
still ambiguous. Small angle neutron scattering studies give information on the collective
behavior and report existence of a Bragg glass (BG) state [6], but the microscopic details of
vortex arrangements in real space are missing. Real space imaging by magnetic decoration
techniques, are limited to low fields [7]. STM imaging fills in this gap as instead of using
magnetic contrast, mapping of spatial variation of electronic density of states allows well-
resolved vortex lattice images to be obtained at moderately high magnetic fields [8–10]. The
normal cores of the vortices have radii equal to the coherence length (ξ ) and the surrounding
supercurrent decays over a characteristic length scale, the penetration depth (λ ). For type-II
superconductors ξ ≪ λ , thus mapping variation of electronic density gives better resolution
than mapping the variation of magnetic field.

Fig. 3.1 Ideal phase diagram for type-II
superconductor showing the Meissner and
Abrikosov phases

Fig. 3.2 New phases in phase diagram due to
effects of pinning and temperature

3.1.1 Effects of pinning

For vortices in an ideal superconductor, in presence of current each vortices will experience
a Lorentz force and the vortices will start moving in direction perpendicular to the current
flow. Such vortex motion will destroy the dissipation-less current flow of the superconductor
due to motion of the normal cores of the vortices.
Presence of quenched disorder provides preferential regions for the vortex cores to sit in and
thus prevents the vortex lattice from moving freely, this restore the dissipation-less current
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flow in the superconductor. The pinning by disorder leads to the existence of a critical force
Fc (corresponding to a critical current density Jc), below which vortices do not move and no
dissipation occurs. Thus presence of some amount quenched disorder becomes crucial for
dissipation less current flow.

The impact of quenched disorder on the translational order of the VL was first studied by
Larkin [11]. It was shown by Larkin and Ovchinnikov [12, 13] that such quenched disorder
in the system destroys long range translational order in vortex lattice. In presence of random
pinning potential, the VL breaks up into coherently pinned Larkin domains inside which the
order is maintained. The size of Larkin domains can be quantified in terms of the radial
(Rc) and the longitudinal (Lc) correlation lengths, which are distance scales over which the
deviations u of the flux lines from their mean periodic lattice positions become of the order
of the radius of the core of the vortex, i.e., the coherence length ξ . The Rc and Lc are
functions of the pinning strength and elastic moduli (which are functions of H and T) and
are inversely related to Jc as, Jc ∝

1√
R2

cLc
.

The topological nature of the resulting state in presence of disorder was still ambiguous
and presence of dislocations was argued [14]. It was later predicted by Giamarchi and
Doussal [15, 16] that at low temperature the topological order of the VL is maintained but
the positional order decays algebraically with distance in presence of disorder. Although
a glassy state with existence of a large number of degenerate metastable configurations,
each with algebraic decay of positional order but different vortex configuration, this phase
exhibits Bragg peaks thus such a state was named “Bragg glass (BG)” .

Experimentally, the vortex state in presence of disorder has been extensively studied
through bulk measurements such as transport measurement [17, 18], a.c. susceptibility
[19, 20] and d.c. magnetisation [21, 22], all of which provide information on the critical
current density (Jc). A change in the phase of vortex matter is accompanied by a change
in the pinning experienced by the vortices which is reflected directly in the behavior of the
critical current density Jc. Thus Jc is good indicator of the transition in the phases of vortex
lattice.
It is expected that the Jc of a superconductor decrease with increasing temperature or mag-
netic field. However, in a large variety of superconductors it is found that the monotonic
decrease in Jc with increasing field (H) or temperature (T ) is followed by an anomalous
enhancement in Jc just before the superconductor turns normal (Figure 3.3). This anomaly
in the Jc behavior is known as the peak effect (PE) phenomenon [4]. A complete theoretical
understanding of PE is missing but it is understood on lines of argument that the vortex
lattice softens near Hc2 and this softer lattice confirms better to the pinning resulting in in-
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crease in Jc [23].
The microscopic details of vortex arrangements in real space has been of interest more
recently as information about structural changes of the vortex lattice positional order is re-
quired to understand these phases, which we set to explore in the following sections.

Fig. 3.3 Schematic representation of the peak effect (PE) in the critical current density, Jc,
with increasing temperature (or field).

3.2 Experimental details and data analysis procedure

3.2.1 NbSe2 single crystal

NbSe2 has been explored extensively using transport measurements for study of complexi-
ties in the vortex phase diagram. Incidentally it also presents an ideal system for real space
vortex imaging by scanning tunneling spectroscopy, due to its ease of cleaving into large
atomically flat surfaces (Figure 3.5). NbSe2 single crystals in this study were grown by io-
dine vapor transport method, starting with 99.99% pure Nb powder and 99.999% Se shots.
Stoichiometric amounts of pure Nb and Se, together with iodine as the transport agent were
mixed and placed in one end of a quartz tube, which was then evacuated and sealed. The
sealed quartz tube was heated up in a temperature gradient furnace for 5 days, with the
charge-zone and growth-zone temperatures, 800◦C and 720◦C respectively. NbSe2 single
crystals with lateral size 4-5 mm were obtained with superconducting transition tempera-
ture, Tc ∼7.2 K, ∆TC ∼ 0.15 K (Figure 3.4).
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Fig. 3.4 Temperature versus Resistance graph for NbSe2 crystal. Inset shows the glass tube
after crystal growth

Fig. 3.5 Atomically flat terrace obtained after in-situ cleaving, as seen in topography of
1.2µm×1.2µm area scan. Top right edge shows a two atomic layer thick step.
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3.2.2 Two-coil mutual inductance measurement

The bulk pinning property of the VL is measured on the same crystal prior to STM mea-
surement, through the magnetic shielding response using a two-coil mutual inductance tech-
nique operating at 60 kHz. In this technique, the sample is sandwiched between a miniature
quadrupole primary coil and a dipole secondary coil as shown in Figure 3.6 [24]. A DC
magnetic field parallel to c-axis is applied using a superconducting magnet inside the cryo-
stat. An excitation current of 0.5 to 1 mA is passed through the primary coil and the voltage

Fig. 3.6 Two coil mutual inductance setup

due to mutual inductance (M) in the pickup coil is read on a phase locked lockin. The AC
current in the primary coil produces an oscillating magnetic field which induces a small ac
supercurrent in the film. The response of vortex lattice to this alternating driving current is
determined by the strength of pinning. Thus a weakly pinned VL will give rise to a larger
M compared to a more strongly pinned VL [25]. All data are taken in the linear response
regime, that is, the mutual inductance is independent of the amplitude of the current in the
primary coil.

3.2.3 Vortex imaging by STM

The crystal is cleaved in-situ in vacuum giving atomically flat facets larger than 1 µm × 1
µm prior to measurement. Since the vortex core behaves like a normal metal, well resolved
images of the VL are obtained by measuring the tunneling conductance, G(V ) = dI/dV ,
at a fixed bias voltage (V ) which is either close to the superconducting coherence peaks
such that each vortex core manifests as a local minimum in G(V ) or at a very small bias
voltage within the superconducting gap where the vortices will appear as local maxima in
the conductance. Scanning at very low bias voltage increases the risk of the tip crashing into
the sample, thus for our measurements we have chosen a bias voltage ∼ 1.2−1.4V close to
the coherence peak value.
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3.2.4 Image analysis

Although the vortex lattice is clearly visible in the conductance map, to remove the effect
of scan lines and spurious noise, we take the 2-D fast Fourier transform (FFT) of the con-
ductance map and select the points lying within two concentric rings corresponding the
vortex lattice. The inverse FFT obtained after such filtering is free of noise and contains
information only from the vortices [26]. Figure 3.7 explains the filtering procedure we have
adopted. Coordinates of the centre of each vortex are determined by finding the pixel for

2D#$FFT
filtering

Reverse$FFT

(1μm)2,(V=1.2K,(T=(4K,(1.5T(

Fig. 3.7 Procedure for filtering the image

local minima in conductance. Every lattice point in an ideal triangular lattice has a coordi-
nation number of 6. The ‘defects’ in the lattice show up as lattice points with coordination
number 5 or 7, figure 3.9. Delaunay triangulation is a nice technique to identify such de-
fects in the lattice. A triangle is created by joining any three points in the lattice, and if
the circumcircle of this triangle does not contain any other lattice point, these three points
are identified as nearest neighbours [27]. The Delaunay triangulation graph thus obtained is
unique for any given lattice (figure 3.8, ??). In practice, during the numerical procedure, the
lattice points on the edge can lead to wrong identification of triangle. we circumvent this
problem by neglecting the arms of triangle which are more than the 3/2 times of the lattice
parameter.



42 Phases of vortex lattice in weakly pinned type-II superconductor, NbSe2

Fig. 3.8 Locating the local minima from fil-
tered conductance map and constructing the
DeLaunay triangulation from lattice points

Fig. 3.9 Red arrow shows the Burger
vector around a dislocation defect
seen as the vortices with five (red)
and seven (blue) neighbours

3.2.5 Bond-orientational and positional correlation functions

In order to analyze the VL images more quantitatively we calculate the orientational and po-
sitional correlation functions, G6(r) and GK⃗(r), which measure the degree of misalignment
and the relative displacement between two vortices separated by distance r respectively, with
respect to the lattice vector of an ideal hexagonal lattice [28, 29]. The orientational corre-
lation function is defined as, G6(r) = 1

n(r,∆r) ∑i, j Θ(∆r
2 −|r− |⃗ri − r⃗ j||)cos6(θ (⃗ri)−θ(r⃗ j)),

where Θ(r) is the Heaviside step function, θ (⃗ri)−θ(r⃗ j) is the angle between the bonds lo-
cated at r⃗i and the bond located at r⃗ j, n(r,∆r) =∑i, j Θ(∆r

2 −|r− |⃗ri − r⃗ j||), ∆r defines a small
window of the size of the pixel around r and the sums run over all the bonds. We define the
position of each bond as the coordinate of the mid-point of the bond (Figure: 3.10). Simi-
larly, the spatial correlation function,GK⃗(r)=

1
N(r,∆r)(∑i, j Θ(∆r

2 −|r−|R⃗i − R⃗ j||)cos K⃗(̇R⃗i − R⃗ j))

, where K⃗ is the reciprocal lattice vector obtained from the Fourier transform, R⃗i is the po-
sition of the i-th vortex, and the sum runs over all lattice points (Figure: 3.11). For an ideal
hexagonal lattice GK⃗(r) is 1 for values of r coinciding with the distance of nth neighbors and
G6(r) is 1 for r coinciding with the distance to the midpoint of nth neighbour bond. The al-
gorithm and MATLAB code written for calculating these functions from our measurements
is attached in Appendix 2.
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Fig. 3.10 Procedure for calculating G6: The
blue lines are the bonds between the lattice
points. The midpoints of each bond are lo-
cated (red dots), each mid-point is succes-
sively chosen as origin and angle(θ ) between
that bond at origin and the bond at a distance
r is calculated

Fig. 3.11 The black dots show the lattice,
each lattice point is successively chosen
as origin, r⃗ (between point at origin to the
point lying within circular shell of width
δ r at distance r) is calculated from the
lattice and the reciprocal vector K⃗ is ob-
tained from the FFT of the lattice(shown
on right)

3.3 Results and Discussion

3.3.1 Low temperature equilibrium state: Bragg glass

We first explore the bulk pinning properties (Fig.3.12) of the VL at 15 kOe created using
different field cooling protocols, measured from the temperature variation of magnetisation.
The two primary states are the zero field cooled (ZFC) state (where the sample is cooled to
the lowest temperature in zero field and subsequently a magnetic field is applied) exhibiting
weakest pinning and the field cooled (FC) state (where the field is applied at T > Tc and the
sample is cooled in the presence of magnetic field) exhibiting strongest pinning. The ZFC
state shows a diffuse “peak effect” at Tp ∼ 4.6K (Fig. 3.12(b)), indicating that the sample is
moderately disordered [30]. A number of intermediate states with progressively increasing
pinning can be accessed by first preparing the VL using the ZFC protocol, and then heating
the sample to a higher temperature (T ∗ < Tc) and cooling back (Fig. 3.12(a)). We observe
that when the FC VL is shaken by applying a small magnetic pulse of 130 Oe (Fig. 3.12(b)),
the VL undergoes a dynamic transition to a state very close to the ZFC state, and after four
successive pulses it becomes indistinguishable from the ZFC state. On the other hand, the
bulk pinning response of the ZFC state remains unaltered with application of field pulses,
which confirms that the ZFC state is the equilibrium state of the system.
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Fig. 3.12 (a)M vs. T at 15 kOe for the VL prepared using different protocols. (b) Mvs. T
for the ZFC and FC states and after applying different number of magnetic field pulses of
130 Oe on the FC state. The data is recorded while heating the sample.

We further explore the real space configuration of low temperature equilibrium state and
probe its glassiness. Figure 3.13(a) and (b) show the real space VL image over an area of
500nm×500nm, for the zero field cooled (ZFC) and field cooled (FC) state at 15 kOe and
350 mK. We observe that the ZFC state is free from topological defects. The vortex lattice
constant, a ≈ 39.8nm, is in excellent agreement with expected value at 15 kOe. In contrast,
in the FC lattice we identify three dislocation pairs within the field of view. When the FC
lattice is shaken with a magnetic field pulse of 100 Oe two of the three dislocations are
annihilated(Fig. 3.13(c)). Repeating this experiment with a pulse of 130 Oe we observe
that all dislocations are annihilated resulting in state similar to the ZFC state (Fig.3.13(d)).
Fig. 3.14(a) and (b) show G6(r) and GK⃗(r) respectively for the states corresponding to Fig.
3.13(a)-(d). For the ZFC state, we have performed both exponential decay and power law
decay fits to GK⃗(r). The exponent for power law fit is -0.03 and the decay constant for
exponential fit is 0.008 which indicates that the decay is a power law, GK⃗(r) ∝ 1/rn (Fig.
3.14(d)). G6(r) reach a constant value ∼ 0.85 after 1.5 lattice constant (Fig. 3.14(c)).This
is consistent with long range orientational order and a quasi-long range positional order
expected for a BG [31].

We now address the central issue concerning the glassiness in the BG state. Since a
glassy state is expected to contain many degenerate metastable states with same degree of
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a

20 m-1 20 m-1

dc

b

20 m-1 20 m-1

Fig. 3.13 Real space image (500 × 500 nm) of the VL at 350 mK in magnetic field of 15
kOe after preparing the VL using different protocols: (a) ZFC, (b) FC, (c) after applying a
pulse of 100 Oe and (d) after applying a pulse of130 Oe on the FC state. The lines show
Delaunay triangulation and the dislocations in the VL are shown as pairs of points with
five-fold (red) and seven-fold (white) coordination. Corresponding Fourier transforms are
shown on the right panel of each real space image.
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Fig. 3.14 (a) Orientational correlation function,G6 and (b) and positional correlation func-
tion, GK⃗ (averaged over the principal symmetry directions) as a function of r/a for the VL
configurations shown in Fig. 2(a)-(d). a is calculated by averaging over all the bonds af-
ter Delaunay triangulating the image. (c) is an expanded view showing that G6 for ZFC is
constant 0.85 (red line) after 2 lattice constants. Panel (d) shows the fit to GK⃗ for ZFC by
exponential/power-law decay respectively. The exponent for power law fit is -0.03 and the
decay constant for exponential fit is 0.008 which indicates that the decay is a power law.
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positional order, perturbing the equilibrium BG state, one would expect to switch between
these states. To verify this, we prepare the VL in the ZFC state and shake the lattice with
a series of 130 Oe magnetic field pulses. While the VL images obtained after applying
successive pulses (Fig. 3.15(a)-(d)) show that they are free from topological defects, after
each pulse the VL configuration is different. The difference between successive images (af-
ter subtracting the mean value of the conductance over the entire area and normalising the
amplitude of the vortex signal to one) is shown in Fig. 3.15(e)-(g). The difference between
the image before and after each pulse shows that after each pulse the VL in some parts of
the image drastically rearrange, whereas in other parts it remains relatively unchanged. Fig.
3.15(h) and (i) show the G6(r) and GK⃗(r) respectively corresponding to the images in Fig.
4(a)-(d). The radial decay of G6(r) and GK⃗(r) for each of these states is similar and charac-
teristic of a Bragg glass. Thus after each pulse we realise a different metastable realisation
of the equilibrium BG state having the same degree of positional and orientational order
(Fig 3.23).

We have independently verified that the lateral drift due to magnetic field pulse in our
STM is well below 6.6 nm, such that the same area is imaged in each of these scans. The
drift in scan area due to application of a 100 Oe pulse is estimated by identifying topological
features in the scanned area before and after applying pulse. In 40 pixel by 40 pixel reso-
lution image of a 266 nm x 266 nm area, each pixel corresponding to 6.6 nm. There is no
perceivable drift at imaged resolution. Thus we conclude that the drift caused by application
of magnetic field pulse is less than 6.6 nm in any direction (Fig 3.16).
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Fig. 3.15 Real space image (670 × 670 nm) at 350 mK of (a) the ZFC VL at 15 kOe and
(b)-(d) after applying successive magnetic field pulses of 130 Oe. Delaunay triangulations
of the VL are shown in the same figures. After each pulse the VL configuration is altered
which is apparent from the difference between images before and after each pulse: (e) (b)-
(a) (f) (c)-(b) and (g) (d)-(c). (h) Orientational correlation function, G6 and (i) positional
correlation function, GK⃗ (averaged over the principal symmetry directions) as a function of
r/a for the VL configurations shown in panels(a)-(d).
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Fig. 3.16 Topographic images (266 nm × 266 nm) taken first after preparing a ZFC state
and then after applying 100 Oe pulse. The image on the right, after applying the magnetic
pulse shows no perceivable drift thus we conclude the drift to be less than one pixel ∼6.6
nm.

3.3.2 States across “Peak effect”

We further study the vortex lattice configurations around peak effect temperature (TP) and
observe an order-disorder transition. Mutual inductance response of state prepared by cool-
ing the sample to 3K and applying a magnetic field of 15kOe (zero field-cooled, ZFC), and
state prepared by applying a magnetic field of 15kOe above Tc and cooling the sample to
3K(Field-cooled, FC) are measured to identify (TP). Both measurements are taken in heat-
ing run. The ZFC curve shows the peak effect which is absent in the FC curve (Figure 3.17).
Since the conductance contrast at temperatures close to TP is lost, we use the following ther-
mal cycling protocol to capture the vortex configuration at higher temperatures. The vortex
state is prepared in ZFC by applying magnetic field of 15 kOe at T0 ∼ 4K, well below the
peak effect temperature. Then the sample is successively heated to higher temperature TH

and cooled back to T0 at which all the images are acquired.
In mutual inductance measurements, the states prepared by same thermal cycling protocol
display hierarchal shielding response with decreasing screening as TH is increased (figure
3.18), the memory of the system remains when cooled from different TH as evident from
the distinct traces. We have exploited this property in the scheme of STM measurements to
extract information on states at higher temperature.

Imaging the the ZFC and FC states at a higher temperature of 4K still shows the same
characteristics as the ZFC and FC images taken at 300mK. We see no topological defects
in the ZFC state and four dislocation pairs in the FC state in the field of view (Figures 3.19,
3.20).
On calculating the positional (GK⃗(r)) and orientational (G6(r)) correlation functions for
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Fig. 3.17 Mutual inductance response of state
prepared by cooling the sample to 3K and ap-
plying a magnetic field of 15kOe (zero field-
cooled, ZFC), and state prepared by applying
a magnetic field of 15kOe above Tc and cool-
ing the sample to 3K(Field-cooled, FC). Both
measurements are taken in heating run. The
ZFC curve shows the peak effect which is ab-
sent in the FC curve.

Fig. 3.18 M vs. T at 15 kOe for the VL
prepared using different protocols of cooling
back from different temperatures.

Fig. 3.19 ZFC state imaged at 4K for 1µm×
1µm area.

Fig. 3.20 FC state imaged at 4K for 1µm×
1µm area. The dislocations are marked by
black and white dots.
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Fig. 3.21 Vortex lattice image at 4K for same 1µm× 1µm area. Each state was prepared
as ZFC and then heated and cooled back from different temperatures indicated. The black
dots show the lattice points with 5 neighbours and white dots show the lattice points with 7
neighbours
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various state from the real-space images, we see a clear distinction in the nature of decay
of G6(r) and GK⃗(r) for TH < TP and TH > TP indicating a order-disorder transition (figure
3.22). Although we see the hierarchal dynamic response in the mutual inductance of the
states prepared by different protocol, such hierarchy is not visible in the static structure of
such states. Figure 3.21 shows vortex configurations obtained by cooling back from various
TH .

Fig. 3.22 Positional correlation function, GK⃗(r) and orientational correlation function, G6(r)
(averaged over the principal symmetry directions) as a function of r/a0 for the VL configu-
rations obtained by cooling back from various temperatures above and below TP.

3.4 Summary

Fig. 3.23 The equilibrium state has been identified as Bragg glass and its glassiness due to
presence of multiple minima in free energy landscape has been established by our measure-
ments.

To summarise, our investigations reveal that while the VL can be prepared both as dis-
ordered and quasi-long-range ordered states, the equilibrium state of the system at low tem-



perature is a BG, composed of large number of degenerate metastable states, which can be
accessed using small magnetic perturbations. The non-equilibrium states accessed by field-
cooling have higher energy as illustrated in the free-energy landscape (Figure: 3.23). Peak
effect is the cross over regime of this BG state into a disordered state. We clearly show that
rearrangement of the vortex lattice results in a change in the critical current at PE.
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Chapter 4

Phase diagram of a strongly disordered
s-wave superconductor, NbN, close to the
metal-insulator transition

Based on Bardeen-Cooper-Schrieffer (BCS) theory, Anderson postulated that the supercon-
ducting transition temperature (Tc) of a superconductor will remain unchanged in presence
of non-magnetic disorder [1]. However, subsequent measurements on a wide variety of sys-
tems [2] showed that as the disorder level is increased towards the strong disorder limit,
Tc gradually decreases, eventually leading to a non-superconducting ground state. Disorder
induced superconductor-insulator transition (SIT) has renewed experimental and theoretical
interest due to observation of novel phenomena like the existence of MR peak on the insu-
lating side of the SIT [3–5], existence of superfluid stiffness above Tc [6, 7] and presence of
“pseudo gap” in superconducting spectra above Tc [8–11].

To understand the mechanism of destruction of superconductivity at different levels of
disorder, we choose NbN thin films as our model system. We were able to grow epitax-
ial NbN film with precise handle on degree of disorder which enabled us to explore the
disorder phase space systematically which has not been reported in earlier works on disor-
dered superconductors. Here I present our scanning tunneling spectroscopic (STS) study on
NbN films with varying disorder and discuss a phenomenological phase diagram we have
constructed using STS and supporting transport and penetration depth measurements.
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metal-insulator transition

4.1 Experimental and theoretical exploration of disordered
conventional superconductors

Cooper pairs in the BCS wave function are time reversed single particle states. In presence
of disorder, the crystal momentum k is no longer a good quantum number, but still the
single particle wave functions exist in time reversed pairs ψi↑(r) and ψ∗

i↓(r) [12]. P. W.
Anderson argued that the BCS theory can be reformulated in terms of these new states of
the disordered crystal lattice and to a first approximation Tc will remain unchanged[1]. This
explanation, known as the Anderson theorem, works for systems where the mean free path
l for electrons is much larger than the Fermi wavelength. When the mean free path reduces
to that of the order of the Fermi wavelength due to disorder scattering, electrons start to
interfere with themselves, and have a tendency to get localized. Additional effects like loss
of screening and phase fluctuations in the superconductor are not included in the span of
validity of this theorem.

It was later revealed by measurements [2] that at strong disorder, the electronic and su-
perconducting properties of certain conventional superconductors undergo drastic changes,
to the extent that both metallicity and superconductivity can be destroyed completely dis-
playing various novel phenomena. Magneto resistance oscillations with flux quantum pe-
riodicity in insulating honeycomb patterned Bismuth films [13] came as first of one of the
novel observation of existence of superconducting correlations in insulating samples. Fig-
ure 4.1 shows the resistance for nano-honeycomb patterned films with varying thickness.
For film-6, which is non-superconducting, the magnetoresistance oscillations have a period
of superconducting flux quantum h/2e, indicating presence of Cooper pairing even in elec-
trically insulating films.

Large magneto resistance(MR) peaks is another novel phenomena observed in wide
variety of strongly disordered thin films like InOx [3], TiN [4], amorphous Bi [5] and NbN
[8] hinting at superconducting origin of the peak in insulating region. Figures 4.2 show the
resistivity as a function of magnetic field at different temperatures for 4 strongly disordered
NbN thin films ( disorder quantified by kF l ∼ 0.42,0.49,0.82, explained in section 4.2).
The field at which the resistance peaks, Hp, is associated with the mean value of magnetic
field where superconducting correlations are almost destroyed in the sample. At low fields,
the increase in ρ reflects the gradual decrease in superconducting paths for the current to
flow due to the shrinkage in the size of the superconducting droplets. However, at high
fields when the superconducting islands become very small the superconducting regions are
avoided by the current and the decrease in resistance is caused by the gradual increase in
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Fig. 4.1 First panel shows the temperature versus resistance of films with various thickness.
Second panel shows the SEM image of honeycomb patterned Bismuth films and the last
panel shows the Magnetoresistance oscillation in insulating film (numbered 6 in first panel),
ref[13].

normal regions through which the current flows [14]. Alternative explanation for the MR
peak based on the idea of Anderson-like localization of Cooper pairs considers the non-
superconducting system to be deep in the insulating regime, which is true for many of the
2D systems studied in the literature [16, 17], but does not apply to NbN thin films which
continues to be metallic even in the non-superconducting regime [8].
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Figure 6.   

Fig. 4.2 Resistivity as a function of magnetic field at different temperatures for 4 strongly
disordered NbN thin films with (a) kF l ∼ 0.42, (b) kF l ∼ 0.49, (c) kF l ∼ 0.82 and (d) kF l ∼
1.23. The samples with kF l < 1 show a pronounced peak in ρ-H, ref[8]

Another unique observation is the existence of frequency dependent superfluid stiffness
above Tc. In NbN films [7] this observation supports the scenario where the state above Tc
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consists of phase incoherent, slowly fluctuating domains while the superconducting state
emerges at Tc when global phase coherence is established between all the domains. Figure
4.3 shows temperature dependence of superfluid stiffness J at different frequencies for the
three NbN films with Tc 9.87K, 6.96K and 3.14K. The color scale shows different frequen-
cies. In strongly disordered NbN films, J becomes dependent on the probing frequency
above Tc, indicating the presence of phase rigidity at different length scales above Tc.

Fig. 4.3 Temperature dependence of superfluid stiffness J at different frequencies for the
three NbN films with Tc 9.87K, 6.96K and 3.14K. Dotted vertical line in each panel corre-
sponds to Tc, [7].

Such systems have also been numerically explored [15–17] starting from a microscopic
attractive Hubbard model and solving the Bogoliubov-de Gennes [18] equations in the pres-
ence of randomly varying disorder potential at each lattice site. The main result of these
studies shows that in the presence of disorder, the local superconducting order parameter
∆(r) is spatially inhomogeneous such that regions of high amplitude of ∆(called ‘supercon-
ducting islands’) are surrounded by regions with relatively small ∆(figure 4.4).

Our measurements on disordered superconductor using the scanning tunnelling spec-
troscopy provides a microscopic insight into these systems, providing a better understanding
of the intriguing phenomena observed in these systems by other measurements.
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Fig. 4.4 (a) The distribution of the disorder potential Vi and (b) the emerging distribution in
∆i, from numerical simulations in ref[17].

4.2 Sample preparation and characterisation

We prepare the NbN thin films by the process of DC reactive magnetron sputtering. Figure
4.5 shows the schematic of magnetron sputtering method.

Fig. 4.5 Schematic of DC magnetron sputtering.

In this method, high voltage is applied to a target (cathode) in presence of argon gas.
The argon atoms get ionised and bombard the target which results in removal of the target
atoms. Target atoms thus removed get deposited on a substrate as thin film. Magnets placed
behind the target help in sustaining the plasma around the target by trapping the secondary
electrons thus increasing the probability of ionisation of Argon which in turn increases the
rate of removal of target atoms. In reactive sputtering, another gas is mixed with argon
which reacts with the removed target atoms.

For our experiments, epitaxial thin films of NbN were obtained on (100) oriented single
crystalline MgO substrates by sputtering a Nb target in Ar/N2 gas mixture. Disorder in these
films was created by changing the Nb/N ratio during deposition by changing the sputtering
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power and/or the Ar/N2 gas mixture. Cross-sectional TEM image (Figure 4.6) of samples
grown with different sputtering power of 200 Watt (ordered film) and 60 Watt(disordered
film) confirm that the films are epitaxial even on disordering.

Fig. 4.6 Cross-sectional TEM image for films grown at different sputtering power

The Ioffe-Regel parameter kF l, where l is the electronic mean free path and kF is the
Fermi wave vector serves as a good indicator of disorder in these films. When disorder is
increased, the normal-state resistivity gets higher and higher, the mean free path l decreases.
When this length gets of the order of the Fermi wavelength, electrons start to interfere with
themselves, and have a tendency to get localized giving rise to metal-insulator transition for
kF l ∼1.

For each film, the effective disorder was characterised by estimating the electronic mean
free path and Fermi wave vector from resistivity (ρ) and Hall coefficient (RH) measure-
ments. Carrier density (n) calculated from RH gives the Fermi wave number and electronic
scattering time(τ) extracted from ρ gives the mean free path (Equations 4.4). The disorder
in this set of films spans a wide range, from the moderately clean limit (kF l ∼10) down to
kF l ∼0.4, close to metal-insulator transition. Superconductivity weakens as the disorder is
increased, Figure 4.8 shows decrease of superconducting transition temperature (Tc) with
decreasing kF l.

n = 1/RHe (4.1)

k f = (3(π)2n)1/3 (4.2)

l = v f τ = h̄k f τ/m (4.3)

τ = m/ne2
ρ (4.4)
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Fig. 4.7 ρ(T ) of films with different disorder
quantified by the value of kF l. Inset shows
the blow up of resistivity close to transition
temperatures.

Fig. 4.8 Tc of films with different disorder
quantified by the value of kF l

4.3 STS measurements on in-situ NbN films

STS measurements are done on in-situ films and transition temperature of these films are
measured using four-probe method in another cryostat after taking it out from the STM
cryostat once the STS mesurements are over. The measurement is performed by recording
tunnelling conductance versus voltage, (G(V ) vs. V ) on 32 equally spaced points along a
150 nm line (figure 4.9) at different temperatures, which allowed us to obtain information
on both the temperature evolution as well as the spatial variation of the tunneling DOS in
the sample (figure: 4.10).
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Fig. 4.9 A typical topography of the sample
for an area of 200nm× 200nm. The 150nm
line is selected and equally spaced 32 points
are defined for taking STS measurement.

Fig. 4.10 The 32 normalised conductance
spectra obtained at T = 2.3K along the 150nm
line are shown as the line scan for sample with
Tc = 11.9K

4.3.1 Observation of “Pseudogap”

We recorded the temperature and spatial evolution of local density of states for six samples
with a Tc =11.9K, 6K, 4.1K, 2.6K, 2K and Tc< 300mK. Figure 4.11 shows the normal-
ized conductance, G(V )/GN (where GN = G(V >> ∆/e)) as a function of V , averaged over
the 32 points, at different temperatures for the above mentioned 6 samples with different
disorder. For the first three samples (Fig. 4.11(a-c)) where the lowest temperature of mea-
surement is less than Tc, the conductance spectra show a dip at V = 0 and two symmetric
peaks as expected from BCS theory. This feature is also observed in the next two disordered
samples (Fig. 4.11(d-e)) where the lowest temperature of our measurements is higher than
Tc. The most disordered sample (Tc << 300mK) shows a dip in G(V ) for V ≲ 2mV which
rides over a broader “V” shaped background which extends up to high bias. This nearly
temperature independent broad background, is observed for all our samples and persists
up to the highest temperature of our measurements. It arises from Altshuler-Aronov type
electron-electron interactions and becomes more pronounced for samples with higher disor-
der . In order to isolate the feature associated with superconductivity, for each sample, we
divide this background using the spectra at the temperature above which the low-bias fea-
ture associated with superconductivity disappears (shown as thick lines). The normal state
differential conductivity background used to normalize the superconducting spectrum does
have inherent temperature dependence (the DOS at EF increases with increasing tempera-
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ture proportion to
√

T for Altshuler Aronov picture). Using the higher temperature spectrum
for normalization introduces a slight distortion at low voltages at lower temperatures. The
background corrected conductance spectra (Gdiv(V ) vs. V ), normalized at high bias, are
shown in Figure 4.11(g-l). In the Gdiv(V ) vs. V spectra, the broadened coherence peaks
are visible in all the samples. In Fig.4.12(a-f) we plot the temperature evolution of Gdiv(V )

in the form of an intensity plot (averaged over 32 points as in Figure 4.11), as a function
of temperature and bias voltage, for films with different disorder. The lower panel of each
plot shows the R-T measured on the same films. For the most ordered film (Tc ∼ 11.9K),
the features in the tunneling DOS associated with superconductivity disappear at Tc, thereby
restoring a flat metallic DOS for T >Tc. However with increase in disorder, the low-bias dip
in Gdiv(V ) vs. V spectra continues to persist up to a characteristic temperature T ∗>Tc. T ∗ is
defined as the highest temperature which shows additional feature other that the parabolic
background. It is interesting to note that the pseudogap temperature (T ∗) remains almost
constant for samples with Tc ≲ 6K.

Based on above observations, we establish a phenomenological phase diagram for NbN
in different regimes of disorder. Figure 4.13 shows Tc (◦) and T ∗ (□ ) as a function of kF l.
Tc is obtained from transport measurements while T ∗ is the crossover temperature at which
the low bias feature disappears from the observed tunneling conductance.
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Fig. 4.11 (a)-(f) Normalized tunneling spectra at different temperatures for NbN films with
different disorder. The spectrum shown in thick line corresponds to the temperature at which
the low bias feature in the tunneling conductance disappears. Each tunneling spectrum is
averaged over 32 equally spaced points along a 150nm line on the sample surface. (g)-(l)
The spectra corresponding to (a-f) after dividing the V shaped background.
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Fig. 4.12 (a)-(f) Intensity plot of Gdiv(V ) as a function of temperature and applied bias for
6 different samples (upper panels) along with resistance versus temperature in the same
temperature range (lower panels).
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Fig. 4.13 Phase diagram of strongly disordered NbN, showing Tc (◦) and T ∗ (□ ) as a
function of kF l. Tc is obtained from transport measurements while T ∗ is the crossover tem-
perature at which the low bias feature disappears from the observed tunneling conductance.
The samples with kF l < 1 remain non-superconducting down to 300 mK.

4.3.2 Spatial variation of order parameter

We study the spatial variation of the order parameter over a 150nm line to explore the ho-
mogeneity in the system on a length scale larger than the coherence length which has been
calculated ∼ 5− 8nm [19] for films with varying disorder. Figure 4.14 shows the spatial
variation of Gsub(V ) recorded at the lowest temperature along a 150 nm line for each sam-
ple. While the zero bias dip and the two symmetric peaks are uniform over the entire line
for the sample with Tc ≲ 11.9K, the superconducting state becomes progressively inhomo-
geneous with increase in disorder. For the two most disordered samples, for which Tc is
smaller than the base temperature of our STM, the local DOS in the pseudogap state shows
superconducting domains, few tens of nanometers in size, separated by regions where the
superconducting feature is completely suppressed.

A similar situation is also observed in other samples in the temperature range Tc < T <

T ∗. This is shown in Figure 4.15 where we show the spatial variation of Gdiv(V ) at different
temperatures for a sample with Tc ∼ 2.7K.
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Fig. 4.14 (a)-(f) Gdiv(V ) vs. V spectra along
a 150nm line (measured at 2.6K) for six NbN
thin films with different disorder.

Fig. 4.15 Spatial variation of Gdiv(V ) vs. V
spectra recorded along a 190 nm line at dif-
ferent temperatures for an NbN thin film with
Tc ∼ 2.7K. Large inhomogeneity in the tun-
neling DOS is observed as we enter the pseu-
dogap state.



70
Phase diagram of a strongly disordered s-wave superconductor, NbN, close to the

metal-insulator transition

4.4 Discussion

The above observations show presence of inhomogeneous superconducting puddles in sam-
ples which show ‘pseudo gap’. We revisit the phase diagram to understand the mechanism
governing different regimes of disorder, regime I where the gap in DOS closes at Tc and
regime II where we see the appearance of the ‘pseudo gap’.

The suppression of superconductivity in the presence of strong disorder is driven by
several effects. The first effect comes from an increase in electron-electron (e-e) Coulomb
repulsion which weakens the attractive pairing interaction. This weakening can result from
two effects. First, with increase in disorder, the diffusive motion of the electron results in
an increase in the repulsive e− e Coulomb interactions [20, 21], which partially cancels
the phonon mediated attractive pairing interaction. Another effect comes from the fact that
disorder, in addition to localizing the electronic states close to the edge of the band also
increases the one electron bandwidth [22] , thereby decreasing the density of states (N(0))
close the middle of the band. Both these effects are captured at a qualitative level using the
modified BCS relation [23] , Tc = 1.13ΘDexp

(
−1

N(0)V−µ∗

)
, where ΘD is a temperature scale

of the order of Debye temperature, V is the attractive electron-phonon potential and µ∗ is
the Coulomb pseudopotential which accounts for the disorder enhanced e− e interactions.
In region I of the phase diagram, Tc monotonically decreases with increase in disorder,
but continues to follow conventional BCS behavior. Therefore, we expect the decrease in
Tc to be caused by a weakening of the pairing interaction. While this effect alone cannot
result in complete suppression of superconductivity, it can have a noticeable effect in the
intermediate disordered regime [15] .

The second effect comes from the decrease in superfluid density (ns) induced by disorder
scattering [24] in the presence of strong disorder. Since reduced ns and the loss of effective
screening, both render the superconductor susceptible to quantum and classical phase fluc-
tuations , enhanced phase fluctuations can destroy the superconducting state even when the
pairing amplitude remains finite [25].

As the disorder is further increased, the superconductor enters regime II, which is char-
acterized by two temperature scales, namely, Tc, which corresponds to the temperature at
which the resistance appears and T ∗, which corresponds to the temperature at which the
superconducting energy gap disappears. Tc continues to decrease monotonically with in-
creasing disorder, whereas T ∗ remains almost constant down to kF l ∼ 1, where the su-
perconducting ground state is completely destroyed. These two temperature scales can be
attributed to the phase stiffness of the superfluid (J) and the strength of the pairing interac-
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tion (|∆|) respectively. J can be estimated using the relation [25], J = (h̄2ans)/(4m∗), where
ns is the superfluid density, a is the length scale over which the phase fluctuates and m∗ is
the effective mass of the electron.

Fig. 4.16 Superfluid stiffness (J/kB) and penetration depth (λ (T → 0)) for NbN films with
different Tc. The solid line corresponds to J/kB = Tc.

A rough estimate of J is obtained from ns derived from the low temperature penetra-
tion dept [26](λ (T → 0)) and setting a ≈ ξ . In conventional “clean” superconductors, J is
several orders of magnitude larger than |∆|, and therefore phase fluctuations play a negligi-
ble role in determining Tc. However, disorder enhanced electronic scattering decreases ns,
thereby rendering a strongly disordered superconductor susceptible to phase fluctuations.
In Figure 4.16, we summarize the values of J for NbN films [26]. We see that while for
the samples in regime I, J >> kBTc such that phase fluctuations are irrelevant, as we enter
regime II, J ≲ kBTc. We therefore conclude that the superconducting state in strongly dis-
ordered NbN samples is destroyed at Tc due to phase fluctuations between superconducting
domains that are seen to spontaneously form in our STS data (Fig.4.14). However, even
above this temperature, |∆| remains finite due to phase incoherent Cooper pairs which con-
tinue to exist in these domains. This is represented in a cartoon diagram of fluctuating phase
in disordered superconductors in figure 4.17.



Fig. 4.17 Cartoon picture representing fluctuating phase in disordered superconductors

4.5 Summary

To summarize, based on transport and STS measurements on 3D films spanning a large
range of disorder, we construct a phase diagram (Fig.4.18) where we can identify the domi-
nant interaction in different regimes of disorder: (i) In the intermediate disorder regime, Tc

decreases due to a gradual weakening of the pairing interaction; (ii) a strongly disordered
regime, where Tc is governed by a decrease in the superfluid stiffness, though the pairing
strength remains almost constant.

Fig. 4.18 Phase diagram of strongly disordered NbN, showing different regimes of disorder
governed by different mechanism of destruction of superconductivity
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Chapter 5

Highly oriented, free-standing,
superconducting NbN films growth on
chemical vapor deposited graphene

In this chapter we discuss the synthesis and characterization of superconducting NbN films
grown on CVD graphene using dc magnetron sputtering and demonstrate a process for ob-
taining flexible, free-standing NbN films. This work has been published in Ref [1].
There is a resurgence in research on high-quality superconducting thin films as they provide
an excellent platform for fabricating hot-electron bolometers (HEB) for terahertz detection
and single-photon detectors with high speed operation and low dark counts, enabling appli-
cations in quantum optics [2]. Much of the work on superconducting single photon detectors
(SSPD) has been based on NbN thin films [3–5], since NbN has a relatively high supercon-
ducting transition temperature, TC ∼ 16 K, and a short superconducting coherence length
of a few nanometers and fast energy relaxation time. For increased detector efficiency by
integrating SSPD with optical structures, NbN growth on non-conventional substrates like
GaAs [6, 7], 3C-SiC [8] and Si [9] has been explored. Increased efficiency of terahertz
detection is achieved by thermal isolation of HEBs by depositing NbN films on air bridges
formed by thin membrane of Si3N4 [10], to improve the quality of these films alternative
materials for buffer layer are being explored [11]. Recently there are attempts to trans-
fer the SSPD fabricated on SiNx membranes to photonic structures on a secondary chip
[12]. On-chip graphene-based photo-detectors are another area of research due to simpler
CMOS-compatible fabrication techniques [13]. Superconductor-graphene hybrid structures
have been of recent interest due to tunable superconductivity [14, 15]. Graphene provides
an interesting choice of substrate for superconducting thin films as the low intrinsic carrier
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density in the graphene reduces the effect of inverse proximity effect from the substrate.
Superconducting NbN leads have been used to contact graphene microbolometers for THz
detection [16]. Here we report the growth and characterization of highly-oriented NbN thin
films with TC ∼ 14 K on large-area chemical vapor deposited (CVD) graphene. Growth
on graphene layers transferred onto SiO2-coated silicon wafers provides an easy route for
delamination [17] of the graphene layer along with the deposited film. This enables the re-
lease of the NbN film from the substrate, thus allowing flexible, free-standing NbN layers to
be obtained. These can be transferred to any other substrate, thus providing a simple route
for integration with photonic crystals and also an alternative to NbN grown on Si3N4/SiO2

membranes [11] for use in HEB.

5.1 Experimental details

5.1.1 CVD growth of graphene

Continuous CVD graphene films were grown on copper substrates of size ∼ 1cm × ∼ 1cm.
The Cu foils (Alfa Aesar, 25 µm thick, 99.999% pure) were cleaned in acetic acid, deionized
water, acetone and isopropyl alcohol (IPA) in sequence, and were finally blow dried using
nitrogen gas. The Cu substrates were loaded onto an alumina boat and kept in a furnace
which was initially pumped down to a pressure of ∼ 6.3×10−3 mbar. The substrates were
annealed in flowing forming gas (N2:H2 :: 95:5), (700 sccm at 2.2 mbar pressure) for 1 hour
at 1025◦C to remove any residual oxide and increase grain size. The graphene growth was
initiated with the introduction of methane (flow rate : 70 sccm) and forming gas (flow rate :
200 sccm) in the reactor for 15 minutes at a pressure of 1.1 mbar. The pressure was reduced
to 1 mbar subsequently and the samples were allowed to cool. The supply of precursor gases
was turned off at 450◦C . This recipe led to growth of continuous few-layer graphene on Cu
substrates.

The near standard procedure using Cu etchant was used to transfer graphene. Prior to the
transfer a PMMA layer was spin coated (310 nm thick resist (Microchem EL 9) at a speed of
3200 rpm for 45 s) on the graphene films (grown on Cu foils) which were further baked for
≈ 7 minutes at 175◦C . In order to etch the Cu from beneath and to detach PMMA/graphene
stack a solution of ammonium persulphate in water (0.25 g/ml at room temperature) was
used. The stack was rinsed three times in DI water, and was laid over the target substrate
and the PMMA was removed using RTA (300◦C for 10 minutes and 350◦C for 5 minutes in
100 sccm Ar). The graphene layers were transferred to SiO2-coated Si wafers. Figure 5.1
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shows the Raman spectra of typical graphene films used in our studies.

Fig. 5.1 (a) Integrated Raman mapping over an area of 30µm× 12µm for the FWHM of
the G peak of graphene layers. (b) Spatially averaged Raman scattering spectra of graphene
transferred on 300 nm thick SiO2 coated Si. (Data taken by Priti Gupta, used with permis-
sion)

5.1.2 NbN growth by magnetron sputtering

Superconducting thin films of NbN were deposited by low-pressure reactive DC magnetron
sputtering on these CVD graphene layers. The conditions for deposition were chosen based
on earlier experiments[21] on the optimization of the growth of epitaxial NbN films on MgO
which resulted in films with a TC of ≈ 16 K as described in chapter 4, section 2. A Nb target
was sputtered at a power of 230 W in a mixture of Argon and Nitrogen (Ar:N2::80:20) at
an ambient pressure of 4.8 mTorr (6.4× 10−6 bar). For the first set, while the sputtering
power, gas pressure and gas ratio were kept constant, the substrate temperature (Tsb) was
varied from room temperature to 600 ◦C and the sputtering was carried out for 3 minutes.
In the second set, the temperature was kept constant at 150 ◦C and the time of deposition
varied from 7 ∼ s to 3 ∼ minutes resulting in films in thickness ranging from ∼ 10 nm to
250 nm. Smaller deposition time of 3s and 5s were tried but reproducible values of Tc were
obtained only for films grown for 7s or longer. The structural and electrical properties of
these films are discussed next.

5.2 Structural properties

Figure 5.2 shows the x-ray diffraction profile (2θ scan) for ∼ 250 nm thick NbN films
grown at different substrate temperatures (Tsb). For films grown at temperatures ranging
from 30 ◦C to 450 ◦C, peaks corresponding to (111) and (200) cubic δ -NbN can be seen.
Additional peaks for hexagonal ε-NbN are observed in film grown at 600 ◦C. Based on the
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ratio of the heights of the peaks corresponding to diffraction from the (111) and (200) planes,
the film grown at 150 ◦C can be identified as the most oriented film along the (111) direction.

The morphology of all the films remains similar with triangular grains with a nominal
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Fig. 5.2 X-ray diffraction profiles (2θ scans) for films deposited at different substrate tem-
peratures (plotted in logarithmic scale). The scans are vertically displaced for clarity.
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Fig. 5.3 SEM micrograph showing the surface of 250 nm thick NbN film grown at 150 ◦C.
(b) Raman spectrum showing the presence of features from the NbN layer, the underlying
graphene and the silicon substrate. Inset: spatial Raman map of the NbN feature over a
20 µm ×20 µm region showing that the NbN layer is continuous.

increase in grain size with Tsb. Figure 5.3(a) shows an SEM micrograph of a film grown
at 150 ◦C. Raman spectroscopy mapping at room temperature on the same sample (inset
of Figure 5.3(b) shows complete coverage of NbN on graphene over the 20 µm ×20 µm
scan region. The point spectrum in Figure 5.3(b) shows the typical broad NbN Raman
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feature [22] as well as the characteristic signatures of the 520 cm−1 peak from the silicon
substrate and the G, D, and 2D peaks arising from the graphene layer. The presence of the
peaks from the underlying graphene layer indicates that the thin layer indeed survives the
plasma ambient during the sputtering process. The CVD graphene used in this study is not
uniformly monolayer over the entire region, and the thickness ranges from monolayer to
few-layer graphene. However, this does not seem to impact the growth of the NbN films,
which is uniform across the sample. We have also grown NbN films on thick slices of
cleaved graphite (HOPG) and the morphology is almost identical to that on graphene as
shown in Figure 5.4. The graphene layer placed on SiO2-coated silicon wafer, thus there

200 nm 200 nm

(a) (b)NbN/CVD graphene NbN/HOPG

Fig. 5.4 SEM images for NbN grown under identical conditions (a) on CVD graphene and
(b) on HOPG.

is NbN growth on SiO2 surface also which is not covered by graphene layer. The overall
morphology of film and the superconducting transition temperature for NbN grown directly
on SiO2 is similar to that grown on graphene but with a slightly smaller grain size. A
comparison of the morphology as seen in an SEM image, and the normalized resistance
change around the superconducting transition are shown in the Figure 5.5. Moreover, as the
films studied in this work are relatively thin compared to the lateral grain size, the effect of
the small difference in grain size is really not seen in the XRD scans, and the diffraction
data looks mostly similar for the samples grown on graphene and SiO2. Figure 5.5 below
shows the comparison of XRD data for the 2θ scan for ∼ 40 nm thick NbN samples grown
on graphene and SiO2 under identical conditions.
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Fig. 5.5 (a) SEM image of NbN grown on graphene layer over SiO2. At the edge of graphene
layer the difference in the grain size of NbN grown on graphene and SiO2 can be easily seen.
(b) Powder X-ray diffraction profiles for NbN grown on SiO2 and on graphene respectively
and (c) Temperature versus normalized resistance for NbN grown on graphene and SiO2
under identical condition with substrate temperature of 150◦C and deposition time ∼30s.



5.3 Transition temperature and effect of thickness 83

5.3 Transition temperature and effect of thickness

The transition temperature is taken to be the temperature at which resistance reached 10
% of the normal state value. The superconducting transition width (∆Tc) is defined as the
temperature range between which the resistance is at 10% and 90% of the normal state
value. In these samples, ∆Tc increases for deposition temperatures above 150 ◦C, which is
due to existence of different orientation of crystallites as evident from the decreasing ratio of
(111) and (200) peaks in the x-ray diffraction profiles. Tc and ∆TC (figure 5.6) are tabulated
in Table 5.1 for various substrate temperatures. Since the films deposited at 150 ◦C are
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Fig. 5.6 Normalized resistance as a function of temperature for the same set of films.

Table 5.1 Superconducting transition temperature and width of transition of NbN films de-
posited at various substrate temperatures

Deposition Temperature TC (at 10% RN) ∆ TC (10% to 90% of RN)
30◦C 13.1 K 0.13 K

150◦C 14.1 K 0.14 K
300◦C 13.9 K 0.39 K
450◦C 14.2 K 0.37 K
600◦C 13.7 K 0.61 K

the most oriented with a sharp superconducting transition, we chose this as the substrate
temperature for further investigation of the properties of samples of different thickness.

Figure 5.7 shows the resistance vs. temperature curves for films deposited for different
times which correspond to different film thicknesses ranging from 10 nm to 250 nm. The
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versus resistance for 3 s deposition NbN film. (c) SEM image for 5 s deposition of NbN,
thickness ∼ 7 nm. (d) Temperature versus resistance for 5 s deposition NbN film.
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film thickness was estimated from deposition time and cross-sectional SEM. On reducing
the thickness of films, there is a monotonic decrease in transition temperature. The effect of
disorder becomes more pronounced at lower thickness leading to localization of electrons
which results in reduced screening thereby lowering the transition temperature[25].

NbN films grown for deposition times of ∼7 s to 3 minutes are continuous and re-
producible growth was obtained. Investigation of shorter growth times are summarised in
Figure 5.8. We find that for 3 s growth, only disconnected islands are seen and the film
is insulating, the value of TC for 5 s growth (∼ 7 nm film) is considerably lower and the
transition is broader than that for a film grown for 7 s under the same conditions. Thus we
believe that the film is continuous after about ∼ 5 s of growth.

5.4 Upper critical field and GL coherence length

The Ginzburg Landau coherence length (ξGL) is estimated from the temperature dependence
of the upper critical field (Hc2) for a ∼ 250 nm film. Figure 5.9 shows a series of resistance
vs. temperature curves as a function of applied field from 0 T to 8 T. The inset plots the
upper critical field as a function of the transition temperature. We estimate Hc2(0) and ξGL

using the dirty limit relation[23].

Hc2(0) = 0.69TC
Hc2

dT

∣∣∣∣
T=TC

and ξGL =

[
φ0

2πHc2(0)

] 1
2

(5.1)

From our data, the value of Hc2(0) is estimated to be 33.6 T and ξGL is ∼ 3 nm, respectively.
This value of the upper critical field for NbN grown on CVD graphene is considerably larger
than the 20 T reported on NbN films grown of MgO with similar transition temperature[24]
and suggests that the NbN/graphene films can be useful for high magnetic field applications.
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Fig. 5.9 Resistance as a function of temperature for a 250 nm thick NbN film grown at
150 ◦C under different applied magnetic fields. The successive plots are for magnetic fields
of 0,1,2,3,4,5,6,7 and 8 Tesla. Inset shows the upper critical field as a function of transi-
tion temperature in presence of a magnetic field for the same film.

5.5 Free-standing NbN/Graphene film

NbN#film

SiO2

Si

Graphene

PMMA

buffered#HF##
solution##

Fig. 5.10 Obtaining free standing film

Since the NbN/graphene films are on oxidized silicon substrates, free standing NbN
films can easily be obtained by using the underlying SiO2 as a sacrificial layer. Graphene
is not attacked by HF[26] and etching SiO2 below the graphene layer has been a standard
route for fabricating suspended graphene devices[27, 28]. In our process, we first spin-coat
the NbN film with ∼ 300 nm of poly(methyl methacrylate) (PMMA) for protection. Then
the edges of the film are scratched to expose the SiO2 layer underneath, and the sample
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soaked in buffered HF solution (concentration: HF:NH4F::1:7). Once the sacrificial SiO2

layer is etched away, the NbN/graphene layer covered with PMMA floats to the top of the
solution. The process takes approximately 30 minutes for a 1 cm2 film. This floating film is
then scooped on a glass slide or any other target substrate. The protective PMMA layer is
removed using a cycle of rapid thermal annealing (RTA) (300 ◦C for 10 minutes and 350 ◦C
for 5 minutes in 100 sccm Ar). The graphene layer can be removed by oxygen plasma
etching if necessary. Figure 5.11 shows the normalized resistance vs. temperature curves
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Fig. 5.11 Normalized resistance as a function of temperature for NbN/graphene film be-
fore and after delamination from SiO2/ Si substrate. Inset shows the PMMA-coated
NbN/graphene film floating on surface of the buffered HF solution and the submerged Si
substrate at the bottom of the beaker.

for the NbN/graphene film before and after delamination from the SiO2/Si substrate. The
inset shows the floating PMMA/NbN/graphene film after the SiO2 has been etched away.
There is only a very slight decrease in transition temperature which indicates the robustness
of this technique.

5.6 Summary

The use of large-area CVD graphene offers a promising alternative to conventional sub-
strates for the growth of NbN. We have shown that (111)-oriented NbN films with ∼ 14 K
transition temperature and very high upper critical field (33 T) can be obtained via growth



on graphene layers. The additional advantage of the process is that free-standing, flexible
NbN films can easily be obtained, which could enable new designs for HEB and SSPD
devices. In combinations with CMOS compatible fabrication of graphene, this opens up a
possibility for direct on-chip integration of NbN for superconducting thin-film devices.
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Conclusion and future directions

The aim of my doctoral thesis was to investigate the effect of disorder on vortex states and
superconducting LDOS state by means of scanning tunneling spectroscopy.

My thesis work involved extensive instrumentation and setup of high-vacuum, low tem-
perature scanning tunneling microscope and scanning tunneling spectroscopy (STM / STS)
with a 9 Tesla superconducting magnet and in-situ thin film deposition facility.

We explored the vortex phase space by real space vortex imaging on single crystals
of NbSe2 by STM. By calculating the bond-orientation and positional correlation functions
from the real space configuration of the vortex lattice obtained by STS imaging, we establish
the metastability of the equilibrium Bragg glass state at low temperatures and the order-
disorder transition across the peak effect temperature.

To understand the mechanism of suppression of superconductivity at different levels of
disorder we chose NbN thin films as our model system. Nb vacancies were created in the
NbN crystalline lattice by changing the film deposition parameters. STS on in-situ films
revealed inhomogeneity of the order parameter in strongly disordered films and pseudo-gap
similar to that observed in high Tc superconductors. Our work established the presence of
cooper pairs locally even when the global superconductivity is lost in presence of strong dis-
order close to superconductor-insulator transition (SIT). We have established a phenomeno-
logical phase diagram as a function of disorder for NbN thin films.
During this study I also explored the growth of NbN on an unconventional substrate of
chemical vapor deposited (CVD) graphene and developed a novel method to obtain free-
standing NbN films for device applications.

In future I would like to explore the phases of vortex matter at high magnetic fields
and the suppression of superconductivity and superconductor-insulator transition induced
by magnetic field. I would also want to explore the unconventional superconductivity and
phase transitions in novel materials like cuprates. Superconductivity arises in these mate-
rials in the vicinity of other competing ordered states, such as antiferromagnetism, charge
density wave (CDW) or stripe order which leads to a complex phase diagram. Transition
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metal dichalcogenides (TMDs) are another class of intriguing materials which exhibit a
competition between superconductivity and CDW order. Scanning tunnelling microscopy
and spectroscopy provides a great to tool to image the CDW and vortex lattice simultane-
ously which is an interesting line of exploration in future.



Appendix A

Etching Pt/Ir wire for STM tip

The electrochemical etching was done with a CaCl2/H2O/acetone solution. 7gram CaCl2
was dissolved in 20 ml distilled water. The solution was over-saturated with acetone, in
order to create a thin film of acetone on the top of the solution. The Pt/Ir wire was dipped in
the solution about 1 mm deep which made one of the electrode and graphite rod was used
as the counter electrode. Acetone is used to control the viscosity of solution, the layer of
acetone on top prevents the bubbles around the Pt/Ir electrode from growing large in size.
After using the same solution repeatedly the viscosity increases, the size of bubbles become
larger and etched tips no longer remain sharp.

We used 50Hz AC voltage of 20V , the length of Pt/Ir wire dipped in the solution was
adjusted to get a current of ∼ 350mA at the voltage was turned off when the current dropped
to 20mA at 20V in about 4 minutes.

Fig. A.1 Image of Pt/Ir wire before and after
etching under optical microscope at 50x mag-
nification.

Fig. A.2 Zoomed SEM image of tip with scale
bar.
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Fig. A.3 SEM image of the tip after etching.



Appendix B

MATLAB codes for calculating
Bond-orientational and Positional
correlation functions

Finding G6

%This program loads the data file and identifies vortex location, find edges after delaunay
and calculate g6
%identifying mid point and orientation of each edge of triangulation
%Loading data file 256x256 pxl and identifying center of holes(vortex)—and values of r for
ideal

clear
filename = input(’Enter name of holes file: ’, ’s’);
filename2 = input(’Enter name of filtered file: ’, ’s’);
holes=load(filename);
filt =load(filename2);
normalized = holes/max(abs(holes(:)));
p=1;
for i=2:255
for j=2:255
if normalized(i,j)<1
if normalized(i,j)<normalized(i+1,j)
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if normalized(i,j)<normalized(i-1,j)
if normalized(i,j)<normalized(i,j+1)
if normalized(i,j)<normalized(i,j-1)
if normalized(i,j)<normalized(i-1,j-1)
if normalized(i,j)<normalized(i+1,j-1)
if normalized(i,j)<normalized(i+1,j+1)
if normalized(i,j)<normalized(i-1,j+1)
X(p,1)=j;
X(p,2)=i;
p=p+1;
end
end
end
end
end
end
end
end
end
end
end
load rideal.txt
lattconst = mu;
rideal=rideal*lattconst;
e= edges(dt);
a=size(e);
lowe = lattconst*2/3;
uppe = lattconst*4/3;
s=1;

%——identifying mid point and orientation of each edge of triangulation——–

for i=1:a(1)
a1=(X(e(i,1),1)-X(e(i,2),1));
b1=(X(e(i,1),2)-X(e(i,2),2));
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d= sqrt(a12+b12);
if d>lowe
if d<uppe
midpt(s,1)=(X(e(i,1),1)+X(e(i,2),1))/2;
midpt(s,2)=(X(e(i,1),2)+X(e(i,2),2))/2;
angle(s) = atan((X(e(i,2),2)-X(e(i,1),2))/(X(e(i,2),1)-X(e(i,1),1)));
s=s+1;
clear a1 b1 d
end
end
end
a=size(midpt);

%——–finding distance between each edge————-

for i=1:a(1)
for j=i:a(1)
r(i,j)=sqrt((midpt(i,1)-midpt(j,1))2+(midpt(i,2)-midpt(j,2))2);
r(j,i)=r(i,j);
end
end
b=[1 301];

%number till what r you want to calculate g6(r)

theta=zeros(a(1),(b(2)-1));
t=1;

%calculating g6 for each edge separately

for i=1:a(1)
for n=1:(b(2)-1)
s=1;
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for j=1:a(1)
if r(i,j)>rideal(n)

if r(i,j)<=rideal(n+1)
theta(t,n)=theta(t,n)+(cos(6*(angle(j)-angle(i))));
s=s+1;
ts(t,n) = (s−1);
end
end
end
end
t=t+1;
end
d=size(ts);
newtheta=zeros(1,(b(2)-1));
newts = zeros(1,(b(2)−1));
%summing up g6 of all edges
for i=1:d(2)
for j=1:d(1)
newtheta(i)=newtheta(i)+ theta(j,i);
newts(i) = newts(i)+ ts( j, i);
end
end
% normalising g6

for i=1:(b(2)-1)
if newts(i)∼= 0
new(i)=newtheta(i)/newts(i);
else
new(i)=newtheta(i);
end
end
s=1;
for i=1:(b(2)-1)
if new(i) =0
indx(s)=i;
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s=s+1;
end
end
a=’rvsg6′;
b=filename;
c= strcat(a,b);
dlmwrite(c,rvsg6,′ delimiter′,′ ′̈,′ newline′,′ pc′);
plot(rvsg6(:,1),rvsg6(:,2)); f igure(gc f );
save(output)

Finding Gk

%Finding the reciprocal vector of lattice

Zdft = fftshift(fft2((holes-mean(mean(holes)))));
h=surf(abs(Zdft));
set(h,’EdgeColor’,’none’)
axis tight
view(2)
kxa= input(’Enter kx: ’);
kyb= input(’Enter ky: ’);
kx=(kxa-129)*2*pi/256;
ky=(kyb-129)*2*pi/256;
load runique.txt
lattconst = mu;
runique=runique*lattconst;

% finding distance between each lattice points

a=size(X);
for i=1:a(1)
for j=i:a(1)
rv(i, j) = sqrt((X(i,1)−X( j,1))2 +(X(i,2)−X( j,2))2);
rv( j, i) = rv(i, j);
end
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end
b=[1 191];

%number till what r you want to calculate gk(r)

gk=zeros(a(1),(b(2)-1));
t=1;

%calculating gk for each lattice point separately

for i=1:a(1)
for n=1:(b(2)-1)
s=1;
for j=1:a(1)
if rv(i, j)> runique(n)

if rv(i, j)<= runique(n+1)
rx=(X(j,1)-X(i,1));
ry=(X(j,2)-X(i,2));
gk(t,n)=gk(t,n)+(cos(kx*rx+ky*ry));
s=s+1;
ts(t,n)=(s-1);
clear rx ry
end
end
end
end
t=t+1;
end
d=size(ts);
newgk=zeros(1,(b(2)-1)); newts=zeros(1,(b(2)-1));

%summing up gk of all lattice points

for i=1:d(2)
for j=1:d(1)
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newgk(i)=newgk(i)+ gk(j,i);
newts(i)=newts(i)+ ts(j,i);
end
end

%normalising gk

for i=1:(b(2)-1)
if newts(i) =0
new(i)=newgk(i)/newts(i);
else
new(i)=newgk(i);
end
end
plot(gkvsr(:,1),gkvsr(:,2)); f igure(gc f );
save(output)
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