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ABSTRACT PAGE

Time-resolved magneto-optical imaging (TRMOI) technique allows dynamic ac trans-
port measurements on superconductors. The high time and spatial resolutions of
the measurements also offer good quantitative data analysis of the MO images.
Y BasCuz0r—s (YBCO) was discovered as a high-temperature superconductor (HTSC)
which has wide applications due to its high critical temperature of T, = 91 K, and
high critical current density J, in the order of 105~7 Acm™2. Many of the applications
require high ac current load and a high magnetic field. We study the interaction be-
havior of YBCO thin films in an ac transport current and a dc magnetic field by the
TRMOI technique.

In this dissertation, I first introduce the applications of high-temperature super-
conductors with focus on YBCO and describe the advantages of the TRMOI technique
we developed over other methods to map the magnetic flux distribution of supercon-
ductors. The theories to understand the magnetic properties of HT'SC are presented,
followed by theoretical models. I also introduce a newly developed finite elemental
method (FEM) simulation which is proved to be a better theoretical guideline to our
data analysis. The TRMOI experimental setup and the procedures are discussed in
detail. I show step-by-step the calibration of light intensity profiles averaged from
MO images to determine magnetic field distribution, and a numerical inversion of the
Biot-Savart law to calculate the current density distributions.

The current density evolution in YBCO thin films is studied by TRMOI as a
function of the phase of an ac current applied simultaneously with a perpendicular
dc magnetic field. The measurements show that an ac current enables the vortex
matter in YBCO thin films to reorganize into two coexisting steady states of driven
vortex motion with different characteristics. To study the transport current effects in
YBCO thin films, we present a new empirical method to separate the total current
distribution into a circulating shielding current and a transport current.

Furthermore, we performed TRMOI measurements on multifilamentary YBCO
thin films with six superconducting filaments. Several sets of measurements with
different experimental parameters are compared to find optimized measurements es-
pecially fitting the TRMOI technique for best quantitative results. The integrated
transport current in the optimized measurements agrees fairly well with the current
we applied. Nearly half of the transport current flows in the most outer two fila-
ments while the rest of the current flows roughly evenly in the inner four filaments.
Comparing with the FEM simulation results, the multifilamentary film shows higher
critical current than the single bridged TBCO thin film. Finger-like inhomogeneous
flux penetration patterns are observed in the TRMOI study of YBCO coated con-
ductors in ac current regime. A quantitative analysis of the images show how the
grain boundary network affects the overall behavior of the flux and current density
evolution.
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Chapter 1

Introduction

Superconductivity is a phenomenon observed in numerous materials at very low tem-
peratures. A material is said to be superconducting if it has zero electrical resistance
and no interior magnetic fields. Superconductivity was first discovered in mercury by
the Dutch physicist Heike Kamerlingh Onnes in 1911 after he successfully liqulified
helium by cooling it to 4 K. Scientists and engineers throughout the world have been
striving to develop an understanding of this remarkable phenomenon. Much progress
has been made, in fact, superconductivity is being applied in diverse areas including:
medicine, theoretical and experimental science, the military, transportation, power

production, electronics, and many other areas.

1.1 High-temperature Superconductors (HTSCs)

The transition temperature from the normal-to-superconducting state is a supercon-
ductor’s critical temperature 7.. Before 1986, all superconductors did not exceed a
critical temperature of 30 K. High-temperature superconductors with critical tem-
perature in excess of 90 K were discovered in 1986 by German physicists Karl Muller

and Johannes Bednorz®. Such significant increase of T, opened new interests and
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research in superconductivity. With the T, value being higher than the boiling point
77 K of liquid nitrogen, there are more feasible commercial applications.

High-temperature superconductors are a category of superconducting ceramic ma-
terials with perovskite structure (metal-oxide ceramics that normally have a ratio
of two metal atoms to every three oxygen atoms), which normally have a criti-
cal temperature greater than 30 K. Rare earth oxide ceramic materials such as the
REBayCuzOq_s (where RE =Y, Sm, Nd, etc) compound have been discovered to be
high temperature superconductors in the late 1980s. Since then, the critical tempera-
ture of HTSC continues increasing: from the ¥ BasCuzO7_s (YBCO) with a T, = 92
K in 19878 to a world record of T, = 195 K for (Sny.oPbosIngs)BasTmeCugOs, in
July 20081,

Besides traditional ceramic materials, a second family of high temperature super-
conductors with T, = 26 K was discovered in spring 2008, soon researchers found
materials in the same family of iron-based superconductors that have transition tem-

peratures of 41 K reported in June 2008561,

Such new discoveries indicate that layered
iron oxypnictides are promising as a new material platform for further exploration of
high-temperature superconductivity.

High-temperature superconductors are classified by their critical temperatures.

Normally if the materials have T, lower than liquid nitrogen’s boiling point of 77 K,

they are considered to be low-temperature superconductors.

1.1.1 Various applications of HTSCs

On a timeline of HTSC research and development "], the first generation high-temperature
superconducting bismuth strontium calcium copper oxide (Bi, Pb)3SraCasCusO,
(also called as BSCCO or Bi-2223) wires were made in 1989. Five years later in

1994, 1-km BSCCO wires were achieved. Unlike conventional superconductors, the
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electrons in HTSC materials travel along the grains of the atomic lattice in straight
lines. If the alignment between the atomic lattice of separate grains is off by sev-
eral degrees, superconductivity will drop dramatically. For BSCCO such alignment is
fairly easy. BSCCO wires with kilometers of length are already commercially used in
power cables, high-efficiency industrial motors, lightweight ship propulsion systems
and electricity-storing flywheels.

The downside of BSCCO wires is the high-end cost - almost ten times more
expensive than the normal copper wires. Due to its poor texture, misoriented grain
boundaries can block more than 75% of the current and reduce the current density
to about 10*Aem =28, The high anisotropy of BSCCO weakens the vortex pinning
and greatly limits its usage in high magnetic fields.

In 1995, physicists at Los Alamos National Laboratory and Oak Ridge National
Laboratory turned to the second generation (2G) HTSCs wires known as YBCO

2 and is

coated conductors. Such wire can carry a current density as high as 105 Aem™
a lot cheaper in cost and higher in magnetic field tolerance!®. The development of 2G
coated conductor wire grew fast. In 1999, a meter-long 2G YBCO coated conductor
wire was made that can carry 122 A. Today, 2G HTSC power cables are used globally
in industrialized nations such as in Japan, Korea, China, and the United States. In
2006, a 350-meter-long 2G wire carrying more than 200 A was installed in Albany,
New York (Fig. 1.1[M). This cable is expected to supplement the power grid to carry
enough extra energy to power more than 70,000 homes. Researchers point out that
in the US most power supply cables are old and ready to be replaced. The increased
demand for electricity will require more power cables installed especially in crowded
urban areas. The Department of Energy estimates that some 3, 500 kilometers of the

power cables in the US could be upgraded to 2G superconductor cables.

The new technology is still young and it will take a long time to adapt infrastruc-
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OH Line

Termination

HTS Cable f
Figure 1.1: the scheme of an underground HTS power cable connecting two substations
in Albany, New York.

ture to wider use. It is hard to judge its stability and security level for long-term
applications.

Other than large load and high efficiency power transmission, high-temperature
superconductor thin films are used for front-end filters in base-station receivers for cell
phones®9. The micro-strip filters patterned in a YBCO film offers advantages over
the conventional, room-temperature filters: The narrow bandpass rejects interference
from other cell-phone channels at neighboring frequencies , consequently reducing
the noise and increasing transmission quality. The low noise allows larger distances
between stations and reduces the network cost especially in rural areas. In the real
market, Superconducting Technologies Inc. (STI) has installed over 5,500 HTSC
filters in the US®. However, the development of conventional filters may overcome
the benefits of HTSC filters with less cost.

Large scale applications of HTSCs include the magnetically levitated trains, al-
ready operating in China, Germany and Japan, large motors, and synchronous con-
densers. American Superconductor Corporations (AMSC) built two dynamic reactive
power generator systems with 12-MVAR reactive power for low cost and high reliabil-
ity to compensate large reactive load imbalances. AMSC also developed a full-scale,
high power density, lightweight 36.5 MW propulsion motor (Fig.1.2)® and a drive
system for naval applications. For the next generation of aircraft to achieve less - or

even nonpolluting fuel, engineers at NASA MY have disclosed several electrical com-
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Figure 1.2: The AMSC 36.5 MW, 120 rpm, 2.9 x 108 N-m, 75 Tonnes ship propulsion
motor.
ponents used to convert aircraft to electrical propulsion. Such inventions considered
superconducting technology based motors and generators with high efficiency and
power densities comparable to gas turbines.

Cost is still the critical challenge for HTSC applications. Before widespread use
of HTSCs can occur, more advancements will be needed for increased stability, lower

maintenance, and reduced cost.

1.1.2 YBCO

One of the best known high temperature superconductor, ¥ BasCusO7_s (YBCO),
was synthesized by scientific groups!® in 1987, and has a T, of 91 K (Fig.1.3), a higher
temperature than of the boiling point of liquid nitrogen.

Oxygen stoichiometry is a crucial property of the Y BasCusO7_s compound. In
general, the oxygen stoichiometry in such compound can fluctuate in the range
6.0 < § < 7.0; however, only values between 6.5 < § < 7.0 present superconducting
properties. Fluctuations in the copper valence are directly related to variations in

the oxygen stoichiometry. If oxygen content varies in the range 6.5 < § < 7.0, both
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Figure 1.3: The R — T curve of YBCO measured by us.

Cu** and Cu®* cations are both present in the structure. For oxygen stoichiometry
§ = 6.5, the sample presents only Cu®*. Figure 1.4 indicates different structures of
Y BayCuszO7_s when the value of § varies. The critical temperature T, increases when

oxygen content increases and when § > 0.5, YBCO will lose its superconductivity .

Figure 1.4: Left The crystal structure of Y BasCuszOr_s5. Right (a) § = 7.0, green squares
represent vacancies; (b) § = 6.5, pink shaded circles represent half-occupied sites; (c) § =
6.0.

As the first material to become superconducting above nitrogen boiling temper-

ature, 77 K, single crystals of YBCO also have a very high critical current density

(12]

J. ~ 1 x 108Acm™2 that is crucial for practical applications!!?. Though the crystals



Introduction 7

have the critical density, the temperatures are hard to maintain for gross commercial
applications. As with all ceramic material, YBCO is very brittle and is difficult to

form the flexible long wires for power transmission.

1.1.3 Why superconducting?

There are many theories to explain superconductivity. Before the discovery of HT'SCs,
the most famous theory is the BCS theory13) developed by three American physicists
John Bardeen, Leon Cooper and Robert Schrieffer in 1957.

In BCS theory, Cooper explained that electrons in a superconductor act as pairs,
so called Cooper pairs, rather than as individual particles. All Cooper pairs travel
in a superconductor as a single entity and establish an electrical current. Unlike
fermions and the Bose condensation, there is only elastic scattering for the Cooper
pairs. In superconductors, there is no resistance to the Cooper pairs motion, so the
induced current that induced continues to flow after the removal of an applied volt-

age. Since all electrons have same negative charges and normally repel each other, an

Figure 1.5: An illustration of the forming of the Cooper pair.

overwhelming attraction between the Cooper pairs of superconductors must exist. As
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one negatively charged electron passes by positively charged ions, the superconduc-
tor’s crystal lattice distorts. This in turn causes phonons to be emitted which forms a
path of positive charges around the electron. A second electron is pulled into the path
before the distortion relaxes back to normal. In such a process, two electrons, which
are supposed to repel each other paired up, and the forces exerted by the phonons
overcome the Columb force. When one electron in a Cooper pair passes an ion in the
crystal lattice, a vibration will pass from ion to ion until the other electron of the
pair absorbs the vibration, which keeps a Cooper pair together. Fig. 1.5 illustrates
how the Cooper pairs become linked together.

The BCS theory states that two electrons attract to each other through inter-
actions with the phonons, and such electron pairing puts the material into a lower
energy state. As temperature rises, the Cooper pairs start to separate into single
electrons and superconductivity eventually ceases to exist. The BCS theory is able
to give an approximation for the quantum-mechanical state of the system of pairing
electrons inside metals. The BCS also quantitatively gives the superconducting tran-
sition temperature in terms of the electron-phonon coupling potential and the Debye

cutoff energy, in its simplest form:
_ 1 v
KgT, =1.14Epe ¥O ", (11)

This theory ruled the superconductor world until the late 1980s, but it is insufficient
to describe the observed features of high-temperature superconductivity.

As shown in the YBCO crystalline structure (Fig. 1.4), the compounds contain
planes of copper and oxygen ions. Electrons will only travel from copper ion to cop-
per ions, which differs from pure metal superconductors where the electrons pair with
one another and interact with phonons!!¥. In high-temperature superconductors,

electrons push each other and interact with each copper ion. The proper material
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doping process can create superconductivity. To explain this type of superconduc-
tivity, scientists have tried many theories. Some argue that waves of magnetism act
like phonons in conventional superconductors. The electrons are little magnets which
make the adjacent copper ion spins point in opposite directions to create an up-down-
up-down pattern. Such antiferromagnetism cause electrons to tilt and flip, and the

151 Some theo-

waves move through such a pattern and provide the electron pairing
rists focus on a subtle quantum connections between electrons on neighboring copper
ions and states no pairing or waves are necessary to pass. This is known as the res-
onating valence bond (RVB) theory1¢l. Still others say that both the magnetic waves
and the RVB theory play some essential roles to explain superconductivity. Other
theorists believe stripes of electric charges on the planes are necessary to trigger the
pairing; or that loops of current flowing inside the copper - oxygen planes are the key.

Most researchers do not think there is one magical theory to fully explain the
high-temperature superconducting phenomenon. Researchers also attempt to use the
computer to solve this problem. They numerically simulate the electrons hopping
around the copper planes and try to obtain all the different phases and the pairing
mechanism from the interactions between electrons. Generally theorists use a so
called Hubbard model, the simplest model of interacting particles in a lattice, to map

the electron motions!7.

The ease with which the electrons hop and the Coulomb
interaction strength are the only two parameters to adjust. However, the complexity
of the quantum mechanical calculations limits the calculation to only dozens of lattice
sites for manageable approximations.

Even after twenty-two years of effort since the discovery of HTSCs in 1986, and
more than a hundred thousand articles of literature are published on high-temperature

superconductors, scientists still do not find a theory or a series of theories to explain

high-temperature superconductivity. But the high-temperature superconductivity
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has led to many new aspects of science and technology, for example, the new discov-
eries of revolutionary materials, and new concepts of experimental condensed matter
physics. Physicists believe in the next two decades, the mystery of high-temperature

superconductivity will be unveiled.

1.2 Magnetic flux density measurements of HTSCs

High- temperature superconductors are widely used in a magnetic field with a large
load of ac current. It’s important to observe and understand the electric and magnetic
properties of HT'SCs in these conditions, which require spatial distribution measure-
ments of the magnetic field flux density of HT'SCs.

Different imaging techniques are available to study the spatial distribution of
the magnetic field in HTSC thin films. One example is Lorentz microscopy ¥ that
uses a coherent high energy electron beam to image vortices. It has the ability to
correlate very high resolution bulk magnetic and material images, but it has lim-
ited detectable fields and sample dimensions. Similarly, magnetic force microscopy
(MFM) also has poor minimum detectable fields, and it is difficult to interpret the
images due to its unknown micro-magnetic structure of the tip. Finally, the Scan-
ning Hall probe microscopy® and Hall sensor array®” are techniques using Hall
sensors to image magnetic flux profiles at the surface of superconductors. It has great
strength in imaging samples non-invasively over a broad range of temperatures and
applied magnetic fields, but slow image acquisition time is a major drawback of the
technique so real time imaging is not possible. Scanning SQUID(the Superconducting
QUantum Interference Device) microscopy is the most sensitive magnetic field sensing
element. SQUID has outstanding minimum detectable fields and quantitative output
but relatively poor spatial resolution. Magneto-optical imaging (MOI) is based on

the Faraday effect. Directly placing a magneto-optically active indicator film on the
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superconductor sample surface as close as possible, one can image the magnetic fields
by virtue of rotations in the polarized direction of passing light 223,

MOI has the advantages of being quantitative and quick to implement. MOI is a
direct and real time method to observe the magnetic flux behaviors of HT'SCs. How-
ever, reported MOI studies were limited to constant external magnetic field and/or a

DC applied current 242"

, or to measurements under rather slowly evolving conditions
like thermal relaxation of magnetic flux in the remnant state?®]. Dynamic studies
with high time resolution MOI measurements with an ac current applied are new and
will allow us to investigate ac behavior of HT'SCs, which brings the MOI technique to
2 higher level — a new time-resolved magneto-optical imaging (TRMOI) technique (29],
It is capable of measuring cyclic magnetic flux distributions in planar superconductors
carrying alternating current with different frequencies, normally from 100 Hz to 1000
Hz, and the spatial resolution is up to 1um. The higher spatial resolution is limited

by the distance of magneto-optical indicator films and the sample, and the domain

walls of the indicator films could introduce image artifacts and perturb samples.

1.3 Outline

In Chapter 2, We discuss important theories of superconductors, especially for the
type II superconductors, magnetic properties, flux pinning and thermal instabilities.
We also discuss the critical state model that is essentially a guideline for our quanti-
tative imaging analysis.

In Chapter 3, we describe the time-resolved magneto-optical imaging experimental
technique. It includes a detailed experimental setup, a walk-through of the exper-
imental procedure, the sample preparation and mounting, and a discussion of the
magnetic field calibration procedure from magneto-optical (MO) images.

In Chapter 4, we present the magnetic flux and current distributions measure-
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ments of YBCO thin films. We observed for the first time the vortex state evolution
driven by an ac transport current. A quantitative study of the TRMO images reveals
the coexistence, during the ac cycle, of a quasi-static state in the thin film interior
and a disordered dynamic state near the edges of the thin film. We further dis-
cuss a separation of the total current distribution, an asymmetric transport current
and a circulating shielding current. This chapter also contains a study of frequency
dependence measurement of YBCO thin film in a range of 100 Hz to 1000 Hz.

In Chapter 5, we present the first magnetic flux and ac current distribution mea-
surements of multi-filamentary YBCO thin films using TRMOI. The thin film with
six filaments is measured at different values of applied ac current and/or an external
magnetic field. We explicitly measured and analyzed the six-filament YBCO thin film
with peak value of 8 A applied ac current and a 5 mT perpendicular field. The ac
phase dependence results show that most of the applied ac transport current flows in
the outer two filaments while the inner four filaments carry almost the same amount
of current. From our MO images one can clearly observe the magnetic flux moves
from one edge to the other edge on each filament as the transport current alternates.
A quantitative analysis is given and agrees very well with the experiment. The com-
parison with the FEM simulations are present, and the multifilamentary film exhibits
a critical current value twice as high as the YBCO thin films.

In Chapter 6, we present the TRMOI measurements of the second generation
(2G) YBCO high temperature superconductors, which are also known as coated con-
ductors that have been developed and manufactured in recent years. Different from
single crystal YBCO thin film, the coated conductors’ grain boundaries result in non-
uniform flux penetration patterns and bear a lower current density. We also give
examples of quantitative studies on phase dependence measurements and show how

the grain boundary structure affects the overall profiles.
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In Chapter 7, the last chapter of this dissertation, we offer conclusions and rec-

ommendations for future experiments.



Chapter 2

Theories

In this chapter, we present a theoretical basis for the magnetic properties of super-
conductors. Because superconductors are typically classified as type-1 or type-II, we
provide definitions and examples of each classification. However, we purposely focus
on type II superconductors as they are critical to our work; specifically, the vortex
and vortex state; the flux pinning mechanism, the thermal-activated flux creep 3931
and the thermal-magneto instabilities such as flux jumps®®33 and finger pattern
avalanches4. We also present a detailed discussion of Bean’s critical state model
and its extensions for different sample geometries in order to study the transport

and magnetic behaviors of type-II superconductors. The aforementioned gives the

quantitative magneto-optical imaging technique a theoretical support.

2.1 Magnetic properties of superconductors

Another characteristic of superconductivity is the exclusion of magnetic flux. A per-
fect superconductor is also an ideal diamagnet. This effect is called the Meissner
effect discovered in 1933 by the German physicists Walther Meissner and Robert

Ochsenfeld . When an external magnetic field, H, , is applied along the z direction of

14
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a superconducting sample, an induced surface current arises which completely shields
the external field from the bulk.

The fundamental mechanism of superconductor diamagnetism arises from the per-
sistent screening current which shields it from the applied field. Figure 2.1 shows a
superconductor sample in its normal state (Left) and in the Meissner state (Right)

when an external magnetic field is applied.

Figure 2.1: The Meissner Effect.

The Meissner effect occurs for low applied magnetic fields H,, otherwise, the mag-
netic flux will penetrate the interior of the sample causing its superconductivity to
decrease. For many applications of superconductors , such as creating strong electro-
magnets, the superconductor must carry large currents without energy losses. While
an electrical current is flowing in a superconductor, a magnetic field is created. The
field increases as the current increases. Each superconductor material has its own
critical current density J.. When the applied current is too large, the superconductor
will go into the normal state. Figure 2.2 shows a phase diagram for three parameters,

T., H. and J.. Each of these parameters depends upon on the other two. Maintaining
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the superconducting state requires that both the magnetic field and the current den-
sity, as well as the temperature, remain below the critical values, all of which depend

on the material.

CRITICAL SURFACE PHASE DIAGRAM

e

Figure 2.2: The three phase (7., H, and J.) diagram of superconductivity. The highest
values for H, and J, occur at 0 K, while the highest value for T, occurs when H and J are
zero. When considering all three parameters, the plot represents a critical surface. From
this surface, and moving toward the origin, the material is superconducting. For regions
outside this surface the material is normal or in a mixed state.

Superconductors do not always behave as perfect diamagnets in an applied mag-
netic field. Their phase transitions often vary and as do their physical properties,

leading to classification as type I and type II superconductors.

2.1.1 Type I superconductors

Type I superconductors behave like perfect diamagnets in an applied magnetic field
H, < H.. The value of H, depends on the material itself. Magnetic flux lines do not
penetrate inside type I superconductors. The BCS theory and its variations explain

[13]

these types of superconductors quite welll'?l. The Cooper pairs move over a relatively

large distance in a regularly structured lattice of the material. However, the attractive
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force between Cooper pairs is small and if the temperature increases past the bond’s
threshold, the bond will break.

To minimize the electromagnetic free energy carried by a superconducting current,
the shielding current only flows on the surface with the thickness of the London pen-
etration depth A (from the London equation which describes the Meissner effect®.)
When H, > H,, superconductivity breaks down and the material goes into the normal

state with zero magnetization.

TYPE | SUPERCONDUCTOR

SUPERCONDUCTING STATE

APPLIED MAGNETIC FIELD He

Figure 2.3: Magnetization curve of type I superconductors

Figure 2.3 shows magnetization M versus applied field H, curve of type I super-
conductors. When an external magnetic field H, is applied to a type I superconductor,
the magnetization cancels the applied field until an abrupt breakdown from the super-
conducting state to the normal state. Ideally, this abrupt change of superconductivity
from M = —H, to M = 0 happens at H, = H, when the demagnetization effects are
neglected.

Often, very pure elemental superconductors such as mercury, lead, and tin are
type I superconductors. Such very pure elemental type I superconducting materials

typically have very low critical fields and are not useful in superconducting magnets.
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For example, pure superconducting lead has a critical field of only 800 gauss, which

is large for type I superconductors.

2.1.2 Type II superconductors

All high temperature superconductors are type II superconductors. Examples of
type II superconductors include: YBCO, some elemental superconductors such as
niobium and carbon nanotubes, and some metal alloy materials such as M ¢gB;. Type
IT superconductors have two critical fields H,; and H.. Applying an external field

H, < H,, they behave same as type I superconductors.

TYPE Il SUPERCONDUCTOR

NORMAL STATE

" SUPERCONDUCTING
STATE

MIXEDSTATE

He, He,
[T ARE——
APPLIED MAGNETIC FIELD

Figure 2.4: The magnetization curve of a pure type II superconductor.

Figure 2.4 shows the magnetization curve for type II superconductors. As the
applied field H, increases from H. the magnetic flux starts to enter the sample and
the magnetization M decreases to zero once the applied magnetic field H, = H,s.
Eventually, the whole superconductor sample is penetrated by the flux and loses its
superconductivity.

Figure 2.5 shows the applied field H, and temperature T' phase diagram of type II
superconductors. The two critical magnetic fields are temperature dependent. As the
temperature increases to T, both H, and H. decrease to zero. When the applied
magnetic field H, < H,;, the magnetic flux is completely shielded from the supercon-

ductor and it stays in a perfect Meissner state. While for H.; < H, < H,g, the outer
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edges of the superconductor are penetrated by magnetic flux; the area penetrated by
the flux is called a mixed state. The ratio of penetration depth A to coherence length
€ is known as the Ginzburg-Landau parameter x, defined as x = % Generally, if
this value is greater than 0.7, complete flux exclusion is no longer favorable and flux
is allowed to penetrate the superconductor through cores. The coherence length is
smaller than the London penetration depth A in type II superconductors. Thus when
H. < H, < H,, the external magnetic flux can penetrate inside of the superconduc-
tor in the form of single flux lines. This penetration forms a mixed state with some of
the material in the normal state yet the interstitial space continues to superconduct.

For external magnetic fields greater than the upper critical field, the material is no

longer superconducting, and it is in the normal state.

NORMAL STATE

MIXED STATE

He,

MAGNETIC FIELD (A.V)

SUPERCONDUCTING STATE

TEMPERATURE (K) Te

Figure 2.5: Type II superconductors phase transitions.

The crystal growth orientation of high-temperature ceramic superconductors will
also affect the two critical magnetic fields H.; and H. due to the layered crystal
structures. Type II superconductors usually have high values of H.,. For example,

YBCO superconductors have upper critical field values greater than 100 Tesla at very
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low temperature. Both high values of H., T, and also high critical current density
make YBCO an advanced superconducting material capable of facilitating various

applications.

2.2 Flux pinning in type II superconductors

2.2.1 Vortex and vortex state

Type-11I superconductors act like a diamagnetic material when in the Meissner state.
The Meissner current runs in a thin boundary layer at the surface and expels all the
externally applied magnetic fields. As the strength of the applied magnetic field H,
increases, the superconducting sample transitions from the Meissner state to a mixed
state as shown in the phase diagram 2.5. In the mixed state between H, and H, the
magnetic field penetrates the bulk of type II superconductor in the form of quantized

flux lines. We call such a flux line a vortexr and the mixed state a vortexr state.

MAGNETIC FIELDH

Figure 2.6: Vortex lines penetrate the bulk of a type II superconductor in the vortex state
where Hy < H, < Hg. In vortex state, the sample is superconducting everywhere but
inside of each vortex line in which magnetic field lines can fully go through.
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Each vortex line can contain several the elementary flux quanta &, = 2% A
magnetic field can exist in a normal conducting state inside of each of the vortex
lines. A magnetic field can also exist outside of the vortex lines if the material is
superconducting. The superconducting currents surrounding each vortex line average
to zero , thus confining the magnetic field inside the vortex line. Figure 2.6 illustrates
the vortices and the vortex state in a type Il superconducting sample.

A superconductor lowers its energy by the penetration of quantized flux. The

vortices interact with each other via the Lorentz force:
F=7x®,, (2.1)

where F' is the Lorentz force per unit length of one vortex line, 5 is the current
density and &, is the flux enclosed in one line. The Lorentz force leads to a repulsive
interaction between flux lines, and in thermal equilibrium the vortex lines arrange in

a periodic lattice pattern for clean and defect-free perfect type-II superconductors.

2.2.2 Flux pinning

In reality, there is no perfect defect-free superconductor in which the magnetic flux
lines move freely through as discussed in the previous section. Impurities, crystal
defects and grain boundaries in type-II superconductor materials degrade the super-
conducting phase locally and create small regions where the material stays normal
conducting even in superconducting phase regions. When magnetic flux lines (vortex)
pass through such normal conducting regions, they will be trapped (or pinned) thus
they act as potential wells and shorten the effective length for the flux lines. Those
defect regions are called pinning sites.

When the Lorentz force is larger than the pinning force, the vortex moves further
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inside of the superconducting sample (Fig. 2.7). When the pinning force is equal to

the Lorentz force, one obtains:
Fy(7) = Ju(7, B) x B(#, (2:2)

where J, is the critical current density corresponding to the value where the Lorentz
force equals the pinning force }_7’;,. Bisan average magnetic flux density. When the
pinning force }_7’;, is homogeneous in the material, the critical current density J. is

inversely proportional to the local magnetic flux field :

_ TYPE-i SUPERS

Figure 2.7: The flux pinning in bulk type-II superconductors

The flux movement creates a gradient in the magnetic field inside the superconduc-

tor sample. From Maxwell equation, one can calculate the magnetic field distribution
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inside a type -II superconductor:
V x B = poJ (), (2.4)

where

|f<7#)‘ = J.(7, B). (2.5)

Since there is no magnetic field flux penetration in type-I superconductors, flux
pinning can only occur in type-II superconductors. Currently the ceramic high tem-
perature superconductors suffer from thermally activated flux creep, which limits
the performance of these materials at higher temperatures and at higher magnetic
fields. Optimized pinning is the main available mechanism to prevent flux creep for
superconductivity in these materials in the presence of external magnetic field and to

improve both critical current density and critical field (6381,

2.3 Thermal-magnetic instabilities

2.3.1 Flux dynamics

There are several forces that cause flux lines to move other than pinning force ﬁp(g ) =
ng f;,, where ng is the density of defects.

When a transport current flows through the bulk of a type-II superconductor, flux
lines also experience a Lorentz force and start to move under the action of the force
F, = j x B. If the superconductor sample is homogeneous, F 1, is counteracted by
a friction force density ﬁn = —ni/, where U is the flux moving velocity. This is also
the origin of a finite resistance of an ideal type-1I superconductor, which corresponds
to an electric field E = B x 7. Similar to the Hall effect in normal conductors,

an additional force called Hall force density Fy = nefU X B is acting on a moving
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vortex in the direction parallel to the shielding current j, where n, is the density
of superconducting charge carriers and f is a dimensionless factor depending on the
quasi-particle scattering rate!39.

Other fluctuating thermal forces §F (T, B ,t) due to temperature and vortex den-
sity also cause vortex diffusion and time decay of current density. The total possible

flux motions in a type-II superconductor are summarized as :
Fp+ F,+ Fy + F,(B) + 6F(T, B,t) = 0, (2.6)

where

Fy = n,f7 x B; Fy(B) = naf,.

For high temperature superconductors, when the temperature is close to the crit-
ical temperature T;, the Hall effect is negligible compared to the Lorentz and pinning
forces. At low temperature region, when applied current density 3 is much smaller
than critical current density j., the fluctuating force 6F (T, B ,t) is also tiny and the

driving force is balanced by the pinning force:
Fx(B)+j.xB=0 (2.7)

2.3.2 Flux creep and drastic avalanches

Equation 2.7 describes a stationary critical state and is metastable. This balance is

time dependent and flux creep occurs due to the thermal activation or (2) by tunneling

39]

processes®®. Such thermo-magnetic instabilities are triggered by either (1) applying

an external magnetic field with a finite ramping rate which releases energy in the form
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of heat and destroys the thermal equilibrium state, or (2) increasing the temperature
to decrease the pinning force causes flux to move further inside of the superconductor

sample[34.

Resulting finger-like patterns and more drastic avalanches were observed
in many type-II superconductors such as Y BCO, M gBy and Nb films from magneto-
optical studies®?. Such avalanches usually nucleate at sample edges where the local

field is the largest. The timescale ¢y which is necessary to reach a nearly stationary

state after suddenly switching on a magnetic field was given by:

pow?

2mo(@y)’ (28)

tO(xv y) ~

where w is the superconductor sample’s half width and p(z, y) is the flux creep resis-
tivity. The timescale ¢, depends on the sample dimensions, sample geometry and the
magnetic field ramping rate, and range from 10~ seconds up to 10 seconds.

There are models based on the Maxwell equation and thermal diffusion equations

to understand the thermal-magnetic instability phenomenons 441
%?— =-V(B xv); (E=Bxv). (2.9)
The electric field in the superconductor is :
E = E,e V0/KsT, (2.10)

where E, defines the electric field level of the critical current density j.,and the electric
field E depends on U(j) that is the current dependent activation energy U(j) due to
vortex pinning.

Instabilities occur not only due to a sweeping magnetic field. When a transport

current is applied to the superconductor film, instabilities can be induced. The time
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for developing to a quasi-stationary state is given by:

oS
to ~ uowQ%, (2.11)

where s represents the flux creep rate. Bobyl et all?®! calculated the current density

distribution J with a magnetic field distribution B(z,t) at any time ¢:

J(z,t) = — dzr’ + ——t
(z,2) o J_y z—1 w? — z? $+7r\/w2—x2

2 /w B(z',t) = Ba(t) [w? =" I(?) (2.12)

where I(t) and B,(t) are the time - dependent total transport current and applied
field, respectively. The calculation is based on a thin film sample geometry in which
the magnetic field is perpendicular to the sample with a thickness much smaller than
the half width w and much larger than the London penetration depth A. From Bobyl
et al’s report, the magneto-optical experimental results showed several 100 ms for
relaxation times of pulsed transport currents in YBCO thin films and the flux creep
led to a deeper flux penetration and a more uniform current distribution.

The real-time visualization of magnetic flux distribution by magneto-optical imag-
ing technique gives direct observation of vortex dynamical behaviors in superconduc-
tors. Faster and more severe avalanches and flux jumps were studied in M gB; which
is a very sensitive material to the dendritic instability. S. M. Hiimmert studied the
flux jump phenomenon of MgB, thin films at low temperature regions (below 10
K) in details in our laboratory 42 and reported that the finger-like patterns grow
at various rates, some fingers develop faster and further into the film while others
remain or grow wider instead of longer but the flux fingers avoid overlapping due to
long range repulsive forces between vortices. Between these big finger patterns, there
are small flux penetrations into the film. When the ramping magnetic field is high,

large fingers swallow smaller ones. The flux penetration in MgBs thin film carries
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the fingerprints of self-organized criticality and belongs to the same universality class

of YBCO ™13,

MAGNETICFIELD H

ELECTRICFIELD E

Figure 2.8: The instability diagram calculated by Denisov et al plotted in the H — F
(33]

plane!®),

Denisov et al[®¥ interpreted the appearance of the instabilities using a heat trans-
fer rate hy and distinguished the instability regions in a H — E (H is the magnetic
field) diagram (Fig. 2.8) which claims that the instabilities depend strongly on the
electric field E. Generally the onset of instabilities happens after the flux has moved
inside of the sample, thus there is a few mT' of a threshold magnetic field Hy,. The
critical electric field F, depends on the sample thickness, the critical current density

and the thermal conductivity.
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2.4 The critical state model (CSM)

2.4.1 The original CSM for slab geometry

The critical state model, also called the Bean model, was introduced by Bean in
1962144, Tt gives a very simple assumption of the current density magnitude and
distribution of type-II superconductors. The Bean model first assumes that when the
applied magnetic field is significantly higher than H,;, one obtains:
B
o

H= (2.13)
inside the superconductor; it also assumes the existence of a constant critical current
density j. that is independent of the local magnetic field B when the superconductor
is in vortex state where H, > H, < H,. In flux-free regions (Meissner region), the
current density is zero.

In the original version of the critical state model, the assumptions are based on
a slab sample geometry with a finite width and infinite length and height (Fig. 2.9).

An magnetic field B, is applied along the z direction. From Ampere’s law:

_ 0B, (z)
oz

= poJy (). (2.14)

As the applied magnetic field increases, the flux continues to penetrate the bulk

of the slab superconductor sample until a flux distribution reaches with

o) < J

The Bean model predicts that the current density equals to J. wherever the flux is
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Figure 2.9: The slab sample geometry in the Bean model with infinite length and height.
An external magnetic field is applied along the z direction. Flux penetrates the darker
shaded regions |w — a| where the current density stays constant and equals the critical
current density jec.

present and is zero in the sample center 4546

J. if—w<zr<—aq
Jyx)=4 0 if-a<z<a; (2.15)

—J, fa<z<w.

Inserting the current density values into equation 2.14, the magnetic field distributions

arel4d :
0 if —a<z<a;
B.(z) =< po(lz| —a)J, ifa<|z|<w; (2.16)
B, if |z| > w.

As the applied field B, increases to a saturated field B, = powJ,, flux lines fully
penetrate the bulk of the superconductor slab. Figure 2.10 (a) shows the magneti-
zation curves in the Bean model after zero-field cooling. Figure 2.10 (b) shows the
corresponding current density distribution. In flux free regions, there is no flux gra-

dient present, the current density j, = 0; when applied field B, = B, the current is
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flowing around the whole sample with a value of J,.

A
J J—_'Jc

Lo - -

(a) (b)

Figure 2.10: The magnetic flux density B; (a) and the current density J, (b) distributions
across a slab in the Bean model at different values of applied magnetic field: (B, < Bs) -
blue dotted lines, and (B, = Bs) - the olive-green solid lines.

The magnetization curve and the current density distribution of Fig. 2.10 are
only valid with zero-field cooling. The sample’s magnetic history changes when a
magnetic field is applied without zero-field cooling. A change also occurs when the
applied field increases from zero to a maximum value before returning to zero again.

In both cases, the sample enters the remanent state with flux trapped inside the bulk.

2.4.2 Modified CSM for thin film geometry

The simple assumptions of the critical state model only works for a slab or a long
cylinder sample geometry. For most realistic cases as in our experiment, the high tem-
perature superconductor thin films have finite dimensions with a very small thickness
d. Figure. 2.11 is a drawing of a thin film superconductor geometry. Comparing to
Fig. 2.9, all parameters are identical except the infinite height is compressed down
to a very small finite thickness d. In the thin film geometry, the thickness d is larger
than the London penetration depth A and much smaller than the sample half width

w.
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B.(x)

d {d<<w)
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Figure 2.11: A thin film geometry of superconductor sample with infinite length and very
small thickness, A << d << w. The external magnetic field B, is perpendicular to the thin
film with strongly bent flux lines at the edges.

Only applying an external magnetic field

Applying an external magnetic field B, along the z direction, the thin film super-
conductor expels the magnetic flux outside of the sample. Due to the very small
thickness, the expelled flux lines are strongly bent around the sample edges and the
z component of the applied magnetic field affect the overall magnetization thus can-
not be neglected. Since in this geometry, the sample has infinite length, the current

density j, is one dimensional. One rewrites Ampere’s law:

0B, 0B,

HoJy(z) = Oz or '’

(2.17)

where the second term —% is the new component contributing the current density
of the thin film geometry. The essential assumption of the Bean model — the current
density is equal to the critical current density J,. is still valid here.

In slab geometry, after vortices penetrate into the bulk, the outer regions have the
current distribution |J| = J,; in the flux free regions of the sample center, J = 0. For

thin film superconductors, in the outer regions where vortices penetrate, the current

distribution [J| = J. still holds but in the center region one needs to find a solution
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for the current distribution J and magnetic flux density B.
In the central region —a < x < a, one can use conformal mapping method of
images to obtain the current density J,(z)1%*1. As a result, the flux free sample

center has a width 2a with :

w
v . 2.18
a4 coshg—; (2.18)

where By is a characteristic magnetic field for thin films:
4
By = —dJ.. (2.19)

Therefore, the analytic expression for the current density in the flux free region of a

thin film sample is:

Je if —w<z<—q
Jy(z) = —% arctan (ﬁ 1:22:;22) if —a<z<a; (2.20)
—J, ifa<z<w.

The transverse component of the magnetic field of the thin film is calculated from

the above current distribution using the Biot-Savart law:

2 " J,()

B.(z) = B, + :

dt. (2.21)

wt—z

Solving the integral, one finds the magnetic field distributions*®:

0 if —a<z<a;
B = 2.22
) 44, In BYwImattuvet—a® e ) g (2:22)

a\/lzz—wzl
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Applying a transport current

It is important to study the transport behavior of HTSC because these types of su-
perconductors often work well with a heavy load of transport current applied within
a perpendicular magnetic field. This is also the case in our time-resolved MOI ex-
periment. Calculating the critical state model for a thin film geometry sample with
both external transport current Iz and perpendicular magnetic field B, applied gives
further quantitative analysis of MO images a good guideline.

When a transport current Ir is flowing along the y direction in a thin film super-
conductor, it will generate a self-field around the thin film. This self-field has opposite
signs along the z direction at each sample edge. The conformal mapping method can

solve the current distribution J,(z):

Iy

)
wdvw? — z?

Jy(z) = —w < T < W; (2.23)

which corresponds to the magnetic field distribution:

2$IT

Bi(z) = —— 2L
(@) clz|va? —w?

(2.24)

Figure 2.12 shows plots of the magnetic field B,(z) and a shielding current distri-
bution Jy(z) when there is only an external field B, applied to the thin film. Different
values of the applied field B, are displayed in the figure. As the field increases, the
flux free region width decreases. From the current density distribution plot, one finds
that at sample edges, the current flows at a constant value of J, as assumed in the
Bean model, and changes its sign on the other edge.

To calculate the total current distribution Jy,(z) with both a transport current
and an external field applied, one can obtain the shielding current distribution J;;,

from equation 2.20 in the flux free region (—a, a), which is equal to the current carried
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Figure 2.12: The magnetic field and current density distributions in a thin film geometry
sample with different values of a perpendicular applied field B, calculated from the modified
critical state model.

by the critical region. The sum of the shielding current and the transport current

density is the total current density (4548

J,(2) % arctan ( 1:22:;122 if —a<z<aq (2.25)
y(T) = .
Je ifa<z<uw.

and the half width of the flux free region is

Ir\*
a=wi/l— 7 ) (2.26)

where I, is the critical current of the thin film, I, = 2dwJ,.
Similarly, one obtains the total magnetic field distribution with both a current

and a field applied to the film[3:

0, if —a<z<a
B.(z) = { +1dJ,In =82 — ifa < |z| <w; (2.27)

i%dJc ln\/&_z—:—azzf—uw if |l'l > w.

At the sample edges, the magnetic field distribution B, has positive sign when z < 0,

and vice versa. Figure 2.13 shows the transport current distribution when there is no
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external field applied to the thin film sample. Different magnitudes of the transport

currents are plotted from I = 0.1J, to I = 0.8J..
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Figure 2.13: The transport current distribution in a thin film with different values of
transport current flowing along the y-direction.

The current distribution model of eq. 2.25 is subject to remanence effects and
will lead to non-zero magnetic field distributions in the sample center, which should
be the flux-free region physically. An improved current distribution that creates zero

magnetic field inside the sample is introduced to represent the transport current:

Ir
Ty(new) (€) = e e (2.28)
[47,49]

which is plotted in Fig. 2.14 with different values of the applied current I .
Note that these new current density profiles no longer follow the constant J,. as-
sumption of the Bean’s critical state model, while it has singularities at the sample
edges |r| = w. However, this distribution is more realistic compared to the exper-
imental data thin film superconductors obtained by magneto-optical imaging. The
sum of eq.2.28 and the shielding current in eq.2.20 represents the new total current
distributions, which are plotted in Fig.2.15. It is clear that with the new current

distribution profiles corresponding to a new magnetic field distribution profiles no
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Jy (x) (a.u)

Figure 2.14: The new transport current distribution considering a more realistic physical
case, which does not create magnetic flux in the flux-free region in the thin film sample
center. Different values of the applied currents from It = 0.1/, to Iy = 0.81, are shown.
flux are induced in the sample center.

When both the transport current and the magnetic field are applied to a film, the
transport current will then create a self-shielding field around the thin film edges,
whose z-components have opposite signs at each sample edge. The applied perpen-
dicular magnetic field is fixed at one direction, thus the self-field induced by the
transport current will either add or subtract the total field distributions. Such effect
is pronounced when a large transport current is applied as indicated in Fig. 2.15.
When a large transport current is flowing in the thin film, the self-field can be strong
enough to invert the total magnetic field direction as shown in the top figure of 2.15,

when Iy = 1.51,.

2.4.3 The finite element model (FEM) based simulation

The FEM model uses the direct magnetic field formulation without the use of vector

(50]

or scalar potentials and relies on first order edge finite elements'>”. The governing

equations are Maxwell equations and the superconducting material is described by
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Figure 2.15: The magnetic flux density profiles (top) and the new total current distribu-
tions (bottom). The applied transport current varies from a low value I = 0.11, to a large
load I = 1.51,.



Theories 38

means of a non-linear E~J characteristic which takes into account the transition from
superconducting to normal state. The resistivity of the superconducting is expressed
as:

n—1

, (2.29)

| <

_ L

N

c
where E,. is the critical electrical filed, J, is the critical current density and n is the
power index defining the steepness of the transition. For YBCO thin film, such as the
sample we study in chapter 4, we use E, = 107%Vem™2, J, = (1.7 — 2.2) x 10"Acm 2
at T'= 24 K and n = 19. The non-linear dependence of current and electric field
relation of Eq. (2.29) is determined by the thermally activated flux creep. The value
of the exponent n is related to the ratio between the thermal energy and the flux

pinning potential Uy = 40 meV B,

2.5 Inversion of the Biot-Savart law

To determine the current density distribution from the field from the map of the
magnetic field that obtained from the MOI images. In the inversion procedure, the
YBCO is considered as the thin film geometry, in which the current flows along the
y—axis producing a B field in the z — z plane. The thickness of the thin film ¢ is
much smaller than the distance to the plane of observation h (the distance between
the indicator and the sample), we treat the current as one dimensional and described

by a sheet current 52

J(z) = /Otj(x, 2)dz, (2.30)

where j(z, z) is the local current density. From the Biot-Savart law, the total per-

pendicular field 2853

Birp) - 2o /V J(5.1) x l;———dé‘ (2.31)
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can be reduced to an expression of 6]

—

/ Ho oo r—1 T
B = — —_— . 2.32

To invert the Biot-Savart law, we use the convolution theorem to rewrite the

current as :
* B(k) 4
J = —e"*dk, 2.33
HoJ (@) /_oo ak)° (2.33)

where B(k) and G(k) are the Fourier transforms of the field profile and integral

kernel, respectively. From é(k) = %, one obtains the current distribution through
an inverse Fourier transform:
J(z) =V x 2G(z). (2.34)

The discrete numerical inversion of the Biot-Savart law is given[46:52];

ol =Y P

~ d?+ (n—n')?

[+ (0= =1L+ (=) | s
[d2+(n—n’+1)2][d2+(n_n/_1)2]} B, (n). (2.35)

To simplify and reduce the computer’s calculation time, we can discretized the
integral of function (2.32) on a grid of N points z,, corresponding to the number of

pixels in a profile:

Bu(am, h) = 2 f: @) (@ = Tn) (2.36)

where Az is the distance corresponding to the width of one pixel. The integral kernel,



Theories 40

which consists solely of geometric terms, is a square matrix of the size N x N:

LTy — T
Mpmn = = z Az. 2.37
(M) = st (237)

Thus the discrete Biot-Savart law is rewritten as a matrix equation, where the discrete

magnetic field line profiles and the current density are vectors with dimension N:

|‘:

B,=22M . Jly). (2.38)

7

[\)

Simply by inverting this matrix (2.38), one obtains the current distribution. The

matrix can be inverted if for all m and n, the diagonal elements of M are non-zero:

J(y) =— - B,. 2.39
W) =2 (2.39)

We use the magneto-optical technique to measure the magnetic field profiles of
high temperature YBCO thin film superconductors, and by inversion of the Biot-
Savart law, the current distribution profiles can be obtained. The detailed experi-

mental procedures are discussed in the next chapter.



Chapter 3

Experiment

Chapter 3 describes time-resolved magneto-optical imaging (TRMOI) in detail. The
basic physical principle for this advanced and unique TRMOI technique is the Faraday
effect; as such, it is introduced early in the chapter. The chapter then moves from
theoretical background to an overview of the experimental setup. A walk-through
of the standard experimental procedure is presented with special attention given to
thin film samples; including preparation and mounting. I conclude the chapter with
a discussion of the magnetic field calibration procedure from magneto-optical (MO)

images.

3.1 Time-Resolved magneto-optical imaging

3.1.1 Introduction to TRMOI

Magneto-optical Imaging (MOI) is a technique used to directly observe magnetism
with naked eyes in real-time. The physics principle to support this phenomenon is
called Faraday effect, which is, in brief, an interaction between light propagating in

a material and a magnetic field. As Fig. 3.1 shows, if one sends linear polarized light

41
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through a Faraday active crystal, which is mostly optically transparent dielectric ma-
terial, while simultaneously applying a magnetic field along the propagation direction
of the light beam, then the polarization direction will rotate slightly inside the crystal

under the magnetic field’s effect.

FARADAY-ACTVE 7 ¥
CRYSTAL '

FARADAY ROTATION

Figure 3.1: The Faraday Effect.

The rotation of the polarization direction is proportional to the magnitude of the
magnetic field component parallel to the direction of the light beam. Variations in
the intensity of the light allow us to observe the behavior of the magnetic field.

The Faraday effect results from the optical circular birefringence of the indicator
crystal that affects the propagation of the two (left and right) circularly polarized
components of the linearly polarized light. The two rays recombine with a phase
offset in the propagation speed, resulting in a rotation angle of the linear polarization.
Such rotation is proportional to the z-component (here the direction in which the
light propagates) of the local magnetization of the material. A simple math equation
describes the relationship between the angle of rotation of the polarization and the

magnetic field:
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f=VBd (3.1)

where (3 is the Faraday rotation angle, B is the applied magnetic field, d is the length
light travels inside the crystal and V is called Verdet constant that is related to the
material itself.

In this thesis, I intend to measure two-dimensional magnetic flux density distribu-
tion of high temperature superconductor thin film samples. A YBCO superconduc-
tor thin film produces no significant Faraday effect, thus an indicator as a promisng
magneto-optical recording medium is required in the setup. I choose a single crys-
talline iron garnet thin film (Y, Bi, Pr, Lu);(Fe, Ga)sO;2. This film is ferrimagnetic

with an in-plane magnetization M, (5%

, which has an excellent magneto-optical ef-
fect.

The indicator’s structure is illustrated in Fig. 3.2. The indicator layer is grown on
a 4 pm thick Ga—Gd garnet substrate layer, underneath which is a reflective layer, and
at the bottom side of the thin film is a protective layer to avoid physical damage. This
protective layer is crucial for getting clear MO images since the sample underneath
normally has rough surface and a very tight contact to the sample scratches the
indicator. The indicator shows a Faraday rotation of 1.08°/um at an applied field
H, =750 Oe.

In addition to conventional MOI, we developed a time-resolved MOI technique,
which allows us to take MO images at any phase point of an externally applied
ac transport current. The time resolution we commonly use are 20 us and 40 ps.
By using TRMOI, we can study superconductor magnetic behavior not only in a

magnetic field but also with an ac current applied. Next section presents the detailed

experiment setup.
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POLARIZED LIGHT '\\

Figure 3.2: The iron garnet thin film magneto-optical indicator. Incident polarized light
passes the indicator layer twice, and is rotated by an angle ©p that is proportional to the
perpendicular applied magnetic field H,.

3.1.2 Experimental setup

A magneto-Optical Imaging experimental setup usually involves light sources, a mag-
net, a pair of polarizer and analyzer, a microscope and other optical components, a
image acquiring device and necessary electronics. Low temperature measurements
for superconductors also need a cryostat and a vacuum.

In time-resolved MOI experiment, we take a series of time-resolved images to
study magnetic field distribution in YBCO thin film with an applied ac current.
Some additional device such as an ac current power source synchronized to the light

source is included in order to take images at different phases of the ac transport

current.

A schematic drawing of the TRMOI experiment is shown in Fig. 3.3. Polarized
laser pulses are synchronized with the ac transport current at the same frequency.
This stroboscopic method yields MO images at specific phase points of the alternating

current, and between two phases no light will illuminate the indicator thus no image
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ACPOWER SOURCE

Figure 3.3: Schematic of the time-Resolved Magneto-Optical Imaging setup . Both a
mercury-vapor lamp and a laser are available light sources for the MOI experiment. TRMOI
requires a laser synchronized to an ac current power source.

is taken. No light between the laser pulses reaches the indicator. A series of time-
resolved images that only containing the magnetic field distribution information at
each phase point thus successfully obtained .

More detailed descriptions of each component are given below:

Microscope

The polarizing microscope is custom-assembled using components from Olympus.
It is equipped with a Glan-Thompson polarizer and a linear polarizer providing an
extinction ratio of 1075. The polarization angle of the analyzer to the polarizer is
adjustable. Images taken slightly out of cross polarization will enhance the range
of positive and negative field extinction but compromise the image’s contrast. We
normally set the polarization 2 5° out of cross polarization configuration. This off-

cross polarization setting is further discussed in Section.3.3. The microscope can
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mount different objectives that range from a 4x up to a 20x. A 4x objective is used to
take overview MO images of the whole sample, and for higher resolution requirement,
we use a 10x objective. Higher magnification objectives increase resolution but at
the same time reduce the field of view. The maximum spatial resolution, however,
is limited by the distance between the indicator and sample surface more than the

optics.

Light Sources

As shown in Fig. 3.3, two different light sources are used: a mercury-vapor lamp or
a laser. As mentioned before, in time-resolved MOI measurements, we need to use a
laser to be synchronized to an ac current power source. In our work, a Q-switched
Nd:YLF diode-pumped solid-state laser provides 100 ns short pulses at A = 527 nm
wavelength with pulse width 7 = 100 ns. For synchronization to the frequency of the
ac current, the laser pulse repetition frequency is varied from single shot up to 1200
Hz by an externally triggered Pockels Cell.

Externally trigged laser light pulses are coupled into an optical fiber, which is
connected to a custom-built telescope, that collimates the highly divergent laser beam
coming out from the optical fiber. The images quality is related to the intensity and
homogeneous distribution of the light. The telescope profile shapes the divergent light
beam into parallel (slightly divergent) and more homogeneous. Passed the telescope,
the laser beam travels through a beam splitter of the microscope, then goes through an
objective and an optical window on top of the cryostat and illuminates the indicator.
In order to avoid interference effects, due to the coherent laser light, most of the
optical components requires anti-reflection coatings.

A second light source is a one watt mercury-vapor lamp , which is used for static

MO measurements when no time resolution is needed. As a comparison, in static
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MOI measurements, using mercury lamp light, MO images have worse contrast but
do not have any interference patterns caused by the coherence of laser light. Also,
mercury-vapor lamp takes very short time to achieve its maximum power and stable
working status, however, depending on the room temperature or other environment
issues, laser may take hours to warm up to get to desired output power and begin

lasing stable pulses.

CCD Camera

On top of the microscope is a Hamamatsu ORCA-ER-1394 CCD cameral®® with high
resolution format (horizontal 1344 pixels x vertical 1024 pixels), which is an effective
area of 8.67 x 6.60 mm . The CCD offers very high quantum efficiency (Fig. 3.4)
over a broad spectral range A = 300 nm to A = 850 nm and very low noise. The
CCD camera has a 12 bit dynamic range gray scale. The camera is interfaced to a
computer through the connector IEEE 1394 — 1995 in order to acquire images at the
fastest frame rate of 8.8 frames/sec. Exposure time can be in a range of 10 us to 1600
S.

In our measurements, exposure time is varied from 5 ms to 200 ms, depending
on the laser pulse repetition frequency and the laser’s working condition. Lower fre-
quency means less laser pulses will reach the chip thus lower light intensity per unit
time. To achieve same brightness as higher frequency images, longer exposure time
is required. Sometimes, running on the same pump current, the laser output power
may vary. Adjusting the camera’s exposure time accordingly provides comparable
brightness MO images. The recorded images are either manually or automatically
saved to a computer hard disk. Images are preferred to be saved as tag image file for-
mat(.tiff) with no compression, other than a commonly used method of compression

for photographic images as JPEG, for further quantitatively analysis without losing
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Figure 3.4: Hamamatsu ORCA-ER-1394 CCD camera spectral sensitivity. At a laser light
wavelength A = 527 nm, the camera has an approximately 70% quantum effciency.
any information. Each MO image has a resolution of 1344 x 1024 pixels and about 4
megabytes in size. Many series of TRMO images of a measurement can accumulate up
to gigabytes, thus a large and fast hard disk partition is required for this experiment.
For the largest view, a demagnifying adapter with a demagnification of 0.63x is
available. After spatial calibration in this configuration, each pixel equals to 2.494 um
in length, and a resulting field of view is 3.35 x 2.55 mm. The sample size determines

whether to use a 0.63x adapter or an ordinary 1x adapter.

Cryostat and Vacuum

The superconducting thin film sample is mounted on a cold finger of a continuous flow
liquid helium cooled cryostat with temperature range of 3.5 K to 425 K. YBCO has
a critical temperature of 92 K, above liquid nitrogen boiling temperature. However,
at lower temperature, signals are stronger and images have much better contrast and
homogeneity. We take the images in the range of 10 K to 45 K. Studying magnetic

behavior close to critical temperature is more challenging and also important.
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Before cooling down the cryostat using liquid helium flow, the cryostat needs
to get pumped down to a vacuum of 107° Torr. To meet such demands for high
throughputs with high ultimate vacuum, we use a RV series 3 Fdwards dual-mode
vacuum pump which allows the user to easily configure the unit to pump very high
gas loads and achieve excellent vacuum - from a single pump, and a turbo molecular
pump to provide reliable, hydrocarbon-free, high and ultra high vacuum. To reach
a stable vacuum level of 1072 torr from atmosphere pressure (1 atm = 760 torr), it

usually takes 12 to 24 hours depending on the degassing of vacuum chambers.

Magnet

An electromagnet with magnetic field from —65 mT to 65 mT is mounted on the
cryostat so the magnetic field is perpendicular to the MO indicator plane. Slight
adjustment of the magnet’s vertical position ensures that the superconductor thin
film is at the center of the solenoid and only the smallest amount of x and y direction
magnetic field will go through the sample, which would influence the in-plane mag-
netization of the indicator film and reduce the response for an applied magnetic field.
Although the in-plane magnetization cannot be totally avoided, it is reported as a
factor while calculating the magnetic field distribution. Note that when operating

the electromagnet over 40 mT, water circulating cooling is needed.

Synchronization Unit

A synchronization unit was custom-built for this work (Fig. 3.5. An ac power source
sends an ac current I through a load resistor R connected to the superconductor
sample. The ac signal from the resistor R is the input signal to the synchronization
circuit, and also displayed on an oscilloscope. The output signal sends a trigger pulse

to the laser with a finely controllable time delay At with respect to the phase of the
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ac current signal.
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Figure 3.5: The synchronization scheme. The phase of ac current at which pulses are
triggered is adjusted by a synchronization circuit. Laser pulses sensed by a photodiode are
displayed on an oscilloscope with the ac current signal. The inset shows how laser pulses
(green spikes) are synchronized with a ac current (blue sine wave)

The externally rigged laser generates pulses coupled into an optical fiber. A pho-
todiode is used to detect the laser pulses which are then also displayed on the oscil-
loscope screen. By adjusting the overlap of the laser pulse spikes with the ac current

wave on the screen, one can easily control any synchronization phase point.

3.2 Experimental procedures

3.2.1 Sample preparation and mounting

Y BayCu3Or_, (YBCO) high temperature superconductor thin film samples are grown
by pulsed laser deposition (PLD) on a LaAlOs or SrTi03 substrate with typical di-

mensions of 10 mm X 5 mm and a thickness of 250—300 nm. We keep the delicate and
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fragile thin film samples sealed and storage in a vacuum desiccator. Tilted SEM pic-
tures of the thin films show that the sample surface is rough on the superconducting
side.

Before mounting a thin film onto the sample holder, the film’s overall physical
condition is carefully examined. Bare hands touching the films will contaminate the
sample surface with grease, salt and other human skin excretion, thus it is prohib-
ited. A plastic tipped tweezer will help a lot on picking up such small dimension
films. Methanol is a good cleaner for some minor contaminants. In order to send
a transport current into the superconductor, the sample has metal contacting pads
on the substrate connecting to the superconducting bridge. Sometimes those metal
pads are all over the substrate, and once the sample is mounted on the copper sample
holder, it will cause a circuit shortage. One way to remove that extra metal contact-
ing material is to use a sharp blade and extremely carefully scratch it off, then rinse
it off in methanol, and wipe the sample with optical paper other than paper tissue or
cotton balls to prevent fine fibers staying on the sample.

A clean thin film is now ready to be mounted on top of the sample holder. Check
one more time the resistivity of the thin film to make sure that only between the two
metal pads it is conducting and everywhere else it is insulated. Normally the electric
resistivity of YBCO thin film’s is 40 Q to 90 €2 at room temperature.

A sample holder is custom-designed for this work (Fig. 3.6). A roughly quarter-
sized, half-inch thick cylinder shaped copper sample holder is screwed on top of the
cryostat cold finger. A rectangular shaped block on top of the cylinder has a slit in
the center to fit in a Hall probe and a diode temperature sensor. A thin layer of
indium foil is placed between the cold finger and the sample holder for good thermal
conduction. This indium foil layer accelerates the cooling rate of the sample mounting

area and greatly reduces the temperature difference between the cold finger and the
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Figure 3.6: Custom designed sample holder mounted on top of the cold finger. A horizontal
open slit 5 mm beneath the sample is for inserting the Hall probe and the diode temperature
sensor.

sample.

The sample is glued right on top of the rectangular block. The thin film sample
is glued with silver paint for excellent thermal conductivity and easily removing the
sample after measurement is done. The thin layer silver paint needs to be applied
evenly. Unevenly mounted film will cause part of the image taken out of focus and
extra unwanted in-plane magnetization. Any excess silver paint contaminates the
sample, and if it touches the metal contacting pads, the silver paint will cause short-
age. Unsuccessfully glued sample can be redone by using acetone to wash off all the
silver. Other low-temperature usable polymer glue is also an option.

A piece of MO indicator is mounted tightly on top of the glued thin film, as shown
in Fig. 3.7. The indicator should be big enough to cover the superconducting bridge
but not too big because we need the two metal contacting pads left uncovered for
later to connect the sample to the ac circuit. The smaller the distance between the
indicator and the sample, the higher the resolution and the better quality of the MO

images. To mount the indicator on the sample, aluminum tape is cut into two thin
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stripes (approximately 60 mm x 1 mm). The stripes are put over the indicator,
pressed down onto the sample, and push firmly and evenly down along the side edges

of the sample holder.

PPER-BERYLLIUMSTRIPS

Figure 3.7: A top view of mounted sample on a sample holder.Telfon ring is excluded in
this figure.

At this point, the static, no current applied MOI experiment can start. To do an
ac current applied time-resolved MOI experiment, we use a pair of copper-beryllium
stripes firmly touching on the metal pads to provide electrical contact to the thin
film. This pair of metal stripes are screwed onto a teflon ring in order to insulate
the metal stripes from the copper sample holder. A good sample contacting setup is
established if there is electrical contact only between the two pads; no shortage with
the sample holder or the cryostat; and the two stripes are tightly screwed into the
sample holder in the condition of not over-stress the soft teflon ring, because at low
temperature, due to the material contraction, electric contact is often lost. Fig. 3.7
is a top view scheme of the finished sample mounting.

A delicate sample preparation and a successful mounting are to ensure a successful

measurement. This part of work represents a significant portion of the whole TRMOI
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experiment.
The cryostat is then capped with a sapphire optical window and pumped to low

vacuum. Next section describes a TRMOI experiment process walk-through.

3.2.2 TRMO imaging measurement

Liquid helium is used to cool down the system. Normally 5 to 20 liters of liquid
helium are enough for one experiment. Before cooling down the system, we pump
the cryostat to a vacuum level of at least 10~° Torr, which requires at least 12 hours.
Once the vacuum level is achieved, the YBCO thin film is zero magnetic field cooled
down to 15 K. The cooling is down slowly and smooth to minimize thermal stresses
and also reduce the risk of electric contact loss. At the same time, the Yd:YLF
diode-pumped solid-state laser is warmed up. For our measurement, the desired laser
output power measured after the optical fiber is 450 mW to 500 mW at PRF = 1000
Hz.

A small external magnetic field is applied at the beginning to center the view and
adjust microscope to focus. The lens in the custom-built telescope can be moved
slightly to improve light homogeneity. Once the sample is at the right position, the
external field is turned off. The remanences in the sample are removed by raising up
the temperature higher than 92 K the critical temperature of YBCO. When there is
no more penetrated flux inside the sample, the system is cooled back to 15 K and the
calibration measurement is started.

Integration of most of the devices and components into LabView makes the cali-
bration measurement almost automatically done in a couple of minutes, and it also
helps to reduce liquid helium consumption. The CCD camera’s exposure time is
properly set to avoid low contrast images at very low or very high applied magnetic

fields. After calibration, the sample is reset to flux-free condition and the desired
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TRMOI measurement is done at the same configuration.

In order to see more enhanced magnetic behavior of the superconductor under the
effects of ac transport current, the external magnetic field normally is smaller than 20
mT. B, = 10 mT is commonly used. the laser trigger is set to external to do transport
measurements. The highest current is limited not only by the sample’s critical current
but also the load resistor R. Ac current phase dependence measurement is manually
done. One has to adjust the synchronization delay time phase by phase by looking
at the scope and taking images one by one. At high currents, the transport current
may locally heat up the thin film sample and thus MO images will be blurry. If one
does not pay extra attention to the temperature control, the superconductor will be
burned.

At some phase point, the laser may loose or gain some pulses due to an instability,
and the MO image will appear a lot darker or brighter than other phase points. One
will have to re-take the data after the laser is stable again.

At the end of the measurement, when liquid helium flow is removed, the vacuum

should be kept running and the system warms up naturally.

3.3 Magnetic field calibration from images

When a perpendicular magnetic field is applied to the indicator, the magnetization

is rotated out of plane by an angle

¢ = arctan %Z (3.2)

where B, is a perpendicularly applied magnetic field, By is the indicator film’s mag-

netic anisotropy field. The Faraday rotation angle O of the incident polarized light
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is proportional to the magnetization:

B,
Of = cM,sin ¢ = cM,sin (arctan F) (3.3)
%

The MO images are recorded with a CCD camera through a polarized microscope.

Inserting Eq. 3.3 into Malus’s law:

Iows = Iipsin® « (3.4)

one obtains[2435]

B,
Lyt = I, sin® O = I, sin? {CMS sin (arctan Bﬁ)} (3.5)
k

where Malus’s law describes the light intensity I,,; transmitted by a polarizer when
the incident light of intensity I;, is polarized at an angle 7+« relative to the polarizer.
Eq. 3.5 only applies when the pair of polarizers are at perfectly crossed polarization
configuration. In realistic conditions, a background light intensity I is considered,
which is transmitted by non-perfect polarizers in the cross polarized position. Also
for a larger scale of positive and negative magnetic field deviation, we would like to
keep the two polarizers a few degrees A« out of cross polarization. A new realistic

equation of 3.5 now becomes:

B,
Loy = Iinsin® [cMs'sin (arctan 5 T Aa)} + Io (3.6)
k

where I, is the maximum light intensity that can be modulated with Faraday effect,
which includes any light absorption in the indicator and in the polarizers. Images
taken by the CCD camera are two dimensional intensity arrays I, (z,y). by analyti-

cally inverting Eq. 3.6 we obtain the magnetic flux density distribution formula[3%53:
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I —
arcsin —(x, v)—1Io

c 8 Imaz

B,(z,y) = By tan { arcsin + Aa (3.7)
where By, cM,, Aa, Iy, and I,,,, are 5 parameters that need to be determined by fit-
ting the experimental calibration curve (Fig. 3.8). Da in the figure is the off cross
polarization angle A« in radius.

The calibration for the magnetic flux density from light intensity measurement is
done right before each new MO measurement. The experimental conditions such as
temperature, indicator position and laser power should be the same for subsequent
MO measurements.

To do the calibration, we first take a series of MO images by changing magnetic
field, either from 0 mT to 60 mT or —60 mT with a step size of 1 mT after zero cooling
the superconductor sample to 15 K. To obtain the calibration curve, light intensity
values of regions in the images that are far away from the superconductor areas are
averaged and plotted versus recorded magnetic field B,. Using this curve to do a
fitting of function 3.7, one obtains a fitting calibration curve and the 5 parameters,
as shown in Fig.3.8.

Figure 3.9 is one of the ramping-up magnetic field calibration series images at
B, = 40.21 mT. Regions of interest for calibration are indicated in pink frames that
are far away from the superconducting area (the dark centers of each filament). The
image color table is stretched to enhance its contrast.

For frequency dependence measurements, while decreasing the laser frequency,
the number of laser pulses reaching the CCD chip during the same exposure time
period will decrease too. If the system is not calibrated for each frequency, a fre-

quency correction is required to make sure the calculated magnetic field distribution
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Figure 3.8: Calibration curve, measured points (Green markers) and a function 3.7 fitting
curve (purple) at 7' = 15 K, laser PRF f = 1000 Hz, and the CCD camera exposure time

7 =30 ms.

Figure 3.9: One sample calibration image of 6 filamentary YBCO thin film. The dark
regions in the image shows where the superconducting filaments are, and the very bright
lines are the edges of each filament. Chapter 5 presents a discussion of YBCO filamentary
thin film.
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is quantitatively correct.

Figure. 3.10 is a plot of the images’ intensity as a function of the number of
laser light pulses, which are obtained from the set of frequency images at the zero
phase points of the ac current. This curve is used to determine a parameter £ for
the exposure time correction. The behavior is linear in an approximation with a

background intensity £ # 0, which justifies a phenomenologic equation:
I=f-7-5+¢ (3.8)

where I is the image intenisty, 7 is the exposure time and s is the intensity of one
Faraday rotated laser pulse. By extrapolation to f-7 = 0, one can get a mean offset

€ = 13.8 £ 1.4 from three such plots at the three phase pointé. Using the relation:

faT
L =222(L - €) +¢, :
fim
i | | ] ' l
. s i[
] o ,M.wj..w,,w )
=
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Figure 3.10: Intensity of MO images versus the number of collect light pulses.

one can convert the intensity profiles recorded at different frequencies to the high-

est frequency with the corresponding exposure time 7.
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Extended Calibration

Figure 3.8 shows the measured calibration curve (points) from a YBCO multi-filamentary
thin film and the fitting curve. Iy is the lowest intensity value the CCD camera can
record, and for the image in Fig. 3.8 Iy = 14.46.

While doing the fitting to function 3.7, we constrain some of the parameters such
as Inge > 255. Since in the following time-resolved MOI measurement, we keep a
low applied magnetic field (less than 10 mT) to observe more of the effects of the ac
transport current. The highest light intensity will not exceed 100.

Examining the lower intensity region of Fig. 3.8, the fitting curve of B, is simply
set to zero while I < Iy. This is not true because from function 3.7, while at out of
cross polarization, Aa # 0, if I < Iy, the magnetic field B, # 0. The smaller the
absolute value of Aq is, the shorter will be the range of the negative part of B,.

We consider the magnetic flux density B, now. Would it be negative? Yes, one
can easily change the applied field direction to change the sign of it. We would expect
the magnetic flux to change sign when the ac current changes phases, and thus the
direction of flow, especially while applying a very small external field. However, this
little part of negative values of B, from Fig. 3.8 is not enough for a complete magnetic
field calibration.

To find the correct negative field calibration curve, we first invert the calibration
equation 3.7 back to Malus’s law expression. Considering only physical case when
I, > Iy, inverting
1 I(z,y) — I

arcsin
8 Imtm:

+ Aa

B,(z,y) = Bgtan { arcsin

one obtains:
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cM;B,

VA Bl

2
— Aa) (3.10)
cM,B,

2
— | — A 3.11
VBT B ) (1D

Simply plug in the measured calibration data into Eq. 3.10 and 3.11, we easily fit

I(z,y)1 = Iy + Innas (sin

I(z,y)s = Io + Inax (— sin

our experiment well with equation 3.10 thus it is the real root of the inversion. The
variable of function 3.10, B,, could be any real number and thus shows a full inverted
calibration curve.

Next, we invert Eq. 3.10 to find the final calibration curve B, vs I in which
positive intensity could correspond to a negative field. This inversion result in the

following four B, expressions:

Ima:v

By, arcsin [Aa — —————————Im"(Iz’y_Io)}

oo =, (3.12)
\/ch — arcsin [Aa _ W]
By arcsin |Aa + Im_afn(lf;ﬂ]
Bz2 = 2, (313)
i Imax (Ix,y—Io)
\ﬁ:Mz — arcsin {Aa + TJ—J
By, arcsin [Aa _ @}
\/CMSZ — arcsin [Aa — __L\/T_r_@]
By, arcsin {Aa + La;i%gjt)_)}
BT : (3.15)

Imaa:

2
\/CMS2 — arcsin {Aa + @}
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Figure 3.11: A complete calibration curve. Black markers are measured calibration points,
upper blue curve plots function 3.12, and lower green curve plots function 3.13 in an intensity
range from 0 to 150.

Inserting the experimental data into each of the following four magnetic field
expressions, Eq. 3.12 gives the right fit and it is also the original calibration fitting
function. Equation 3.13 smoothly connects with Eq. 3.12 but gives the region of
negative magnetic field, i.e., the expression we are looking for. Equation 3.14 and Eq.
3.15 bare unphysical results are not considered.

We conclude that combining Egs. 3.12 and 3.13 is the complete calibration curve.
Figure 3.11 displays a plot of the two curves in the intensity range from 0 to 150. The
lower curve goes to saturation around the intensity of 165 quickly. When intensity
is below Iy, the calculated magnetic field values are complex numbers, and only the
real part is plotted. It is impossible to measure any intensity I, smaller than Iy, so
we do not consider the region where I, < I.

The application of the new extended calibration curve varies for individual TRMOI
measurements and is discussed in later chapters. Note that any curve we obtain
from calculation or fitting other than the real calibration measurement will have

uncertainties that may result in very noticeable errors if the majority of the data are



Experiment

63

from the extended calibration curve.



Chapter 4

YBCO thin films

4.1 Introduction

In this Chapter, we show measurements and important results of the magnetic flux
behavior of the high-temperature superconductor YBCO thin film using TRMOI
technique. The measurements were done in the presence of both an external magnetic
field and a transport current. By solving numerically the inversion of the Biot-Sawart
Law one obtains the current density distribution in the thin film. The ac current
enables the vortex matter to self-organize into two coexisting steady states of driven
vortex motion with different characteristics. By comparing the magnetic field and
current density distribution profiles to the FEM simulations, we find that they agree
fairly well in the quasi-static state but the simulations predict a larger hysteretic
behavior in the dynamic state.

We further study the current density evolution in the films as a function of the
phase of the applied ac current in a perpendicular external magnetic field. We present
a new empirical method to separate the total current distribution into a circulating
current shielding the external magnetic field and the transport current. We discuss

the effects of the ac current and the applied dc field separately in comparison with

64
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the modified critical sate model. No existing theory explains the transport current
and shielding current for the case, and our work could be an indispensable approach

to such theory.

4.2 Experimental

In our experiment, the YBCO thin film samples have typical dimensions of 10 x 5 mm
with the 250 — 300 nm thick superconducting layer. The films are normally grown
by pulsed laser deposition (PLD) on a bicrystalline LaAlO3 or a SrTiOz substrate.
Determined by ac susceptibility measurements, the YBCO thin films exhibit a critical
transition temperature of T, = 91 K, and show a sharp transition within two degrees
(at 2.2 Oe loss data). To reduce the critical current, the samples are bridged by a
photolithographic technique, whose length is [ = 6 mm and the cross section width
is 2w = 475um. At 77 K, the critical current density is J. = 3.42 x 10°A4/cm?
corresponding to a critical current I, = 4 A. Figure 4.1 is a picture of a typical
YBCO single-bridged thin film sample taken with our optical microscope using a

mercury lamp (see section 3.1.2).

Figure 4.1: The picture of a YBCO thin film. The bridge width = 475um.

In our time-resolved magneto-optical imaging experiment, the measurements are

often taken at frequency f = 1000 Hz. The experimental set-up and basic procedures
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are explained in detail in chapter 3. For a whole view of the YBCO thin film bridge,
we select a 4x objective to obtain an observing area of 3.4 x 2.6 mm?, which restricts
the spatial resolution to a few microns.

The sample is zero field cooled down to T' = 20 — 40 K. Then a magnetic field
dependence measurement is done with a ramping-up field from 0 mT to 60 mT at a
step size of 1 — 2 mT. The step size is easily adjustable using our custom-developed
LabView GUI.

Figure 4.2 is a MO image of the sample with an external field B, = 10 mT and
no transport current. There are normally some defects at the edges of the sample
bridge which cause inhomogeneous light distribution. We choose a relatively uniform
area (between the two blue lines confine), in which the 2D light intensity profiles are

averaged.

Figure 4.2: A MO image of YBCO thin film with only a perpendicular field applied. The
blue lines confine a relatively homogeneous area for taking the 2D profiles.

The 2D magnetic field distribution profiles across the sample width 2w (indicated

by the arrow) as a function of the external magnetic field are shown in Fig. 4.3. The
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profiles are calculated from the calibration of light intensity profiles (see section 3.3).
As predicted by the critical state model, the flux penetrates the sample from both
edges where the magnitude of the field is maximal, which peaks at almost 100 mT
while the external field is at 65 mT. Outside the bridge, the magnetic field equals the
value of applied field, and in the sample center, there is no flux thus the field is zero.

As the field increases from 0 to 65 mT, the profiles are shaded in blue-black-red.

100
90
80
70

UL L L R L R R L s o

60

B (mT)

506
40E
30E

20E

Figure 4.3: The field distribution profiles across the sample width for the field-dependent
measurements (calibration). The vertical black dotted lines at z/w = [—1, 1] indicate where
the edges are located.

4.3 Results and discussions

4.3.1 Phase-dependence measurements

After the field-dependence measurements for calibration, the film is reset by raising
up the sample temperature over its critical temperature. Then the sample is zero-
field cooled down again to about 24 K. A perpendicular magnetic field B, = 10 mT is
applied and an ac current /(t) = Iysin(2n ft) with Iy = 8.5 A and f = 1000 Hz is sent
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through the sample. The applied current approximately equals to 30% of the critical
current I, = 30A. As shown in Fig. 4.4, the MO images are taken at 25 (starting at
0) equidistant phase angles over one current period ¢ = 0° — 360° at 1000 Hz, thus

the time resolution is 40us.

Normalized Current |

Time (ms)

Figure 4.4: The 26 (from 0 to 25) phase points arrangement over a full cycle of an applied
ac current.

Figure 4.5 is a series of 6 TRMO images of the YBCO thin film. The images are
enhanced at the center bridged area with sharp edges with about 10% of the whole
bridge length. The 6 images are taken at different phase points as indicated in the
figure. The white arrows in the center of the images indicate the current direction.
Bright areas in the images correspond to regions of high magnetic field near the edges
of the sample. The dark area in the center of the images are the flux-free region. The
uniformly green region represents the intermediate magnetic field outside the sample.
At the zero current phases (¢ = 0° and ¢ = 180°), the perpendicular external mag-
netic field results in positive and symmetric lux penetration, while inhomogeneities
in the flux distribution happen near the sample edges. The finger-like patterns formed
by the vortices are visible in the images.

For the other 4 phase points with simultaneously applied magnetic field and ac

current, different amount of flux penetrates at the two edges of the sample depending
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Figure 4.5: TRMO images for 6 different values of phase ¢ of the applied ac current with
the applied field normal to the surface. To display more clear detail features, each images
are enhanced in contrast and its color channels.

on the direction and intensity of the ac current. A higher flux penetration occurs on
the left side of the sample when the transport current flows in the positive y—direction
at phase points ¢ = 87° and ¢ = 160°. Additional flux penetration occurs on the
right side when the current flows in the negative y—direction at phase points ¢ = 218°

and ¢ = 275°.

Magnetic flux distribution

The time dependent magnetic flux distribution profiles of YBCO thin film are shown
in Fig. 4.6 of the first (a) and the second half (b) wave of the applied current. At
regions far outside of the sample bridge, the magnetic field approaches the applied
field value of B, = 10 mT, which reflects a quantitatively correct calibration. The
non-smooth profiles outside the sample are mainly caused by the Bloch walls in the
MO indicator. One can see the differences of the current direction in the two half-

period profiles. In Fig. 4.6(a) the first half of the cycle the self-field due to the

applied current adds positive flux on the left edge of the sample and negative flux
on the right. The intensity on the left of the field profile is increased and a steep
ridge and a trough are formed on the right. In the second half of the cycle shown
in Fig. 4.6(b), the applied current flows in the negative direction and increases the

flux profiles on the right edge while it forms a sharp minimum close to the left edge,
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creating symmetrically opposite flux profiles with respect to the first half of the cycle

Comparing the two half-cycle field distributions, one finds the profiles correspond-
ing to the same transport current in the decreasing and increasing current half wave
are similar, which implies the remanence effects in the transport measurements are
negligible and the transport currents do not create any flux in the sample. The field
peaks at the sample edges change about 19 mT as the current alters from the maxi-
mum to the minimum. The magnetic field reaches zero at the flux penetration front
a ~ 0.73w.

In the flux-free region |z| < a, the magnetic field is set to zero manually due to
the noises from the nonlinear calibration. The calibration function (3.7) is strongly
amplifies noise in the intensity at low intensity levels when I is very close to Iy due
to the vertical gradient 0B/0I of the calibration curve. A small amount of noise of
the images can cause a few mT of fluctuations in the sample center where B =0 mT.
The magnetic field profiles are smoothed at the edges after the center regions being

set to zero.

The current density distribution

The current density distribution are calculated from the numerical inversion of the
Biot-Savart law. All the current density profiles we inverted from our calibrated
magnetic fleld data are using this inverted matrix method of (2.39). The current
density in the thin film integrated over the film thickness d is given in units Am™.
The distance between the sample and the MO indicator h = 0.0lw = 2.35um is
assumed in the inversion.

Figure 4.7 are the phase dependent current density profiles. Only the central part

of the profiles ‘%| < 2 are shown in this figure to give larger view of the central part.
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Figure 4.6: The magnetic field profiles for different values of the phases of the applied ac
current with a peak value of Ip..x = 8A. The top, from red to green curves are profiles
taken for the first half of the period ¢ = 0° to 180°, and the bottom is the second half
period.
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The measured profiles are same as in the field distributions profiles that are extended
more than ‘fj—‘ = 5 outside the sample.

When there is no transport current flowing in the sample (at phases ¢ = 0° and
¢ = 180°), the current distributions are symmetric, which is different from the other
phase points. The current line profiles change shape and magnitude mainly at the
sample edges. Their peak positions indicate the region where the magnetic field
changes its sign. Outside of the sample bridge (’;’f}—‘ > 1), there is no current flowing

thus the current density goes to zero.

4.3.2 The ac current driven dynamic vortex state

We already described the critical state model in section 2.4, and discussed that this
model would not be enough to well predict our TRMOI data measured with both
field and ac current applied. In the thin film measurement, we directly compare the
data to the model and the comparison explains the limitation of the model.

Figure 4.8 shows the magnetic field profiles at different transport current phases.
At phases ¢ = 0° and 360°, the profiles overlap almost completely. At ¢ = 90° and
¢ = 270° phase points, the two profiles are very asymmetric but mirrors each other.
The dotted curves are the prediction of the critical state model. We fit the theoretical
magnetic flux distribution to the measured data at ¢ = 90° and zero phase point. The
parameters we use in the critical state model are the transport current Ir, the critical
current density J. in the form of the characteristic field for the thin film geometry
By = /ﬁ?—dJc, the applied field B, and the observation distance h. In general the model
explains the data well: outside of the sample (|%‘ < 1.4) the measured magnetic field
profiles agree with the model; the flux penetration front at = ~ 0.73w is reproduced
well; when there is no transport current, the model fits the data in shape with a little

higher peaks; at ¢ = 90° the lower side of the field peak is reproduced well. However,
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Figure 4.7: The current density profiles for different values of the phase ¢ for the total
current showing in (a) the first half period and (b) the second half period of the applied ac
current.
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Figure 4.8: The magnetic field profiles at selected phase points 0° and 90° plotted with
the modified critical state model.
the higher peak on the right hand side is overestimated by the critical state model.
More misfitting details can be easily observed in blue high-lighted area in the figure.
The lower peak is shifted more to the edges in the critical state model, and the flux
front moves in to the sample center in a uniform shape but in our data, the transition
is definitely divided into two phases.

The corresponding current density profiles are plotted in Fig. 4.9. In the center
of the sample without flux penetrated, the model and the experimental curves have a
good overall agreement as well as at the zero phase points where no transport current
is flowing, the critical state model can predict the shielding current distribution fairly
well. At the phase point ¢ = 90°, at the right hand side, the model shows a higher
peak than the data yet fits well outside the blue high-lighted region; and on the left
hand side, the experimental curve shifts the current further inside the sample with
higher values and different shape. The main differences again happen in the blue

high-lighted regions that we intend to give more discussion and explanations.
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Figure 4.9: The current density profiles at selected phase points plotted with the critical
state model at 0° and 90°.

The interesting features of the magnetic vortex penetration in HTSC thin films
revealed in our TRMOI experiments are induced by the applied field and/or the
transport current. The critical state theory describes the behavior of the magnetic
vortices in quasi-static changes of an applied field or a transport current!*>*7l. Recent
experiments show that the vortex mobility can be strongly affected by a dynamic
magnetic field or ac current. Some of the vortex dynamics are ascribed to dynamic

2057 and transient[%® or steady states of driven vortex motion created

instabilities
during the reordering induced by the applied current®. Many HTSC applications 6
are related to the dynamic interaction of the vortex matter with both a magnetic field
and a current applied.

To study the dynamical vortex states, we now compare the cross-sectional field and
current profiles from the measurements with simulations using a recently developed
method based on FEM calculations (see section 2.4.3) that accounts for thermally

activated flux creep. In our simulation, we fix the magnetic field B, = 10 mT and

the transport current I, = 8.54 A at 1000 Hz which are the values we used in our
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experiments. In order to avoid transient effects, the tenth cycle of simulation is
considered for analysis.

The magnetic field distribution and the current density profiles at selected phase
points are displayed in Fig. 4.10PY with the calculated FEM profiles for the two
extreme phase points ¢ = 90° and ¢ = 270°. The simulations reproduce well the flux
penetration front and the shifting of the maxima with the phase and the asymptotic
behavior outside the sample. Near sample edges the simulations give higher peaks
than the measured curves which also move further inside the sample center.

Figure 4.11%1 shows in details of the shielding currents induced by the field with-
out any net transport current flowing in the film. For a complete comparison, we
include different shielding current profiles in this figure. The black line represents
the shielding current from static field-only measurement (B, = 10 mT). The curves
indicated by blue squares and red triangles are the profiles measured at ¢ = 0° and
¢ = 180° in transport measurements with the same applied field. These two pro-
files overlap fairly well over the whole sample width, with the exception of a small
deviation in a region close to the edges. The smooth blue and red solid lines are
the FEM simulations at the same phases. Near the sample edges, the simulations
show a stronger hysteretic behavior than the measured profiles. Comparing the three
different shielding currents, the transport current reduces the peak shielding current
and moves the shielding current further inside the sample. From the current density
profiles in (b), the current density is reduced and a gap appears near the edges. No
hysteretic effects are observed.

In the mixed state regions near the HT'SC sample edges, the vortex motion are
divided into two coexisting steady states. Near the sample edges exists a dynamic
state of plastic motion. The Lorenz force associated with the transport current is

larger than the critical depinning force and causes the vortex to move inside. The ac
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Figure 4.10: The magnetic field distribution (a) and the total current density profiles
(b) for selected phase points measured in TRMOI experiments, compared to the FEM

simulations (dotted line) at 90° and 270°.
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Figure 4.11: The magnetic field (a) and the current density distribution (b) corresponding
to the shielding current at ¢ = 0° and ¢ = 180°, compared to the shielding current density
induced by an applied field only B, = 10 mT and the corresponding FEM simulations at

the same phase points.
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current at the edges injects flux creating a transient disordered state. The vortices
stay in a steady state of driven vortex motion. The motion occurs in the presence of

strong pinning centers that hinder a smooth entrance of the injected fluxions.

4.3.3 The transport current dynamics

The previous Figures of 4.8, 4.9 and 4.11 show no significant remanence or hysteretic
effect at the zero phase points with no transport current flowing, instead the flux
lines rather distribute in a more equilibrium way to reduce the screening currents
and the hysteresis effect. This phenomenon is in contrast to what the critical state
model or the FEM simulation results predict. In the total current density distribution
(Fig. 4.7), at zero phase points of ¢ = 0°,180° and 360°, there is no transport current
flowing and thus the current density at these phases represent the circulating shielding
current Joire = Jiotqr, which shields the external magnetic field. This allows us to
obtain the transport current distribution at each phase point simply by subtracting
the circulating current from the total current. Therefore the time dependent transport

current distribution is

Jtr = Jtotal(¢) - Jcirc- (41)

Figure 4.12 shows the transport current distribution calculated from equation
(4.1) for a complete ac cycle. The two half cycles are colored in blue and red shades.
At the three zero phases ¢ = 0°,180° and 360°, the transport currents are zero after
the separation, so the total currents which are also the shielding currents are plotted
in the same figure for comparison.

This empirical approach is valid because the flux induced by the magnetic field
remains pinned during the cycle of the transport ac current thus the shielding current
density is stationary. The shielding current only flows in the region near the sample

edges where the Lorentz force is not sufficient to change the flux distribution and it is
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Figure 4.12: The time dependent transport current distributions plotted with the shielding
currents (the dashed lines) at zero phase points ¢ = 0°, 180° and 360°.

independent of the transport current which does not induce any flux in the flux-free
region. Furthermore, we integrate the calculated transport current density (Fig. 4.12)
in the range of the sample bridge width. The applied ac transport current I(t) =
Ipsin(27 ft) with an amplitude I = 8.54 A in the experiment. The integration
yields a sine wave shape with the two peak values Ipeor+ = 8.10 A and Ipeqr— = 7.00
A, respectively. Figure 4.13 compares the transport current sending from the ac
power source and the integrated transport density profiles experimentally obtained
from the TRMO images. Our data reproduces correctly the sine wave of the applied
current and yields the correct magnitude of the applied ac current with overall error
less than 10% which proves that this separation of the transport current distribution
is quantitatively correct. The orgins of the ac current reduction in the data may due
to the transport current bypassing the sample over a shortcut through the cryostat.
However, before the experiment all part of the cirulating wires and units are well
isolated and the sample itself is superconducting so that a normal conducting shortcut
parallel to the sample would not divert much current from it. The distance between

the sample and the indicator is underestimated since higher distance would lead to
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higher current density, but the increase in current density with this distance is small.
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Figure 4.13: The integrated transport current value for the 25 measured phase points
(olive green dots), which reproduce well the applied ac current (dark green solid line).

The total current distribution of a dc magnetic field applied simultaneously with
an ac current cannot be predicited well by the critical state model, which only gives
analytical solutions for the cases when there is either a magnetic field or a current
applied to the thin film but not the superposition of both. Next, we can compare the
transport current density profiles to the theoretical results. In thin film geometry, the
current density expression for only a perpendicular magnetic field applied is given in
Eq. (2.20) and the current density expression for only a transport current applied
along the y—direction is given by Eq. (2.25) (see section 2.4.2).

Figure 4.14 shows the transport current at elected phase points compared with
the best fits (the dotted lines) from Eq. (2.20). The theoretical curves reproduce
the experimental data well in the sample center. The fits give % = 0.35 and J, =
1.7 x 10"Acm™2 that are in good agreement with our data. The major difference is

the asymmetry in the measured profiles with most current flowing at the edges. The

transport current likes to distribute in such a way that there is no induced flux in the
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flux-free region and yields the relation” of

|Jtotal’ = lJtr + Jshieldingl < J. (42)
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Figure 4.14: The current density profiles for different values of phase for transport current
(solid lines), the corresponding best fits (the dashed lines) based on the CSM and the
shielding current at zero phase (the black dotted line).

At the sample edges, the very high local densities in the transport current results
from the abrupt variation in the flux distribution in that region. The ac current
causes the nucleation of vortices and anti-vortices at the sample edges. The positive
and negative fluxions annihilate in these narrow regions resulting in zero-flux lines
which cause spikes in the ac current density. The peaks are a direct consequence
of the applied ac current. Peaks in the current distribution have been previously
observed in pulsed current MO measurements®!. The stacking faults of the YBCO
thin film during PLD deposition causes threading dislocations, which give the vortices

strong pinning sites even in very high current densities. The thin films grown by
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PLD have a large amount of columnar boundaries providing the necessary pinning
strength required for the high local values of the transport current observed in our
measurements.

One can find the phase dependent self-field distribution from the transport current
distribution by using the Biot-Savart law in one dimension Eq. (2.32) as shown in
Fig. 4.15. The peaks of the self-field are close to at the sample edges. The self-field
profiles are zero in a wider region than the field free region (indicated by the magnetic
profile at zero phase) of the sample center. The self-field is responsible for the strong

phase variation of the magnetic flux profiles at the sample edges.

B(mT)

A)
& o -

2.0

Figure 4.15: The self-field profiles (solid lines) from the transport current plotted with
the magnetic profile at zero phase ¢ = 0° (the dashed line).

In the dynamic transport current study, we find that the transport current dis-
tribution flows predominantly at the sample edges where it cancels out the shielding
current. The overall distribution of the current density is governed by the minimiza-
tion of the total loss caused by the reduced Lorentz force on the vortices. When

the transport current flows predominantly in the opposite direction of the shielding
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current, the two opposing Lorentz forces cancel each other, thus the vortices dissipate

less energy.

4.3.4 Frequency-dependence measurements

The magnetic field distribution in YBCO thin films with an applied ac current are
measured at different frequencies to determine whether the time dependent magnetic
effect lead to a frequency dependence effect.

In the experiments, we zero-field cool the film down to T" = 20 K. When the
sample reaches the temperature, a 10 mT perpendicular external field is applied to
the sample with an ac transport current of amplitude I,,,, = 8.54 A. The frequency
is varied in the range of f = 100 Hz to 1000 Hz with a step size of 100 Hz. We collect
TRMO images at each frequency for phase points ¢ = 90°, 270° and the three zero
phase points of the ac current, and one between the extremes and the zeros.

The difference from previous TRMOI measurements are the camera’s exposure
time adjustment, since at lower frequency, less pulses are captured in the same time
thus leading to darker intensity profiles, which will of course effect the calibration
to obtain the correct magnetic field profiles. An adjustment can be done either by
carefully comparing the intensity profiles while taking the measurements or normal-
izing all the intensity profiles later on before the calibration (See section 3.3). In this
measurement, we can convert the intensity profiles recorded at different frequencies
to the highest frequency 1000 Hz with an exposure time 7 = 20 ms.

This method is based on a linear approximation of the curve shown in Fig. 3.10.
The points may not arrange so nicely and the fit linear curve could have a large error
thus giving normalization uncertainties. To minimize such errors, we may normalize
the light intensity while we take the data by adjusting the laser output power. A.

Frey®? reported in detail frequency dependence measurements using this normaliza-
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Figure 4.16: The magnetic field distribution across the YBCO thin film bridge of 10
different frequencies at ¢ = 90° and 270° phases of ac transport current.

tion, and concluded there is no visible frequency dependent effects. Small variations
are just artifacts due to this imperfect exposure time correction, with an error in the
parameter £ ~ 10%. Figure 4.16 shows frequency dependent magnetic field profiles

at the maximum (left) and minimum (right) phases of the ac transport current.

4.4 Conclusion

In conclusion, we use the TRMOI technique to study the spatial magnetic field distri-
bution of a YBCO thin film in high frequency f = 1000 Hz region at low temperatures
T = 20— 40 K. We present a numerical solution to obtain the current density profiles
from the inversion of the Biot-Savart law, and compare the resulting magnetic field
and current density distribution with the critical state model and the FEM based
simulations.

The TRMO images show the phase evolution of steady state vortex motion driven
by an ac transport current, and the quantitative analysis of the experimental data
and FEM simulations reveal the formation and coexistence of a quasi-static glassy
state in the sample interior and a disordered dynamic state of plastic motion near the
edges of the thin film.

In the transport current study, we separate the total current density into trans-
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port current and shielding current. The transport current density profiles distribute
differently from the prediction of the modified critical state model, are asymmetric
and have pronounced peaks at the sample edges. They tend to arrange in such a way
as to minimize the total energy losses.

At last, we presented briefly the frequency dependence measurements and con-
cluded that in the range from 100 Hz to 1000 Hz, the magnetic field distribution
is independent of frequency and shows no time dependent effects, such as thermally

activated flux creep.



Chapter 5

YBCO Multifilamentary thin films

5.1 Introduction

As the most promising HTSC ceramic material, YBCO is used in both dc and ac
applications. In recent years, the new YBCO coated conductors, also known as the
second generation HTSC, are widely used in many ac electrical applications, such as
generators, power transmission cables, transformers and motors (see section 6.1 for
more discussions). In such ac power applications, the low ac loss is important. For
high frequency applications like for the new airborne electrical devices!®¥, the ac loss
reduction is crucial. There are several possible ac loss mechanisms: the hysteretic loss,
ferromagnetic loss of the substrate, eddy current losses in the substrate and in the

stabilizing layer, and transport current losses[64-66,

Hysteresis is the heat generated
by the induced ac electric field when the material interacts with high density current.
The hysteresis loss is proportional to the tape width[*”! when the thin superconduc-
tor sample is exposed to an ac magnetic field and/or ac current®-7%. The coated
conductor tape has a relatively wide cross section that results in a very high aspect

ratio inherent to the architecture. This makes the hysteresis loss a major problem in

coated conductors(™,

87
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The many methods that have been proposed to reduce the ac loss are all based
on multifilamentary or striated structure of YBCO layer, because the amount of heat
generated in such striated tape decreases proportionally to the ratio of the individual
filament width to the sample width, and it reduces of the number of the filaments

72-74)

increases! In a sinusoidal time dependent perpendicular field, the time average

hysteresis loss for a superconducting filament is

<P>_@_0
Vv or

fJcwH,, (5.1)

where V' is the volume of the superconductor, f is the frequency, J, is the critical cur-
rent density,w is the half width of a filament and H, is the magnetic field amplitude.
This concept was confirmed experimentally by Cobb et al.["®l. They measured the
magnetization loops of small samples of YBCO thin film striated by laser ablation.
The hysteretic loss obtained from the magnetization loops decreased in proportion to

the filament width, as expected.

5.2 Experimental

So far, all the multifilamentary YBCO samples have been measured in an ac mag-
netic field with a static field, or in a flowing current induced by an ac field without
static field®® or in a frequency dependent experiment!™®. A transport current mea-
surements on multifilamentary films offers an interesting change, and our TRMOI
technique offers this possibility.

Numerous techniques can be used to striate the YBCO film, including wet chemical
etching, ion beam etching, and laser ablation. Depending on different experimental
purposes, the sample size, the number, the width of the filaments, and the width

between each filaments varies widely. In our experiments, the sample size is normally
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Figure 5.1: The YBCO multi-filamentary thin film sample with six etched filaments: a
3D drawing and a microscopic top view picture taken by our MOI optical setup.

0.5 X 12 mm with 6 filaments. The striation was made by photolithography and
wet etching. The average superconducting filament width is 125 pum with an average
separation of 500 um. Figure 5.1 shows the sample we measured in the TRMOI
experiment : The top view from a microscope, and the bottom view of a 3D drawing
where the dark areas are the superconducting YBCO.

We examined the straited thin films carefully for defects. The defects between
each superconducting filament may couple two neighboring filaments, and the defects
on a superconducting filament may discontinue the superconductivity. The straight
edges of each filament are necessary to obtain a uniform MO image. A good sample
should have all 6 filaments conducting with sharp edges with no bridges between the
filaments.

The multifilamentary sample is zero-field cooled down to 15 K, then we apply an
increasing magnetic field from 0 mT to 60 mT for calibration. An MO image of the
multifilamentary sample at B, = 40.21 is shown in Fig. 3.9 of chapter 3. For ac
transport current only measurements, there is no external magnetic field, we apply
ac transport currents I, with peak values of 4 — 8 A at fixed frequency f = 1000

Hz. Since there is no magnetic field, the signal is low and one may need to increase
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Figure 5.2: One TRMO image of six-multifilamentary film with I3, = 84 and no external
field. The dotted lines indicate each filament’s edge, and the dashed lines indicate the
region of interest to take the profiles for further analysis. The dark circles and wavy lines
are due to the MO indicator’s imperfections. Using background correction, we can obtain
more homogeneous light intensity.

the camera’s exposure time to get better images. One sample image with enhanced
contrast is shown in Fig. 5.2. For simultaneous ac transport and dc external magnetic
field measurements, we fixed the field at B, = 5 mT and applied an ac current with
peak Ip.qx = 5 — 8 A in order to emphasize the current’s effects on the sample. For a
comparison, we also doubled the field to B, = 10 mT and reduced the peak ac current
t0 Ipear = 4 A. Figure 5.3 shows images taken while applying an ac current with peak

Ipeor = 8 A and applied field B, = 5 mT at the maximum, zero and minimum phase

points.

5.3 Results and discussions

5.3.1 Comparing different values of ac current and dc field

Among all the measurements mentioned above, we pick three sets of measurements on

the six-multifilament YBCO thin film, and do the quantitative TRMO image analysis.
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Initially, we choose the set of measurements with only an ac current applied in zero
external field. The peak value of the applied transport current is 8A since the highest
current gives the strongest signal and better results. For a convenient reference, we
call this set of measurements M80. An image of M80 is already shown in Fig. 5.2,
in which I, = 8 A flows in one direction along the sample. The self-field induced by
the current appears very bright on the top edges whereas dark lines (darker than the
flux-free region) appear on the lower edges of each filament. This is because the two
polarizers are just slightly off cross polarization, and the light intensity corresponding
to the negative magnetic field can not be smaller than the lowest intensity the camera
can sense. After light intensity calibration, the magnetic field distribution profiles are

displayed in the top of Fig. 5.4.

Figure 5.3: The enhanced color contrast TRMO images with applied ac current with peak
Ipeak = 8 A and applied field B, = 5 mT at three phase points. The images show only the
areas with relatively homogeneous light illumination and the least amount of defects.

In Fig. 5.4, there are 51 phase points over one complete period, ¢ = 0° to 360°, of
the ac transport current at 1000 Hz, thus the time resolution is 20 us. The positive
and the negative half period are colored in cyan-magenta shades, respectively. The
self-field distribution that is induced by the transport current is calculated from a
careful calibration. Applying the numerically inverted Biot-Savart law, one obtains

the total current density distribution as shown at the bottom of the figure.
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Figure 5.4: The magnetic field distribution (top) and the total current distribution
(bottom) for the multifilamentary YBCO sample while only applying a transport current
(Ipeak = 8 A) without any external field (B, = 0 mT). The total current density distribu-
tion is also the transport current density distribution. The positive and negative ac current
cycles are colored in cyan-magenta shades. The vertical dotted lines indicate the edges of
each filament.
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Since no magnetic field is applied in the z—direction of the film, no self-screening
currents are induced by the external magnetic field. The transport current density
distribution represents the total current density distribution. The noise and artifacts
are set to zero in the regions between each superconducting filaments. In the TRMOI
experiments, the strong variations in the center of the filaments are considered noise
since the signals are weak when there is no external field. Applying the Biot-Savart
law to the current density profiles, one can obtain the reduced-noise magnetic field
profiles as shown on the top of Fig. 5.3. In the center of the 4th and the 5th
superconducting filament, the magnetic field profiles fluctuate vigorously. The slope
of the calibration curve (see Fig. 3.8 in chapter 3) is very steep at low intensities,
which means a little change of the intensity will lead to a large change of the magnetic
field value. This behavior causes the strong fluctuations on the magnetic field profiles.

In another set of measurements, we reduced the peak value of the ac transport
current to Ipeqr = 4 A of the same frequency f = 1000 Hz. Meanwhile, we also
applied a high perpendicular dc magnetic field, B, = 10 mT. Similarly, we call this
set of measurements M410. All the other experimental parameters are the same as
for the M80. The 51 magnetic field profiles are plotted on the top of Fig. 5.5. The
lime green and fire red colors shade the two half-periods of the ac current cycle. In
the middle panel of the figure is the total current distribution calculated from the
inverse Biot-Savart law. Outside of the six superconducting filaments, the unphysical
currents are set to zero. At phase points ¢ = 0°,180° and 360°, there is no transport
current flowing and the total current densities are the shielding current (induced by
the external field) distribution. Subtracting the shielding current density from each
of the total current density profiles yields the transport current density distribution
is shown in the bottom panel of Fig. 5.5. The validity of this method is confirmed in

section 4.3.3.
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Figure 5.5: The magnetic field distribution (top), the total current distribution (middle)
and the transport current distribution (bottom) of the multi-filamentary YBCO sample
with an ac transport current (Ipeqax = 4 A) flowing and an external field (B, = 10 mT). The
positive and negative ac current cycles are colored in limegreen-firered shades. The vertical

dotted lines indicate the edges of each filament.
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To quantitatively judge the current density profiles shown in both Fig. 5.4 and Fig.
5.5, we integrate the transport current density (for M&0, it’s also the total current
density) of each filament and sum them all. This should yield the ac current we
initially applied in the experiment. The results of such integration are shown in Fig.
5.6. They both have the correct wave form, but the amplitude is approximately 40%
of the applied ac current. For M&0, the low light intensity and resulting low signal-to-
noise ratio can explain the large discrepancy. For M410, the big error occars because
of the relatively high external field and low ac transport current. The phase of the
ac current varies less with the intensity profiles while a large static shielding current
is present. This can be easily seen in the top panel of Fig. 5.5. In M410 the changes
from the maximum to the minimum are very weak and the lime green curves almost
overlap with the fire red curves. In the M80 curves shown in the top panel of Fig.
5.4, where the two colors of cyan-magenta shades can be easily distinguished. The
small differences in M410 show sensitivity when we analyzed the intensity differences

of the TRMO images. For better results, we optimized our experimal parameters.
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Figure 5.6: The integrated transport current (dots) plotted with the applied transport
current (dashed black lines) for the left - with an ac transport current (Ipeqr = 4 A) flowing
and an external field (B, = 10 mT), and the right - with ac transport current (Ipeqr, = 8
A) flowing without any external field (B, = 0 mT), respectively.
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5.3.2 The optimized measurement

We cut the external perpendicular magnetic field to half, B, = 5 mT, of what we
used in M410 which produced enough signal, but not too much shielding current
to disturb the transport current effects. Under this static field, we increased the ac
transport current peak values from I, = 4 to 8 A at fixed frequency f = 1000 Hz.
The L,ear = 8 A was the highest current we could possibly apply to the film, since
the sample would burn when Ipeorx = 9 A was used in the measurements. A total of
51 phase points were captured with the time resolution of 20 us. We refer to this

measurement as M§&5.

The phase dependent quantitative analysis

The one dimensional light intensity profiles in arbitrary units averaged over the sample
center area (as shown in Fig. 5.3) for all the phases are plotted in Fig. 5.7. The
vertical dotted lines indicate the edges of each superconducting filament, numbered
from 1 to 6. The positive and negative half-period of the ac current are distinguished
in blue-black-red shades. Compared to the shielding current, the transport current is
large in this measurement. Thus the ac current was able to cancel out the shielding
current on one side. It was even strong enough to change the sign of the total current
flowing on the edge.

It is difficult to illustrate the phenomenon of the light intensity profiles since
intensity does not change its sign. The intensity profiles are supposed to be negative
at corresponding filament edges, depending on the current direction , and are also
displayed as positive. The effect occurs at the right edges of filaments 1 and 2 and
the left edges of filaments 5 and 6. There is not enough ac current in the two center
filaments 3 and 4 to change the sign. The inset is an enlargement of the left edge of

filament 5 for a clear view. To get this calibration correct, we will need to use the



YBCO Multifilamentary thin films 97

negative part of the calibration curve shown in Fig. 3.8, which is discussed in section

3.3.
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Figure 5.7: The cross section intensity profiles of the multi-filamentary YBCO sample
with an ac transport current (Ipeqr = 8 A) flowing and an external field (B, = 5 mT). The
inset shows an example of the peaks at certain filament edge that need to use the extended
calibration procedure to get the correct magnetic field profiles. The positive and negative
ac current cycles are colored in red-black-blue shades.

Figure 5.8 (top) is the magnetic field distribution of measurement M85 calibrated
from light intensity profiles. The magnetic field changes its sign and amplitude with
the phase evolution of the ac current. One expects that at the phase ¢ = 270°,
filament 1 (red) has same peak height as filament 6 (blue) at the phase ¢ = 90°,
but the red curve has a slightly higher peak than the blue. The reason could be
material quality since such asymmetry is found in all the measurements. It is not
due to inhomogeneous light intensity distribution because the images are background
corrected and the light intensity profiles are normalized. The positive field has higher
absolute values then the negative field because the external field is static and always

contributes to the positive field.
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Figure 5.8: The magnetic field distribution (top), the total current distribution (middle)
and the transport current distribution (bottom) the multi-filamentary YBCO sample with
an ac transport current (Ipeqr = 8 A) flowing and an external field (B, = 5 mT). The
positive and negative ac current cycles are colored in red-black-blue shades.
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The total current distributions are shown in the middle panel of Fig. 5.8 as
obtained from the magnetic field distributions by the numerical inversion of the Biot-
Savart law. Most of the total current is flowing in the positive y—direction in the first
3 filaments. Then then current sign changes to negative in the last three filaments.
The material quality asymmetry is also observable in the total current distributions
where the current profiles at all phases give higher absolute values in filament 1
than filament 6. For all 51 different phase profiles, the unphysical current flowing
outside of the six superconducting filaments are set to zero. Because of the optimized
experimental parameters in this measurement, there is not much current set to zero,
which can be estimated in the intensity profiles shown in the Fig. 5.7. In the non-
superconducting areas, the light intensity profiles are very close to the lowest light
intensity - the black level.

The transport current distributions are calculated by subtracting the shielding
current (which is the total current density at zero phase point) from the total current
are shown in the bottom panel of Fig. 5.8. As expected, in the positive half-period,
only positive current (red shades) flows through all six filaments, and vice versa. The
positive and negative currents are almost symmetric for all the filaments except the
first, in which there is a high peak at the maximum phase.

Figure 5.9 is the integration of the transport current flowing in all six filaments
at each phase points, indicated as red dots. The integration value at the minimum
is I, = —7.72 A, and at the maximum is [, = 8.33 A. The applied ac transport
current (the black dashed line) in the experiment is 8 A at peak, which shows a very
good agreement with our measured data. The average error is as small as 3.81%.
The measured data also reproduces well the applied current wave form with little
phase shifting (less than 3°). This result quanlitatively proves the sucess of our

TRMOI measurement of the multifilamentary film and the good optimation on the
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experimental parameters.
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Figure 5.9: The integrated transport current (red dots) when applying an ac transport
current (Ipeqr = 8 A) and an external field (B, = 5 mT), which agrees fairly well with the
applied ac current (the dashed black curve).

To further investigate the transport current distribution in each filament, we inte-
grate the transport current in filament 1 to 6 for each phase. For example, at the phase
point ¢ = 90°, the transport current amplitudes in the filaments are: I;,; = —1.96307
A Lo =—-196 A, Ii;3 = =088 A, I,y = —1.01 A, L5 = —0.90 A, I;;6 = —1.86
A, which sums to 7.72 A. At another phase point ¢ = 318.5° when the transport
current is about 70.34% of the peak value, and in each filament the transport current
distributes as :I;,; = 1.46 A, Io = 0.67 A, 1,3 = 0.60 A, I;,4 = 0.73 A, I;;5 = 0.86
A, I, = 1.32 A. We calulate the percent of the transport current flowing in every
filament at every phase point and calculate the average. The result is plotted in
Fig. 5.10. The clustered cylinder style plot clearly shows that most of the transport
current (nearly 50%) flows in the two outer filaments, and then almost equally dis-
tributed in the inner four filaments. The first filament has slightly more current (2.2%
more) flowing than the last filament due to the better superconducting properties of

the material of the filament. Adding the transport current flowing in the first three
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filaments 1, 2 and 3 (49.38%), and the other three filaments 4, 5 and 6 (50.63%), one

finds that there is almost equal current flowing in the two sides of the film.

30% 4

Transport Current in each filament

20%

12.18%

10% G0

0%

Filament 1 Filament 2 Filament3 Filament4 Filament 5 Filament 6

Figure 5.10: The integrated transport current for each filament labeled by percentage of
the applied transport current plotted in clustered cylinders.

Comparison with theoretical models

For the multifilamentary films, when filaments are not coupled, the current flows
inside the filament and is expected evenly distributed in each filament. On the other
hand, when filaments are coupled, the current flows across the transverse resistance
between filaments as shown in Fig. 5.11[71,

Figure 5.12 is the transport current distribution (solid lines) at two extreme phase
points, ¢ = 90° and 270°, of the measurement M85, which clearly shows the six fila-
ments are coupled in our experiment. This is also quantitatively proved by calculating
the amount of current flowing in each filament. To further confirm the result, we use
the modified critical state model in the situation of simultaneously applied ac current

and static field in a thin film geometry superconductor. The blue and red dashed

lines are the modified CSM fitting curves for a single-bridged sample, which gives an
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Coupled current Decoupled

Figure 5.11: A schematic drawing of the filaments coupling. Left, filaments are completely
coupled and the right, when they are completely decoupled.

overall current density distribution shape of all filaments. The green dotted curves
are the modified CSM fittings for individual filament, which agree fairly well with
our measured data in shape and amplitudes. One integrates the green curves and
obtains theoretical values of the transport current in each filament at the phase point
¢ =270% L1 =250 A, L1yg =139A, I3 =1A, [,y = 14 A, Liis = 1.5 A, I16 = 2.2
A. Compared to the transport current values we calculate from the measured data,

the average error is approximately 15%.
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Figure 5.12: The transport current density at two extreme phase points in a comparison
with the modified CSM.

We also compare our measured data with FEM simulation data. The simulation
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are performed by Dr. Francesco Grilli at Los Alamos National Laboratory. The FEM
calculations are plotted in Fig. 5.13. The top is the magnetic field distribution and
the bottom is the total current distribution. The parameters for the FEM simulation
are the same as we used in the measurement: B, = 5 mT, Iy = 8 A at 1000 Hz.
One tricky parameter to adjust in the simulation is the critical current density J..
We first tried a J, = 1.7 x 107 Acm ™2 that is the same J, of the single bridged YBCO
thin films. With this J,, the simulation shows a much further flux penetration in the
filaments than the measured data. After a couple of attempts on finding a proper
value of J, (since each simulation requires a very long calculation time depending on
the processing speed of the computer), we use a J, = 4.1 X 10" Aecm ™2, more than
twice the value of the thin film. The results shown in Fig. 5.13.

We choose three phase points of ¢ = 90° (blue), ¢ = 270° (red) and ¢ = 180°
(green) of our measured data (solid lines) to plot with the same phase points of the
FEM calculations (dashed lines). The comparison of the magnetic field distributions
is shown at the top of Fig. 5.14, and the comparison of the total current density
distribution is shown at the bottom. The profiles match pretty well for the field
distributions. The peaks are higher in the FEM simulation than the measured data.
In the top panel, the measured field penetrates further inside of the superconducting
filaments. This feature reflects in the current distribution figure too. For example,
in the center of the first filament, the saddle shape total current density profiles have
lower values for the FEM simulation than the measured data. This implies that the
J. used in the FEM simulation is a little higher than in the experimental data. The
FEM simulation also have higher absolute peak amplitudes than the measured data,
which also means that the FEM simulation data have slightly higher J.. However,
the multifilamentary data yields a critical current density at least twice as large

as the J, of the single bridged YBCO thin films is a significant advantage of the
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Figure 5.13: The FEM simulated data of applying an ac transport current (Ipeqr = 8
A) and an external field (B, = 5 mT). The top - the magnetic field distribution and the
bottom - the total current density distribution. The positive and negative ac current cycles

are colored in red-yellow-blue shades.
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Figure 5.14: The measured magnetic field (top) and total current density (bottom) dis-
tribution(solid lines) comparing with the FEM simulation(dashed lines) at ¢ = 90° (blue),
¢ = 270° (red) and ¢ = 180° (green) phase points
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multifilamentary film.
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5.4 Conclusion

In conclusion, we use the TRMOI technique to measure multifilamentary YBCO thin
film samples with different experimental parameters. If we apply an ac transport
current without any external magnetic field, the light intensity is low and results in
a lot of noise in the images. If we apply a low amplitude ac transport current in
a relatively high external magnetic field, the large shielding current induced by the
static field reduces the effect of the transport current and not much phase dependent
variations are observable. Both situations are not ideal for the TRMOI technique since
the phase dependent measurements are sensitive to the differences in each image.

To optimize the experimental parameters, we apply a lower external dc field of
5 mT which produces enough signal but does not induce a large shielding current
to reduce the transport current variations. A maximum ac transport current with
peak value of 8 A is sent through the sample. A quantitative data analysis proves
that our data agrees fairly well with the real experimental values. We also find
that half of the ac transport current flows at the most outer two filaments while the
inner four filaments share roughly same amount of the rest of the transport current.
The filaments are coupled with each other in the experiment. This is confirmed
quantitatively by integrating the transport current in each filament, and the results
agree fairly well with the modified CSM. Compared the FEM simulation with our
measured data shows that the multifilamentary films have at least twice the critical
current density J. than the single bridged YBCO thin films.

The ultimate goal in striating the YBCO coated conductor films is to reduce their
ac losses and to increase their critical current density. Coated conductors are often
used in ac power units but are subject to high hysteretic loss. To map such loss we

[77,78)

will need to calculate the electric field distribution , which will be future work.



Chapter 6

The second generation (2G)
superconductors - coated

conductors

6.1 Introduction

Many applications of high-temperature superconductors require long wires that are
able to carry large amounts of current. The first generation HTSC wires made of
BSCCO have well developed manufacturing technology, and high-quality BSCCO
tapes are available commercially in kilometer length with the critical current 1. up
to 150 A", However, the BSCCO wires are not used for large scale replacement of
conventional copper or aluminum conductors!®!, because of the high cost of bismuth
and the high amount of silver; and it carries much less current in strong magnets unless
the temperature is lowered close to absolute zero®:8% but lowering the temperature
limits its advantage over LTS materials.

In 1995, researchers at Los Alamos National Laboratory and Oak Ridge National

108
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Laboratory!” invented a new HTSC tape using YBCO. This new tape can carry a
current density of J = 105Acm 2384, However, the engineering current density
is lowered than YBCO films['%%% due to the very thin superconducting layer com-
pared to the substrate. YBCO’s cheaper starting materials and better ability in
high magnetic fields, this novel second generation HTSC wire, also referred to as
coated conductor (CC) can be advantageous in many traditional copper-wire-based
high power and transport applications, resulting in large cost reduction and energy
savings. The introduction of flexible metallic substrates onto which epitaxial thick
films can be grown made it possible to use the excellent superconducting properties
of YBCO up to 77 K.

In recent years, significant progress has been made for application of the coated
conductor wires. The length of the coated conductor has reached 350 m in 2006, and
such chilled high-temperature superconducting cable is delivering electricity at three
to five times the capacity of copper in Under Albany, New York and a 600-meter
span of 138 kV HTS cable is being prepared to power part of Long Island. Actually
because the manufacturing success in depositing nearly single-crystal layers of YBCO

onto nickel-alloy flexible tapes: two major superconductor manufacturing companies

in the US, AMSC and SuperPower Inc, have both abandoned BSCCO 86,

2 um Ag

1 um HTS

~ 30 nm LMO

>~ 30 nm Homo-epi MgO
e~ 10 nm IBAD MgO

<0.1 mm

Figure 6.1: The configuration of SuperPower 2G HTS Wire fabricated by an automated,
continuous process using thin film deposition techniques to apply the superconducting ma-
terial on buffered metal substrates.
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SuperPower is now routinely manufacturing long lengths (600 m plus) of robust
and high performing 2G HTS wire (coated conductors), based on YBCO (yttrium
barium copper oxide). This 2G HTS wire is fabricated by an automated, continuous
process using thin film deposition techniques, such as those used in the semiconductor
industry, to apply the superconducting material on buffered metal substrates.

Scaling up the length of the wires are still the major challenge for the field.
YBCQ’s various shaped grains make it much harder to orient than the plate-like
grains in BSCCO. Researchers and companies use different techniques to coat a nickel
wire with ultrathin layers of materials that orient the YBCO grains as they grow on
top. The two primarily used manufacturing processes used to grow coated conduc-
tors are ion beam assisted deposition (IBAD) and rolling assisted biaxially textured
substrates (RABiTs). IBAD relies on texturing the buffer layers between the YBCO
and the metal substrate, while RABITS textures the metal substrate and then grows
the superconducting layer epitaxially onto the biaxially aligned template. Figure 6.1
is a scheme of the YBCO coated conductor configuration by SuperPower Inc. 87,

Magneto-optical experiments have strongly contributed to the analysis of current-
limiting features like cracks, grain boundaries and precipitates in technical materials,

such as coated conductors!®!

. tapes and melt-textured bulk samples®!. Our TR-
MOI technique offers a quantitative understanding of the current distribution of such
coated conductors, especially in regions with inhomogeneous current density distri-
butions and grain boundaries. In the TRMOI technique, the time evolution of flux
pattern in coated conductors has to be taken into account. It has been shown ex-

perimentally ¥ that electric field pattern and the related time decay of the current

pattern in CCs are strongly inhomogeneous.
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6.2 Experimental

The samples used in our experiment are small pieces of coated conductors produced by
Superpower Inc. with the IBAD technique. The coated conductor is made of several
layers deposited over a Hastelloy - C metal tape substrate, which gives a very smooth
surface for the YBCO superconducting layer’s growth. The HTSC layer is very thin
(about 1 — 2um). The average critical current is J, = 100Acm ™ -width at 77 K in
self-field for tapes about 100 m in length. The J, values vary from 60 — 193 Acm™}-
width along the tape length at alternating intervals. Increasing the film thickness can
decrease the critical current density (®2.

The standard width of the CC tapes is 12 mm. Our CC samples are several
pieces of 10 mm long cut along the tape transversal direction, and then the pieces are
reduced from 10 x 12mm? to a strip of 10 X 1mm? with a thickness of 0.5 mm by laser
ablation. The laser ablation creates straight edges with roughness estimated from
SEM images up to a few microns. The laser processing does not affect significantly
the critical current values of the strips that range from 8 to 12 A. For a good TRMOI
investigation, the silver cap coating of each CC sample must be removed. We use a
mixture solution of methanol, hydrogen peroxide and ammonium hydroxide with the
volume ratio of 4 : 1 : 1 for the etching purpose. This mixture solution should be
made up fresh before the etching. Compared to the YBCO thin film samples, the
coated conductor tapes have rougher sample edges and much narrower width. One
has to apply the delicate MO indicator carefully onto the sample surface to avoid
scratches. One needs to choose the proper width of the indicator to prevent the
indicator wobbling on the CC sample and , that creates uneven light illumination.

In the MOI experiments, the CC sample is first zero-field cooled down to 25 K
and then an external magnetic field is applied normal to the sample surface. For time

dependent measurement, an ac current with peak value Ieqx = 3.7 A is sent along the
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y— direction of the sample. TRMO images are taken at discrete values of the phase
angle ¢ = 27 f -t with a time resolution of 40 ms. The applied dc field is 19 mT.
In current dependent measurement, the dc current is ramped up from 0 — 3770 mA

along the y—direction of the sample, and an external field B, = 10 mT is applied.

6.3 Results and discussions

6.3.1 Inhomogeneous flux penetration

Figure 6.2 shows seven time-resolved MO images of the CC sample from ¢ = 90° to
270°. The images are focused on the sample center, and enhanced in color contrast.
The images are taken at f = 1000 Hz and I, = 3.7 A. The dark spots on the
images are caused by the MO indicator’s small defects. The bright yellow areas near
the sample edges represent regions with the maximum density of magnetic flux, and
the darkest part in the center is the flux-free region. The magnetic flux penetrates
from the edges further inside the sample as the phase changes from ¢ = 90° to
t¢ = 270°. The bight yellow area shifts from the lower edge in the first image to the

higher edge in the last image.

250 pm

Figure 6.2: TRMO images of a YBCO coated conductor for different phase points of the
applied ac current in a perpendicular magnetic filed Ba = 19 mT.

Inhomogeneous magnetic flux distributions are observed for all the phases shown

in Fig. 6.2, consisting of a non-uniform flux front penetration inside the sample and
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an asymmetric flux evolution at the edges. At ¢ = 180°, the latter effect is very clearly
visible, as one would expect from a symmetric distribution when there is no transport
current flowing in the sample. From the MO images, one can find that the magnetic
flux will leak through the network of grain boundaries, strongly affecting the magnetic
and transport properties of coated conductors®®. However, in the TRMO imaging
studies of YBCO thin film we discussed in Chapter 4, we reported a symmetric phase
evolution of the magnetic flux[?.

Figure 6.3 shows a series of MO images of the coated conductor as a function of
applied dc current from I = 2420 mA to 3770 mA. The external applied field is half
of the value in the phase dependence measurement in order to emphasize the effect
of the transport current. The images are enhanced with color contrast. As the dc
current increases, the flux front penetrates further inside the sample in a finger-like
pattern. Each finger has relatively sharp edges at lower current (I = 2420 mA), and

starts to grow wider with increasing current (I = 3000) mA. At the highest current

I = 3770 mA, the finger tips are rough and each finger’s border is not as sharp as

Figure 6.3: A series of MO images of YBCO coated conductor strip with increaing dc
current [ = 2420 — 3770 mA and an external magnetic field B, = 10 mT.

before.

The current increases the sample temperature locally and triggers thermal insta-
bilities. This effect is very clear in Fig. 6.4, which shows the MO image of the CC at

I = 3770 mA. In this image, we can see the flux avalanches, especially on the right
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hand side of the image, where a defect (the bright yellow spot) exists right at the
lower sample edge. Around that defect, the finger-like pattern of flux turns into a
blurry cloud. Due to the lower critical current density property of CC compared to
the YBCO thin film, I = 3770 mA was the highest current we could apply in that
experiment. Applying even higher current to the sample either burns the sample or

locally heats the sample too much, thus losing the superconductivity.

Figure 6.4: The color contrast enhanced MOI image of YBCO coated conductor strip
with a dc current 7 = 3770 mA and a dc external magnetic field B, = 10 mT.

6.3.2 Phase dependent quantitative study

To further study the phase dependence of the magnetic flux behavior, the cross-
section profiles of the magnetic field over half a period of the ac current averaged
along the y—direction are plotted in Fig. 6.5. The figure shows mainly the center
area of the sample |£| = 2. Outside the bridge, the field is equal to the applied field
B, = 19 mT. At the sample edges, the peak intensity and position of the profiles
change with the phase. At ¢ = 180° (the green curve), the field profile due to the
self-field of the superconductor is symmetric since the spatial inhomogeneities related

to grain boundaries observed in the image (Fig. 6.2) have been averaged out. At
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phase ¢ = 90° (the red curve), the absolute maximum of the magnetic flux is near
the right edge (£ = 1) of the sample. At the other sample edge (Z = 1), the magnetic
flux peak corresponding to the relative maximum is shifted further into the sample.
The absolute maximum decreases while the relative maximum progressively increases

as the phase changes from ¢ = 90° to ¢ = 180°. Such behavior happens also at the

phase point ¢ = 270° (the navy blue curve).
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Figure 6.5: The magnetic field profiles for different values of the phase of the applied ac
current. The inset shows the phase points chosen in the plot.

The applied current has a peak value of I = 3.7 A, which is approximately
40% of the critical current (at 77 K) of the CC. Compared to the YBCO thin film
experiment, (in which the applied current is Ipeqr = 8.5 A with B, = 10 mT) there is
less transport current flowing in the sample with twice the external field B, = 19 mT,
therefore the transport current has a smaller effect than the shielding current induced
by the external magnetic field. The total current density distributions are calculated
by the numerical inversion of the Biot-Savart law, and are plotted in Fig. 6.6. To

verify the current density profiles quantitatively, one integrates the current desity at
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phase ¢ = 90° and 270° from the left sample edge to the right one ([%‘ € [-1,1]), and
obtains the transport current I = 3.5 A and —3.2 A, respectively. The integration
results show a good agreement with the applied peak current of |I| = 3.7 A with an
overal error less than 10%. The deviation can be considered as an effect related to
the inherent inhomogeneous flux penetration due to the grain structure of the CCs,

and the overall 1D calculation does not completely average out the differences.
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Figure 6.6: The current density profiles for different values of the phases. The inset shows
the phase points chosen in the plot.

The current profiles change considerably with the phase. At the phase point ¢ =
180° no net current flows through the sample and only the shielding current (the green
curve) flows in a closed loop near the sample edges. The zero phase current profile
is symmetric and the absolute peak value corresponds to a J, = 235Acm ™" at 25 K,
which is twice the average critical current value at 77 K. At different phases, the ac
transport current flows through the sample either in positive or negative y—direction
according to the polarity of the applied sine wave voltage. The current density profiles

can be seen as the sum of the transport current and the shielding current induced by
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the magnetic field, and at the 270° phase point, the total current density is equal to

the shielding current density.

6.4 Conclusion

In conclusion, we successfully use the TRMOI technique to study the interaction
of a perpendicular magnetic field and an applied ac or dc current in YBCO coated
conductor. The inhomogeneous flux penetration of CCs due to its large amount of
grain boundaries are observed clearly in both phase dependent and dc current de-
pendent TRMOI measurements. For current dependence measurements, a relatively
low external field is applied and the flux grows in finger-like patterns. Increasing dc
current triggers thermal instabilities of the flux, and a maximum of I = 3770 mA is
sent through the sample. For phase dependence measurements, time and spatially-
resolved images of the magnetic flux profiles are presented at seven phase points (from
¢ = 90° to 270°) of the applied AC current. A quantitative analysis of the data al-
lows us to calculate the evolution of the current density with the phase angle. The
effect of the ac current is to shift the magnetic flux further inside the sample and to
rearrange the overall flux distribution. Small deviations can be observed when the
flux inhomogeneities due to the inherent grain structure of the CC samples are not

completely averaged out.



Chapter 7

Conclusions

High-temperature ceramic superconductors have drawn a lot of attention since their
discovery in 1987. As the most promising HTSC material, YBCO has low cost and
good performance in high transport current and high magnetic field conditions. The
significant progress made towards the development of the second generation YBCO
coated conductors in recent years further opens large applications, especially in ac
power devices. It is important to study the ac behavior of such materials.

The new time-solved magneto-optical imaging technique allows us to take MO
images of a superconductor at any phase point of an ac transport current with or
without applying an external magnetic field. This method advances the normal MOI
techniques that only do static measurements. In this dissertation, we study the ac
behavior of superconducting YBCO thin films, multifilamentary YBCO thin films
and coated conductors using the TRMOI technique. For YBCO thin films, we study
the spatial magnetic field distribution in high frequency regions with both an ac
current and an external field applied. From a numerical inversion of the Biot-Savart
law, we obtain the total current distribution of the thin film. The TRMO images
show the phase evolution of the steady state vortex motion driven by the applied ac

current. The quantitative analysis reveals two coexistent vortex states: a disordered
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dynamic state of plastic motion near the edges of the bridge and a quasi-static glassy
state more inside of the sample. This vortex behavior is also revealed in the FEM
simulation results. To study the ac transport current behavior, we determine the
transport current density by subtracting the shielding current density from the total
current density at each of the phase points. We model the transport current density
in a modified critical state , and our measured data show asymmetric and pronounced
peaks at the edges. We argue that the transport current is distributed in such a way
for the purpose of energy minimization. A brief frequency dependent measurement
is presented and we conclude that there is no frequency dependence in the frequency
range of 100 to 1000 Hz.

The TRMOI study on the interaction of a perpendicular magnetic filed and a
transport current on YBCO coated conductors shows inhomogeneous flux penetra-
tion due to the large amount of grain boundaries. Clear finger-like patterns are found
in both ac and dc transport current measurements, which demonstrate thermal insta-
bilities of the flux that were triggered by the local heating effect of the current. We
also quantitatively analyze the phase dependent data while applying an ac transport
current and a dc field. The effect of the ac current in the measurement is to move
the magnetic flux further inside the sample and to rearrange the overall flux distribu-
tion. Due to the grain boundaries of the coated conductor sample, the average over
a certain range of the image could not completely diminish the deviations, and flux
inhomogeneities are visible even in the 1D profiles.

Because of the high aspect ratio of the coated conductor due to its architecture,
the ac loss primarily resulted from high hysteresis loss. This limits its ac power
applications or high frequency applications. The idea to reduce such loss is to use the
multifilamentary structure of YBCO layer since the amount of heat generated in such

striated tape decreases if the width of the filament is reduced. We use our TRMOI
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technique to study the ac behavior of a multifilamentary sample with six filaments.
To obtain the best quantitative results from the MO images, we chose to apply a low
magnetic field and a high ac transport current after comparing different experimental
results. The external magnetic field should be high enough to give good signals,
but not too high that the induced shielding current may overwhelm the ac transport
current. The integration of the transport current of the optimized measurements
gives very good agreement with the applied transport current. Quantitatively, most
of the transport current flows at the outer two superconducting filaments and the
rest of the current distributes almost evenly among the inner four filaments. From
the FEM simulation of our data, we conclude that the multifilamentary film exhibits
at least a critical current value twice as high as the single bridged YBCO thin film.
This behavior is conducive for high-power applications.

The future work is to determine the hysteresis loss in the multifilamentary sample
from our data. The electric filed distribution needs to be calculated from the time
dependent magnetic field. Furthermore, instead of averaging a certain area of the
image, we can calculate a 2D map of the time dependent current distribution by a
2D numerical inversion of the Biot-Savart law!®®. The ac loss thus could be obtained

in both x— and y— directions.
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