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ABSTRACT 

 

TUNNELING SPECTROSCOPY STUDIES OF SUPERCONDUCTORS 

by 

Basu Dev Oli 

Doctor of Philosophy in Physics 

Temple University 

Advisor: Professor Maria Iavarone 

 

 

In multiband superconductors, different bands at the Fermi surface contribute to 

the superconductivity with different magnitudes of superconducting gaps on different 

portions of the Fermi surface. Each band in a multiband superconductor has a condensate 

with an amplitude and phase that weakly interacts with the other bands’ condensate. The 

coupling strength between the bands determines whether one or two superconducting 

transition temperatures are observed, and it is the key to many peculiar properties.  

In general, if there are two gaps of different magnitude, there are two different 

length scales associated with the suppression of these gaps in applied magnetic fields, for 

example. Therefore, effects of multigap superconductivity can be observed in 

superconducting vortices, which are twirls of supercurrents that are generated when a 

superconductor is placed in a magnetic field. Furthermore, the two superconducting order 

parameters in different bands are characterized by a magnitude and phase. In multiband 
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superconductors, there are collective excitations corresponding to fluctuations of the 

relative phase of two order parameters, so-called the Leggett mode.  

The first material identified as multiband superconductor is Magnesium Diboride 

(MgB2) in 2001 with a critical temperature Tc of 39 K. MgB2 is a superconducting 

material with the highest transition temperature among all conventional BCS 

superconductors. It has two superconducting gaps Δ  ~ 2 meV and Δ  ~ 7 meV and they 

arise from the existence of two bands π and σ bands of boron electrons. The discovery of 

superconductivity in MgB2 renewed interest in the field of multiband superconductivity. 

MgB2 has attracted many scientists’ attention both for the fundamental importance of 

understanding the multiband superconductivity and possible applications such as 

magnets, power cables, bolometers, Josephson junction-based electronic devices, and 

radio-frequency cavities. Afterward, other materials have been identified as multiband 

superconductors such as NbSe2, the family of iron-based superconductors, heavy fermion 

superconductors, multilayer cuprates, borocarbides, etc.  

This dissertation uses tunneling experiments to highlight multiband 

superconductivity features in two systems, namely MgB2 thin films and ultrathin films of 

Pb. Further, we use multiple techniques to study a superconducting material, nitrogen-

doped niobium, used for superconducting radio-frequency cavities.  

For the project on MgB2, MgB2/Native-Oxide/Ag planar junctions are fabricated 

and characterized down to 2.1 K and in the magnetic field parallel to the sample surface 

up to 6 Tesla. This work investigates how pairbreaking affects the magnitude and phase 

of the order parameter in a multiband superconductor. The tunneling spectra are analyzed 

in the framework of a two-band model developed by our theory collaborator Prof. Alex 
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Gurevich, Old Dominion University. The model allows the extraction of the pair-

breaking parameters among other quantities. The analysis shows that the order parameter 

in the 𝜋 band is quickly suppressed in the field, the 𝜋 band is cleaner than the 𝜎 band. 

The ratio of pairbreaking parameter in the 𝜎 band to the 𝜋 band rapidly increases at fields 

higher than ~0.1 T and then plateau at higher fields. This transition around 0.1 T 

magnetic field suggests a phase decoupling in the two bands of MgB2. Below the 

transition, the two bands are phase-locked, so mostly, the superconductivity in the 𝜋 band 

is affected, and after phase decoupling, both bands are affected by the applied field. 

These results are important for a basic understanding of multiband superconductors and 

the application implications of this material. This phase decoupling has a new and 

profound consequence on the superconducting state of a multiband superconductor that 

has been theoretically predicted and never observed experimentally.  

For the Pb project, ultrathin films of Pb in ultrahigh vacuum conditions are 

deposited by e-beam evaporation and characterized with low-temperature scanning 

tunneling microscopy and spectroscopy (STM/STS).  The STM/STS allows measuring 

the electronic density of states with the highest spatial resolution down to atomic scale. 

The shape of a superconducting vortex core is determined by the superconducting gap 

and the Fermi velocity, and the STM allows to map anisotropies of these quantities 

spatially. The vortex cores of Pb film show a complex shape that evolves from triangular 

at short distances from the center to a six-fold symmetric star shape farther away from the 

center. These details are very subtle, and they can be highlighted only if one works within 

the clean limit (to avoid the averaging effect of the scattering) and by fabricating the 
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heterostructure that pins the vortices spatially.  The complex vortex core shape reflects 

the anisotropy of the two bands that contribute to superconductivity in this material.  

For the project on Niobium, cold and hot spots from nitrogen-doped Nb cutouts 

are characterized by low temperature scanning tunneling microscopy and spectroscopy 

(STM/STS) combined with X-ray photoelectron spectroscopy (XPS) and scanning 

electron microscopy (SEM). The radiofrequency (RF) measurements of the quality factor 

and temperature mapping on an N-doped Nb superconducting resonator cavity are carried 

out at Jefferson Laboratory before cutting out the samples. This work aims to identify 

possible sources of excess dissipation in hot spots and relate them to the surface chemical 

composition and superconducting properties. The temperature mapping revealed a strong 

effect of the cavity cooldown rate on the intensities of hot spots and their spatial 

distribution, which indicates a significant contribution of trapped vortices to the RF 

dissipation. SEM images acquired on the cold and hot spots using a secondary electron 

detector show absence of residual hydride scars and niobium nitrides on their surface. 

Angle-resolved XPS measurements on the native surface of these samples revealed 

higher oxidized Nb 3d states on the N-doped Nb cold spots, which is supported by XPS 

depth profiles done on the samples by Argon ion sputtering. Argon ion sputtering of 

oxidized Nb removes oxygen preferentially from Nb2O5 and diffuses to bulk, thickening 

the lower oxidation state layers. The proximity theory framework’s tunneling spectra 

analysis suggests hot spots have stronger pairbreaking due to a weakly reduced pair 

potential, a thicker metallic suboxide layer, and a wide distribution of the contact 

resistance. STM imaging of vortex cores shows a triangular vortex lattice in both 

samples, and the coherence length is nearly the same in hot and cold spots. The 
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experimental data analysis suggests weakly degraded superconducting properties at the 

surface of hot spot regions are not the primary sources of RF losses. Instead, they are the 

regions where vortices nucleate first and get trapped during cooling down. These 

experimental techniques and findings will be crucial in helping to qualify new recipes for 

SRF cavity production and to boost their performance.  

The organization of this dissertation is below.  

Chapter 1 provides an overview of superconductivity, multiband 

superconductivity, its theory, and superconducting materials for superconducting 

radiofrequency cavity applications such as Nb and prospective future material MgB2.  

Chapter 2 is devoted to the details of experimental techniques used to achieve the 

goals, emphasizing scanning tunneling microscopy and spectroscopy (STM/STS).  

Chapter 3 is devoted to describing the physics of the two-band superconductor 

MgB2. It includes the fabrication and characterization of MgB2 thin films and 

MgB2/Native-Oxide/Ag junctions. It highlights how pairbreaking affects the magnitude 

and phase of the order parameter in a multiband superconductor.  

In chapter 4, the fabrication and the characterization of Pb ultra-thin films and 

islands by e-beam evaporation are discussed. It incorporates how to find signatures of 

two-band superconductivity in this material through superconducting vortices.  

Chapter 5 details the cold and hot spots of cutouts of nitrogen-doped Niobium 

resonator cavity characterizations using multiple techniques.  

The concluding chapter includes conclusions and discussion of the experimental 

results obtained during the dissertation by highlighting the lesson learned and possible 

future activities.  
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CHAPTER 1 

INTRODUCTION 

 
The investigation of superconductivity is one of the main topics in condensed 

matter physics. In this chapter, some central concepts and the most important properties of 

superconductors are presented. After a short description of superconductivity’s 

microscopic theory, the focus is on aspects of superconductivity mostly relevant for this 

thesis, such as multiband superconductivity and superconducting materials for 

superconducting radio frequency (RF) applications.  

 

1.1 Superconductivity: An overview  

Superconductivity was discovered in 1911 by Heike Kamerlingh Onnes  [1,2] in 

Leiden, just three years after he had first liquefied helium in 1908. Kamerlingh Onnes 

observed the loss of resistance when Mercury (Hg) was cooled down below 4.2 K. More 

importantly, as the temperature decreased, the resistance disappeared abruptly rather than 

gradually, as shown in Figure 1.1(a). This novel and unknown state of matter characterized 

by zero electrical resistivity was named “Superconductivity.” The temperature at which the 

transition to this state occurs is called the critical temperature and is denoted by 𝑇 . 

Kamerlingh Onnes was awarded Nobel Prize in Physics in 1913  [3] “for his investigations 

on the properties of matter at low temperatures which led, inter alia, to the production of 

liquid helium.” For decades, a fundamental understanding of this phenomenon eluded 

many scientists working in the field  [4]. Kamerlingh Onnes only discovered one of the 
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two hallmarks of superconductivity – the absence of electrical resistance. The scientific 

community had to wait almost 20 years for the discovery of another hallmark.  

 

Figure: 1.1 Two hallmarks of superconductivity: (a) vanishing of electrical resistance of Hg below 

critical temperature discovered in 1911 by H. K. Onnes, adapted from  [2].  (b) Meissner effect: 

The expulsion of magnetic flux from the bulk of superconductor below its critical temperature 𝑇 , 

discovered in 1933 by Meissner and Ochsenfeld  [5].  

In 1933, Meissner and Ochsenfeld  [5] discovered the second hallmark of 

superconductivity. They found that magnetic flux was expelled by an interior of the 

superconducting material while cooling below the transition temperature (Figure 1.1(b)) 

regardless of its history. Hence, the two hallmarks of superconductivity are perfect 

conductivity and perfect diamagnetism.  

The perfect diamagnetism of superconducting materials was explained 

phenomenologically by the electromagnetic theory of F. London and H. London  [6] 

developed in 1935. It is found that the magnetic field exponentially decays within the 

superconductor over a characteristic distance called the penetration depth λ.  
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𝐵 = 𝐵  𝑒   , with λ =        (1.1) 

where 𝐵  is the applied external magnetic field, 𝜖  is the permittivity of the free 

space, m is the electron's mass, c is the speed of light, ns is the superconducting electron 

density, and e is the electronic charge. Hence, the London penetration depth is the distance 

over which the field inside the superconductor falls to 1/𝑒 times the value of the externally 

applied magnetic field. The magnetic field is exponentially screened from the interior of a 

sample over a thickness that is given by the penetration depth 𝜆. This phenomenon is called 

the Meissner effect, and it is due to screening currents that flow on the surface of the sample 

and keep the interior field-free independent of the history of the sample. 

The destruction of superconductivity by a magnetic field or current cannot be 

described correctly by the London theory. In 1950, Ginzburg and Landau (G-L)  [7] 

proposed a new way to describe such destruction of superconductivity. Their theory was 

based on the Landau theory of second-order phase transitions and thermodynamics close 

to the transition temperature. The G-L theory explains the destruction of superconductivity 

in magnetic fields and predicts two kinds of superconductors: Type I and Type II, also 

known as soft and hard superconductors. 

 To describe superconductivity, the G-L theory introduces an order parameter as 

a complex function denoted by Ψ(𝑟), which is interpreted as the effective wave function 

of the superconducting electrons, where |Ψ(𝑟)| = 𝑛 (𝑟) is the density of superconducting 

electrons. The free energy density is given by: 

 𝐹 = 𝐹 + α|Ψ| + (β/2)|Ψ| +
∗

−𝑖ℏ∇ −
∗

𝑨 Ψ + (∇𝑨)      (1.2) 
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Here, the subscripts n and s refer to normal and superconducting states, respectively. A 

stable superconducting state is obtained if β is a positive constant and α = α (𝑇 − 𝑇 ). By 

minimizing the free energy 𝐹  to Ψ,  Ψ∗ and 𝑨, the G-L equations are obtained, 

 αΨ + β|Ψ| Ψ +
∗

−𝑖ℏ∇ −
∗

𝑨 Ψ = 0                   (1.3) 

 𝑗 = ∇ × 𝑯 =
𝒆∗ℏ

∗𝒄
(Ψ∗∇Ψ − Ψ∇Ψ∗) +

∗

∗
|Ψ| 𝐀                            (1.4) 

From the G-L theory, the G-L coherence length is  [4]: 

   𝜉(𝑇) =
ℏ

| ∗ ( )|
              (1.5) 

which characterizes the distance over which 𝜓(𝑟) can vary without undue energy increase. 

In a pure superconductor far below 𝑇 , 𝜉(𝑇) ≈ 𝜉(0), a temperature-independent coherence 

length  [8]; near 𝑇 , however, 𝜉(𝑇) diverges as (𝑇 − 𝑇) /  since 𝛼 vanishes as (𝑇 − 𝑇 ). 

Thus, these two "coherence lengths" are related but in distinct quantities.  

 In 1957, Abrikosov  [9] used the G-L equations to predict the existence of 

superconducting vortices, which are energetically favorable, in a range of applied magnetic 

fields. The techniques to study the properties of superconducting vortices are discussed in 

an upcoming section. In Type I superconductors, the vortex state is suppressed, while in 

Type II, it is stable. Most of the elemental superconductors are categorized as type I, while 

the superconducting materials discovered recently are Type-II. The list includes multi-band 

superconductors  [10–12], high-temperature cuprates  [13–15], heavy-fermion 

superconductors  [16,17], iron-based superconductors  [18–22], etc. 

The type I superconductor is in the Meissner state up to the critical field Hc. In this 

field, the superconductivity is destroyed, and the sample returns to the normal state. The 
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transition from the superconducting to the normal state occurs discontinuously at a certain 

critical magnetic field Hc. It is a sign that these types of superconductors show a complete 

Meissner effect. In type II superconductors, the Meissner state, with complete expulsion of 

the field, persists up to the magnetic field Hc1, known as the lower critical field. Increasing 

the magnetic field above Hc1 allows a magnetic field to penetrate the sample in the form of 

flux quanta called vortices, which form a periodic lattice  [9,23,24] known as Abrikosov 

vortex lattice. The vortex lattice, first imaged by Hess et al.  [25] on 2H-NbSe2 at very low 

temperatures in 1989, using scanning tunneling microscopy/spectroscopy (STM/STS). 

Increasing the applied magnetic field further allows more vortices to enter the 

superconductor up to the upper critical field (Hc2). At fields higher than Hc2, the 

superconductivity is destroyed by the applied field, and the sample returns to the normal 

state. The advantage of type II superconductor over type I is that the critical field is higher 

and is beneficial to practical applications.  

The type I and type II superconductors will be distinguished based on competition 

between two length scales: the penetration depth (λ) and the superconducting coherence 

length (ξ). The ratio of these two characteristic lengths known as the G-L parameter: 𝜅 =

. The value of 𝜅 = 1/√2 separates superconductors of types I and II. If ξ ≫ λ, the 

superconductor is of type I, and if ξ ≪  λ, the superconductor is of type II. Figure 1.2 shows 

a schematic of a vortex core where the magnetic field is applied perpendicular to a type II 

superconductor. The superfluid density 𝑛 (𝑟) decays at a scale of coherence length, and 

the magnetic field 𝐻(𝑟) decays at a scale of penetration depth. Vortex consists of a 

circulating current that encloses a quantum of magnetic flux Φ = ℎ𝑐/2𝑒 = 2.0 × 10  
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gauss-cm2 and circulate around the vortex core on the length scale given by λ. The 

dependence of quantum flux on twice the elementary charge of an electron is the direct 

consequence of electrons’ pairing in the superconducting ground state. Since in type II 

superconductors, the coherence length is much smaller than the penetration depth, the 

magnetic field profile extends far above the vortex core. In many strongly type II 

superconductors, the magnetic field variation scale is several orders of magnitude larger 

than the actual core.  

 

Figure: 1.2 Schematic of a superconducting vortex: A vortex consists of a core, where the 

superfluid density 𝑛  drops to zero at a scale of the coherence length (ξ), which is much smaller 

than the magnetic penetration depth (λ). When the magnetic field is applied perpendicular to the 

superconducting sample, the magnetic field will enter in the form of flux quanta. Reproduced with 

permission from  [11] © IOP Publishing. 

There are many techniques to study the properties of superconducting vortices. 

Some of the techniques are sensitive to the magnetic field profile, while some are sensitive 

to the superconducting order parameter. Bitter decoration  [26] and neutron scattering  [27] 

are both sensitive to the magnetic field profile and provide information in real and 
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momentum space, respectively. Figure 1.3 shows the triangular lattice of flux lines revealed 

by depositing small ferromagnetic cobalt particles on the superconducting material lead-

indium rod and observing the resulting pattern in the electron microscopy. Hall probe 

microscopy  [28] is a more recently used technique sensitive to the magnetic field and 

allows imaging of the vortex lattice in real space. Scanning tunneling 

microscopy/spectroscopy  [25] is the technique used in this thesis, and it is sensitive to the 

decay of the superconducting order parameter inside the vortex core. For this reason, it 

allows imaging of vortices in real space and high magnetic fields  [11]. 

 

Figure: 1.3 Perfect triangular lattices of flux lines on the surface of a lead-indium rod at a 

temperature of 1.1 K. The black dots consist of small cobalt particles which have been stripped 

from the surface with a carbon replica. The lattice parameter, i.e., nearest neighbor separation, is a 

= 3500 Å. The figure is reprinted from  [26] Copyright (2021), with permission from Elsevier. 

Even though the G-L theory could explain superconductivity very well, it is only a 

phenomenological macroscopic theory. The microscopic theory of superconductivity was 

developed by Bardeen, Cooper, and Schrieffer  [29] in 1957, after 46 years of discovering 
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superconductivity by H. K. Onnes. According to this theory, electron-electron interaction 

is mediated by phonons to form pair of electrons known as Cooper pairs with opposite 

momentum & spin. They condense into a phase-coherent macroscopic quantum state and 

give rise to superconductivity. Bardeen, Cooper, and Schrieffer were awarded the Nobel 

Prize in Physics in 1972  [30] “for their jointly developed theory of superconductivity, 

usually called the BCS-theory.”  

One of the BCS theory’s key predictions was that the density of states is gapped at 

the Fermi surface. The superconducting energy gap is given by: 

Δ = 2ℏω  𝑒𝑥𝑝 −
( )

             (1.6) 

where ω  is the Debye frequency, 𝑁(𝐸 ) is the density of states at the Fermi surface, and 

V is the attractive energy to form Cooper pairs. A minimum energy 𝐸 = 2Δ(𝑇) is required 

to break a pair, creating two quasiparticle excitations  [31]. This Δ(𝑇) was predicted to 

increase from zero at 𝑇  to a limiting value  𝐸 (0) = 2Δ(0) = 3.528𝐾 𝑇  for 𝑇 ≪ 𝑇 . The 

density of states in a superconductor is given by:  

𝑁 = 𝑁 𝑅𝑒
√

              (1.7) 

where 𝑁  and 𝑁  are the density of states in the superconducting state and normal state, 

respectively, ϵ is the energy relative to the Fermi energy. Electron tunneling experiments 

access the density of states of those quasiparticles and measure the superconducting gap. 

In the following chapters, how the electron tunneling experiments directly probe the 

density of states and how to access superconducting gaps of one band and multiband 

superconductors will be explained in detail. 
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 Another key prediction of the BCS theory is the description of Tc in terms of two 

fundamental constants and basic materials parameters as given below: 

𝑇 = 1.13
ℏ

 𝑒𝑥𝑝 −
( )

          (1.8) 

Here, ω  is the Debye frequency, 𝑁(𝐸 ) is the density of state at the Fermi surface, and V 

is the attractive energy forming Cooper pairs. The Tc of a superconductor will be enhanced 

by enhancing the Debye frequency, the electron-phonon interaction V, and the density of 

electrons in the Fermi surface that can participate in the superconducting state. Equation 

(1.8) leads to the isotope effect. The critical temperature Tc of the superconductor varies as 

the inverse square root of nuclear mass i. e. 𝑇  ~ 𝑀  with isotope exponent α =  0.5. The 

isotope effect's discovery confirms that the phonons are involved in conventional 

superconductivity  [32].  

 

1.2 Multiband Superconductivity 

After the appearance of the microscopic theory of superconductivity in 1957, it was 

studied theoretically the possibility that different bands at the Fermi surface contribute to 

the superconductivity with distinct magnitudes of superconducting gaps on separate 

portions of the Fermi surface. The occurrence of one or two superconducting transition 

temperatures depends on the strength of coupling between different bands  [33]. Several 

materials, discovered since, show features of multiband superconductivity such as 

MgB2  [10], NbSe2  [34], the family of iron-based superconductors  [35], some Chevrel 

Phases such as SnMo6S8, and PbMo6S8  [36], heavy fermion superconductors such as 

PrOs4Sb12  [37] and CePt3Si   [38], etc.  
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1.2.1 Multiband Theory 

Suhl, Matthias, and Walker  [33] in 1959 introduced multiple gaps superconductors 

that result from the distinct Fermi surfaces and could have different transition temperatures. 

The model was expanded by Sung & Wong  [39] by taking into account interband impurity 

scattering. According to this model, the partial densities of states of each band:  

𝑁 (ϵ) = 𝑁 (0)𝑅𝑒            (1.9) 

are determined by solving the following two equations self-consistently: 

𝑢 Δ = ϵ + 𝑖Γ + 𝑖Γ          (1.10) 

𝑢 Δ = ϵ + 𝑖Γ + 𝑖Γ          (1.11) 

Here, 𝑢  and 𝑢  are normalized quasi-particle energies, ϵ /Δ , Δ ,  are the gap parameters 

of two bands, Γ is the intra-band scattering amplitude, Γ  and Γ  are the inter-band 

scattering rates, with Γ /Γ = 𝑁 (0)/𝑁 (0).  

The total density of states is given by the linear combination of the two-partial density of 

states as written below: 

𝑁 (ϵ) = α𝑁 (ϵ) + β𝑁 (ϵ)          (1.12) 

Here α and β determine the weight of each band with α +  β =  1.  

 The effect of band weighing parameters α and β in the density of states is shown in 

Figure 1.4. Figure 1.4 (a) shows only a small superconducting gap as there is a contribution 

from band 1 (α = 1) and no contribution from band 2 (β = 0). Two superconducting gaps 

are observed in Figure 1.4(b), as there is a contribution from both bands α =  β = 0.5.  
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Figure: 1.4 Single- and multi-gap superconductors (a) One superconducting gap: Δ  = 2.1 meV 

with α =  1 and β =  0. (b) Two superconducting gaps: Δ  = 2.1 meV and Δ  = 7.2 meV with α =

 β =  0.5. The parameters used while computing density of states by solving equations (1.9) -(1.12) 

are Γ = 0.05 meV, Γ  = 0.1 meV and Γ = 0.73Γ .  

The above calculations’ outcome is that the two-band materials have two 

superconducting order parameters coupled through inter-band scattering. Without 

interband scattering, the two bands will entirely decouple from each other. Interband 

scatterings determine whether the two order parameters will close at the same temperature 

or two different temperatures.  
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Figure: 1.5 The energy gaps as a function of reduced temperature in a two-band superconductor 

show the interband coupling strength’s effect. The solid red lines refer to the uncoupled case and 

show two BCS gaps with different absolute values and transition temperatures. Applying weak 

interband coupling washes out the transition of the smaller gap, illustrated by the dashed line, so 

that both gaps close at the same temperature. As the coupling is increased, the smaller gap’s kink 

disappears gradually, and the shape of the smaller gap becomes more conventional (dashed-dotted 

line). The effects on the larger gap are not so significant and hence not shown in the panel. Applying 

interband impurity scattering instead of the coupling similarly modifies the gaps. Reproduced with 

permission from  [40] © IOP Publishing. 

Figure 1.5 shows the effect of the interband coupling on the temperature 

dependence of the gaps. For a small value of inter-band coupling, called weak coupling 

limit, the two bands will couple, and the two gaps vanish at the same transition temperature 

Tc as shown in Figure 1.5. Strong inter-band coupling smears out the bands’ distinct 
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characteristics, and the two superconducting gaps merge into a single one. For example, in 

the case of MgB2, using BCS relation Δ(0) = 1.764𝐾 𝑇 , the large σ gap would lead to a 

superconductor with Tc of 45 K and the small π gap to Tc of 15 K. Due to finite interband 

coupling in MgB2, it’s superconducting transition temperature Tc is 39 K  [41]. 

Other theoretical models have been developed to explain the properties of 

multiband superconductors. The work of Suhl et al.  [33] was extended by Peretti  [42], 

Kondo  [43], and Geilikman et. al.  [44]. Ginzburg-Landau equations for two-band 

superconductors are formulated by Tilley  [45] as an expansion of two-band BCS theory 

to investigate multiband materials’ behavior in the presence of magnetic fields. Choi et 

al.  [46,47], Koshelev and Golubov  [48], Nicol and Carbotte  [49] used Eliashberg's theory 

to study the properties of multiband superconductor MgB2 to describe thermodynamic 

superconducting properties. Koshelev and Golubov's [46] model also allows studying the 

vortex core structure in a dirty two-band superconductor. 

 

1.2.2 Features of Multiband Superconductivity 

Early experimental studies of multiband superconductivity were focused on 

transition metals such as Nb  [50,51], Ta  [51], V  [51,52], and Nb-doped SrTiO3  [53], etc. 

However, magnesium diboride (MgB2) is the first material identified as a multiband 

superconductor in 2001  [10]. It has a relatively high Tc of 39 K, which is about double that 

of conventional superconducting material Nb3Ge  [54], which has Tc of 23 K. MgB2 is a 

material with the highest Tc among all conventional BCS superconductors. The discovery 

of superconductivity in MgB2 renewed interest in the field of multiband superconductivity. 
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Afterward, other materials have been identified such as NbSe2  [34], the family of iron-

based superconductors  [35], some Chevrel Phases such as SnMo6S8 and PbMo6S8  [36], 

heavy fermion superconductors such as PrOs4Sb12  [37] and CePt3Si   [38], multilayer 

cuprates such as CuBa2Ca3Cu4Oy (Cu-1234)  [55], borocarbides RNi2B2C with R = Y  [12], 

Lu, Tm, Er etc., TaRh2B2  [56], Mo5PB5  [57], LaPt2Si2  [58], etc.  

Multiband superconductors such as MgB2  [10] and iron-based 

superconductors  [35] exhibit relatively high superconducting critical temperature Tc. The 

Tc is enhanced in the presence of interband interactions. They exhibit an unusual isotope 

effect, and the isotope exponent α will not be ½ as described by the BCS theory. For 

example, the isotope exponent α for MgB2 is about 0.3  [59,60], and of (Ba, K)Fe2As2 has 

the values in the range of α <  0 and α >  0.5  [61,62]. It depends on the strength and range 

of attractive interactions. The deviation of the BCS value of α = 0.5 originates from the 

multiband nature of superconductivity in these materials. The behavior of multiband 

superconductors in a magnetic field is unique, and by modifying the interband scattering, 

their upper critical magnetic field (Hc2) can be increased. For example, the estimated value 

of Hc2 for MgB2 is about 65 T, and it increased to 130 T by modifying the inter-band 

scattering because of its two-gap nature  [63,64]. 

A magnitude and a phase characterize the superconducting order parameters in 

different bands. That is 𝜓 = Δ 𝑒 , with j is the number of superconducting gaps in a 

multiband superconductor. For example, if a superconductor has two order parameters 

𝜓 = Δ 𝑒  and 𝜓 = Δ 𝑒  on different parts of the Fermi surface, there is another 

degree of freedom compared to a single band superconductor. It is the interband phase 
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difference θ(𝒓, 𝑡) = θ − θ  and it does not exist in a single band superconductor  [65]. If 

the interband phase difference θ = 0 𝑜𝑟 π, the phase between the two superconducting 

condensates becomes locked.  

A specific type of collective excitations can exist in two-gap superconductors, 

which correspond to small fluctuations of the relative phase of two superconducting 

condensates, so-called the Leggett mode  [66]. This mode is a longitudinal fluctuation 

corresponding to equal and opposite displacements of the two condensates. The discovery 

of the two-band superconductivity in MgB2 has renewed the interest in Leggett’s 

mode  [66] and some other phenomena related to the existence of several different 

superconducting condensate phases  [65,67,68]. 

The expression for the energy ω  of Leggett mode is given by  [66,69] 

ω = 4Δ Δ           (1.13) 

The values of λ  and λ  give the inter-band coupling between electrons from 

different bands, λ  and λ  are the intra-band coupling constants and Δ  and Δ  are 

corresponding energy gaps. Using the values of these parameters, obtained from first-

principles calculations  [70,71], the estimated plasma mode energy for MgB2 as 6.5   ω  

 8.9 meV  [69]. It pointed out that to observe Leggett’s mode experimentally, it should 

have the value of ω  smaller than twice the smallest gap 2Δ . There are many suggestions 

on how the Leggett mode can be achieved in MgB2 by using MgB2 thin film devices, such 

as MgB2 Josephson junctions  [72], Andreev contacts  [72], and Josephson junction 

between MgB2 and a single-band superconductor  [73,74]. Theoretically, the two-band 

superfluidity and the Leggett collective modes have been discussed for the Al-doped MgB2 
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(Mg1-xAlxB2)  [75]. The Leggett modes in MgB2 were experimentally detected by tunneling 

spectroscopy  [72,76], Raman spectroscopy  [77,78], angle-resolved photoemission 

spectroscopy  [79] and recently by time-resolved tetra-hertz spectroscopy  [80]. 

For the Leggett mode, the interband phase difference fluctuation is considered to 

be very small. If the fluctuation in the phase difference between the two order parameters 

is not too small, the relative phase difference rotates by 2π (0 to 2π, or −π to π), there is a 

soliton in the two bands  [67,68,81]. It is known as the interband phase-difference soliton 

(i-soliton). There are predictions by Gurevich and Vinokur  [65,68] on how various phase 

textures can be induced by the current flowing through the several kinds of thin-film 

geometries. They have shown that the phase difference between two superconducting 

condensates will unlock, i.e., θ ≠ 0 𝑜𝑟 π, if a current equal or greater than a critical current 

density is simultaneously sent through the bridges. We explore how pairbreaking affects 

the magnitude and phase of the order parameter in two-band superconductor MgB2 in 

Chapter 3. 

A new type of superconductors has been proposed for two-gap 

superconductors  [82], known as type 1.5 as an intermediate type I and type II. One of the 

bands would be type I and the other type II in the other band’s absence in the weak-coupling 

limit. It leads to a vortex-vortex interaction attractive at long distances and repulsive at 

short distances  [83]; it does not exist in a single-band superconductor. It also leads to the 

existence of fractionally quantized-flux vortices. A fractional vortex is a vortex carrying 

the fractional flux quanta  [84]. The kink (soliton) solution of phase difference leads to a 

new mode and the existence of half-quantum flux vortices in two-gap 
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superconductors  [67,85]. Other theoretical approaches  [86,87] also confirmed whirls with 

fractional flux quantum in two-gap superconductors. It is also shown the existence of 

fractionally quantized vortices in a three-gap superconductor  [88–90]. 

 

1.3  Superconducting Radio Frequency Cavities: Current and Future Materials 

 A radio frequency cavity is a structure to store electromagnetic energy and 

accelerate charged particles when excited at the resonance frequency at one of its resonant 

modes. The energy of the electric and magnetic fields will exchange between each other at 

resonance. They take small input RF amplitudes and amplify them because of their unique 

shapes, and they are electromagnetic resonators. There are three major classes of 

superconducting accelerating structures: high, medium, and low-β  [91], here β = 𝑣/𝑐, 𝑣 

is the speed of the accelerated particle and c is the speed of light. For accelerating electrons, 

positrons, or high energy protons with β~1, the high β-structure are used. The medium 

velocity structures with β between 0.2 and 0.7 are used for protons with energies less than 

1 GeV as well as for ions. Low-β structures are for particles moving at a small fraction of 

the speed of light, such as heavy ions emerging from a Van de Graff accelerator or an 

electron cyclotron resonance ion source  [91]. A typical high-β accelerating structure 

consists of a chain of coupled cells, as shown in Figure 1.6, a 9-cell accelerating structure 

developed by the TESLA collaboration and used at the TESLA Test Facility. It operates in 

the TM010 resonant mode, and the cavity gap length is usually βλ/2, where λ is the 

wavelength corresponding to the frequency choice for the accelerating structure  [91]. 
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Figure: 1.6 (a) Photograph of a 9-cell TESLA accelerating structure with one input power coupling 

port at one end and one HOM coupler at each end. (b) The layout of the components for the 9-cell 

TESLA-style structure. The figure is reproduced with permission from  [91] Copyright (2021) John 

Wiley and Sons.  

The quality factor is a figure of merit of a radio frequency (RF) cavity, which is the 

ratio between the energy stored and dissipated in the cavity walls over one RF cycle  [92]. 

𝑄 =  = 
∫ |𝑯|

∫ |𝑯|
       (1.14) 

Where H is the magnetic field in the cavity resonant mode with the circular 

eigenfrequency ω =  2π𝑓, and Rs is the surface resistance. From the above equation, the 

surface resistance (Rs) determines the quality factor, and the minimization of Rs maximizes 

the efficiency of RF cavities. The surface resistance in superconducting materials is 
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comprised of two parts, the temperature-dependent Bardeen-Cooper-Schrieffer (BCS) 

resistance 𝑅  and the temperature-independent residual resistance 𝑅   [29,93]. That is, 

the surface resistance is given by,  

𝑅 = 𝑅 + 𝑅          (1.15) 

Chemical impurities, hydrides, oxides, lattice imperfections, defects, and trapped 

magnetic flux during the cavity cool down are sources of residual resistance. The 𝑅  

originated from the interaction between the rf electric field within the penetration depth 

and thermally activated quasiparticles in the superconductor. The 𝑅  depends on the 

superconducting material parameter, which may vary enormously due to impurities within 

the rf penetration depth  [94]. 

The BCS surface resistance is given by: 

𝑅 = 𝑒𝑥𝑝 −         (1.16) 

This relation is only valid for the s-wave superconductors that are fully gapped on the Fermi 

surface. For d-wave superconductors, the gap has nodes on the Fermi surface, and the 

surface resistance is proportional to the temperature-dependent power-law as: 

𝑅 ∝ 𝑇          (1.17) 

With the power n = 2 - 4  [95]. This expression of the surface resistance explains why d-

wave superconductors are not ideal materials for RF cavity applications.  

Superconductors are used for RF applications because of their extremely small surface 

resistance. For comparison, Nb’s quality factor at its superconducting state is five orders 

of magnitude higher than its normal state  [96]. However, this requires cooling the 

superconductors to low temperatures, which requires the cryo-plants to produce and 
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distribute liquid helium, increases the operation cost. The material’s SRF performance is 

limited by their critical fields, such as the lower critical field (Hc1) and the superheating 

field (Hsh). In the early stage of SRF technology in 1965, Pb plated cavities were used  [97]. 

Over the last 55 years, Niobium (Nb) has been the material of choice for SRF cavity 

production. The qualities that make superconductor materials suitable from both a 

fundamental and technological point of view for the SRF cavity are  [98]: 

 Low surface resistance, including low residual resistance. 

 s-wave Cooper pairing with a full superconducting gap on the entire Fermi surface 

 High lower critical magnetic field Hc1 above which the weakly-dissipative Meissner 

state can be destroyed by penetration of vortices. 

 High superheating magnetic field Hs defines the theoretical field limit for the RF 

breakdown. 

 High thermal conductivity to transfer the RF power through the cavity wall. 

 Grain boundaries transparent to high RF screening currents in polycrystals. 

 Minimal degradation of superconducting properties by local chemical non-

stoichiometry and precipitation of non-superconducting second phases. 

The niobium used to make cavities have a high value of residual resistance ratio 

(RRR), 𝜌(300𝐾)/𝜌(𝑇 ) ~ 300. Such a high value of RRR indicates high purity of the 

material since low-temperature resistances are dominated by impurity scattering. The Nb 

cavities typically have 𝑅  ~ 10 𝑛 at T = 2 K and 1 GHz, which gives a huge quality factor 

of Q0 ~ 10 − 10   [99–101]. The typically employed cavity surface processing are 

electropolishing (EP), buffered chemical polishing (BCP), and heat treatments  [91] to 
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increase the RF performance. The surface resistance depends on the H0; it is the amplitude 

of rf magnetic field 𝐻(𝑡) = 𝐻 𝑠𝑖𝑛ω𝑡, and it can be modified by the material 

treatments  [102]. For instance, Rs of electropolished cavities  [101] at 2 K and 1 GHz 

increases with the rf-field amplitude, which is consistent with the reduction of a 

quasiparticle gap and the superfluid density by the rf pairbreaking currents  [103–105], 

non-superconducting precipitates, grain boundaries, and other materials defect  [99,106], 

or trapped vortices  [107–115]. However, the Nb cavities doped with titanium  [116], 

nitrogen  [117–120], other impurities  [121,122] can exhibit a striking reduction of Rs by 

factors of 2-4 as H0 increases from 0 to ≤ 0.5𝐻 , where Hc is the thermodynamic critical 

field. The performance of SRF Nb cavities is approaching the theoretical limit for the Nb 

surface, and researchers are looking new alternative materials for the future of SRF  [123]. 

 If the alternative material had a large Tc, low Rs, and operation could be possible 

at 4.2 K, this would greatly simplify the cryogenic plant by operating at atmospheric 

pressure. Low Rs operation at even higher temperatures could open up the possibility of 

using helium gas for cooling. Indeed, the superconducting transition temperature, Tc, 

determines the surface resistance and the cavity’s Q. It must remain sufficiently high that 

the system can be driven at the required field gradients and frequencies without leading to 

excessive power loss. In this regard, magnesium diboride (MgB2) with a critical 

temperature Tc of 39 K has attracted scientists’ attention. With a theoretical anticipated 

maximum accelerating field, Emax, acc of 77 MV/m and a BCS surface resistance, RBCS (4 

K, 500 MHz) of 2.5 n, MgB2 represents an exciting possibility for  SRF cavities  [124]. 

Experiments confirmed a low surface resistance Rs  [125–128] and absence of weak link 
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behavior, typically present in high Tc superconductors  [129–132], implying that MgB2 

exhibits a better power dependence of Rs  [133].  

Nevertheless, some issues can negatively impact the applications of MgB2 for SRF 

cavities. Indeed, it tends to degrade when exposed to ambient conditions and water  [134–

137], which broaden the transition temperature. The broadening of the superconducting 

transition temperature is a clear indication of degraded superconducting properties. 

Furthermore, the two-gap nature of the superconductivity in MgB2 raised some important 

questions related to this material’s applications. MgB2 is a two-gap superconductor with 

two gaps Δ  ~2 meV and Δ  ~7 meV. These are the minimum energies required to break 

the Cooper pairs from each band. The smaller gap of MgB2 (Δ ≈ 2.2 𝑚𝑒𝑉) is larger than 

that of Nb (Δ ≈ 1.5 𝑚𝑒𝑉) but smaller than that of Nb3Sn (Δ ≈ 3.1 𝑚𝑒𝑉). It 

suggests that MgB2 could still be a valid alternative to Nb but would not be competitive 

with Nb3Sn.  Improving the performance of MgB2 requires, for example,  improving the 

surface of MgB2 and increasing the magnitude of the π gap  [124]. Theoretical calculations 

suggest increasing the inter-band scattering leads to merging the two superconducting gaps 

of MgB2 to an intermediate value  [138,139]. However, in the two-gap superconductor, the 

intraband and interband scatterings have to be distinguished. Only the interband scattering 

merges two gaps due to mixing the weak and strong Cooper pairs, while the lattice 

imperfections increase only the intraband scattering  [140]. Therefore, substitutions on 

MgB2 to increase the interband scattering have proven difficult.  
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CHAPTER 2 

EXPERIMENTAL TECHNIQUES  

 
This chapter outlines the techniques used to achieve the research goals. Low-

temperature scanning tunneling microscopy and spectroscopy (STM/STS) is the primary 

technique of materials characterization used in this thesis. A detailed introduction to this 

technique is presented in this chapter to explain how it is used to characterize 

superconductors. I will also briefly introduce the preparation techniques used to fabricate 

thin films and tunneling planar junctions such as e-beam evaporation, thermal evaporation, 

and Hybrid Physical-Chemical Vapor Deposition (HPCVD). The basics of planar 

junctions’ electrical characterization have been described and then compared to the STM 

tunneling. Thin films and bulk materials studied in this thesis have also been characterized 

with additional techniques such as atomic force microscopy (AFM), scanning electron 

microscopy (SEM), and x-ray photoelectron spectroscopy (XPS).  

 

2.1 Scanning Tunneling Microscopy and Spectroscopy 

     2.1.1 Principle of Scanning Tunneling Microscope 

 The invention of the Scanning Tunneling Microscope (STM) by G. Binning and H. 

Rohrer in 1982  [141–144] set a new milestone in the field of condensed matter physics. 

This invention yields a tool to measure the surface topography and the local electronic 

density of states with sub-nanometer spatial resolution. For the design of the STM, Binning 

and Rohrer got the Nobel Prize in Physics in 1986  [145]. STM has proven to be a powerful 

and unique tool for determining surfaces’ structural and electronic properties. 
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The phenomenon behind STM is quantum mechanical tunneling, one of the 

fundamental predictions of quantum mechanics that distinguishes the quantum world from 

the classical world. In 1928, the Scientific community saw the earliest applications of the 

concept of tunneling in nuclear physics by Gamow to explain alpha-decay  [146], field-

ionization of the hydrogen atom with tunneling  [147] by Oppenheimer in the field of 

atomic physics. In condensed matter physics, electron tunneling was first proposed in 1928 

in the theory of field emission by Fowler and Nordheim  [148] and experimentally achieved 

with solid barriers (Germanium p-n junctions) by Esaki  [149] and in 

superconductor/Insulator/superconductor junctions (Al/Al2O3/Pb sandwiches) by 

Giaever  [150,151] about thirty years later. The work of Giaever is the first experiment to 

utilize the tunneling current to access the density of states as a measurable parameter and 

aimed at verifying the Bardeen-Cooper-Schrieffer theory of superconductivity  [29]. The 

Giaever experiment proved the existence of an energy gap and its temperature dependence 

as predicted by the BCS theory of superconductors  [29]. The Nobel Prize in Physics 1973 

was awarded one half jointly to Esaki and Giaever for the experimental discoveries 

regarding tunneling phenomena in condensed matter systems (semiconductors and 

superconductors, respectively) and another half to Josephson for his theoretical predictions 

of the properties of a supercurrent through a tunnel barrier (Josephson effects)  [152–154].  

 The concept of tunneling is discussed here for the case of the 1-D potential barrier 

of width d and energy height U as illustrated in Figure 2.1  [155]. Classically, the electrons 

can only go through the barrier when the energy is greater than the barrier height (E > U); 

if the barrier’s height exceeds the electron’s total energy, the electron will be reflected. In 
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quantum mechanics, however, the electron is described by a wave function that satisfies 

the Schrodinger equation. The wave function amplitude decays exponentially into regions 

that are classically forbidden. Therefore, even if electrons’ energy is less than the potential 

height (E < U), there is a finite probability of electrons crossing the barrier called quantum 

tunneling. For a single electron, the Schrodinger equation is: 

−
ℏ 


+ 𝑈(𝑧) (𝑧) = 𝐸          (2.1) 

Where, ℏ =  


 is the reduced Planck’s constant, m is the electron’s mass, and z is the 

position.  

 

Figure: 2.1 One-dimensional (1-D) potential barrier of width d and height U. Electrons can tunnel 

due to their wave character, with finite probability even though their energy levels are less than the 

barrier height.  
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The solutions of Eq. (2.1) in three different regions are: 

Region I   =  A𝑒 + B𝑒   with  k =
√

ℏ
  

Region II   =  C𝑒 + D𝑒     with  =
( )

ℏ
  and  

Region III   =  F𝑒 + G𝑒   with  k =
√

ℏ
    (2.2) 

Here G is the amplitude of a non-existent reflected wave in region III, and G = 0.  

The unknown amplitudes A, B, C, D, and F, are determined using the boundary 

conditions at z = 0 and at d, which require that the wave function and its derivative are 

continuous functions in space. One can calculate the probability P(E) for an electron to be 

transmitted at the tunnel barrier using the relation: 

 P(E)  = | |           (2.3) 

And the final expression for the probability is: 

𝑃(𝐸) =  
 ( )

( )   (  )
       (2.4) 

There is a non-zero probability of transmission for an electron through the barrier. For 

𝑑 ≫ 1, an electron’s transmitting probability through the barrier depends exponentially 

on its width.  

𝑃(𝐸) 𝑒            (2.5) 

From this model, we can work to extract features of metal-insulator-metal tunneling. In 

this approximation, the work function of two metal electrodes, separated by an insulating 

layer, ϕ  and ϕ  are shown in Figure 2.2(a). A metal surface’s work function is defined as 

the minimum energy required to remove an electron from the bulk to the vacuum level. A 

net tunneling current occurs by applying a small bias voltage (V) between the two 
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electrodes 1 and 2. In the classically forbidden region, the electron wavefunction decays 

logarithmically with distance:  

ψ(𝑧) = ψ(0)𝑒            (2.6) 

Where κ =
( )

ℏ
 is the decay constant, z is the barrier width,  ϕ = (ϕ + ϕ )/2 is 

the barrier height, V is the applied bias voltage. The square of the wave function given in 

equation (2.6) gives the probability that an electron will tunnel through the barrier. The 

total tunneling current is given by the sum of all possible states accessible to the tunneling 

electrons. The separation between the two electrodes is d then the tunneling current is:  

𝐼(𝑑) ∝ ∑ |ψ(0)| 𝑒          (2.7) 

This expression suggests that the tunneling current is proportional to exponential decay 

over the two electrodes’ distance. It means that a change of 1 Å in the electrode separation 

will change the current by one order of magnitude. 

Now, let us work on the experimental realization of electron tunneling. This 

situation is realized when a small insulating layer separates two metallic electrodes. It is 

so-called the tunnel junction. The energy representation of this junction is reported in 

Figure 2.2 (a), where there is no tunneling current observed in the absence of an applied 

voltage. Electrons only can tunnel from one electrode to another from the barrier and stay 

there if empty states are available. Applying a voltage V across this junction shifts the two 

electrodes’ Fermi level and makes it possible for electrons to tunnel into available empty 

states, as shown in Figure 2.2(b). The number of quantum states available per unit volume 

is defined as the density of states (DOS) at some energy E. The DOS of Electrode 1 is ρ  

and that of Electrode 2 is ρ . The remaining part of this section used the approach of 
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Bardeen’s theory of tunneling  [156] and following the concepts and details from the books 

by Chen  [157] and Wolf  [158].  

 

Figure 2.2 (a) Schematics of the energy of two electrodes kept in the tunneling regime without a 

bias voltage applied across the junction. (b) The Fermi energy level of Electrode 1 is shifted by eV 

in the presence of an applied bias voltage V. (c) Schematics of an STM: Electrode 1 is replaced by 

the sharp metallic tip, and Electrode 2 is a sample to study. (d) Experimental, numerical derivatives 

of tunnel current as a function of the applied voltage V (Differential Conductance, dI/dV). The red 

curve is for the case when both electrodes (tip & sample) are metallic. The spectrum is acquired 

while preparing the PtIr tip on Au(111) surface. The black curve is for the case when one of the 

electrodes is a superconductor. This spectrum has been acquired at T = 1.5 K, on a 30 nm Pb grown 

on highly oriented pyrolytic graphite (HOPG) substrate using the same PtIr tip. The differential 

conductance (dI/dV) reveals the electronic properties of the sample under study. The tunneling 

conditions for both spectra are V = 10 mV, I = 60 pA and a lock-in bias modulation amplitude Vmod 

= 0.2 mV. 
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If the density of states of both electrodes does not differ significantly around the 

Fermi level, in the range of applied bias voltage, V, the tunneling current (I) is,  

𝐼 =
ℏ

|𝑀|  ρ (𝐸 ) ρ (𝐸 )𝑉        (2.8) 

The tunneling current (I) is proportional to a bias voltage (V). Where M is the Bardeen’s 

tunneling matrix, and its expression is, 

  𝑀 =
ℏ

∫ ψ
∗

− χ
∗

d xdy      (2.9) 

Where ψ and χ are the wavefunctions of Electrode 1 and Electrode 2, respectively. The 

information of the wavefunctions at the separation surface is required to evaluate M, and 

the potential barrier does not show up in the expression. It is also symmetric about both 

electrodes.  

The tunneling probability at a given energy is proportional to the occupied DOS in 

Electrode 1 and the unoccupied DOS in electrode 2. The tunneling current from Electrode 

1 to 2 is the integration over all possible energies,  

𝐼 → = −
ℏ

∫ |𝑀| ρ (𝐸)𝑓(𝐸)ρ (𝐸 + 𝑒𝑉)[1 − 𝑓(𝐸 + 𝑒𝑉)]dE  (2.10) 

Where f =   is the Fermi-Dirac distribution, 𝐾  is the Boltzmann’s constant, 𝐸  

is the Fermi energy, and T is the temperature. The tunneling current flowing from Electrode 

2 to 1 is, 

𝐼 → = −
ℏ

∫ |𝑀| ρ (𝐸 + 𝑒𝑉)𝑓(𝐸 + 𝑒𝑉)ρ (𝐸)[1 − 𝑓(𝐸)]dE  (2.11) 

The net tunneling current flow is the difference between the two currents,  

𝐼 = 𝐼 → − 𝐼 →    
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𝐼 =
ℏ

∫ |M| ρ (𝐸)ρ (𝐸 + 𝑒𝑉)[𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]dE    (2.12) 

Hence, the tunneling current is the convolution between the density of states of each 

electrode weighted by the number of available states for tunneling.  

Case I: If both electrodes are Normal Metals (NIN junction) 

𝐼 =
ℏ

𝜌 𝜌 |𝑀| ∫ [𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]dE     (2.13) 

Case II: If one electrode is a superconductor and another is a normal metal (SIN junction) 

𝐼 =
ℏ

ρ |𝑀| ∫ ρ (𝐸 + 𝑒𝑉) [𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]dE    (2.14) 

Case III: If both electrodes are superconductors (SIS junction) 

𝐼 =
ℏ

∫ |M| ρ (𝐸)ρ (𝐸 + 𝑒𝑉)[𝑓(𝐸) − 𝑓(𝐸 + 𝑒𝑉)]dE   (2.15) 

At very low temperatures, the Fermi function is approximated as: 

f(E) − f(E + e𝑉) =  0 for − ∞ < E < 0 and e𝑉 < E < ∞.  

     = 1 for 0 < E < e𝑉      (2.16) 

The equation for tunneling current becomes: 

𝐼 ≈
ℏ

∫ |𝑀|  ρ (E) ρ (E + 𝑒𝑉)   dE      (2.17) 

If one of the two electrodes is metallic, the above equation can be written in terms 

of the density of states of tip and sample as  

𝐼 ≈
ℏ

∫ |𝑀|  ρ (E) ρ (E + 𝑒𝑉) dE      (2.18) 

where ρ  is constant at the desired applied voltage range, the Eq. (2.17) becomes, 

  𝐼 ≈
ℏ

 |𝑀|  ρ (0) ∫  ρ (E)  dE       (2.19) 

The expression of tunneling current is proportional to the integrated density of 

states of the sample. The derivative of tunneling current with respect to voltage (dI/dV) can 
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access the density of states, known as differential conductance. If both electrodes are 

normal metal (from Eq. (2.13)), then conductance is energy-independent to the Fermi 

energy.  

𝐺(𝑉) = ∝
ℏ

ρ ρ = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡       (2.20) 

If one electrode is normal metal and another is superconductor, then: 

G(𝑉) =   ∝ ρ (𝑒𝑉)        (2.21) 

Where ρ  is the density of states of the superconductor. 

It was realized early enough that the tunneling effect could be used to obtain local 

information if one could control the separation between the two electrodes mechanically. 

In the STM, an atomically sharp metal tip is very close to a conducting sample’s surface, 

as shown in Figure 2.3(c). The exponential decay of the tunneling current upon the tip-

sample separation is the main reason one can get high-resolution atomic images with an 

STM, as explained below.  

Figure 2.2(d) shows two experimental dI/dV spectra as a function of applied bias 

voltage acquired in the STM configuration. The red spectrum is acquired while preparing 

the PtIr tip on Au(111) surface ( Normal metal/Insulator/Normal metal junction). The black 

spectrum is acquired on a 30 nm Pb film grown on HOPG using the same PtIr tip 

(Superconductor/Insulator/Normal metal junction).  
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 2.1.2  Modes of Scanning Tunneling Microscopy 

As the distance between the tip and sample in the tunneling regime is in the 𝑛𝑚 

range, we need a mechanism to control tips movement while approaching the sample’s 

surface and throughout measurements. The metallic tips are mounted on a three-

dimensional piezoelectric drive to control the X, Y, and Z motion. The piezo is used both 

for the initial approach of tip-sample to bring the two electrodes in tunneling regime as 

well as to scan the tip over the sample’s surface. 

 

  2.1.2.1 Topography 

The most common topographic mode of operation for an STM is constant current 

imaging. In this mode of operation, the tip is rastered across the sample surface at a fixed 

bias voltage. The feedback mechanism will adjust the tip-sample distance by maintaining 

a constant tunneling current during the scan. The change in tip height signal is displayed 

as an STM image, recorded as a function of position z = z (x, y), and contains topographic 

information about the sample. In general, this mode of operation maps contours of constant 

integrated electronic density. Therefore, these maps always have spectroscopic information 

about the sample under study. Since the tunneling current exponentially depends on the 

tip-sample distance, it allows highly resolved topographies to identify atoms, atomic steps, 

atomic-scale defects, islands, inhomogeneities in the surface, grain boundaries, etc. In STM 

images with atomic resolution, single atoms in the topmost surface layer are observed. 

Figure 2.3 shows examples of STM topographies acquired on graphene/6H-SiC and 

Au(111) surfaces.  
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Figure 2.3 (a) STM topographic image with an atomic resolution of epitaxial graphene grown on 

a 6H-SiC substrate by thermal decomposition. The image is acquired at V = -5.0 V and I = 10 pA.  

(b) STM topography showing herringbone surface reconstruction on Au(111) surface with few 

defects. The image scanning conditions are V = 600 mV and I = 60 pA. This image is acquired 

while preparing the PtIr tip on Au(111) surface and confirms that the tip is atomically sharp.  

Another type of imaging mode is constant height imaging. In this case, the tip is 

rastered over the sample surface by maintaining it at a fixed height from the sample. That 

is, the feedback loop is off during the scan. The STM image displays the change in the 

tunneling current signal, which is saved as a function of position I(x,y). This mode can 

only be used when the sample surface is atomically flat, as there is a danger of crashing the 

tip into the sample if the sample’s roughness is higher than the tip-sample separation. The 

advantage is that this mode of operation allows a much faster scanning speed as opposed 

to the constant current mode that is limited by the time-constant of feedback loop. 
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  2.1.2.2 Tunneling Spectroscopy 

The most important mode of operation for an STM is related to the possibility of 

performing spatially resolved tunneling spectroscopy. In this mode of STM, the density of 

states (DOS) of a sample is measured as a function of energy. It yields information about 

both occupied and unoccupied states in the vicinity of the Fermi level. To access the DOS, 

the current (I) or differential conductance(dI/dV) or both are measured as a function of bias 

voltage while ramping the bias voltage as the tip is at a fixed height and location over the 

sample surface. From these measurements, one can access the electronic density of states 

of the sample locally. In conventional tunneling spectroscopy, the tunneling barrier is a 

solid insulator of fixed width, and the applied bias voltage is the only external parameter 

on which the tunneling current depends. These devices/junctions provide the information 

of the sample averaged over the entire area. However, in the STM, the tunnel barrier is a 

vacuum, and the tip location will change over the sample’s surface. It allows correlating 

spectroscopic information with topographic features such as atomic-scale defects and 

islands, grain boundaries, etc. The main merits of tunneling spectroscopy acquired with an 

STM are the following  [159]. 

 It is local. 

 It is performed at preselected positions. 

 It is performed under well-defined conditions. 

 It can be combined with other methods such as angle-resolved photoelectron 

spectroscopy.  

 It can provide spectroscopic images.  
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There are two ways to access the density of states of a sample under investigation. 

First, record the tunneling current as a function of swept bias voltage as explained above 

to obtain I–V curves. The numerical derivative is computed in different ways  [160,161] to 

obtain  − 𝑉  curves to access the DOS. Another way is to access and record the 

differential conductance directly by a lock-in technique  [162]. It is achievable by 

combining a small AC voltage signal 𝑉 sin(𝜔𝑡)  with applied bias voltage V. The 

modulated tunneling current can be expanded into a Taylor series as: 

𝐼 𝑉  +  𝑉  𝑠𝑖𝑛(𝜔𝑡) ≈ 𝐼(𝑉) +
( )

𝑉 𝑠𝑖𝑛(𝜔𝑡) + 𝑉 𝑠𝑖𝑛 (𝜔𝑡) + ⋯      (2.22) 

 
Where 𝜔 =  2𝜋𝑓 is the modulated angular frequency. Use of a lock-in amplifier 

and tuning frequency to first harmonics 𝜔, the first derivative term  can be accessed, 

which is directly proportional to the density of states as explained above. The detection of 

the second harmonic would access the second derivative term   contains the information 

of inelastic scattering of electrons and vibrational modes  [157,163,164]. The lock-in 

detection of the signal averages the local density of states over the modulation range. So, 

to observe/resolve spectral features in  spectra, the choice of modulation amplitude 

always plays a significant role. The value of modulation amplitude 𝑉  is chosen such that 

it is always less than or comparable to thermal broadening Δ𝐸 ~ 3𝐾 𝑇.  

One can combine the scanning capability of STM with STS and study how the 

density of states changes with topographic features. The method is called current imaging 

tunneling spectroscopy (CITS), introduced by Hamers  [165]. 
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Figure 2.4 (a) Tunneling conductance-map image acquired at the Fermi level EF showing the vortex 

lattice at T = 1.5 K on a typically prepared Nb in the magnetic field of 100 mT applied perpendicular 

to the sample surface. The scan area is 745 nm  745 nm. (b) The high-resolution single-vortex 

image at the same temperature and same field. The scan area is 134 nm  134 nm. (c) A series of 

hundred tunneling spectra (dI/dV) acquired along the red dashed lines shown in (b). In all vortex 

maps and line spectra, the tip is stabilized at V = 10 mV and I = 60 pA, and a lock-in bias modulation 

amplitude Vmod = 0.2 mV is used. Reprinted figure with permission from  [166] Copyright (2021) 

by the American Physical Society. 

Figure 2.4(a) shows the tunneling conductance image acquired on a typically 

prepared Nb cutout from a superconducting rf cavity showing the vortex lattice at T = 1.5 

K and in the magnetic field of H = 100 mT applied perpendicular to the sample 

surface  [166]. STM/STS performs vortex imaging by mapping the conductance at the 

Fermi level, where a vortex alters the density of states. A triangular vortex lattice is 

observed with intervortex spacing in agreement with theoretical predictions  [167]. The 

vortex lattice period d depends on the intensity of the external magnetic field H through 

the relation 𝑑 =
√

, where Φ =  is flux quantum. Figure 2.4(b) shows the high-

resolution single vortex image. Once we have the topography and a CITS map, we can also 

map the density of states as a function of position along the line with sub-nanometer 
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resolution (for example, along the red dashed line in Figure 2.4(b)); known as Line 

Spectroscopy. Figure 2.4(c) shows a series of acquired tunneling spectra along the red 

dashed line drawn in Figure 2.4(b) across the vortex core. It shows the spatial evolution of 

tunneling spectra with the coherence peak vanishing at the vortex core on a length scale 

given by the coherence length. In the clean limit, in conventional BCS-like 

superconductors, the tunneling spectra at the vortex center reveal the presence of a peak at 

zero energy (Fermi level), which is a signature of low-lying Caroli-de Gennes-Matricon 

bound states  [168] localized in the vortex core  [25]. These states are like ballistic Andreev 

trajectories in short superconductor–normal-superconductor junctions. However, in dirty 

superconductors, where the superconducting coherence length ξ ≈ (𝑙ξ ) is larger than 

the mean free path l the core levels are broadened by impurity scattering, resulting in a flat 

DOS in the vortex core  [169]. The absence of discrete vortex core levels suggests that this 

typically prepared Nb sample is in a moderately dirty limit. 

 

 2.1.3 Experimental setup/Instrumentation 

 The successful investigation of materials by STM heavily relies on the following 

factors: (i) the stability of the tunnel junction, (ii) quality of the sample surfaces, and (iii) 

low and variable temperatures as well as a magnetic field. The discussion about the 

importance of each will be in this section. 

Since the distance between tip and sample in STM is in the nm range, for the 

successful investigation of the materials by maintaining such a small separation, the 

junction must be free from any types of mechanical vibrations, electromagnetic radiations, 
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and acoustic noise. The ultra-high vacuum (UHV) chambers and the STM’s cryogenic parts 

are floating on a vibration isolation table to mitigate the mechanical vibrations. To 

decouple this entire STM system from the rest of the lab floor and the building, the STM 

rests on a 40-ton inertial mass suspended by pneumatic isolators. The STM system resides 

inside the RF shielded room to minimize the radiofrequency (RF) and acoustic noises. 

As discussed in the previous section, the tunneling current exponentially depends 

on the barrier width (tip-sample separation), and it makes the STM so sensitive and 

powerful. Hence, STM is a surface-sensitive technique and requires having tip and sample 

as clean as possible to have an atomic-scale resolution. The first requirement to achieve 

this is to have an ultra-high vacuum (UHV) system. The second requirement is to have 

surface preparation techniques. And finally, to have in-situ sample growth techniques. Our 

STM system has three (3) different chambers. 

(i) Load-lock (LL): Its use is to load and take out the Tips and samples. Since one often 

opens this section to load the samples, it is required to start pumping down from the 

atmospheric pressure. The pressure goes as low as 10–8 Torr after pumping by using a dry 

scroll pump and a Turbo-molecular pump. A better vacuum level than this requires having 

an ion pump. It has an ion pump attached, and the pressure goes down to low 10–9 Torr.  

(ii) The Preparation Chamber: As its name represents, its use is to prepare sample 

surfaces by different techniques, to grow samples in-situ, and to prepare the tips. The 

pressure of this chamber goes down to 10–11 Torr or better using an ion pump. This level 

of ultra-high vacuum would help to maintain the cleanliness of sample surfaces. The 

chamber is equipped with an electron beam (e-beam) heating stage for tip preparation, an 
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Argon ion sputtering system, sample storage, and sample preparation stage fitted with a 

cold-stage operated in nitrogen flow. The samples can also be heated up to 2000oC using 

an e-beam heated sample holder. The chamber also includes a triple source e-beam 

evaporator to grow thin films, overlayers, and islands in UHV. The system bears few 

preliminary characterization techniques such as low energy electron diffraction (LEED) 

and Auger electron spectroscopy (AES) to determine the surface crystal structure and 

elemental composition, respectively. 

 

Figure 2.5 Photographs of scanning tunneling microscope system. (a)-(b) The photographs of 3 

ultra-high vacuum chambers inside the acoustic and radio frequency (RF) shielding room: (from 

the left) the STM Chamber and the Preparation chamber in (a) the Preparation chamber from 

another angle and the Load-Lock in (b). (c)  The photograph of the STM controller. The control 

room is outside of the shielding room.  

(iii) The STM Chamber consists of a room temperature part pumped with an ion pump, 

equipped with sample storage, cold cleavage stage, and manipulator to transfer samples to 

the STM stage. The low-temperature part of this chamber hosts the STM microscope. The 

STM resides inside the superconducting magnet. The cryostat, surrounds the low-

temperature part of this UHV chamber, holds about 50 L of liquid helium (Liquid 4He). It 

is equipped with a 3He insert, allowing reaching a temperature of 360 mK on the samples 
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with a holding time of about 35 hours. The magnetic field can be applied perpendicular to 

the sample surface up to 9 Tesla.  

The STM described in previous paragraphs and used in this work is commercially 

available UNISOKU USM1300 with low temperature and ultra-high vacuum STM. It is 

operated in our laboratory with a Nanonis controller.  

 

2.2  Other Characterization Techniques Used 

Atomic force microscopy (AFM) and Scanning Electron Microscopy (SEM) are 

used to get the topographical information and thickness of the HPCVD grown thin films 

during planar tunnel junction fabrication. SEM is a much faster process with high-

resolution images compared to the AFM. However, the SEM cannot give information about 

surface roughness. AFM has the advantage of looking at a small area with quantitative 

surface mapping.  SEM has the advantage of looking even larger to a smaller surface 

quicker than AFM and has the flexibility of zooming in and out. 

 

 2.2.1  Atomic Force Microscopy  

The atomic force microscope (AFM) was invented by Binnig, Quate, and 

Gerber  [170] in 1986. It is a combination of the scanning tunneling microscope principles 

described in the previous sections and the stylus profilometer  [171,172]. The basic idea of 

scanning and feedback is identical to STM. Instead of using the tunneling current like in 

STM, the force between a sharp tip and the sample surface, detected by a sensitive 

cantilever, is used as the signal to drive the feedback system. This technique’s main 
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advantage is that it allows imaging of individual atoms on both conductive and non-

conductive surfaces  [157].  

 

Figure 2.6 (a) A photograph of the room temperature and ambient pressure Vecco Icon AFM used 

in this work. (b) AFM topography showing the morphology of the MgB2 thin film on a SiC(0001) 

substrate, hexagonal structures confirm that MgB2 films on these substrates are growing along the 

c-axis.  

The AFM, in general, has two modes of operation: the static and dynamic modes. 

In static mode, the tip and the sample are kept in contact by dragging the tip across the 

surface. The repulsive or attractive force causes a deflection in the cantilever. This process 

could damage both the sample and the tip by compressing, tearing, or even removing parts 

of it. In the dynamic-mode AFM, the cantilever will oscillate at or near its resonance 

frequency close to the sample surface. Several versions of the dynamic-mode AFM, such 

as the amplitude-modulation mode (the tapping mode), the force-modulation mode, the 

frequency modulation mode, exist depending on the interaction between the tip and the 

sample. Among these different modes, the tapping mode is the most popular mode of AFM 

operation. The AFM used in this work is the Veeco Icon is shown in Figure 2.6 (a). Figure 
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2.6(b) shows the AFM topography acquired in the tapping mode of an HPCVD grown 

MgB2 thin film on a SiC(0001) substrate. 

 

2.2.2 Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) is a surface imaging method to achieve a 

detailed visual image of a particle with a high-quality and spatial resolution of 1 

nm  [173,174]. The sample is exposed in SEM to the high-energy electron beam and gives 

information about topography, morphology, composition chemistry, the orientation of 

grains, crystallographic information, etc., of material. Therefore, it is a useful tool to be 

used for the characterization of materials  [175].  

 

Figure 2.7 (a) A photograph of the FEI Quanta 450FEG Scanning Electron Microscope at Temple 

Materials Institute used in this work. (b) SEM image of 40 nm MgB2 thin film on a MgO(211) 

substrate, the MgB2 grains are tilted due to MgO lattice orientation.   

An FEI Quanta 450FEG SEM at Temple Materials Institute (TMI) is used in this 

study. This SEM has a resolution of up to 1.0 nm at a high vacuum. One can load many 

samples at a time, and it is equipped with secondary and backscattered electron detectors. 

It also has Energy-dispersive X-ray Spectroscopy (EDS) for identifying and quantifying 
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elemental composition. Figure 2.7(a) shows the photograph of an FEI Quanta 450FEG 

SEM, used in this work, at Temple Materials Institute. An SEM image of 40 nm MgB2 thin 

film grown on MgO(211) substrate is shown in Figure 2.7(b).  

 

2.2.3 X-ray Photoelectron Spectroscopy (XPS) 

 X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), represents the most heavily used electron spectroscopies for 

valuable quantitative and chemical state information from the surface of 

materials  [176,177]. XPS is a surface-sensitive technique that works in the principle of the 

photoelectric effect. In the photoelectric effect, the electrons are emitted from a material 

when exposed to the light of sufficient energy. The effect was described by Albert Einstein 

in 1905  [178], and he got the Nobel Prize in Physics in 1921 “for his services to 

Theoretical Physics, and especially for his discovery of the law of photoelectric 

effect”  [179]. The equation for the photoelectric effect is:  

𝐸 = 𝐸 − ϕ − 𝐸        2.23 

Where Ekinetic is the maximum kinetic energy of emitted electrons, Ephoton is the energy of 

the x-ray photons used and given by 𝐸 = ℎ𝑓: h is Planck’s constant, f is the frequency 

of incident light, ϕ is the work function of the material, and Ebinding is the binding energy 

of the electron.  
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Figure 2.8 Schematic of the XPS. Adapted from  [180]. X-rays are produced from an Al Anode 

irradiated by high energy electrons from Electron Gun and then sent through an ellipsoidal quartz 

crystal monochromator. The Al Kα x-rays hit the sample surface, and photoelectrons are emitted. 

Those emitted photoelectrons traveled towards the hemispherical analyzer and detected by a 

detector.  

The study of photoelectrons was started by Kai Siegbhan and his coworkers in 1954 

to study electrons emitted in the radioactive decay of some atomic nuclei, called 𝛽-

decay  [181]. The capabilities of XPS were fully recognized in 1967 after Kai Siegbhan 

and his coworkers constructed an instrument capable of analyzing core photoelectron 

emissions to a sufficiently high energy resolution  [182]. Kai Siegbhan was awarded the 

Nobel Prize in Physics in 1981  [183] “for his contribution to the development of high-

resolution electron spectroscopy.” 

Figure 2.8 shows a schematic of the XPS. In XPS, X-rays are produced from an Al 

anode by irradiating high-energy electrons from an electron gun. The photoelectrons are 

emitted from the sample surface by exciting a sample surface with those Al Kα x-rays. An 
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electron analyzer measures the energy of those emitted photoelectrons. The elemental 

identity, chemical state, and quality of a detected element can be determined from the 

binding energy and intensity of the photoelectron peak. The average depth of analysis for 

an XPS measurement is approximately 5 nm. The samples’ further depth distribution 

information can be obtained by combining XPS measurements with sputtering (Argon ion 

sputtering/ion milling). In this work, XPS is carried out at the Drexel University core 

Facilities using a PHI Versaprobe 5000 XPS and angle resolved-XPS is at the Virginia 

Tech’s Nanoscale Characterization and Fabrication Laboratory (NCFL) using a Quantera 

XPS. 

 

2.3 Fabrication by Electron beam (e-beam) Evaporation 

We used the e-beam evaporation technique to fabricate superconductor 

ferromagnet (SF) heterostructures and superconducting thin films and islands on HOPG 

substrates. The e-beam evaporator used in this work is commercially available from 

Omicron Nanotechnology. A schematic of an e-beam evaporator is shown in Figure 2.9.  

In an e-beam evaporator, the target material is either evaporated from a bar, from a 

rod, or a crucible. The choice of crucible depends on the material being evaporated. They 

are made of copper, tungsten, molybdenum, or even a ceramic for very high-temperature 

deposition. In this work, high purity Pb pellets are kept in a Mo crucible in the evaporator. 

In an e-beam evaporation system, the electron beam heats the high purity material to its 

melting point and then evaporates. The filament is heated at high temperatures to generate 

the electron beam and accelerate towards the target material using a high voltage electrode.  
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Figure 2.9 Schematics of an electron-beam evaporator. High purity Pb pellets are kept in Mo 

crucible in the evaporator. Pb is heated and melted by e-beam and then deposited on the substrate 

in an ultra-high vacuum of about 10–11 Torr.  

The e-beam evaporator we used has a flux monitor  [184]. Once calibrated, the flux 

monitor replaces a quartz thickness monitor’s necessity by continuously monitoring the 

evaporation rate. The flux is measured directly, and it allows precise control of the 

deposition of material on a substrate. At a given electron emission current and e-beam 

energy, the measured ion flux is directly proportional to the flux of evaporated atoms. The 

evaporator has a shutter at its outlet, open and closed by a rotary drive. It allows precise 

flux adjustment before exposure and exact control of the evaporation time. The evaporation 

cell is enclosed in a water-cooled copper cylinder called a cooling shroud to maintain the 

evaporator’s temperature and the background pressure during deposition.  
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2.4  Fabrication of MgB2 Thin Films and Planar Junctions   

2.4.1 Hybrid Physical-Chemical Vapor Deposition: MgB2 thin film growth  

The HPCVD method of growing MgB2 thin films is described in the 

references  [185–188]. MgB2 thin films are grown in Professor Xi’s group at the 

Department of Physics at Temple University. The magnesium (Mg) vapor pressure must 

be high enough for the thermodynamic stability of the deposition and to obtain high-quality 

MgB2 thin films [51], and Figure 2.10(a) shows the pressure-temperature phase diagram 

for the MgB2. The substrates used for thin-film growth are SiC(0001) and MgO(211). The 

clean substrates are kept at the center of the stainless steel susceptor and cleaned Mg pellets 

on the edge of the susceptor shown in Figure 2.10(b). The Mg pellets are cut out from a 

long Mg rod. The reactor chamber is pumped down first and then purged with high purity 

hydrogen gas to remove any contaminants. After 10 minutes of purging, it is pumped down 

to about two (2) milliTorr background pressure. 

To start the deposition of MgB2, the chamber’s pressure is maintained at 70 Torr 

by flowing and pumping 1000 sccm (standard cubic centimeter per minute) of ultra-high 

purity H2 gas. The Mg pellets are slowly heated and melted by a resistive heater, and the 

temperature is kept constant during deposition. The deposition temperature is kept constant 

approximately at 725oC. To deposit MgB2, diborane gas (B2H6) is introduced in the 

chamber at a 20 sccm flow rate, which provides high purity boron source.  
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Figure 2.10 (a) Pressure-temperature phase diagram for the Mg:B atomic ratio xMg/xB  1/2, 

Reproduced from  [189], with the permission of AIP Publishing. The region of Gas + MgB2 

represents the thermodynamic stability window for the deposition of MgB2 thin films. (b) 

Schematic illustration of the HPCVD process inside the stainless steel reactor. 

The thickness of the MgB2 films can be controlled by the flow rate of B2H6 and the 

deposition time. In this work, to deposit 40 nm MgB2 films, the deposition time is about 

45 seconds using these parameters. The deposition ends once we stop the flow of B2H6 and 

turn off the heater. Then the system is cooled down in the same environment until the 

thermometer reads ~200oC, the chamber is vented, and then films are exposed to air to 

form a natural oxide layer.  

 

2.4.2  Fabrication of Ag/Native-Oxide/MgB2 Planar Junctions 

 The cross-stripe MgB2/native-oxide/Ag tunnel junctions on the MgB2 films on SiC 

and MgO(211) substrates are prepared using the method described in previous 

studies  [190–192]. After 40 nm-thick MgB2 films growth by HPCVD, the films are then 
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exposed to air between 150oC-250oC to form a native-oxide barrier naturally. The base 

electrode stripe was created by painting the MgB2 film with Duco cement (diluted with 

acetone), leaving a narrow stripe of uncovered MgB2 films with a dimension of 0.5 mm, 

or less.  

 

Figure 2.11 (a) A photograph of the thermal evaporator used to deposit Ag (b) Loading MgB2 

samples after painted by Duco cement, in the center is a homemade shadow mask (c) Monitoring 

deposition of Ag.  

The sample was loaded immediately into a thermal Evaporator shown in Figure 

2.11. A 300 nm thick top electrode stripe of silver (Ag) is deposited through a shadow 

mask, and it is orthogonal to the bottom stripe. The Ag (99.99% pure, from Kurt J. Lesker) 

is deposited at a rate of ~2.5 Å/s measured with a quartz crystal oscillator monitor [First 

25-30 nm Ag is deposited at a rate of ~1.0 Å/s to protect the MgB2 surface]. During the 

deposition of Ag, the background vacuum of the chamber was about 110–5 millibar. The 

junction size is approximately between 0.3 mm  0.3 mm to 0.5 mm  0.5 mm. 
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2.5 Measurements at low temperature: MgB2 thin Films and Junctions  

 The superconducting transition temperature of MgB2 thin films and MgB2/native 

oxide/Ag tunnel junctions are carried out in a Dipping Probe System (DPS) and a Physical 

Property Measurement System (PPMS).  

 

 2.5.1  Dipping Probe System  

 The system has been used for Resistivity vs. Temperature (RT) measurements to 

measure the critical temperature (Tc) of the MgB2 thin films grown with different 

conditions. It is also used to acquire the I-V characteristics curve at 4.2 K of MgB2/Native 

Oxide/Ag tunnel junctions during the optimization period, as shown in Figure 2.12 (d).  

 The dip probe system has a sample stage made up of an oxygen-free copper half 

solid cylinder shown in Figure 2.12(a), where a 10 mm  10 mm sample will fit and has a 

silicon diode sensor for temperature measurements and four (4) twisted pairs of cryogenic 

wires connected to 8-pins. It is connected at one end of the 5 feet long stainless steel tube. 

These twist pairs go through the stainless tube and are connected to the 18-pin electrical 

connector to the other end of the stainless steel tube. This 18-pin connecter is connected to 

a Ketheily 2400 source meter and a Lakeshore 330 temperature controller. The sample is 

kept in the sample holder using low temperature high thermal conductive grease and 

making electrical contacts of sample to the pins using silver wires with silver paint. 

Temperature readings are measured by a Lakeshore 330 temperature controller with a 

silicon diode sensor. The measurements are done in current-biased mode. The 
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measurements from room temperature to 4.2 K are achieved by dipping the probe in 100 L 

liquid helium Dewar.  

 

Figure 2.12 (a) A photograph of the dip probe used in this work. (b) Measurement control rack 

with source meters and electrical connections. (c) A liquid helium Dewar for dipping probe to 

measure down to 4.2 K (d) The tunneling I-V curve (black) and the tunneling conductance dI/dV-

V curve (red) for an MgB2/Native Oxide/Ag junction on a MgO(211) substrate acquired at 4.2 K 

using this system. The tunneling I-V curves are acquired in current-bias mode. The tunneling 

conductance dI/dV-V curves are computed by making the numerical derivative of the current versus 

voltage (I-V) curves.  

   

2.5.2  Physical Property Measurement System  

 The junctions are measured in a Physical property measurement system (PPMS) 

commercially available from Quantum Design. The photograph of a PPMS is shown in 

Figure 2.13 (a). The system has a liquid helium Dewar surrounded by a liquid nitrogen 

jacket so that the temperature goes from room temperature down to 1.8 K. The PPMS is 

equipped with a superconducting magnet coil of NbTi wire to produce a magnetic field of 

up to 9 Tesla. The advantage of the PPMS is that it is equipped with different modules and 

different types of sample holders for other measurements.  
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Figure 2.13 (a) A photograph of the Physical Property Measurement System. (b) A sample puck 

(c) A section of a horizontal rotator, in the middle is 12 pin connecters to attach a sample puck, will 

rotate from 0 to 360o to align sample at different angles with a magnetic field. 

 For this work, the samples are mounted on a horizontal rotator shown in Figure 

2.13 (c) with a sample puck in Figure 2.13 (b), which allows rotating sample stage with 

about 1o accuracy, and one can align magnetic field along any direction with respect to the 

sample surface. The PPMS MultiVu software controls the operation of PPMS. The 

temperature, magnetic field, and position of the sample are controlled by using MultiVu.  

The tunneling I–V curves are acquired in current-bias mode. The tunneling conductance 

dI/dV–V curves are obtained, making the numerical derivative of the current versus voltage 

(I-V) curves. A magnetic field of up to 6 Tesla is applied parallel and perpendicular to the 

sample surface during the measurement. Before applying a magnetic field to the sample, 

the stability and quality of junctions are characterized by acquiring tunneling I-V curves as 

a function of temperature up to 42.0 K, higher than Tc of the MgB2 films.  
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CHAPTER 3 

TUNNELING EXPERIMENTS OF MGB2 IN MAGNETIC FIELDS: 

UNDERSTANDING PAIRBREAKING MECHANISM IN A TWO BAND 

SUPERCONDUCTOR 

 

This chapter describes two-band superconductivity with emphasis on magnesium 

diboride (MgB2). The main goal of this chapter is to understand the pairbreaking 

mechanism and phase decoupling in the two-band superconductor MgB2. For this purpose, 

MgB2 thin films and planar junctions MgB2/Native Oxide/Ag have been fabricated. The 

experimental results obtained from the planar junctions characterization are discussed in 

the framework of a theoretical two-band model developed by Gurevich et al.  [64,68].  

 

3.1 Magnesium Diboride (MgB2)  

 Magnesium diboride (MgB2) is an intermetallic binary compound first synthesized 

in 1954  [193]. It took more than fifty years before Nagamatsu et al. in 2001 discovered 

that this material is a superconductor with a Tc of 39 K  [10]. Magnesium diboride has the 

highest Tc among all conventional BCS superconductors, and it is the first clear example 

of two-band superconductivity [194]. It has attracted the attention of many scientists both 

for the fundamental importance of understanding multiband superconductivity and for 

possible applications such as magnets, power cables, bolometers, Josephson Junction-

based electronic devices, and radio-frequency (RF) cavities  [186,187]. 
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Magnesium diboride is a layered metallic compound of space group P6/mmm,  with 

lattice constants a = 0.3086 nm and c = 0.3524 nm  [10,193]. It consists of alternating boron 

and magnesium layers. The boron forms a graphite-like honeycomb network separated by 

Mg layers, as shown in Figure 3.1(a). The center of a hexagonal boron ring lies both 

directly above and below of Mg atom, as shown in Figure 3.1(b). MgB2 has a hexagonal 

close-packed (hcp) structure. The atomic coordinates for Mg and B are Mg (0,0,0), B (1/3, 

2/3, 1/2), and B (2/3, 1/3, 1/2).  

 

Figure: 3.1 Crystal structure of MgB2. (a) a side view and (b) a top view. The structure is created 

in VESTA  [195].  

Several groups  [70,194,196,197] carried out first-principles calculations to 

understand the electronic properties of MgB2 as well as the origin of the superconductivity 

in this material. Figure 3.2(a) shows the band structure of MgB2 calculated by Kortus in 

2001  [194]. The red circles and the black circles represent the 𝜋 bands and the σ bands 

dispersions, respectively. The σ bands are formed by overlapping of the 2s and px,y boron 

orbitals, and 𝜋 bands are formed by pz orbitals of boron. Figure 3.2(b) shows the Fermi 

surface of MgB2. The Fermi surface consists of 2D-cylindrical sheets, the green and blue 
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cylinders in the corners represent the σ bands. The 3D red and blue tubular network in the 

center represent the 𝜋 bands.  

 

Figure: 3.2 (a) The band structure of MgB2 with the p character of Boron. The radii of the red 

(black) circles are proportional to the B pz (px,y) character. (b) The Fermi surface of MgB2. Green 

and blue cylinders (hole-like) come from the bonding px,y bands, the blue tubular network (hole-

like) from the bonding pz bands, and the red (electron-like) tubular network from the antibonding 

pz band. The letters are symmetry points of the hexagonal Brillouin zone in momentum space. 

Reprinted figures with permission from  [194] Copyright (2021) by the American Physical Society. 

The two-dimensional σ bands are hole bands and localized in the boron planes. The 

3D metallic network forming the π bands are delocalized and has both electrons and holes 

as charge carriers. The existence of these bands in MgB2 has been verified experimentally 

by Carrington et al. in de Haas-van Alphen (dHvA) effect  [198].  

 

3.2 Superconductivity in MgB2 

The nature of superconductivity in MgB2 is electron-phonon mediated and was 

proved by measuring the isotope effect of Tc  [59,60]. There is almost no shift in the Tc in 

MgB2 with different Mg isotopes in the isotope effect, while there is about 1 K shift in Tc 

with boron isotope  [60]. This result suggests that boron is the key player in the 
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superconductivity of MgB2. The value of the exponent (α) reported in  𝑇 ∝ M  is ≈ 0.3 

(α = 0.26-0.30 for boron, and α = 0.02 for Mg)  [59,60]. The deviation from the BCS value 

α =  originates from phonon anharmonicity and the multiband nature of 

superconductivity in MgB2 characterized by a selective coupling between specific 

electronic states and specific phonons. These results show that MgB2 is a phonon-mediated 

superconductor, and the B phonons are responsible for the pairing. The Mg phonons 

contribute little to the overall pairing. Nevertheless, Mg has a very important role because 

of the extra charge provided to the B layers and the consequent metallic character and 

unfilled bands. These features are very important in determining the superconducting 

properties. Indeed, the Mg2+ potential is experienced by the electrons in the π-bands more 

than those in the σ-bands. Consequently, the π-bands are lowered, allowing a further 

charge transfer from σ to π, that drives the hole doping of the σ bands  [196]. Therefore, 

the doping of the bands shifts them and allows them to cross the Fermi level and participate 

to the superconductivity.  

A striking feature of two-band superconductivity in MgB2 is the existence of two 

superconducting gaps in MgB2, predicted theoretically by Liu et al. [70] and 

experimentally confirmed by STM/STS  [199,200], specific heat  [201,202], point contact 

spectroscopy  [203], Raman spectroscopy  [204,205], and photoemission 

spectroscopy  [206]. MgB2 is a truly very first textbook example of a BCS two-band 

superconductor since the concept of multiband superconductivity was introduced by Suhl, 

Matthias & Walker  [33] in the case of overlapping bands (s- and d-bands for transition 

metals). The high Tc in MgB2 is attributed to its two-gap character  [199,200,207–209].   
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These two gaps are the result of two different electron-phonon couplings in the two 

bands. The superconductivity originates in both π and σ bands, with a strong electron 

coupling in the 2D bands and a weak coupling in the 3D bands. The average value of the 

gap in π band is ~2.1 meV, and of the σ band is ~7.2 meV. The experimental tunneling 

data measured on MgB2/native-oxide/Pb planar junctions revealed that there is a 

distribution of the gaps in both bands, i.e., Δ(π) = 1.2–3.7 meV and Δ(σ) = 6–8 meV  [210] 

in agreement with theoretical calculations  [208,209].  

Electron tunneling experiments are the best tools to resolve the two gaps in this 

material. At low temperatures, the tunneling experiments directly probe the density of 

states of materials described in Chapter 2. In multiband materials, the partial densities of 

states of different bands contribute to the tunneling conductance with different weights. 

The occurrence of two gaps largely depends on the tunneling into crystallographic 

orientations of MgB2, as shown in Figure 3.3(a).  

In MgB2, there are two σ bands and two π bands. Therefore, one expects to have a 

distribution of values for the gap over the Fermi surface sheets. However, these values are 

roughly distributed in two “energy ranges,” one for the σ bands and one for the π 

bands  [47]. The tunneling current that flows in a tunnel junction can be expressed by 

formula (2.8) in Chapter 2.  The tunneling matrix in Eq. (2.8) can often be assumed energy 

and momentum-dependent. However, in general, the matrix element is momentum-

dependent  [39]. In the STM geometry, the shape of the tip makes the tunneling cone 

extremely narrow. In this geometry, it can be shown that only quasiparticles with 

momentum direction very close to the direction perpendicular to the sample’s surface have 
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a significant non-zero tunneling probability and contribute to the tunneling current  [207]. 

In the case of MgB2, tunneling in the c-axis would allow probing only the π-band  [76]. 

The tunneling through the ab-plane would allow probing both the π and σ bands. In 

particular, the theoretical calculation shows that when tunneling into the ab-plane of MgB2, 

the largest contribution to tunneling of the σ band is 33%  [211].  

 

Figure: 3.3 Tunneling experiments clearly show the presence of two superconducting gaps in 

MgB2. (a) A topographic image (right) taken by a scanning tunneling microscope shows a section 

of a polycrystalline sample, 150 nm on a side, containing four grains. Tunneling spectra (left) 

measured with an STM change dramatically at the boundary between grains 1 and 2. The spectra 

are plotted as the differential conductance normalized to the high voltage conductance. Peaks in 

the spectra identify the superconducting gaps. (b) The sensitivity of the spectra to the tunneling 

direction allows the two gaps to be distinguished and followed as a function of temperature. The 

red points are the large gap of the two-dimensional σ band; the blue is the small gap of the three-

dimensional π band. Reprinted figure from  [54] with permission from  [200] Copyright (2021) by 

the American Physical Society.  
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Figure 3.3(b) shows the evolution of two superconducting gaps as a function of 

temperature. The red points are the large gap of the two-dimensional σ band, and the blue 

ones are the small gap of the three-dimensional π band. Both gaps close at the same 

temperature, and they are close to a BCS-type behavior, as shown by solid lines in Figure 

3.3(b). The evolution of conductance spectra as a function of temperature has been studied 

by scanning tunneling microscopy  [200,212,213], point contact spectroscopy  [214–216], 

and planar tunneling junctions  [190–192,217].  

 

Figure: 3.4 Field dependencies of the pair potential maximum [(a) and (b)] and averaged density 

of states at Fermi level [(c) and (d)] for D1 = 0.2D2 and D1 = D2.  Reprinted figure with permission 

from  [48] Copyright (2021) by the American Physical Society.   

Due to its two-band superconductivity, the behavior of the two gaps in MgB2 as a 

function of an applied magnetic field is unique. Figure 3.4 shows the calculated maximum 

pair potentials and average density of states at the Fermi level for different diffusivities of 

the two bands and in the limit of weak interband scattering  [48]. The pair potential is 

altered significantly by the diffusivity in each band. When the diffusivity in the σ band is 
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much smaller than the diffusivity in the π band (Figure 3.4 (c)), the density of states at the 

Fermi level in the π band increases steeply and reaches its normal value at fields much 

lower than the upper critical field. This increase is slower when the two bands’ diffusivities 

are the same (Figure 3.4 (d)). These calculations point out that there are different length 

scales associated with the bands and agree with vortex core imaging by STM in MgB2 

single crystals  [218] and those obtained by our group on MgB2 thin films  [219]. These 

measurements show that the vortex core, obtained by tunneling along the c-axis 

crystallographic direction of MgB2 and probing the π-band, is several times higher than 

that expected by the theoretical coherence length associated with the upper critical field. 

The behavior of the gaps and normalized zero-bias conductance as a function of the applied 

magnetic field perpendicular to the sample has been studied by scanning tunneling 

microscopy  [218,220–223] and point-contact spectroscopy  [216,224]. Field dependence 

of the density of states for the field parallel to the sample surface has been reported as 

measured by point-contact spectroscopy  [216].  

Despite its common structure type and simple chemistry, MgB2 has thus far proven 

very difficult to modify systematically through chemical substitution that is predicted to 

affect both the critical temperature and the gaps. The successful, reliable, and reproducible 

nonmagnetic substitutions in MgB2 are Mg1-xAlxB2 and Mg(B1-xCx)2  [225–228]. 
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Figure: 3.5 The superconducting gap values for thin films of MgB2 with different Tc compared 

with values reported in the literature for C- and Al-doped MgB2 and neutron-irradiated MgB2. 

Reprinted figure with permission from  [229] Copyright (2021) by the American Physical Society.  

The carbon and aluminum atoms in MgB2 take the role of scatterers. Still, they also 

dope the system with one extra electron, which inevitably leads to the filling effect in the 

σ-band with strongly coupled holes, decreasing their density of states and therefore the 

critical temperature. Kortus et al.  [230] introduced a model incorporating both effects in a 

doped MgB2, namely, the interband scattering and the band filling. The former effect leads 

to an increase of Δ  and decrease of Δ , while the latter suppresses both Δ  and Δ . Erwin 

and Mazin  [139] demonstrated that interband scattering σ − π is moderately suppressed 

as a consequence of the spatial symmetry properties of the electronic states in the pure 

material and that it does not increase substantially also in doped material. However, the 

theory does not predict the strength of the two effects; in general, out-of-plane distortions 

can lead to significant σ − π scattering. The published experiments delivered a somewhat 
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controversial picture of the strength of both effects (band filling and interband scattering) 

and the development of the two gaps in Al- and C-doped MgB2  [231–239], in neutron-

irradiated samples  [240] and disordered films  [229]. Figure 3.5 summarized these results, 

and it is adapted from  [229].  From C-doped samples, the merging of the gaps can be 

extrapolated to be at a Tc of 10-15 K. While from neutron-irradiation, the merging of the 

gaps is observed at about 11 K.  

Pure MgB2 has a very low lower critical field Hc1 of less than 50 mT  [241,242] and 

upper critical field Hc2 in the range of 15-20 T  [243,244]. Most significantly, strong 

impurity scattering has been shown to lead to extremely high upper critical fields Hc2. The 

Hc2 of the MgB2 is estimated at approximately 65 T at low temperature  [245,246], and it 

can be enhanced to 130 T by modifying the σ − and π − band scattering  [247]. This 

combination of relatively high Tc and substantial critical magnetic fields means MgB2 is a 

potential candidate for electric power applications.  

The multiple scattering channels provide the main ingredient that allows increasing 

the Hc2 of MgB2 beyond that of one-gap superconductors by optimizing the relative 

diffusivities in the σ and π band by selective atomic substitution on B and Mg sites  [64]. 

Using Usadel equations and taking into account all channels of scattering, Gurevich  [64] 

derived the equations that describe the anomalous behavior of Hc2 in MgB2 and its 

dependence on the ratio of the diffusivities of the two bands 𝐷 /𝐷 . In the case of a large 

difference between 𝐷  and 𝐷 , the dependence Hc2(T) can exhibit a significant upward 

curvature because Hc2(T) slope at Tc is inversely proportional to the maximum diffusivity. 

In contrast, Hc2(0) is inversely proportional to the minimum diffusivity. Thus, Hc2(0) can 
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be much higher than the one-gap extrapolation 𝐻 (0) = 0.69𝑇 𝐻 , where 𝐻 =   at 

Tc  [248]. Indeed, for C-doped MgB2 as well as for disordered films, Hc2(T) exceeds Hc2 of 

Nb3Sn  [249]. Therefore, the two-gap nature of MgB2 allows boosting the Hc2 beyond the 

one-gap prediction. In principle, there are no inherent limitations to further increase of 

Hc2(0) toward the high-Tc level of 2 T/K by proper alloying or by quenched– in lattice 

disorder in MgB2 with the account of its complex substitutional chemistry  [250]. 

Therefore, disorder provides an important knob to tune the properties of MgB2 and explore 

the possibility of changing the coupling between the two bands and increasing the Hc2, 

making this material competitive with Nb3Sn for SRF applications.  

Another important parameter for applications of a superconductor is the critical 

current density Jc. The pristine MgB2 shows low Jc values of about 106 A/cm2 in the 

presence of magnetic field because of low upper critical field and low flux pinning  [251]. 

In thin films, the observed Jc is much larger in the order of 107-108 A/cm2  [188,251,252]. 

Different methods have been used to enhance Jc  [251,253–259]. Chemical doping was 

found to be the most convenient, cheaper, easily achievable method for the improvement 

of Jc. Carbon substitution, for example, causes structural defects and strains that serve as 

good flux pinners and improve the Jc(H)  [254,255] and irreversibility field Hirr  [254]. 

Grain boundaries also have a crucial role in the in-field properties of the MgB2 as the grain 

boundaries are transparent to transport current and significantly contribute to flux 

pinning  [260]. So, the decrease in grain size and increase in the number of grains will 

improve the in-field properties of the MgB2 superconductor  [261].  
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3.3  Motivation and Objectives of the Present Experiment  

 Magnesium Diboride (MgB2) is a multiband superconductor with two 

superconducting gaps originating from different bands. In a multiband superconductor, 

each band has condensate with an amplitude and phase that weakly interacts with the other 

bands' condensate. MgB2 has two superconducting order parameters: 𝜓 = Δ 𝑒  and 

𝜓 = Δ 𝑒  with Δ  and Δ -the magnitudes of superconducting gaps in two bands. It has 

another degree of freedom, an interband phase difference. The existence of this new feature 

that does not exist in a single-gap superconductor leads to exciting properties.  

How pairbreaking affects the magnitude and phase of the order parameters in 

multiband superconductors remains an open question. We tried to address this question in 

MgB2, which is a conventional superconductor characterized by phonon-mediated 

superconductivity. In this material, the two gaps are expected to have the same relative 

sign, giving rise to s++ pairing, and a Leggett mode is expected. In iron-based 

superconductors, where interband repulsive pairing leads to s± (𝜋 phase shift between the 

hole and electron Fermi surface) pairing and a Leggett mode are not expected  [79]. Other 

high Tc multiband superconductors are unconventional superconductors whose pairing 

mechanism is unknown. MgB2 was chosen over other multiband superconductors as it has 

a weak-intermediate interband scattering. The interband phase mode becomes crucial in 

non-equilibrium current states, in which charge imbalance can result in phase slip that 

propagates into the superconductor. This gives rise, at a current density 𝐽 ≪ 𝐽  (where 𝐽  

is the depairing current) to an interband breakdown with dynamic states in which 𝜗 solitons 

periodically appear near the current leads and propagate in bulk, resulting in voltage drop 
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and voltage oscillations. The specific dynamics are determined by the specific geometry of 

the current leads, and it has been calculated by Gurevich and Vinokur  [65,68] for 2 and 4 

contact geometry.  

The effect of magnetic pairbreaking on the films can be studied equivalently by 

applying an in-plane current  [262] or by applying a parallel magnetic field to the surface 

of the sample  [263]. Indeed, applying a parallel magnetic field to the sample’s surface 

generates a strong in-plane current due to the Meissner screening current. Furthermore, 

these experiments could be performed with an STM by applying an in-plane current in the 

sample  [264] or, if the experimental setup allows it, by applying a parallel magnetic field. 

Alternatively, planar junctions can be used where one can apply the parallel magnetic field. 

Performing the experiment by STM presents some challenges. To send an in-plane current 

in the sample while using the STM configuration requires that the size of the sample has 

to be extremely small to avoid heating of the sample by very high currents. On the other 

hand, positioning the tip over a sample that is quite small can be quite difficult with an 

STM that does not have any optical alignment. Furthermore, whether one uses an STM or 

a planar junction configuration, to be able to probe both π and σ bands in tunneling 

experiments, the MgB2 films need to be off-axis (i.e., the c-axis of the film needs to be at 

an angle with the normal to the substrate). Finally, the film’s thickness must be less than 

the penetration depth to avoid vortices entering the sample while applying a parallel 

magnetic field. Only in these conditions, it is possible to separate the effect of a current 

from that of vortices on the quasiparticle density of states.  
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3.4  MgB2 Thin Films Fabrication and Characterization 

MgB2 thin films are fabricated by HPCVD as described in Chapter 2. The two types 

of films are fabricated: c-axis films and off-axis films. The c-axis films are fabricated on 

the SiC(0001) substrates, and the off-axis films are fabricated on the MgO(211) substrates. 

The lattice match between the MgB2 and substrate is important for the epitaxial growth of 

the sample. As the SiC has a hexagonal crystal structure with the a-lattice parameter (a = 

0.3081 nm) very close to the a-lattice parameter of MgB2 (a = 0.3086 nm), the c-axis 

oriented MgB2 epitaxial thin films have been deposited on this substrate. MgO has a face-

centered cubic structure with the lattice parameter a = 0.4213 nm. There is ~3% lattice 

mismatch with MgO; MgB2 can grow epitaxially on MgO substrate. MgB2 films grown on 

MgO(211) substrates are aligned with the MgO(111) plane so that there is a 19.5o tilt of 

MgB2 grains with the substrate surface. This tilted growth of MgB2 is very important for 

tunneling experiments, as they allow us to probe both π and σ bands and will be discussed 

later in more detail. The thickness of the MgB2 thin films is controlled by the flow rate of 

B2H6 and the deposition time. In this work, 40 nm MgB2 films are deposited using the 

parameters described in Chapter 2.  

As grown, MgB2 films have been characterized by scanning electron microscopy 

(SEM) to check the orientation of MgB2 grains. Figure 3.6(a) and (b) show SEM images 

of the surface of MgB2 films on the SiC and the MgO(211) substrates, respectively. The 

hexagonal grains of MgB2 are aligned along the c-axis when the film is grown on SiC 

substrates and are consistent with previous studies  [265,266]. In the case of MgB2 films 

on MgO(211), the hexagonal grains of MgB2 are tilted away from the c-axis and piling up 
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on top of other grains. The MgB2 films grow epitaxially on the MgO(211) substrates with 

its c-axis tilted at about 19.5o away from the film normal  [192,265].  

 

Figure 3.6. SEM image of 40 nm MgB2 thin film on (a) the SiC substrate (b) the MgO(211) 

substrate, the MgB2 grains are tilted due to orientation of MgO lattice. 

The measurement of the superconducting transition temperature of 40 nm MgB2 

film on the SiC substrate is shown in Figure 3.7(a). It is obtained by measuring the 

resistivity as a function of temperature (R-T). The transition is defined as the temperature 

at which a zero resistance is measured. The observed Tc is about 39.5 K, which is 

approximately the same as that observed in previous studies for MgB2 film on a 6H-SiC 

substrate  [266] and on a Sapphire substrate  [185]. Figure 3.7 (b) shows the RT curve for 

a 40 nm MgB2 film on the MgO(211) substrate. The transition temperature of 37.5 K is 

observed, which is slightly less than the previously reported values for 100 nm MgB2 films 

on MgO(211) substrates  [191,192]. The figures in the insets of 3.7 (a-b) show the zoomed 

view of the R-T curve around Tc.   
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Figure 3.7. Resistivity vs. temperature for the 40 nm film of MgB2 on (a) the SiC(0001) substrate 

(b) the MgO(211) substrate. The transition temperature on the SiC(0001) substrate is 39.5 K, and 

the MgO(211) substrate is 37.5 K.  

 
3.5  MgB2 Thin Film Characterization by STM/STS  

 3.5.1 Measurements on MgB2 Thin Films 

MgB2 films as grown have been characterized by low-temperature STM/STS. To 

estimate the transition temperature (Tc) of MgB2 thin films, the tunneling spectra are 

acquired at different temperatures. The tunneling spectra are analyzed by normalizing with 

second-order polynomial background for 𝑉 ≥ |12| mV and the normalized zero-bias 

conductance, i.e., the density of states at the Fermi energy, are extracted for each spectrum. 

Figure 3.8(a) shows the evolution of normalized dI/dV spectra as a function of temperature. 

The evolution of the normalized zero-bias conductance (NZBC) as a function of 

temperature is shown in Figure 3.8(b). The critical temperature Tc is estimated as the 

intersection of the high-temperature slope and the NZBC value of 1 (Figure 3.8(b)). The 

estimated Tc for MgB2 thin film is 34.75 K.  
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Figure: 3.8 (a) Evolution of STM normalized dI/dV spectra as a function of temperature on MgB2 

thin film. (b) The normalized zero-bias conductance as a function of temperature with an estimated 

Tc of 34.75 K. The tunneling conditions are V = 15 mV, I = 100 pA with a modulation amplitude 

of 0.1 mV.  

 Vortex imaging is performed on the MgB2 thin films by STM by mapping the 

conductance at the Fermi level as a function of location. Vortices alter the density of states, 

and this change offers the contrast in the image. The maximum contrast is obtained by 

mapping the changes in the Fermi level. The magnetic field is applied perpendicular to the 

sample at T = 1.50 K. Figure 3.9(a) shows the vortex lattice imaged on an MgB2 thin film. 

We observed an irregular vortex lattice, which is probably due to the surface topography. 

A series of 88 tunneling spectra are acquired across the vortex core, shown by a red dashed 

line in Figure 3.9(a). The line spectra presented in Figure 3.9(b) show the spatial evolution 

of the tunneling spectra with the coherence peak vanishing at the vortex core on a length 

scale given by the coherence length. The line profile shows the absence of the Caroli-de 

Gennes-Matricon bound states localized in the vortex core  [25,168,169], which indicates 

that MgB2 is in the dirty limit.  
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Figure: 3.9 STM vortex map acquired on MgB2 thin film: (a) Zero bias conductance map showing 

vortices in MgB2 thin film at T = 1.5 K and H = 0.15 T. The scan area is 385.3 nm  385.3 nm. (b) 

A series of 88 tunneling spectra acquired along the red dashed line shown in (a). (c) Normalized 

zero-bias conductance plotted as a function of distance from the vortex core. The estimated 

coherence length, ξ, is 30 (± 2) nm at H = 0.15 T. The tunneling conditions are 𝑉  = 10 mV, 𝐼  

= 60 pA with lock-in bias modulation 𝑉  = 0.20 mV. 

Figure 3.9(c) shows the radial profile obtained by averaging the azimuthally 

averaged zero-bias conductance map around four (4) vortices close to the red dashed line 

in Figure 3.9(a). The value of coherence length is extracted by fitting the average profile 

to 𝑔 = 𝑔 + F exp − . Here, 𝑔  is the conductance far from the vortex core, F is a 

scaling factor, and r is the distance from the vortex core. Using this procedure, the 

estimated value of coherence length (ξ) is 30 (± 2) nm at H = 0.15 T. 

 

 3.5.2 Measurements with an In-plane Current 

To perform the experiment with an in-plane current in the sample by STM required a 

modification to the detection signal of the STM and the geometry of the sample. Our STM 

has been modified to send an in-plane current using an external power supply. The 

schematic of STM to incorporate in-plane current is shown in Figure 3.10(a). The sample 
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geometry is designed as T-shaped, as shown in figure 3.10(b), so that one section of the T-

shaped sample is connected to the tunneling bias voltage, and the remaining two are 

connected to the source to send in-plane current. These samples are mounted on the sample 

holder, which is made up of three sections and are electrically isolated from each other by 

using a ceramic piece.  

 

Figure: 3.10 (a) Schematic of scanning tunneling microscope with an in-plane current (b) 

Geometry of the MgB2 thin films for STM measurements with the in-plane current. W represents 

the width of the sample. The experiments are performed with W = 0.4, 0.5, and 1.0 mm. The 

thickness of MgB2 thin films was from 80 nm down to 10 nm. The red circle in Figure (b) shows 

the region where the STM tip will be during the measurement. The MgB2 thin films are grown by 

HPCVD in Prof. Xi’s Lab at the Department of Physics at Temple University.  

We performed the experiment on MgB2 thin films of different widths W = 1 mm, 

0.5 mm, 0.4 mm, and thickness from 80 nm down to 10 nm to study the effect of in-plane 

current in the two bands of MgB2. Figure 3.11(a) shows the tunneling conductance spectra 

acquired using the lock-in technique at 1.5 K without in-plane current and with Iin-plane = 8 

mA, which corresponds to a current density of 104 A/cm2. The MgB2 thin film thickness 
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was 80 nm with a width of 1 mm, and it is hard to distinguish the effect of current in the 

tunneling spectra. The tunneling spectra acquired on another MgB2 thin film of thickness 

30 nm with width 0.5 mm are shown in Figure 3.11(b). In this case, the applied in-plane 

current was 25 mA, which corresponds to a current density of 1.67105 A/cm2, which is 

far below the depairing current density (Jd) ~8.7  108 A/cm2 for MgB2  [63] estimated 

using the Ginzburg-Landau formula  [4]. Again, we did not observe any significant 

difference in the tunneling spectra with and without in-plane current. We performed the 

experiment at different temperatures up to 10 K and applying a perpendicular magnetic 

field up to 0.35 Tesla in the presence of an in-plane current up to 25 mA. The overall 

change in the spectra is not significant (the data are not shown here).  

 

Figure: 3.11 (a) STM tunneling dI/dV spectra acquired with the lock-in technique at 1.5 K on an 

MgB2 thin film of (a) thickness 80 nm and width 1 mm (b) thickness 30 nm and width 0.5 mm. For 

all spectra, the tip is stabilized at V = 15 mV, and I = 60 pA with a bias modulation amplitude Vmod 

= 0.20 mV. 

 Performing further experiments by STM requires reducing both the width and 

thickness of the film to enhance the current density. However, it is difficult to align the 
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STM tip on a sample of width (W) less than 0.3 mm, because the STM does not have any 

optical access. One could do this experiment in STM equivalently by applying a magnetic 

field parallel to the sample surface. By applying a parallel magnetic field to the sample’s 

surface would generate a strong in-plane current due to the Meissner screening current. 

This requires the thickness of the film must be less than the penetration depth to avoid 

vortices entering the sample. However, our STM is not equipped to apply the magnetic 

field parallel to the sample surface.  

 These constraints in the STM setup coupled to the high depairing current density 

of MgB2 revealed that the experiment by STM is exceptionally challenging. Therefore, we 

performed the experiment using planar junctions as described below.  

 

3.6  MgB2/Native Oxide/Ag Junctions 

 The cross-stripe MgB2/native-oxide/Ag tunnel junctions on the 40 nm 

MgB2 films on the SiC(0001) and the MgO(211) substrates were fabricated using the 

method described in Chapter 2. The geometry of the MgB2/Native-Oxide/Ag planar 

junction is shown in Figure 3.12. In short, 40 nm-thick MgB2 films are grown by HPCVD, 

and the films are then exposed to air between 150oC – 250oC to allow naturally form a 

native-oxide barrier. The base electrode stripe was created by painting the MgB2 films with 

Duco cement (diluted with acetone), leaving a narrow stripe of uncovered MgB2 films with 

a dimension of 0.5 mm, or less. A 300 nm thick top electrode of Ag was deposited through 

a shadow mask in a thermal evaporator at a background pressure of 110–5 millibar. 
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Figure: 3.12 A geometry of the MgB2/Native-Oxide/Ag junction fabricated on 40 nm MgB2 thin 

films.  

The junctions are characterized using a Physical property measurement system 

(PPMS) commercially available from Quantum Design. The tunneling I–V curves are 

acquired in current-bias mode. The tunneling conductance dI/dV–V curves are obtained by 

making the numerical derivative of the current versus voltage (I-V) curves  [160]. Before 

applying any magnetic field to the sample, the stability and quality of junctions are 

characterized by acquiring tunneling I-V curves as a function of temperature up to 42.0 K, 

higher than the Tc of the MgB2 films.  

 

 3.6.1 Temperature Dependence  

 Figure 3.13 (a) shows normalized dI/dV spectra measured on a junction 

MgB2/native-oxide/Ag on the SiC substrate at T = 2.1 K, and H = 0 T. Black circles show 

the experimental data, and the red line is the fit theoretical curve described in the section 

3.8 (Analysis of the tunneling spectra). In this case, only π band superconducting gap is 

visible in the spectrum, and the value obtained by the fit is  Δ = 2.11 meV. Indeed, the 
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films grown on the SiC are c-axis oriented, and tunneling allows to probe the π band 

primarily in agreement with the previous study  [229].  

 

Figure: 3.13 Normalized dI/dV spectra measured at 2.10 K on the junction MgB2/native-oxide/Ag 

(a) on a SiC substrate with small gap Δ = 2.11 meV, and (b) on a MgO(211) substrate with both 

gaps Δ  = 2.12 meV and Δ  = 7.24 meV. Black circles show the experimental data, and the red 

line is the fit theoretical curve described in the text in the section Analysis of the tunneling spectra. 

Figure 3.13 (b) shows normalized dI/dV spectra measured on a junction 

MgB2/native-oxide/Ag on the MgO(211) substrate at T = 2.10 K, H = 0 T. Black circles 

show the experimental data, and the red line is the fitting curve. As seen in Figure 3.13(b), 

in this spectrum, there are features present associated with π and σ bands of MgB2. The 

superconducting gap for  and  bands obtained from the fit are: Δ  = 2.12 meV and Δ  = 

7.24 meV, respectively at T = 2.10 K. The contribution of the  band to the tunneling 

conductance is about 8%, which is slightly less than the previously reported value of 

11%  [192,217]. The fitting parameters in Figure 3.13 (a) are: s1 = s2 = 0 meV, 1 = 2.11 

meV, 2 = 7.24 meV, Γ1 = 0.04 meV, Γ2 = 1.0 meV, γ  = 0.10 meV, γ  = 0.14 meV and 

β = 0%. The fitting parameters in 3.13(b) are: s1 = s2 = 0 meV, 1 = 2.12 meV, 2 = 7.24 
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meV, Γ1 = 0.001 meV, Γ2 = 0.40 meV, γ  = 0.18 meV, γ  = 0.25 meV and β = 8%. Here 

1 and 2 represent the π-band and σ-band, respectively. 

Figure 3.14 (a) and (b) show the evolution of normalized dI/dV spectra as a function 

of the temperature of the junctions on a SiC and a MgO(211) substrates, respectively. The 

insets show the evolution of normalized zero-bias conductance (NZBC) as a function of 

temperature. The behavior of NZBC in the tunneling conductance spectra indicates that the 

Tc of the junction is ~39.5 K on the SiC substrate and ~37.5 K on the MgO(211) substrate.  

 

Figure: 3.14 Evolution of normalized dI/dV spectra as a function of temperature on the 

MgB2/native-oxide/Ag junctions on (a) a SiC substrate and (b) a MgO(211) substrate. The insets 

show the evolution of the normalized zero-bias conductance as a function of temperature.  

  

3.6.2  Magnetic Field Dependence at 2.10 K  

 The junctions have been characterized by applying a magnetic field parallel to the 

sample surface. The alignment of the field parallel to the sample surface has been 

confirmed by recording a minimum in the zero-bias conductance as a function of the angle 

at H = 0.1 T, while the sample is rotated by an increment in an angle of ~0.5-1o at T = 2.10 
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K. The evolution of the normalized zero-bias conductance as a function of an applied 

magnetic field parallel to the surface of sample for a junction on a MgO(211) substrate is 

shown in Figure 3.15(a), and on a SiC substrate is shown in Figure 3.15(b), respectively. 

The tunneling spectra are shown in insets as a function of applied parallel magnetic field 

from 0 to 6.0 Tesla. 

 

Figure: 3.15 Normalized zero bias conductance as a function of applied magnetic field parallel to 

the sample surface on the MgB2/native-oxide/Ag junctions at T = 2.10 K on (a) the MgO(211) 

substrate and (b) the SiC substrate. The insets show normalized tunneling dI/dV spectra as a 

function of applied field parallel to the sample surface. The normalized tunneling spectra shown 

are at parallel field of 0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.10, 

1.25, 1.50, 2.0, 3.0, 4.0, 5.0, and 6.0 Tesla.  

As shown in Figure 3.15(a), the evolution of normalized ZBC in the magnetic field 

is unique for the MgB2 junctions on off-axis films. At low fields up to 0.4 T, the NZBC is 

not increasing, suggesting that the vortices are not entering the system yet. From 0.4 T, the 

normalized ZBC rises rapidly to fill the states up to 1 T. After that, the filling of states 

becomes slower, and above 2 T, it is almost constant. Similarly, as shown in Figure 3.15(b), 

for the junctions on c-axis films, the vortices are not entering the sample up to 0.3 T. After 
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that, the normalized ZBC is increasing rapidly up to 1.5 T and then becomes slower. Above 

2 T, it is almost constant as in the case of junctions on off-axis films.  

The junctions have also been characterized by applying a magnetic field 

perpendicular to the sample surface. The alignment of the field perpendicular to the sample 

surface has been confirmed by recording a maximum in the zero-bias conductance as a 

function of the angle at H = 0.2 T, while the sample is rotated by an increment in an angle 

of ~0.5-1o at T = 2.10 K.  

 

Figure: 3.16 Normalized zero bias conductance as a function of applied magnetic field 

perpendicular to the sample surface on the MgB2/native-oxide/Ag junctions at T = 2.10 K on (a) a 

MgO(211) substrate and (b) a SiC substrate. The insets show normalized tunneling dI/dV spectra 

as a function of applied perpendicular field. The normalized tunneling spectra shown are at 

perpendicular field of 0, 0.025, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.7, 

0.8, 0.9, 1.0, 1.5, 2.0, 3.0, and 4.0 Tesla.  

The evolution of the normalized zero-bias conductance as a function of an applied 

magnetic field perpendicular to the sample for a junction on the MgO(211) substrate is 

shown in Figure 3.16(a), and on the SiC substrate is shown in Figure 3.16(b), respectively. 

The tunneling spectra shown in the insets are spectra acquired at the applied perpendicular 
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magnetic field from 0 to 4.0 Tesla. In both cases, the NZBC as a function of the magnetic 

field follows a dirty two-band superconductor’s expected behavior in the perpendicular 

magnetic field that satisfies the coupled Usadel equations where the σ band is dirtier than 

the π band  [48]. The vortices enter the sample much more easily if the magnetic field is 

perpendicular  [267]; hence aligning the film surface parallel to the magnetic field is crucial 

for this study.  

 When the applied magnetic field is perpendicular to the sample surface, the gap in 

the density of states is first rapidly filled with states while increasing the magnetic field up 

to 0.5 T in both types of junctions shown in Figure 3.16 (a) and (b). After 0.5 T, the filling 

rate is slower, and by crossing the field of 1.0 T, it becomes much slower. These results 

are qualitatively consistent with previous studies by scanning tunneling 

microscopy  [218,220–223], and point-contact spectroscopy  [216,224].  

 

3.6.3  Magnetic Field Dependence at Higher Temperatures: Field parallel to 

the Sample Surface  

 The junctions have been characterized at higher temperatures by applying a 

magnetic field parallel to the sample surface. For the junctions on off-axis films of MgB2, 

the junctions have been measured at different temperatures T = 4.2, 6.0, 8.0, 10.0, 12.0, 

14.0, 18.0, and 25.0 K at different magnetic fields. The normalized tunneling spectra at T 

= 4.2, 6.0, 8.0, 10.0, and 12.0 K are shown in Figure 3.17(a-e) at the applied magnetic field 

parallel to the sample surface from 0 to 3.0 Tesla.  
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Figure: 3.17 Normalized tunneling spectra as a function of field parallel to the sample surface on 

the MgB2/native-oxide/Ag junction on an off-axis film at (a) T = 4.20 K, (b) T = 6.0 K, (c) T = 8.0 

K, (d) T = 10.0 K, and (e) T = 12.0 K. The normalized tunneling spectra shown are at parallel field 

of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.25, 1.5, 2.0 and 3.0 Tesla. (f) The normalized 

zero bias conductance as a function of applied parallel field at T = 2.1, 4.2, 6.0, 8.0, 10.0, and 12.0 

K extracted from the spectra shown in Figure 3.15(a) and Figure 3.17(a-e).  

 The evolution of normalized zero-bias conductance as a function of the parallel 

magnetic field at different temperatures for the junction on off-axis MgB2 film is shown in 

Figure 3.17(f). The behavior at higher temperatures is similar to that of T = 2.10 K, as 

shown in Figure 3.15(a). However, the vortices start to enter the system at lower fields with 

increasing temperatures. All spectra have the approximately same value of normalized 

zero-bias conductance at all temperatures above 2 T when the applied field is parallel to 

the sample surface (Figure 3.17(f)).  
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Figure: 3.18 Normalized tunneling spectra as a function of field parallel to the sample surface on 

the MgB2/native-oxide/Ag junction on a c-axis film at (a) T = 4.20 K, (b) T = 6.0 K, and (c) T = 

10.0 K. The normalized tunneling spectra shown are at parallel field of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.7, 0.8, 0.9, 1.0, 1.25, 1.5, 2.0, 3.0 and 4.0 Tesla. (f) The normalized zero bias conductance as a 

function of applied parallel field at T = 2.1, 4.2, 6.0, and 10.0 K extracted from the spectra shown 

in Figure 3.15(b) and Figure 3.18(a-c).  

For the junctions on c-axis films of MgB2, the junctions are measured at different 

temperatures T = 4.2, 6.0, 10.0, 15.0, and 20.0 K at different magnetic fields applied 

parallel to the sample surface. The normalized tunneling spectra at T = 4.2, 6.0, and 10.0 

K are shown in Figure 3.18(a-c) at the applied parallel magnetic field from 0 to 4 Tesla. 

The normalized zero-bias conductance extracted from the spectra at different temperatures 
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as a function of the applied parallel field is shown in Figure 3.18(d). The behavior of 

normalized zero-bias conductance at higher temperatures is similar to that of T = 2.10 K, 

as shown in Figure 3.15(b). The vortices start to enter the system at lower fields with 

increasing temperatures. The value of normalized zero-bias conductance (NZBC) is almost 

constant at all temperatures when the applied magnetic field parallel to the sample surface 

is greater than 2 T (Figure 3.18(d)). 

 

3.7 Introduction to Theoretical Model  

The electron tunneling spectra are analyzed using equation (3.1) which gives the 

tunneling conductance between a superconductor and a normal metal.  

∝ ∫ 𝑁
( )

𝑑𝐸        (3.1) 

Here, I is the tunneling current, V is the voltage, E is the quasiparticle energy, f is 

the temperature-dependent Fermi distribution function, and 𝑁  is the superconducting 

density of states  [4] obtained from equation (3.7). In the zero-temperature limit, the 

conductance (dI/dV) directly measures the density of states of a superconducting sample, 

as explained in Chapter 2.  

The tunneling spectra are analyzed in the framework of a model based on the 

coupled Usadel equations  [64,68]. The Model describes a dirty two-band superconductor, 

which is very thin such that the density of states stays almost constant. The pair potentials 

for each band, Δ1(T,s) and Δ2(T,s), are determined from the two-band Usadel equations:  

s ∙ sin 2α + (ω + Γ ) sin α + γ sin(α − α ) = Δ cos α     (3.2) 

s ∙ sin 2α + (ω + Γ ) sin α + γ sin(α − α ) = Δ cos α     (3.3) 
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Here 𝑠  and Γ  are the field and Dynes pairbreaking parameters in-band j = 1, 2 and 𝛾  and 

𝛾  are the interband scattering rates on impurities and ω = π𝑘 𝑇(2𝑛 + 1) are the 

Matsubara frequencies up to 𝑁 =   and Ω is the Debye cut-off energy for the phonon 

mode responsible for superconductivity. Equations (3.2) and (3.3) should be solved 

together with the self-consistency equations:  

Δ = 2πk T ∑ (λ sin α + λ sin α )     (3.4) 

Δ = 2πk T ∑ (λ sin α + λ sin α )       (3.5) 

Where 𝜆  is a 2×2 matrix of the BCS pairing constants. If γ  is negligible, Equations 

(3.2) and (3.3) have the following solutions at s = 0: 

sin α =
( )

 , sin α =
( )

      (3.6) 

Once the pair potentials are calculated, the full quasiparticle DOS is obtained from: 

N (ϵ) = Re[(1 − β) cosh(θ ) + β cosh(θ )]    (3.7) 

Here (1 − β) is the contribution of π band, and β is that of σ band in the tunneling 

conductance. θ  and θ  satisfy the following coupled Usadel equations:  

is ∙ sinh(2θ ) + (ϵ + iΓ ) sinh θ + γ sinh(θ − θ ) = Δ cosh θ   (3.8) 

is ∙ sinh(2θ ) + (ϵ + iΓ ) sinh θ + γ sinh(θ − θ ) = Δ cosh θ   (3.9) 

 

3.8. Analysis of the Tunneling Spectra 

The experimental tunneling spectra , when the applied magnetic field is 

parallel to the sample surface, H = 0 to 0.4 Tesla, are analyzed using this Model at different 

temperatures T = 2.1, 4.2, 6.0, 8.0, and 10.0 K. Equations (3.8) and (3.9) are solved together 
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self-consistently and fit the experimental spectra, which is governed by Equation (3.7). The 

fitting parameters are Δ , Δ ,  𝑠 ,  𝑠 , β,  Γ ,  Γ ,  γ ,  γ . The fitting parameters 

Δ , Δ , β, Γ , Γ , γ  are optimized at zero fields with 𝑠 = 𝑠 = 0, where Δ  and Δ  are 

the pair potentials in two bands at zero applied magnetic field. The optimized parameters 

are kept constant as a function of the field by allowing 𝑠  and 𝑠  vary. After that, the pair 

potentials Δ  and Δ  as a function of the field are calculated/determined using the 

expressions Δ + δΔ (𝑠 , 𝑠 )  and Δ + δΔ (𝑠 , 𝑠 ) . The linear corrections δΔ  and 

δΔ  in s are calculated using Equations (3.10) to (3.18):  

δΔ = , δΔ =        (3.10) 

Here  𝐷 = λ 𝐴 𝑠 + λ 𝐴 𝑠 , 𝐷 = λ 𝐴 𝑠 + λ 𝐴 𝑠     (3.11) 

 𝐴 = + − 𝑡𝑎𝑛 𝑔 ,  𝑔 =      (3.12) 

𝐶 = λ − − λ 𝐵         (3.13) 

 𝐶 = λ − − λ 𝐵         (3.14) 

 𝐶 = λ − − λ 𝐵         (3.15)  

𝐶 = λ − − λ 𝐵         (3.16) 

𝑤 = λ λ − λ λ          (3.17) 

𝐵 =          (3.18) 

The model also allows to extract the diffusivities in the two bands as the 

pairbreaking parameters s1 and s2 are given by: 
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𝑠 = , 𝑄 = 𝑡𝑎𝑛ℎ         (3.19) 

Here d is the thickness of the film and λ  is the penetration depth. The BCS pairing 

constants used have been reported in the literature, and they are:  λ = 0.81, λ = 0.285,

λ = 0.09  [64,71,268]. The interband scattering parameter obeys the following 

expression: 𝛾 = 0.73𝛾 , 𝜆 = 0.73𝜆 . The program to fit the experimental tunneling 

spectra is implemented in MATLAB.  

For the meaningful fitting of the experimental tunneling spectra, using the Model 

described above requires having spectra features from both bands in the tunneling curves. 

The spectra acquired on junctions of MgB2 on the SiC substrates show only the π gap, as 

shown in Figure 3.13(a). For the junctions on the MgO(211) substrates, the contribution 

from the σ band to the tunneling spectrum is 8%, as shown in Figure 3.13(b). Hence, the 

tunneling spectra acquired only on the junctions of MgB2 on MgO(211) substrates are 

analyzed to understand the effect of pairbreaking on the two bands of MgB2.  

 

 3.8.1 Results of Magnetic Field Dependence at T = 2.10 K 

 Figure 3.19 (a) shows normalized tunneling spectra as a function of the applied 

parallel field at T = 2.10 K for the junction on the off-axis MgB2 film. The normalized 

zero-bias conductance is almost constant from H = 0 to 0.3 Tesla at this temperature. The 

height of coherence peaks of π gaps is mostly affected by the applied field, while the height 

of coherence peaks of σ gap remains unchanged in this range of applied field. Figure 

3.19(b) shows representative spectra fitted with the Model at T = 2.10 K. Black circles 

show the experimental data, and the red line is the fit theoretical curve described in the text 



 

86 

in the previous section. The optimized fitting parameters at T = 2.10 K and H = 0 Tesla 

are: s1 = 0 meV, s2 = 0 meV, 1 = 2.12 meV, 2 = 7.24 meV, Γ1 = 0.001 meV, Γ2 = 0.40 

meV, γ  = 0.18 meV, γ = 0.25 meV and β = 8%. The fits well capture the experimental 

tunneling spectra.  

 

Figure: 3.19 (a) Normalized tunneling spectra as a function of magnetic field parallel to the sample 

surface on the MgB2/native-oxide/Ag junction on an off-axis film at T = 2.10 K and magnetic field 

H = 0 to 0.4 Tesla. (b) Some representative normalized tunneling spectra fitted with the Model, the 

spectra are shifted vertically for clarity. Black circles show the experimental data, and the red line 

is the fit theoretical curve described in the text in the section Analysis of the tunneling spectra.  

 Figure 3.20(a) shows the behavior of Δ  and Δ  as a function of an applied magnetic 

field parallel to the sample’s surface. The pair potentials in both bands are decreasing as a 

magnetic field is increasing. Figure 3.20(b) shows the behavior of 𝑠  and 𝑠  as a function 

of applied parallel field, and it is parabolic as a function of the field, which is expected in 

the single-band case  [269]. The electron diffusivity can be extracted from this parabolic 

behavior for each band which yields D = 22 cm2/s and D = 7.6 cm2/s, which is in 

approximate agreement with previous studies  [229,265,270–272]. This result means that 

the π band is cleaner than the σ band.   
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Figure: 3.20 (a-b) Pair potentials and pair-breaking parameters as a function of the applied 

magnetic field parallel to the sample’s surface for the spectra shown in Figure 3.19(a) from H = 0 

to 0.4 Tesla at T = 2.10 K. Blue and red circles show the fit parameters for the π and σ bands, 

respectively. (c) Evolution of the ratio of pair-breaking parameters  calculated from the values 

shown in Figure (b) as a function of the applied field parallel to the sample’s surface.  

Figure 3.20(c) shows how the ratio of 𝑠  to 𝑠  varies as a function of the applied 

magnetic field parallel to the sample’s surface. The ratio of pair breaking parameter in the 

σ band to the π band rapidly increases at fields higher than ~0.1 Tesla and then plateau at 

higher fields. This transition around 0.1 Tesla applied field suggests that there is a phase 

decoupling in the two bands of MgB2, and it is in agreement with the band decoupling field 

estimated by Gurevich and Vinokur  [68]. Below the transition, the two bands are phase-

locked, so mostly, the superconductivity in the π band is affected. After phase decoupling, 

both bands are affected by the applied field. This phase decoupling has a new and profound 

consequence on the superconducting state of a multiband superconductor that has been 

theoretically predicted and never observed experimentally.  
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3.8.2 Results of Magnetic Field Dependence at Higher Temperatures  

The experimental tunneling spectra at applied magnetic fields parallel to the 

sample’s surface at higher temperatures (T = 4.2, 6.0, 8.0, 10.0 K) are analyzed using the 

same framework. The spectra, shown in Figure 3.17 (a)-(d) for the junction on an off-axis 

film at the parallel field of H = 0 to 0.4 Tesla, are fitted by following the same procedure 

as that for T = 2.10 K. The behavior of 𝑠  and 𝑠  as a function of applied parallel field is 

like that at T = 2.10 K as shown in Figure 3.20(b), although the magnitudes of s1 and s2 are 

different. The ratio of s2/s1 as a function of applied magnetic field and temperature is shown 

in Figure 3.21. It shows that the band decoupling in the two bands of MgB2 starts around 

0.1 Tesla, and it is consistent up to T = 10.0 K. 

 

Figure: 3.21 Three-dimensional plot of the ratio of pair-breaking parameters  as a function of 

Temperature (T) and magnetic field (H) applied parallel to the sample's surface. It shows that the 

band decoupling starts around 0.1 Tesla and persists up to at least T = 10.0 K.  
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3.9  Conclusions 

 MgB2/Native-Oxide/Ag planar junctions are fabricated and then 

characterized down to 2.1 K and in magnetic field parallel and perpendicular to the surface 

of the samples up to 6 Tesla to address how pairbreaking affects magnitude and phase of 

the order parameter in a multiband superconductor. The tunneling spectra acquired while 

the field is parallel to the sample surface are analyzed in the framework of a two-band 

model by Gurevich et al.  [64,68], which allows extracting the pair-breaking parameters 

among other quantities. The analysis shows that the order parameter in the π band is 

suppressed quickly in field. Another most important result is that the ratio of pairbreaking 

parameter in the σ band to the π band rapidly increases at fields higher than ~0.1 T and 

then plateau at higher magnetic fields. The transition around 0.1 T applied magnetic field 

suggests a phase decoupling in the two bands of MgB2. The two bands of MgB2 are phase-

locked below this transition, and mostly the superconductivity in the π band is affected. 

After phase decoupling, both bands are affected by the applied field. 
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CHAPTER 4 

MULTIBAND CHARACTERS IN PB ULTRATHIN FILMS 

 
This chapter describes two-band superconductivity in Lead (Pb). Growth and 

characterizations of Pb ultrathin films by low-temperature STM/STS are the heart of this 

chapter. A complex vortex core shape has been observed consistent with multiband 

superconductivity in this material.  

 

4.1 Superconductivity of Pb 

Lead (Pb) is a single element conventional superconductor with the 

superconducting critical temperature 𝑇  = 7.2 K. While the bulk Pb is well-known as a 

type-I superconductor, Pb in a thin film form whose thickness is less than 250 nm is a type-

II superconductor  [273]. Pb has a cubic close-packed (ccp) structure. The space group is 

Fm-3m, No. 225 with lattice constants a = b = c = 0.49508 nm  [274,275]. Figure 4.1 shows 

the crystal structure of Pb. 

 

Figure: 4.1 The Crystal Structure of Pb. The structure is created in VESTA  [195].  
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The electronic band structure of bulk Pb calculated by Zubizarreta et al.  [276] is 

shown in Figure 4.2(a). Solid and dashed dispersion lines correspond to calculations with 

and without the inclusion of spin-orbit coupling (SOC), respectively. The band structure 

shown in Figure 4.2(a) is in good agreement with other theoretical calculations  [277,278] 

and with the experimental results from angle-resolved photoemission with synchrotron 

radiation  [279].  

 

Figure: 4.2 (a) The electronic band structure of bulk Pb. The solid and dashed dispersion lines 

correspond to calculations with and without spin-orbit coupling (SOC), respectively. The symbol 

mark regions guide to show the effect of inclusion spin-orbit interaction. The SO interaction leads 

to avoiding the band-crossing effect, as observed between p-like states marked by circles. The 

horizontal dotted line represents the Fermi level. Reprinted figure with permission from  [276] 

Copyright (2021) by the American Physical Society. (b) The Fermi surface of Pb. 3-dimensional 

(3D) model showing two Fermi sheets of Pb. Adapted Figure from  [280].  

First-principles calculations by Floris et al.  [281] showed that even this simplest 

conventional superconductor Pb has two different bands that play a role in its 

superconductivity. Figure 4.3 (a) shows the superconducting gap calculated at the inner 

and outer Fermi surface of Pb. It shows that the superconducting gap is anisotropic in both 

Fermi sheets. Their calculations are based on density functional theory for superconductors 
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(SCDFT)  [282,283]. This prediction was confirmed experimentally by low-temperature 

scanning tunneling spectroscopy by resolving two gaps which are separated in energy by 

150 𝜇eV in the bulk lead, shown in Figure 4.3(b), at different crystallographic 

orientations  [284]. Hence, Pb is a two-band superconductor with two well-separated Fermi 

surfaces. The inner Fermi surface (FS1) is almost spherical, and the outer Fermi surface 

(FS2) has a tubular shape  [285]. FS1 is mostly of s-p character with smaller energy than 

FS2, and the character of FS2 is of p-d like  [281]. The 3D model is shown in Figure 4.2(b) 

represents the two Fermi sheets of Pb.  

 

Figure: 4.3 (a) Superconducting gap calculated at the Fermi surface of Pb, at T = 0 K. Reprinted 

figure with permission from  [281] Copyright (2021) by the American Physical Society. (b) 

𝑑𝐼/𝑑𝑉(𝑉) spectra on clean terraces of Pb(111), (100), and (110) single crystal surfaces. The 

superconducting gap around EF is framed by quasiparticle resonances (QPRS) at  ±2.7 mV, 

consisting of two peaks separated by 150 μeV. The energy of the peaks is given by the sum of the 

pairing energy of the tip and the sample. The inset shows the corresponding top views on the two 

FSs of a Pb single crystal. Reprinted figure with permission from  [284] Copyright (2021) by the 

American Physical Society.  
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4.2  Motivation and Objectives of the Present Experiment  

As described above, the notable superconducting property of Pb is the two/multiple 

gap features. Planar junction measurements on Pb single crystals in various 

crystallographic directions  [286–289] have demonstrated the anisotropic superconducting 

gap. STM/STS measurements performed more recently  [284,290] have provided direct 

evidence of the two-gap features. These multiband superconducting features are in good 

agreement with theoretical studies  [291,292]. On the other hand, the theoretical study has 

also predicted anisotropic band structure related to the anisotropy of electron-phonon 

coupling in the two bands  [286,288,289,291]. However, the anisotropy of the Pb 

superconducting state has not been investigated experimentally.  

The shape of a vortex is sensitive to the anisotropy of the superconducting 

gap  [293,294], as well as Fermi surface anisotropy  [295–297]. According to BCS theory, 

the size of a vortex core is determined by the coherence length 𝜉 , given by 𝜉 =
ℏ

( )
. 

When the Fermi velocity (𝑣 ) and/or superconducting gap (Δ) are anisotropic, the shape 

of the vortex core should also become anisotropic. The anisotropy of the vortex core can 

be dominated by each one of these factors or be a combination of both. An anisotropic 

vortex core has been revealed on NbSe2, reflecting the anisotropy due to the interaction 

with charge density wave vector  [25,298]. Anisotropy of the superconducting gap and the 

symmetry of the order parameter also reflect the shape of vortices, as demonstrated for 

YNi2B2C  [12] and CeCoIn5  [17]. The elliptical shape of vortices has been argued to be 

related to the nematic order in superconductors such as FeSe  [18] and CuxBi2Se3  [299].  
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Superconducting properties have been studied by STM/STS on few layers thick Pb 

films and islands grown on Si substrates  [300–305] and on highly oriented pyrolytic 

graphite (HOPG), amorphous SiO2, Si, Ge, and SrTiO3  [306–317]. Vortex imaging 

performed in the presence of a perpendicular applied magnetic field on Pb films/islands on 

different substrates showed an isotropic vortex core  [301–304,306,309,310,312–315,317]. 

In this thesis, we discuss vortices and their shapes on 30 nm  𝑃𝑏(111) films and 

islands formed on ferromagnetic cobalt-palladium (Co-Pd) and non-magnetic HOPG 

substrates. Low-temperature STM/STS is used to characterize superconducting properties 

and visualize vortices on Pb thin films and islands in a clean limit. We observed anisotropic 

superconducting vortices when vortices are confined in the islands or through 

ferromagnetic underlying confining potential.  

 

4.3  Fabrication of Pb Ultrathin Films and Islands  

We fabricated three different Pb samples: Pb films on Co-Pd, Pb islands on HOPG, 

and Pb films on HOPG. The HOPG substrates are commercially available, and they are 

cleaved by scotch tape in the air. The HOPG surface is then cleaned by annealing at 

~720 𝐾 for 5 hours with subsequent three (3) cycles of flashing at ~1020 𝐾 for 30 seconds 

in the UHV condition  [318–323]. Annealing of the HOPG substrates produces large flat 

and clean areas. Our collaborators deposited the Co-Pd films at Argonne National 

Laboratories  [324,325]. The Co-Pd films are grown by successive dc magnetron sputtering 

of 2 𝑛𝑚 Co and 2 𝑛𝑚 Pd for a total of 200 bilayers onto a 𝑆𝑖(100) substrate in a vacuum 

system with a base pressure of 2  10–8 Torr. A small magnetic field of a few hundred 
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Oersted is applied in-plane during the multilayer deposition because this has been shown 

to promote a more uniform stripe domain structure  [326]. The Co-Pd films are 

ferromagnetic with a domain walls width of approximately 200 nm measured by room 

temperature magnetic force microscopy (MFM)  [324,325]. Which has alternating up and 

down magnetic domains with out-of-plane magnetization.  

The Pb ultrathin films and islands have been deposited by electron beam (e-beam) 

evaporation in the preparation chamber using high purity Pb from Mo crucible. The 

chamber is equipped with a liquid nitrogen cooling stage for the in-situ deposition of 

samples at low temperatures. The pressure of the chamber during deposition is maintained 

in the 10  Torr range. The deposition rate is approximately 0.2 nm/minute. Ultrathin 

films of Pb on Co-Pd and HOPG substrates are deposited at 170 K and 100 K, respectively, 

by flowing liquid nitrogen through the stage. After low-temperature deposition, the 

samples are allowed to gradually warm at room temperature in an ultra-high vacuum for 5 

hours before being transferred to the STM stage. The temperature during deposition and 

annealing rate strongly influences the final morphology of the Pb films  [324]. For Pb 

islands/HOPG, Pb is deposited at room temperature and transferred immediately to the 

STM stage.  

 

4.4       Characterization of Pb Ultrathin films and Islands 

The 30 nm Pb ultrathin films and islands have been characterized by low-

temperature scanning tunneling microscopy/spectroscopy in-situ. The samples can be 

transferred from the preparation chamber to the STM chamber without breaking the 



 

96 

vacuum. Figures 4.4(a) and (c) show the morphologies of continuous films grown on Co-

Pd and HOPG substrates, respectively. Figure 4.4(b) shows the morphology of Pb island 

grown on HOPG. As discussed later, atomic resolution images are observed on all samples, 

suggesting that both films and islands are atomically flat.  

 

Figure: 4.4 STM topography images of (a) 30 nm Pb film on Co-Pd (450 nm  450 nm), (b) 30 

nm thick Pb island on HOPG substrate (305 nm  305 nm), and (c) 30 nm Pb film on HOPG 

substrate (442 nm  442 nm). The parameters for the topographies are (a-c) V = –10 mV & I = 100 

pA, V = 500 mV & I = 15 pA, and V = –20 mV & I = 100 pA, respectively. 

The superconducting transition temperature of Pb film on Co-Pd is 5.55 K and 5.80 

K  [324] in the least superconducting and most superconducting regions, respectively. The 

superconducting transition temperature of Pb island/HOPG and Pb film/HOPG are 7.16 K 

and 6.72 K, respectively, described in the next section. All STM/STS measurements have 

been performed from the superconducting Pb side using commercially available Pt-Ir tips 

(UNISOKU). 
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4.4.1 Temperature Dependence  

To estimate the transition temperature 𝑇 , the tunneling spectra are acquired at 

different temperatures on Pb island/HOPG and Pb film/HOPG superconducting samples. 

The tunneling spectra are analyzed by normalizing with second-order polynomial 

background for 𝑉 ≥ |6| mV and the zero-bias conductance (ZBC), i.e., the density of states 

at the Fermi energy, are extracted for each spectrum.  

 

Figure: 4.5 Evolution of normalized dI/dV spectra as a function of temperature for (a) Pb 

island/HOPG, and (b) Pb film/HOPG. The normalized zero-bias conductance (NZBC) as a function 

of temperature with estimated 𝑇  of 7.16 K and 6.72 K for (c) Pb island/HOPG, and (d) Pb 

film/HOPG. Tunneling conditions are V = 10 mV & I = 100 pA in (a) and V = –10 mV & I = 100 

pA in (b) with lock-in modulation amplitude of 0.2 mV.  



 

98 

Figures 4.5(a-b) show the evolution of normalized dI/dV spectra as a function of 

temperature for Pb island/HOPG and Pb film/HOPG, respectively. The evolution of 

normalized ZBC as a function of temperature is shown in Figures 4.5(c-d) for Pb 

island/HOPG and Pb film/HOPG, respectively. Here, the critical temperature Tc is 

estimated as the intersection of the high-temperature slope and the normalized ZBC value 

at 𝑇 > 𝑇 . The estimated Tc for Pb island on HOPG is 7.16 K. The estimated Tc for Pb film 

on HOPG is 6.72 K which is very close to the previously reported value of 6.65 K  [306] 

for 30 nm Pb film on HOPG. The superconducting transition temperatures of these samples 

are different.  

 

4.4.2 Magnetic Field Dependence   

To estimate the upper critical field 𝐻 , the tunneling spectra are acquired as a 

function of an applied magnetic field on Pb island/HOPG and Pb film/HOPG 

superconducting samples. The magnetic field is applied perpendicular to the surface of the 

sample. The tunneling spectra are acquired away from the vortices. The tunneling spectra 

are analyzed by normalizing with second-order polynomial background for 𝑉 ≥ |6| mV 

and the normalized zero-bias conductance (ZBC), i.e., the density of states at the Fermi 

energy, are extracted for each spectrum.  
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Figure: 4.6 Evolution of normalized dI/dV spectra as a function of the applied magnetic field for 

(a) Pb island/HOPG and (b) Pb film/HOPG. The normalized zero-bias conductance (NZBC) as a 

function of an applied magnetic field with estimated 𝐻  of 2000 Oe and 1000 Oe for (c) Pb 

island/HOPG, and (d) Pb film/HOPG. Tunneling conditions are V = 10 mV & I = 100 pA in (b) 

and V = –10 mV & I = 100 pA in (c) with modulation amplitude of 0.2 mV.  

Figures 4.6 (a)-(b) show the evolution of normalized dI/dV spectra as a function of 

an applied magnetic field for Pb island/HOPG and Pb film/HOPG, respectively. The 

evolution of normalized ZBC as a function of an applied magnetic field is shown in 4.6 

(c)-(d) for Pb island/HOPG and Pb film/HOPG, respectively. Here, the upper critical field 

𝐻  is estimated as the intersection of the high field slope and normalized zero-bias 

conductance value at 𝐻 > 𝐻 . The estimated value of Hc2 is approximately 2000 Oe for 
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Pb island/HOPG, which is close to Hc2 on 12 ML (monolayer) Pb island on Si(111)  [310]. 

The estimated upper critical field for Pb film/HOPG is 1000 Oe, consistent with the 

previously reported value for 30 nm Pb/HOPG  [306].  

 

4.5  Vortices on Pb Ultrathin Films and Islands 

When a magnetic field 𝐻 is applied perpendicular to a type-II superconductor, the 

magnetic field penetrates the sample in the form of flux quanta known as vortices. We have 

investigated the spatial variation of the local electronic density of states of an isolated 

vortex core in Pb film/Co-Pd, Pb island/HOPG, and Pb film/HOPG in a magnetic field 

applied perpendicular to the sample surface. In the presence of a magnetic field, vortex 

imaging has been performed by acquiring the zero-bias conductance (ZBC) across the 

samples’ surface while taking a topographic image. The contrast in the ZBC map comes 

from the change in the ZBC inside and outside of the vortex core.  

We show the schematics of STM/S experiments for 30 𝑛𝑚 Pb film/Co-Pd, 30 𝑛𝑚 

Pb island/HOPG, and 30 𝑛𝑚 Pb film/HOPG in Figures 4.7(a-c), respectively. Typical 

topographic images in a three-dimensional view acquired on these surfaces are shown on 

the top of each substrate. The topography of Pb films grown on Co-Pd shows atomic flat 

terraces as observed in Figures 4.7(a) and 4.7(c), while islands structures are observed in 

Figure 4.7(b).  
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Figure: 4.7 (a-c) Schematics of STM/S experiments: (a) 30 nm-Pb superconducting film on Co-

Pd, 30 nm-Pb superconducting islands (b), and continuous film (c) on HOPG. STM/S 

measurements have been performed from the Pb side using commercial PtIr tips prepared on 

Au(111) surface. Typical topographic images in the three-dimensional view are displayed on each 

surface. (d) Zero-bias conductance image of Pb film/Co-Pd at T = 1.5 K and H = 150 Oe. The 

junction stabilized at V = –10 mV and I = 100 pA. (e) ZBC image of Pb island/HOPG at T = 1.5 K 

and H = 1000 Oe. The junction stabilized at V = 10 mV and I = 200 pA. (f) ZBC image of Pb 

film/HOPG at T = 1.5 K and H = 600 Oe. The junction stabilized at V = –20 mV and I = 100 pA. 

(g) Evolution of ZBC as a function of angle, along with circular profiles (i.e., orange dashed circles 

in Figures (d)-(e)-(f)), centered at the vortex core. Top panel: Angular evolution of ZBC for Pb 

film/Co-Pd, with circle radius varying in the range 20–150 nm. Middle panel: Angular evolution 

of ZBC for Pb island/HOPG, with circle radius varying in the range 20–68 nm. Bottom panel: 

Angular evolution of ZBC for Pb film/HOPG, with circle radius varying in the range 20–100 nm. 

The red dashed lines in Figures (d-f) indicate the 0o position. 
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Figure 4.7(d) shows the 315 𝑛𝑚 ×  315 𝑛𝑚 zero-bias conductance image 

acquired on Pb film/Co-Pd in a magnetic field of 𝐻 = 150 𝑂𝑒 applied perpendicular to the 

sample surface at a temperature 𝑇 = 1.5 𝐾. Figure 4.7(e) shows the 147 𝑛𝑚 ×  147 𝑛𝑚 

zero-bias conductance image acquired on Pb island/HOPG in 𝐻 = 1000 𝑂𝑒 at 𝑇 = 1.5 𝐾. 

Since the superconducting gap opens around the Fermi level, the ZBC value is low at 

superconducting regions. On the other hand, the ZBC value becomes high where the 

superconductivity is suppressed. Therefore, bright regions on the map are vortices. The 

sixfold symmetric shape is seen in both ZBC maps. Star shapes dashed lines are 

superimposed as a guide for the eye along with circular profiles shown in orange, dashed 

circles at a distance of 20 − 150 𝑛𝑚 and 20 − 68 𝑛𝑚 from the vortex core, respectively, 

in Figures 4.7(d) and (e).  

To examine the vortex shape in more detail, the angular dependence of the ZBC 

has been plotted in Figure 4.7(g) top panel for Pb film/Co-Pd and middle panel for Pb 

island/HOPG. The top and middle panels in Figure 4.7(g) show that close to the center of 

the vortex, there are three (3) prominent peaks, and the other three (3) peaks appear in 

between these peaks as one moves further away from the center. Finally, these six (6) peaks 

are spaced out by 60o. Hence, in the case of Pb film/Co-Pd and Pb island/HOPG, the shape 

of the vortex seems complex as it is triangular close to the center of the vortex, and it 

evolves as a star shape far from the vortex center.  

Figure 4.7(f) shows a 203 𝑛𝑚 ×  203 𝑛𝑚 vortex image acquired on Pb 

film/HOPG in 𝐻 = 600 𝑂𝑒 at 𝑇 = 1.5 𝐾. This image shows no specific shape of a vortex 

core compared to those of Pb film/Co-Pd in Figure 4.7(g) top panel and Pb island/HOPG 
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in Figure 4.7(g) middle panel. As evidenced from the circular profiles shown as an orange 

dashed circle in Figure 4.7(f), at a distance of 20 − 100 𝑛𝑚 from the vortex core acquired 

on the surface of the 30 𝑛𝑚 Pb film on HOPG, has an isotropic shape consistent with 

previous studies  [306]. The angular dependence of ZBC plotted in Figure 4.7(g) bottom 

panel does not show a six-fold symmetry like in the top and middle panels. 

 

Figure: 4.8 (a)-(b) STM atomic resolution images acquired on Pb film/Co-Pd (a) and Pb 

island/HOPG (b), respectively. The scan area is 10 nm  10 nm in both images. The bottom insets 

represent the FFT showing the Bragg peaks of the atomic lattice, highlighted by white dashed 

circles. The top insets show a vortex map acquired on the respective samples, in which three pairs 

(red circles, triangles, and squares) give the direction of Pb(111) lattice. The lattice directions are 

parallel to the short direction of the star vortex. The angle between the crystal lattice direction of 

Pb(111) and vortex extended rays direction is 30o.  

To clarify the relationship between the directions of the six-fold symmetry of the 

vortex core and the crystallographic lattice of 𝑡ℎ𝑒 𝑓𝑖𝑙𝑚, Figures 4.8(a–b) show atomic 

resolution topographies acquired on Pb film/Co-Pd and Pb island/HOPG, respectively. 

These atomic resolution images show the top layer of Pb atoms with an interatomic 
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distance of 0.35 nm. These atomic resolution topographies on both film and island prove 

that both types of samples are atomically flat.  

One can access the periodicity and orientation of the atomic resolution images by 

looking at the fast-Fourier transform (FFT), displayed in the bottom inset of each atomic 

resolution images in Figure 4.8. White dashed circles highlight the six peaks in each image, 

i.e., the six Bragg peaks of the reciprocal lattice of Pb(111). By measuring the distance 

between the center of the Fourier transform pattern and the Bragg peaks in a hexagon, we 

get the lattice parameter of 0.35 (± 0.01) nm, which agrees with the lattice constant of 

Pb(111) surface  [317,327]. The top insets in Figure 4.8 show vortex map acquired on 

respective samples, in which three opposite pairs (drawn as red circles, triangles & squares) 

are aligned to the three directions of 𝑃𝑏(111) lattice. This shows that the angle between 

the vortex extended rays directions and the lattice directions of Pb(111) is 30o.  

 

4.6  Line Spectroscopy over the Vortex Cores 

To examine the shape and properties of vortices further, a series of tunneling 

spectra have been acquired along the lines shown in ZBC maps in the insets of Figures 

4.9(a), (b) for Pb film/Co-Pd and Pb island/HOPG in both vortex ray directions (top panel) 

and 30o to vortex ray directions (middle panel). In the case of Pb film on HOPG, as shown 

in Figure 4.9(c), the spectra have been acquired along one random direction (top panel) 

and 30o to that direction (middle panel) just to be consistent.  
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Figure: 4.9 (a-c) Spatial evolution of tunneling spectra across the vortex core taken on Pb film/Co-

Pd, Pb island/HOPG, and Pb film/HOPG, respectively. A series of tunneling spectra, along vortex 

ray direction (top panel) and 30o direction to a vortex ray (middle), is shown in (a, b), while a series 

of tunneling spectra, along one random vortex direction (top panel) and 30o direction (middle 

panel), is shown in (c). Each inset in the top and middle panels indicates the directions of line 

spectroscopy. Bottom panels show characteristic tunneling spectra acquired at the vortex core and 

far from the vortex core at 50 𝑛𝑚 for (a, b) and 60 𝑛𝑚 for (c) in two directions. 

For all three (3) types of samples, the line spectra, as shown in Figures 4.9(a), (b), 

(c) top/middle panel, depict the spatial evolution of the tunneling spectra with the 

coherence peak vanishing at the center of the vortex core on a length scale given by 

coherence length. In both directions, tunneling spectra also show an increase in ZBC near 

the center of the vortex and peak at the center. In the clean limit, when the mean free path 

is much larger than the coherence length, low-lying Caroli-de-Gennes-Matricon bound 

states  [168] localized in the vortex core will lead the ZBC values greater than one as first 

observed on NbSe2  [25]. The Caroli-de-Gennes-Matricon states are only observable in the 
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quantum limit i.e., <   [19,328–330]. However, in the clean limit and not in the 

quantum limit a broad peak at zero bias has been observed in many materials  [25]. 

Therefore, the presence of ZBC peak at the vortex center indicates that all these samples 

are within the clean limit.  

Figures 4.9(a), (b) bottom panels show tunneling spectra at the vortex core and a 

distance of 50 𝑛𝑚 far from the vortex core for Pb film/Co-Pd and Pb island/HOPG along 

vortex ray direction and 30o to the vortex ray direction. The normalized zero-bias 

conductance (NZBC) along the vortex ray direction in both cases is slightly higher, even 

at a distance of 50 𝑛𝑚 from the vortex center. The difference in these two curves provides 

the contrast of the map. Therefore, this explains why it is so difficult to detect the shape of 

the vortex that can be washed out even by tiny vortex motion. The tunneling spectra far 

from the vortex core and at the vortex core are shown on top of each other. Figure 4.9(c) 

bottom panel shows tunneling spectra at the vortex core and 60 𝑛𝑚 far from the vortex 

core for Pb film/HOPG. At a distance of 60 𝑛𝑚, the NZBC is the same in both directions. 

The coherence length for this sample is ~52 𝑛𝑚 as estimated in the following section and 

is consistent with the previously reported value for 30 𝑛𝑚 Pb film on HOPG  [306].  

 

4.7  Estimation of Coherence Length from the Vortex Maps 

The coherence length (ξ) is estimated from the vortex maps. The vortex profile 

along a specific direction shown by a dotted white line in the map in Figure 4.10(a) is 

extracted from the conductance map. Black dots depict the resulted data normalized by the 

zero-bias conductance at the vortex core for this profile in Figure 4.10(b). The 
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superconducting coherence length (ξ) is obtained by fitting the profile to the following 

Equation  [12,166,331].  

𝑔 = 𝑔 + F exp −           (4.1)  

Here, 𝑔  is the conductance far from the vortex core, F is a scaling factor, and 𝑥 is 

the distance from the vortex core. The red curve in Figure 4.10(b) shows the fit using this 

procedure. The fitting process is carried out to fit for each profile as a function of angle. 

The evolution of ξ as a function of angle for Pb film/Co-Pd is shown in Figure 4.10(d). 

Using this procedure, we obtain 𝜉 = 49.02 nm and 29.73 nm along vortex ray and 30o to 

the vortex ray, respectively, in Pb film/Co-Pd at H = 150 Oe. Here the reported value of ξ 

along the vortex ray is the maximum value found in those directions and along 30o to the 

vortex ray is the minimum value found along those directions. The anisotropy in the 

coherence length is ~39%. Figure 4.10(d) shows the evolution of ξ as a function of angle 

which has almost triangular symmetry with peaks around 0o, 120o, and 270o. This triangular 

symmetry has been observed in the evolution of normalized ZBC as a function of angle, 

up to the distance of ~ 40-50 nm from the vortex core shown in Figure 4.10(c). The analysis 

indicates that the coherence length is dominated mainly by a triangular symmetric region 

close to the vortex core.  

There is a slight distortion around 270o in the evolution of the coherence length as 

a function of the angle shown in Figure 4.10(d) and is expected by looking at the vortex 

map. The distortion would come from the vortex-vortex interaction. We will explore the 

effect of intervortex interaction in the next section.  
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Figure: 4.10 (a) 315 𝑛𝑚 ×  315 𝑛𝑚 zero-bias conductance image acquired on Pb film/Co-Pd in 

a magnetic field of 𝐻 = 150 𝑂𝑒 at 𝑇 = 1.5 𝐾. (b) Normalized zero-bias conductance as a function 

of distance from the vortex core taken along a white dashed line in the vortex map shown in (a). 

(c) Evolution of the NZBC as a function of angle, along circular profiles centered at the vortex 

core. (d) Evolution of the coherence length as a function of angle. The maximum value of ξ is 49.02 

nm along the vortex ray direction, and the minimum value of ξ is 29.73 nm along 30o to the vortex 

ray direction. The coherence length anisotropy is 39%.  

Figure 4.11(a) shows the conductance map acquired on Pb island on HOPG at T = 

1.5 K and H = 1000 Oe. A vortex profile along a white dashed line in Figure 4.11(a) is fit 

to Equation (4.1) to extract the superconducting coherence length. The vortex profile with 

fit is shown in Figure 4.11(b). Figure 4.11(c) shows the evolution of NZBC as a function 

of angle, along circular profiles centered at the vortex core. It shows, the vortex has a 

triangular shape close to the vortex core and a star-shape far away from the vortex center. 
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The evolution of the coherence length (ξ) as a function of angle is shown in Figure 4.11(d). 

Using the exact fit shown in Figure 4.11(b), we obtain ξ = 56.72 nm along a vortex ray 

direction and ξ = 28.49 nm along 30o to the vortex ray direction at H =1000 Oe. Here, the 

coherence length anisotropy is 49.77%. The evolution of the ξ as a function of angle shows 

triangular symmetry with peaks around 60o, 180o, and 300o. The distribution is broader 

around 300o, possible interaction with another vortex.  

 

Figure: 4.11 (a) 147 𝑛𝑚 ×  147 𝑛𝑚 zero-bias conductance image acquired on Pb island/HOPG 

in a magnetic field of 𝐻 = 1000 𝑂𝑒 at 𝑇 = 1.5 𝐾. (b) Normalized zero-bias conductance as a 

function of distance from the vortex core taken along a white dashed line in the vortex map shown 

in (a). (c) Evolution of the NZBC as a function of angle, along circular profiles centered at the 

vortex core. (d) Evolution of the coherence length as a function of angle. The maximum value of ξ 

is 56.72 nm along the vortex ray direction, and the minimum value of ξ is 28.49 nm along 30o to 

the vortex ray direction. The coherence length anisotropy is 49.77%.  
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  Figure 4.12(a) shows the conductance map acquired on Pb film on HOPG at T = 

1.5 K and H = 600 Oe. A vortex profile along a white dashed line in Figure 4.12(a) is fit to 

Equation (4.1) to extract the superconducting coherence length. The vortex profile with fit 

is shown in Figure 4.12(b). Figure 4.12(c) shows the evolution of NZBC as a function of 

angle, along circular profiles centered at the vortex core. It shows no specific shape of a 

vortex compared to Pb film/Co-Pd and Pb island/HOPG shown in Figures 4.10(c) and 

4.11(c), respectively. The evolution of the coherence length (𝜉) as a function of angle is 

shown in Figure 4.12(d). Using the exact fit as shown in Figure 4.12(b), we obtain the 

average value of coherence length 𝜉 = 52.20 nm with a standard deviation of 2.09 nm, 

which is consistent with previously reported values for other ultrathin Pb films  [301,306]. 

The maximum and minimum values of ξ obtained are 59.20 nm and 47.54 nm, respectively. 

The maximum coherence length anisotropy is ~20%. The coherence length as a function 

of angle does not have any specific pattern in this sample but is observed in the Pb film/Co-

Pd and Pb island/HOPG shown in Figure 4.10(d) and Figure 4.11(d), respectively.  
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Figure: 4.12 (a) 203 𝑛𝑚 ×  203 𝑛𝑚 zero-bias conductance image acquired on Pb film/HOPG in 

a magnetic field of 𝐻 = 600 𝑂𝑒 at 𝑇 = 1.5 𝐾. (b) (b) Normalized zero-bias conductance as a 

function of distance from the vortex core taken along a white dashed line in the vortex map shown 

in (a). (c) Evolution of the NZBC as a function of angle, along circular profiles centered at the 

vortex core. (d) Evolution of the coherence length as a function of angle. The average value of the 

coherence length is 52.20 nm with a standard deviation of 2.09 nm.  
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4.8 Vortex Ray Distortion  

We would like to understand why there is a deviation in the shape of a vortex from 

a perfect 60o spacing. The possible source of distortion is the vortex-vortex interaction and 

explained in the case of Pb film on Co-Pd.  

 

Figure: 4.13 Vortex ray distortion due to vortex-vortex interaction (a) 437 𝑛𝑚 ×  437 𝑛𝑚 ZBC 

map acquired on Pb film/Co-Pd at 𝑇 = 1.50 K and 𝐻 = 150 Oe. The junction stabilized at 𝑉 =

−10 mV and 𝐼 = 10 pA. The bias modulation voltage is 𝑉 = 0.2 mV. (b) Evolution of the ZBC 

as a function of angle, along with circular profiles, orange dashed circles in Figure (a). Circle radius 

varying in the range of 20 to 150 nm. The red highlighted box in this plot corresponds to two vortex 

rays interacting from two different vortices highlighted by the red triangle in Figure (a).  

 Figure 4.13(a) shows a ZBC map of 437 𝑛𝑚 ×  437 𝑛𝑚 acquired on Pb film on 

Co-Pd at T = 1.5 K and H = 150 Oe. The white star shapes are drawn to guide the eye. We 

observed one complete vortex and about half a portion of another vortex. Figure 4.13(b) 

shows the evolution of the NZBC as a function of angle, along with circular profiles, orange 

dashed circles in Figure 4.13(a). The plot is from 20 to 150 nm from the vortex center. The 

overlapped region of two vortex rays from two different vortices is marked by a red triangle 
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in Figure 4.13(a). The corresponding section of the map is highlighted by a red box in the 

evolution of the normalized ZBC plot in Figure 4.13(b). These results suggest that the 

deviation from the 60o angle is possibly due to vortex-vortex interaction. Future 

experiments could focus on the effect of the topography on the vortex shape.  

 

4.9  Conclusions  

In conclusion, ultrathin films and islands of the Pb in ultrahigh vacuum conditions 

by e-beam evaporation are deposited and characterized by low-temperature STM/STS. The 

focus of this study is to highlight the features of multiband superconductivity on Pb. The 

vortex cores of Pb films and Pb islands show a complex shape. The shape is triangular at 

short distances from the center, and it evolves to a six-fold symmetric star shape farther 

away from the center. The tunneling spectra acquired at the vortex core show that the 

samples are in the clean limit. The superconducting gap and the Fermi velocity will 

determine the shape of a superconducting vortex core. The superconducting coherence 

lengths are extracted from the conductance maps and show an anisotropic behavior as a 

function of angle. It will be interesting to perform theoretical calculations to quantify 

contributions of anisotropy of the gap and the Fermi surface on the anisotropic shape of 

the vortex core. To observe the shape of a vortex core in this material requires (i) samples 

must be in the clean limit to avoid the averaging effect of the scattering and (ii) fabrication 

of heterostructures that pin the vortices spatially. The vortices in the Pb are confined by 

ferromagnetic domains in Pb film/Co-Pd and by topography in the case of Pb island on 

HOPG. In the case of continuous Pb film without confinement, the superconducting vortex 



 

114 

is round-shaped, as consistent with previous studies measured by the metallic Pt-Ir tip. The 

vortex-vortex interaction would affect the shape of superconducting vortices, and the shape 

will deviate from a perfect 60o spacing. Our results seem to suggest that the complex vortex 

core shape observed in Pb(111) might reflect the anisotropy of the two bands that 

contribute to the superconductivity in this material.  



 

115 

CHAPTER 5 

PROBING THE SURFACE OF COLD AND HOT SPOTS OF NITROGEN 

DOPED NIOBIUM RESONATOR CAVITY 

 

This chapter is devoted to Nitrogen-doped Niobium cavities and their 

characterizations. Temperature mapping measurements, quality factor, scanning electron 

microscopy (SEM), x-ray photoelectron spectroscopy (XPS), angle-resolved x-ray 

photoelectron spectroscopy (AR-XPS), and scanning tunneling microscopy/spectroscopy 

(STM/STS) are presented. This chapter’s primary goal is to identify possible sources of 

excess dissipation in hot spots and relate them to the surface chemical composition and 

superconducting properties. A theoretical model based on a proximity-coupled normal thin 

layer at the superconducting surface is used to analyze the tunneling spectra is discussed.  

 

5.1 SRF Cavities and state of the art material Niobium 

 Superconducting radiofrequency (SRF) technology is fundamental in nuclear and 

high-energy physics research. The figure of merit of the SRF cavities is measured in terms 

of quality factor Q0 = G/Rs  [96], where G is the geometric factor that depends on the 

geometry of the cavity and Rs is the surface resistance. Modern particle accelerating 

machines rely on SRF technology; few examples of current and future projects are  [94] 

continuous wave (CW) free-electron lasers, x-ray laser oscillators, light sources, electron 

and ion colliders, accelerator-driven systems for medical isotope production, and nuclear 

waste transmutation.  Niobium (Nb) has been the material of choice for SRF cavity 
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production. The performance of SRF Nb cavities is approaching the theoretical limit for 

the clean Nb surface. Figure 5.1 shows the peak magnetic field and the quality factor for 

cavities as a function of year, the thick black-solid lines indicates the theoretical maximum 

value  [123]. It also shows specifications for several projects by yellow hexagons in Figure 

5.1(a) and by yellow star symbols in Figure 5.1(b).  

 

Figure 5.1: Peak magnetic field (Bp) and quality factor of Nb over the years. The figure is adapted 

with permission from  [123]. (a) highest Bp measured at 2 K over the years in single and multi-cell 

L-band elliptical cavities. The thick solid line indicates the Hsh-value calculated using GL equations 

with GL-parameter, κ ≈ 1, resulting in 𝐻 ≅ 1.2𝐻 . (b) highest Q0 measured over the years for 

elliptical cavities at 2 K and 1.3 GHz. The thick solid line indicates the maximum of the QBCS-

value, which should be obtainable at 2.0 K and 1.3 GHz. The star symbols show the specification 

at the indicated Bp-values for two projects using this type of cavities at 2.0 K.  

Recent developments of Nb superconducting radio-frequency (SRF) cavities have 

pushed the quality factors Q well above 1010 and the RF breakdown fields close to the 

superheating field Hs at GHz frequencies and temperatures T < 2 K  [96,99–101,332–334]. 

Various surface and material treatments have been developed to improve the SRF 

performance of Nb cavities, including electropolishing, heat treatments, nanostructuring, 

and impurity doping  [96,99–101]. These advances have drawn much attention to the 
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surface resistance Rs’ fundamental limits and the maximum breakdown field of a low-

dissipative Meissner state. In turn, Rs in the Meissner state depends crucially on the 

quasiparticle density of states N(E) as a function of energy  [93,98,335]. It has been shown 

that Rs could be reduced significantly by tuning N(E) by a variety of pairbreaking 

mechanisms, such as sub-gap quasiparticle states in bulk  [98,336,337], Meissner screening 

currents  [98,269,338], paramagnetic impurities  [339,340], surface nanostructuring  [102], 

local reduction of the pairing constant or a proximity-coupled normal layer at the 

surface  [337].  

Doping SRF cavities with impurities, particularly nitrogen, has been a very efficient 

way of producing Nb resonators with very high-quality factors and RF breakdown 

fields  [116–122]. The technique of nitrogen doping on Nb is discovered at the Fermi Lab 

in 2013  [117] while attempting to form niobium nitride on the inner surface of the SRF 

cavity by reacting bulk Nb cavities with nitrogen at a high temperature of 800oC in a ~25 

mTorr atmosphere of pure nitrogen for a few minutes in a UHV furnace. The process 

resulted in the formation of lossy, metallic NbN phases on the surface, which degrade the 

quality factor. After removing thin layers of material from the surface by electropolishing 

(EP), there is an increase in the quality factor with an accelerating gradient. The achieved 

quality factor after nitrogen doping is Q0 > 2.5  1010 at 1.3 GHz and a temperature of 2 K 

at moderate accelerating gradients Eacc ~16 MV/m  [117,334]. Another recipe to increase 

the quality factor by preserving high accelerating gradients is nitrogen infusion  [334]. In 

this case, cavities are heated < 300oC for up to 48 hours in the furnace at a partial pressure 

of nitrogen of ~25 mTorr, which resulted in accelerating gradients up to ~45 MV/m with a 
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quality factor, Q0 > 1010 at 2 K  [334]. This process shows an increase in Q0 over the 

baseline measurements, and there is no need for post-annealing chemical removal from the 

inner surface  [334,341].  

 

Figure 5.2: Comparison of Quality factor as a function of accelerating field for nitrogen-treated 

cavities and standardly adopted treatment (electropolishing). The figure is reproduced with 

permission from  [117] © IOP Publishing. Improvements in quality factors up to a factor of 3.5 are 

found in the region of accelerating gradients of interest for CW SRF accelerators.  

Figure 5.2 shows the quality factor Q as a function of the accelerating field in the 

cavity. It shows Q as a function of Eacc at T = 2 K for the four cavities treated with nitrogen. 

A typically prepared electropolished (EP) cavity is compared with those four 

electropolished cavities. The nitrogen doping increased the quality factor with an extended 

anti-Q slope and the Q greater than that of typically prepared Nb surface. 

 It is well known now that nitrogen doping on Nb enhanced the quality factor, but 

its mechanism is still not well understood. There have been efforts to unlock the mechanism 
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behind the improvement of the quality factor  [166,334,342–346]. It’s been found that 

nitrogen-doped Nb cavities accumulate fewer hydrides since the nitrogen enters 

interstitially and occupies lattice sites making precipitation less favorable  [347–349]. 

Addressing complex mechanisms by which N doping can affect the superconducting 

properties requires a surface scanning probe capable of tracking subtle changes in N(E) 

caused by the materials’ treatment. Recently point contact spectroscopy and low-

temperature scanning tunneling microscopy and spectroscopy (STM/STS) have been used 

to reveal changes in N(E) in the first few nm at the surface of Nb cavities after N-

doping  [166,346]. It was shown that nitrogen doping shrinks the metallic suboxide layer 

and reduces lateral inhomogeneities of the superconducting gap Δ and the contact 

resistance RB between the suboxide and the niobium matrix, making RB closer to an 

optimum value which minimizes Rs  [166,337]. At the same time, N doping slightly 

reduces Δ at the surface  [166,346]. The results of Refs.  [166]  and   [346] were obtained 

by performing tunneling experiments on cold spot regions with low Rs values.  

 Figure 5.3 shows results from the tunneling experiments performed on typically 

prepared Nb and nitrogen-doped Nb cold spots  [166]. The typical tunneling spectra with 

corresponding fits are shown in Figure 5.3(a) and (b) for Nb and N-doped Nb, respectively. 

Figure 5.3(c) shows that the average value of Δ  is reduced in the N-doped Nb samples, 

but its distribution is narrower than typically prepared Nb samples. Dynes broadening 

parameter Γ are larger for the typically prepared samples (Figure 5.3(d)). The parameter α, 

which is proportional to the normal oxide layer’s thickness, is on average larger for the 

typically prepared Nb shown in Figure 5.3(e). Figure 5.3(f) shows the parameter β, which 
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is proportional to the contact resistance between the normal layer and superconductor, 

clustered around β ≅ 0.3 − 0.4 for the N-doped samples, which reduces the surface 

resistance significantly as shown from the calculations  [337].  

 

Figure 5.3: Tunneling experiments on Nb and N-doped Nb cold spots. Reprinted figure with 

permission from  [166] Copyright (2021) by the American Physical Society. Typical tunneling 

spectra (dots) acquired on (a) typically prepared Nb and (b) N-doped Nb surfaces. The red lines are 

the fit obtained using the model of Ref.  [337]. (c), (d) Histogram comparison of the fit parameters 

Δ  and Γ/Δ , respectively. (e), (f) Histogram comparison of the fit parameters α and β, respectively. 

The number of spectra N = 1440 (red) for typically prepared samples and N = 576 (blue) for N-

doped Nb samples. Spectra are taken 32.6 nm away from each other at T = 1.5 K. The tunneling 

conditions are 𝐼 = 60 pA, 𝑉 = 10 mV with a lock-in modulation 𝑉 = 0.2 mV and 𝑓 = 

373.1 Hz.  

We investigated cold and hot spots of an N-doped Nb cavity identified using the 

JLab thermometry system during SRF cavity testing. The aim is to examine how N doping 

affects hot spots with enhanced Rs, which has not yet been addressed. Typically, the local 
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Rs along the inner cavity surface are highly inhomogeneous, which manifests itself in hot 

spots observed by many groups using temperature mapping of the outer cavity 

surface  [350]. Hot spots can reduce both the global quality and the RF breakdown fields 

by igniting lateral propagation of a hot normal zone along the cavity surface. Revealing the 

mechanism of RF losses in hot spots requires the separation of contributions from either 

the surface or the cavity’s bulk. Here the surface hot spots can result from lateral 

inhomogeneities of the complex oxide layer and impurities distribution in the first few nm 

at the surface. For instance, N doping and materials heat treatments may produce islands 

of thicker metallic suboxides sand-witched between the dielectric oxide and the bulk Nb, 

causing an increased surface resistance  [102,337]. In turn, bulk contributions can come 

from vortex bundles trapped during the cavity cooldown through Tc. Trapped vortices 

threading the cavity wall have been well-documented as major residual surface resistance 

sources  [101]. Materials defects in the bulk pin long trapped vortices in strong hot spots 

and the losses can come from vibrating vortex segments extending deep inside the cavity 

wall beyond the layer of RF field penetration 2λ ≈ 100 nm  [107,351]. In this case, RF 

vortex losses are not localized in the first few nm at the surface, and pinning defects 

trapping such vortices would be invisible to the surface scanning probes.  

Addressing the mechanism of RF losses in hot spots requires a combination of 

experimental tools probing the surface hot spots and bulk vortex hot spots separately. 

STM/STS can directly examine the surface hot spots caused by a nonuniform oxide layer 

and its effect on N(E) after N doping. Vortex hot spots can be probed by temperature 

mapping because, unlike the fixed material’s defects, trapped vortices can be moved by 
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temperature gradients  [107,352]. As a result, the strength of vortex hot spots and their 

spatial distribution can change after the cooldown of the cavity with different rates  [353]. 

We use the combination of temperature mapping and scanning tunneling spectroscopy to 

address these questions.  

In this work, we investigated cold and hot spots of an N-doped Nb cavity that were 

identified using the JLab thermometry system during SRF cavity testing. Temperature 

mapping was also used to see the cavity cooldown rate’s effect on hot spots’ strength and 

spatial distribution. Cold and hot spot regions then were cut out from the cavity after the 

test and studied with surface science characterization techniques, such as X-ray 

photoelectron spectroscopy (XPS) and low-temperature STM/STS. Here XPS yields 

information about the chemical composition of the surface layer oxide while STM/STS 

probes the quasiparticle density of states, the superconducting gap, subgap states, as well 

as their spatial uniformity  [166]. These results may also help understand the mechanisms 

by which various cavity preparation recipes  [116,117,341,354–356] can produce the 

observed variability of the field dependencies of the quality factors.  

 

5.2  SRF cavity test results and samples  

 This work is carried out in collaboration with Dr. Gianluigi Ciovati at Jefferson 

Laboratory. After temperature mapping and the cavities quality factor measurements at 

Jefferson Laboratory, the N-doped Nb cavity cutouts were sent to the Temple University 

for the STM and XPS measurements. We examined cold and hot spot samples in this work 

that were cut out from the same N-doped 1.3 GHz Nb superconducting cavity. The 
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dimensions of the cutout samples are 5 mm  5 mm  3 mm. Ingot Nb from Tokyo Denkai, 

Japan, was used to fabricate the superconducting cavity with a residual resistivity ratio 

(RRR) of ~300 and a large grain size of a few cm2. The cavity shape is that of the center 

cell of TESLA and XFEL cavities  [357]. Before N-doping, it had undergone standard 

buffered chemical processing (BCP) and high-pressure rinsing (HPR) with ultra-pure 

water. It underwent N-doping processing by heating to 800oC and exposing it to nitrogen 

at a pressure of ~25 mTorr for 30 minutes. After nitrogen removal, the cavity was heated 

again at 800oC for 30 minutes. Ultimately, ~10 μm cavity’s inner surface was removed by 

electropolishing (EP), followed by HPR, assembly of the end-flanges with RF feed-

throughs in an ISO 4 cleanroom evacuation on a vertical test stand. A temperature mapping 

system was attached to the outer cavity surface before insertion into a vertical test cryostat 

at Jefferson Lab  [358].  

 

Figure 5.4 Measured 𝑄 (Bp) at 1.6 K after "slow cool-down" (Test1) and "fast cool-down" (Test2)  
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 Figure 5.4 shows a plot of 𝑄  as a function of the peak surface magnetic field, 𝐵 , 

(𝐵 /𝐸 = 4.12 mT M𝑉  m) measured at 1.6 K in two consecutive cavity tests. The first 

test (Test 1) was done after cooling down the cavity at a rate of ~1.5 K/min when the 

temperature at the bottom of the cavity crossed 9.2 K. The second test (Test 2) was done 

after warming up the cavity to 80 K and repeating the cooldown at a much faster rate of ~5 

K/min. The higher 𝑄  in Test 2 compared to that of Test 1 is due to the lower residual 

resistance. A reduction of residual resistance was due to a faster cooling rate as the cavity 

became superconducting and related to a better expulsion of the residual ambient magnetic 

field inside the cryostat  [109] ~3 mG during the experiment.  

 

Figure 5.5 Temperature maps measured at 1.6 K and ~84 mT during Test1 (top) and Test2 

(bottom). Thermometer No. 8 is at the equator. Number 1 thermometer is at the bottom of the iris. 

And thermometer No. 16 at the top of the tube, close to the iris. The location of the cut-out samples, 

labeled A-H, are highlighted in white. 
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 The cavity performance was limited in both tests by a quench at 𝐵  ~ 88 mT, 

without any field emission. The temperature maps measured just below the quench field 

are shown in Figure 5.5. The quench location was the same in both tests, at sensor No. 10 

at the azimuthal angle of 230o. This location is ~2 cm away from the equatorial weld in the 

cavity high magnetic field region. The eight samples that were cut for this study are 

highlighted in white and labeled A-H on the temperature maps. Sample A was at the quench 

location.  

 

Figure 5.6 Measured Δ𝑇(Bp) during (a) Test 1 and (b) Test 2 at the eight locations chosen for XPS, 

STM, SEM, and AR-XPS experiments. Samples A and B are for XPS & SEM. For STM, the used 

samples are C and D. Sample G is for SEM and AR-XPS. The Samples E, F, and H for AR-XPS.  

Figure 5.6 shows the local temperature difference Δ𝑇(Bp) between the outer cavity 

surface and the helium bath at the sample’s location, A-H measured after Test 1 and Test 

2. The magnitude of Δ𝑇(Bp) at the sample’s locations dropped significantly after Test 2. It 

was at most ~1 mK, which is about the same as estimated combined systematic and 

statistical uncertainty in the temperature measurement.  
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The samples used for SEM, XPS, AR-XPS and STM characterizations were cut 

from the cavity using a CNC milling machine with no lubricant. During the cutting process, 

compressed helium has flowed continuously at the milling location to cool down the 

samples. The temperature did not rise above 32oC during the milling process. A TOF-SIMS 

analysis was performed on a 16  16 mm2 sample, and the measurements were repeated 

near the exact location after cutting out an 8  8 cm2 piece to ensure that the cutting process 

did not change the sample. After the milling process, carbon content increased, but new 

impurities were not.  

 

5.3  Scanning Electron Microscopy (SEM) of N-doped Nb Samples 

We examined the nitrogen-doped Nb cold and hot spots by scanning electron 

microscopy to check for the remnants of lossy structures like niobium hydride 

scars  [347,359,360], or residual nitrides  [361–363]. Niobium hydrides are non-

superconducting at T  1.3 K  [364]. Hydride formation occurs during cavity cooldown in 

a temperature range of 70-150 K  [360,365], with large hydrides formation occurring after 

chemical or mechanical treatments. These hydrides include islands of ~100 nm thickness 

and lengths of 1-10 𝜇m. Upon warming up beyond 200 K, the hydride precipitates 

disappear  [343,360] and leave behind ‘scars,’ which are deformations of the surface where 

the precipitation occurred  [366,367]. Treatments like BCP and EP tend to reduce the 

precipitation of hydrides compared with mechanical polishing but could still be a source 

of excess dissipation in hot spots  [360].  
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In addition to the surface polishing technique, it has been found that nitrogen 

doping on Nb aids in preventing hydride precipitation since the nitrogen occupies lattice 

sites that make precipitation less favorable  [347–349]. To obtain this N doping in the RF 

layer, cavities are baked in nitrogen at 800oC to allow for interstitial N diffusion. However, 

this reaction temperature also results in the growth of lossy Nb2N on the surface  [361]. 

These niobium nitrides are star-shaped features often submicron ~1 m in size  [361–

363,368]. These normal conducting  [361] nitrides are removed by electropolishing (EP) 

to achieve the high-quality factor (𝑄 ) in SRF cavities.  

SEM images were acquired using a secondary electron detector to look for these 

lossy structures. Figure 5.7(a-c) shows representative images on the samples surfaces of 

cold and hot spots. Residual hydride scars expected to be ~1-10 m in size  [366,367] are 

absent from the samples’ surface.  

 

Figure 5.7: Scanning electron microscopy images of N-doped Nb cavity cutouts. (a) cold spot 

(Sample B), (b) hot spot (Sample A), and (c) hot spot (Sample G). The scale bar is 10 m. SEM 

images are acquired using a secondary electron detector with beam voltages of 30 kV, 5 kV, and 

30 kV. Star-shaped nitrides, as well as hydride pits, were not found. The absence of residual nitrides 

and hydrides agrees with the observations made by  [363] for electropolished N doped cavities. 
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5.4  X-ray Photoelectron Spectroscopy of N-doped Nb Samples (XPS and angle-

resolved XPS) 

 X-ray photoelectron spectroscopy measurements are carried out at the Drexel 

University core Facilities using a PHI Versaprobe 5000 XPS. The X-ray source used was 

Al Kα (1486.6 eV, 200 W). The binding energy was calibrated to the adventitious carbon 

C 1s peak, corresponding to C-C bonds, at 284.6 eV. For the depth profile, removed the 

surface by Ar ion sputtering with one (1) keV beam energy, 2 μA beam current, and 2 mm 

 2 mm beam size. The estimated sputtering rate is 1.1 nm/min by atomic force microscopy 

(AFM)  [219]. XPS studied first the native surfaces of the one cold spot sample (Sample 

B) and one hot spot sample (Sample A), and the samples’ depth profile.  

 Angle-resolved x-ray photoelectron spectroscopy (AR-XPS) measurements are 

carried out at the Virginia Tech’s Nanoscale Characterization and Fabrication Laboratory 

(NCFL) using a Quantera XPS. The data were collected by Dr. Weinan Leng. The samples 

have been sputtered for about 30 second with 1 kV argon. The X-ray source was an Al Kα 

X-ray source. Angle-resolved XPS studied two (2) cold spot samples (Samples E & F) and 

two (2) hot spot samples (Samples G & H) native surfaces. For angle-resolved XPS, the 

spectra were taken at different takeoff angles: 15o, 30o, 45o, 60o, 75o, and 90o. As the 

photoelectron’s takeoff angle increases, the signal acquired is from an increased range of 

depth. 

Niobium surfaces are very reactive and promptly oxidize when exposed to air, 

forming niobium oxides. Niobium oxides consist of NbO, NbO2, Nb2O5, and 

NbOx  [369,370]. Among the niobium suboxides, NbO is a metallic compound with a 
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strongly reduced critical temperature (Tc = 1.4 K): its presence as a surface oxide, therefore, 

increases residual resistance (𝑅 ) and should cause RF breakdown  [369]. The surface 

oxidation of Nb has been previously studied using XPS  [371–375], ultraviolet 

photoemission  [376], Auger electron spectroscopy  [377,378], and high-resolution 

electron energy loss spectroscopy  [378]. These investigations have shown that NbO and 

NbO2 are initially formed on Nb, with Nb2O5 being formed after further oxidation  [371–

373,376,378]. Niobium oxidation state can be changed substantially after annealing in 

ultra-high vacuum or sputtering where Nb2O5 is reduced to NbO2 and NbO due to O’s 

dissolution into the bulk  [373].  

 

Figure 5.8 XPS survey spectra of the native surface of N-doped Nb cold (blue, Sample B) and hot 

(green, Sample A) spots. For clarity, there is an offset along the y-axis for the hot spot sample. The 

dashed lines mark prominent peaks. The electron takeoff angle was 30 degrees. 

 We study the surface of N-doped Nb cold (Sample B) and hot spot (Sample A) 

cutouts by XPS. A lower resolution survey is acquired to get information about elements 

present on the surface. In the survey spectrum of both samples, presented in Figure 5.8, 
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there are visible peaks of oxygen O 1s, Niobium Nb 3d, Nb 3p, Nb 3s, Nb 4s, and carbon 

C 1s. The signal for the nitrogen N 1s is not detectable in this low energy resolution 

spectrum.  

 

Figure 5.9 Angle-resolved XPS survey spectra of the native surface of N-doped Nb (a) cold and 

(b) hot spots. There is no significant difference between the cold and hot spots. No contaminations 

are observed in the hot spots. The vertical dashed black lines in each figure mark prominent peaks. 

 We study the surface of N-doped Nb cold (Samples E & F) and hot spot (Samples 

G & H) cutouts by angle-resolved XPS. A lower resolution survey spectra at different 

takeoff angles: 15o, 30o, 45o, 60o, 75o, and 90o are acquired to get information about the 

surface elements. Figure 5.9(a) shows the survey spectra for two cold spot samples, while 
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the spectra for two hot spots are shown in Figure 5.9(b). In the survey spectrum of both 

types of samples, presented in Figure 5.9, there are visible peaks of oxygen O 1s, Niobium 

Nb 3d, Nb 3p, Nb 3s, Nb 4s, and carbon C 1s. The signal for the nitrogen N 1s is not 

detectable in this low energy resolution spectrum. The survey scans show no significant 

difference between the N-doped Nb cold and hot spots. 

 

Figure 5.10 (a) Oxygen and (b) niobium content as a function of angle extracted from the XPS 

survey spectra shown in Figure 5.9(a) and (b) for N-doped Nb cold and hot spots.  

The AR-XPS survey spectra are analyzed to get the oxygen and niobium content as 

a function of takeoff angle. Figures 5.10 (a) and (b) show the content of oxygen and 

niobium as a function of photoelectron’s takeoff angle. As the photoelectron’s takeoff 

angle increases, the oxygen content decreases while the niobium content increases. It is 

expected as the photoelectron’s takeoff angle increases, the signal acquired is from an 

increased depth range. High-resolution scans around peaks corresponding to the elements 

of interest are then performed to obtain the peak’s fine structure on the native surface, 

containing information about the chemical environment.  
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High-resolution XPS spectra for niobium Nb 3d are carried out within 198-216 eV. 

Figures 5.11(a) and 5.11(b) show the Nb 3d core level of the native surface of the N-doped 

Nb cold and hot spot samples for an electron takeoff angle of 90o, respectively. The Nb 3d 

peaks can be summarized as follows  [373]: Nb5+ (Nb2O5) peaks are located as 210.0 eV 

and 207.3 eV, Nb4+ (NbO2) peaks are located at 208.8 eV and 206.0 eV, Nb2+ (NbO) peaks 

are located at 206.8 eV and 204.0 eV, and Nb0 peaks are at 205.0 eV and 202.2 eV. 

Numerous oxygen vacancies exist in Nb2O5  [340,371,379]. Therefore, the Nb2O5 peaks 

comprise Nb2O5, non-stoichiometric Nb2O5-x compounds, and oxygen-deficient Nb2O5, 

making it difficult to distinguish stoichiometric Nb2O5 from non-stoichiometric Nb2O5-x 

compounds from XPS spectra  [380].  

 

Figure 5.11 Nb 3d spectral lines and their oxidation state deconvolution for (a) N-doped Nb cold 

spots and (b) N-doped Nb hot spots. (c) The table shows the spectra oxide deconvolution fitting 

results for both native surfaces. The cold spot consistently indicates a reduction of the NbO2 peak 

and an increase in the Nb2O5 weight. (d) Comparison between the cold spot sample F and hot spot 

sample G. The peaks of the Nb 3d3/2 and 3d5/2 chemical states are shown with vertical lines. The 

electron takeoff angle was 90o.  
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 The Nb 3d spectral lines are deconvoluted, and the relevant results after fitting are 

presented in the Table of Figure 5.11(c). The XPS Nb 3d spectral lines at normal electron 

takeoff show that hot spots consistently have higher concentrations of NbO2 and lower 

concentrations of Nb2O5. This observation is in line with the normal incidence sputtering 

case where the full oxidation state persists further into the surface.  

 

Figure 5.12 Evolution of the Nb 3d lines spectra was acquired as a depth profile while cleaning the 

surface via Ar sputtering. From bottom to top, the XPS spectra in the lower panel were taken after 

sputtering times of 0 s, 60 s, 720 s, and 1080 s. It shows a larger spectral weight for higher oxidation 

states in the cold spot while the hot spot has a larger weight of low oxides, NbOx around ~203-204 

eV, especially near the surface. The Nb 3d3/2 and Nb 3d5/2 peaks of various oxidation states are 

shown with vertical dashed lines.  

Argon ion bombardment alters the oxidation states of metals  [381]. Still, 

qualitative comparison between cold and hot spots subject to the same procedure can 

provide useful insight into Nb’s materials science. It has been shown that Ar ion sputtering 

of oxidized Nb removes oxygen preferentially from Nb2O5 and diffuses it into the bulk, 

which tends to thicken the lower oxidation state layers  [382]. With this in mind, we 
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qualitatively compare the XPS depth profiles. The depth profile shown in Figure 5.12 

reveals that the hot spot does not retain the higher oxides and reverts to the NbO bulk 

relatively quickly compared to the cold spot that instead has the higher oxide states. This 

retained oxide is likely to be associated with improving the contact resistance between the 

normal and superconducting layers observed from tunneling experiments  [166] in the case 

of a cold spot.  

 

5.5       Theoretical Model (Superconductor-Normal Metal Proximity) 

 The density of states in a superconductor with an ideal surface can be approximated 

by the widely used phenomenological Dynes formula  [336] 

N(ϵ) = 𝑁  Re
( )

        (5.1) 

Here 𝑁  is the density of states at the Fermi surface in the normal state, ϵ is the energy, and 

the parameter Γ quantifies a finite quasiparticle lifetime ~ℏ/Γ resulting in the broadening 

of the gap peaks in the DOS. The density of states is modified if the superconductor is in 

contact with a normal material, which requires proximity theory. The theory that correctly 

describes Nb cavities’ surface resistance must consider a thin metallic surface layer with a 

superconductor’s semi-infinite slab. A realistic model was developed recently  [102,337], 

which incorporates a thin normal layer at the superconductor. It is based on the Usadel 

equations  [105] for proximity coupled dirty normal layer (N) on a bulk superconductor 

surface. In precise, the theory describes a thin metallic suboxide layer at the Nb surface. 

The position-dependent quasiparticle density of states 𝑁 (ϵ, 𝑥) across a thin normal layer 
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coupled to the bulk superconductor is determined by a set of equations  [337], and the 

quantity directly probed by STM is given by  [337]:  

𝑁 (ϵ) = 𝑅𝑒        (5.2) 

Here, 𝑁  is the density of states in the normal layer and θ  is derived from the Usadel 

equation and determined self-consistently. α and β are two dimensionless parameters, and 

they quantify the effect of normal layer thickness and the N-S interface transparency, 

respectively: 

α = ,  β =
ℏ

𝑅 𝑁 Δ𝑑      (5.3) 

Here, d is the thickness of the N layer, ξ = (𝐷 /2Δ) /  is the coherence length in the bulk 

superconductor, 𝐷  is the electron diffusivity, Ns and Nn are the DOS at the Fermi surface 

in the normal state. The subscripts n and s correspond to the parameters on the N layer and 

the S substrate, respectively, and Δ = Δ − Γ is the bulk pair potential and Δ  is the BCS 

gap at 𝑇 = 0 𝐾 and Γ = 0. RB is a contact resistance of the normal layer-superconductor 

(N-S) interface. We used the fitting procedure described in detail in References  [166,337] 

to extract the density of states at the surface 𝑁(𝐸) from the tunneling spectra.  

 

5.6  Scanning Tunneling Spectroscopy on N-doped Nb Samples  

 A UNISOKU ultra-high vacuum STM system equipped with a 9 T superconducting 

magnet and a base pressure of 4  10–11 Torr was used to performing low-temperature 

scanning tunneling microscopy/spectroscopy (STM/STS) measurements between 1.0 K to 

1.5 K. All STM/STS experiments used Pt-Ir tips prepared on Au. The samples used for 
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STM measurements are cold (Sample D) and hot (Sample C) spot cutouts from the same 

N-doped Nb cavity. Since a layer of dielectric oxide Nb2O5 dominates the surface of 

niobium, which is too thick to tunnel through, it is necessary to remove the dielectric layer 

by Ar ion sputtering. These samples are sputter cleaned in a UHV sample preparation 

chamber attached to the STM chamber with a base pressure of low 10–11 Torr. Ar ion 

sputtering was performed using 99.999% pure argon at a pressure of 10–5 Torr and 

accelerating voltage of 1 kV for 1 hour with a 4.75 μA beam current and 10 mm in diameter 

beam size. The removal rate was 0.27 nm/min as estimated by performing AFM 

measurements on a calibration sample. Ar sputtering process removes the surface oxide 

layer and yields a metallic surface that can be studied using the full capability of STM. 

Clean and metallic surfaces allow using STM to acquire tunneling spectra at different 

locations over the samples surface and imaging vortices by acquiring the zero-bias 

conductance as a function of position, which leads to an estimate of the coherence length 

and mean free path. All differential conductance (𝑑𝐼/𝑑𝑉) measurements were taken with 

the same tunneling parameters. The junction was stabilized at 𝑉 = 10 mV, 𝐼 = 60 pA, and 

a standard lock-in technique was used with 𝑉 = 0.2 mV at 373.1 Hz.  

 Tunneling spectra are acquired on cold and hot spots of the N-doped Nb cutouts. It 

should be noted that in the zero-temperature limit, the tunneling conductance directly 

probes the density of states of the sample, as described in Chapter 2. It makes low-

temperature STM measurements the most direct method to access the spatial distribution 

of the quasiparticle density of states of superconductors, which determines the surface 

resistance.  
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Figure 5.13 (a)-(b) Representative spectra for cold (Sample D) and hot (Sample C) spots of an N-

doped Nb cavity. The red curves are the fit obtained using the theory of Ref.  [337] and described 

in the text. The fitting parameters in (a) are: Δ = 1.56 meV, Γ = 0 meV, 𝛼 = 0.08, 𝛽 = 0.39, 

𝑇 = 1.17 K. The fitting parameters in (b) are: Δ = 1.51 meV, Γ = 0.03 meV, 𝛼 = 0.14, 𝛽 =

0.04, 𝑇 = 1.45 K. The results of the fitting procedure for all tunneling spectra acquired on cold 

and hot spots between 1.0 K and 1.5 K are summarized in the histogram comparison for the fit 

parameters Δ , Γ/Δ , 𝛼 and 𝛽 reported in (c)-(f). For the N-doped cold spot N = 576 (blue) and for 

N-doped hot spots N = 720 (green). In panel (c), the low Δ  values are shown magnified by a factor 

of 10, better to visualize the difference between cold and hot spot results. 

 Typical tunneling conductance spectra are shown in Figures 5.13(a) and 5.13(b) for 

cold and hot spots of an N-doped Nb cavity. For cold and hot spots, the overall shape of 

these spectra differs significantly in the subgap region and the shape and height of the 

coherence peak. Tunneling spectra are acquired on a grid with a spacing of 32.6 nm over 
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areas of 391 nm  391 nm and 781 nm  781 nm. Analysis of these spectra shows that the 

average Δ  is lower in the hot spot compared to the cold spot. Furthermore, histograms of 

the extracted fit parameters clearly show that hot spots have much broader distributions of 

α, β, Γ, Δ  then in cold spots. For instance, there is a low Δ  tail in the gap distribution in 

the hot spot, as shown in Figure 5.13(c), where the low Δ  values have been magnified to 

show the difference between cold and hot spots. The Dynes broadening parameter is also 

found to be on average higher in the hot spot sample as supported by the wider distribution 

related to the hot spot presented in Figure 5.13(d). The average value of α (Figure 5.13(e)) 

is a bit larger and more widely distributed in the hot spot, indicating a thicker normal layer 

that is detrimental to the RF losses and the cavity quality factor  [117,337]. The parameter 

β (Figure 5.13(f)) in the N-doped Nb hot spot exhibits a significant spread away from an 

optimum value of 0.3-0.4, at which a minimum in the surface resistance is predicted to 

occur  [337]. Contact resistance in this range tends to produce an optimum density of states 

that minimizes the surface resistance. No difference was found in the parabolic background 

term of the tunneling conductance, (𝑑𝐼/𝑑𝑉) = 𝐶𝑉 , for both samples. Here the constant 

𝐶 is inversely proportional to the average height of the tunneling barrier  [383]. The 

resulting estimate indicates that both samples have higher oxidation states compared to 

typically prepared Nb  [166]. 
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5.7  Superconducting Vortices and Estimation of Coherence Length   

 Vortices are imaged using STM/STS by mapping the conductance at an energy 

where a vortex alters the density of states. Vortex imaging is performed on the cold and 

hot spots of N-doped Nb cutouts.  

 

Figure 5.14 Normalized zero-bias conductance image showing vortices at T = 1.5 K and H = 0.15 

T in N-doped Nb cold spot (a) and the N-doped Nb hot spot (b). The scan area for both images is 

697 nm x 697 nm, and the magnetic field was applied perpendicular to the surface. (c)-(d) 

Normalized zero-bias conductance plotted as a function of distance from the vortex center for the 

cold and hot spots, respectively. The coherence length, ξ, estimated as explained in the text by the 

exponential fit of the averaged vortex profile, is 22 (± 2) nm for N-doped Nb cold spot (c) and 20 

(± 2) nm for N-doped Nb hot spot (d). In all vortex images, the tip is stabilized at 𝑉  = 10 mV, 

𝐼  = 60 pA, and the lock-in bias modulation 𝑉  = 0.20 mV is used. 
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Figures 5.14 (a) and (b) show the vortex lattice, imaged by acquiring the density of 

states at the Fermi energy, on the N-doped Nb cold and hot spots at T = 1.5 K and H = 0.15 

T. Both types of samples show a triangular vortex lattice, with an intervortex distance of 

126 nm, consistent with theoretical predictions  [167,384]. Superconductors in the clean 

limit, 𝑙 > ξ , exhibit the Caroli-de Gennes-Matricon bound states localized in the vortex 

core  [25,168,169], but those are not found here, indicating that the samples are in the dirty 

limit, 𝑙 < ξ . Where ξ  is the superconducting coherence length in the absence of 

impurities.  

 Spatial analysis of the conductance around vortices 𝑔(𝑟) allowed us to estimate ξ . 

The radial profiles are shown in Figures 5.14(c) and (d) were obtained by averaging the 

azimuthally averaged zero-bias conductance around each vortex, neglecting those on the 

borders. The value of the coherence length (ξ ) was obtained by fitting the averaged profile 

to 𝑔 = 𝑔 + F exp − . Here, 𝑔  is the conductance far from the vortex core, F is a 

scaling factor, and r is the distance from the vortex core. This method provides a good 

measure of the bulk coherence length since a thin normal metal layer, 𝑑 ≪ ξ  does not 

affect the vortex core diameter in bulk  [385,386]. Using this procedure, we obtain ξ ≈ 22 

(± 2) nm and 20 (± 2) nm for the N-doped Nb cold and hot spot, respectively, at H = 0.15 

T. This estimate is very close to the values reported in literature  [343,387]. The slightly 

lower value of ξ  that we obtained is consistent with little nitrogen over doping of our 

samples. The estimated values of the coherence length indicate nearly the same mean free 

path in both N-doped Nb samples. Using the relation 𝑙 ≈ ξ /ξ  and ξ  = 38 nm for clean 

Nb  [4], we get 𝑙 ≈ 11 nm. We emphasize that the STM imaging of vortices gives the most 
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direct information about 𝑙 in the first few nm at the surface. By contrast, the BCS fits of 

the measured surface resistance give an average 𝑙 in a much thicker layer 2λ ~ 100 nm. 

Magneto-transport measurements of the upper critical field Hc2(T) on Nb cutouts mostly 

probe the bulk 𝑙 because a few μm thick N-doped Nb layer gives a negligible contribution 

to the global resistance of the 2-3 nm thick cavity wall.  

 

5.8 Discussion 

 Our combined temperature mapping and scanning tunneling experiments have 

shown a complex interplay of both surface and bulk sources of RF losses in hot spots. The 

temperature mapping has shown that both the intensity of hot spots and their spatial 

distribution depends strongly on the cavity’s cooldown rate. This observation demonstrates 

a significant contribution of trapped vortices to RF losses in hot spots. At the same time, 

our analysis of STM/STS and XPS experimental data has shown that hot spot regions 

exhibit weakly degraded superconducting properties at the surface. It shows a thicker 

normal suboxide layer and a wider distribution of superconducting gaps with a noticeable 

fraction of low-Δ regions in hot spots.  

 XPS measurements have revealed that the N-doped hot spot exhibits lower 

oxidation states of Nb deeper into the surface, which may cause a degraded interface 

resistance. The scanning tunneling spectra analysis has shown that hot spots have a thicker 

normal suboxide and a non-optimum contact resistance between the suboxide and the bulk 

Nb. The hot spot also suffers from a degraded Δ  with a fraction of particularly low Δ  

regions that can significantly increase local RF losses. Moreover, the Dynes parameter 



 

142 

Γ/Δ  turns out to be larger in the hot spot, indicating stronger Cooper pairbreaking and 

larger surface resistance  [337]. Yet, our STM imaging of vortex cores shows that the 

electron mean free path is nearly the same in hot and cold spots.  

 To evaluate the bulk and surface contributions to RF losses, we use the following 

relation between the excess power P0 in a hot spot at the inner cavity surface and the 

resulting maximum value of Δ𝑇 observed by the temperature mapping on the outer cavity 

surface  [107]:  

Δ𝑇 ≅ 𝑙𝑛          (5.4) 

Here a hot spot has a lateral size 𝐿 < 𝐿 = 𝑤κ/ℎ  and a thickness much smaller than the 

thickness w of the cavity wall, κ is the thermal conductivity, and ℎ  is the Kapitza thermal 

conductance between the cavity surface and the liquid coolant.  

 Using Eq. (5.4), we evaluate the number of vortices N, which can produce the 

observed value of Δ𝑇 shown in Figure 5.6. Here the power P0 generated by N sparse 

vortices under RF field at GHz frequencies f is given by  [107]: 

𝑃 =
/

/            (5.5) 

Where ρ  is the normal state resistivity. Taking w = 2.8 mm, κ ≅ 7 𝑊/𝑚𝐾, ℎ ≅

2.5 𝑘𝑊/𝑚 𝐾 at 𝑇 = 1.6 K, we obtain the thermal length 𝐿 = 2.8 mm, which defines the 

spatial scale of temperature spreading along the cavity surface from a local heat source. 

For f = 1.3 GHz, Bp = 83 mT, ρ ≅ 7 × 10  𝑚, and λ/ξ ~λ /𝑙 ≅ 4 estimated from 

STM vortices shown in Figure 5.14, we obtain from equations (5.4) and (5.5) that 

𝑁~8 × 10 ÷ 2 × 10  for Δ𝑇 ≅ 2 ÷ 5 𝑚𝐾 in Test 1 and 𝑁~400 for Δ𝑇 ≅ 1 𝑚𝐾 in Test 
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2. Assuming that trapped vortices are spaced by ~λ ≅ 80 𝑛𝑚, we estimate sizes of vortex 

bundles as 𝐿~λ√𝑁~1 ÷ 10 μ𝑚. The data shown in Figure 5.6, thus indicate that cooling 

the cavity at a higher rate in Test 2 may reduce the numbers of trapped vortices in hot spots 

by ~2 ÷ 5 times.  

 Another contribution to RF losses could come from the weakly deteriorated 

superconducting properties at the surface revealed by our STM measurements. Here the 

extra power 𝑃 ≅ π𝐿 δ𝑅𝐻 /2 results from the change in the BCS surface resistance δ𝑅 in 

the area of radius ~𝐿 due to the local reduction in Δ and increase of the thickness of the 

normal suboxide layer illustrated by Figure 5.13. Here: 

𝛿𝑅 =  ∑ 𝑃 𝑅 𝑒 − 𝑅 𝑒           (5.6) 

Where 𝑃  is a fraction of the hotspot area where α, β, Δ take particular values according to 

the histograms shown in Figure 5.13. The last term in Eq. (5.6) describes the BCS surface 

resistance 𝑅  for an ideal surface in the cold spot areas. The prefactor 𝑅 (α , β , Δ ) in 

Eq. (5.6) is a rather complicated function of the parameters  [102,337], so we only make 

here a rough estimate of the size L of a surface hot spot which could provide the observed 

Δ𝑇 values shown in Figure 5.6. 

 The reduction of the mean gap value from Δ ≈ 1.55 meV in cold spots to < Δ >

≈ 1.50 meV in hot spots shown in Figure 5.13 increases Rs by a factor of 

𝑒𝑥𝑝[Δ −< Δ >/𝑘 𝑇] ≅ 1.44 at 1.6 K. The fraction of regions with Δ = 1.1 ÷ 1.2 𝑚𝑒𝑉, 

for which the factor becomes 13 ÷ 26, is very small, as shown in Figure 5.13(c). In the 

model of Ref.  [337], distributions of the metallic suboxide thickness and the contact 

resistance in the range of the parameters α and β shown in Figures 5.13(e) and (f) increases 
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the mean prefactor <Ri> by yet another factor 2-3, giving δ𝑅~5𝑅 ~20 𝑛𝑜ℎ𝑚 at 1.6 K. 

From Eq. (5.4), it follows that: 

𝐿 ≈

/

           (5.7) 

For Δ𝑇 = 1 mK, 𝐵  = 83 mT and the above values of other parameters, Eq. (5.7) 

yields L  1 mm, more than two (2) orders of magnitude larger than the size of the vortex 

hot spots causing Δ𝑇 = 1 mK. Thus, the changes in the surface superconducting properties 

revealed by STM give much weaker contributions to the observed temperature maps than 

trapped vortices. Yet, our STM/STS measurements showed a clear correlation between the 

weakly deteriorated superconducting properties at the surface and the positions of the hot 

spots identified by temperature mapping. We suggest that, although the observed changes 

in the properties of the oxide layer and superconducting gap are not the prime sources of 

the RF power in the hot spot sample, these parts of the cavity may be the regions where 

vortices first nucleate and then get trapped by bulk pinning centers upon cooling of the 

cavity through Tc. Another mechanism by which a reduced gap in hot spots can be linked 

with trapped vortices may result from subsurface metallic hydrides  [343,349]. Due to the 

proximity effect  [4], such metallic nanoparticles locally reduce Δ(𝑟) over distances ~ξ  

around them. As a result, the nanoparticles that are closer than a few ξ  to the surface not 

only can pin vortices but also cause a shadow effect of reduced Δ at the surface observed 

by STM.  
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5.9 Conclusions  

Regions with different RF loss characteristics were located with thermometry 

mapping measurements during an N-doped Nb cavity RF test. Cutouts from these regions 

were analyzed with XPS, AR-XPS, SEM, and STM/STS measurements. RF tests and 

temperature maps showed that a quench limited the cavity performance at 88 mT without 

field emission. The hot spots are primarily due to vortices trapped during the cavity 

cooldown. The quench locations, identified with thermometry maps, were the same in a 

slow and fast cooldown. SEM images acquired using a secondary electron detector on cold 

and hot spots samples show no signatures of residual hydride scars and niobium nitrides 

on the surfaces. These regions characterized by XPS and STM have lower oxidation states 

of Nb, which extend more in-depth into the bulk of niobium, reduced superconducting 

gaps, and degraded interface resistances. STM imaging of vortex cores shows a triangular 

vortex lattice in both samples and a slightly lower value of coherence length consistent 

with slight nitrogen over doping of the N-doped samples. Our analysis of the experimental 

data suggests weakly degraded superconducting properties at the surface of hot spot 

regions are not the primary source of RF losses. Instead, they are regions where likely 

vortices nucleate first and get trapped during cooling down.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

In this thesis, electron tunneling experiments have been performed using low 

temperature scanning tunneling microscopy and spectroscopy (STM/STS) and planar 

tunnel junctions to study superconductors. In particular, I have been working on three 

projects. Two projects aim at understanding some effects of multiband superconductivity 

on two systems, namely MgB2 thin films and ultrathin films of Pb. The third project is a 

study of nitrogen-doped Nb cutouts from the superconducting radiofrequency cavity (SRF) 

to identify possible sources of excess dissipation in hot spots.   

To address the open question of how pairbreaking affects the magnitude and phase 

of the order parameter in a multiband superconductor, an electron tunneling experiment 

has been performed using MgB2 based planar junctions. Such knowledge not only 

contributes to our understanding of two-gap superconductivity but could potentially also 

impact some of the potential applications of MgB2. The tunneling spectra are acquired in 

the presence of a magnetic field parallel to the sample’s surface. The effect of the magnetic 

field is to induce currents in the samples. At low fields and for films thickness lower than 

the London penetration depth, vortices will not be induced in the film, and one can measure 

the effect of currents on the quasiparticle density of states. The evolution of the tunneling 

spectra and the analysis performed show that there is a phase decoupling of the two bands 

in MgB2 at a magnetic field of ~0.1 T. The study also indicates that the π band is cleaner 
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than the σ band as the extracted values of electron diffusivities in the π and σ bands are 𝐷  

= 22 cm2/s and 𝐷  = 7.6 cm2/s, respectively at T = 2.10 K.  

In the future, these measurements could be complemented by STM/STS 

measurements when our machine will be upgraded with a vector magnet. The possibility 

of performing STM measurements in parallel magnetic fields allows one to visualize if 

there are vortices in the system and separate the effect of current from that of the vortices 

on the quasiparticle density of states directly and obtain the spatial information. 

Furthermore, it would be particularly interesting to see how the decoupling between the 

two bands is affected by selective tuning of impurity scattering in different bands. 

Therefore, the same experiments could be performed in C-doped or Al-doped MgB2 

samples. This approach has been used successfully to increase the upper critical field Hc2 

in MgB2 much more effectively than in single band superconductors  [246]. However, the 

effect of doping on the band decoupling has not been studied. 

In the second project, STM/STS has been used to characterize Pb ultrathin films. 

While earlier tunneling experiments suggested that the superconducting gap in Pb is 

anisotropic  [286–289], more recent STM experiments performed at 1.2 K with a 

superconducting tip (to increase the energy resolution) resolved two separate gaps  [284]. 

Our STM experiments show that the Abrikosov vortices in Pb ultrathin films and Pb islands 

have a complex shape that evolves from triangular close to the vortex to a six-fold 

symmetric star shape farther away from the center. However, it is very difficult to detect 

this shape as the signal is very small. We have been able to detect the signal when vortices 

are pinned either by a ferromagnetic underlying landscape or by geometrical confinement 



 

148 

(islands). In the continuous Pb films, instead, the motion of vortices due to the interaction 

with the STM tip is enough to cover the tiny spatial differences in the signal, and the vortex 

shape appears to be isotropic.  The coherence length extracted from the analysis of vortex 

maps is also anisotropic and dominated mainly by the triangular inner region of the vortex 

core. The observed anisotropy comes from the anisotropy of the superconducting gap 

and/or Fermi velocity or both. While vortex core anisotropies have been detected in many 

materials  [12,17–19,21,25,299], the important result here is that the vortex core seems to 

reflect the shape of both bands in Pb  [281]. Future work could include a quantitative 

analysis of the vortex core using a two-band Ginzburg-Landau model  [45] and new 

experiments using a superconducting tip to enhance the spectroscopic resolution to get a 

more detailed spatial imaging of the vortex core in continuous Pb films. 

The third project is related to the study of superconducting materials for 

superconducting radio-frequency (SRF) cavities. These cavities are used in particle 

accelerators to accelerate charged particles close to the speed of light. A considerable effort 

from the scientific community has pushed the performance of the current Nb-based SRF 

cavities to improve the accelerating fields and the quality factor of the cavities. Recently, 

it has been shown that the interstitial diffusion of non-magnetic impurities such as Titanium 

(Ti) and Nitrogen (N) enhances the quality factor and increases the accelerating 

gradient  [116,117]. STM measurements have been performed on nitrogen-doped Nb cold 

and hot spots cutouts from real cavities. These samples have been characterized by SEM, 

XPS, and low temperature STM. The analysis of the tunneling spectra shows that nitrogen-

doped Nb hot spots have weakly degraded superconducting properties at the surface 

compared to the N-doped cold spot samples. However, these weakly degraded 

superconducting properties at the surface of hot spot regions are not the main source of RF 
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losses. Rather, they are regions where likely vortices nucleate first and get trapped during 

cooling down. These results are important as they advance knowledge important for the 

SRF community but also more in general in all fields where the Nb technology is very 

important such as the field of superconducting quantum computing, where an effort in the 

materials science of Nb and Nb processing is necessary to further improve the coherence 

times and facilitate scalability.    
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