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Superconductors host vortices when exposed to a magnetic field exceeding their first critical
field B.;. Understanding the dynamics of vortices is crucial for optimizing the performance of
various applications of superconductors, including superconducting radio-frequency (SRF) cavities
and superconducting digital and quantum circuits. In this thesis, a near-field magnetic microwave
microscope is employed to locally stimulate superconductors with an intense rf magnetic field
and measure the local nonlinear microwave response. Under the microscope probe, two distinct
vortex-related phenomena are observed: the nucleation of tf vortices and the motion of pre-existing
trapped vortices. To interpret the measured response, toy models of superconductors with local
defects are introduced and analyzed using Time-Dependent Ginzburg-Landau (TDGL) simulations
of probe/sample interactions.

This dissertation is divided into two parts. The first part investigates the nucleation of
single/few rf vortices associated with surface defects by studying the third-harmonic response Ps¢

produced by the superconductor under intense stimulus at frequency f. Seven Nb/Cu films, grown



under different deposition conditions by collaborators at CERN, are measured. Their surface defect
properties related to rf vortex nucleation are compared. The second part explores the dynamics
of trapped vortices under oscillating magnetic fields by studying the second-harmonic response
Ps¢. A superconducting Nb film with an antidot flux pinning array is measured. The results
show that this measurement technique provides access to vortex dynamics at the micron scale,
including depinning events of a small number of trapped vortices and spatially-resolved pinning
properties. These findings contribute to a deeper understanding of microwave superconductivity
and vortex-induced nonlinearities, shedding light on the fundamental interactions between rf fields,
magnetic vortices, and defects in superconductors. Furthermore, they offer new insights into the

design and optimization of superconducting devices for microwave applications.
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Chapter 1: Introduction

1.1 Introduction to Vortices in Superconductors

1.1.1 Fundamental Properties of Superconductors

Superconductivity is a macroscopic quantum phenomenon characterized by the complete
disappearance of electrical resistance and the expulsion of magnetic elds (the Meissner effect)
when a material is cooled below its critical temperatdigl]. These remarkable properties arise
from the formation of Cooper pairs [2], bound pairs of electrons that collectively condense into a
macroscopic quantum state, leading to a dissipationless supercurrent.

A central concept in superconductivity is the order paramefex,y; z), which describes
the local density and phase coherence of the superconducting state. In the Ginzburg-Landau
(GL) theory [3], the magnitude of the order parameter provides a measure of the strength
of superconductivity at a given point. The characteristic length scale over which the order
parameter varies is known as the coherence lenil), which de nes the minimum size over
which superconductivity can spatially change. Another fundamental length scale is the London
penetration depth,(T), which characterizes how deeply an external magnetic eld can penetrate
into a superconductor before being screened by supercurrents. These two length scales,

play a crucial role in determining the response of a superconductor to external magnetic elds.



When a superconductor is subjected to an external magnetic eld, its behavior depends
on the ratio of to . This ratio, known as the Ginzburg-Landau parameter, = , classi es

superconductors into two types:

» Type-l superconductors € 1:p 2) exhibit a complete Meissner effect, expelling magnetic

elds up to a critical eld, B, beyond which the material transitions to a normal state.

» Type-Il superconductors ¢ 1:p 2) allow partial magnetic eld penetration beyond a rst

critical eld, B¢, where quantized ux lines known as vortices begin to form.

1.1.2 \ortex Structure and Vortex Penetration Field

A vortex consists of a normal-conducting core of radius, where superconductivity is
strongly suppressed, surrounded by circulating supercurrents that screen the applied eld over
a distance . The order parametgr j is signi cantly reduced in the vortex core, approaching
zero at its center, and recovers to its equilibrium value over a length scakch vortex carries a
single quantum of magnetic ux, o = h=2e, whereh is Planck’s constant anglis the elementary
charge. As the applied eld increases beyond a second critical Blgl,T), the vortex density
increases until superconductivity is entirely suppressed.

In an ideal, defect-free superconductor, vortices begin to penetrate at the rst critical eld
B.1(T). However, in the presence of surface defects, vortices can nucleate at elds low&-than
The eld at which vortices rst enter due to such imperfections is called the vortex penetration
eld Byorex (T), Which serves as a generalized form of the rst critical eld that accounts for local
defects. This eld depends on the nature of the defects, including their size, shape, and local

suppression of superconductivity.



1.2 Microwave Properties of Vortices

1.2.1 Microwave Superconductivity

Superconductors exhibit unique electromagnetic properties that make them highly advantageous
for microwave applications [4]. Unlike normal metals, which experience signi cant ohmic losses at
high frequencies, superconductors can exhibit ultra-low surface resistance in the microwave regime,
particularly at temperatures well below their critical temperature. This ability to sustain extremely
low surface resistance at microwave frequencies enables superconducting radio-frequency (SRF)
cavities used in particle accelerators with extraordinarily high quality fac@ysdften exceeding
10 [5].

The microwave regime typically refers to the frequency range from 300 MHz (0.3 GHz) to
300 GHz, corresponding to wavelengths between 1 meter and 1 millimeter. Within this range,
superconducting microwave devices operate in speci ¢ frequency windows depending on the
application. For example, SRF cavities used in particle accelerators typically operate at frequencies
between 0.5-4 GHz [5].

The electrodynamics of superconductors at microwave frequencies is governed by the
interplay of super uid screening currents, quasi-particle excitations, and nonlinear effects. The two-

uid model provides a phenomenological description, treating the superconductor as a combination
of a lossless super uid component and a dissipative normal- uid component. At suf ciently low
temperatures and frequencies below the superconducting energy ¢smeci cally, hf

2 ), microwave losses are exponentially suppressed due to the scarcity of thermally excited

guasi-particles. These properties underpin a wide range of microwave technologies, including



high-performance resonators, superconducting transmission lines, and Josephson-based quantum
circuits.
In this thesis, the terms “rf” and “microwave” are used interchangeably. The abbreviation

“rf” stands for radio-frequency.

1.2.2 Microwave Response of Vortices

In type-1l superconductors, the response to microwave elds becomes signi cantly more
complex due to the presence of vortices. Unlike the dissipationless super uid current, vortex
motion under microwave excitation introduces additional dissipation, since the core of a vortex is
normal-conducting.

The dynamics of vortices in microwave elds plays a central role in vortex-based dissipation
and nonlinear microwave response. At low amplitudes, vortices exhibit a linear response,
characterized by a viscous drag force proportional to their velocity. However, at high microwave
elds, the interaction between the rf current and vortices becomes highly nonlinear, leading to

phenomena such as harmonic generation, intermodulation distortion, etc.

1.3 Core Questions and Research Scope

In this thesis, we explore the following Core Questions:

» Core Question 1: What vortex-related phenomena can occur when a superconductor is

stimulated by an oscillating magnetic eld in the microwave regime (a few GHz)?

» Core Question 2: What information can be extracted from the resulting microwave response

of the superconductor?



To address these questions, we consider two distinct scenarios:

» Scenario 1:1f the amplitude of an oscillating magnetic eld exceeds the vortex penetration
eld of the superconductor, it nucleates rf vortices. This phenomenon is discussed in
Chapters 4 (simulations) and 5 (measurements), where we analyze the third-harmonic
responsels;) as a tool for studying rf vortex nucleation. This scenario is explored in

Ref. [6].

» Scenario 2:Pre-existing DC vortices are subjected to an oscillating magnetic eld. This
scenario is studied in Chapters 6 (simulations) and 7 (measurements), where we investigate
the second-harmonic respon$¥:| associated with the dynamics of trapped vortices. This

scenario is explored in Ref. [7].

A key distinction between DC vortices and rf vortices lies in their temporal behavior. A
DC vortexis a stable, persistent object in the superconductor, wheredsatexis transient, it
nucleates and annihilates twice per rf cycle.

Figure 1.1 presents (over-simpli ed) schematic illustrating the transient nature of rf vortices
in a superconductor subjected to an oscillating magnetic eld. The red curve represents the applied
magnetic eld,B sin(!t ), where the peak amplitude is set to be 1.5 times stronger than the
rst critical eld of the superconductorB.;. The blue lines indicate B.;. The superconductor
alternates between the Meissner state (regions I, lll, and V) and the vortex state (regions Il and
IV), depending on whethgB ; sin(!t )j exceed®.;. The black circles mark the transition points
wherejB,; sin(!t )j = B¢, corresponding to vortex nucleation and annihilation events.

In reality, vortex nucleation and annihilation do not occur exactiBatsin(!t )j = B¢
due to the complex order parameter and vortex dynamics. Nevertheless, this simpli ed picture
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Figure 1.1: Illustration of the transient nature of rf vortices in a superconductor subjected to an
oscillating magnetic eld. The red curve represents the applied magneticBgiain('t ), where

the peak amplitude is set to be 1.5 times stronger than the rst critical eld of the superconductor,
B.1. The blue lines indicate B;.

effectively captures the essential mechanism of rf vortex nucleation. Unlike DC vortices, rf
vortices are transient, they appear and disappear twice per rf cycle.

The rst step toward analyzing the microwave response of vortices is to perform a Fourier
transform, which decomposes the response into its fundamental and harmonic components. This
approach provides a systematic way to extract key physical properties from experimental data.
Section 1.4 introduces the Fourier framework and its application to superconducting vortex

dynamics.



1.4 Linear Response, Odd Harmonic Response, Even Harmonic Response

1.4.1 Fourier Expansion and Harmonic Decomposition

The interaction of microwaves with a superconductor can be understood within the framework
of a system driven by a sinusoidal driving force. The appropriate mathematical tool for analyzing
its response is the Fourier transform. In the following, we explore the physical signi cance of
these Fourier components in the context of superconducting microwave response.

Consider a system driven by a sinusoidal driving force with angular frequenefere the

response function is denotedfa@). The Fourier expansion éf(t) is given by

b3
f(t)= G, sin(n't + ): (1.2)
n=0
This expansion can be decomposed into three distinct components:
f (t) = offset+ linear response nonlinear response (1.2)
The nonlinear response further consists of contributions from both odd and even harmonics:
nonlinear response odd harmonic response even harmonic resporise (1.3)

Each of these terms is explicitly given by

offset= cy; (1.4)



linear response c¢;sin('t + 4); (1.5)

b3
odd harmonic response Con+1 SIN[(2N+ 1)1t +  on4q]
n=1
= czsin(3t + 3)+ cssin(Blt + 5)+ i (1.6)
b3
even harmonic response Con SIN[20It + 5]
n=1
= gsin(2t + )+ ¢sin(4lt + 4)+ 1 (1.7)

Here, theoffset ternmrepresents the DC component of the response, whilértbar response
corresponds to the fundamental frequency component, which is directly proportional to the
input signal. Thenonlinear responseonsists of higher-order harmonics that arise from system
nonlinearities. Thedd harmonic responsmnsists of terms with frequenci€n+1)! , including
the third-harmonic3d! ) and higher odd harmonics. In contrast, #heen harmonic response
consists of terms with frequenci@a! , including the second-harmoni2!() and higher even
harmonics.

The presence and relative strength of these harmonic components provide insight into the
underlying nonlinear mechanisms governing the system response.

As the leading-order term of odd harmonic responses, the third-harmonic resppsia€dit +

3)) is frequently analyzed for studying odd harmonic response. Similarly, as the leading-order

term of even harmonic responses, the second-harmonic respess€Z!t + »)) is frequently

analyzed for studying even harmonic response.



The frequency of the sinusoidal driving force is denotedl asd is related to the angular

frequency! by
!

In this thesis, botli and! are used frequently, depending on the context.

1.4.2 Microwave Response of Superconductors

In the context of this thesis, the system under study is a superconductor, the driving force
is an oscillating magnetic eldsin(!t ), and the response functidr{t) corresponds to the
oscillating magnetic eld generated by the superconductor, denot&kgd). The Fourier

expansion of the superconductor respoBseg(t) is given by

3
Bsc(t) = B sin(nlt + ,): (1.9)
n=0

whereB,s and , correspond to the amplitude and phase ofrttiteharmonic component of the
superconductor responBegc(t), respectively. The subscriptin B¢ denotes frequency.

In principle, the full superconducting resporde-(t) can be reconstructed by measuring
all of its harmonic components. However, in practice, it is often suf cient—and far more
ef cient—to focus on the dominant terms. For example, when studying odd harmonic responses,
the third-harmonic component, being the leading-order term, typically captures the most signi cant

nonlinear effects and can provide valuable physical insight.



1.4.3 Linear versus Nonlinear Response

When a material experiences a small perturbation from an electromagnetic eld, its response
remains primarily linear. This regime includes measurements of local dielectric permittivity and
electrical conductivity, where the material properties can be described by linear response theory.
In contrast, when the applied electromagnetic eld is suf ciently strong to signi cantly alter the
material, nonlinear effects emerge. These nonlinear responses provide insights that are inaccessible
through linear response measurements.

Vortex dynamics is inherently nonlinear, a feature that can be understood through a
handwaving argument. In the vortex-free Meissner state, superconductivity varies smoothly
across space, keeping the system well within the linear response regime. In contrast, the presence
of vortices leads to strong suppression of superconductivity at the vortex core, representing a
substantial deviation from the unperturbed Meissner state. This suppression is far beyond the
scope of a small perturbation, indicating that the introduction of vortices fundamentally alters the
superconducting state. Consequently, when vortices are subjected to an oscillating magnetic eld,
their dynamics inherently falls outside the linear response regime. As a result, nonlinear response
measurements serve as a powerful tool for probing vortex dynamics and related phenomena.

In particular, for a type-1l superconductor subjected to a strong rf magnetic eld, the system
enters a nonlinear regime where rf vortices are nucleated. This process gives rise to a pronounced
third-harmonic response [6+-82], making third-harmonic measurements a powerful tool for

studying rf vortex nucleation.
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1.4.4 Odd versus Even Harmonic Response

Odd and even harmonic responses are fundamentally distinct due to their symmetry properties.
In particular, even harmonic responses vanish when the response fuh(tjosatis es the
symmetry condition

f)y= f t+ o (1.10)

This condition indicates thdt(t) exhibits perfect symmetry between the two half-cycles of the
driving force. As a result, the presence of even harmonic responses directly re ects deviations
from this symmetry, serving as a quantitative measurasyimmetryn the system dynamics
between successive half-cyclesfdt). In the context of superconducting response, the response
function corresponds to the superconductor-generated magnetic eld,(tes Bsc(t).

The response of a superconductor to an oscillating magnetic Balg(t), can be classi ed
based on symmetry (see Eqg. 1.10) into two distinct categories: (i) linear response and odd
harmonic responses and (ii) even harmonic responses. These two categories probe fundamentally
different aspects of superconducting dynamics-3, with the former arising from dynamics
that preserve symmetry between successive half-cycles and the latter serving as a signature of
symmetry breaking in the superconducting response.

Linear response and odd harmonic response$(323-30] capture contributions from
a variety of mechanisms, including Meissner screening currents [31, 32], nonlinearities from
current-dependent super uid density variation, and rf vortex nucleation [6, 11]. In contrast, even
harmonic responses [8,24,25,33,34] are known to vanish in the absence of time reversal invariance

breaking [13, 1517], such as when no DC magnetic eld is applied and no vortices are trapped in
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the superconductor. Notably, in the absence of an external offset ( eld or current), the second-
harmonic response collects signals from trapped vortices exclusively, effectively Itering out
contributions from other mechanisms. This exclusivity makgsa powerful tool for studying

trapped vortices [33].

1.5 A Microscopic Approach to Microwave Properties of Vortices

1.5.1 Limitations of Macroscopic Microwave Measurements

The study of microwave properties of superconductors has traditionally reliedorscopic
measurement techniques, such as resonator-based methods, transmission-line measurements, and
cavity perturbation techniques [35, 36]. These methods have provided valuable insights into the
global electrodynamics of superconductors, including their surface resistance, penetration depth,
and nonlinearity. In particular, macroscopic studies have revealed the role of vortex motion in
microwave dissipation and harmonic generation, helping to establish models for vortex dynamics
in type-1l superconductors [5, 37, 38].

While macroscopic measurements provide bulk-averaged responses, they fail to capture
local variations in superconducting properties. In particular, surface defects, grain boundaries,
and spatially inhomogeneous vortex pinning can strongly in uence the microwave response
of superconductors. Since vortex nucleation, motion, and pinning occur at microscopic scales
comparable to the coherence lengthnd penetration depth a detailed understanding of these
processes requiresacroscopianeasurement technique capable of resolving local variations in

microwave response.
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1.5.2 Near-Field Magnetic Microwave Microscopy: A Local Probe

To address these limitations, we employ a Near-Field Magnetic Microwave Microscope
(NFMMM) [39, 40], a homemade scanning probe system designed to measuspaiely-
resolvedmicrowave properties of superconductors. This technique allowslosdtly excite and
detectnonlinear responses, providing direct insight into vortex dynamics in the microwave regime.

At a fundamental level, NFMMM applies a localized rf magnetic eld at the tip of a
probe, which interacts with the superconducting sample beneath it, and collects locally-generated

microwave response. The key steps in this process are:

1. A microwave input signal is delivered to the probe, generating a localized rf magnetic eld

at its tip.

2. The superconducting sample beneath the probe responds with a screening current, which

distributes according to the local superconducting properties.

3. The same microscope probe collects the response microwave eld associated with the

screening current, which carries information about the local superconducting properties.

4. By analyzing the nonlinear responsé&s;(andPs;), we extract information about local

properties of vortex dynamics.

1.5.3 Measurement of Harmonic Response Power

A key aspect of our measurements is that we measungawerof the nonlinear response

(denoted a®), rather than its phase. The powy is proportional to the squared amplitude of
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Figure 1.2: Conceptual framework of this thesis. Note that the color scheme in the top and bottom
diagrams is independent—colors do not share a common meaning between the two gures.

the corresponding Fourier componenByc(t):

Poe /] B’ (1.11)

Despite the absence of phase information, the power of the harmonic response serves as an
effective indicator of microwave-induced vortex motion. By correlating NFMMM measurements
with simulations, we gain deeper insight into the microscopic origins of nonlinear microwave

response in superconductors.
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1.6 Thesis Overview and Research Approach

Since the NFMMM is a homemade system, it is crucial to develop a detailed understanding
of what physically occurs beneath the probe. While experimental measurements provide direct
observations of the nonlinear response, interpreting these results requires a deeper theoretical
framework. To achieve this, we perform numerical simulations using toy models to gain insight
into vortex dynamics and the resulting nonlinear microwave response. These simulations allow us

to:

» Validate and interpret experimental measurements by comparing them with theoretical

predictions.
* Investigate how vortices respond to localized microwave excitation under different conditions.

» Extract meaningful physical quantities from the measured harmonic response.

Figure 1.2 summarizes the conceptual framework of this thesis. The Venn diagram (top)
illustrates the interdisciplinary nature of this work, which lies at the intersection of microwave
response, vortices in superconductors, and a microscopic measurement approach. The schematic
diagram (bottom) outlines the research methodology, integrating experimental data from NFMMM
with theoretical insights from time-dependent Ginzburg-Landau (TDGL) simulations. Note that
the color scheme in the top and bottom diagrams is independent—colors do not share a common
meaning between the two gures.

The “measurement technique development” part of Fig. 1.2 is discussed in Appendix B.
The main focus of this thesis is the remaining aspects shown in Figure 1.2, namely, performing
nonlinear response measurements with a homemade NFMMM, conducting TDGL simulations, and
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Figure 1.3: Overview of the thesis structure. See Sec. 1.7 for a detailed description.

extracting useful information about vortex dynamics. By combining experiment and simulation,
we ensure a more comprehensive understanding of how superconducting vortices interact with
localized rf magnetic elds, allowing us to extract valuable insights from the measured nonlinear

response.

1.7 Outline of the Thesis

This thesis is structured as follows (summarized in Fig. 1.3):

» Chapter 2 discusses the experimental setup of our Near-Field Magnetic Microwave Microscope
(NFMMM). This includes details of the microscope probe, rf signal delivery, detection
scheme, and spatial resolution, providing the necessary background for understanding the

experimental results presented in later chapters.

16



» Chapter 3introduces the theoretical framework of the Time-Dependent Ginzburg-Landau
(TDGL) theory and the simulation work ow used in this thesis. The chapter describes the
governing equations, numerical implementation, and boundary conditions for simulating

vortex dynamics under microwave excitation.

» Chapter 4 presents TDGL simulations of rf vortex nucleation caused by surface defects

and the resulting third-harmonic responBeJ.

» Chapter 5 presents the experimental results from seven Nb/Cu Ims intended for use in
SRF accelerator cavity applications, focusing on rf vortex nucleation induced by surface
defects through measurements of the third-harmonic resp®gge This chapter compares
the Ims in terms of their effectiveness in suppressing rf vortex nucleation caused by surface

defects.

» Chapter 6 presents TDGL simulations of trapped vortex dynamics and the resulting second-

harmonic responsé§;).

» Chapter 7 presents experimental results on a Nb Im with an antidot ux pinning array,
which is a prototype for ux moats used in superconducting digital and quantum computing
applications. The focus is on trapped vortex dynamics and pinning properties, which are

analyzed through measurements of the second-harmonic respyfse (

» Chapter 8 concludes the thesis with a summary of key ndings, implications for microwave

vortex dynamics, and potential directions for future research.

In addition to the seven Nb/Cu Ims studied in Chapter 5, third-harmonic response measurements
are also performed on two N8n Ims, as presented in Appendix E.
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The studies presented in Chapters 4 (simulations) and 5 (measurements) are published in

Ref. [6], while the work in Chapters 6 (simulations) and 7 (measurements) is covered in Ref. [7].
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Chapter 2: Near-Field Magnetic Microwave Microscopy

2.1 Overview of Near-Field Microwave Microscopy

Near- eld microwave microscopy (NFMM) is a type of scanning probe microscopy (SPM)
[41,42] that utilizes microwaves to probe the electrodynamic response of materials [39, 40, 43].
The term “near- eld” refers to the regime where the characteristic length scales of electromagnetic
interactions, determined by the probe size and probe-sample separation, are much smaller than the
free-space wavelength of the radio-frequency (rf) signal used for measurement. For example, a 1
GHz electromagnetic wave has a free-space wavelength of 30 cm, whereas typical NFMM probe
sizes range from the nanoscale to the sub-micron scale.

By operating in the near- eld regime, NFMM achieves subwavelength resolution beyond the
diffraction limit by positioning a sharp probe in close proximity to the sample. In this regime, the
electromagnetic eld exhibits spatial variations dependent on the probe geometry and surrounding
environment, while its instantaneous value oscillates at the rf frequency.

NFMM typically operates in a re ectometry mode, where microwaves are transmitted to the
sample via a sharp probe, and the re ected signal is measured. This technique enables the study
of inhomogeneous electromagnetic properties with nanoscale resolution across the GHz regime.
Speci cally, it is widely used for imaging local dielectric permittivity and electrical conductivity

in high-impedance samples [4418]. Depending on the probe design, NFMM-sample coupling
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can be either capacitive (dominated by the electric eld) or inductive (dominated by the magnetic
eld).

NFMM of materials properties [39, 40, 43,488] has also proven to be very helpful
in the study of superconducting microwave devices [486}. For investigating the surface
electrodynamics of a superconductor, the central theme of this thesis, inductively coupled probes
are preferable, as they induce screening currents near the superconductor surface. Over the years,
multiple generations of near- eld magnetic microwave microscopes (NFMMs with magnetically
dominated probe-sample coupling) have been developed in our group at UMD, as reviewed in

Sec. 2.2.

2.2 Previous Generations of Near-Field Magnetic Microwave Microscopes

Members of the Anlage lab have been studying both the linear and nonlinear responses of
superconductors using homemade near- eld magnetic microwave microscopes (NFMMM) for
over two decades. During this time, the resolution of the microscope probe has been continuously
improved, and the experimental setup has undergone multiple upgrades.

The rst NFMMM in our group was built by Sheng-Chiang Lee [23]. The microscope
consists of a driven resonant coaxial transmission line connected to a Cu loop (loop probe), formed
by shorting the inner conductor of a coaxial cable to the outer conductor. In addition to measuring
the linear response [23], Lee used the microscope to study the nonlinear response. Speci cally, he
investigated the nonlinear Meissner effect [25] and imaged both the second-harmonic response
P,¢ and the third-harmonic responBg across the grain boundary of a YBCO Im [8, 24, 67].

Dragos Mircea used the loop probe-based microscope to study the third-harmonic response
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of a YBCO thin Im [9]. In addition to measuring its amplitude, he also examined its phase and
found a signi cant temperature dependenceTanearT,.

The next iteration of the NFMMM utilizes a conventional hard disk drive magnetic writer
probe as its magnetic probe. This magnetic writer probe-based microscope was developed by
Tamin Tai and Dragos Mircea [27]. Tamin used it to study the third-harmonic response of bulk
Nb [10, 29]. Additionally, he investigated both the amplitude and phase of the linear response [30]
and the third-harmonic response [28] of Nb Ims.

Finally, Bakhrom Oripov used the magnetic writer probe-based microscope to study several
SRF-grade Nb samples [11, 68]. By measuring the third-harmonic response, he identi ed the
surface defects of these samples. Additionally, he performed calculations based on the current-
biased resistively shunted junction (RSJ) model [11] and numerical simulations based on the
time-dependent Ginzburg-Landau (TDGL) model [12] to better interpret the measurement results.

The near- eld magnetic microwave microscope | use [6, 7,69] is similar to those used by
Tai and Oripov. The magnetic writer probe, the core component of the microscope, is discussed in
Sec. 2.3. The cryostat, measurement circuit, and electronics of the microscope are described in

Sec. 2.4, and are similar to the Oripov setup [68].

2.3 Magnetic Writer Probe from Hard Disk Drive

The core component of our near- eld magnetic microwave microscope is the magnetic
writer probe, originally designed for magnetic reading and writing in conventional hard disk drives
used in magnetic recording technology [70]. A magnetic writer consists of a magnetic medium

and a magnetic writer head, which encodes information by locally magnetizing the medium. The
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magnetic writer head is sub-micron in size and generates a localized magnetic eld with both
longitudinal and perpendicular components. The probe is engineered to operate with a GHz
bandwidth.

In magnetic recording technology, the magnetic writer probe ips domains in a magnetized
medium and creates permanent changes to the medium. In our microwave microscope, the probe
is placed in a cryogenic environment and stimulated with GHz signals, and the material beneath it
is a superconductor rather than a magnetized medium. We investigate how the superconductor
responds when stimulated by the rf magnetic eld generated by the probe.

Figure 2.1 presents images of the magnetic writer probe used in our near- eld magnetic
microwave microscope. We received tens of magnetic writer probes from Javier Guzman of
Seagate Technology. As shown in Fig. 2.1(a), the probe consists of a slider, transmission lines, and
an aluminum assembly that holds these components together. The slider, as shown in Fig. 2.1(b),
houses the magnetic writer head, the primary functional element of the probe. The magnetic writer
head is capable of generating a localized rf magnetic eld, making it particularly well-suited for
our microwave microscope. Figure 2.1(c) shows a scanning electron microscope (SEM) image of
the magnetic writer head, with the surrounding magnetic shielding highlighted by a yellow circle.
The yellow box in Fig. 2.1(c) provides a magni ed view, focusing speci cally on the magnetic
writer head.

In our microwave microscope setup, a coaxial connector is directly soldered to soldering
pads 3 and 4 at the end of the transmission lines of the probe. Figure 2.1(d) shows the soldering
pads of an unused probe, while Fig. 2.1(e) shows soldering pads 3 and 4 with solder applied on a
used probe. The connection can be checked by measuring the resistance between pads 3 and 4
whichisRyier 6 atroom temperature.
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Figure 2.1: Images of the magnetic writer probe used in our near- eld magnetic microwave

microscope. (a) Photograph of the magnetic writer probe. (b) Optical microscope image of the
slider region. (c) SEM image of the magnetic writer head. (d) Photograph of the soldering pads.
(e) Optical microscope image of soldering pads 3 and 4, showing solder connections to an SMA

coaxial connector (the connector is not shown here).
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Typical solder contains lead, which becomes superconducting below its critical temperature
of 7.2 K and thus can introduce unwanted nonlinearitiesTfox 7:2 K. To ensure that the
measured nonlinearity originates from the sample rather than the measurement circuit, we use

lead-free solder to connect the coaxial connector to the probe.

2.4 Experimental Setup

2.4.1 Overview of the Near-Field Magnetic Microwave Microscope Setup

The near- eld magnetic microwave microscope setup consists of a magnetic writer probe
integrated into a dry cryostat purchased from Entropy. Figure 2.2(a) presents a schematic of the
setup, while Figs. 2.2(b) and (c) show photographs of the side and top views of the microscope
head. Figure 2.3 displays photographs of a typical experimental setup below the 4 K cold plate,
focusing on the microscope head. Figure 2.4 provides photographs of the Entropy cryostat and the
relevant electronics.

The Entropy cryostat (represented by the green dashed box in Fig. 2.2(a)) has three plates:
a room temperature top plate, a 70 K plate, and a 4 K cold plate. Each plate is equipped with a
corresponding vacuum can. The microscope head (see Fig. 2.2(b) and (c)) is positioned below,
and thermally anchored to, the 4 K cold plate (see Fig. 2.3). The superconducting sample and the
thermometer (close to the sample) are both directly mounted on the 4 K cold plate to ensure good
thermalization, as shown in Fig. 2.3. The base temperature for a sample in the cryostat is around
3.6 K.

A typical experimental setup below the 4 K cold plate is shown in Fig. 2.3. The superconducting

samples consist of seven Nb Ims deposited on a common Cu substrate, which are studied in
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Figure 2.2: Near- eld magnetic microwave microscope integrated into a dry cryostat. (a)
Schematic of the microwave microscope, including both the room-temperature and cryogenic
components. (b) Side view and (c) top view of the microscope head, highlighted by the yellow
dashed box in (a).
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Figure 2.3: Photographs of a typical experimental setup. The superconducting samples are the
Nb/Cu Ims studied in Chapter 5. (a) Side view of the experimental setup below the 4 K cold
plate. (b) Close-up of (a), focusing on the microscope head and the superconducting samples.
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Figure 2.4: Photographs of the cryostat and relevant electronics. (a) Electronics setup (including
the microwave source, piezo controller, temperature controller, etc.) and magnetic shielding of
the cryostat. (b) Top view of the cryostat. (c) Close-up of selected electronics from (a). (d) The
cryostat, surrounded by the magnetic shielding shown in (a).
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Chapter 5. A Cernox thermometer is installed near the samples. A temperature controller

(Lakeshore 340) is used to control the sample temperature.

2.4.2 Scanning System

In the experimental setup, a Seagate magnetic writer probe is attached to a cryogenic
XYZ positioner (as shown in Fig. 2.2(b) and (c)) and employed in a scanning probe microscope
fashion. The scanning system consists of 3 individual cryogenic piezo linear nanopositioners (2
of ANPx101/RES/LT and 1 ANPz101/RES/LT) controlled by a ANC350/3/RES Piezo Motion
Controller. The nanopositioners and the controller are purchased from Attocube. Each positioner
has a built-in resistive encoder which can be used to read-out the current position of the positioner

with 200nm accuracy. Each positioner ha8@00 m travel range.

2.4.3 Probe-Sample Separation and Spatial Resolution

The probe is in contact with the sample during microwave measurements. However, the
surfaces of the probe and the sample are not perfectly at, resulting in a nite probe-sample
separatiorh, which in uences the spatial resolution of the microscope and the peak microwave
magnetic eld experienced by the samjidg,. The heighh is estimated to be less than 1 micron,
andB y is estimated to fall within the range of tens of mT for a 0 dBm input microwave power [11].
The spatial resolution of the microscope ranges from sub-micron to micron scale, depending on
the probe-sample separation, and the signal being analyzed.

The eld of view of the probe is further discussed in Sec. 4.2.2, Sec. 6.3.3 and Sec. 7.6.2.

In Sec. 4.2.2, the distribution of the screening current induced by an rf dipole at the surface of
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bulk Nb obtained from numerical simulations is presented in Fig. 4.2 and Fig. 4.3(a), indicating a
eld of view on the order of hundreds of nanometers. In Sec. 6.3.3, the point-spread function for
second-harmonic generation due to a trapped magnetic vortex obtained from numerical simulations
is presented in Fig. 6.2, indicating a eld of view on the order of hundreds of nanometers. In
Sec. 7.6.2, the eld of view for second-harmonic generation due to trapped DC magnetic vortices in
experimental settings is estimated using a Monte Carlo approach, yielding a value of approximately

1:1 m.

2.4.4 Microwave Circuit and Measurement Procedure

A schematic of the rf circuit setup is presented in Fig. 2.2(a). The process begins with the
production of a microwave sign&;sin?(!t ) at frequencyf = =2 by a microwave source
(Keysight N5173B in the early stage of the research, later replaced by an HP 83620B). This
signal is then directed to the magnetic writer probe inside the cryostat through a series connection
of coaxial cables ( Itering of the signals is discussed below). Notably, these include room-
temperature coaxial cables outside the cryostat and cryogenic coaxial cables inside the cryostat.
Thermal anchoring of the coaxial cables within the cryostat is ensured as they pass through the
70 K plate and the 4 K cold plate. The coaxial cable terminates with an SMA coaxial connector,
which is directly soldered to the pads at the end of the magnetic writer probe transmission lines
(see Figs. 2.2(b) and (c)). The probe then produces a local rf magnetiB gdth(!t ) that acts on
the sample surface. In response, the superconducting sample generates a time-dependent screening
current on the surface in an effort to maintain the Meissner state. The magnetic eld associated

with this screening current is then coupled back to the same probe, creating a return propagating
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signal on the transmission line structure. This response signal shares the same cryogenic coaxial
cables with the input signal and is branched out by a directional coupler at room temperature.
The response signal consists of both linear and nonlinear components. The amplitude of
the third-harmonic compone®;sin?(3!t ) is projected out with a spectrum analyzer (Agilent
E4407B in the early stage of the research, later replaced by an Aaronia RSA250X) at room
temperature. A 10 MHz reference signal is generated by the microwave source and sent to
the spectrum analyzer in order to synchronize the two instruments. This description applies
speci cally to third-harmonic respons@4) measurements, but the same procedure is followed

for second-harmonic respong®,() measurements.

2.4.5 Filtering and Frequency Selection

To improve the signal-to-noise ratio, microwave lters are deployed in the following manner
(as shown in Fig. 2.2(a)). First, low-pass lters are installed between the microwave source and
the probe. These lIters effectively block unwanted harmonic signals generated by the microwave
source. Given that the response signal comprises both linear and nonlinear components, the next
step involves the installation of high-pass Iters between the probe and the spectrum analyzer. This
placement prevents the fundamental input frequency signal (linear response [30]) from reaching
the spectrum analyzer, thereby mitigating the generation of unwanted nonlinear signals. The
frequency windows of the low-pass lIters and the high-pass ltersare 0-2.2 GHz and 2.9 - 8.7
GHz, respectively. The input frequentyis selected to fall within the range of 1.1 GHz to 2.2
GHz based on these frequency windows. This strategic choice ensures optimal Itering conditions

and contributes to the overall improvement of the signal-to-noise ratio. This frequency range also
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includes the operating frequency of superconducting radio-frequency Nb accelerator cavities [5].

2.4.6 Measurement Conditions and Instrument Settings

Measurements are performed with a variety of xed input frequericiestween 1.1 GHz
and 2.2 GHz, while temperature variations are explored within the range of 3.6 K to 20 K, and
input power is adjusted across the spectrum from -40 dBm to +5 dBm. Since the response signal
is precisely measured at a frequency3bfin the spectrum analyzer, a narrow frequency span
of 100 Hz, centered arouri®f , is suf cient. Both the resolution bandwidth (RBW) and the
video bandwidth (VBW) of the spectrum analyzer are set at 3 Hz. With this con guration of the
spectrum analyzer, the noise oor of the instrument is established at approximately -155 dBm,
corresponding to abo@ 10° photons/sec at 2 GHz.

Measurements of superconductor nonlinear response show tremendous dynamic range,
often more than 20 dB [10, 11, 279]. The excellent instrumental nonlinear background of
our measurements (-155 dBm) allows for very sensitive measurements of superconductor
nonlinearity and its variation with temperature, driving rf power, location, and probe-sample
separation. Note that measurements are recorded in dBm and later converted to linear power for

further study.

2.4.7 Nonlinear Background Signal

The magnetic writer probe, serving as the probe in our microwave microscope, is composed
of magnetic materials that exhibit nonlinearity, constituting the primary background signal (probe

background) in the measurements of nonlinear response. The probe background is temperature-
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independent, as con rmed both B measurements when the probe is not in contact with the
superconducting sample and By measurements of a copper sample. The probe background
can be determined by performing measurements abpwéthe superconducting sample. In this
thesis, we study Nb samples, angdof Nb is around 9.3 K. In practice, probe background is
determined by averaging the magnituddéPef(T) between 9.5 K and 10 K.

Since the measurels; is the superposition of the probe background and the sample
contribution, the probe background is subtracted from the total signal to isolate the sample
response. However, the total measured signal may be weaker than the probe background if it is
out of phase with the sample response. In the absence of phase information, we simply subtract
the probe background from the total signal in a scalar manner. This naive background subtraction
can result in negativBss values.

The phase information can be obtained by conducting measurements with a vector network
analyzer [9, 28], which provides both amplitude and phase data, instead of a spectrum analyzer
that only measures amplitude. However, due to its superior noise oor (approximately -155 dBm),
we chose to use a spectrum analyzer for this work, rather than a vector network analyzer, which

has a noise oor of around -130 dBm.

2.4.8 Magnetometer and Magnetic Shielding

To monitor the residual DC magnetic eld near the sample at low temperatures, a cryogenic
3-axis magnetometer (Bartington Cryomag-100) is installed below the 4 K cold plate, as shown in
Fig. 2.3(a). The magnetometer can operate at temperatures down to 2K and has a measurement

range of 100 T. It outputs three analog voltages10V), which are digitized using an analog-to-
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digital converter (National Instruments NI 9239 BNC, 4-channdlQ V) for computer readout.

During the measurements of the Nb/Cu Ims studied in Chapter 5, no magnetic shielding was
used, and the residual DC magnetic eld near the sample at low temperatures was approximately
35 T. Later, magnetic shielding was implemented (as shown in Fig. 2.4(a)) for measurements
of the antidot Nb Im studied in Chapter 7. With magnetic shielding in place, the residual DC
magnetic eld near the sample at low temperatures was reduced to approximately, &

measured with the in-situ cryogenic 3-axis magnetometer.

2.4.9 Magnetic Coil for External Field Application

A magnetic coil is installed above the 4 K cold plate to generate an external DC magnetic
eld for studying trapped vortices in the antidot Nb Im (Chapter 7). The sample is mounted below
the 4 K cold plate and carefully aligned with the center of the magnetic coil to ensure uniform
magnetic eld application. The coil is driven by a Keithley 224 Programmable Current Source,
capable of supplying stable DC currents from 0 to 100 mA. At its maximum current (100 mA),
the coil generates a DC magnetic eld of approximately 2.55 mT at the sample location. Since

the magnetometer has a maximum measurement range ofTL@0s positioned suf ciently far
from the magnetic coil so that the magnetic eld at its location remains below this limit during the
measurements described in Chapter 7.

After magnetic coil installation, the base temperature of the sample in the cryostat is

approximately 3.8 K.
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2.4.10 Final Remarks

Detailed operating procedures for the cryostat and the NFMMM are provided in Appendix A.

The NFMMM used in this thesis is based on a magnetic writer probe and has a spatial
resolution ranging from sub-micron to micron scale. To further enhance spatial resolution, in
addition to conducting measurements with this microscope, | have also worked on developing a
next-generation microwave microscope based on Atomic Force Microscopy (AFM) architecture.

Details on the early development of this new microscope are provided in Appendix B.
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Chapter 3: Time-Dependent Ginzburg-Landau Theory: Equations and Simulation

Framework

3.1 Introduction to the Time-Dependent Ginzburg-Landau Theory

Different theoretical frameworks describe and study superconductivity at various levels [1].
The London equations [71] and the two- uid model [72] capture essential macroscopic properties
of superconductors, such as the Meissner effect, and relate the electric current density inside a
superconductor to the magnetic vector potential. The Bardeen-Cooper-Schrieffer (BCS) theory [2],
developed in 1957, provides a microscopic understanding of superconductivity by describing the

formation of Cooper pairs through electron-phonon interactions.

3.1.1 Phenomenological Ginzburg-Landau Theory

The Ginzburg-Landau (GL) theory (see Chapter 4 in Ref. [3]), in contrast, is a phenomenological
approach that describes the superconducting phase transition from a thermodynamic perspective.
It is @ mean- eld theory that is built upon a general approach to the theory of second-order phase
transitions which Landau developed in the 1930s. In the GL theory, the superconducting phase is
characterized by a complex order parameték;y;z) = j (x;y;z)j€ *¥?) which is zero in the

normal state above the critical temperatlig@nd becomes nonzero beldw Since is a spatially
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varying function, namely = (X;y; z), it naturally accounts for inhomogeneous superconducting
structures, including vortices [73]. Moreover, becauselescribes superconductivity as a
macroscopic quantum state, the model inherently predicts magnetic ux quantization in vortices.
Roughly speakingj (x;y;z)j can be interpreted as the local strength of superconductivity
at (x;y;z). In particular,j (x;y;z)] decreases signi cantly at the core of a vortex, where

superconductivity is strongly suppressed.

3.1.2 Time-Dependent Ginzburg-Landau Theory

By extending the GL theory to include time dependence, namely (x;y;z;t), one
obtains the time-dependent Ginzburg-Landau (TDGL) theory, which provides a dynamical
description of superconducting phenomena. The fundamental equations of TDGL, which govern
the temporal evolution of and its coupling to electromagnetic elds, are discussed in Sec. 3.2.

TDGL is a widely used framework for studying vortex dynamics in superconductors
[12,74-83], as it naturally accounts for both spatial and temporal variations of the superconducting
order parameter, = (Xx;y;z;t). This capability makes TDGL particularly well-suited for
investigating vortex motion, interactions, and pinning effects in type-1l superconductors. Furthermore,
the proximity effect is incorporated naturally in TDGL simulations. Due to these advantages, this
thesis employs numerical simulations based on TDGL to explore vortex dynamics in superconductors

through a series of toy models.
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3.2 Fundamental Equations of TDGL

3.2.1 Ginzburg-Landau Theory

The basic postulate of the GL theory is that iis small and varies slowly in space, the
Ginzburg-Landau free enerds, of a superconductor can be expanded in a series as [1]

1. . . . . 1. .
FoL = EJ( i~ eA) P+ P+ 5] j*+ 2—01r A Bedj’: (3.1)

Heree = 2e s the charge of the Cooper pam = 2me is the mass of the Cooper pair,
is the order parameteA is the total vector potential (arising from both external and self-
generated sourceB.y is the external magnetic eld, and bothand are material-speci c
phenomenological parameters.
The two parametersand can be related to the penetration deptind the thermodynamic

critical eld B. by

S
m
= — 3.2
€] | (3-2)
and
P |
B.= —p=—: (3.3)

The GL theory is valid only neak,. In thisregime T . T.), the coef cient remains a

positive constant, while follows the temperature dependence

(M= o1 = (3.4)
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where , is a negative constant.

In the absence of elds and gradients, we have

Feo= j i+ =i i" (3.5)

The minimum of this free energy occurs when

JiI=iq07= = (3.6)

The notation ; is conventionally used becauseapproaches this value in nitely deep in the
interior of the superconductor, where elds and currents go to zero and the equilibrium value of
is achieved. The normalized order parameter is typically de ne¢as , with its magnitude

ranging from 0 to 1.

3.2.2 Time Evolution and the First TDGL Equation

The time evolution of the order parametecan be introduced by considering its relaxation
dynamics following a small perturbation from equilibrium. In the TDGL framework, these
relaxation dynamics are assumed to be governed by the following equation [1, 84]:

@+.e _ FGL

at - : (3.7)
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Here is the electric potential, and = | ) plays the role of a friction coef cient. This

Wil
8kg (Tc T

variational problem leads to the dynamics oés (the rst TDGL equation)
. 1, . .
2.i& =_——( i~r eA)? I (3.8)

3.2.3 Derivation of the Second TDGL Equation

Now consider the Amgre's law

@E
r B= oJ+ — 3.9
0 00 @t ( )
Assume the displacement current terrg 6%3 is negligible, and we have
r B= o (3.10)

Apply Eq. 3.10 to the currertsc and the magnetic eldBsc generated by the superconductor,
and we get

r Bsc = oJdsc: (311)

The total magnetic eld is the combination of the external magnetic dd,; and the magnetic

eld generated by the superconduct®gc, and hence we have

Bsc=B Bex=r A Bex (3.12)
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The current generated by the supercondudtgris the combination of the supercurrehtand the
normal current],

Jgc = Js+ Jp: (313)

Combine Egs. 3.11, 3.12, and 3.13, and we obtain

r (r A Bex)= o(Js+ Jn): (3.14)

The supercurrents and the normal currerdt, are given by

_ i~e e . .2
Js = o (r r) m—] A (3.15)
and
_ e @A
Jo= E = at (3.16)

Here is the electric conductivity of the normal state. Combine Egs. 3.14, 3.15, and 3.16, and the

Ampere's law now reads

i~e 92..2 @A
o (r r) m—JjA+ r @t

(3.17)

r (r A Bex)= o

Rearrange the time derivative Afto the left-hand side and we get the dynamicadthe second

TDGL equation)
@A _ i-e €. 1 :
"t et T om (r ro) i A ! (r A Bex): (3.18)
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3.2.4 Final Form of the TDGL Equations

The scenarios of interest involve stimulating the superconductor with an oscillating magnetic

eld; therefore, no external current is present inside the superconductor. In other words,

r Bext = OJext =0 (319)

in the superconducting domain. In addition, we choose the gauge such that the scalar potential is
zero

- 0: (3.20)

Combine Egs. 3.8, 3.18, 3.19, and 3.20, the two TDGL equations in the superconducting

domain become

%t: ?1( i~r e A)? i’ (3.21)

and
@A i-e &€ . 1 _ 322
@t_Zm(r r )m—JjA —Orr A: (3.22)

The two TDGL equations (Egs. 3.21 and 3.22) form a set of coupled nonlinear partial
differential equations that govern the dynamics of the order paramétey;z;t) and the
electromagnetic eldA(x;y; z;t) inside the superconductor. Notably, Maxwell's equations are

inherently included, as Eq. 3.22 originates from Aargds law.
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In numerical simulations, we solve for the full dynamicq gfA ), including both its spatial
variation and time evolution, using Eqgs. 3.21 and 3.22. This allows us to track how the order
parameter and electromagnetic eld evolve in space and time. The computed reguls gfare
then used to compute the nonlinear response. The details of the simulation setup are provided in
Sec. 3.4.

In practice, the dimensionless form of the two TDGL equations (Egs. 3.21 and 3.22) is used
in numerical simulations. Different choices of dimensionless scaling, corresponding to different
changes of variables, lead to distinct forms of the dimensionless TDGL equations. This thesis
employs two different dimensionless formulations for simulations, both of which are presented in
Appendix C.

The TDGL simulations in this thesis are performed using COMSOL Multiphysics. The

implementation details of these simulations in COMSOL are provided in Appendix D.

3.3 Useful Equations for TDGL Simulations and Analysis

In this section, we provide some useful equations for TDGL simulations and analysis.
The coherence lengthcharacterizes the length scale over which the order parameter

varies spatially. In the GL theory, it is given by

= P (3.23)

The penetration depth characterizes the length scale over which the magneticBeldhries
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spatially. Their ratio, known as the Ginzburg-Landau parameter, is de ned as

= —: (3.24)
A superconductor is type-I if< p% and is type-Il if > p%
The diffusion coef cientD can be related to by
2

= : 3.25
2m D ( )

The Ginzburg-Landau order parameter relaxation tigeis given by

§ - 12 K

== = 3 10 ; 3.26
7D s (Te T) S o7 (3.26)

Note that the dynamics of a superconductor driven by an rf eld at a few C‘i‘%ﬁ‘z( =10 %9
typically falls within the adiabatic limit, de ned b)} cL, Wheref is the frequency of the
rf eld. This condition holds unless the temperature is extremely clogg,tepeci cally when
T. T<102K.

For stimulations in the THz regime, the period of oscillation becomes comparable to the
relaxation timescale of the Ginzburg-Landau order parameter. As a result, the dynamics of a
superconductor driven by a THz eld are no longer adiabatic.

The temperature dependence of some key quantities is discussed below. Note that the GL

theory is valid only forT T, and therefore, these temperature dependencies hold only in this
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regime.

(M) < (3.27)
1 5
(T) (T=0 . (3.28)
1 £
(T) (T =0): (3.29)
S
T 4
(M 1 & . (T=0) (3.30)
. 4
T 2
B(T) 1 = BdT=0): (3.31)

3.4 Simulation Setup

3.4.1 Modeling the Localized rf Magnetic Field: rf Magnetic Dipole Model

In our microwave microscope measurements, a superconducting sample is stimulated by
a localized rf magnetic eld generated by the microscope probe (a magnetic writer head), as
described in Sec. 2.3 and Sec. 2.4. To better understand the superconductor dynamics beneath the
probe, we replicate this scenario in TDGL simulations using toy models.

The rf magnetic eld produced by the probe is non-uniform and contains both longitudinal
and perpendicular components [70]. Its exact con guration is complex and depends on the detailed
design of the magnetic writer, which is not available in the open literature and therefore is beyond
the scope of this study. The objective of the TDGL simulations in this thesis is to qualitatively,
rather than quantitatively, understand the superconducting dynamics beneath the probe and the

resulting nonlinear responses collected by the probe, which arise from time-dependent screening
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Figure 3.1: Schematic of an rf magnetic dipole positioned above a superconducting sample. The
blue double arrow represents the rf magnetic dipole. The black cBry@ (epresents the rf
magnetic eld generated by the dipole.

currents and magnetic elds generated by the sample. Accurately reproducing the detailed eld
con guration of the microscope probe is not the goal. Instead, we focus on modeling a localized

magnetic eld that captures the essential characteristic of the actual probe eld: the presence of
both longitudinal and perpendicular components. To this end, we approximate the probe eld
using the magnetic eld of a point dipole oriented parallel to the superconducting surface, which

provides a reasonable and physically motivated toy model for our simulations.

Figure 3.1 presents a schematic of an rf magnetic dipole positioned above a superconducting
sample (the rf magnetic dipole model). The blue double arrow represents the rf dipole. The black
curve B, ) represents the rf magnetic eld generated by the dipole. Since the superconducting
sample experiences both longitudinal and perpendicular components of the rf magnetic eld, this

dipole model serves as a reasonable approximation of the applied magnetic eld distribution
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beneath the magnetic writer head. For simplicity, the term “rf dipole” will hereafter refer to the rf
magnetic point dipole.

It is worth noting that the detailed eld con guration of the microscope probe, as well
as losses in the measurement circuit due to imperfections, are not included in the rf dipole
model. This is because the primary objective of the TDGL simulations is to capture the qualitative
behavior—rather than quantitative accuracy—of the nonlinear responses collected by the microscope
probe.

It is important to note that the rf dipole serves two purposes: (1) it illuminates the sample
with a sinusoidal magnetic eld at frequen€y and (2) it picks up a complex time-domain signal
from the superconductor, which includes frequency respondes2t 3f , etc.

Experimentally, the time dependence of the superconducting order parameter is not measured
directly. Instead, the probe (modeled as an rf dipole in simulations) detects the magnetic
elds generated by the sample, which arise from time-dependent screening currents within the

superconductor.

3.4.2 Simulation Domain and External Field

Figure 3.2 presents a schematic of the simulation setup. The simulation consists of two
domains (both are cylindrical): a vacuum domain occupyingtheO region and a smooth, at
superconducting sample occupying the 0 region.

The probe is approximated as a pointlike magnetic dipole locat€gygityqy; hap) =

(0; 0; 400 nm) The dipole is oriented along thedirection and has a sinusoidal time-dependent
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Figure 3.2: Schematic of the simulation setup. (a) Three-dimensional view. (b) Side view
illustrating the spatial arrangement of the rf dipole (blue double arrow) positioned above a
superconducting sample (green cylinder), with a vacuum region (yellow cylinder) above. The
rf dipole is modeled as a point source locate@aj; Yap; hap) = (0;0; hgp), with its magnetic
moment oscillating in th&-direction. The red point 40; 0; 0) marks the location in the sample
experiencing the strongest rf magnetic eld.
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magnetic momen¥ (t) given by
M (t) = (Mgp sin('t ); 0; 0); (3.32)

where the frequency s = '=2 = 1:7 GHz. The magnetic eldBy, and the vector potential

Aqp produced by the point dipole (the external eld in the simulations) are
_ ol
Bap = S [B(M M M] (3.33)

and

oM r.
4 r3 7

Agp = (3.34)

wherer = (X Xdgp;¥Y VYdp;Z  hgp).

To quantify the strength of the rf magnetic eld, we de iBgy as the peak rf magnetic eld
amplitude experienced by the superconductor. The strongest eld occpxsyar) = (0;0; 0)
within the sample; therefor&, represents the rf eld amplitude at this location.

Since the rf eld is highly localized, non-trivial sample dynamics, such as vortex nucleation,
are expected to occur only in the region directly beneath the rf dipole (i.e.(xigaz) = (0 ; 0; 0)).

In contrast, regions far from the rf dipole remain in the vortex-free Meissner state.

3.4.3 Boundary Conditions and Numerical Implementation

Figure 3.3 presents a schematic of the “multi-domain 3D simulations”, illustrating the
eqguations solved in each domain and the imposed boundary conditions. The model isinhomogeneous

in that it consists of two distinct domains: a vacuum domain, which hosts the rf dipole as a source
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Figure 3.3: Schematic of the multi-domain 3D simulations, illustrating the equations solved
in each region and the imposed boundary conditions. The total vector potential is given by
A = Agp + Asc. Inthe vacuum domain (top region), Maxwell's equations are solved, Adth
satisfyingr r Asc = 0. The superconducting domain (bottom region) hosts the coupled
TDGL and Maxwell's equations, whemesc obeysr r Asc = o(Jds+ J,). Boundary
conditions (indicated by the colorful lines) are applied to all surfaces of the two domains, including
the vacuum-superconductor interface.
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of high-frequency magnetic elds (as illustrated in Fig. 3.2), and a superconducting domain.
Note that the total vector potentidlconsists of two contributions: the dipole vector potential

Agp and the superconducting resposg:. That is,

A= Adp + ASC: (335)

SinceAgp is known (see Egs. 3.34), the quantity that must be solved #gdsrather tham.

In the vacuum domain (top region in Fig. 3.3), Maxwell's equations are solved Axgh

satisfyingr r Asc = 0. In the superconducting domain (bottom region in Fig. 3.3), the
coupled TDGL and Maxwell's equations are solved, wh&ge obeysr r Asc = o(Jst Jn).
The simulation domain is nite, and no periodic boundary conditions are imposed. However, since
primary non-trivial sample dynamics occur near the origin, nite-size effects are mitigated by
selecting a suf ciently large simulation domain and applying appropriate boundary conditions.
The boundary conditions (indicated by the colorful lines in Fig. 3.3) are applied to all surfaces of
the two domains, including the vacuum-superconductor interface.

In regions far from the rf dipole, the total magnetic eld is very weak and is approximated
as zero, as indicated by the blue lines in Fig. 3.3. The presence of the rf dipole is incorporated
through an appropriate boundary condition. Speci cally, we impdse Ay, at the top surface of
the vacuum domain, as indicated by the yellow line in Fig. 3.3.

Any current passing through the boundary between a superconductor and a vacuum is
unphysical. Therefore, the boundary conditions must be enforced along the entire enclosing

boundary@ of the superconducting simulation domain, including the sides and bottom surfaces.
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Speci cally, we expect [12]

J A=0 on @: (3.36)

Heren is the unit vector normal to the boundary. Recall that the supercultesi(see Eq. 3.15)

Js = | (r ro) r;ij i°A: (3.37)

The boundary condition in Eq. 3.36 should applt@and remain valid even wheh = 0, which
leads to

r hA=0 on @: (3.38)

Combine Egs. 3.36, 3.15, and 3.38 and we obtain
A A=0 on @: (3.39)

Equations 3.38 (as indicated by the green rectangle in Fig. 3.3) and 3.39 (as indicated by the red
rectangle in Fig. 3.3) are applied as the boundary conditions along the entire enclosing boundary

@ of the superconducting simulation domain.

3.4.4 Comparison with Other TDGL Approaches

Many TDGL treatments assume a two-dimensional sample with elds that are uniform along
the third dimension. This oversimpli cation introduces “arti cial features that extend uniformly”
in the third dimension, leading to in nitely long vortices in the superconductor. In contrast,

our approach employs “multi-domain 3D simulations”, which do not rely on such unrealistic
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assumptions. However, these fully three-dimensional TDGL simulations are computationally
demanding in terms of both memory usage and processing time.

In our case, since the superconductor is subjected to a time-dependent and inhomogeneous
rf magnetic eld, the full TDGL equations must be solved. Unlike many simpli ed models, we do
not assume or impose any spatial symmetries. Instead, we explicitly solve Maxwell's equations

both in free space above the superconductor and within the superconducting region [12].

3.5 Work ow of TDGL Simulations

3.5.1 Overview of the Simulation Process

This section discusses the typical work ow of the TDGL simulations, summarized in
Fig. 3.4.

In the simulations, TDGL is used to calculate the time evolution of the order parameter
and the vector potenti#l as the superconducting sample is stimulated by the time-dependent
rf eld produced by the horizontal point dipole above it. The process begins by solving the
TDGL equations with initial conditions (I1.C.) and boundary conditions (B.C.), where the boundary
conditions are detailed in Sec. 3.4. For the initial conditions, we apply the rf magnetic eld starting
att =0,and set = ; throughout the entire superconducting domain.

Note that for the electromagnetic eld degree of freedom, instead of solving for the total
vector potentialA, we solve for the superconducting respoAsg, since the dipole contribution

Aqp is known, as discussed in Sec. 3.4.
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Figure 3.4: Schematic work ow of the TDGL simulations. The process begins by solving the
TDGL equations with initial conditions (I.C.) and boundary conditions (B.C.) over multiple rf
cycles until steady state is achieved, and ends with extracting the nonlinear response with Fourier

transform.
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3.5.2 Time Evolution and Steady-State Solution

During the time evolution, the superconductor dynamics initially undergoes a transient
state before converging to a steady state. To ensure that the system reaches this steady state, the
simulation is run for several rf cycles. The steady-state solut(ora, sc)steady, are then collected
during the nal rf cycle.

The rate at which the superconductor dynamics converges to its steady state depends on the
type of dynamics under consideration. For the nucleation of rf vortex semi-loops, as discussed
in Chapter 4, the dynamics converges relatively quickly. In this case, the simulation is run for
two rf cycles, and ; A sc) is collected during the second rf cycle and treatefl @ sc)steady-
Conversely, for the dynamics of trapped vortices, as discussed in Chapter 6, convergence is slower.
Here, the simulation is run for ve rf cycles, arffd A sc) is collected during the fth rf cycle and

treated ag ; A sc)steady-

3.5.3 Extracting the Superconductor Response

In our microwave microscope measurements, the response of the superconducting sample is
collected using the microscope probe, which is modeled as an rf dipole in TDGL simulations. To
compare the simulation results with experimental data, we evaluate the superconductor response
at the location of the rf dipol€p; Yap; hap), and denote its-component a8 &2 '°°""  Since
the microscope probe is modeled as an rf dipole oriented alongtlrection, we focus on the
x-component of the superconductor response in our analysis. In experiments, it is assumed that the

time-varying magnetic eld at the probe, which corresponds £8'°°*"" in TDGL simulations,

induces a voltage wave that propagates to a spectrum analyzer at room temperature. The procedure
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for obtainingB &2.'°°"" s discussed below.

The superconducting current densi§ye(X; y; z; t) is computed using
1
JSC = —r BSC = —rr ASC; (340)
0

where the steady-state vector potentidc,..,, (X;Y;z;t), is used in place oAsc(X;y;z;t).

The next step is to integratc(X;y; z;t) over the entire superconducting domain to obtain

B e location 1 via the Biot-Savart law.

The Biot-Savart law is used to compute the magnetic eld contribution at the location of the
rf dipole based on the superconducting current deldsigyx;y; z;t). The eld at a given point
is obtained by integrating over the entire superconducting domain:

£ Jsc(r8t) (r 9

de location t) = 0 .
= g

sc dv® (3.41)

wherer is the observation point (i.e., the location of the rf dipol€yepresents points within
the superconducting volume, andJsc(r®t) is the superconducting current density 4tThe
integral is evaluated over the entire superconducting region.
All these computations are performed within COMSOL Multiphysics. We then output
B location (1) the superconductor response at the location of the rf dipole based on the dynamics
observed during the last rf cycle. The nonlinear response of the superconductor is then analyzed

dp location

by post-processinB g¢ (t) via Fourier transform.
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3.5.4 Fourier Analysis and Nonlinear Response

The Fourier expansion @& 32'°°*"" (t) can be expressed as

ngc'ocaﬂon (t) = Bo+ Bysin(it + 1)+ Bxsin(2lt + ,)+ Bxsin(3t + 3)+ ::: (3.42)

whereBg represents the DC component, &g and , correspond to the amplitude and phase of
thenth harmonic component, respectively.
Finally, the power of theth-harmonic response, denotedRys, is proportional to the

squared amplitude of the corresponding Fourier component:

Pt /] Brj’: (3.43)

Notably, P is the quantity measured in experiments (second-harmonic respgresad third-
harmonic responsks;, in particular) and serves as the basis for comparing TDGL simulations

with experimental results.

3.6 Toy Model Setup: Superconducting Nb with Local Defects

3.6.1 Introduction to Local Defects

The superconducting samples studied in this thesis are Nb Ims. From the perspective
of vortex dynamics, these Nb Ims are not defect-free or perfectly homogeneous; instead, they
contain local defects that in uence vortex behavior. Speci cally, Chapters 4 and 5 investigate rf

vortex nucleation induced by surface defects in Nb/Cu Ims, while Chapters 6 and 7 focus on the
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dynamics of trapped vortices pinned by pinning sites. Consequently, in the TDGL simulations, the

superconducting domain is modeled as Nb with local defects.

3.6.2 Modeling Local Defects in TDGL Simulations

In the toy models studied in this thesis, local defects are modeled as regions composed of a
low-T, impurity phase. In other words, the superconducting domain consists of both Nb and a
low-T. impurity phase, making it inhomogeneous.

Equations 3.21 and 3.22 are applied to both the Nb region and th&Jlawpurity phase
region, with inhomogeneity incorporated through the spatial variation of ve material-speci c
parametersT,, , , ,and . Inpractice, the values of and are determined for a given choice

of andB. using Eqgs. 3.2 and 3.3.

3.6.3 Material Parameters of Toy Models

Material parameters (penetration depthGinzburg-Landau parameteyetc.) of Nb Ims
vary from one sample to another. For simplicity, in the TDGL simulations, the Nb region adopts
the material parameters of bulk Nb, as listed in the rst row of Table 1 in Ref. [85]. These adopted
values are summarized in the “Nb” sector of Table 3.1.

The choice of material parameters for the IdwHnpurity phase in the toy models is now
discussed. For simplicity, the normal state conductivity of the Toumpurity phase is set equal to
that of Nb. The transition temperature of the impurity phase is chosen as 3 K. Since the penetration
depth of the impurity phase is expected to be larger than that of Nb (40 nm), it is set to 90 nm.

Since the thermodynamic critical eld of the impurity phase is expected to be lower than that of
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Parameter name Symbol Value
Dipole height Nap 400 nm
Period of applied rf eld £ 5:88 10 s
Critical Temperature | TP 9.3K
Nb Penetration depth Nb 40 nm
Critical eld Bp 200 mT
Critical Temperature | T mPuriy 3.0K
impurity Penetration depth Impurity 90 nm
Critical eld B \mpurity 120 mT

Table 3.1: Values of parameters used in TDGL simulations. The superconducting domain of the
toy models contains Nb and the Ioly-impurity phase.

Nb (200 mT), itis set to 120 mT. The parameters used in the TDGL simulations are summarized
in Table 3.1, where the “impurity” sector speci es the material parameters of th@ Jampurity

phase region in the toy models.

58



Chapter 4. TDGL Modeling of rf Vortex Nucleation and Third-Harmonic Response

The studies presented in this chapter are published in Ref. [6].

4.1 Introduction

The objective of this chapter is to investigate the third-harmonic respéhigeafising
from rf vortex nucleation at surface defects through numerical simulations. These simulations
provide key insights into the underlying mechanism®gf which will be used to interpret the
experimental results presented in Chapter 5. The framework for the TDGL simulations used in
this study is detailed in Chapter 3.

To establish a foundation for understanding rf vortex nucleation and nonlinear response,
we rst examine the case of a defect-free bulk Nb sample< 9:3 K) in Sec. 4.2. We then
introduce a phenomenological surface defect toy model (Sec. 4.3) and analyze the key features
of the resultingPs; (Sec. 4.4). In particular, we show that the temperature and rf eld amplitude
dependence d®s; can be qualitatively explained by two parameters of the toy model: (1) the
depth to which an rf vortex semi-loop penetrates a sample through a surface defect and (2) the
number of surface defects that nucleate rf vortices in each half of the rf cycle. These effects are
explored in Secs. 4.5 and 4.6.

In the simulations, the external eld islacalizedrf magnetic eld generated by an rf dipole
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(see Fig. 3.1). Unlike in nitely extended vortices, the vortices nucleated by the rf dipole are
nite-sized magnetic vortex semi-loops (rf vortex semi-loops), which are thought to be the generic

types of rf vortex excitations created at the surface of SRF cavities [11,12, 86].

4.2 Defect-Free Bulk Nb

4.2.1 Time-Domain Analysis of rf Vortex Dynamics

Unlike a DC vortex whose behavior shows no time dependence, an rf vortex shows non-
trivial dynamics, and should be examined in a time-domain manner. Recall that the transient
nature of rf vortices is illustrated in Fig. 1.1. Here we demonstrate the time-domain analysis
(focusing on the dynamics of rf vortices) for a speci ¢ rf eld amplitudg,( = 61:6 mT) and
a speci c temperature (8.23 K). Material parameters of Nb are used in the defect-free bulk Nb
simulations. See Table 3.1.

The dynamics of rf vortex semi-loops for bulk Nb during the rst half of an rf cycle

(frequency=1.7 GHz, period:88 10 s) is shown in Fig. 4.1, for a xed rf eld amplitude
(Bpk = 61:6 mT) and a xed temperature (8.23 K). Figure 4.1 (a)-(g) show the space and
time dependence of the square of the normalized order pararetey, () (here 1 means full
superconductivity and 0 means no superconductivity); the black region is yhere j> < 0.03.
Since the order parameter is suppressed signi cantly at the center of a vortex core, a vortex can be
visualized by tracking the black region. Here = ; (T) is the value of the order parameter
deep inside bulk Nb at temperature T.

In the early stage of the rf cycle, there is no rf vortex (Fig. 4.1 (a) and (b)), and then an rf

vortex semi-loop that is parallel to the direction of the rf dipole (which points irxtdeection)
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Figure 4.1: Time-domain analysis for the dynamics of rf vortex semi-loops in bulk Nb. A time-
dependent magnetic moment (rf dipole) is 400 nm above the superconductor surface, pointing
in the x-direction, and producing,x = 61:6 mT at T=8.23 K. (a)-(f) show the square of the
normalized order parametgr£ 1 j?) on the XZ plane cross-section at different times during the

rst half of the rf cycle. The black region is wheje= ; j?> < 0:03. (g) showsg = 1 j? onthe

YZ plane cross-section at the same moment as (d). (h) rf e(a;at; z) = (0;0; 0) versus time

during the rst half of the rf cycle. (i) Phase change for a closed contour (on the YZ plane) that
is large enough to enclose the entire non-trivial region. Red crosses in (h) and (i) correspond to
snapshots (a)-(g).
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shows up (Fig. 4.1 (c), (d), (e) and (g)). The rf vortex semi-loop disappears later in the rf cycle
(Fig. 4.1 (f)).

Besides examining the spatial distribution of the order parameter, another signature of
vortices is the phase of the order parameter. Because Ginzburg-Landau theory is based on the
existence of a single-valued complex superconducting order parametej (j€ ), the phase
must change by integral multiples &f in making a closed contour (see equation (4.45) in [1]),
namely

ds r =2N; (4.1)

whereN is a positive or negative integer, or zero. The integiitall_| ds r is quantized, and
corresponds to the number of vortices enclosed by the closed contour.

Figure 4.1 (i) shows the value of the integg’blHds r (namely =2 )as afunction of
time. The contour is on the YZ plane and is large enough to enclose the entire non-trivial region.
Note that Figs. 4.1 (h) and (i) share a common horizontal axis. Based on Fig. 4.1 (i), there are no
vortices at the moments of (a), (b) and (f), and there is one vortex at the moments of (c), (d) and
(e), which agrees with the order parameter analysis (Fig. 4.1 (a)-(g)).

The time-domain analysis described here (space and time dependence of the order parameter
(Fig. 4.1 (a)-(g)) and =2 (Fig. 4.1 (i))) is applied to all TDGL simulations in this chapter

whenever we check whether or not there are rf vortex semi-loops.

4.2.2 Screening Current Distribution and Superconductor Response

In addition to the spatial and temporal behavior of the order parameter, it is also informative

to examine the screening current densify
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Figure 4.2: Spatial distribution of the screening current derdgifix; y) at the surfacez= 0)

of bulk Nb, obtained from a TDGL simulation. The superconductor is subjected to a localized rf
magnetic eld generated by a time-dependent magnetic moment (rf dipole) located 400 nm above
the superconductor surface, oriented alongxtakrection, and producing a peak eld amplitude

of Bpk = 61:6 mT. The simulation is performed at a temperatur@ 6f 7:77 K, under which the
superconductor remains in the Meissner state (no rf vortex semi-loops). The snapshot is taken
att = =2, corresponding to the moment when the rf eld reaches its maximum. The origin
(x;y) = (0;0) is at the center of the image. The color scale represents the magnitdgiarof
arbitrary units (a.u.).
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Figure 4.2 shows the spatial distribution of the screening current dehgiiyy) at the
surface ¢ = 0) of bulk Nb, obtained from a TDGL simulation. The superconductor is subjected to
a localized rf magnetic eld generated by a time-dependent magnetic moment (rf dipole) located
400 nm above the superconductor surface, oriented alongdection, and producing a peak
eld amplitude of B,k = 61:6 mT. The simulation is performed at a temperaturd of 7:77
K, under which the superconductor remains in the Meissner state (no rf vortex semi-loops). The
snapshot is taken &t= =2, corresponding to the moment when the rf eld reaches its maximum.
The origin(x;y) = (0; 0) is at the center of the image. The color scale represents the magnitude
of Jsc in arbitrary units (a.u.).

The red region in Fig. 4.2 corresponds to areas of strong screening current. The screening
current distribution shown in Fig. 4.2 indicates that the eld of view of the rf dipole—corresponding
to the microwave microscope probe used in experiments—is con ned to sub-micron length scales.

Figure 4.3(a) shows the TDGL simulation result of the spatial distribution of the screening
current densityls.(x;y) at the surfacez(= 0) of bulk Nb, subjected to a localized rf magnetic
eld. The eld is generated by a time-dependent magnetic moment (rf dipole) located 400 nm
above the superconductor surface, oriented alongttigection, and producing a peak eld
amplitude ofB = 61:6 mT. The simulation temperatureTs= 8:32K. For this combination
of Bpx andT, an rf vortex semi-loop nucleates in the superconductor. The snapshot is taken
att = =2, corresponding to the moment when the rf eld reaches its maximum. The origin
(x;y¥) = (0;0) is at the center of the gure. The color scale represents the magnitutlg iof
arbitrary units (a.u.).

The red region in Fig. 4.3(a) corresponds to areas of strong screening current. The

screening current distribution shown in Fig. 4.3(a) indicates that the eld of view of the rf
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Figure 4.3: TDGL simulation result of bulk Nb, subjected to a localized rf magnetic eld. The
eld is generated by a time-dependent magnetic moment (rf dipole) located 400 nm above the
superconductor surface, oriented alongxhgirection, and producing a peak eld amplitude of

Bpk = 61:6 mT. The simulation temperature Ts= 8:32 K. For this combination oB and

T, an rf vortex semi-loop nucleates in the superconductor. (a) shows the spatial distribution of
the screening current densily.(x; y) at the surfacez( = 0) of bulk Nb. The snapshot is taken

att = =2, corresponding to the moment when the rf eld reaches its maximum. The origin
(x;¥) = (0;0) is at the center of the gure. The color scale represents the magnitutlg iof
arbitrary units (a.u.). (b) The red curve shows the superconducting resBgnaethe dipole
location over one rf cycle, while the blue curve represents its linear (fundamental frequency)
component.
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dipole—corresponding to the microwave microscope probe used in experiments—is con ned to
sub-micron length scales.

The superconducting resporBge—the magnetic eld generated by the screening current—is
shown in Fig. 4.3(b) at the dipole location over one rf cycle. In the gure, the red curve corresponds
to the full B4 signal, while the blue curve represents its linear (fundamental frequency) component.
The clear deviation of the red curve from the blue curve indicates the presence of nonlinear
components in the superconducting response.

Note that the eld of view of the rf dipole is con ned to sub-micron length scales, regardless
of whether the superconductor remains in the Meissner state (Fig. 4.2) or an rf vortex semi-loop

nucleates (Fig. 4.3(a)).

4.2.3 Temperature Dependence of rf Vortex DynamicsRuad

Equipped with the picture of rf vortex nucleation, now let's move on to the resufing
The simulation result oP3:(T) for a xed rf eld amplitude (Bpx = 61:6 mT) for bulk Nb is
shown in Fig. 4.4 (a). The bell-shaped structBggT) in Fig. 4.4 (a) can be decomposed into
three segments (separated by the two dashed vertical black lines) and can be understood with the
vortex penetration eldB!T ... (T) and the strength of superconductivity. (The vortex penetration
eld B .., (T) will be explored in more detail in the next section.) An rf vortex semi-loop shows
up whenBp >B T (T). Below 8.1 K,Bf ... (T) > B, and hence the entire bulk Nb is in the
vortex-free Meissner state (see Fig. 4.4 (b) and the purple curve in (f)), whose nonlinear response

is weak. As temperature increasBgh .., (T) decreases and henBg, would be greater than

B! ex (T) at a certain temperature depending on the strength of the rf stimulus. In this simulation
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Figure 4.4: (a) TDGL simulation result ¢¥;(T) for a xed rf eld amplitude (Bpx = 61:6

mT) imposed by a point dipole source for bulk Nb. From left to righd; is weak at low
temperatures (below 8.1 K), then increases with temperature (between 8.1 K and 8.8 K), and
drops with the temperature at high temperatures (above 8.8 K). (b)-(e)jshow j2 on the YZ

plane cross-section at 8.04 K, 8.14 K, 8.42 K, and 8.60 K, respectively. The black region is where
j = 1]j%< 0:.03 These snapshots are takertat 0:6 . (f) shows =2 versus time for the

four temperatures.
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(Bpk = 61:6 mT), from the full time-domain simulation (see the discussion for Fig. 4.1) one nds
that there is one rf vortex semi-loop (beneath the rf magnetic dipole) that penetrates the surface
of the bulk Nb when the temperature is around 8.14 K (see Fig. 4.4 (c) and the blue curve in (f)).
Roughly speaking, this implies thBt! .., (T = 8:14K) 616 mT. As temperature increases,

B! .ex (T) drops and vortex nucleation is favorable, and indeed the second rf vortex semi-loop
shows up around 8.6 K (see Fig. 4.4 (e) and the red curve in (f)) andPgauscreases with
temperature between 8.1 K and 8.8 K. Besides examining the order parameter (Fig. 4.4 (b)-(e)),
Fig. 4.4 (f) also shows how the vortex number and duration change with temperature.

The nonlinear response of the superconductor is determined not only by the number
of vortices (as described above in the languageB§f,., (T)) but also by the strength of
superconductivity. As the temperature approaches the transition temperature of a superconductor,
its superconductivity and hence nonlinear response becomes weak. Such a temperature dependence
leads to the decreasing tail B&;(T) above 8.8 K in Fig. 4.4 (a).

The simulation results shown in Fig. 4.4 are based on the rf dipole model described in
Sec. 3.4.1. This model serves as a rst-order approximation to the magnetic eld produced by
the microwave microscope probe in the experiment. The objective of the TDGL simulations in
this thesis is to qualitatively—rather than quantitatively—capture the essential physics beneath
the probe. Speci cally, we do not aim to reproduce the exact geometry of an rf vortex semi-loop
nucleated beneath the probe, nor to precisely reproduce the quantitative details of the resulting

P3¢ (T).
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Figure 4.5: (a) TDGL simulation result &¢(T) for three different rf eld amplitudes for bulk

Nb. (b) Schematic of the vortex penetration e&d’,.., (T) (the black curve) and the temperature
range ofPz(T) bell-shaped structure for the three rf eld amplitudes (the three colorful horizontal
lines). They-axis is the rf eld amplitude. Note that (a) and (b) share the same horizontal axis and
the same color-coded rf eld amplitudes.
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4.2.4 Vortex Penetration Field and rf Field Dependenceg(fT)

Figure 4.5 (a) summarizes the simulation result®®g{T) for three different rf eld
amplitudes for bulk Nb. For all three rf eld amplitudePBg; is weak at low temperatures
(Bpk < BT oy (T), vortex-free Meissner state), arises at high temperat@&gsX B [T ... (T),
rf vortex semi-loops), and then drops with temperature as the temperature is near the critical
temperature. For the red curve, the rst vortex semi-loop shows up around 8.14 K, which implies
B oy (T =8:14K) 616 mT; for the blue curve, the rst vortex semi-loop shows up around
8.84 K, which implieB!T .. (T =8:84K) 392mT. Figure 4.5 (b) illustrateB .., (T) and
the rf eld amplitude dependence of the temperature rang&dil) bell-shaped structure. In
this rf eld amplitude-temperature phase diagram, the region b&¢jy., (T) corresponds to the
vortex-free Meissner state, while rf vortex semi-loops show up in the region &jhys (T). Itis
clear that thé>3(T) bell-shaped structure extends to lower temperatures as the rf eld amplitude
becomes stronger (from the blue to the green to the red in Fig. 4.5 (a) and (b)) because of the
temperature dependenceRyf ., (T).

Having developed an understandingRaf, rf vortex semi-loops, and their dependence on

temperature and rf eld amplitude in defect-free bulk Nb, we now turn to the case of Nb with

surface defects.
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4.3 rf Vortex Nulceation in Grain Boundaries

4.3.1 Two Key Phenomenological Parameters for rf Vortex Nucleation

Quantitatively comparing the details of the measuPgdamong different Nb Ims is
challenging for two main reasons. Firstly, the speci csRaf depend on the probe-sample
separation, which is dif cult to reproduce. Secondly, different Nb Ims might possess different
types of surface defects that nucleate rf vortices. For example, grain boundaries may be the
primary sources o3 for one Nb Im, while dislocations could be the main source®gffor
another Nb Im.

Although the details of rf vortex nucleation (and the resulffag by various surface defects
are complicated and depend on details, we can analyze the dynamics of rf vortex nucleation in a
phenomenological way and extract qualitative information. On the phenomenological level, the
dynamics of rf vortices penetrating a sample surface through surface defects can be quanti ed by
means of two key aspects: how many surface defects that nucleate rf vortiRi&} éxist, and
how deep do rf vortices travel into a sample through surface defects in half an rf bgfgggrgﬁog?

Here we illustrate the concept bggﬁleecttraﬁonby considering rf vortex nucleation at grain
boundaries in Nb Ims. For a given grain boundary that nucleates an rf vortex, the depth the
rf vortex travels into the Nb Im through the grain boundary in half an rf cycﬂﬁf o tion IS
determined by multiple factors, including the width of the grain boundary, the angle between
the grain boundary and the Nb Im surface, the material properties of the impurity phases in the

grain boundary, etc. Instead of considering the details of all possible microstructures, we adopt a

phenomenological approach, whégélect . serves as the phenomenological characterization of
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the depth the rf vortex travels into the Nb Im through the grain boundary in half an rf cycle.

4.3.2 Surface Defect Toy Model: LoWs Material in Nb Grain Boundaries

Nb is known to contain lowF; impurity phases, such as the oxides of Nb [87-92]. In such
phases, oxygen forms a solid solution in Nb and produces materials with critical temperatures
below the bulKT, of pure Nb (9.3 K) [9395]. Nb samples with higher oxygen content tend to
have a lower critical temperature. For instantedrops to around 7.33 K for 2% oxygen content,
and drops to around 6.13 K for 3.5% oxygen content [94]. Another class oT}ampurity
phases in Nb are the niobium hydrides [96, 97], and some of these phases exhibit superconducting
transitions around 1.3 K [98].

Motivated by the existence of these Iaimpurity phases, here we consider a phenomenological
surface defect toy model in which the grain boundaries of Nb host th& Jawaterial (impurity
phases). Such grain boundaries might serve as weak spots for vortex nucleation. As shown later
in this chapter, the proximity effect is active in this model of the grain boundaries. Here we
consider one possible toy model realization of “Nb grain boundaries lled withTewnaterial”.

Of course, the phenomenological toy model (a grain boundary model) considered here is just one
possible scenario of surface defects that might be able to qualitatively explain the experimental
results. rf vortices are more prone to nucleate at wide grain boundaries compared to narrow ones.
Consequently, instead of characterizing a typical grain boundary in Nb Ims, the toy model is

designed to characterize speci cally those that are wide.
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Figure 4.6: Sketch of the side view (XZ plane) of the grain boundary model. The origin is marked
by a blue dot. The rf dipole is represented by the blue double arrow. The schematic is not to scale
(hgp=400 Nnm anmgg;e;}atio,;zoo nm). Since the physics around the origin plays a dominant role,
the region far away from the origin is set to be defect-free bulk Nb to reduce computational time.
In addition, the region below = hefest . is also set to be bulk Nb for simplicity. Note that the
model isnot cylindrically symmetric. The top view of the region indicated by the red dashed line

is shown in Fig. 4.7 (b), and the top view of the region indicated by the green dashed line is shown

in Fig. 4.8.
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Figure 4.7: A top view schematic of the grain boundary model. (a) lllustration of Nb grains and
grain boundaries, with red being Nb grains and blue being grain boundaries lled with impurity
phases. The realization of this illustration used in the TDGL simulations is shown in (b). (b) The
distribution of critical temperature on the XY plane around the origin (corresponds to the region
indicated by the red dashed line in Fig. 4.6), with red being Nb and blue being thE.lompurity
phase withTmPuiy = 3 K. Here(x;y; z) = (0;0;0) is at the center. The rf dipole is located at
(x;y;2) = (0;0;400nm) and points in thex-direction. The white dashed curve indicates the
grain boundary that is roughly parallel to thelirection. The model defect region is indicated

by the white dashed rectangle. (c) A snapshot of the distribution of normalized order parameter
j = 1 jobtained by a TDGL simulation with the temperature being 5.2 K (higher THaH"™)
andBp, = 50:9 mT. This snapshot is taken at the end of an rf cycle, namely when the rf eld
dropsto zero!l¢ =2 and hencd;sin(!t ) =0). The normalized order parameter of the dark
blue region is around 0.18.
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Figure 4.8: A spatially extended view of the distribution of critical temperature on the XY plane
for the grain boundary model. The region shown here corresponds to the region indicated by the
green dashed line in Fig. 4.6.

4.3.3 Geometry and Parameters of the Grain Boundary Model

Fig. 4.6 shows the side view of the grain boundary model. By the very de nitidW3E! .,
we constrain the rf vortices to only probe the regiodof z > hdgect . and hence the details
in the region oz < hdglect . play a minor role. As a result, this region can be treated as bulk
Nb as an approximation. (In summagy= 0: sample surface) >z > hd¢ect . - defect whose

penetration

XY cross-section is shown in Fig. 4.7 ()< higed i, bulk Nb.) Herehgereet . is set to be
200 nm.
The rf dipole is located af0; 0; hqy) and hence vortex semi-loops rst show up near

(x;¥;2z) = (0;0;0). Therefore, the physics around the origin plays a dominant role. As an

approximation, surface defects (Nb grain boundaries lled with Townaterial) are introduced
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near the origin (illustrated in Fig. 4.6), while the region far away from the origin is set to be
defect-free bulk Nb to reduce computational time. As a result, only the region around the origin
characterizes the grain boundary scenario accurately (the model defect region), and thus the
screening current is collected only from this region when calculdipg

The side view of the grain boundary model is shown in Fig. 4.6, and the top (e, =
0)) is shown in Fig. 4.7. Figure 4.7 (a) is an illustration of an Nb surface containing Nb grains
(red) and grain boundaries lled with lowz impurity phases (blue). The realization used in the
TDGL simulations is shown in Fig. 4.7 (b). Figure 4.7 (b) is a top view of the sample critical
temperature distribution around the origin of the grain boundary model: the red region means
Nb with T, = 9:3 K, and the blue region means the Iayimpurity phase withr/muity = 3 K,
(Parameters of the grain boundary model are given in Table 3.1.) The origin is at the center of
Fig. 4.7 (b). The geometry is intentionally asymmetric in bothxkairection and the/-direction
to prevent symmetry-induced artifacts. A top view of the sample critical temperature distribution
with a broader scope (containing the defect region together with the bulk Nb region) is shown
in Fig. 4.8. Compared to Fig. 4.7 (b), Fig. 4.8 shows the setup over a broader spatial extent as
indicated by the green dashed line in Fig. 4.6. Figure 4.8 contains the entire defect region (the ve
Nb grains and the blue region) and part of the bulk Nb region as shown in Fig. 4.6.

An rf vortex semi-loop that nucleates in the sample tends to be parallel to the direction of the
rf dipole, which points in the-direction. Therefore, aByk > B ! ., (T), rf vortex semi-loops
show up in the grain boundaries that are roughly parallel txtdeection. Note that there is one
grain boundary in Fig. 4.7 (b) that is roughly parallel to #adirection, which is marked by a
white dashed curve.

It is worth mentioning that the proximity effect shows up naturally in TDGL simulations.
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Figure 4.9: TDGL simulation result &¥;:(T) for the grain boundary model presented in Sec. 4.3.3.
Herehdefect . .= 200 nm andB = 50:9 mT. Inset: enlargement of the gure above 8.1 K.

penetration™

Fig. 4.7 (c) shows a snapshot of the distribution of normalized order parajreterj (here 1
means full superconductivity and 0 means no superconductivity) obtained by a TDGL simulation
with the temperature being 5.2 K aBgy = 50:9 mT. This snapshot is taken at the end of an

rf cycle, namely when the rf eld drops to zertt (= 2 and hencdBsin(!t ) = 0). Due to

the proximity effect, the normalized order parameter of the dark blue region is around 0.18 but
not zero, even though the temperature (5.2 K) is higher TH&N"™ (3 K). As a result, a grain

boundary lled with a lowT. impurity phase can host rf vortices even Tor> T mPurity,

4.3.4 rf Vortex Nucleation anB3z:(T)

Figure 4.9 shows the simulation resultg(T) for the grain boundary model presented in
Sec. 4.3.3. Compared to tRg; around 8.9 K, thé;; between 4.5 K and 6 K is much stronger. In

other words, in the presence of surface defdeisgenerated by surface defects is much stronger
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Figure 4.10: TDGL simulation result &3 (T) for two different rf eld amplitudes for the grain
boundary model presented in Sec. 4.3.3. HEf&S ;.= 200 nm.

tration™

than the intrinsid®3; of Nb. In the following, we focus on thBs; generated by surface defects.
Figure 4.10 shows the simulation resultRyf(T) for two different rf eld amplitudes for
the grain boundary model. At low temperatures, the sample is in the Meissner stdg &d
weak. As temperature increases, rf vortex semi-loops nucleate in the grain boundary marked by the
white dashed curve in Fig. 4.7 (b) and result in stré3g (The existence of rf vortex semi-loops
is veri ed by examining the order parameter in a time-domain manner as described in Fig. 4.1.)
This can be interpreted & > B T .., (T), whereB!t . (T) is the vortex penetration eld of
the region around that speci ¢ grain boundary. Note that rf vortex semi-loops show up in the grain
boundary, indicating that the grain boundary serves as the weak spot for rf vortex nucleation.
As the rf eld amplitude increases (blue to red in Fig. 4.10), Bag T) maximum increases;

in addition, theP3:(T) maximum and th®3:(T) low-temperature onset both show up at a lower

temperature.
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Here the upper onset temperaturdéPgfis around 6 K. In the following, suchRg; onset
temperature is called tHey; transition temperature and is denoted’ds . The grain boundary
model is a mixture of th@N° = 9:3 K Nb and theTuy = 3 K impurity phase, and hence
T+ is between 3 K and 9.3 K. Of course, the numerical valug &f depends on how the
Nb and the impurity phase are distributed. Our objective with this model is not to propose
a speci ¢ microstructure of the sample, but to illustrate the generic nonlinear properties of a

proximity-coupled defective region of the sample.

4.4 Four Key Features ¢f3:(T) Due to rf Vortex Nucleation

The P3(T) due to rf vortex nucleation in the grain boundary model (see Fig. 4.9 and

Fig. 4.10) exhibits four key features:

1. Px(T) onsets at a temperatufé® below the bulkT, of Nb and follows a bell-shaped

curve.
2. The maximum value dPs(T) increases with increasing rf eld amplitude.

3. The temperature at whidPg:(T) reaches its maximum decreases as the rf eld amplitude

increases.

4. The low-temperature onset &(T) shifts to lower temperatures for stronger rf eld

amplitudes.

Besides the grain boundary model, these four key features are also clearly observed for
defect-free bulk Nb, as shown in Fig. 4.5 (a), with one exception: in Fig. 4.5 (a), the onset
temperature oP3¢(T) coincides withT, = 9:3 K, rather than appearing below it. This difference
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arises because the simulation in Fig. 4.5 models defect-free bulk Nb rather than a superconductor
with surface defects.

The fact that both defect-free bulk Nb and the grain boundary model exhibit the same four
key features oP3:(T) suggests that these features are intrinsic signatures of rf vortex nucleation.
Therefore, the physical picture illustrated in Fig. 4.5 (b) can also be applied to the grain boundary
model, with two modi cations: (1) the onset temperatdife' is 6 K rather than 9.3 K, and (2)

B! . (T) represents the vortex penetration eld of the region around the speci c grain boundary,
rather than a bulk property.

In Chapter 5, we will see that these four key featureB£{T) are consistently observed in
the experimental measurements of Nb/Cu Ims.

4.5 Effect ofhdefect - onPg(T)

penetration

In Sec. 4.3.4h%elect s set to be 200 nm. Here we consider the effect of varpffs ;o
with everything else being the same as described in Sec. 4.3.4.

Figure 4.11 (a) shows the result fogefedt .= = 160 nm. In Fig. 4.11 (a), a stronger rf
eld amplitude leads to a strongé¥; for all temperatures. On the contraBg(T) in Fig. 4.10
(hdeteet ion= 200 nm) shows a “crossing” effect: a stronger rf eld amplitude leads to a wejer
(the red curve is below the blue curve) for temperatures clo$€to The temperature where the
red curve P3¢(T) with a strong rf eld amplitude) and the blue curvés(T) with a weak rf eld
amplitude) cross is denoted &s. The numerical value of the crossing temperaflrelepends

on the choice of the two rf eld amplitudes (HeBg,x = 56.6 mT and 50.9 mT). For Fig. 4.11 (a),

there is no crossing and hente = T/s =6 K. For Fig. 4.10T =5:2K <TPs =6 K,
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Figure 4.11: (a) TDGL simulation result &;(T) for two different rf eld amplitudes for the
grain boundary model presented in Sec. 4.3.31ﬁ@,ft$°t =160 nm. (b) Crossing temperature

etration™
: defect
T as a function thenetration
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Figure 4.12: A snapshot of the vortex core obtained by the TDGL simulation for the grain
boundary model presented in Sec. 4.3.3Bg¢ = 50:9 mT (a) and forBx = 56:6 mT (b), with

the temperature being 5.5 K ahgE®<_. = 200 nm. This snapshot is taken when the rf eld
reaches its maximum in an rf cycld (= =2 and henc@;sin(!t ) = By). The snapshot shows

the distribution of the square of the normalized order parameter on the YZ plane immediately
below the dipole around the grain boundary that nucleates an rf vortex semi-loop. The black

region is wherg¢ = ; j2 < 0:001
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Figure 4.11 (b) shows how the crossing temperalurehanges witthdefect . For a small

defect i i - P i fect i
Npenetration there is no crossing and herite = T;*. The crossing shows up Wh@@gneectraﬂonls

beyond a critical depth. Alsggﬁ,eeﬁtrationbecomes larger, the crossing effect becomes more signi cant
(T becomes smaller, which means that the temperature window that a stronger rf eld amplitude
leads to a weakd?s; becomes larger) and eventually tends to saturate.

The crossing effect can be understood as follows. In TDGL simulatiyss collected
at the rf dipole location, which is & = hy, (above the sample surface). For a weak rf eld
amplitude, the rf vortex semi-loop in the grain boundary stays close to the sample sarfa0e¢.(

As the rf eld amplitude increases, the rf vortex semi-loop in the grain boundary is pushed toward
the bottom of the grain boundary that it can penetrate ( hgg;eect}aﬂog(A visualization of this

effect is presented in Fig. 4.12.), which means that the rf vortex semi-loop is farther away from the
rf dipole location £ = hg,), and hence thPs; collected at the rf dipole location becomes weaker.
Such a phenomenon shows up only when the rf vortex semi-loop in the grain boundary can be
pushed far away from the sample surface. For a shiglft ., the rf vortex semi-loop always
stays just below the sample surface instead of penetrating deep into the sample, arfékhence
does not decrease as the rf eld amplitude increases (no crossing effect).

An rf vortex semi-loop is roughly parallel to the direction of the rf dipole, which points in the
x-direction, and hence the cross-section of the rf vortex semi-loop is on the YZ plane. Figure 4.12
visualizes an rf vortex semi-loop in the grain boundary marked by the white dashed curve in
Fig. 4.7 (b), with the vortex core corresponding to the black region, wihere; j> < 0:001 The
rf vortex semi-loop penetrates the sample surface and the vortex core is around 100.3 nm deep for
Bpk = 50:9mT (Fig. 4.12 (a)) and is around 110.9 nm deepBgk = 56:6 mT (Fig. 4.12 (b)).

Note that the results presented in Fig. 4.11 are obtained using the grain boundary model,
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which is meant to be a phenomenological toy model. Therefore, the numerical vahfg$pf;,,
should not be interpreted literally. The key insight here is that there is no crossing effect for a small
hgg;e;;aﬂon(shanow penetration), and the crossing effect becomes apparent for mga{fg@ﬂon

(deep penetration).

4.6 A Defect Model with Two Grain Boundaries

In the grain boundary model discussed in Sec. 4.3.4 and Sec. 4.5, there is only one single
grain boundary beneath and roughly parallel to the rf dipole, and thus rf vortex semi-loops nucleate
in one single grain boundary aid;(T) shows a single-peak feature. Such a scenario corresponds
to the case where the density of the sample grain boundaries that nucleates rf vottieds (
is low. For a sample with a high density of grain boundaries that nucleates rf vortices, it can
be modeled as a grain boundary model that contains two grain boundaries beneath and roughly
parallel to the rf dipole.

Here we consider a grain boundary model that contains two grain boundaries that are
near the origin and roughly parallel to tlkedirection. The basic setting of the model is the
same as described in Sec. 4.3.3. The only difference is how the Nb and the impurity phase are
distributed horizontally, as shown in Fig. 4.13 (a). Figure 4.13 (a) shows the top view of the critical
temperature distribution, and Fig. 4.13 (b) shows the TDGL simulation resBY; ©OF) for this
model.

The two-peak feature d®s:(T) in Fig. 4.13 (b) can be understood as follows. At low
temperatures, the sample is in the Meissner statePan$ weak. As temperature increases,

around 4.50 K an rf vortex semi-loop nucleates in the top grain boundary and results in the lower
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Figure 4.13: A grain boundary model containing two grain boundaries that are roughly parallel
to the x-direction. (a) The distribution of critical temperature on the XY plane around the
origin, with red being Nb and blue being the Idy-impurity phase witiTmPuy = 3 K. Here
(X;¥;2) = (0;0;0) is at the center. The rf dipole is located(aty; z) = (0 ; 0; 400nm), which

is above the center of the image, and points inxfdirection. The two white dashed curves
indicate the grain boundaries (the top grain boundary and the bottom grain boundary) that are
roughly parallel to thex-direction. The model defect region is indicated by the white dashed
circle. (b) TDGL simulation result oP3:(T) for the grain boundary model shown in (a). Here
hdefect .on= 280 Nm, andBx = 50:9 mT.

penetration™
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temperature peak, and then around 5.77 K another rf vortex semi-loop nucleates in the bottom
grain boundary and results in the higher temperature peak. That is, rf vortex semi-loops nucleate
in both grain boundaries and thus result in the two-peak featuPg: T ). The nucleation of the

two rf vortex semi-loops is veri ed by monitoring =2 (the same analysis as shown in Fig. 4.4).
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Chapter 5: Experimental Investigation of rf Vortex Nucleation in Nb/Cu Films

The studies presented in this chapter are published in Ref. [6].

5.1 Introduction to Superconducting Radio-Frequency Material Science

5.1.1 Introduction to Superconducting Radio-Frequency Cavities

In high-energy physics, there is continued interest in building next-generation particle
accelerators (for example, the International Linear Collider, ILC) using bulk Nb superconducting
radio-frequency (SRF) cavities [5,99]. For the ILC, around 10000 SRF cavities will be built.

The quality of an SRF cavity is typically quanti ed by its quality factor (Q-factor) as a
function of the accelerating gradient for the particle beam. Real-world materials are not perfect.
The Q-factors of SRF cavities are usually below their theoretical predictions. In particular, as the
accelerating gradient, and hence the rf magnetic eld on the Nb surfaces, becomes strong, the
Q-factor drops signi cantly (this is called the Q-slope) [£+Q03]. Such a Q-slope phenomenon
limits the rf eld supported by the SRF cavities, which then limits the performance of the particle
accelerator. Besides the Q-slope phenomenon, quenches are also frequently observed in many
SRF cavities [104106]. One reason for a quench is that a superconductor is locally heated up to

exceed its critical temperature and loses superconductivity. Both the Q-slope and defect-nucleated
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guenches indicate that the performance of SRF cavities is limited by breakdown events below the
theoretically predicted intrinsic critical eld of the superconductor [5,101,102]. These breakdowns
are sometimes caused by uncontrolled local defects [95, 107, 108]. Candidates of defects in
SRF cavities include oxides [891], impurities [109, 110], grain boundaries [81, 96,4115],
dislocations [96, 116, 117], surface roughness [82,118], etc. To make high Q-factor SRF cavities
that operate to high accelerating gradients, it is necessary to understand these defects, in particular
their in uence on the rf properties of SRF cavities. Therefore, there is a need to understand in

detail the rf properties of these local defects.

5.1.2 Characterization Techniques for SRF Materials

In SRF material science, various kinds of techniques have been developed to characterize
SRF cavities and SRF materials. For example, researchers routinely measure the Q-factor [119]
and residual resistance [120] of SRF cavities. However, it is costly and time-consuming to
fabricate and measure an entire cavity. As a result, many measurements are performed on coupon
samples of SRF materials, including measurements of rf quench eld [106,121,122] and surface
resistance [121-124].

Another quantity of interest is the vortex penetration eld because SRF cavities are expected
to operate best in the Meissner state (vortex-free) to avoid dissipation due to vortex motion
[81,106,118, 125, 126]. Superconductors show strong nonlinearity in the presence of vortices and
show relatively weak nonlinearity in the vortex-free Meissner state. The nonlinear electrodynamic
response arises when properties of the superconductor (such as the super uid density) become time-

dependent during the rf cycle. One manifestation of nonlinearity is that the superconductor creates
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response currents to the stimulation at frequencies other than the driving frequency. Utilizing
the connection between vortices and nonlinearity, the vortex penetration eld can be determined
by measuring the third-harmonic response of a superconductor subjected to a time-harmonic
magnetic eld [127]. In particular, the vortex penetration eld of thin Ims and multilayer
structures have been studied with such alternating current (AC) (kHz regime) third-harmonic

response magnetometry [126,128-134].

5.1.3 Near-Field Magnetic Microwave Microscopy for Local rf Characterization

The techniques described above (Q-factor, residual resistance, rf quench eld, surface
resistance, vortex penetration eld, etc.) help physicists to characterize the global properties of
SRF materials. However, none of them can directly study the local rf properties of SRF materials.

Motivated by the need to study rf properties of local defects, members of the Anlage lab
successfully built and operated near- eld magnetic microwave microscopes using a scanned
loop (the original version) [8, 9, 225] as well as a magnetic writer from a magnetic recording
hard-disk drive (the microwave microscope adopted in this work) [10, H3@ 70 measure
locally-generated third-harmonic response (see Chapter 2). The spatial resolution of the local
probe of the microwave microscope ranges from sub-micron to micron scale, and the excitation
frequency is in the range of several GHz. The near- eld magnetic microwave microscope used in
this study is detailed in Chapter 2.

Our microwave microscope offers a complementary view of the material properties that
limit SRF cavity performance. The quantities of interest in a nished SRF accelerator cavity are

the quality factor Q, the surface resistance of the material making up the walls of the cavity, and
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the changes in Q as the accelerating gradient of the cavity is increased. It is desirable to maintain
a high Q-factor up to the point where the superconductor reaches its critical surface magnetic
eld. Our microscope measures local electrodynamic properties of small samples of materials that
make up SRF cavities. It utilizes nonlinear response that results from strong and inhomogeneously
imposed rf magnetic elds as a surrogate for the high-gradient conditions experienced by the
materials inside an SRF cavity. The microscope applies surface magnetic elds quite different from
those in an SRF cavity, and imposes unique electromagnetic stresses to the material under study.
Note that the ohmic losses of superconducting materials in the microwave range at temperatures
substantially below, are well below the sensitivity limit of any existing microwave microscope,

hence these properties are not studied.

5.1.4 Nb/Cu Films as an Alternative to Bulk Nb for SRF Applications

Bulk Nb is the standard choice for fabricating SRF cavities. The main reason is that Nb has
the highest critical temperaturé(= 9:3 K) and the highest rst critical eld B.; = 180 mT) of
all the elemental metals at ambient pressure. Besides bulk Nb, there are some candidate alternative
materials for SRF applications [85], including Nb Im on Cu [109,118,123,125:139], NxSn
on bulk Nb substrate [81, 106, 115, 3@ 3], multilayer structure (superconductor-insulator-
superconductor structures, for instance) [82,103, 126, 128144}, etc. The potential bene ts of
using materials other than bulk Nb would be a highgand a potentially higher critical eldB..
In this work, we focus on Nb Ims on Cu.

The development of the deposition of Nb Ims onto Cu cavities has a long history [147]. In

particular, the rst Nb/Cu cavities were produced at CERN in the early 1980s [148]. Motivations
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for Nb thin Im technology for SRF applications include reducing material cost (high purity Nb
costs around 40 times more than Cu) and better thermal stability. In particular, at frequencies
around 300 to 400 MHz, Nb/Cu cavities allow operation at 4 K instead of 2 K, due to the
superior thermal conductivity of Cu. The performance of bulk Nb cavities is approaching the
intrinsic limit of the material. On the contrary, Nb/Cu cavities typically suffer from serious Q-slope
problems [149,150], which limits their use in high accelerating elds. Solving the Q-slope problem

in Nb/Cu cavities is essential for making them competitive for use in high- eld accelerators.

5.2 Overview of the Chapter

In this work, we use our near- eld magnetic microwave microscope (see Chapter 2) to study
the local third-harmonic respon$&g; of SRF-quality Nb/Cu Ims produced at CERN. These
Nb/Cu Ims are provided by our collaborators at CERN: Carlota Pereira, Stewart Leith, and
Guillaume Rosaz. Our objective is not to provide a comprehensive characterization of all types
of surface defects present in these Nb/Cu Ims. Surface defects that do not nucleate rf vortices
fall outside the scope of this study. Instead, our focus is on locally measuring the third-harmonic
response to explore the surface defects that do nucleate rf vortices. Speci cally, we aim to
extract the properties of rf vortices linked to surface defects through experiments and simulations
investigating the third-harmonic response and its dependence on temperature and rf eld amplitude.
Subsequently, we conduct a qualitative comparison of these Nb/Cu Ims based on our ndings.
This allows us to identify the Nb/Cu Im that is most effective at reducing the nucleation of rf

vortices associated with surface defects.
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Figure 5.1: Photo of the seven Nb Ims on one common Cu substrate. The samples are prepared
at CERN.

5.3 Outline of the Chapter

The outline of this chapter is as follows: In Sec. 5.4, we present how the seven Nb/Cu Ims
studied in this work are prepared. In Sec. 5.5, we present the experimental results for the Nb/Cu
Ims, focusing on surface defect signals, and interpret the results with the insights from TDGL
simulations discussed in Chapter 4. In Sec. 5.6, we summarize the experimental results for the
Nb/Cu Ims. In Sec. 5.7, leveraging the insights from TDGL simulations discussed in Chapter 4,
we compare the Nb/Cu Ims to determine which deposition conditions most effectively suppress
rf vortex nucleation at surface defects. In Sec. 5.8, we compare the key differences between a
previous research conducted in the Anlage lab and the present study. In Sec. 5.9, we summarize

our ndings on the Nb/Cu Ims and discuss their implications for SRF applications.
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Parameter HIPIMS DCMS
Average power (kW) | 1.3 1.3
Discharge voltage (V) | -600 -377
Current (A) 160 (Peak current) 3.4
Working gas Kr Kr
Pressure (mbar) 23 10°3 23 10°3
Temperature®C) 150 150
Coating duration (min)| 60 60

Table 5.1: Sample preparation parameters of the seven Nb/Cu Ims studied in this work.

5.4 Sample Information

In this work, we study seven Nb Ims deposited on one common Cu substrate [138,139],
as shown in Fig. 5.1. One of the samples is prepared by Direct Current Magnetron Sputtering
(DCMS) with zero bias, and the sample thickness is around B.5The other six samples are
prepared by High Power Impulse Magnetron Sputtering (HIPIMS) [151], with bias from 0 V to
125V, and the sample thickness ranges from 1450 1.5 m.

In these six HIPIMS samples, the primary variable under investigation is the applied bias
voltage during deposition (described later in this section). While the Im thicknesses vary slightly,
they are not systematically controlled or varied. Therefore, the analysis in this work focuses on
the in uence of bias voltage, rather than Im thickness [151], on the properties of the deposited
Nb/Cu Ims.

The HIPIMS Nb/Cu Ims studied in this thesis were fabricated using the same deposition
methods as the HIPIMS + BS Ims described in Ref. [123], which provides a detailed analysis of
the resulting microstructures. Figure 3(a) of Ref. [123] presents a scanning electron microscopy
(SEM) image of the surface of a HIPIMS Nb/Cu Im, while Figure 4(a) shows an SEM image

of a focused ion-beam (FIB) prepared cross-section of the same Im. The average grain size at
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the top layer surface is approximately 390 nm. According to Table 2 in Ref. [123], the crystallite
size—estimated from x-ray diffraction (XRD) analysis—is about 91 nm, and the dislocation
density is approximatelg:7 104 m 2,

The preparation of the seven Nb/Cu Ims studied in this thesis is discussed in the following.
The substrate used for the Nb coatings is a 2 mm thick, oxygen-free electronic (OFE) copper disk
measuring 75 mm in diameter. Prior to coating, the substrate disk is degreased using commercial
detergent. The sample is then chemically polished using a mixture of sulfamid-&N&Qs,

5 g/L), hydrogen peroxideH,0,, 5% vol.), n-butanol (5% vol.) and ammonium citrate (1 g/L)
heated up at 7Z for 20 minutes. After polishing, the disk is rinsed with sulfamic acid to remove
the build-up of native oxide and cleaned with de-ionized water and ultra-pure ethanol.

The Cu substrate is mounted on an ultra-high vacuum (UHV) stainless steel chamber
equipped with a rotatable shutter to expose in turn the areas to be coated, and the chamber is then
connected to a sputtering system. Both assemblies are performed inside an ISO5 cleanroom, and
the sputtering apparatus is described in detail in Ref. [138]. The entire system is transported to
the coating bench where it is coupled to the pumping group and gas injection lines, and pumped
down to about. 10 7 mbar. The pumping group and the sputtering system undergo a 48-hour
bakeout at 200C, during which a 4-hour activation of the Non-Evaporable Getter (NEG) pump
is performed. The temperature of the UHV chamber is maintained &C1&@il the start of
the coating. After cooling down, the system reaches a base pressure a®undio ° mbar.
Ultra-pure krypton (99.998%) is injected into the system until a process press2ife ofl0 3
mbar is reached. The seven coatings are then performed according to the deposition parameters
outlined in Table 5.1. One of the samples is prepared by Direct Current Magnetron Sputtering

(DCMS) with zero bias, and the coating thickness is around B15The other six samples are
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prepared by High Power Impulse Magnetron Sputtering (HiPIMS), with bias voltages ranging
from 0 V to -125 V, with coating thicknesses ranging from 1.16to0 1.5 m.

During the coating process, the sample temperature was monitored with an infrared thermal
sensor (OMEGA 0S100-SOFT) and kept constant aPC5The HiPIMS plasma discharge was
maintained using a pulsed power supply (Huettinger TruPlasma HighPulse 4006) and the negative
bias voltage was applied to the samples using a DC power supply (TruPlasma Bias 3018). The
DCMS discharge was maintained using a Huettinger Truplasma 3005 power supply. The discharge
and bias voltages and currents were monitored throughout the entire coating process using voltage
(Tektronix P6015A) and current (Pearson current monitox3@iobes whose signals are recorded
by a digital oscilloscope (Picoscope 2000). After the coating, the samples were cooled down to
room temperature, after which the chamber was vented with dry air. The Nb layer thickness is

measured by X-ray uorescence via the attenuation method.

5.5 Experimental Results with Insights from TDGL Simulations

Previous research conducted in the Anlage lab [11] investigated the third-harmonic response
of several bulk Nb samples and Nb/Cu Ims using the same experimental setup as in this study.
However, maintaining a consistent probe-sample separation proved challenging due to the non- at
surfaces of the samples, which provided motivation for the samples created for the present work.
In contrast, the Nb/Cu Ims examined in this study exhibit remarkable atness, ensuring consistent
probe-sample separation. Furthermore, HiPIMS Nb/Cu cavities fabricated at CERN show high
repeatability [152], and the HiIPIMS Nb/Cu Ims examined in this study adopt the same fabrication

recipe. These two features enable us to conduct more meaningful comparisons between these
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Figure 5.2: Representative data fy as a function of temperature for the HiPIMS 25 V bias
Nb/Cu sample. The input frequency is 1.86 GHz and the input power is 2 dBm. The blue dots are
the raw data, and the red curve is thg averaged over 0.05 K range bins. Inset: enlargement of
the gure above 7 K.

samples.
In the following, we present a detailed discussion of the HiPIMS 25 V bias Nb/Cu sample
in Sec. 5.5.1 as a representative example of the typical meaByregsponse, while the results

for the other six Nb/Cu samples are provided in Sec. 5.5.2.

5.5.1 Measurement Results for the HIPIMS 25 V Bias Nb/Cu Sample

55.1.1 Fixed Location Measurements

Figure 5.2 shows the representative data for the third-harmonic response pgvesr
a function of temperature at a xed location on the HIPIMS 25 V bias Nb/Cu sample. A
representative measurement protocol is as follows. The sample is warmed up to 10 KTgbove

and then the microwave source is turned on with xed input frequehcy (=2 =1.86 GHz)
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and input powerR =+2 dBm), and thePs; is measured as the sample is gradually cooled down
to 3.5 K. In other words, the surface of the sample experiences a xed rfBgldin(t ) in a
sub-micron scale area during the cooldown process from 10 K to 3.5 K.

The measure@s:(T) in Fig. 5.2 can be decomposed into three segments: the region above
9.1 K, the region below 6.7 K, and the region in between. The magnetic writer head (the probe of
our microwave microscope) itself has temperature-independent nonlinearity. The signal above
9.1 K comes from this probe background and is indeed temperature-independent. A transition
around 9.1 K can be seen in the inset of Fig. 5.2. This transition comes from the intrinsic nonlinear
response of the Nb Im. The strongeR$; signal here shows up below 6.7 K. In the following, such
a P onset temperature is called tRe transition temperature and is denotedl&s . Compared
to the signal around 9.1 K, the onset around 6.7 K is dramatic. Such a signal suggests that some
mechanism shows up at and below 6.7 K that produces strong nonlinearity. The mechanisms
leading to strondPs; below 6.7 K are extrinsic and are likely due to surface defects. Notdthat
below 6.7 K is much stronger than the intrinsic Nb signal around 9.1 K, suggesting that our local
P3 measurement is sensitive to surface defects.

Since the main objective of this work is investigating rf properties of surface defects, the
strongPss below 6.7 K is the main focus in the following.

To further study the nature &%; below 6.7 K,Pz(T) for various input power®,; (and
hence various applied rf eld amplitudd¢) are measured. For each measurement, the sample is
warmed up to 10 K and then cooled down to 3.5 K while experiencing an applied rf eld with xed
input frequency and input power. Since the meas&gds the combination of probe background
and sample contribution, the probe background (probe background is obtained by averaging the

magnitude oPz:(T) between 9.5 K and 10 K) is subtracted from the total signal to isolate the
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Figure 5.3: Measured linear power scBIg(T) from strong (red) to weak (purple) input power

for the HIPIMS 25 V bias Nb/Cu sample. The input frequency is 1.86 GHz. Compared to the raw
data shown in Fig. 5.2, here the probe background is subtracted. Note that input power (in dBm
scale) is proportional tB2, and hencé'ed = 1:78 B~

sample signal. The process is repeated six times, each time with a different input power. The
results of the siPz¢(T) of different input powers (and hence differddy) are shown in the linear
format in Fig. 5.3.

In Fig. 5.3, all the sixPs(T) exhibit a two-peak feature, and thdif* are consistently
around 6.7 K. For both peaks, as the rf eld amplitude increases (purple to red in Fig. 5.3), the
P3:(T) maximum increases; in addition, tRg(T) maximum and théz(T) low-temperature

onset both show up at a lower temperature.

5.5.1.2 Consistent Features in Experiment and TDGL Simulations

The characteristic feature tha®s; at low temperatures is signi cantly stronger than the

intrinsic Nb signal around°” appears in both Fig. 5.2 (measurement) and Fig. 4.9 (TDGL
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Figure 5.4: Statistics of one-dimensional scanRg(T =5:7 K; P = 5 dBm f =
1:.86 GHz) for the HIPIMS 25 V bias Nb/Cu sample. The coef cient of variation (the ratio of the
standard deviation to the mean) is 0.08. Inset: spatial distribution of this one-dimensional scan.

simulation). The two-peak feature of tRg(T) in Fig. 5.3 (measurement) is also observed in

Fig. 4.13 (b) (TDGL simulation). Furthermore, both peak®g{T) in Fig. 5.3 (measurement)
exhibit all four key features identi ed in Sec. 4.4 (TDGL simulation), which are intrinsic signatures

of rf vortex nucleation by surface defects. The consistency between experimental observations and
TDGL simulations strongly suggests that the stréagsignals observed in Fig. 5.2 and Fig. 5.3

may be attributed to rf vortex semi-loops nucleated by surface defects.

5.5.1.3 Scanning Measurements

So far the measurements are taken at one single location on the surface of the sample. How
about the situation at other locations? In particular, does the defect signal (theRiydedow
6.7 K) show up at other locations as well? To answer this question, we meg(if¢ with

P = -2 dBm at four distinct locations on the sample surface and obtain consistent results. The

99



separation between any two of these locations exceedsnlOn addition, a one-dimensional

(1D) scan is performed for a 40m range with a step size of 0.2n. Temperature and input
power are chosen to be T=5.7 Kand P =-5 dBm, and our goal is to determine the homogeneity
of the signal from the lower temperature peak of the blue curve in Fig. 5.3. The 1D scan result
is shown in Fig. 5.4. According to this scanning result, Baesignal from the defect is quite
consistent and uniform at them-scale (coef cient of variation = 0.08). One possible explanation

of such uniformity is that the size of one single defect is at the nm-scale and the defect spacing is
smaller than the resolution of the microscope (sub-micron scale), and herfég #ignal of our
sub-micron scale measurements comes from the contributions of multiple defects. As an example,
the average grain size is around 390 nm for the HIPIMS Nb/Cu Ims studied in Ref. [123] (page 3
of Ref. [123]). Suppose the HiIPIMS Nb/Cu Ims studied in this work have a similar structure to
those in Ref. [123], and suppose the surface defects responsible foy; thignal in Fig. 5.4 are

grain boundaries. In that case, a microwave microscope with a resolution signi cantly better than

400 nm is required to resol\®s; signals from two distinct grain boundaries.

5.5.2 Measurement Results for Six Nb/Cu Samples

So far, only the HIPIMS 25 V bias Nb/Cu sample has been discussed. Temperature
dependence and input power dependencBzpfare studied for the other six Nb/Cu samples
in the same manner as the HIPIMS 25 V bias Nb/Cu sample.

Figure 5.5 shows the representatig(T) for the 75 V bias sample (Fig. 5.5 (a)) and the
125 V bias sample (Fig. 5.5 (b)). For both Fig. 5.5 (a) and®g)(T) exhibits the rst three of the

four key features identi ed in Sec. 4.4 (TDGL simulation), suggesting that these features are quite
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Figure 5.5: MeasureB3(T) for two input powers for (a) the HiIPIMS 75 V bias Nb/Cu sample
with an input frequency of 1.98 GHz and for (b) the HIPIMS 125 V bias Nb/Cu sample with an
input frequency of 1.66 GHz.
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universal. Although the temperature regime below 3.5 K is inaccessible in our measurements, the
fourth key feature from Sec. 4.4 (TDGL simulation) is likely present for the HIPIMS 75 V bias
Nb/Cu sample and the HiIPIMS 125 V bias Nb/Cu sample, as inferred from the beha#g( )

above 3.5 K in Fig. 5.5.

The fact that experimental data (Fig. 5.3 and Fig. 5.5) and TDGL simulation of the grain
boundary model (Fig. 4.10) both exhibit the four key features (Sec. 4.4) &fid delow 9.3 K
suggests that “rf vortex semi-loops nucleate in grain boundaries hostingjlowpurity phases”
is indeed one of the possible mechanisms of the obsdPyesignals for the HIPIMS Nb/Cu
samples.

Figure 5.6 shows the representative dataHg(T) generated by surface defects for the
HiPIMS 50 V bias sample, the HIPIMS 100 V bias sample, and the DCMS sample. For the
HiPIMS 50 V bias sampleRs(T) with TPs around 6.4 K is observed in a strong input power
regime (Fig. 5.6 (a)), anBs(T) with T/# around 6.8 K is observed in a weak input power regime
(Fig. 5.6 (b)). For the HiPIMS 100 V bias sampky(T) with T/# around 6.5 K is observed
(Fig. 5.6 (c)). For the DCMS samplBg(T) with T/* around 6.5 K is observed (Fig. 5.6 (d)).
The negative value fof < 6:5K in Fig. 5.6 (d) is due to the naive background subtraction, as
discussed in Sec. 2.4.7.

Figure 5.7 shows the representative dataFg(T) of the HiPIMS 0 V bias Nb/Cu sample.

For this samplePs:(T) shows a clear transition around 9 K. In addition to the intrinsic Nb
responsePs:(T) demonstrates a non-trivial temperature dependence around 7.6 K and 6.5 K,
indicating the presence of surface defects.

The surface defect signal of the HIPIMS 0 V bias Nb/Cu sample differs qualitatively from all

other samples examined in this work in two key aspects. First, Wi3jlel') exhibits a bell-shaped
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