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ABSTRACT 

Radio frequency (RF) cavities are the foundational infrastructure which facilitates 

much of the fundamental research conducted in high energy particle physics. These RF 

cavities utilize their unique shape to produce resonant electromagnetic fields used to 

accelerate charged particles. Beside their core role in fundamental physics research, RF 

cavities have found application in other disciplines including material science, chemistry 

and biology which take advantage of their unique light sources. Industry has been keen on 

taking advantage of accelerator technology for a multitude of applications. Particle 

accelerators like the one found at Jefferson Lab’s Continuous Electron Beam Accelerator 

Facility must produce stable beams of high energy particles which is an incredibly costly 

endeavor to pursue. With the gargantuan size of these facilities, the cost of high-quality 

beam production is a matter of great importance. The quest to find highly efficient RF 

cavities has resulted in the widespread use of superconducting radio frequency (SRF) 

cavities which are the most efficient resonators that exploit a superconductor’s incredibly 

low AC surface resistance. While metals like Cu are up to the demanding job of RF cavity 

particle acceleration, their efficiency at transferring RF power to the particle beam is low 

when they are compared with SRF Nb cavities. Nb is the standard material for all SRF 

cavity technology particularly for its reproducibly low surface resistance, comparatively 

high transition temperature and thermodynamic critical field.  

Using superconducting Nb is not without its drawbacks. Keeping hundreds of Nb 

cavities in their superconducting state under extreme RF conditions is quite a daunting task. 

It requires the normal state not nucleate during operation. This is achieved by producing 

high-quality cavities with as few defects and impurities as possible while also keeping the 

cavities at low temperature, usually 2K. Again, due to the sheer scale of the facilities, 

hundred million-dollar cryogenic plants are required to handle the heat loads during SRF 

cavity operation. This means even small increases in maximum accelerating gradients or 
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decrease in cavity surface resistance results in a sizably reduced operation cost. 

Considerable effort has been put forth to increase the efficiency of Nb cavities toward and 

even beyond the theoretical maximum accelerating gradients and quality factor for a clean 

superconductor. Recently, a new method to produce high quality factor cavities has 

emerged that involves nitrogen doping the cavity. The mechanism by which N doping 

causes the improvement is still not well understood, but the experimental research 

described in this dissertation shines some light into the mechanisms behind such a drastic 

improvement. These insights are universal for all superconductors and may prove useful 

for SRF cavities beyond Nb.  

With Nb approaching its fundamental limits, new materials are being proposed to 

increase the performance of future SRF cavities which MgB2 finds itself among. MgB2 is 

a two-band superconductor that possesses many properties that are very attractive for the 

next generation of SRF cavities. One of the most important properties is MgB2’s 

comparatively large critical temperature which in part predicts it will have a lower surface 

resistance than Nb at higher operating temperatures. Such behavior of MgB2 may unlock 

the possibility of using cryocoolers instead of costly liquid helium plants for large scale 

industrial use. 

This dissertation starts with an introduction to superconductivity, its theory, and 

application to SRF cavities as well as the open questions that can be addressed in Nb and 

the next generation of SRF materials. A description of the experimental techniques of 

scanning tunneling microscopy, X-ray photoelectron spectroscopy, and atomic force 

microscopy is presented. Our experimental investigation into Nb SRF cavity cutouts starts 

with a discussion of the material’s limitations for SRF applications with an emphasis on 

the proximity effect which arises at the surface of this material due to its myriad of naturally 

forming oxides. The results of our scanning tunneling microscopy measurements for 

typically prepared Nb and nitrogen doped Nb follows and comparisons are made which 

show that the surface oxides are fundamentally different between these samples likely 
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resulting in the profound enhancement of the cavity’s quality factor. Experimental 

investigation into the native oxide of hot spot nitrogen doped Nb shows a degraded oxide 

and superconducting properties as compared with the cold spot. The dissertation continues 

with a brief introduction to MgB2, followed by our scanning tunneling and electron 

tunneling insights into MgB2. The dissertation is concluded with a summary of our 

investigations and broader impact of our research on the SRF community. 
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CHAPTER 1  

SUPERCONDUCTIVITY AND ITS APPLICATION TO RADIO FREQUENCY 

CAVITIES. 

 In this chapter a short overview of superconductivity is presented. This is followed 

by a brief discussion of BCS theory and the radio frequency surface resistance that arises 

from it. The general properties of RF cavities are presented which leads to discussions 

about the surface resistance of s-wave and d-wave materials and the critical fields that 

determine SRF performance. Current and future materials for SRF applications are 

introduced and reviewed. 

1.1 Brief Overview of Superconductivity 

At the beginning of the 20th century, Kamerlingh Onnes was pioneering the 

technology of low temperatures. His advances resulted in the liquification of helium in 

1908 by utilizing the Joule-Thomson effect in the Hampson-Linde cycle[1]. For years 

Onnes’ Leiden laboratory had exclusive access to previously inaccessible temperatures[2]. 

This gave Onnes carte blanche to investigate the resistivity of materials at low temperature. 

His early investigations of resistivity, following the work of Dewar, showed Au’s and Pt’s 

resistivity plateaued at low temperature. This plateau was attributed to impurities [1]. 

Pursuing higher purity metals, Hg was chosen since it can be  distilled to high purity [2]. 

In 1911, when measuring the resistance-temperature relationship in Hg, superconductivity 

was discovered when the resistance vanished below 4.2 K as shown in figure 1.1. It was 

found that the transition temperature, 𝑇𝑐, occurs over  
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Figure 1.1 Resistance measurements of mercury by Onnes in 1911. The superconducting transition 

temperature is ~4.2K as indicated by the sharp drop in resistance reproduced from [1].  

 

a small temperature range on the order of ~1/100 K.  Subsequent experiments showed that 

Hg superconductivity would still arise in Hg with a considerable amount of impurities [2].  

Using his apparatus, Onnes also discovered several other metals to be superconducting [3]. 

With these contributions in mind, the Nobel Prize in Physics in 1913 was awarded to Onnes 

“for his investigations of the properties of matter at low temperatures which led, inter alia, 

to the production of liquid helium.” 

Few papers on superconductivity were published in the first 20 years [2]. It was 

unknown of what practical application superconductors could be used for especially in the 

light of low critical magnetic fields [4]. Superconductivity, as it was discovered, only 

showed the phenomenon of zero DC electrical resistivity which is consistent with perfect 

conductivity, but in 1933 Meissner and Oschenfeld discovered a peculiar property of 

superconductors. They found that magnetic flux was expelled from the interior of Pb and 

Sn samples upon cooling them below their critical temperature [5] shown schematically in 

figure 1.2. This phenomenon became known as the Meissner effect.  This unexpected 
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behavior of a superconductor in the presence of an applied magnetic field showed that these 

materials were very different from the conception of a perfect conductor whose behavior 

in magnetic field would be significantly different.  

The phenomena of zero DC electrical resistivity and the Meissner effect are the two 

that define the superconducting state of matter. These effects were key in pointing the 

London brothers towards developing their phenomenological theory of superconductivity 

in 1935 [6] which explained the Meissner effect and had proved useful for a variety of 

applications. 

Figure 1.2 Schematic of the Meissner effect. The magnetic field, 𝑩, is excluded from the bulk of the 

superconductor below its critical temperature, 𝑇𝑐. 

 

While many experiments and further theoretical analysis of superconductivity 

continued for several years it was not until 1950 when Ginzburg and Landau proposed their 

theory of superconductivity in the framework of Landau’s theory of second-order phase 

transitions, but this still left the microscopic origins of superconductivity unknown [7]. The 

two-fluid model can only describe a superconducting state if it exhibits a spatially uniform 

density of superconducting electrons. The Ginzburg-Landau phenomenological theory 
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allows for spatially inhomogeneous superconducting electron density. Their brilliant 

theory was based on introducing a complex pseudowavefunction 𝜓(𝒓) where |𝜓(𝒓)|2 =

𝑛𝑠(𝒓), the density of superconducting electrons, and applying a variational technique to an 

assumed expansion of the free energy  

 
𝑓 = 𝑓𝑛0 + 𝛼|𝜓|

2 +
𝛽

2
|𝜓|4 +

1

2𝑚∗
|(
ℏ

𝑖
∇ −

𝑒∗

𝑐
𝑨)𝜓|

2

 
(1.1) 

where 𝑓𝑛0 is the normal state free energy, 𝛼 and  𝛽 are undetermined constants, and 𝑚∗and 

𝑒∗ are the masses and electric charge of the superconducting particle. This led to coupled 

differential equations in expansions of |𝜓(𝒓)|2 and |∇𝜓(𝒓)|2 and involving the magnetic 

vector potential 𝑨 

 
𝛼𝜓 + 𝛽|𝜓|2𝜓 +

1

2𝑚∗
(
ℏ

𝑖
∇ −

𝑒∗

𝑐
𝑨)

2

𝜓 = 0 
(1.2) 

and 

 
𝑱 =

𝑐

4𝜋
∇ × 𝑯 =

𝑒∗ℏ

2𝑚∗𝑖
(𝜓∗∇𝜓 − 𝜓∇𝜓∗) −

𝑒∗2

𝑚∗𝑐
𝜓∗𝜓𝑨 

(1.3) 

From the Ginzburg-Landau theory, Abrikosov published his seminal work which predicted 

the existence of two different types of superconductors, type I and type II. Type I is 

common among the elemental superconductors where the superconductor remains in the 

Meissner state until its thermodynamic critical field, 𝐻𝑐, where superconductivity is 

destroyed. Type II superconductors also exhibit the Meissner state up to a magnetic field 

𝐻𝑐1. Larger magnetic fields create the so-called “mixed state” where magnetic flux begins 

to penetrate the sample in tubular flux quanta, also called vortices, that arrange themselves 

in a regular lattice. This mixed state exists up to 𝐻𝑐2 after which superconductivity is 

destroyed [8]. These two scenarios arise due to the competition of two length scales, the  
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Figure 1.3 Schematic of a flux quantum in a static magnetic field. Reproduced with permission from [9]. 

𝑯(𝑟) and 𝑛𝑠(𝑟) decay on a length scale related to 𝜆 and 𝜉 respectively. Here the flux penetrates the 

superconductor and the superfluid density rotates around it shown in black. The superfluid density drops to 

zero at the center of the vortex core and the magnitude is greatest there. 

 

penetration depth, 𝜆, and the coherence length of the superconducting state, 𝜉. The 

penetration depth specifies the length scale on which the electromagnetic field decays into 

the superconductor and the coherence length specifies the length scale which the superfluid 

density, 𝑛𝑠(�⃑⃑�), varies as shown in figure 1.3, from [9], In the limits of 𝜉 ≪ 𝜆 produces 

strongly type II superconductors and 𝜉 ≫ 𝜆 produces strongly type I with a cross over 

between the two states at 𝜉 = √2𝜆. For this and other pioneering work Abrikosov was 

awarded the Nobel Prize in Physics in 2003 “for pioneering contributions to the theory of 

superconductors and superfluids.” 

Although all the previous theories advanced the understanding of superconductors, 

they were only phenomenological. It was not until 1957 that superconductivity would be 

understood microscopically. Bardeen, Cooper and Schrieffer (BCS) published their 

groundbreaking theory of superconductivity in which it was shown that weakly attracted 
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electrons from the Fermi-sea can condense into a macroscopic quantum state comprised of 

bound pairs of electrons. These Cooper pairs have equal and opposite momentum and spin 

and are mediated by the electron-phonon interaction [10]. BCS’s theoretical insights earned 

them the Nobel Prizes in Physics in 1972 “for their jointly developed theory of 

superconductivity usually called BCS-theory.”  

Among other things, BCS theory notably predicted the existence of the minimum 

energy needed to break Cooper pairs into quasi-particles, a quantity that is accessible 

experimentally through tunneling experiments which probe the quasiparticle density of 

states in superconductors [11]. As Cooper showed in 1956, two electrons that are weakly 

attracted in the Fermi sea are unstable towards formation of a paired bound state [12]. 

These paired electrons are called Cooper pairs. In conventional superconductors Cooper 

pairs that are mediated by electron-phonon interactions are responsible for the 

superconductivity as described by BCS theory [10]. The electron-electron coupling in this 

type of system is local in space and retarded in time [13]. The coupling is produced by 

electrons moving in the crystal lattice resulting in slightly displaced ions, which in turn 

creates a locally increased positive charges to attract another electron. To break a Cooper 

pair into quasiparticle electrons, it requires an energy of twice that of the pair potential, ∆. 

For this dissertation, the quantity that BCS theory most notably predicted, at least from a 

tunneling perspective, was that the density of states of quasiparticle electrons. Their 

prediction was that the quasi particle density of states should be gapped around the Fermi 

energy quantitatively as 

 
𝑁𝑆 = 𝑁𝑁Re [

𝐸

√𝐸2 − ∆2
] 

(1.4) 
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where 𝑁𝑁 is the normal state density of states. As the reader will discover in the following 

chapter, electron tunneling experiments directly probe the quasiparticle density of states, 

providing ways to measure the pair potential among other quantities. 

With the theory of superconductivity microscopically complete, many questions 

seemed to be a proper application of theory, but in 1986 a new class of superconductors 

were found in ceramic materials by Bednorz and Muller. Those were named high 

temperature superconductors after their unusually high superconducting transition 

temperature, 𝑇𝑐 [14]. It is known that electron pairing is responsible for superconductivity 

in these high 𝑇𝑐 superconductors, but the microscopic origin of these bound electron pairs 

remains a mystery. 

1.2 Superconductor Surface Resistance 

As mentioned previously, direct currents (DC) are carried by superconductors 

without losses, but alternating currents (AC) do result in dissipation. High-frequency 

applications where the photon energy is larger than the superconducting gap, Δ, which is 

ℎ𝑓 > ~𝑘𝐵𝑇𝑐, AC dissipation is not significantly different between superconductors and 

normal metals, but in the low frequency limit where the photon energy is less than the gap 

or ℎ𝑓 < ~𝑘𝐵𝑇𝑐 the behavior between normal conducting materials and superconductors is 

vastly different. The cause of low-frequency AC dissipation in superconductor is due to 

the time-dependent magnetic field which, by Faraday’s law, generates a time-dependent 

electric field that acts on the unshielded thermally generated quasiparticles within a 

distance on the order of the penetration depth.  

Conventional BCS superconductors are predicted to have the following surface 

resistance [15] 
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𝑅𝐵𝐶𝑆 = 𝐴

𝑓2

𝑇
exp (−

∆

𝑘𝐵𝑇
). 

(1.5) 

 

It should be noted that this is not the surface resistance for all superconductors, only 

superconductors with s-wave Cooper pairing that is fully gapped on the Fermi surface. The 

surface resistance of d-wave superconductors, whose gap presents nodes on the Fermi 

surface, usually results in temperature dependent power-law proportional surface 

resistances  

 𝑅𝑑−𝑤𝑎𝑣𝑒 ∝ 𝑇
𝑛 (1.6) 

where the power 𝑛 = 2 - 4 which is completely inadequate as compared with the 

exponential nature of the 𝑅𝐵𝐶𝑆 function [16]. In real cavities, the surface resistance is  

 𝑅𝑠 = 𝑅𝐵𝐶𝑆 + 𝑅𝑟𝑒𝑠. (1.7) 

where 𝑅𝑟𝑒𝑠 is the residual resistance. The residual resistance is dominated by lattice 

imperfections, chemical impurities, adsorbed gases and trapped magnetic field. 

1.3 Radio Frequency Cavities 

An RF cavity is a structure that efficiently stores the electromagnetic energy when 

excited at the resonant frequency at one of its resonant modes. At resonance, the energy of 

the electric and magnetic field is exchanged between the two. Radio frequency cavities are 

electromagnetic resonators. Due to their unique shape they take small input RF amplitudes 

and amplify them. A prototypical RF cavity design is of the pill-box type geometry as 

shown in figure 1.4. Within the cavity the electric, 𝑬, and magnetic, 𝑯, fields obey the 

electromagnetic wave equation 
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(∇2 −

1

𝑐2
𝜕𝑡
2)𝑬 = 𝟎 

(1.8) 

 
(∇2 −

1

𝑐2
𝜕𝑡
2)𝑯 = 𝟎, 

(1.9) 

where 𝑐 is the speed of light and 𝑡 is time. According to Maxwell’s equations, the following 

boundary conditions must be satisfied: 

 �̂�  × 𝑬 = 𝟎 (1.10) 

 �̂�  ⋅ 𝑯 = 0 (1.11) 

These conditions allow for two resonant mode solutions that are either transverse magnetic 

(TM) or transverse electric. Acceleration of charged particles along the beam axis are 

concerned with the transverse magnetic mode which has a beam axis electric field. The 

solution [17, 18] of these equations yields 

 𝑬 = 𝐸0𝐽0(𝑘𝑟)𝑒
𝑖𝜔𝑡�̂� (1.12) 

 

𝑯 = √
𝜖0
𝜇0
𝐸0𝐽1(𝑘𝑟)𝑒

𝑖(𝜔𝑡−𝜋/2)�̂� 

(1.13) 

Figure 1.4 Illustration of the metal walled pill-box geometry that supports the TM010 mode. In real cavities, 

the center is opened to allow for the beam and the surface elliptical to avoid sharp corners.  
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where 𝑘 =
2.405

𝑅
, with a resonant frequency of  

 
𝜔0 =

2.405𝑐

𝑅
 

(1.14) 

and the relation to the resonant frequency is inversely proportional to the radius of the 

cylinder. The fields of this mode are plotted in figure 1.5. For this reason, different cavity 

radii and geometries can result in changing the cavity resonant frequency, electric and 

magnetic field properties along the beam axis. The power dissipated by the cavity is  

 
𝑃 =

1

2
𝑅𝑒∫ 𝑱 ⋅ 𝑩

𝑉

𝑑𝑉 =
1

2
∫ 𝑅𝑠|𝑯|2

𝑆

 𝑑𝐴 
(1.15) 

and the energy stored in the cavity is  

 
𝑈 =

1

2
𝜇0∫ |𝑯|𝟐

𝑉

𝑑𝑉 
(1.16) 

This brings us to the quality factor which is the ratio between the energy stored and 

dissipated in the walls of the cavity.  

 

𝑄 =
𝜔0𝑈

𝑃
=
𝜔0𝜇0 ∫ |𝑯|𝟐

𝑉
𝑑𝑉

∫ 𝑅𝑠|𝑯|2
𝑆

𝑑𝐴
 

(1.17) 

In actual cavities the geometry is not the same as the pill-box, but the resonant mode most 

closely resembles the pill-box’s TM010 mode.  

 Minimizing the surface resistance maximizes the efficiency of these RF cavities. 

Because of the incredibly low BCS surface resistance of superconductors discussed in the 

previous section, it is natural to consider superconductors for RF applications. As opposed 

to dissipating large amounts of RF power into the cavity walls and cooling with  
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Figure 1.5 Model of the TM010 mode in for the electromagnetic fields, surface currents and charge. 

Electromagnetic fields (𝑬,  𝑯), surface charges (𝜎), and surface currents (𝑲) evolve in time where the electric 

field leads the generation of the magnetic field by 90ᵒ as described in the text. Energy is transferred between 

electric and magnetic fields producing the surface charges for particle acceleration and surface current that 

causes the change in polarity. 

 

water as is the case with copper, superconductors require cooling to single digit Kelvin 

temperatures, so the viability of superconductor radio frequency (SRF) cavities depends on 

the interplay between acceleration efficiency, cooling costs, and beam quality. As 

compared with Nb in its normal state, its superconducting state gains five orders of 

magnitude in its quality factor [20]. Other special considerations must be made, especially  
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Figure 1.6 Various single and multi-cell cavities manufactured by Jefferson Lab using large-grain/single-

crystal material. (a) From top to bottom, left to right the cavities are a 7-cell cavity, 2-cell crab, a single 

crystal 2.3 GHz LL, a 1.5 cell cavity for joint tests, a 2.3 GHz TESLA-shape single-crystal cavity. 

Reproduced with permission from [19]. 

 

since the superconducting state can be destroyed by field emission or surface defects. For 

these reasons it’s crucial to minimize 𝐸𝑝𝑘/𝐸𝑎𝑐𝑐 to maximize the accelerating gradient 

obtainable. SRF technology began with Pb plated cavities in 1965 [21] and over the last 50 

years has made an incredible journey to approach the theoretical limit for an ideal Nb 

surface.  An example of such Nb cavities manufactured by Jefferson Lab can be seen in 

figure 1.6 [19]. 

1.4 Critical Fields for SRF performance  

The materials under investigation in this thesis are type II superconductors. For RF 

applications, these materials are characterized by a few critical fields, 𝐻𝑐1, 𝐻𝑐2, 𝐻𝑠ℎ. As 

previously mentioned, Type II superconductors have two key thermodynamic fields. 𝐻𝑐1 

is characterized by the field necessary for the first flux penetration and 𝐻𝑐2 is where 

superconductivity is destroyed by the field. As an estimate, in the strongly Type II limit, 

𝜅 ≫ 1, where 𝜅 = 𝜆/𝜉, 𝐻𝑐1 can be predicted as  

 
𝐻𝑐1 =

𝜙0
4𝜋𝜆2

ln 𝜅 
(1.18) 
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where 𝜙0 is the magnetic flux quantum which is defined by 𝜙0 = ℎ𝑐/2𝑒 [22]. Given the 

form of 𝐻𝑐1, for SRF applications, choosing materials with smaller 𝜆 is generally beneficial 

as it prevents flux penetration at lower fields. 𝐻𝑐2 is the highest field superconductivity can 

nucleate in bulk samples and is predicted by [22] 

 
𝐻𝑐2 =

𝜙0
2𝜋𝜉2

 
(1.19) 

while this parameter predicts the destruction of superconductivity, it is not the limiting 

factor for SRF applications because vortex motion at much lower fields destroy the 

superconducting state by heating. Vortices can be directly visualized by scanning tunneling 

microscopy and spectroscopy, this allows an estimate of the coherence length as described 

later in chapter 2 section 5. From its determination, the sample can be classified into either 

the clean or dirty limit by comparing the prediction of the coherence length from BCS 

theory as: 

 
𝜉𝐵𝐶𝑆 =

ℏ𝑣𝑓

𝜋∆
 

(1.20) 

As the sample becomes dirtier the coherence length becomes smaller and deviates from the 

ideal BCS value. This can influence 𝜅 substantially enough to cause a crossover in 

superconducting behavior from Type I to Type II where the crossover point is 𝜅 =  1/√2. 

Using a combination of Ginzburg-Landau theory and BCS theory, near 𝑇𝑐, 𝜅 depends on 

the square root of the mean free path, ℓ, as: 

 

𝜉(𝑇) = 0.855
(𝜉0ℓ)

1
2

(1 − 𝑡)
1
2

  dirty 

(1.21) 

 
𝜉(𝑇) = 0.74

𝜉0

(1 − 𝑡)
1
2

 pure 
(1.22) 
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The field that predicts the limit of SRF performance is  𝐻𝑠ℎ, the superheating field. 

The transition from the Meissner state into the mixed state requires an energy cost to 

nucleate a quantum of flux. Although it is energetically favorable to allow flux into the 

sample after 𝐻𝑐1 an energy barrier must be overcome before it enters the mixed state. This 

means that the Meissner state can exist as a metastable state until 𝐻𝑠ℎ is reached. The 

determination of the superheating field at low temperatures is still an active area of research 

but is well described in the case of extreme Type II behavior near 𝑇𝑐 [23, 24]. An 

approximation [24] using GL theory is given by: 

 𝐻𝑠ℎ(𝜅)

√2𝐻𝑐
≈
√10

6
+
0.3852

√𝜅
. 

(1.23) 

where 𝐻𝑐 the thermodynamic critical field is: 

 
𝐻𝑐 =

𝜙0

2√2𝜋𝜉𝜆
 

(1.24) 

The meaning of the thermodynamic field in 𝐻𝑐 is clear in Type I superconductors, 

but not so easily understood in Type II superconductors. Simply put, it is the condensation 

energy of the superconducting state, 𝐻𝑐
2/8𝜋, but it is manifested in different ways in the 

way the magnetization behaves as seen in the figure 1.7.  
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Figure 1.7 Schematic of magnetization curves for type I and type II superconductors with the same critical 

field, 𝐻𝑐 . The type I superconductor exhibits a first-order transition into the normal state at 𝐻𝑐  whereas the 

type II superconductor exhibits a second order transition into the mixed state at 𝐻𝑐1 and into the normal state 

at 𝐻𝑐2. The Meissner state can exist as a metastable state up to 𝐻𝑠ℎ In both cases the condensation energy is 

𝐻𝑐
2/8𝜋, the area under each curve. 

 

Entrance to the mixed state is catastrophic for SRF cavity performance. During 

operation vortices are moved quickly around the surface due to Lorentz forces causing 

strong dissipation and heating eventually driving the superconductor into the normal state. 

The idea of pinning vortices with impurities has been considered, as it has been successful 

for DC applications [25-27], but the vortex state is so strongly dissipative in the AC regime 

that vortices hopping from pinning center to pinning center can drive the system into the 

normal state. A few problems arise when introducing impurities, 𝐻𝑐1 is reduced, since the 

system will become more strongly type II while the effect on 𝐻𝑠ℎ is not as clear in the 

weaker Type II limit. It has been predicted that introducing a moderate amount of 

nonmagnetic impurities can enhance the superheating field, at least a few percent which 

increases maximum allowable electric field for SRF applications [28]. Thin normal layers 
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may also play a part in strongly enhancing the surface resistance past that of the ideal clean 

superconductor [29]. 

1.5 Current and Future Materials for SRF Cavities 

As first proposed by Banford and Stafford [30], SRF cavities were suggested for 

use in a proton linac. Among early SRF development, Pb on Cu was the frontrunning 

superconductors for SRF application [19]. SRF cavities made of Nb initially suffered from 

poor quality factors compared with Pb and Sn, but higher quality Nb SRF cavities quickly 

became viable [31-33]. Nb has been the only superconductor to see large scale use in 

particle accelerator projects because of its reproducible quality factors. As mentioned 

previously, SRF cavities are particularly useful for its continuous wave application. As 

compared with copper cavities, 500MHz Cu cavities can operate at < 3 MV/m, but Nb 

cavities can operate at 8-10MV/nm at 4.5K [34]. 1.3 GHz cavities can operate at 16MV/m 

at 2K [34]. Over the past ~60 years since SRF was first proposed, research and 

development on Nb have produced cavities approaching its theoretical limits for an ideal 

superconductor [35]. 

While Nb SRF cavities have approached their theoretical limits in performance, the 

fine details of near surface superconductivity have been examined in greater detail in 

superconductors prepared for SRF applications. Near surface superconductivity is 

particularly complex in Nb since it readily forms a myriad of oxides which range from 

superconducting to metallic, paramagnetic and even insulating which exist on the first few 

nanometers of the surface [36-40].  When a superconductor is in direct contact with a metal 

it causes Cooper pairs to leak from the superconductor into the metal with a reduced pair 

potential and other varying properties depending on the thickness of the normal metal layer 
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and interface resistance [29, 41-43]. The issue here is that the main dissipation of the RF 

field occurs within a few penetration depths of the superconductor, ~50-100 nm for Nb 

with a reduced pair potential larger dissipation may be expected. Defective surfaces are the 

main contributor to RF loss as the RF fields exponentially decay into the superconductor. 

The Nb that is used to make cavities starts as sheets with residual resistance ratio 

(RRR), 𝜌(300 𝐾)/𝜌(𝑇𝑐) of ~300. Such high values of RRR indicate high purity of the 

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

techniques to prepare the surface of Nb have evolved over the years, with methods 

including chemical polishing, electropolishing, high pressure rinsing, low temperature 

baking, and nitrogen doping. These methods have pushed the limits of Nb towards its 

theoretical maximums for its 𝑬𝑎𝑐𝑐 and 𝑄 [34]. The properties that limit Nb’s SRF 

performance the most is 𝐻𝑠ℎ, this limits the maximum surface magnetic field and thereby 

the maximum 𝑬𝑎𝑐𝑐.  

Since Nb is close to its theoretical limit for its SRF performance, recent efforts of 

the scientific community working in this field is focused on new structures and 

superconducting materials which could significantly improve the performance of the 

superconducting cavities a compared to Nb. In practice, the parameters that make a 

superconductor ideal for SRF application require the following expressed by Gurevich[15]: 

“• 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 which defines the theoretical field 

limit of the SRF breakdown.  

• High thermal conductivity to transfer the RF power through the cavity 

wall.  
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• Grain boundaries transparent to high RF screening currents in 

polycrystals.  

• Minimal degradation of superconducting properties by local chemical 

non-stoichiometry and precipitation of nonsuperconducting second phases.”  

 

Superconductors like Nb3Sn, Fe-based superconductors and MgB2 have been proposed 

[44-50] for their higher 𝑇𝑐 and the advantage of reducing cooling costs. 

MgB2 is a two-band superconductor discovered in 2001 [51] with a 𝑇𝑐 of 39 K and 

nominal superconducting gaps of 2.3 meV and 7.1 meV [52-57]. Although the critical 

temperature is quite high, for MgB2 to be competitive with other superconducting 

candidates the smaller gap which corresponds to Cooper pairs that are easier to break 

should be increased for SRF applications [50] or the materials should be engineered in such 

a way that this gap does not dominate the SRF response. It was initially suggested that 

increasing interband scattering could merge the two gaps [58, 59]. This could be done by 

doping MgB2 with C, Al, Na, and Li by increasing the disorder of the samples by different 

growth methods and sample substrates or by high energy particle irradiation [60, 61]. 

Experimentally there is some conflicting findings on gap merging with doping [62-68], but 

most authors have not found a merging of the gaps with C and Al alone and this has been 

attributed to a very limited interband scattering even in most doped samples. However, the 

samples that have been studied were very different from each other, now with better control 

of growth over of MgB2 a systematic study can be undertaken. More research is needed to 

investigate the possibility to increase the interband scattering in MgB2 and the suitability 

of this material in SRF applications.  

 Nb3Sn is another frontrunner in the search for new SRF cavity materials discovered 

in 1954 [69]. This is a conventional strong coupled s-wave type superconductor with a 

nominal 𝑇𝑐 ~18 K and ∆ ~3.4 meV about twice that of Nb for each quantity [70, 71]. The 
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thermodynamic critical field is ~600 mT which can potentially facilitate superheating fields 

much greater than Nb. Nb3Sn is rather sensitive to Sn concentration. Starting with pure Nb, 

𝑇𝑐 is 9.2 K and increases with increasing Sn content, up until ~24% where greater 

concentrations starts to decrease 𝑇𝑐 due to a spontaneous cubic to tetragonal distortion [71, 

72]. Heavier Sn concentrations towards ~50% and higher yield severely degraded critical 

temperatures of ~3 K well below Nb’s [73-75]. Over the last few decades of SRF research 

on Nb3Sn substantial contributions have been made by Siemans, Kernforschungszentrum 

Karlsruhe, University of Wuppertal, Cornell University, Jeffereson Lab, CERN and SLAC 

see [76, 77] and references therein. With these major advances, cavities Nb3Sn cavities are 

being tested with promising results to eventually approach higher superheating fields and 

quality factors than Nb at higher operating temperatures [78-81]. 
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CHAPTER 2  

SCANNING TUNNELING MICROSCOPY AND OTHER EXPERIMENTAL 

METHODS 

In this chapter an overview is provided of the experimental techniques used in this 

thesis. The theory of scanning tunneling microscopy and spectroscopy (STM/STS) is 

discussed in sections 2.1 and 2.2. This is followed by a discussion of the STM scanner in 

section 2.3. Section 2.4 discusses the modes of the STM to highlight the power of this 

technique for characterizing superconductors. The last two sections, section 2.5 and section 

2.6 discuss atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) 

which were complementary to our STM measurements. 

2.1 Introduction to Scanning Tunneling Microscopy 

Tunneling is a quantum mechanical phenomenon that derives from the ability of 

particles with energy less than the potential barrier to appear in the classically forbidden 

region. The concept of quantum mechanical tunneling is nearly as old as the theory of 

quantum mechanics. With its first application came an explanation of alpha decay by 

Gamow in 1928 [82]. Since then the concept of tunneling has matured to explain electron 

tunneling in condensed matter systems. The discovery of electron tunneling in condensed 

matter systems and related theories won Esaki, Giaever and Josephson the Nobel Prize in 

Physics in 1973 [83-85]. For these condensed matter systems, two metallic electrodes are 

separated by a thin insulator where electrons can tunnel from one electrode to the other as 

shown in figure 2.1 (a). If one of the electrodes is a superconductor, there is a gap in the 

quasiparticle density of states as shown in figure 2.1 (b). The tunneling effect in planar 
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junctions and other geometries has been widely used to study many properties related to 

the density of states in superconductors like superconducting gap and phonon structure [11, 

86]. However, planar junctions allow only to access these properties averaged spatially.  

To gain local measurements of these properties, a new instrument needed to be 

developed. The first scanning electron tunneling apparatus was given the name of scanning 

tunneling microscope (STM) [87]. The importance of such an instrument with sub-

nanometer spatial resolution was quickly recognized by the scientific community and 

Binnig and Rohrer were awarded the Nobel Prize in 1986 [88]. Nowadays, STM is used in 

a variety of fields to access electronic properties of materials on an atomic scale. Many 

other instruments were developed since the invention of STM which utilize piezoelectric 

crystals to achieve greater spatial resolution; these instruments are referred to as scanning 

probe microscopes which, like the STM, allows to access mechanical, optical, chemical, 

and magnetic properties of materials on spatial scales that were not previously accessible 

[89-93].  

2.2 Theory of Scanning Tunneling Microscopy 

STM, as the name implies, relies on electron tunneling between an atomically sharp 

needle (tip) and a sample. The theory of STM is nearly identical to that of tunneling 

spectroscopy in planar tunnel junctions. Following the theory of tunneling from Bardeen, 

starting from Fermi’s Golden Rule and assuming the density of states of both electrodes 

does not vary significantly near the Fermi energy in the range of the applied voltage, 𝑉, the 

electron tunneling current, 𝐼, between tip and sample is, 

 
𝐼 =

2𝜋𝑒2

ℏ
|𝑀|2 𝑁𝑆(𝐸𝐹) 𝑁𝑇(𝐸𝐹)𝑉 

(2.1) 
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where 𝜌1 and 𝜌2 are the density of states of each electrode and the tunneling matrix 

element, 𝑀, is defined by 

 
𝑀 =

ℏ2

2𝑚
∫ 𝜓∗ (

𝜕𝜒

𝜕𝑧
) − 𝜒 (

𝜕𝜓∗

𝜕𝑧
) 𝑑𝑆

𝑧=𝑧0

 
(2.2) 

where 𝜓 and 𝜒 are the wave functions of the tip and sample respectively. 𝑀 is the electrode 

symmetric surface integral dependent only on the wavefunctions of each electrode. 

Summing over all relevant states in equation 1 with the electrons obeying Fermi-Dirac 

statistics, we obtain 

 𝐼 =
4𝜋𝑒

ℏ
∫[𝑓(𝐸𝐹 − 𝑒𝑉 + 𝜖) − 𝑓(𝐸𝐹 + 𝜖)]𝑁𝑆(𝐸𝐹 + 𝜖)𝑁𝑇(𝐸𝐹 − 𝑒𝑉 + 𝜖)|𝑀|

2𝑑𝜖. (2.3) 

Where the Fermi-Dirac distribution is 𝑓 = [exp ((𝐸 − 𝐸𝐹)/𝑘𝐵𝑇) + 1]
−1, 𝑇 is the 

operating temperature and 𝑘𝐵 is the Boltzmann constant. Or in other words, if one shifts 

the Fermi energy of one electrode with respect to the other electrode of the junction by a 

voltage, V, a current will flow between both electrodes. In the tunneling regime, using the 

Wentzel–Kramers–Brillouin approximation and Fermi’s golden rule, the tunneling current 

between electrodes separated by a distance t will be exponentially dependent on the 

distance between each electrode and depends on the convolution of the density of states of 

each electrode, 𝑁𝑆 and 𝑁𝑇 ,  weighted by the number of states available for tunneling [94, 

95] 

 𝐼 ∝ exp(−2𝑘𝑡)∫[𝑓(𝐸𝐹 − 𝑒𝑉 + 𝜖) − 𝑓(𝐸𝐹 + 𝜖)]  × 𝑁𝑆(𝐸𝐹 − 𝑒𝑉 + 𝜖)𝑁𝑇(𝐸𝐹 + 𝜖)𝑑𝜖. (2.4) 

Here 𝑘, the decay constant for current, is defined 𝑘 = √2𝑚(𝜑 − 𝑒𝑉)/ℏ and arises because 

the electron probability exponentially decays in the barrier region as shown in figure 2.1. 

This exponential dependence is the main reason for the unprecedented sub-angstrom 

resolution. As a consideration, with a realistic barrier potential of 4 eV, a change in 
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electrode-electrode distance of only 1 Å results in an order of magnitude change in the 

current.  When scanning the tip over an atomically flat sample, this extreme sensitivity to 

tip-sample distance provides strong contrast in the tunneling current to visualize the fine 

corrugations of atomic lattice sites. Equation (2.4) also shows that the tunneling current 

contains important information about the density of states in each material. To make our 

interpretation simpler, we take the limits of zero temperature and constant density of states 

in one electrode, therefore the derivative of the current with respect to the voltage 

(conductance) is directly proportional to the density of states in the other electrode  

 𝑑𝐼

𝑑𝑉
∝ 𝑁𝑆(𝐸𝐹 + 𝑒𝑉). 

(2.5) 

Equation 2.5 for our purposes, is only qualitative. The effect of temperature is relevant in 

our studies, so we revert to the slightly more computationally demanding expression, 

 𝑑𝐼

𝑑𝑉
∝ ∫ 𝑁𝑆(𝐸𝐹) [

𝜕

𝜕𝑉
𝑓(𝐸𝐹 − 𝑒𝑉 + 𝜖)]

∞

−∞

𝑑𝐸. 
(2.6) 

Figure 2.1 Schematic of quantum mechanical tunneling. (a) Schematic of quantum mechanical tunneling 

between two electrodes separated by a barrier region. (b) The electron tunneling current is produced from 

electrons tunneling from filled states (depicted in blue) into empty states upon application of a bias between 

electrodes that accordingly shifts the Fermi level.   
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Again, what separates STM from other electron tunneling techniques is its unique geometry 

where an atomically sharp metal tip allows atomic-scale resolution of the density of states 

[96]. This atomic-scale access to the density of states makes STM one of the most powerful 

experimental tools in surface science and allows for a variety of different measurement 

modes. 

2.3 Schematic of the Scanning Tunneling Microscope 

A generic schematic of an STM can be found in figure 2.2. Different scanner 

designs exist. The one used in this dissertation is the Pan-style [97] scanner. Since it is 

impossible to position the sample directly into tunneling range, it is necessary to have some 

sort of method of approach. The tip approach mechanism is piezo driven slip-stick motion 

on a sapphire prism that takes steps smaller than the z-piezo range which ensures that the 

tip approaches without crashing into the sample. This is achieved by quickly applying high  

Figure 2.2 Schematic of the scanning tunneling microscope. (a) Basic electronics schematic of the scanning 

tunneling microscope. (b) Schematic of the scanning tunneling microscope. Tip to sample distance is adjusted 

through applying voltages to the z-piezo and scanning is done with the x and y-piezo elements in tandem 

with a negative feedback loop to control the z-piezo. Course approach is performed by the piezo stack on the 

sapphire prism by slip-stick motion. 
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voltages to piezo stacks which hold the sapphire prism allowing them to ‘slip’ over the 

prism. The voltage is slowly ramped down while ‘sticking’ to adjust the prism to its new 

position. The tip is slip-stick driven towards the sample until a tunneling current is 

measured. After the tip is in the tunneling regime the x-y-z scan piezo can be engaged for 

experiments. X-y-z motion is achieved using a lead-zirconate-titanate piezoelectric tube 

where x-y motion is achieved by four electrodes located on the outside of the tube as well 

as an inner electrode that controls z motion.  Controlled scanning is ensured by using a 

negative feedback loop that keeps constant current. Again, the ability to scan with sub-

nanometer resolution is what makes STM such a powerful instrument. 

2.4 Modes of Scanning Tunneling Microscopy 

The most common mode of an STM is the topographic mode. This mode relies on 

equation 2.4 where the tunneling current is exponentially dependent on the tip-sample 

distance. If a feedback loop control is used such that the z distance is adjusted to keep the 

current constant during tip rastering in the x-y plane, then the adjusted z distance will 

produce a signal that is proportional to the topography of the surface. The exponential 

decay of the tunneling current provides the necessary high sensitivity to tip height change 

that allows to probe the corrugation of atomic surfaces. This can be used to examine atomic 

steps on the surface, but it can also examine local defects as seen in figure 2.3, therefore it 

provides a very different information than that from x-ray measurements. Moreover, as 

shown in equation 2.4 the topography images provide images corresponding to constant 

electronic states. Therefore, the contrast observed in topographic images can be due to 

localized states or bulk states. For several metals, like Au, Ag, and Cu, it is energetically 

favorable for electrons at the surface to form states distinct from the bulk that behave like  
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Figure 2.3 Examples of scanning tunneling microscopy’s topographic imaging mode. (a) Topographic image 

of the surface of FeSe, showing three different topographic features. FeSe’s orthorhombic crystal structure 

allows for the existence of twin boundaries as seen as the slightly darker band running from the bottom left 

of the image to the top right. Crystallographic defects can be seen as the depression or bright dimers. The 

scanning parameters for this image are  Iset= 60 pA Vset= 75 mV (b) Topographic image of the surface of Au. 

The herringbone surface reconstruction can be seen as the bright bands and the circular standing waves are 

due to electron scattering which can be seen around defects. The scanning parameters here are Iset = 1.0 nA 

Vset = 600 mV. 

 

a 2D electron gas [98-100]. For this reason, STM can been used to visualize Friedel 

oscillations due to surface state dispersion at scattering defect sites or steps as shown in 

figure 2.3 (b) [98, 101]. 

Scanning tunneling spectroscopy is another mode of the STM which most notably 

takes advantage of equation 2.6. The tip is positioned at one location and at a set voltage 

and current. The height is held constant, the voltage is ramped, while current and 

differential conductance are measured. The differential conductance, 
𝑑𝐼

𝑑𝑉
, provides a direct 

measurement of the density of states at the given location in the limit of low temperatures 

and voltages.  

There are two ways to measure the differential conductance. One can simply 

measure current as the voltage is swept and then the differential conductance can be 
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computed numerically by a variety of methods [102, 103]. However, if one wants to extract 

the differential conductance with high signal-to-noise ratio the preferred method is by a 

standard lock-in amplifier technique [104]. This is performed by adding a small AC voltage 

to the bias signal. Taylor expanding the current, we find that the signal can be broken up 

into sinusoidal terms of different harmonics. 

 
𝐼(𝑉 + 𝑉0𝑠𝑖𝑛(𝜔𝑡)) = 𝐼(𝑉) +

𝑑𝐼(𝑉)

𝑑𝑉
𝑉0𝑠𝑖𝑛(𝜔𝑡)  +

1

4

𝑑2𝐼(𝑉)

𝑑𝑉2
𝑉0
2(1 − 𝑐𝑜𝑠(2𝜔𝑡)) + ⋯ 

(2.7) 

This dependence on frequency allows a measurement proportional to the first derivative 

and higher order ones by measuring the corresponding harmonic’s amplitude. Using higher 

orders in the Taylor expansion can be used to measure higher derivatives as well. This is 

particularly useful for inelastic electron tunneling spectroscopy a common technique in 

determining phonon properties of crystals and vibrational structure of molecules or aid in 

determining electron phonon coupling in superconductors [105-107]. 

Furthermore the change in current as a function of the tip-sample separation (I-Z 

spectroscopy) contains important information about the apparent barrier height[108]. This 

is achieved by varying the z position at constant voltage and measure the current. 

Performing this measurement spatially produces an apparent barrier height map. This type 

of measurement allows an experimental insight into how local morphology or defects 

change the work function. 

At finite temperatures the differential conductance is the convolution of the single 

electron density of states and the derivative of the Fermi function with respect to voltage 

(thermal broadening). To avoid experimental broadening, it is necessary that the lock-in 

modulation broadening is always less or comparable to the thermal broadening. The 

thermal broadening can be estimated by noticing that the derivative of the Fermi function 
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behaves similarly to a Gaussian weighting function centered at 𝐸 = 𝐸𝐹 + 𝑒𝑉 with a width 

of 3.5𝑘𝐵𝑇.  

2.5 Scanning Tunneling Microscopy Applied to Superconductors 

As mentioned in chapter 1 the density of states of conventional superconductors 

can be described by the BCS-Dynes type density of states [109] 

 
𝜌𝑆(𝐸) ∝ 𝑅𝑒[

𝐸 − 𝑖Γ

√(𝐸 − 𝑖Γ)2 − Δ2
] 

(2.8) 

and the differential conductance is the convolution of equation (2.8) with the derivative of 

the Fermi function in the limit of low temperatures and voltages. The BCS pair potential 

and phenomenological Dynes parameter can be estimated or extracted from fitting the 

differential conductance curves like that of figure 2.4, recorded on a Nb cavity cutout at T 

= 1.03 K. Figure 2.4 shows representative characteristics of a tunneling spectroscopy on a  

Figure 2.4 Example of a superconductors differential conductance measured by STM. Typical I-V and 

dI/dV-V spectra acquired on Nb. The stabilization parameters are Iset = 60 pA Vset = 10 mV. The lock-in 

frequency is fmod=373.1 Hz and the lock-in modulation is Vmod=200V, The temperature this spectrum was 

acquired at was T = 1 K. 
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superconductor. Shown in figure 2.4 the tunneling current is nonlinear and the differential 

conductance shows a region of zero density of states due to the superconducting gap. 

Again, the geometry of the STM allows for these quantities to be mapped spatially allowing 

correlation between local topography like defects or steps and superconducting properties. 

Tunneling conductance measurements are usually taken with the standard lock-in method 

as mentioned above. Care must be taken not to exceed the modulation voltage greater than 

~3𝑘𝐵𝑇 as this could cause significant smearing of the tunneling conductance greater than 

that of thermal broadening alone. 

In type II superconductors, upon applying a magnetic field above Hc1 allows for flux to 

penetrate the sample, resulting in tubular vortices. Acquiring the conductance at the Fermi  

Figure 2.5 Reproduced from [110] and [111]. (a) Tunneling spectra dI/dV acquired far from defects and twin 

boundaries on FeSe at T = 0.4 K (black curve), T = 12 K (red curve), and H = 0. The gap locations are marked 

as Δ1 and Δ2. (b) Differential conductance map at 𝐸 =  𝐸𝐹 and at H = 1.5 T that shows a single vortex. The 

orange and white dotted line show the directions from which line spectra (c) and (d) are taken. (c) and (d) are 

normalized dI/dV intensity colormaps made from 160 point spectra acquired along directions shown as the 

orange and white lines respectively. The spacing between the point spectra is 0.174 nm and the stabilization 

conditions were V = 5 mV, I = 60 pA. (e) and (f) Characteristic tunneling spectra that make up the colormaps 

in (c) and (d) along the long and short direction. For (e), in the order of line colors black, red, and blue the 

distance from the center are 0 nm, 3.3 nm, and 18 nm. For the (f) the distances are 2 nm, 5 nm, and 11 nm. 
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energy (zero-bias conductance) across the sample’s surface allows the visualization of 

vortices and estimate the coherence length since the pair potential is expected to decay over 

a length scale related to the coherence length. An example of such a map on FeSe is 

presented below in figure 2.6 (b) from [110]. FeSe is superconductor with an anisotropic 

gap, coherence length and penetration depths. FeSe in its zero-field superconducting state 

exhibits a conductance spectrum as shown in figure 2.5 (a), where a main gap can be found 

at ~2.3  meV and a smaller gap found at  ~1.5 meV. In figure 2.5 (b) the vortex’s location 

by acquiring the conductance at the Fermi energy. FeSe is a particularly special case 

because it exhibits many of the quintessential signatures of the Caroli-de Gennes-Matricon 

bound state[112, 113]. In figures 2.5 (c) and (d), the bound state is visualized at d = 0 nm, 

where a bright red peak is visible and spreads out towards the coherence peaks as the 

distance from the core increases [113, 114]. They should also exhibit low energy 

excitations at 𝐸𝑛 = (𝑛 + 1/2)𝛥
2/𝐸𝐹 at 𝑇/𝑇𝑐 < ∆/𝐸𝐹 as argued for in various other 

materials [115-120]. These Caroli-de Gennes-Matricon bound states are a result of the pair 

potential ∆(𝒓) that varies linearly at small 𝒓 and increases from 0 away from the core.  Such 

behavior suggests that quasiparticles can exist locally at the core at sub-gap energies. 

However, dirty limit superconductors, where the coherence length is larger than the mean 

free path, wash out these features since these bound states arise from Andreev reflection 

processes between the normal metal-like vortex core and the surrounding superconductor 

[121].  

Imaging vortices also allows for more complicated analysis like examining vortex 

lattice structure, lattice structure transitions as well as possible pinning centers. As an 

example, we have examined FeSe which is a two-band superconductor with a critical 



31 

temperature of ~ 8.5 K [122-124]. Because scanning tunneling microscopy samples the 

density of states from multiple directions in 𝑘-space we resolve both bands in the 

differential conductance spectrum as shown in figure 2.6 (a). Vortices in this material are 

found to be elliptical with the cause being related to gap anisotropy, ∆(𝒌), and/or Fermi 

velocity, 𝑣𝐹(𝒌) anisotropy[111]. With increasing field, the vortex lattice distorts from a 

conventional hexagonal lattice to a nearly square lattice due to the multiband nature of 

superconductivity of this material [110]. Direct single vortex and high magnetic field 

imaging of the vortex lattice are only possible with scanning tunneling microscopy since it 

directly probes the quasiparticle density of states. These observations provide several 

crucial criteria for a successful theoretical explanation of these phenomena. 

2.6 Experimental Setup 

As scanning tunneling microscopy requires that a stable vacuum tunnel junction is 

maintained it is of utmost importance, to isolate the system from noise. This means 

shielding the STM from vibrational and electromagnetic noise. These kinds of issues must 

be carefully considered especially since tip-to-sample distance is less than a nanometer and 

the tunneling current can be as small as several picoamps. To keep noise from reaching the 

scanner, it is necessary to adopt multiple layers of noise isolation.  The first stage of 

isolation in any STM is vibration isolation. The STM’s cryogenic and ultra-high vacuum 

(UHV) parts are mounted on a vibration isolation table. The entire system is then placed 

on a 40-ton inertial mass suspended by pneumatic isolators and completely decoupled from 

the rest of the lab floor and building floor.  

The STM used in this thesis is a Unisoku USM1300 3He system that allows 

temperatures as low as 350 mK and it is placed in a superconducting magnet that allows 
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application of magnetic fields in the direction perpendicular to the sample’s surface as high 

as 9 T. The scanner is held in ultra-high vacuum with a base pressure of 5 x 10-11 Torr. 

Another unique feature of this model is the ability for in-situ tip exchange as shown in 

figure 2.2 (b). This is an incredibly important feature that allows for more exotic tip choices 

for cutting edge experiments.  

Since STM is a surface sensitive technique, clean surfaces and tips are paramount 

for any successful study. The UHV system shown in figure 2.7 consists of a quick load-

lock chamber followed by the preparation chamber and STM chamber. The samples are 

introduced into the load lock chamber where the vacuum is pulled from atmospheric 

pressure to low 10-8 Torr by a combination of a dry scroll pump and turbomolecular pump. 

After that level of vacuum is achieved the samples are quickly moved to the preparation 

chamber. The preparation chamber is dedicated to a variety of sample and tip preparation 

techniques. Before each measurement run, the tip is prepared in-situ on an Au (111) surface 

that is prepared by Ar ion sputtering and annealing in the preparation chamber.  It is also 

used for different cleaning procedures such as direct ion bombardment (sputtering) or  

Figure 2.6 Photos of the scanning tunneling microscope system. (a) Photos of the STM electronics controller, 

pressure and temperature monitor outside of the shielding room. The control room is placed outside of an 

acoustic and rf shielding room that contains the instrument. (b) Inside the shielding room, the STM coupled 

to the UHV equipment is housed. This picture shows the UHV system consisting of 3 main chambers: the 

load-lock, preparation chamber and STM chamber. The STM chamber and preparation chamber are held in 

UHV, regularly reaching 10-11 Torr.  
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annealing of surfaces up to 2000 K by electron-beam bombardment on the sample’s 

backside. Moreover, this chamber is equipped with a triple source electron-beam 

evaporator and an electron beam for tip annealing. Samples can be cooled down to 100 K 

during film preparation or heated by using an electron beam sample holder. 

Characterization techniques that are available on this system are low energy electron 

diffraction, Auger electron spectroscopy which are used to determine surface crystal 

structure and elemental composition respectively. All chambers can house tips and samples 

which are transferred from chamber to chamber using magnetically coupled linear-rotary 

manipulators. During measurements, the dry scroll pump and turbomolecular pumps are 

turned off. UHV is maintained during operation using ion pumps for the preparation 

chamber and STM chamber which are quiet for the measurements. 

This STM system utilizes a commercial 3He insert manufactured by Cryogenics Ltd 

which allows temperatures as low as 350 mK. This is housed in a 4.2 K 4He superinsulated 

cryostat equipped with the 9 T magnetic and providing a capacity of 49.2L and holding 

time of 3-4 days. The 3He insert is further insulated from the bath by a vacuum jacket which 

helps achieve 350 mK in conjunction with closed 3He sorption pump. Access to the insert, 

where the STM scanner is located, is provided by a pulley system that lowers the cryostat 

into a pit below the table on which it sits. 

2.7 Atomic Force Microscopy 

Room temperature atomic force microscopy is often the simplest way to determine 

the sample topography and it is used for a first determination of the quality of the samples 

that we further investigate via STM. For the studies presented in this thesis, we have used 

AFM mainly to explore the topographic roughness of the samples and to calibrate  
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Figure 2.7 Photo and schematic of the AFM. (a) Room temperature ambient pressure Veeco Dimension Icon 

AFM used in this thesis (b) General schematic of the AFM. The piezo drivers deflect the cantilever which 

terminates in a sharp tip. The oscillatory response of the cantilever is measured by the photodetector while 

the cantilever is scanned across the sample. The signal from the photo detector enters the feedback electronics 

which determines the change in cantilever to sample distance. 

 

sputtering rates of the Ar ion sputtering used to remove the oxide layer from the Nb 

samples.  

The principle of atomic force microscopy is a simple one; detect forces close to the 

surface of a material using a cantilever with atomically sharp tip in conjunction with piezo 

scanning and driving elements. There exist many modes of AFM, but the one used in this 

work is the tapping mode. Early modes of operation of the AFM relied on keeping the tip 

and sample in contact while dragging the tip across the sample. This can often cause 

substantial damage to the tip or sample, worsening the lateral resolution. In tapping mode, 

the cantilever is set into oscillation by the driving piezo and the tip is brought into contact 

with the sample at constant amplitude. While scanning the tip may encounter a change in 

height and the amplitude of oscillations will decrease, the electronic feedback readjusts the 

tip-sample distance to return to the constant amplitude oscillation [125]. Conversely when 

scanning over a dip, the amplitude will increase causing the feedback electronics to bring 

the tip back into the tapping regime. The resulting map is a topography of constant force. 
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Oscillation amplitudes are measured using optical beam deflection in conjunction with a 

photodiode array. A photo and schematic of the AFM is given below in figure 2.8. The 

differential signal detected by the photo detector is 

 
𝑆 = 3

𝑤

𝑙

𝑃

𝜆
∆𝑧  

(2.9) 

where ∆𝑧 is the cantilever deflection, 𝑤 is the cantilever mirror dimension, 𝑙 is the length 

of the cantilever, 𝑃 is the power of the laser, and 𝜆 is the wavelength of the laser [94]. 

2.8 X-ray Photoelectron Spectroscopy 

Complimentary to STM, X-ray photoelectron spectroscopy also finds itself among 

the most powerful surface science techniques available. The principle of XPS relies on the 

photoelectric effect, the emission of electrons from a material when exposed to light of 

sufficient energy. This phenomenon was first described theoretically described by Einstein 

in 1905 [126]. The kinetic energy, 𝐾𝑚𝑎𝑥,  of emitted electrons is 

 𝐾𝑚𝑎𝑥 = ℎ𝑓 − 𝜑 − 𝐸𝐵 (2.10) 

where ℎ is Planck’s constant, 𝑓, is the frequency of incident light, 𝜑 is the work function 

and 𝐸𝐵 is the binding energy. It would take nearly 50 years after Einstein’s theoretical 

understanding before the systematic study of materials with photoelectron spectroscopy 

due to the technical challenges of operating in UHV, development of accurate electron 

energy measurement systems and generation of monochromatic x-rays. Among the earliest 

uses of XPS was the determination of chemical shifts in the binding energy of core level 

electrons [127, 128]. Afterwards the technique focused in on characterizing the valence 

bands near the Fermi energy [129, 130].  
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To generate the photoelectrons, an Al anode is irradiated with high energy electrons 

which produces Al K𝛼 x-rays. Those x-rays pass through a monochromator and hit the 

sample. Photoelectrons are produced from the sample and take the long journey towards 

the hemispherical analyzer and their energy and counts per unit time are measured. These 

steps are shown in figure 2.7a and in 2.7b the intensity of the peaks is determined by the 

binding energy of the valence and core level electrons. The use of XPS in this thesis was 

using examining the core level electrons to determine chemical shifts, but a variant of this 

technique, angle resolved X-ray photoelectron spectroscopy, can resolve the energy and 

momentum of photoelectrons enabling the mapping of the Fermi surface. 

Figure 2.8 Schematic of the XPS. Reprinted with permission from PHI. (a) Schematic of the PHI 5000 

VersaProbe used in this thesis. X-rays are produced from an Al anode irradiated by high energy electrons 

then sent through a monochromator. The monochromatic Al K𝛼 x-rays are then sent to the sample where 

electrons are emitted by the photoelectric effect and head to the hemispherical analyzer to have their energy 

measured and number of electrons counted. (b) Overlay of Cd XPS spectra on Cd’s electronic structure to 

show each orbital’s contribution to the XPS spectrum. 
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CHAPTER 3  

ELECTRON TUNNELING INVESTIGATION INTO SRF CAVITY NB 

In this chapter a brief introduction to nitrogen doping Nb cavities and the 

characterization of nitrogen doped Nb cutouts from SRF cavities is given. The cavities 

were first characterized by temperature mapping and measuring the quality factor. The 

cavity was later cut to be studied by scanning tunneling microscopy and X-ray 

photoelectron spectroscopy. The main goal of this chapter is to use surface sensitive 

experimental techniques to understand the effects of nitrogen doping that can affect SRF 

cavity performance. X-ray photoelectron spectroscopy and electron tunneling 

measurements of all samples are presented and discussed. A discussion of the theoretical 

model in which the tunneling spectra have been analyzed is also included.  

3.1 SRF Cavity Grade Nb 

Nb is the material of choice for SRF applications. Nb SRF cavities have been 

approaching the theoretical limit of 𝑄 for a perfect BCS superconductor over the years as 

seen in figure 3.1 where the peak magnetic field, related to the max accelerating gradient, 

and quality factor for manufacture cavities and project specifications vs time which have 

grown towards its theoretical maximum for a clean surface as shown by the thick black 

line [35, 131]. N doping is a recently discovered [132] preparation technique for Nb SRF 

cavities. N doping has been found to produce cavities with unprecedented values of the 

quality factor with an extended anti-𝑄-slope and 𝑄 greater than what is predicted for an 

“ideal” surface [132, 133]. A few scenarios were initially proposed for the increase in 𝑄. 

The first one is based on the formation of NbN islands  
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Figure 3.1 Improvement in peak magnetic field and quality factor of Nb by year. Reproduced from [35] (a) 

showing the peak magnetic field 𝐵𝑃  measured at 2 K over time. The yellow hexagons show the specifications 

for various projects. The black solid line indicates the superheating field limited 𝐵𝑃  calculated using 

Ginzburg-Landau equations with 𝜅 ≈ 1 which results in 𝐻𝑠ℎ ≅ 1.2𝐻𝑐 . (b) shows the highest 𝑄 measured at 

2 K for 1.3 GHz elliptical cavities where again, the solid line is the theoretically predicted maximum 𝑄𝐵𝐶𝑆 at 

2.0 K and 1.3 GHz. The yellow stars show the specifications for various projects. 

 

with a higher 𝑇𝑐 could produce a higher 𝑄. The second one proposed that formation of 

lossy nanohydrides could be reduced which would imply that the theory of electromagnetic 

response of clean superconductors is not the ultimate limit of SRF performance and that 

physics beyond this must be considered. This discovery prompted an intense investigation 

into the mechanism behind the improvement [134-138]. An insignificant contribution of N 

on the surface ruled out the possibility that this could be due to NbN forming at the surface 

and instead emphasis has been made to understand the oxide that develops on its surface. 

Given this information we considered two likely scenarios for N doping enhancement 

which have not been ruled out experimentally. The first plausible scenario by which N 

doping improves the surface resistance is by optimizing the density of states for SRF 

applications.  This optimization is achieved by broadening the gap peaks of the density of 

states in the entire layer of RF field penetration of ≃ 2𝜆 ~100 nm. Such broadening would 

produce the microwave anti-𝑄-slope of the idealized BCS model [15, 133, 139]. The 

second plausible scenario is that N doping modifies the surface oxide structure which 
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converts the metallic suboxides into dielectric (Nb2O5) or semiconducting (NbO2) that do 

not cause significant RF losses and broadening. The experimental results that follow show 

that the surface oxide is significantly different in the N doped sample. This N doping 

procedure also changes the distribution of gap, Dynes broadening parameter, the normal 

layer thickness, interface resistance, and work function. All these details come together to 

shine light onto why the decrease in surface resistance occurs. 

3.2 SRF Cavity Samples 

In collaboration with the Thomas Jefferson National Accelerator Facility and Old 

Dominion University, 5 mm x 5 mm x 3 mm cutouts from two Nb cavities were provided 

to Temple University for STM and XPS characterization. We examined samples that were 

cut from typically prepared Nb and N doped SRF cavities. Typically prepared Nb samples 

were cut from a single-cell 1.3 GHz cavity which were labeled A2. They were made with 

ingot Nb from Companhia Brasileira de Matalurgia e Mineracao (CBMM). The cavity 

shape is of the center cell of TESLA/XFEL type cavities [140]. The residual-resistivity 

ratio, a measure of purity in a material related to the number of impurities or defects in the 

crystal, of the typically prepared Nb is ~260. First, the cavity was processed by standard 

buffered chemical polishing (BCP) that removed ~24 µm from inner surface followed by 

high pressure rinsing before testing. With a peak magnetic field, 𝐵𝑝 of 120 mT at 2 K, the 

cavity reached the quality factor, 𝑄0, of ~6 x 109. Our N doped Nb samples were cut from 

a single-cell 1.3 GHz N doped cavity, with the same shape as the typically prepared Nb, 

labeled TD4. This cavity was fabricated from ingot Nb from Tokyo Denkai with a large 

grain size of few cm2 and an RRR of ~300. First the cavity had undergone standard BCP 

and high pressure rinsing with ultra-pure water,  
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Figure 3.2 Temperature maps of Nb cavities used in this thesis. (a),(b) “Unfolded” temperature map of the 

1.3 GHz SRF cavities for the typically prepared and N doped samples respectively at their highest RF field. 

Sensors 1 and 16 are located at the top and bottom of the iris respectively. The equator weld is located 

between sensors 8 and 9. Samples cut from are labeled for hot and cold spot respectively. The samples 

obtained from Jefferson Lab have been cut from regions of low and higher temperatures as shown in the 

maps. 

 

before N doping. N doping for this cavity involved heat treatment at 800 ◦C and N exposure 

for 20 minutes at ~25 mTorr. The cavity was heated again at 800 ◦C for 30 minutes after 

N was removed. The cavity’s inner surface was electropolished which removed ~10 µm 

from the surface. At its peak magnetic field of 88 mT at 2 K, the cavity achieved a 𝑄0 of 4 

x 1010.  

During operation, the cavities’ outer surface temperatures are measured by a 

thermometry system[141] with increasing RF field to identify spots of low and high 

dissipation (cold and hot spots respectively) to be cut out for examination by scanning 

tunneling microscopy and x-ray photoelectron spectroscopy. Figure 3.2(a) and figure 

3.2(b) shows the “unfolded” temperature maps at the highest RF field on the typically 

prepared and N doped cavities respectively from which hot and cold spots were taken. The 

hot and cold spot samples were cut using a CNC milling machine with no lubricant. A 

steady flow of compressed helium was applied at the cutting region to prevent the sample 

from reaching above 32 ◦C. Time-of-flight secondary ion mass spectroscopy analysis was 
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done on a 16 × 16 mm2 Nb sample, and the measurements were taken after cutting out an 

8 × 8 cm2 sample near the same location. The C concentration increased but no new 

impurities were detected after cutting.  

3.3 X-ray Photoelectron Spectroscopy of SRF Grade Nb 

Like many metallic superconductors, clean Nb surfaces readily oxidize when 

exposed to air which produces an imperfect surface. It has been reported that Nb oxides 

consist of NbOx, NbO, NbO2 and Nb2O5[36, 37]. As the Nb+5 goes from its insulating 

Nb2O5 state and becomes more reduced towards Nb4+
 and lower oxidation states the oxide 

becomes more metallic and known Nb oxide magnetic moments develop [38-40]. To better 

understand the differences are in chemical composition, XPS depth profiles on typically 

prepared and N doped samples were performed using a PHI Versaprobe 5000 XPS at 

Drexel University’s user facility. The X-ray source was the Al K𝛼 (1486.6 eV, 200 W). 

The binding energy was calibrated to the accidental carbon impurity C 1 s, C-C bond,  

  

Figure 3.3 Determination of XPS system’s Ar ion sputter rate by AFM. (a) Optical image of the 100 min Ar 

ion backsputtered Nb sample. Ar ion sputtering was performed at 1 keV, 2 A beam current and 2 mm x 2 

mm beam size towards a Nb sample that was masked to measure the rate. (b) AFM height map showing the 

effect of sputtering. The image is 90 m x 90 m. The blue box indicated the area over which the step has 

been averaged to obtain the step profile in (c). (c) Step profile of this side of the mask. The measured rate of 

sputtering is ~1.1 nm/min. 
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at 284.6 eV. The depth profile was performed using Ar ion sputtering at 1 keV, 2 A beam 

current and 2 mm x 2 mm beam size. The sputtering rate calibration was performed on a 

Nb sample which showed a sputtering rate of ~1.1 nm/min as shown in figure 3.3. The Nb 

3d peaks were compared to values from literature to understand which oxides dominated 

the surface [142]. While it is known that the oxidation states of metals as determined by 

XPS can be in part changed by ion bombardment [143], a qualitative comparison can still 

be made. The XPS spectrum of the native surface of the typically prepared and N doped 

cold spot samples can be found in figure 3.4(a). A comparison in spectral weight of NbO 

shows a clear difference between the typically prepared cold spot and the other samples, 

where the N doped cold spot sample hardly shows any contribution of metallic suboxides. 

As the cold spot samples are sputtered for depth profile measurements, shown in figure 

3.5, the typically prepared sample goes from a region of significant NbO spectral weight 

then finally to the prominent Nb0 3d peaks, whereas the Nb N doped cold spot sample does 

not. The N doped sample holds onto the Nb2O5 spectral weight deeper into the surface 

indicating that it is more oxidized as shown in figure 3.5(a), this is shown clearly by the  

Figure 3.4 XPS Nb 3d spectra for native surfaces. (a)-(c) Nb 3d spectral lines for typically prepared and N 

doped samples’ native surface. The samples are the typically prepared Nb cold spot, N doped Nb cold spots, 

and N doped hot spot respectively. The typically prepared sample cold spot suffers from low suboxides on 

the surface as compared with the N doped samples. 
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Figure 3.5 XPS Nb 3d and O 1s spectra depth profiles. (a),(b) Nb 3d and O 1s depth profiles respectively for 

all samples. All depth profile map intensities are plotted in a log scale to emphasize lower contributions into 

the sample. 

 

extended O 1s peak into the sample. As mentioned previously, higher oxidization state Nb 

surfaces have lower conductivity which could contribute to reduce the metal oxide layer. 

This may be a contributing factor for the improvement caused by N doping by decreasing 

the thermodynamic stability of hydride precipitates in Nb [144, 145]. XPS measurements 

have revealed that the oxide on the surface of N doped cold spots exhibit a thicker and 

more oxidized surface. 

The C 1s spectra do not show a significant difference from each other. Throughout 

the depth profile the spectra exhibit peaks around 284.6 eV or 282.0 eV that correspond to 

the C-C bond or carbide. Although it has been reported in the past that carbon and carbides 

have contributed the creation of hot spots [146], . 

3.4 Theoretical Model of the Proximity Effect 
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The first questions in regards to normal conductors in direct contact with a 

superconductor were posed by Onnes in 1913 when he investigated the influence of steel 

in contact with superconducting mercury [3]. This phenomenon went relatively unexplored 

for some time until Meissner in 1932 [147] explored the contact resistance between a metal 

and superconductor decreases and with sufficiently low temperatures and currents it 

vanishes which was confirmed by later works in the 1950’s [148-150]. These suggested 

that superconducting electron density did not sharply go to zero at the superconductor-

metal interface, but instead decrease gradually into the metal.  

As described in Chapter 1, the proximity effect exists when a superconductor and 

normal metal are in direct contact with each other. The existence of the normal layer 

reduces the pair potential near the interface for the superconductor while inducing a pair 

potential into the normal metal which can be visualized in figure 3.6 from [151]. Cooper 

pairs leak from the superconductor into the normal metal with a reduced pair potential and 

can allow for the normal metal to hold a supercurrent and exhibit significantly different 

properties from the bulk. 

Quantitative comparisons between the density of states induced into normal layer 

and tunneling conductance did not come until McMillan’s simplified model of the 

proximity effect was introduced [41]. This theory was only applicable to thin films of 

superconductors in contact with thin films normal metals and low transmission probability 

between the superconductor and normal metal. From this theory and early experiments, the 

study of the proximity effect via electron tunneling grew steadily. With McMillan’s theory 

being valid for dirty and thin films with low transmission coefficients and constant pair 

potentials, future theoretical improvements attacked these limitations. Improvements  
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Figure 3.6 Graph of the pair potential in the proximity effect. Reproduced with permission from [151]. The 

proximity effect model shows the behavior of the pair potential near the interface between the normal metal 

layer and the superconducting layer. Deep into the superconductor, the pair potential is at its bulk value, but 

going from the bulk towards the interface where they meet there is a drop in the pair potential as the Cooper 

pairs start to feel the presence of the normal metal. Across the interface there is a steep drop in the pair 

potential as the pairs are no longer in the material from which they were generated. Finally, the pair potential 

decays as a function of distance into the normal metal which makes it more difficult for Cooper pairs to 

survive. 

 

introduced specular reflection and transmission, smoothly varying pair potentials, and 

validity for thicker superconductors [43]. With particularly notable examples being the 

works of the Arnold model [107] which allowed to use the tunneling conductance to 

calculate the Eliashberg function that determines characteristics of electron-phonon 

coupling in conventional superconductors as well as that of Usadel [152] which allowed to 

calculate the density of states as a function of position [153]. A detailed review of these 

works and results is discussed in [95].  

For the surface resistance of Nb cavities to be correctly described theoretically, the 

theory must incorporate a thin metallic surface layer in contact with a semi-infinite slab of 

superconductor in the limits appropriate for the system under examination. For Nb, it has 

been found to exist in the moderately dirty regime [154, 155] meaning that a diffusive 

theory based on the Usadel theory [152] can be used.   As described in Chapter 1, the 

proximity effect is the phenomenon where Cooper pairs leak from the superconductor into 

the normal metal with a reduced pair potential and can allow for the normal metal to hold 
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a supercurrent. Deep into the superconductor, the pair potential, ∆, is described by the 

phenomenological BCS-Dynes density of states [109]: 

 
𝑁(𝜖) = Re

𝑁𝑠(𝜖 + 𝑖Γ)

√(𝜖 + 𝑖Γ)2 − ∆2
, 

(3.1) 

where 𝑁𝑠 is the density of states in the superconductor at 𝑇 > 𝑇𝑐, 𝜖 is the energy and  Γ 

quantifies a finite lifetime of quasiparticles ~ℏ/Γ. The density of states is modified in the 

normal layer and into the superconductor. For a thin normal layer the density of states at 

the surface, the quantity we can most directly probe with STM, is given by [29]: 

 
𝑁𝑁(𝜖) = Re [

cosh𝜃0 − 𝑖𝛽𝜖

√1 − 𝛽2𝜖2 − 2𝑖𝛽𝜖cosh𝜃0
] 

(3.2) 

where, 

 
𝛼 =

𝑁𝑛
𝑁𝑠

𝑑

𝜉𝑠
,  

(3.3) 

 
𝛽 =

4𝑒2

ℏ
 𝑅𝐵𝑁𝑛∆𝑑, 

(3.4) 

where 𝜃0 is derived from the Usadel equation and determined self-consistently, 𝑁𝑛 is the  

density of states in the normal layer, 𝑑 is the thickness of the normal layer, 𝜉𝑠 is the 

coherence length in the superconductor, and 𝑅𝐵 is the superconductor-normal layer contact 

resistance. For tunneling experiments, the density of states of the normal metal surface is 

the most important quantity to understand these parameters in each of the samples. One 

novel prediction of this theory is that with an idealized contact resistance produced by N-

S interface, a long-range disturbance of the density of states gap peaks tends to decrease 

the surface resistance. In this case, the contribution of increased surface resistance due to 

subgap states in the proximity coupled normal layer is outweighed by the subsurface 

contribution. It was found that as 𝛽 varies from 0, indicating a low contact resistance  
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Figure 3.7 Prediction of a minima in the surface resistance as a function of interface resistance. Reproduced 

with permission from [29]. Minimum in 𝑅𝑠 exist as a function of the interface barrier parameter 𝛽 using 

∆/𝑘𝐵𝑇 = 4,8,12,20, and 𝛤 = 0.01,0.02,0.03,  𝜆 = 4 𝜉𝑠,  𝐷𝑛 = 0.1𝐷𝑠 ,  𝛼 = 0.05,  and ℏ𝛺 = 11∆. 
Normalized 𝑅𝑠(𝑇, 𝛽, 𝛤)/𝑅𝑠0(𝑇, 𝛤) are plotted for each 𝛤 where 𝑅𝑠0(𝑇, 𝛤) is the surface resistance without 

the normal layer. 

 

between the normal metal and superconductor, to large values of 𝛽, indicating a high 

contact resistance, the surface resistance exhibits a minimum. In figure 3.7 the normalized 

surface resistance dependence on 𝛽 is shown to have a minimum which can be found in 

the region of 𝛽 ≈ 0.2-0.4 in the case of lower temperatures and ∆/𝑘𝐵𝑇 relevant for our 

studies. Gap peak broadening has been theoretically considered to reduce the surface 

resistance at higher temperatures [15, 29, 156, 157]. Gap peak broadening can result from 

a variety of mechanisms like inelastic electron-phonon scattering, strong Coulomb 

interactions, Fermi surface anisotropy, local inhomogeneities in the pairing constant, 
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impurity scattering, and pairbreaking magnetic impurities, current pair-breaking, magnetic 

field pair-breaking and nanostructuring [15, 29, 157, 158]. See reference [15] and 

references within to review many of these mechanisms. In this case, the contribution of the 

surface resistance from the sub-gap states in the normal layer are outweighed by the 

contribution deeper into the superconductor [29]. 

3.5 Tunneling Experiments on SRF Grade Cavities 

Low temperature scanning tunneling microscopy/spectroscopy measurements were 

performed between T = 1.0-1.7 K, using a Unisoku UHV STM system equipped with a 9 

T superconducting magnet and a base pressure of 4 × 10−11 Torr. All samples were 

transferred to the STM at low temperature. Pt-Ir tips were used in all experiments and for 

the backsputtered sample measurements those were prepared on a Au (111) crystal. As 

mentioned in chapter 2, the tunneling current between tip and sample is proportional to the 

convolution of the density of states in the tip and sample weighted by the fraction of 

electrons available for tunneling [94] 

 𝐼 ∝ ∫[𝑓(𝐸𝐹 − 𝑒𝑉 + 𝜖) − 𝑓(𝐸𝐹 + 𝜖)]𝑁𝑆(𝐸𝐹 + 𝜖)𝑁𝑇(𝐸𝐹 + 𝜖 − 𝑒𝑉)𝑑𝜖  (3.5) 

and the tunneling conductance (dI/dV vs V) between a normal tip and a sample is 

proportional to the local electronic density of states of the sample.  

 𝑑𝐼

𝑑𝑉
∝ ∫−

𝜕𝑓(𝐸𝐹 − 𝑒𝑉 + 𝜖)

𝜕𝑉
𝑁𝑆(𝐸𝐹 + 𝜖)𝑑𝜖 

(3.6) 

This is our main equation that allows us to make a quantitative comparison of our 

experimental data with theory to extract 𝛼, 𝛽, ∆, 𝛤 and parameters related to the tunneling 

barrier. Because the top layer of Nb is dominated by several nanometers of insulating oxide 

it is not possible to tunnel on the native surface. To obtain a tunneling current, it is 
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necessary to bypass the insulating oxide by some method to reach the normal layer and 

superconductor. We have measured the tunneling conductance in two ways. One method 

is to penetrate the oxide with the tip. The other method is to Ar ion sputter the oxide away. 

Both methods are illustrated in figures 3.8 and 3.9. In all cases the tunneling conductance 

was fit by using either the BCS-Dynes formula or the theory of the proximity effect by 

Gurevich and Kubo [29].  

3.5.1 Tunneling Spectra on SRF Cold Spot Cutouts by Penetrating the Native Oxide 

To penetrate the surface’s oxide, we used the tip coarse approach to step the Pt-Ir 

tip into the surface and retract until a stable junction was produced for electron tunneling. 

This procedure is shown schematically in figure 3.8(a). The conductance curves have been 

normalized to a 2nd order polynomial and then fit by using the BCS-Dynes density of states. 

Not all conductance spectra were able to be adequately fit using this theory because it lacks 

additional mechanisms for scattering. Representative spectra can be found in figure 3.8 (b) 

and (c) and the extracted quantities using the BCS-Dynes model can be found in Fig. 3.8(d) 

and (e). The spectra that could not be fit were discriminated by type. Specifically, the 

spectra were categorized by being either adequately fit by the proximity model, 

superconductor-insulator-superconductor (SIS) junction, gapless, normal metal, and in gap 

states that were not explainable by the model. The number of SIS spectra found on the 

typically prepared samples were significantly greater meaning that it was more likely to 

pick up Nb on the end of the tip upon penetrating the oxide. It was also found that the 

number of normal metal tunneling conductance curves is higher for that of the typically 

prepared Nb. No normal spectra were observed on the N doped samples. It is found that 
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Figure 3.8 Procedure of measurement and results from penetrating the oxide. (a) Schematic of penetrating 

procedure on native surface. (b)-(c), typical BCS-Dynes fit for Nb and N doped Nb respectively. (d)-

(e)Histogram comparison of BCS-Dynes fit parameters 𝛥 and 𝛤/𝛥 respectively. All parameters were 

extracted by fitting the model described in the text to the tunneling conductance. For typically prepared 

samples N=14(red) and for nitrogen doped samples N=37(blue) Spectra taken m away from each other. For 

all spectra Iset=100pA Vset=10mV Vmod=200 V f=373.1Hz T=1.3-1.5 K. 

 

the pair potential and parabolic background term is more spread out for the typically 

prepared samples indicating a weakened barrier perhaps due to more metallic oxides. In 

figure 3.8 it shows that the native surfaces have a large spread of Δ values down to very 

low gap values on both typically prepared Nb and N doped surfaces, but particularly poor 

values on the typically prepared sample. These low Δ values indicate strong spatial 

inhomogeneities in superconducting properties resulting from patches of thick normal 

metal. From this data it appears that N doping reduces the spread of Δ making properties 

more uniform which is consistent with the tunneling measurements on titanium-doped Nb 

cavities exhibiting the extended 𝑄(𝐻0) rise [159].  

3.5.2 Tunneling Spectra on SRF Cold Spot Cutouts Cleaned by Ar Ion Sputtering 

A second method used to eliminate the top insulating layer of the sample was Ar 

sputtering. Using this technique, the sputter depth was estimated at 15 nm by atomic force 
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microscopy as shown in figure 3.9. This allows an examination of the subsurface Nb also 

important for SRF applications. Ar ion sputter cleaning of the surface removed the 

insulating Nb2O5 layer and allows clean surfaces that can be studied by scanning tunneling 

microscopy and spectroscopy and more importantly the possibility to use the full capability 

of scanning the tip over the surface. Scanning allows to acquire a much higher amount of 

spectroscopic data over length scales where properties related to superconductivity and the 

normal layer can vary. The tunneling conductance were acquired between -10mV and 

10mV with a spacing of 32.6 nm in 12 x 12 pixel or 24 x 24 pixel grids. The spectra were 

fit to the normal layer surface density of states and the distribution of parameters can be 

found in figure 3.10. It is clear that ∆0 is reduced in the N doped samples, but its width is 

relatively small. Γ, related to the quasiparticle lifetime is larger in the typically prepared 

samples. Γ/∆0 is reduced in the N doped samples which leads to less in-gap states which  

Figure 3.9 Determination of STM system’s Ar ion sputter rate by AFM. (a) Optical image of the 120 min Ar 

ion backsputtered Nb sample. Ar ion sputtering was performed at 1 keV, 2 A beam current Nb sample that 

was masked with Ta to measure the rate. (b) AFM height map showing the effect of sputtering. The image is 

70 m x 70 m. The blue box indicated the area over which the step has been averaged to obtain the step 

profile in (c). (c) Step profile of this side of the mask. The measured rate of sputtering is ~0.27 nm/min. 
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Figure 3.10 Procedure of measurement and results from Ar ion sputtering the sample for the typically 

prepared and N doped cold spots. (a) Schematic of scanning tunneling spectroscopy on Ar ion backsputtered 

surface. Topography used to generate normal layer in cartoon is 156 nm x 156 nm and Iset=60pA Vset=100mV 

(b) typical Gurevich-Kubo fit for typically prepared Nb. (c) typical Gurevich-Kubo fit for typically N doped 

Nb. (d)-(f) Histogram comparison of Gurevich-Kubo fit parameters 𝛥0, 𝛤/𝛥, and 𝛼 respectively. (g)-(i) 

Histogram comparison of Gurevich-Kubo fit parameters 𝛽, A and B respectively. All parameters were 

extracted by fitting the model described in the text to the tunneling conductance. For typically prepared 

samples N=1440(red) and for nitrogen doped samples N=576(blue) Spectra taken 32.6nm away from each 

other. Iset=60pA Vset=10mV Vmod=200 V f=373.1Hz T=1.0-1.7K 

 

can help to suppress 𝑅𝑟𝑒𝑠[15, 132]. The interface resistance parameter,  𝛽, which is 

intimately related to the surface resistance is found to be approximately optimized with 

values mostly spread between 0.3 and 0.4, eliminating low and high 𝛽 values improve the  
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Figure 3.11 Gurevich-Kubo proximity effect parameter maps. (a)-(c) Local parameter maps (24 x 24 pixels) 

of, 𝛥0, 𝛼, and 𝛽 respectively. All parameters were extracted by fitting the model described in the text to the 

tunneling conductance. Spectra were taken 32.6nm away from each other. Stabilization conditions were Iset 

= 60 pA Vset = 10 mV Vmod= 200 V f=373.1 Hz T = 1.0 - 1.7 K. Some features evolve on the scales of 

hundreds of nm, but for the typically prepared sample these superconducting properties vary much more 

spatially. 

 

surface resistance towards the theoretical maximum for pure Nb and in some cases even 

reduce the surface resistance below the theoretical maximum [29]. The parameter A, the 

coefficient of the parabolic background term in the tunneling conductance is a qualitative 

measure of the work function [160]. We find that this value is nonzero in the typically 
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prepared samples. This indicates a weakened tunneling barrier that compared to the N 

doped samples. These results support the conclusions of the XPS measurements that the 

surface layer is more oxidized in the N doped samples since increasingly metallic Nb 

oxides have lower work functions [161]. Finally, 𝛼, the effective normal layer thickness, 

is on average larger and more spread which is detrimental for SRF cavity surface resistance. 

These extracted quantities can be plotted spatially as seen in figure 3.11. For the typically 

prepared Nb, the variation in these parameters occurs on a small scale of tens of 

nanometers. Despite the N doped cold spot having a reduced gap, we find that ∆0 and 𝛽 

vary significantly less spatially. Significant variations were only observed over the length 

scale of ~200nm. Maps like these helps set the scale at which variations in superconducting 

properties should be investigated. 

3.5.3 Vortices Examined by STM on Ar Ion Sputtered Samples 

 Vortices were visualized by measuring the tunneling conductance variations at the 

Fermi level as a function of location as described in chapter 2. Scanning was performed at 

10mV and for each pixel, with the feedback disconnected the voltage was ramped to V = 

0 mV and the conductance was measured using the standard lock in amplifier technique. 

Vortices were imaged as shown in figure 3.12 at different applied magnetic fields 

perpendicular to the sample surface. Areas of higher tunneling conductance at the Fermi 

level represent the location of vortices. A triangular vortex lattice has been observed for 

both types of samples with their inter-vortex spacing in agreement with the theoretical 

prediction for a BCS superconductor [162]. The Ginzburg-Landau coherence length, 𝜉, was 

measured by azimuthally averaging the zero-bias conductance around vortex centers on the 

conductance maps. The azimuthally averaged conductance was then fit to an exponential  
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Figure 3.12 STM vortex analysis of Nb typically prepared and N doped cold spot parameters. (a) and (b) 

Normalized zero bias conductance, 𝐺/𝐺0 image at H = 0.1 T and H = 0.15 T showing vortices for typically 

prepared Nb and N doped Nb at T = 1.5 K. The scan area is 745.6 nm x 745.6 nm and the magnetic field was 

applied normal to the surface. (c) and (d) Single vortex at the same temperature and same field. The scan area 

is 134.30 nm x 134.3 nm for both typically prepared Nb and N doped Nb.  The tip was stabilized at V = 10 

mV and I = 60 pA. A bias modulation amplitude Vmod = 0.20 mV was used. (e) and (f) The tunneling spectra 

(dI/dV) acquired along the red dashed lines shown in (c) and (d). Tunneling conditions are V = 10 mV, I = 

60 pA, and the lock-in modulation Vmod = 0.20 mV was used. (g) and (h) Evolution of normalized zero bias 

conductance as a function of position from the vortex core of the map of figure (a) and (b). The zero bias 

conductance around each vortex core is azimuthally averaged for each vortex except ones close to the edges, 

then fit to the exponential function. The coherence length, , measured is 26.9  1.8 nm for typically prepared 

Nb and 20.4  1.9 nm for N doped Nb. 

 

decay function, 𝑔 = 𝑔0 + 𝐹𝑒𝑥𝑝(−𝑟/𝜉), for all the vortices in the maps neglecting ones on 

edges. 𝑔0is the conductance far from the vortex core, 𝐹 is a scaling factor, and 𝑟 is the 

distance from the vortex core. For the typically prepared sample we find a coherence length 

of 26.9 ± 1.8 nm. For N doped samples, the exponential fit as shown in Fig. 3.11(h) leads 

to a coherence length of 20.4 ± 1.9 nm. The coherence length in N doped Nb is less than 

that of typically prepared Nb likely due to the cleanliness of the surface. Using the 

Ginzburg-Landau expression 𝐻𝑐2 = Φ0/2𝜋𝜉
2  to calculate upper critical field, we find that 

Hc2 = 0.46 Tesla for typically prepared Nb and 𝐻𝑐2 = 0.79 Tesla for N doped Nb using the 

averaged coherence length values. This is consistent with Hc2 extracted by measuring the 

tunneling conductance as a function of the applied magnetic field at locations far away  
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Figure 3.13 Determination of Hc2 from zero-bias conductance vs H. The upper critical field is approximated 

as the intersection of the normal state and slope of the zero bias conductance increase. The inset shows dI/dV 

spectra acquired at 1.5 K at different fields. Tunneling set up conditions V = 10 mV, I = 60 pA and Vmod = 

0.2 mV. 

 

from vortices as shown in figure 3.13. Hc2 was estimated as the intersection of the high 

field slope and the normal zero-bias conductance value of 1. 

Figure 3.12(e) and (f) show an absence of the Caroli-de Gennes-Matricon bound 

states [112, 113]. These bound states arise from Andreev reflection processes between the 

normal metal-like vortex core and the surrounding superconductor, dirty limit 

superconductors wash out these features since the mean free path is less than the coherence 

length [121]. In the dirty limit the coherence length is dependent on the mean free path 𝜉 ≅

(𝑙𝜉0)
1

2 From this relationship we can estimate the mean free path as 10 nm for the N doped 

sample and 18 nm for the typically prepared samples with the assumption that pure Nb’s 

coherence length is 38 nm. This puts both samples near the ideal range for the electron 

mean free path[154]. 
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3.5.4 Tunneling Spectra on SRF N Doped Hot Spot Cutouts Cleaned by Ar ion 

sputtering 

The tunneling spectra on a Nb hot spot was performed in the same way the previous 

Ar ion sputtered samples were. As the name implies, in “hot spots” one might expect some 

additional scattering mechanisms or defective oxides to suppress superconductivity. 

Indeed, such a scenario is shown in figure 3.14 in the histograms of parameters for the hot  

Figure 3.14 Comparison of the N doped hot spot and cold spot Gurevich-Kubo parameters from the Ar ion 

cleaned surface. (a-f) Histogram comparison for N doped cold and hot spots of Gurevich-Kubo fit parameters 

𝛥0, 𝛤/𝛥0, 𝛼, 𝛽, A and B respectively. For N doped cold spots N=576 (blue) and for N doped hot spots N=720 

(green) Spectra taken 32.6nm away from each other. Iset=60pA Vset=10mV Vmod=200 V f=373.1Hz T=1.0-

1.7K. 
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spots. As compared with the N doped cold spot, the value of Δ0 is significantly less in the 

hot spot around the peak probability, but with a much larger probability to exhibit low Δ0 

values. Nb hot spots exhibit a much larger relative Dynes broadening parameter Γ/Δ0. 

Again, as described before, 𝛼 which is directly proportional to the thickness of the normal 

layer does not have a clear interpretation after sputtering the sample’s surface, but the 

normal layer thickness may be more largely distributed in the hot spot. 𝛽 shows weight 

away from the more ideal value of ~0.2-0.4 and more spread out. B, the linear background 

fit term is nearly identical. The parabolic term, A, in the background of the tunneling 

conductance is approximately the same in each sample which according to the Brinkman 

model [160] should suggest that the average work function between tip and sample is not 

significantly different among the two samples. 

As seen in figure 3.15, vortices were mapped at 1.5 K and 0.15 T. They were to the 

exponential function for the zero bias conductance and found to have a coherence length  

Figure 3.15 STM vortex map of N doped Nb hot spot. Zero bias conductance image at 1.5K and 0.15 T 

showing vortices for a N doped Nb hot spot cutout. The scan area is 388 nm x 388 nm and the magnetic field 

was applied along perpendicular axis. Azimuthally averaging the normalized zero bias conductance vs 

distance from the center of the vortex from the map yielded 𝜉(0.1 𝑇) = 21  2 nm. 
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of 21  2 nm, consistent with the value of 20.4 nm found in the N doped cold spot. A 

coherence length that is relatively unmodified means that the addition of the scattering 

mechanisms found from the increase in Γ, at most, weakly affected the mean free path and 

in turn weakly affected the coherence length. 

3.6 Conclusions 

We showed that the improved surface resistance in N doped cavities is due to an 

improved surface oxide layer of Nb. The XPS results show that a more oxidized surface is 

present as confirmed by the increase in 𝛽 resulting probably from an increase in contact 

resistance as well as the qualitative tunneling conductance background. Improving 𝛽 and 

decreaseing the spread in towards its ideal value would help push Q towards or beyond its 

theoretical maximum for a perfect surface. N doped samples were found to have a reduced 

coherence length, likely due to the cleanliness of the sample. We also reported some of the 

highest values of the gap in SRF grade Nb, in agreement with another tunneling 

spectroscopy experiment recently published on arXiv [163]. Our tunneling spectroscopy 

measurments show a method for determining optimized 𝛽, Γ and ∆ parameters which could 

be crucial in qualifying new recipes for SRF cavity production. In addition, using the 

average values of 𝛼, N doping may have reduced the normal layer thickness from ≈2-3 nm 

in the typically prepared sample to ≈1.2 nm in the N doped sample. This reduction in 

normal layer thickness would be beneficial for surface resistance. 

For our measurements on the N doped hot spot, we found evidence of a degraded 

surface oxide layer. The XPS results showed that the hot spot did not retain the a higher 

Nb oxidation state into the surface which may contribute to the change in 𝛽 found in the 
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STM measurements. The tunneling spectroscopy measurments showed that in the hot spot 

sample, less optimized 𝛽 occurred with a thicker normal layer. ∆ showed a wider 

distribution with a low ∆ tail. The inherent pair breaking strength, Γ/Δ0, was larger in the 

N doped sample. No significant difference was observed in the coherence length between 

the cold and hot spot. These experimental methods could be crucial in helping to qualifying 

new recipes for SRF cavity production. 
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CHAPTER 4  

ELECTRON TUNNELING INVESTIGATION INTO MGB2 FOR SRF 

APPLICATIONS 

This chapter introduces the properties of MgB2 in section 4.1 and those that make 

it particularly attractive for SRF applications in section 4.1 and 4.2. Section 4.3 will discuss 

what progress has been made in terms of understanding the limitations and open questions 

about this material. What can be further investigated with tunneling experiments is also 

presented here. Finally, in section 4.4 we discuss the models of the density of states for 

MgB2 and our results on in plane current and planar junctions in the presence of a parallel 

magnetic field. 

4.1 Introduction to MgB2: Material Properties 

Several detailed reviews on MgB2’s superconductivity exist [164-166], but only an 

overview of MgB2’s basic properties and those useful for SRF applications will be given 

here. MgB2 is a metallic compound of P6/mmm space group symmetry with lattice 

constants a = 0.3086 nm c = 0.3524 nm as shown in figure 4.1 [51]. Although MgB2 had 

been synthesized well before the discovery of its superconductivity [167], it was not until 

2001 when the group of Akimitsu demonstrated MgB2’s Meissner effect and vanishing DC 

resistance at a 𝑇𝑐 of 39 K [4]. Soon after the discovery of its superconductivity, the two-

gap nature of MgB2 was revealed by STM[52, 168], point-contact spectroscopy[55, 169], 

specific heat measurements[170, 171], and Raman spectroscopy[172].  
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Figure 4.1 Crystal structure of MgB2. The crystal structure of MgB2 consists of layers of graphite-type B 

sandwiched between close-packed hexagon Mg layers, the P6/mmm space group, reproduced with permission 

from [164]. 

 

First principle calculations [173-175] showed that the Fermi surface consists of 2D 

cylindrical sheets, as shown in figure 4.2 as the green and blue cylinders, which arise from 

the bonding px,y orbitals which makes up the σ band. The 3D red and blue tubular network 

comes from the π-bonding and antibonding pz orbitals which makes up the π band. In this 

theoretical framework two different energy gaps exist, the smaller one ∆𝜋≈2.2 meV) being 

a gap associated with the 3D bands and the larger one (∆𝜎≈7.2 meV) associated with the 

2D bands. MgB2 represents the first clear observation of two-band superconductivity since 

the concept was first investigated theoretically by Suhl [176]. 

For MgB2, these two bands are weakly coupled to each other by interband impurity 

scattering due to the orthogonality of the orbitals [177-183]. Weak as the interband 

scattering is, without it two gaps would close at independent thermodynamic critical 

temperatures. This small interband coupling allows superconductivity to exist in the 

smaller band up to the thermodynamic critical temperature of the larger gap [176, 184]. 
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Figure 4.2 The Fermi surface of MgB2. Reproduced with permission from [173]. Green and blue cylinders 

come from the bonding px,y which makes up the σ band. The red and blue tubular network comes from the 

antibonding and bonding pz bands which makes up the π band. 

 

Evidence of two-band superconductivity in MgB2 is most clearly seen by electron 

tunneling experiments which at low temperatures directly probes the density of states of 

the material of interest. Initially MgB2 was found to have a large spread of gap values 

which could have been attributed to a normal metal layer on the surface [53, 185, 186]. 

Evidence for two-band superconductivity came primarily from electron tunneling 

experiments which directly probe the density of states. The first traces of two-band 

superconductivity came from scanning tunneling microscopy and point contact 

experiments [55, 168, 169]. In 2002 Iavarone et al [52] by exploiting tunneling into 

different crystallographic orientations of MgB2 and pointing out that the tunneling current’s 

contribution of quasiparticles is exponentially suppressed by in-plane momentum [187], 

clearly highlighted the two-gap peaks tunneling features shown in figure 4.3 

The existence of the isotope effect [188, 189] clearly showed that superconductivity 

in MgB2 is phonon mediated which makes it the highest temperature superconductor  
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Figure 4.3 Direct evidence for the two-band nature of superconductivity in MgB2 by STM. Reproduced with 

permission from [52]. 150 nm x 150 nm topography of an MgB2 sample with grain boundaries. The image 

was acquired in the constant current mode V = -20 mV, I = 100 pA. The differential conductance and the I-

V characteristics on each grain, 1 and 2, are shown on the right. 

 

among the “conventional type" superconductors and nearly doubled the long-standing 

record of 23 K in Nb3Ge [165]. What makes MgB2 stand out so much is its unique isotope 

effect where the contribution of B isotope substitution’s effect is great compared to the 

substitution of Mg as shown in figure 4.4 from [188, 189] Again, looking back at the 

theoretical analysis of the band structure of MgB2, this is because the B bond stretching 

modes dominate the electron-phonon coupling which drives superconductivity in the σ-

band [174]. 

MgB2’s behavior in magnetic field is particularly unique due to its two-band 

superconductivity. The BCS paramagnetic limit specifies the theoretical limit of Hc2 that 

conventional superconductors can reach. In MgB2 this has been estimated as ~65T, but 

because of its two-gap nature this is thought to be able to be tuned to as high as 130T by 

modifying the interband scattering [166, 180]. The pair potential is altered significantly by  
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Figure 4.4 The isotope effect in MgB2. Reproduced with permission from [188, 189]. Magnetization vs T 

for various isotope substitutions. The isotope effect is most prominent due to B isotopes whereas Mg’s isotope 

effect is weak. This gives evidence that superconductivity is mostly driven by the B contribution. 

 

the diffusivity of each band. When the interband scattering is low, the small gap tends to 

decrease to fill states around the Fermi energy, but when the interband scattering is high, 

the small gap can maintain a well gapped state. By modifying the band diffusivities [179] 

as shown in figure 4.5, the magnitude of the small gap can be preserved with increasing 

field, resulting in fewer states filling near the Fermi energy and in return producing a lower 

residual resistance.  

The two-gap nature of the superconductivity in MgB2 has brought the scientific 

community to focus on new effects of multicomponent order parameters with internal 

degrees of freedom[190-192], but also raised important questions related to the 

applications of this material. 
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Figure 4.5 The effect of perpendicular magnetic field on a two-band superconductor. Reproduced with 

permission from [179]. Field dependencies of the max pair potentials and spatially averaged density of states 

for D1 = 0.2 D2 and D1 = D2. 

4.2 Possible Benefits and Limitations of MgB2 for SRF Applications 

MgB2 has an appealingly high transition temperature which is more than 4 times 

larger than Nb and a low residual resistivity [193, 194]. These properties would allow 

MgB2 cavities to operate at higher temperatures while maintaining surface resistances 

better than Nb. Operation at higher temperatures translates into reduced cryogenic 

expenses. MgB2’s thermodynamic critical field nearly twice that of Nb which may allow it 

to exhibit superheating fields higher than in Nb thereby increasing the theoretical 

maximum accelerating gradient to ~200MV/m [170, 195-197]. These are the factors that 

will most directly improve and facilitate high energy physics research of the future. The 

advantage of higher operating temperatures opens the possibility of cryogen-less 

cryomodules which would eliminate the need for costly helium liquefiers and associated 

infrastructure [198-201]. A schematic for a cryogen-less cryocooler cooled MgB2 cavity is 

shown in figure 4.6 from [202]. This design could find itself incredibly important for a 

wide variety of industrial, medical and fundamental research applications [200]. Such a 

simplified design could be used to facilitate and expand the industries that utilize  
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Figure 4.6 Proposed schematic for a cryogen-less cryocooler cooled MgB2 cavity. Reproduced with 

permission from [202]. Example of a proposed thermal management scheme where the cryocooler is 

connected to a copper bus bar that is in direct contact with the cavity. 

 

accelerators to produce goods and services worth well beyond the value of $500 billion 

quoted in 2010 [203]. 

The new materials must satisfy the constraints laid out in chapter 1: an s-wave 

superconductor with low surface resistance, high superheating field, high thermal 

conductivity, minimal degradation of superconducting properties from 

nonsuperconducting phases or nonstoichiometry, and grain boundaries that are transparent 

to high RF screening currents. MgB2 is a promising candidate because it  

satisfies many of these requirements. 

 MgB2 is well known to degrade when exposed to ambient conditions and water 

[204-207]. Such degradation results in widening of the transition temperature as shown in 

figure 4.7. This broadening of the superconducting transition temperature is a clear 

indication of degraded superconducting properties, a violation of one of the requirements 

core requirements of an SRF cavity material as laid out in chapter 1. A work around for  
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Figure 4.7 Degradation of MgB2 due to water. Reproduced with permission from [204]. R-T curves for as-

prepared and water exposed MgB2 films on Al2O3. Resistance data was normalized at 40 K. All samples 

show the onset of superconductivity at MgB2’s pristine value of ~39 K, but have a broadened transition 

temperature depending on the level of degradation. 

 

such a sensitive MgB2 surface could be dealt with by capping with an insulator as proven 

successful for Nb [208] or by exploiting a similar effect of utilizing a thin normal metal 

layer to optimize the density of states as shown in chapter 3 while also protecting the 

surface. 

As discussed in chapter 1, not all superconductors are well suited for SRF 

applications. The ultimate performance is governed by the dissipation due to the RF field 

alone which by the Fermi’s golden rule is 

𝑅𝑠 ∝ 𝜔∫𝑑𝜀 [𝑓(|𝜀|) − 𝑓(|𝜀 + ℏ𝜔|)]𝑁(|𝜀|)𝑁(|𝜀 + ℎ𝜔|)∫𝑑𝒒𝑑𝒑𝑖𝑑𝒑𝑓|𝑀|
2 

(4.1) 

where 𝒒 is the exchanged photon momentum, 𝒑𝑖and 𝒑𝑓are the initial and final momenta 

of the quasiparticles, and |𝑀| is a constant matrix element [209]. Equation 4.1 shows that 

the dissipation is due to the adsorption of a photon by thermally activated quasiparticles 

weighted by the number of states available for the transition. MgB2 critical temperature is 
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quite large, but this does not directly which correspond to a superior surface resistance. For 

MgB2, ∆𝜋= 2.3 meV and ∆𝜎= 7.1 meV which corresponds approximately to the minimum 

energy required to break Cooper pairs for each band. Since MgB2 has two-bands and one 

is substantially smaller than the other, this will become the main limiting factor for SRF 

applications and should be increased to improve performance [50]. A competing material, 

Nb3Sn, has ∆= 3.4 meV [71] that is larger than the ∆𝜋 but cannot benefit from interband 

scattering which tends to preserve and enhance the small gap. Given enough modification 

to the density of states via interband scattering, MgB2 might be able to outperform Nb3Sn 

by enhancing the small gap. Theoretically it has been suggested that increasing interband 

scattering would merge the two gaps towards an intermediate value [58, 59]. This could be 

done by doping MgB2 with C, Al, Na, and Li which would induce distortions in the lattice 

or by inducing distortions by different growth methods, sample substrates or by high 

energy particle irradiation [60, 61]. Previous results [62-68] showed conflicting findings 

on gap merging, presumably due to weak intraband scattering. However, these samples 

were very different from each other. Now with better control on the growth of MgB2 more 

systematic studies can be performed. 

As the physics of nonequilibrium superconductivity come into prominence for SRF 

applications, the limitations of MgB2’s 𝜋-band come into question. How does the effect of 

current affect the density of states? Is superconductivity in the 𝜋-band preferentially 

destroyed in field? Does interband scattering ameliorate these issues? 

4.3 What Can Be Learned from Tunneling Experiments on MgB2? 

A model for the density of states for MgB2 follows the theoretical treatment of a 

two-band superconductor first described by Suhl [176] and then expanded upon by Sung 
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[184]. In this model the density of states is calculated by solving equation (4.2) and 

equation (4.3) self-consistently 

 
𝑢1∆1= 𝜀 + 𝑖Γ +

𝑖Γ12(𝑢2 − 𝑢1)

√𝑢2
2 − 1

 
(4.2) 

 
𝑢2∆2= 𝜀 + 𝑖Γ +

𝑖Γ21(𝑢1 − 𝑢2)

√𝑢1
2 − 1

 
(4.3) 

to determine 𝑢1 and 𝑢2 are normalized quasiparticle energies, 𝜀𝑗/∆𝑗, Γ is the intraband 

scattering amplitude and Γ𝑗𝑘are the interband scattering amplitudes which satisfy Γ12/Γ21 =

𝑁2(0)/𝑁1(0) [52, 176]. From these the density of states of each band is calculated from  

 

𝑁𝑗(𝜀) = 𝑁𝑗(0)Re

(

 
𝑢𝑗

√𝑢𝑗
2 − 1

)

   

(4.4) 

and a linear combination of each band is used for the total density of states 

 𝑁𝑡𝑜𝑡(𝜀) =  𝛼𝑁1(𝜀) + 𝛽𝑁2(𝜀) (4.5) 

where 𝛼 and 𝛽 specify the weight of each band and 𝛼 + 𝛽 = 1. In this model, the effect of 

increasing interband scattering is to link the two gaps by increasing the gap of the smaller 

band. This type of strengthening causes superconductivity to vanish in both bands at the 

same Tc and Hc2. This can be seen easily in the case of one band with zero gap which when 

the interband scattering is absent. First considering the case of interband scattering, as 

shown in figure 4.8 (a). Here the two-band superconductor starts with a small pair potential 

of 0 meV that appears like a normal metal density of states with no interband scattering. 

Then with increasing interband scattering, a gap starts to open in the band with no pair 

potential which becomes stronger with increasing interband scattering as shown in figure  
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Figure 4.8 The effect of intraband and interband scattering on the density of states in a two-band 

superconductor. (a) The effect of increasing interband scattering for ∆1= 0 meV, ∆2= 6.5 meV, 𝛤 =0.01 

meV, 𝛤12 = 0,0.2,0.4,0.6,0.8,1.0 meV and 𝛤21 = 0.73𝛤12. (b) Effect of increasing intraband scattering ∆1= 0 

meV, ∆2= 6.5 meV, 𝛤 =0.0,0.2,0.4,0.6,0.8,1.0 meV, 𝛤12 =0.4 meV and 𝛤21 = 0.73𝛤12. 

 

4.8(a). In this model, the effect of intraband scattering is to add states into the gap and 

broaden the peaks as shown in figure 4.8 (b).  

Band weighting parameters 𝛼 and 𝛽, were mentioned briefly when describing the 

model. Because the tunneling current is exponentially suppressed with in-plane momentum 

as previously mentioned in section 1, the differential conductance will pick up 

contributions from each band differently depending on the crystallographic face exposed 

to the STM tip. C-axis films have been studied using electron tunneling by several authors 

[52, 210, 211] and have found that the c-axis films sample heavily from the π-band where 

the weight is between 0.9 and 1. This poses some problems for extracting parameters from 

fits as the features from the σ-band are not as well defined in c-axis films. This small 

detection of the σ-band puts significant error in determining parameters related to that band. 

This problem can be dealt with by growing off-c-axis films substrates like MgO (211) 

which can increase the detection of the c-axis to ~12% of the tunneling contribution [212-

214]. 
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Figure 4.9 Normalized conductance spectrum of an MgB2 film at low temperature. H = 0 T, Vset= 20 mV. 

Iset = 100 pA and normalized conductance spectrum for H = 0.15 T. Vset = 10 mV, Iset = 60 pA. For both 

spectra T = 1.5 K, Vmod = 200 V and f = 373.1 Hz. 

 

Scanning tunneling microscopy measurements were performed on MgB2 thin films 

during this thesis. We find at low temperature that the conductance spectrum is fully 

gapped, but upon the application of a c-axis magnetic field the small gap relatively rapidly 

increases contributing to in-gap states as shown in figure 4.9. Although the application of 

the magnetic field is not the same as in an SRF cavity, this should give the reader some 

insight into the need to study the small gap’s behavior in field. The more states in the gap, 

the worse the quality factor for SRF applications.  

Vortices were studied in these MgB2 films. Here we find an irregular looking lattice 

as shown in figure 4.10 (a) which is likely due to the surface topography or pinning centers. 

Our line profile in figure 4.10 (b) clearly shows that MgB2 is in the dirty limit from the 

absence of the Caroli-De Gennes-Matricon bound state, which are only observed in the 

clean limit. Analyzing the spatial decay of the zero-bias conductance away from the center 

of a vortex yields a coherence length of ~30nm at H = 0.15 T as shown in figure 4.10 (c). 

The value of the coherence length estimated here is less than that observed elsewhere by  
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Figure 4.10 Scanning tunneling microscopy measurements on MgB2. (a) Zero-bias conductance map H = 

0.15 T and 385 nm x 385 nm. (b) Line spectroscopy through the vortex as shown in (a). (c) Normalized zero-

bias conductance from the center of the vortex (black) and fit (red) to an exponential function yielding 𝜉~30 

nm. For all tunneling spectroscopy measurements T = 1.5 K, Vset = 10 mV, Iset = 60 pA, Vmod = 200 V and 

f = 373.1 Hz (unpublished data). 

 

STM [215], possibly because the contribution of the films studied here are more off-axis 

as can be seen from the contribution the σ-band from the tunneling spectra or that the π-

band is dirtier. 

4.4 Electron Tunneling Spectroscopy on Superconductors with In-plane Current 

One of the outstanding questions regarding surface resistance of two-gap 

superconductors is how the RF current pairbreaking influences the surface resistance. In 

the single gap case, current pairbreaking was shown [157] to bring about a minimum in the 

surface resistance by better optimizing the density of states by peak broadening [139, 216-

221]. By this point, it should come as no surprise to the reader that the minimum in the 

surface resistance is due to a competition of peak broadening which tends to minimize the 

surface resistance and a decrease in the gap which increases it. Such density of states 

optimization via pairbreaking currents has been in agreement with experiment [156, 222]. 

Since these RF currents can bring about a substantial influence on the surface resistance it 

is necessary to examine its influence in such a two-gap system. The properties that one 

would like to study in this is to what degree does the small gap survive with application of  
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Figure 4.11 Plot of the density of states of a superconductor subjected to current pairbreaking. Reproduced 

from [157] Normalized density of states showing the effect of a time dependent in-plane current in red and 

black calculated as described in [157]. The dashed line shows the BCS-Dynes density of states with 𝛤 =
0.02𝛥.  

 

field or current. In other words, how does this system’s larger gap influence the smaller 

gap’s behavior? 

SRF cavities are subject to strong oscillating in-plane currents during operation. In 

this regime, the surface resistance becomes strongly influenced by the effects of current 

pairbreaking and nonequilibrium superconductivity on the density of states. There are two 

ways to generate uniform in-plane currents into a superconductor: Apply a magnetic field 

parallel to the surface of a thin film of superconductor or directly apply current to the 

sample. Since our STM is not equipped with an in-plane magnet, the closest we can get to 

understanding this state is to examine only the effect of strong in-plane currents. Since 

tunneling experiments are not subject to oscillating currents as it would be during 

operation, we can only directly probe the effects of current pairbreaking rather than the 
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effect on nonequilibrium superconductivity. In-plane current should have the effect of 

broadening the gap peaks while reducing the gap [157, 218] as shown in figure 4.11 from 

[157]. 

4.4.1 STM on Pb with In-plane Current 

To examine the effect of in-plane current on superconductors, our STM has been 

modified to incorporate an in-plane current using a power supply. Here, a sample holder  

made up of three sections which are electrically isolated from each other by using a 

ceramic. Each section is connected to either the tunneling bias voltage or the current source 

as shown in figure 4.12 (a). The schematic of this configuration can be found in figure 4.12.  

We have tested our in-plane current system with a 200 nm Pb sample made ex-situ 

and was Ar ion sputter cleaned in-situ to remove the surface oxide before measuring with 

STM. Current was supplied to the sample while the differential conductance was measured. 

Mild heating did occur during the application of current, but the temperature never 

exceeded 2.3 K. The spectra obtained and used for fitting are presented in figure 4.13 (a), 

which show a strong decrease in gap with increasing current. The differential conductance 

curves were fit using the BCS-Dynes formula and with the parameters plotted in figure  

Figure 4.12 Schematic of the in-plane current set-up. (a) schematic of sample holder and sample. Each 

sample holder section electrically separated from each other to apply the tunneling bias and in-plane current. 

(b) Basic electronics schematic of our scanning tunneling microscope with in-plane current. 
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Figure 4.13 Tunneling spectra for in-plane current on Pb. (a) Normalized dI/dV as a function of in-plane 

current. (b) BCS-Dynes fit parameters for the in-plane current tunneling spectra (c) Typical fit using BCS-

Dynes, Iin-plane = 2.17 mA. For all spectra Iset = 60 pA, Vset = 10 mV, Vmod = 100 V, f = 373.1 Hz. 

 

4.13 (b). The trend in Δ is different from that of temperature dependence as Γ has been 

observed to increase, but for this experiment, almost no increase in Γ was observed as 

shown in figure 4.13 (b). The tunneling conductance fits of this data using the BCS-Dynes 

density of states were high quality like the fit shown in figure 4.13 (c).  

4.4.2 Electron Tunneling Spectroscopy on MgB2 with In-plane Current 

Our in-plane current scanning tunneling microscope experiment is rated for a 

approximately 10 mA of in-plane current. MgB2 has a very high depairing current of 

approximately 2 x 107
 A/cm2 [223]. Given the limit of current we can pass through the 

sample, if we want to study the effect of current it is necessary to reduce the dimensions of 

the sample to enhance the current density. The minimum sample thickness allowed to be 

approached on without any optics is about 0.3-0.4 mm. If we want to reach even 0.01𝑗𝑑 

the thickness would need to be reduced to 10 nm. This thickness is particularly bad for 

studying the effect of the limits of the Meissner state in MgB2 since thin films obey the 

following equation for 𝐻𝑐1 [224, 225], 
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𝐻𝑐1 =

2𝜙0
𝜋𝑑2

ln (
𝑑

1.07𝜉
) 

(4.6) 

where 𝑑 is the thickness of the film. For 𝑑 < 1.77𝜉, 𝐻𝑐1 quickly drops and vortices can 

more easily penetrate the sample. With application of current, vortices are generated and 

move causing significant heating. Another issue with thin films is if there are 

inhomogeneities in thickness, this will allow vortices to penetrate the system at lower 

fields. 

The high critical current density and limitations on our current source prevent this 

study in our scanning tunneling microscope. To allow a study on the effect of current on 

the density of states of MgB2 by scanning tunneling microscopy, samples of enhanced 𝐻𝑐1 

(~70 nm) should be prepared with a width of ~1m which with the same current of ~10 

mA would be able to achieve large current densities on the order of 𝑗𝑑. Future analysis of 

this data with a theory that incorporates in-plane current is planned. 

4.5 Planar Junctions in Parallel Magnetic Field 

To probe the effect of current pairbreaking in MgB2 we have considered planar 

junctions. As mentioned previously strong in-plane currents can be generated from the 

Meissner screening currents produced by applying a static magnetic field parallel to a thin 

film’s surface [66]. Planar junctions were fabricated from Pb-I-MgB2 thin films 100 nm 

thick grown by hybrid physical-chemical vapor deposition on SiC (0001) and MgO (211) 

for c-axis and tilted axis films respectively. 

Tunneling conductance spectra were obtained from Dr. Ke Chen of Temple 

University who took the data from zero field to 9 T at 1.8 K. These c-axis films showed 

that nearly all its contribution to the tunneling conductance came from the π-band where  
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Figure 4.14 Parallel magnetic field dependent dI/dV for MgB2 C-axis film (a) Normalized dI/dV as a function 

of magnetic field parallel to the surface of the thin film. (b) Representative spectrum and fit for this model at 

T=1.8 K and H = 0.3 T. (c),(d) Suhl model fit parameters for the gaps and intraband scattering respectively. 

The interband scattering for all fits were 𝛤12 = 0.23 meV and 𝛤12/ 𝛤21=0.73 and the weight of the 𝜋-band is 

𝛼 = 0.99. 

 

we used 𝛼 = 0.99. The magnetic field dependent tunneling conductance spectra are plotted 

in figure 4.14 (a). The tunneling conductance spectra were fit to the density of states 

described in section 4.3. The fits to this model were not ideal as the peak height and the 

finer details around the gap edge towards the Fermi energy are poorly fit as shown in figure 

4.14 (b). Peak height is poorly determined using this model because it ignores the effects 

of broadening due to the magnetic field, but it can give an estimate of the pair potential in 

each band. As figures 4.14 (c) shows, up to ~1T, well above 𝐻𝑐1 there is no appreciable 

change in Δ𝜋, but a linear increase in Γ which could quickly become detrimental for the 

surface resistance is observed as shown in 4.14 (d). Again, the small gap is relatively well 

preserved likely due to interband scattering. The determination of the gap, interband and 

intraband scattering in the σ-band is poorly determined because the tunneling conductance  
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Figure 4.15 Parallel magnetic field dependent dI/dV for MgB2 film on MgO (211) (a) Normalized dI/dV as 

a function of magnetic field parallel to the surface of the thin film. (b) Representative spectrum and fit for 

this model at T = 4.2 K and H = 0.3 T. (c),(d) Suhl model fit parameters for the gaps and intraband scattering 

respectively. The interband scattering for all fits were 𝛤12 = 0.06 meV and 𝛤12/ 𝛤21=0.73 and the weight of 

the 𝜋-band is 𝛼 = 0.87. 

 

samples so heavily from the π-band. The maximum magnetic field  for which meaningful 

conclusions about MgB2’s behavior in parallel field for SRF applications is ~𝐻𝑠ℎ which is 

~0.4 T [226]. 

To improve the determination of the σ-band parameters, data taken on MgB2 grown 

on MgO (211) by Chen was analyzed in the same framework. These films grown on MgO 

(211) exhibit an off-c-axis growth allowing for greater sensitivity to the σ-band where the 

weight increases from ~1% on c-axis films to ~10% on MgO (211) grown films [212]. 

Again, here the Sung model does not describe perfectly the density of states broadening as 

shown by the fit in figure 4.15 (b). The trend in the π-band’s pair potential shows similar 
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behavior where it is nearly constant up to ~1T as shown in figure 4.15 (c), but the intraband 

scattering increases quickly with field, likely detrimental to the surface resistance.  

We can say that up to ~1T the gap magnitude does not change very much as shown 

in figures 4.14 (c) and 4.15 (c), but the in-gap states, controlled by the intraband scattering 

term in figure 4.14 (d) and 4.15 (d) tend to increase relatively rapidly that results in the 

quick increase in the states around the zero bias conductance. With the analysis presented 

here, it should be said that the intraband scattering used here is phenomenological, we 

cannot distinguish between in-plane current pair-breaking and intrinsic pair-breaking in 

one and two-gap superconductors. Future plans are to examine the behavior of the gaps, 

intraband scattering, interband scattering, and field pairbreaking on optimal thickness 

MgB2 thin films in parallel field while taking higher resolution steps in 𝐻 from 0 mT to 

500 mT to understand the effect of uniform current using a theory that incorporates MgB2’s 

two-gap nature.  

4.6 Conclusions 

Application of in-plane current into superconductors modify the density of states 

dramatically. Finer analysis with a theory that is justified in the presence of magnetic field 

is required for a more quantitative analysis in both cases for Pb and MgB2. The theory to 

describe this phenomenon should be based on the Usadel equations in the case of thin films 

where 𝜉~𝑑, where 𝑑 is the thickness. Such an experiment will ensure that the order 

parameter is constant throughout the film. It should be performed below Hc1 to keep the 

order parameter constant throughout the film to make the theoretical considerations most 

straightforward and applicable for SRF applications. These measurements shown here are 

the steppingstones to these future experiments. We have shown the films can be grown and 
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the measurements can be made. Now, precise measurements must be made within the 

limitations of a theory for two-band superconductors in parallel magnetic field to make a 

quantitative understanding. This sort of analysis is vital in understanding the role of 

coupling between the two bands and ultimately understand the applications for which 

MgB2 is best suited.  
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CHAPTER 5  

CONCLUSIONS AND OUTLOOK 

Nb’s behavior for SRF applications can be greatly altered by the surface treatment 

that it undergoes where the oxide plays a significant role in determining the ultimate SRF 

performance. It’s been found that the N doping treatment has led to a more oxidized surface 

in agreement with XPS and electron tunneling measurements. After Ar ion sputtering Nb’s 

surface an improvement in the interface resistance was found which may more optimally 

tune the density of states for SRF performance. 

 The future of SRF cavity research looks to be incredibly exciting and innovative. 

With Nb approaching the theoretical limits of what is possible with an idealized surface, 

the community will be forced to explore new surface preparation methods and materials to 

meet the demands of future particle accelerators. Greater understanding of the underlying 

mechanisms for performance enhancement, guided by both experiment and theory, will 

prove fruitful for new materials. A few of the promising candidates for the SRF material 

of the future were outlined at the end of chapter 1. S-wave superconductors like Nb3Sn, 

some Fe-based superconductors and MgB2 are starting to be explored. While new materials 

are being examined, the other frontiers to explore are nanostructuring, surface engineering, 

and scattering methods to improve the superconducting properties for SRF applications 

[15, 29, 158, 227]. 

One such proposal is to introduce paramagnetic scattering which comes from the 

theoretical paper that chapter 3 drew heavily on [29].  Nb’s surface oxide may be able to 

benefit from paramagnetic impurities which have been shown to exist in detrimental forms 

previously [228]. A small amount of paramagnetic impurity scattering on the energy scale 

of ~0.01∆-0.02∆ also nonmonotonically affects the surface resistance which again comes 
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from a competition between the broadening of the gap peaks and a reduction of the gap. 

As the paramagnetic scattering increases the quasiparticle peaks broaden which in turn 

more appropriately modifies the density of states for an improved surface resistance. At 

some point, the gap becomes too small and the surface resistance starts to increase once 

more as seen in the figure 5.1. 

Studying the next generation of materials for possible SRF applications will also 

prove quite fruitful. As the discovery of new superconductors continues, two-band 

superconductivity appears to be more common than previously thought. Studying the role 

of interband coupling in MgB2 will serve, at least, as a good platform to study the 

interaction.  

Figure 5.1 Effect of spin-flip pair-breaking on the surface resistance. Reproduced with permission from [29]. 

Minimum in 𝑅𝑠 exists as a function of the spin-flip pair-breaking parameter 𝛤𝑝 calculated as described in [29] 

using ℏ𝜔 = 0.005∆ and 𝑘𝐵𝑇/∆ = 0.1,0.12,0.15. The inset shows the density of states calculated using 𝛤𝑝/∆ 

= 0.001,0.02,0.05. 
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