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Abstract

The magnetic properties of BisSroCaCusOg,y,, (BSCCO) single crystals and thin
films have been studied systematically with a contactless Hall probe system. The
BSCCO single crystals of T, ~ 92 K were grown using a crucible-free optical floating-
zone technique. The thin film disks of 7, ~ 82 K were grown using magnetron

sputtering technique. Our findings are as follows:

1. The vortex penetration process is strongly time dependent. The penetration
time scale varies and depends on the temperature, the applied field and the geometry

of the sample.

2. The persistent current relaxations and the effective energy barrier against vor-
tex motion is investigated in a ring-shaped BiySroCaCuyO, single crystal. The re-
sults show a transition from a strongly non-logarithmic regime to a logarithmic one
with increasing temperature. The vortex dynamics in the non-logarithmic regime
are insensitive to changes in the microstructure (decreasing oxygen content), but the

relaxations in the logarithmic regime are strongly affected by the microstructure.

3. A peak in the temperature dependence of the trapped vortex field is observed
at a temperature below the vortex melting line. Logarithmic and non-logarithmic
dependence on time were observed in the magnetic relaxations at temperatures below
and above the peak, respectively. The results suggest the presence of the vortex-

depinning transition at temperatures below the melting line of BSCCO.

4. Vortex penetration, vortex relaxation and vortex-depinning transition in YBCO
single crystal are found qualitively similar to that of BSCCO superconductor, but
quantitively different. These difference are supposed to be caused by the strong

anisotropy in BSCCO superconductor.
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Chapter 1

Overview

This thesis has been divided into three sections, which deal with some important
aspects of vortex entry, vortex dynamics and persistent currents. The major achieve-

ments are listed below:

(a) Surface barriers: The effect of surface barriers [1, 2] on the vortex penetration
in type-II superconductors is an important topic and of high interest to both experi-
mental and theoretical studies. The existing literatures on this topic is mostly focused
on the vortex entry conditions which have been studied since the early 60s.[1, 2] More
recently, the vortex entry conditions have been analyzed numerically by some theories
on the basis of the time-dependent GL equations.|[3, 4] The presence of the geometrical
barrier was first proposed by Zeldov et al., who derived an analytical solution which
governs the vortex penetration/entry and its dynamics in flat samples of type II su-
perconductors under the condition that the applied magnetic field is perpendicular to
the flat surface.[5] The results of this work have been confirmed by the experiments on
Bi-2212 crystals using Hall sensor arrays. It has been found that the geometrical bar-
rier retards the vortex penetration. Although these results clearly reveal the effect of
the surface and geometrical barriers against the vortex entry, they have not provided
any information about the time evolution of the vortex entry into a superconduc-

tor. This question is particularly important because potential device applications of



type-II superconductors may strongly depend on such information. Unfortunately,
the literature has failed to provide the information on the time scale of this entry
(3, 4, 6, 7]. This suggests that special experimental techniques are required to gain
knowledge on this topic.

In the first section of this thesis, we proposed an effective method which determines
the time scale of vortex penetration into the Bi-2212 superconductors (see Chapter 4).
This technique has been successfully applied to the samples with different geometry
and, therefore, different surface barrier conditions: Bi-2212 single crystals and thin
films. For the first time we have quantified the time scale of the vortex entry into
a prototypical HTS superconductor. In principle, our results could be applied to all
kinds of type II superconductors as discussed in Chapter 7. To our knowledge, these
findings are novel and are of particular interest to both theoretical and experimental

researchers in the field of superconductivity.

(b) Vortex dynamics and persistent currents: In general, the understanding
of the vortex dynamics is based on the results of the magnetization measurements
carried out on the rectangular shaped samples.[8] Unfortunately, these measurements
which give useful insight into the dependence of the vortex phases on magnetic field
and temperature (i.e., the H-T phase diagrams) [8, 9, 10, 11, 12, 13], have not pro-
vided direct information about the relationship between the vortex pinning and the
persistent current. This information has not been obtained either by measurement
of the relaxation (time dependence) of the magnetization [8] or by Bean’s critical
state model [1, 14] applied to the spatial distribution of magnetization, which have
been otherwise implemented successfully to study the vortex pinning and the cor-
responding vortex-density gradients in a superconducting sample. In this sense, a
superconducting ring offers a unique opportunity to investigate the interaction be-
tween the magnetic vortices trapped in the ring’s bulk and the persistent currents
circulating around the ring.[15] The advantage of the ring-geometry is that the in-

duced persistent current exerts a Lorentz force on the vortices driving them out of the



ring uniformly in the radial directions. Consequently this causes the dissipation of
the persistent current. By applying and switching off larger external magnetic fields
one could produce persistent currents at the critical level. Magnetic field trapped
at the ring’s center is proportional to the critical current density according to the
Biot-Savart law. The magnitude of this field and its decay could be measured with a
magnetic field sensor, such as a Hall sensor.

Early studies have shown that BiySroCaCuyOg (BSCCO) superconductors have
two vortex regimes [16, 17, 18, 19], at temperatures below and above the crossover
temperature T* = 36 K. Each of these regimes has a different vortex dynamics and
pinning mechanism.[20, 21, 22, 23, 24, 25]

In Chapter 5, we used the technique described above to investigate the tempera-
ture dependence of the persistent current and its dissipation rate due to its interaction
with magnetic vortices in a pure ring-shaped BSCCO single crystal whose microstruc-
ture (oxygen content) has been changed by vacuum annealing. This allowed us to
obtain information on the value of exponent u, a parameter showing the dependence
of the energy barrier against vortex motion Uesp(J) x (J./J)* and the persistent
current density J. Temperature dependence of the persistent current relaxations re-
vealed a crossover in the dissipation rate from a strongly non-logarithmic regime at
temperatures below 7™ to a logarithmic one at temperatures above T*. In the former
regime the vortex dynamics is governed by the energy barrier U,ss(J) with p >~ 1/7
which depends little on changes in the microstructure, suggesting highly cooperative
effects in the vortex structure. [26] In the latter regime, on the other hand, p is
strongly dependent on the microstructure, with its value dropping from 0.7 in an
as-grown crystal down to 0.35 in a disordered crystal. These studies provided new
results on the critical exponent p for the pinning barriers of the vortex structure in

Bi-2212 superconductor due to intrinsic disorder.

(c) Vortex depinning-induced phase transitions: The understanding of the

mixed state of high-T, superconductors, requires the exploration of possible phase



transitions between different vortex phases such as vortex solids (or glasses) and
liquids.[8] The nature of these transitions is determined by a complicated interplay
between thermal fluctuations, disorder and large anisotropy. In highly anisotropic
BSCCO superconductors, Josephson plasma resonance (JPR) measurements [27],
which can directly probe the interlayer coherence of the vortex state [28], revealed
that the vortex could be decoupled above the melting line.

The magnetic phase diagram [8] is commonly plotted as H vs. T. For BSCCO
superconductors [9], the magnetic phase diagram reveals two phases at high fields
(>4000e): a glassy phase at low temperatures (albeit with a pronounced 2D char-
acter) and a high temperature liquid phase starting at about 35K. At low fields
(<4000e), there is a Bragg glass (thought to be 3D) at low temperatures with a sec-
ond order glass transistion to an ordered crystalline phase at 35-40K and finally a first
order melting transition to a liquid at high temperatures. Physically, this magnetic
phase diagram represents the vortex structure inside the superconductor, that is, the
internal magnetic field. The detailed vortex structure of the mixed state is determined
by the flux pinning, the external magnetic field and the temperature. Furthermore,
according to the Bean’s critical state model [14], the internal magnetic field in the
low T" and low H region is not uniform and the local value of H is a strongly varying
function of the position inside the superconductor even though the external magnetic
field is uniform. Therefore, the conventional magnetic phase diagram cannot give
proper information about the vortex system by simply referring it to the magnitude
of the external magnetic field.

The presence of decoupling [29] or depinning transition [30, 31] has been suggested
by some theories, but their presence has not been shown in experiments. A experiment
aimed to identify these transitions should provide answer to the following questions:
What happens to the vortex lattice and its pinning at temperatures just below the
saturation/melting line? Does the pinning of the vortex-lattice decrease abruptly
at the saturation line or does this process occur gradually when the temperature

approaches the 2D to 3D crossover temperature.



In Chapter 6, we attempted to answer these questions. The approach that we used
is as follows: we applied a constant external magnetic field, H,, to a superconductor
at different temperatures, which results in penetration of the vortices into the bulk
of the superconductor. We then reduce H, to zero and the vortex field trapped
in the sample is detected by a Hall probe sensor. At or close to the melting field
132] B,,(T), the superconductor is fully penetrated and the internal magnetic field
is expected to be constant over the entire sample volume. Therefore, the vortex
structure close to the melting field can be well represented by the measurement of the
trapped magnetic field. At a fixed temperature, the trapped magnetic field increases
with increasing external magnetic field and finally reaches a saturated value, which
corresponds (not equals) to the melting field B,,(T") (external field). We name the
temperature dependence of the saturation field as the “saturation line”. As the
trapped field is monitored as a function of temperature, the behavior of the vortex
lattice can be inferred. Our experiments have provided the experimental evidence
for presence of theoretically predicted decoupling/depinning transitions in the vortex
matter of tyoe Il superconductors.

Our experiments also have revealed that the maxima in the trapped field in
BSCCO crystal and BSCCO thin film occur at temperatures several degrees below the
saturation line. The presence of maxima suggests that the partial depinning of mag-
netic vortices occur at temperatures above the maxima, leading to a gradual decrease
of the trapped field with an increasing temperature, which eventually (at higher tem-
peratures) merges with the saturation line. These findings are summarized in Figure
6.5 of Chapter 6, showing clearly the presence of depinning/decoupling region in the
vortex phase diagram. To our knowledge this is the first experimental manifestation
of such phase transition in the vortex matter and is of great interest of theorist in this
area. In addition we have found large differences between the properties of BSCCO
crystals and thin films. These discrepancies are attributed to the difference in the

defect densities of the samples.



The measurements performed on BSCCO superconductors have been repeated on
YBCO crystals (see Chapter 7). The results obtained agree qualitatively with those
obtained on BSCCO. These findings clearly indicate that the results discussed above

are universal.
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Chapter 2

Introduction

BiySroCay—1CupOspiy—y (n =1, 2, 3), or BSCCO, is a high 7. superconductor with
a highly layered structure discovered in late 1980’s [1, 2, 3]. BSCCO was the first
high 7. superconductor which did not contain a rare earth element, and is also the
first high T, superconductor to be found applications in industry [4, 5].

This system continues to be interesting because of its strongly layered microstruc-
ture offers a potentially interesting system for studying the interplane coupling (2D-
3D crossover) [6] and the pairing mechanism [7] in high-7, superconductivity, which
are currently not clear. The development of Bi-series superconductors is a very dif-
ficult task because of its inherent brittleness and the narrow range of the processing
temperature required to produce the superconductive phase.[8] Several phases, such
as Bi-2223, Bi-2212 and Bi-2201, usually coexist in the BSCCO superconductor.

The study of the magnetic properties of BSCCO superconductors is challeng-
ing because of the complexity of the vortex structure and the consequent vortex
dynamics.[6] Up to now, there are still many open questions about vortex dynamics,

some of them are the subject of this thesis:
1. Time dependence of vortex penetration

The motion of the vortices inside a superconductor is retarded because of the pres-
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ence of the resistances and the vortex penetration process is time-dependent. The
majority of the studies in vortex penetration are focused on the vortex entry and
exit conditions, while systematic studies of the time depenence (time scale) of vortex

penetration are currently not avaiable.

2. Persistent currents and vortex dynamics

The pinning potential of a vortex is a function of current because of the interac-
tion between the vortex and the current. For BSCCO superconductors, no unique
functional relation between the pinning potential and current has been found in the
intermediate region (20K < T < 40K). On the other hand, the mechanism for the

crossover at T™* ~ 30K of the melting line is not clear.

3. Vortex-depinning induced phase transitions

Theoretical calculations have shown that for the highly anisotropic superconductor
BSCCO, there is an almost vertical depinning line T}, dividing the vortex solid phase
into two phases. On the other hand, the theoretic calculations suggest that a vortex
decoupling transition [9] appears in the pancake-vortex lattice of layered supercon-
ductors with a finite Josephson coupling a few degrees below the melting line. Un-

fortunately, experiments have not confirmed explicitly these theoretical suggestions.

In this chapter, we will start by providing background information on vortices in
high T, superconductors and BSCCO. Then we describe the project objectives of this
thesis. In chapter 2, we introduce the experimental details used in this thesis. In
chapter 3, we designed a special experimental measuring procedure to test the time
scale of the vortex penetration into the BiySroCaCusOgy, superconductors under
various conditions. In chapter 4, we study the interaction between the current and

the vortices, and then the vortex structure and its properties in the vicinity of the
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crossover temperature 7™ in the BSCCO superconductor. In chapter 5, we inves-
tigated the pinning and the phase transition of the vortex system at temperatures
just below the saturation line of BSCCO superconductor. In chapter 6, we investi-
gated the vortex penetration and the vortex phase transition in YBCO single crystal.

Finally, we give a short summary to the results of this thesis in chapter 7.

2.1 Backgrounds

2.1.1 Quantized Vortex

Type-1I superconductor has two critical field, the lower critical field, H.;, and the up-
per critical field, H.,. The applied fields H, near to the surface of the superconductor
is subjected to the repulsive force from the field generated by the surface screening su-
percurrent [10], which expels the applied field out of the superconductor to maintain
the superconductor as a perfect diamagnetic body when the applied magnetic field is
H, < H.. As the applied field H, increases to a value such that H. < H, < H,
the type-II superconductor has a negative surface energy, or negative free energy in
the interface between the normal region (caused by the magnetic field) and the su-
perconducting region. As a result, the coexistence of the superconducting phase with
a magnetic field has a lower energy, that is, the coexistence turns out to be favorable
in energy for preserving the superconducting state. In this case, the superconductor
prefers to let part of the applied magnetic field penetrate into its body in the form
of quantized vortices to reduce the energy. In the absence of disorder, the quantized
vortices form a regular lattice of parallel lines [11, 12, 13, 14, 15, 16, 17, 18, 20, 21],
each carrying a single flux quantum ¢y = h/2e. (Figure 2.1), where h is Planck’s
constant, and e is the charge of electron.

BSCCO superconductors have highly layered microstructures.[22] The vortices in
these superconductors are generally in the form of disconnected “disks” or “pancakes”
(Figure 2.2) because of the limitation in the coherence length and the space between

the layers of the microstructure of these superconductors.[6, 23] As a result, the vortex
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Figure 2.1:  Quantized vortices in type-II superconductors. (a) Magneto-optical
images of vortices [19] in a NbSey superconducting crystal at 4.3 K after cooling in
magnetic field of 3 Oe. & =n (%) U is the order parameter (or G-L wave function),
¢ is the coherence length and A is the penetration depth. (b) Schematic representation
of the microstructure of a vortex.
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Figure 2.2: Vortex pancakes in strong anisotropic superconductor, where a, b and ¢
are the crystal axes.

dynamics in these superconductors is much more complicated.

BSCCO superconductors are strongly type-II and their lower critical field H,.; is
very low (H.(0) ~ 650G).[6] The Meissner phase, in which the magnetic field is
expelled out, of these superconductors is then bounded in a very small region and
their phenomenology is dominated by the presence of vortices over most of the phase
diagram. Thus, all the technologically relevant BSCCO materials are hard supercon-
ductors operating in the mixed state. This mixed state is where the superconducting
phase and the quantized vortices coexist. The study of magnetic properties in the
mixed state becomes very important as the magnetic properties of type-II supercon-

ductors govern its current carrying ability.
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2.1.2 Energy Barriers to Vortex Entry

The energy barriers here means the the resistances to the vortice motion in a type-II
superconductor. Energy barriers prevents the vortex penetration into the bulk of a
type-II superconductor. Vortex entry is the process in which a vortex start to pen-
etrate into a type-II superconductor. In the study of vortex peneration in type-II
superconductors, it is a challenging problem to find out the vortex entry conditions
[24] at which the Abrikosov vortices start to penetrate into the superconductor under
the driving force of the external magnetic field. This is a fundamentally important
step in describing the magnetic behavior of type-1I superconductors because the vor-
tex entry will destroy the Meissner state and transfer the superconductor into mixed
state. Currently, most of the researches have been devoted to the effects of surface
barriers on the vortex penetration in these materials.[24, 25, 26, 27, 28, 29]

The vortex-entry conditions were first studied by De Gennes in terms of Gibbs free
energy for the testing vortex.[24] Kramer investigated the vortex-entry conditions by
analyzing the stability of the Meissner state with respect to the order parameter and
electromagnetic fluctuations.[25] A number of other works studied the vortex-entry

conditions by solving the time-dependent GL equation numerically [26, 27].

Bean-Livingston Barrier

Generally speaking, there are two separate forces, the repulsive Lorentz force and
the attractive image force [30, 31, 32], exert on a vortex when it is created within a
type-II superconductor lying parallel and near to the surface.

The repulsive Lorentz force is caused by the external field (H) that penetrates
into the superconductor as He~%*, or the surface screening currents, where d is the
distance between the vortex and the surface, and X is penetration depth. If H is of
the same sign as the field of the vortex, a repulsive Lorentz force is produced which

attempts to push the vortex into the bulk of the sample. The Lorentz force can be
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written as:

>la.

: H
fo=2oj = ‘I)oxe (2.1)

where j is the current density and ®q is the quantum of the flux.

The attractive image force [30] is caused by the boundary condition that, the
current normal to the surface must be zero. This condition can be easily satisfied
by adding an image vortex of opposite sign outside the surface, which attracts the
vortex to the surface. Let 2d be the distance between a vortex and its image, the
image force can be written as:

P2 2d
fim = =g <7> (2.2)

where f1g is the permeability of free space, and K; (27‘1) is the modified Bessel function
of the second kind.

Note that for any nonzero H, the repulsive force will eventually dominate the
image contribution for d >> A. The addition of the above two forces lead to an
energy barrier to the vortex motion.

Connolly et al. found that in Bi-2212 single-crystal disks, flux preferentially flows
along linear defects into the interstitial platelet regions up to a characteristic field
H,, above which flux enters the disks.[33] They identified this as the field of first
penetration of pancake vortices over the Bean-Livingston barrier around the disks.
Wang et al. found that for vortex penetration in BSCCO materials, the Bean-
Livingston surface-barrier effect dominates only at the temperatures above 15 K,
while below 15K, the Bean bulk-pinning energy barrier determines the vortex pene-

tration field.[34, 35]
Geometric Barriers

The geometric barrier [36, 37, 38] is a shape dependent barrier, which was first intro-

duced by Zeldov et al. [36], and then was extensively discussed by Brandt.[39] The
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introduction of the concept of “geometrical barrier” (GB) makes it possible to inves-
tigate vortex structure in high-temperature superconductors. We can simply describe
it as follows [36, 40]:

Consider a thin superconducting sample with rectangular cross section of width
2W (=W < z < W) and thickness d(d << W). A magnetic field H, is applied
perpendicular to the surface of the sample. Near the sharp corners the local field is
enhanced considerably compared to H,, and then penetrates into the sample first at
these points. This cancels out part of the opposing forces due to the Bean-Livingston
barrier. However, for the flux line to enter the bulk of the sample, the length of flux
line Ly has to be considerably longer than d, that is, Ly > d. The flux line is then
stretched by an amount A = Ly — d. In this sense, the energy cost of creating the
flux line near the surface is raised due to the sample geometry. Since this effect is
strongly shape dependent, it could be shown that there is no geometrical barrier in
the case of an elliptical cross section.[40]

The geometrical barrier results in retarded vortex penetration, and is expected to
dominate the observed magnetic behavior of high-T, superconductors at elevated tem-
peratures where critical currents are relatively low. The experimental observations of
vortex penetration and dynamics in Bi-2212 single crystals is in very good agreement
with the theoretical derivations.[36] The geometric barrier has also been recognized
experimentally by hysteretic magnetisation experiments in type-II superconductors

in the absence of bulk pinning.[39]

2.1.3 Flux Pinning

The vortices in a type-II superconductor can be pinned down by the pinning centers
(defects). The pinning of the vortices with various crystal imperfections is responsible
for the existence of a critical current density .J., which is usually defined as the current
density at which an arbitrarily small voltage is observed.[6, 41] Vortices interact with
the pinning centers because the superconducting properties of the latter are different

from that of the bulk superconductor. The strength of the interaction is a function of
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the magnitude of this difference. The difference may be small and can manifest itself
as a difference in critical temperature, critical field, or Ginsburg-Landau parameter
k. The difference may be large when the pinning center is non-superconducting. The
pinning of vortices can be simply explained by the condensation energy Uy = % pH2V
of type-II superconductor, that is, the superconducting system has a lower total
energy when the vortex sits on the defects.

Because of the short coherence length of the high-T, superconductors, the oxygen
vacancies on the C'uOs planes are sufficient to locally depress the superconducting
order parameter, and become the effective pinning centers.[41] Kes obtained a depin-
ning current density for BSCCO of 5 x 10°4A/cm? at T = 0 K and a pinning energy
of 34 K in temperature units.[42]

The oxygen vacancies are distributed on the CuO, planes randomly. The calcu-
lations have shown that if the vortices are perfectly periodic and rigid, they would
not be effectively pinned by any random collection of pinning sites.[41] Fortunately,
the vortices are elastic over a limited temperature range, therefore, the paths of the
individual flux lines can deviate from the ideal periodic Abrikosov lattice to lower
their energy by passing through the pinning sites which is more favored in energy.
But at the same time, the elastic energy of the vortex lines is increased because of
the deformation in the vortex lines. The equilibrium flux-line configuration will be
that distorted arrangement which minimizes the sum of these two energies. This idea
was first suggested by Larkin and Ovchinnikov and is now developed as the so-called
“collective pinning theory” [43].

For the strongly layered BSCCO superconductor, the interaction between the
vortices within the plane can be ignorable for a weak magnetic field, and the pinning
is then a 3D collective pinning.[6] With increasing magnetic field, the intraplanar
interaction becomes increasingly important and we can ignore the coupling interaction
between neighbouring pancake vortices in different layers, creating a vortex system
that crosses over from 3D to 2D collective pinning.[44] In this case all pancake vortices

within the radius R. > ag are pinned collectively, where R. is the collective pinning
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radius.

2.1.4 Magnetic Relaxation

Because of thermal activation, quantum tunneling or mechanical vibrations, vortices
can move out of their pinning sites spontaneously [6], causing the so-called mag-
netic relaxation. The hopping time, ¢, can be written out by the so-called Arrhenius
relation:

u

t= toeﬁ (23)

where U is the potential-energy barrier height, % is the Boltzmann constant, 7" is the
temperature and %, is the effective hopping attempt time. When current presents,

the hopping process is increased by the Lorentz force [6]:
1
F=-JxB (2.4)
c

where J is the current density and B is the field. Therefore, U should be a decreasing
function of J (Figure 2.3).
Anderson and Kim have considered the pinning of the simplest possible model

with a linear J-dependence of the barrier energy [45, 46]:

U = U, (1 - Jio) (2.5)

where Uj is the barrier height in the absence of a driving force, and J is the critical
current density at which the barrier vanishes. This linear approximation is a reason-
able approximation near .J.o and is a fair description for conventional superconductors
for which Uy >> KT'. This model is applicable to the cituation where the interac-
tions between vortices is small, but in application to any other system or regime one

can expect major modification, which will be discussed later. From Eq.(2.5) one can
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Figure 2.3:  Energy barrier U.ss(J) ~ Up(Jeo/J)* in type-1I superconductors [50],
where Uy is the barrier height in the absence of a driving force, and J is the critical
current density at which the barrier vanishes.
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obtain the famous logarithmic time dependence of the current density:

kT t
J=Jo |1 ——I 14+ — 2.6
0{ Uo”( +’50>} (2:6)

It is very usefull to define the so-called “normalized relaxation rate” [6]:

1AM d(lnM) _ d(InJ)
5= Md(lnt) — d(int) — d(Int) 27)

Combining Eq.(2.7) with Eq.(2.6), we have:

o —kT
Uy — kTIn(t/ty)

(2.8)

The logarithmic flux creep theory has been well confirmed for conventional low-
temperature superconductors.[47, 48, 49] However, for layered high-T, superconduc-
tors such as the BSCCO superconductor, the relaxation deviates away from the log-
arithmic pattern even at the initial stage of the magnetic relaxation. In order to
explain this phenomenom, one has to consider the nonlinear J-dependence of the
barrier energy. [6]

Beasley et al. first realized that the energy barrier U, s(.J) should have a nonlinear
dependence on the current density J.[49] Feigel’'man et al. proposed the following

inverse power-law barrier [50]:

st =t (22) (29)

where 1 is a critical exponent p, from which one can identify the vortex structure
in the superconductor. The detailed correspondence between the p and the pinning
mechanism is shown in Table 2.1.

The above inverse power-law barrier can be derived from the collective vortex pin-

ning theory.[50] In order to have U(j.) = 0, the above equation is generally modified
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Table 2.1: Meaning of x in the collective pinning model.

Geometric dimension i Pinning Mechanism
1/7 Single vortex
3D 3/2  Small vortex bundle
7/5 Large bundle
2D 8/9 Small vortex bundles
1/2 Large vortex bundles

to the following form [50]:

=0 (%) a0

In addition to this, Zeldov et al. have proposed a logarithmic barrier [51, 52]:

Usss () = Unln (#) (2.11)

This barrier is useful in high-7T, superconductor.
A central result from the “inverse power-law barrier” is the following “interpola-

tion formula” [6]:

J(T,t) = Joo (2.12)

1/p
kT t
[1 + MU—OZTZ%:|

where g is the logarithmic time scale. The factor x4 in the denominator is introduced
in order to interpolate between the usual Anderson formula (for J.—J << J. at short
times) and the long-time behavior.

The above interpolation formula Eq.(2.12) can be also derived from vortex glass
theory [53, 54]. In this theory, the flux system undergoes a thermodynamic phase
transition from a vortex-glass state in which vortices are localized in a metastable
state by interactions with the pinning centers and the other vortices. In its simplest
version, the vortex-glass model predicts i to be a universal exponent less than one,
while the collective creep theory [50] predicted a complicated dependence of p on field

and temperature.
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Combining Eq. (2.7) and (2.12), we have the normalized relaxation rate:

kT
= o & phTin(i o) (2.13)

Since M o J, one can easily convert M into J. Using the thermally activated
flux motion theory, Beasley et al. obtained the relaxation rate of the magnetization

M [49]:

aM Bawo Ueff(J)
_ Bawo ] UesslJ) 2.14
it nd exp{ ksT (2.14)

where B is the magnetic induction, a is the hopping distance, w = 27 /7 is the micro-
scopic attempt frequency, d is the thickness of the sample, and kg is the Boltzmann
constant. This theory was developed by Maley [55] who built an equation that can be
used to calculate the current dependence of the effective activation energy U,s(J,T)

from the relaxation measurements at different temperatures with the equation:

o =t [ (2 1) .
where C' = In(aw/7nd) is a constant. From Eq.(2.15) we see that the temperature
dependence of U.f¢(J,T) is not significant at each temperature. To keep the piecewise
continuity of the U.ss(J,T) segments, one can choose the optimum value of C' for
all the segments and divide them by the thermal factor ¢(7"), which contains the
temperature dependence of the superconducting parameters.[56, 57, 58] This will shift
all the segments onto the same smooth curve. Finally, the effective activation energy
Uesr(J,T) and the current density J is fitted with the inverse power-law Eq.(2.10)

[59, 60] and from the p value, we can identify the corresponding vortex structure.

2.1.5 Vortex Lattice Melting

Similar to the atoms in the lattices of a solid, a vortex can deviate away from its
equilibrium position because of thermal motion at finite temperatures.[6] This mo-

tion becomes stronger as the temperature or the applied field increases. Eventually,
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the vortex-lattice will melt at a certain critical temperature 7,,, (or H,,(7)). Under
different temperatures T,,, we get different melting fields. By connecting all the melt-
ing points on the H — T phase diagram, we obtain the so called “melting line”. The
melted vortex system is called a “vortex-liquid”, in which a zero resistance supercur-
rent cannot exist because of the motion of the vortices.

For the highly layered BSCCO superconductor, the vortices are disconnected
“disks” or “pancakes” and the vortex melting behavior is much more complicated
[6]. As shown in Figure 2.4, there is a very sharp drop [61] in the melting field B,,
at T < T* ~ 30K. After experiencing a crossover at around 32K, the melting field
switches to a slower drop with increasing temperature. The physics of this crossover
in the melting field has not been clear until now.[44, 62, 63, 64]

Since a consistent theory for a 3D bulk melting transition is still currently lacking
6], the position and the shape of the vortex-lattice melting line is usually determined
by the Lindermann criterion < u?(T,,) >~ c2a3. In the intermediate-field range
H. < H, < H., the transition line takes the form B,,(T) ~ (5.6c}/Gi)H(0)(1 —
T/T.)?, where c; =~ 0.1 ~ 0.4, and Gi is the Ginzberg number.

2.2 Project Objectives

The magnetic properties of BSCCO superconductors are intriguing because of the
complexity of the vortex structure and the consequent vortex dynamics.[6] Up to now,
some areas are still unclear and more detailed understanding of the behavior of the

vortex structure is highly desirable. In this thesis, we study the following three topics:
1. Time dependence of vortex penetration
The majority of the studies in vortex penetration are focused on the vortex entry

and exit conditions [24, 25, 26, 27, 28, 29]. However, inside a superconductor, a mov-

ing vortex is still affected by the surface barriers, as well as other resistances, such as

25



Melting Line \
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Figure 2.4: Schematic representation of vortex melting line in the strongly layered
high-T,. superconductors, where H,; is lower critical lower critical field, and H. is the
upper critical field.
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the pinning force [6] and the damping force.[65] All of these forces contribute to slow
down the vortex motion. From the time dependent form of the GL theory [66, 67],
one knows that a moving vortex gives rise to a “core” mass and an “electromagnetic”
mass per unit length. The motion of the vortices would be retarded because of the
presence of the resistances, according to mechanics. The vortex-penetration process
cannot occur instantly and, therefore, must be time-dependent. Now the question
arises: how long does it take for the penetrating field to reach a saturated value
under a certain applied magnetic field?

The investigation of the time dependence of the vortex penetration process is im-
portant both in theoretical understanding and in practical applications of the type-II
superconductor.[6] Systematic studies of the time dependence of vortex penetration
are currently not available. For this purpose, we designed a special experimental
measuring procedure that tests the time scale of the vortex penetration into the

BiySroCaCuyOgy,, superconductors under various conditions.

2. Persistent currents and vortex dynamics

Because of the the interaction between the current and the vortices caused by the
Lorentz force, the pinning potential U,y is a function of current J.[6] For BSCCO
superconductors, at temperatures below 20 K and above 40 K the dependence of the
effective potential U.sf on J is described by the functions U.s¢(J) o< In(J./J) and
Uess(J) o< (J./J)%3, respectively. In the intermediate region (20K < T < 40K), no
unique functional relation between U.rs and J has been found [68]. Clearly, more
detailed understandings of the interaction between the current and the vortices, and
the dependence of U.¢; on J are needed.

On the other hand, the temperature dependence of the vortex melting line in
the BiySraCaCusOg (BSCCO) superconductor exhibits a crossover behavior as the
temperature is decreased.[41, 69, 70, 71]. Experiments [61] have confirmed a very

sharp drop of the melting field B,, at T' < T* ~ 30K, which is explained as the 2D
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to 3D transition temperature [44], or 0D to 3D transition temperature.[62, 63, 64]
However, recent studies in BSCCO superconductors indicate that the crossover may
be caused by the pinning transition.[73, 74, 75] One way to study these problems is
to exert forces on the vortices by coupling the vortices to a current.

In this section, our purpose is to get more detailed understanding of the interaction
between the current and the vortices, so we can understand the vortex structure and
its properties in the vicinity of the crossover temperature 7% in the BSCCO super-
conductor. These studies were carried out in a ring shaped Bi-2212 superconductor

under a series of annealings in vacuum.

3. Vortex-depinning induced phase transitions

It is already known that the vortex lattice encounters the melting transition into
a vortex-liquid phase at a temperature T,, below T, if the vortex fluctuations are suf-
ficiently large.[6] It is still not clear what happens before melting, or what properties
it has in the lower field region below the vortex melting line. The previous studies
indicate that two distinct thermodynamic phases are present in the lower field region
below H,,(T'), which is contrary to the common belief that a single Bragg glass phase
prevails throughout this part of the phase diagram [76]. Theoretical calculations
have shown that for the highly anisotropic superconductor BSCCO, there is an al-
most vertical depinning line Ty, dividing the vortex solid phase into two phases. This
is evidenced by a sharp change in slope of the T-dependence of the vortex lattice,
showing more than half of the vortices in the system are depinned at any time.[77, 78]
Some results imply a depinning line of similar topology within the Bragg glass phase
below H,,(T) [49, 79, 80, 81, 81, 82, 83]. On the other hand, some theories sug-
gest that a vortex decoupling transition [9] appears in the pancake-vortex lattice of
layered superconductors with a finite Josephson coupling a few degrees below the
melting line. In view of this, it looks as if the vortex depinning transition is a de-

coupling transition. Unfortunately, experiments have not confirmed explicitly these
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theoretical suggestions. Recently, Beidenkopf et al.(2005) claimed it is a crossover
from Bragg glass to vortex crystal (lattice) when a thermodynamic line in this re-
gion of a BSCCO superconductor was found.[44] Therefore, the physics in this region
requires a more fundamental reconsideration.

In this section, our goal is try to understand what happens to the vortex lattice and

its pinning at temperatures just below the melting line of the BSCCO superconductor.
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Chapter 3

Experimental Methods

The materials used in this thesis are BisSroCa;CusOs_, (Bi-2212) single crystals and
thin films. The first and the difficult step in our study is the sample preparation[1].
It is extremely hard to get good samples with high 7. and high J.. Bi-2212 is a highly
anisotropic materials with a short coherence and the vortex matter is very sensitive
to temperature. During the measurement, the temperature has to be precisely con-
trolled. Therefore, the experimental methods are important in the study of BSCCO
superconductors. In this chapter, we will describe the experimental aspects of sample

growth and measurement used in this thesis.

3.1 Sample Preparation

In order to grow high quality BSCCO samples, the nominalized composition has to
be consistent with the following heat treatment conditions because of the volatility of
the components in the BSCCO superconductor. The preparation process is sensitive
to the temperature [2], the oxygen enviroment [1] and the sintering duration.[3] All

these have to be considered in a consistent way.
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3.1.1 Bi-2212 Single Crystal

BSCCO crystals of T, ~ 92 K were grown in the Clarendon Laboratory of Oxford
University using a crucible-free optical floating-zone technique. Therefore, they are
extra “clean” materials and have very small flux pinning ability.

In order to measure the magnetic properties of the BSCCO superconductors in
the Hall probe system, we prepared the samples in circular shapes, such as disks and
rings. Small pieces of Bi-2212 single crystals were cut from a bigger as-grown crystal
with scalpels, and then shaped into disks or rings (Figure 3.1) under a microscope.
The crystal disks were 0.5 mm thick and had outer diameters of 1.0 mm. The crystal
ring was 0.5 mm thick and its inner and outer diameters were ~ 0.5 and 1.0 mm,
respectively. The axes of both the ring and disk were parallel to the c-axis of the

crystal.

3.1.2 Bi-2212 thin film

The Bi-2212 sputtering targets of nominal composition BiygPbg2SreCaCusOg i, were
prepared by solid state reaction methods. Since the Bi-2212 phase is most stable [1]
at 850-870 °C, the temperature range is very small, so the sintering temperature must
be controlled very accurately.

The BSCCO thin film samples of T, ~ 82 K were deposited on (100) MgO sub-

2 in a magnetron sputtering system (Figure 3.2), which

strates of size 10 x 10 mm
allows one to deposit thin films over a large area.

The magnetron sputtering system consists of a cryo-pumped vacuum chamber
with a base pressure of 1 x 10~ Torr. There are three rf magnetron sputtering guns
which can work with either a DC or an AC power source. The substrates are attached
to a nickel plate with silver paste which allows uniform heating.

During the sputtering process the substrates were configured in an “off-axis” po-
sition (Figure 3.2), which can be heated up to 800 °C by a heater below the plate. A

temperature controller was used to control the substrate temperature with a stability

of £1°C. The two working gas suppliers (Ar and Oy) could be adjusted by two digital
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Figure 3.1: Bi-2212 single crystal ring (¢1).
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Figure 3.2: Schematic representation of the thin film magnetron sputtering system.

39



Figure 3.3: Bi-2212 thin film disk (¢10).

meters separately. Sputtering was usually carried out in an argon-oxygen mixed gas
with a ratio of 3:1, while the substrate temperatue was maintained at 680 °C. The
deposited films were sintered at 800 °C for one hour on average.

The highest T, we obtained using the above stated procedure was 82 K. This is
far from the 7T, of Bi-2212 single crystal 92 K; the reason could be the lattice constant
mismatch between Bi-2212 (a = 5.4095 A) and MgO (a = 4.216 A).

The as-grown thin film samples were finally patterned into the disks of diameter 10
mm and 220 nm thick by the photolithography methods in the University of Alberta
NanoFab. The c-axes of the BSCCO thin films were oriented normal to the surface

of the substrates (Figure 3.3).
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3.2 Measuring procedure

For highly anisotropic superconductors, the experiments [4] have confirmed that the
vortex matter is very sensitive to temperature. The vortex melting line in these super-
conductors exhibits a crossover from 3D to 0D melting behavior as the temperature
is decreased. In the 0D case, the melting field drops almost vertically with increasing
temperature. The melting line has a dramatic effect on the temperature dependence
of the critical current J. in the high-7, superconductors [5], which was found to be
very similar to that of B,,. This important issue requires that special attention be
paid to precise temperature control in the measurement of BSCCO superconductors.

In our study, the measurements involve the vortex dynamics when persistent cur-
rents are present. Since the vortex-pinning potential U.ss(J) is a function of current
density J through the interaction between the current and the vortices [6], Uess(J)
can be described by the power-law dependence, i.e. Uesp(J) ox (J./J)*. This allows
one to use the critical exponent u to identify the vortex structure. The understanding
of the interaction between the current and the vortices caused by the Lorentz force
is highly desirable in the application of superconductivity.

The most frequently used measuring methods in superconductors are R-T (Resis-
tance vs temperature) transport measurements, and DC/AC magnetization measure-
ments. In the R-T measurement, the Joule heat from the contacts usually affects the
reliability of the results, and it is also hard to distinguish between very low resistance
and the superconductivity. However, the standard measuring methods for the mag-
netic properties in superconductors are the magnetization measurements [7], which
generally give information about the diamagnetization (or surface screening effect)
with the applied magnetic field and the total vortices trapped in the bulk. They
cannot give any direct information about the flux pinning ability when the persistent
currents are present. Consequently, one cannot obtain any useful information about
the persistent current relaxation. On the other hand, in magnetization measurements
the J. of the sample is calculated from the magnetization with the Bean model [8, 9];

its validity is usually affected by the theoretical critical model itself. Especially when
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studying the magnetic properties of a superconductor, all of these measuring methods
are “indirect measurements”. Therefore, an alternative technique needs to be used.
A superconductive ring is a good choice for this purpose. Indeed, the superconductive

rings play a particular important role in the study of superconductivity.

3.2.1 Hall Probe System

Considering the fact that the persistent circulating current in a superconductor gen-
erates a magnetic field, one can calculate the persistent circulating current from the
measured magnetic field according to the Biot-Savart law.[10] Generally, a persistent
current in a superconducting ring shaped sample is generated by applying a magnetic
field to the ring which is subsequently removed. The persistent current decays due to
the interaction between the current and the vortices. By measuring the trapped field
in the superconductive rings we can obtain information about the persistent current
relaxations and the exponential parameter u, in the scaling relation between the ef-
fective energy barrier and the persistent current density. In our lab, the study of the
magnetic properties of the superconductors is carried out on a Hall probe system by
directly measuring the trapped fields in the superconductor.

The disk or ring shaped samples are mounted on a sample holder, which can be
cooled down to around 10 K. A constant external magnetic field H, (up to 1.5 kG,
generated by a copper-wound solenoid in a direction parallel to the axis of the ring
or the disk) was applied to the zero-field-cooled samples at temperatures below T,
and subsequently reduced to zero after some time interval ¢t. The magnitude of the
resulting trapped field was recorded with an axial Hall sensor of sensitivity £+ 2 mG,
placed 2.5 mm above the sample at room temperature. Since the Hall probe itself
is sensitive to temperature, embedding the Hall probe close to the sample can be
problematic. On the other hand, it is much easier to operate the Hall probe in air.

At higher temperatures, the trapped field drops to a very low value, and the
fluctuation is large. So, in all the measurements, we require that the temperature

deviation is within 0.05 K. The measurements of the trapped field were performed as
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functions of temperature for different applied fields, and the duration of the applied
field.

The advantage of this measuring system is that it allows a contactless evaluation
of the persistent current in the superconductor from the trapped magnetic field by

using the Biot-Savart law.

3.2.2 Scan Profile

The first thing we can do with the Hall probe system is to scan the “profile” - the
magnetic field distribution in the sample. Before the measurement, a DC magnetic
field H, generated by a solenoid was applied perpendicular to the surface of the
sample (a-b plane of the crystal). For the purpose of full penetration, the applied
field was held constant for a certain time interval and then switched off. A stepper
motor drives the sensitive Hall probe and scans along the diameter of the sample.
A computer connected to the system records the component of the magnetic field
perpendicular to the ring-shaped sample and the corresponding positions of the Hall
probe. The magnetic field distribution is then plotted automatically by the computer,
as shown in Figure 3.4.

The lower critical field, H.(7T), and the upper critical field, H.o(T), of type-II
superconductors are well-defined functions of temperature, 7', and external magnetic
field, H. The conventional magnetic phase diagram [1] is commonly plotted as H vs.
T. At or close to the melting field B,,(T"), the superconductor is fully penetrated and
the internal magnetic field is expected to be constant over the entire sample volume.
Therefore, the vortex structure close to the melting field can be well represented by
the measurement of trapped magnetic field. At a fixed temperature, the trapped
magnetic field increases with increasing external magnetic field and finally reaches a
saturated value, which corresponds (not equal) to the melting field B,,(T') (external
field). Similar to the name “melting line”, we will refer to the series of the saturated

trapped field as “saturation line” (See Figure 3.5).
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Figure 3.4:  Trapped magnetic field profile in a Bi-2212 single crystal ring. By
scanning the Hall Probe above the sample, we can get the distribution of the trapped
magnetic field.
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3.2.3 Decay Measurement

The second thing we can do with the Hall probe is to measure the time evolution
of the magnitude of the trapped field in the sample (Figure 3.6). At first, we scan
the magnetic profile and find out the position where the maximum trapped field is
located, and then we fix the Hall probe at this maximum field position. After, a
magnetic field H, (generated by a solenoid) is applied perpendicular to the surface of
the sample (a-b plane of the crystal) for a certain time interval and is subsequently
switched off. The computer starts to record the value of the trapped field and the
corresponding time continuously. In this way, we can measure the trapped field as a
function of time, that is, the decay of the persistent current in the superconductor.
The decays were measured at different applied fields and temperatures. The de-
pendence of the trapped field on time t helps us to visualize the pinning potentials of

the vortices in the superconductor. This will be studied in detail in Chapter 4.
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Figure 3.6: Decay measurements. By fixing the Hall Probe above the sample, we
can measure the trapped magnetic field as a function of time.
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Chapter 4

Vortex Penetration in Bi-2212

Superconductors

The vortex entry conditions [1, 2, 3, 4] have been well studied. The results have shown
that the vortex penetration process is affected by the pinning, the temperature, the
applied field and the geometry [5] of the sample. However, the study on the time scale
of vortex penetration is currently unavailable. In this chapter, we design a special
measuring procedure to study the time dependence of vortex penetration into the

BiySroCaCuyOgy ., single crystal and thin films.

4.1 Introduction

For a type-II superconductor, as an applied magnetic field H, increases to a value
such that H, < H, < H., the magnetic field can penetrate into the superconductor
in the form of quantized vortices [6, 7, 8, 9, 10, 11, 12, 13, 14, 15], each carrying a
single flux quantum ¢y = h/2e. The vortex penetration process occurs at the surface
first, and afterward goes further into the interior because of the edge barriers, which
includes the “surface barrier” [16, 17] and the “geometrical barrier” (GB) [5]. The
vortex entry conditions were first studied by De Gennes [1], and then by Kramer

[2]. A number of other works studied the vortex entry conditions by solving the
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time-dependent GL equation numerically [3, 4]. Besides the surface barrier to the
vortex-penetration, a moving vortex in a type-II superconductor experiences other
resistances, such as the pinning force [18] and the damping force [19]. The motion of
the vortex is then retarded [20]. Thus, the vortex-penetration process cannot occur
instantly and must be time-dependent. Now the question arises: how long does it
take for the penetrated field to reach a saturated value under a particular applied
magnetic field?

The investigation of the time dependence of the vortex penetration process is
important both in the theoretical understanding and in the practical application
of type-II superconductors [18]. In this chapter, we will use a specially designed
experimental measuring procedure to test the time scales of vortex penetration into

the BiySroCaCusOgy, superconductors under various conditions.

4.2 Temperature Dependence of Vortex Penetra-
tion

The BiySroCaCusOgy, single crystal and thin film samples with geometric shapes of
disks and rings were prepared as detailed in Chapter 2.

Figure 4.1 shows the temperature dependence of the trapped field obtained by
applying a constant magnetic field over different time intervals ¢, as well as the mea-
surements of the “saturation line”. The meaning of “saturation line” is explained in
Chapter 2, that is, the temperature dependence of the maximum field that can be
trapped in a sample at each temperature (represented by the solid line in Figures
4.1(A) and (B)). The temperature dependence of the trapped field, after a constant
magnetic field is applied and subsequently removed, exhibits a maximum at temper-
atures close to the saturation line. At higher temperatures the trapped fields merge
with those at the saturation line. The maximum in the trapped field and its evolution
with an increasing ¢t have been observed to be qualitatively similar in both the single

crystal and thin film samples.
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Figure 4.1:

A

H, (G)

(A) Temperature dependence of the field trapped in the BSCCO single
crystal. The field was trapped by applying a constant magnetic field Hgp, = 250
G which was subsequently reduced to zero after a time interval ¢. H,,(T) is the
temperature dependence of the saturation line. (B) The corresponding temperature
dependence of the field trapped in the BSCCO thin film after applying a constant
field of 125 G.
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The observed dependence of the trapped field on temperature could be the result
of the interplay between the surface screening effects [21] and the surface and bulk
pinning of the vortices [24, 25, 26]. At low enough temperatures, the strong surface
screening currents limit the vortex entry into the superconductor. In this case, only
a small number of vortices can penetrate into the bulk and their pinning results
in a small trapped field. On the other hand, according to Bean and Livingston
[16], a vortex close to the surface (inside the superconductor) feels an attractive
image force to the surface and a repulsive force from the external field. The sum
of these two forces decreases exponentially away from the surface; therefore, it is
a short range force which only works at the initial stage of the vortex-penetration
process when the vortex is close to the surface. However, the surface screening effect
weakens with increasing temperature, allowing more vortices to be pinned in the
superconductor. One, therefore, would expect that when a constant magnetic field
is applied at different temperatures and subsequently removed, the resulting trapped
field would gradually increase with increasing temperature and reach a maximum at
the saturation line. In fact experiments show that the maxima in the trapped field in
BSCCO crystals and BSCCO films occur at temperatures several degrees below the
saturation line. The presence of the maximum suggests that the partial depinning of
magnetic vortices [27, 28] occurs at temperatures above the maximum, leading to a
gradual decrease of the trapped field with increasing temperature, which eventually
merges with the saturation line.

The vortex penetration starts from the edge according to the Bean mode; con-
cequently, the material at the center of a sample should has no effect on the vortex
penetration process. Therefore, it is expected that there should be no big quali-
tive difference for the vortex penetration between the ring and the disk at the lower
temperatures. Our measurements in the crystal ring (not shown here) have similar
figures to those in the crystal disk, indicating that the strong surface screening cur-
rents and the Bean-Livingston barrier limit the vortex entry into the superconductor.

The vortices are mainly trapped close to the edge.
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Figure 4.1 also shows that at a fixed temperature, the trapped field in the thin
film saturates in a shorter time interval. This can be explained by the fact that
the thin film has a very small thickness (z-axis), and, therefore, the surface barrier
perpedicular to the z-axis is smaller. When the external magnetic field is applied
parallel to the z-axis, the Bean-Livingston barrier against the vortices motion should
be weak, and the vortices can penetrate into the thin film more easily compared to
the crystal which has a larger thickness. Thus, the trapped field in the thin film

samples saturates in a shorter time interval.

4.3 Dependence of Vortex Penetration on Applied
Field

Figure 4.2 shows the trapped fields as a function of the applied fields over different
time intervals t. The trapped field increases with increasing time interval ¢. At higher
applied fields, the rate at which the trapped field increases also increases.

Both Figure 4.1 and Figure 4.2 show the vortex penetration into the BSCCO
superconductors are strongly time dependent. The penetration time scale depends
on the temperature, the applied field and the geometry of the sample. In the following
section we will measure the trapped field as a function of the time interval ¢ during
which an external magnetic field is appled to the sample. This H, — t measurement
can show the time dependence of the vortex penetration process in a more explicit
way. Let us refer to the curves corresponding to this process as “vortex penetration

curves” .

4.4 Time Dependence of Vortex Penetration

Figure 4.3 shows the vortex-penetration curves measured in the crystal. The curves
in (A) are measured under the same applied field H, = 250G, but at different tem-
peratures T= 22K, 25K, 28K, respectively. The curves in (B) are measured at the
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Figure 4.3: Vortex penetration curves of the BiySroCaCusOg. . single crystal. (A)
The penetration curves measured under the same applied magnetic field H, = 500 G,
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tion curves measured under the same temperature T=25 K, but at different applied

magnetic field H, = 250 G, 500 G, 750 G respectively.
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same temperature T=25K, but under different applied magnetic field H, = 250G,
500G, 750G, respectively. Vortex penetration is very fast for the first few seconds
and then slows down to approach the upper limit asymptotically. We plot the x-axis
of the graph logarithmically to get a better view of the trend. Both figures show
that the vortex penetration curves have a “concave” shape over the short duration
part, which subsequently turns into a “convex” shape at some crossover time. As the
sample goes to higher temperatures or higher applied fields, the crossover shifts to
lower temperatures until finally it becomes unobservable.

The “concave” shape in the vortex penetration curves may be caused by the
surface screening effect and the edge barriers [22]. Since the surface screening effect
is strong at lower temperature, the vortex penetration speed dB/d(Int) is reduced
and results in the “concave” shape on the penetration curve. On the other hand,
as stated in Ref.[16], the vortex close to a surface feels the Bean-Livingston forces,
which decrease exponentially from the surface. The conclusion is that it is a short
range force which only works at the initial stages of the vortex-penetration process
where the vortex is close to the surface. As a vortex goes into the interior of the
crystal, where z >> X\ (A is the penetration depth), the Bean-Livingston force drops
and becomes negligible. This results in a fast increase in speed in the trapped field.
The shape of the penetration curve is then changed into the “convex” shape of the
longer duration part of the curve.

Since the surface screening effect weakens with increasing temperature, it allows
the vortices to penetrate into the superconductor faster at higher temperatures, shift-
ing the crossover to a shorter time. At a high enough temperature, the crossover is
close to zero and finally becomes unobservable. The surface screening effect has an
upper limit at a certain temperature. For a larger applied magnetic field, the vortices
are subjected to a larger driving force and overcome the surface barrier. The penetra-
tion is then faster and the crossover appears over a shorter time interval. Therefore,
when the applied field is large enough, the crossover will be shifted to a very short

time interval and finally disappear.
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Figure 4.4 shows the vortex penetration curves in a thin film sample. One can
easily see that all the vortex penetration curves in our thin film sample are in the

“ concave” shape. As discussed before, a concave

“convex” shape, and there is no
vortex penetration curve is caused by the strong surface barriers to vortex motion.
However, a thin film sample has a very small thickness (z-axis) and the surface barrier
perpendicular to the z-axis is very small. If an external magnetic field is applied par-

allel to the z-axis of a thin film sample, the surface barrier is weak and the “concave”

shape vortex penetration curves should not occur.

4.5 Conclusions

In summary, we found that the vortex-penetration process in BSCCO superconduc-
tors is time dependent and strongly related to the edge barrier of the sample. Since
the physics revealed in our measurements are not restricted to the specified micro-
structure of BSCCO superconductors, the time dependent vortex-penetration process
is suggested to be a general physical property of the system, which should be observ-

able in other superconductors.
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Chapter 5

Persistent Supercurrents and

Vortex Dynamics in a Ring-shaped

BisSroCaCusO, Single Crystal

A superconducting ring offers a unique possibility to investigate the interaction be-
tween the magnetic vortices trapped in the ring’s bulk and the persistent currents
circulating around the ring [1] and, consequently, the nature of the vortex structure
and its pinning in the presence of the persistent current. This allows one to obtain
useful information about the persistent current relaxations [2] and the value of the
exponent j, a parameter in the scaling relation between the effective energy barrier
against vortex motion U.s; and the persistent current density J.

In this chapter, we measure the persistent current relaxations in the ring-shaped
single crystals of BisSroCaCusO, and study the changes in the vortex structure with

an increasing concentration of oxygen vacancies obtained through vacuum annealing.

5.1 Introduction

Applications of the magneto-transport properties of superconductors require the knowl-

edge of the interaction between the persistent current flowing through a supercon-
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ductor and the magnetic vortices trapped in its bulk [2]. This interaction modifies
the vortex pinning potential U.s; and causes the decay of the persistent current.
In general, the dependence of U.ss on the current density J is described by the
power-law dependence [3], i.e. Uesp(J) x (J./J)*, where J. is the critical current
density. The values of the exponent p in this equation, which depend on the type of
the vortex structure involved, have been provided by theories of vortex pinning [3].
Unfortunately, the magnetization measurements which give useful insight into the de-
pendence of the vortex phases on magnetic field and temperature (i.e., the H-T phase
diagrams) [2, 4, 5, 6, 7, 8], do not provide direct information about the relationship
between the vortex pinning and the persistent current. This information has not been
obtained either by measurement of the relaxation (time dependence) of the magneti-
zation [2] or by Bean’s critical state model [9, 10] applied to the spatial distribution
of magnetization, which have been otherwise implemented successfully to study the
vortex pinning and the corresponding vortex-density gradients in a superconducting
sample.

In fact one should consider the possibility of investigating the interaction between
persistent currents and vortices using ring-shaped superconducting samples [1]. This
is because an external magnetic field H > H., applied to the superconducting ring in
a direction along the ring’s axis, and subsequently turned off, generates the persistent
current circulating around the ring in addition to the magnetic vortices trapped in
the ring’s bulk [11]. The advantage of the ring geometry is that the induced persistent
current exerts a Lorentz force on the vortices driving them out of the ring uniformly
in the radial directions. Consequently, this causes the dissipation of the persistent
current. By applying and switching off larger external magnetic fields one could
produce persistent currents at the critical level. Magnetic field trapped at the ring’s
center is proportional to the critical current density according to the Biot-Savart law.
The magnitude of this field and its decay could be measured with a magnetic field
sensor, such as a Hall sensor.

The ring-shaped samples and the technique described above have been employed
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by us to investigate the motion (and pinning) of the vortices subjected to the Lorentz
force applied by the persistent current, and the resulting relaxation (time decay) of the
persistent current in high purity single crystals of BisSroCaCuyOg (BSCCO). BSCCO
is a highly anisotropic cuprate with two vortex regimes [12, 13, 14, 15|, at tempera-
tures below and above the crossover temperature 7" = 36 K. Each of these regimes
has a different vortex dynamics and pinning mechanism [16, 17, 18, 19, 20, 21]. We
have tested this system in order to obtain information on the effective energy barrier
against the motion of vortices U,y in the ring-shaped as-grown BSCCO crystal, and
its dependence on the persistent current density, as well as its dependence on tem-
perature in low and high temperature ranges. An effective approach that could be
applied to clarify the differences in the vortex dynamics at temperatures below and
above T™ is to change the sample’s microstructure by reducing oxygen content in the
system [8] and, consequently, T, using successive vacuum annealings at high temper-
atures. The measurements of the persistent current and its relaxation performed on
the annealed ring-shaped BSCCO crystal have shown that a small reduction of the
oxygen content (which causes a large drop of the persistent current density to a very
low value) leads to dramatic changes in the vortex lattice at temperatures above T*,

but leaves the vortex structures almost intact at temperatures below 7.

5.2 Temperature Dependence of the Persistent Cur-
rent Density

The BiySroCaCus0s., single crystal ring shaped samples were prepared as detailed
in Chapter 2.

The measurements of the temperature dependence of the persistent current density
Jm close to the critical state in the ring-shaped as-grown BSCCO crystal shows a very
sharp drop of J,, with increasing temperature at low temperatures below 7™ = 36
K (see Figure 4.1). At temperatures above 7% .J,,, decreases slowly with increasing

temperature. 7™ has been interpreted before as the 2D to 3D crossover temperature
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Figure 5.1: The dependence of the persistent current density J(T) on temperature
measured in as-grown BSCCO (sample AQ) between 1s and 10%s after the critical
state was established. For J,,(T") recorded after 1s the data could be fitted with the
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[15], the 0D to 3D transition temperature [16, 17, 18] or as the temperature at which
the pinning properties change [19, 20, 21]. Measurement of the time decays of the
persistent current from the critical level confirms the latter, and shows indeed very fast
decays of the persistent current at temperatures below 7%, in contrast to much slower
ones at temperatures above T* (see Figure 4.2). Figure 4.2 shows the temperature
dependence of the persistent current .J recorded at different times between 1 and 10*
s after the critical state was established in the ring-shaped as-grown BSCCO crystal.
After 10* s a giant reduction of the persistent current magnitude by almost 85-90%
was detected at temperatures below T™. This is in contrast to a much smaller drop of
the persistent current by about 40% which was detected at temperatures above T*.
The Lorentz force exerted by the persistent current on the vortices reduces the
pinning energy barrier U.y; resulting in the vortex motion , consequently, large dis-
sipation of the persistent current. Since the magnetic field By trapped in the ring’s
center is directly proportional to the current density J,,, according to the Biot-Savart
law, the time decay of B,(T,t) at a particular temperature should follow the same

law as the time decay of J,,(T,t).

5.3 Decay of Persistent Current

Figure 4.3 shows the decay of the persistent current from the critical current level,
measured in the ring-shaped as-grown BSCCO crystal at several different tempera-
tures below and above T™*. At temperatures below 7™ the decays are non-logarithmic
over a time period between 1 and 10* s; however, above T* they become quasi-
logarithmic. The super-fast non-logarithmic decays are in agreement with the gen-
eral frameworks of the collective flux creep theory [22, 3] and the vortex-glass theory
(23, 24]. These theories predict that the long-range order of the flux-line lattice could
be destroyed by the random pinning centers but the short-range order still exists

resulting in the collective pinning in a finite volume.
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Figure 5.2: Dependence of the persistent current density on time measured at dif-
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Table 5.1: Annealing conditions of the BSCCO crystal. u; and ps are the vortex

critical exponents at temperatures below and above T, respectively.
Name Environment T(°C) t(hours) p;(£0.01) puo(£0.01)

A0 As-grown - - 0.16 0.69
Al Argon 300 2 0.16 0.53
A2 Vacuum 300 5 0.16 0.53
A3 Vacuum 357 2 0.14 0.52
A4 Vacuum 400 1 0.12 0.51
Ab Vacuum 450 1 0.18 0.35

5.4 Effective Energy Barrier

The persistent current decay rates d.J/dt have been used to calculate the dependence
of the effective energy barrier against vortex motion U.¢(J,T’) on the persistent cur-
rent density J over a time period between 1 and 10* seconds. The plot of U.ss(J, T)
versus J consists of multiple segments. Each segment is calculated at each tempera-
ture of the measurement from equation [25]: Uesp(J,T) >~ —kT{In[|(dJ/dt)/J|]—C},
where J,, is the current density measured at 1s, k is Boltzmann’s constant, and C'
is an adjustable constant. Normally, these segments do not form a continuous curve.
In order to maintain “piecewise” continuity of this curve at all temperatures, the
value of C' was adjusted and U.s; was divided by a thermal factor g(T) < 1 which
contains the temperature dependence of the superconducting parameters [26, 27].
Choosing the optimum value of C' = 20 for all the segments causes them to fall
on the same smooth curve. Curve AQ in Figure 4.3 represents the dependence of
Uer(J) = Ueps(J,T)/g(T) for the ring-shaped as-grown BSCCO sample. It indicates
that the dependence of the effective energy barrier on J could be described by the
power-law, i.e. Ugpp(J) o< (Jo/J)* with py ~ 1/7 and po ~ 2/3 below T (high

currents) and above T* (low currents), respectively.
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5.5 Effects of Oxygen

The most interesting results have been obtained for the ring-shaped BSCCO crystal
annealed in vacuum at temperatures between 300 and 450 °C. Table 1 summarizes
the annealing environment, the annealing time and temperature. Vacuum annealing
removes the oxygen from the crystal and subsequently reduces the current density .J,,
and T,. After all vacuum annealings, the absolute value of .J,, drops by more than
95% (see Figure 4.4), which is associated with a decrease of T, and 7% by only 5 K.
The temperature dependence of J,,,, as well as the dependence of J on time are not
affected by the vacuum annealing.

Critical exponents p; o obtained from the dependence of U, on the current den-
sity J after each annealing step (see Table 1), show interesting behavior. The change
in the microstructure has little effect on the vortex dynamics at temperatures below
T*, where p; fluctuates around the value of 1/7. On the other hand, at temperatures
above T™ the vortex dynamics is strongly affected by the microstructure, where puo
displays a monotonic decrease from ~ 0.7 to 0.35, as the current density drops from
a high to a very low value.

According to some collective pinning theories exponent p; = 1/7 has been thought
of as a parameter that characterizes the single vortex pinning regime in which the
vortices are pinned individually [2, 22]. The experimental value of this exponent
changes little with a decreasing oxygen content (an increasing disorder, and a de-
creasing current density from high to very low values). This result is puzzling. The
independence of p; on the microstructure suggests a highly cooperative effect [29] in
the vortex structure at temperatures below 7.

At temperatures above T%, in the high current density limit, exponent po is 0.7 in
an as-grown ring-shaped BSCCO crystal. This number suggests that the vortices are
in the low density limit, i.e., they are far enough apart that bulges can occur in single
vortices (or possibly single vortex bundles)[2], and p = (6 - d)/4. For d = 3 (vortices
with kinks [28]) u = 3/4. After all thermal annealings the sample’s current density
is small, and py drops to 0.35 ~ 1/3. By analogy with the Bose glass picture [2] u
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= 1/3 has been attributed to the situation where the vortex lines start to wander
individually but with the superposition of a random pinning potential and a weak

periodic potential reflecting short-range order.

5.6 Conclusions

In summary, the temperature dependence of the persistent current and its dissipa-
tion rate due to its interaction with magnetic vortices was investigated in a pure
ring-shaped BSCCO single crystal whose microstructure (oxygen content) has been
changed by vacuum annealing. This allowed us to obtain information on the value of
exponent j, a parameter showing the dependence of the energy barrier against vortex
motion Uesr(J) o< (J./J)* and the persistent current density J. Temperature depen-
dence of the persistent current relaxations revealed a crossover in the dissipation rate
from a strongly non-logarithmic regime at temperatures below 7% to a logarithmic
one at temperatures above T™. In the former regime the vortex dynamics is governed
by the energy barrier U.fs(J) with p ~ 1/7 which depends little on changes in the
microstructure, suggesting highly cooperative effects in the vortex structure. In the
latter regime, on the other hand, u is strongly dependent on the microstructure, with

its value dropping from 0.7 in an as-grown crystal down to 0.35 in a disordered crystal.
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Chapter 6

Depinning-induced Transition in

Bi-2212 Superconductors

The vortex phase diagram below the vortex melting line of BSCCO superconductors
is currently not clear [1, 2]. Vortex depinning transition, 2D-3D crossover, and mag-
netic relaxations need more investigation. Important information can be found by
studying the temperature dependence of the trapped vortex field at temperatures be-
low the saturation line. In this chapter, we investigate the temperature and magnetic
field dependence of vortex pinning and its relaxation in BisSroC'aCus0Os, (BSCCO)

single crystal and thin film superconductors.

6.1 Introduction

The lower critical field, H.(T'), and the upper critical field, H.(T'), of type-1I su-
perconductors are well-defined functions of temperature, 7', and external magnetic
field, H. The magnetic phase diagram [1] is commonly plotted as H vs. T. For the
BSCCO superconductor [2], the magnetic phase diagram reveals two phases at high
fields (>4000e): a glassy phase at low temperatures (albeit with a pronounced 2D
character) with a second order glass transition to a high temperature liquid phase

at about 35K. At low fields (<4000e), there is a Bragg glass (probably 3D) at low

76



temperatures with a second order glass transistion to an ordered crystalline phase at
35-40K and finally a first order melting transition to a liquid at high temperatures.
Physically, this magnetic phase diagram represents the vortex structure inside the
superconductor, that is, the internal magnetic field. The detailed vortex structure of
mixed state is determined by the flux pinning, the external magnetic field and the
temperature. Furthermore, according to Bean’s critical state model [3], the internal
magnetic field in the low 7" and low H region is not uniform and the local value of
H is a strongly varying function of position inside the superconductor even though
the external magnetic field is uniform. Therefore, the conventional magnetic phase
diagram cannot give proper information about the vortex system by referring to the
external magnetic field.

In fact, one should consider the possibility of investigating the trapped magnetic
field inside a superconductor. The approach that we use in this thesis is as follows:
apply a constant external magnetic field, H,, to a superconductor at different tem-
peratures, resulting in penetration of the vortices into the bulk of the superconductor.
We then reduce H, to zero and the vortex field trapped in the sample is detected by
a Hall probe sensor. At or close to the melting field [4] B,,(T'), the superconductor is
fully penetrated and the internal magnetic field is expected to be constant over the
entire sample volume. Therefore, the vortex structure close to the melting field can
be well represented by the measurement of the trapped magnetic field. At a fixed
temperature, the trapped magnetic field increases with increasing external magnetic
field and finally reaches a saturated value, which corresponds (not equals) to the
melting field B,,(7T") (external field). Similar to the name “melting line”, we will refer
to the series of the saturated trapped fields as “saturation line”. As the trapped field
is monitored as a function of temperature, the behavior of the vortex lattice can be
inferred.

Since H.; decreases with increasing temperature, the surface screening effect be-
comes weak [5], allowing more vortices to enter the bulk of the superconductor [6].

The shear modulus of the vortex lattice cgs ~ (PoB)/(m\), where ®q is the flux
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quantum and B is the magnetic field, also decreases with increasing temperature due
to an upturn in the penetration depth A [1]. Consequently, the vortex lines become
flexible which allows some parts of the individual flux lines to deviate from an ideal
periodic arrangement of the Abrikosov lattice. The vortex lines can then lower their
energy by passing through favorable random pinning sites, resulting in more effective
pinning. Therefore, one might expect the trapped magnetic field to increase with
increasing temperature, eventually reaching a maximum at the saturation line. Some
theories suggest that the layer/vortex decoupling transition [7] or vortex depinning
transition [8, 9] appears in the pancake-vortex lattice of layered superconductors, such
as BiySraCaCus0g,,, (BSCCO) superconductors, a few degrees below the saturation
line. Unfortunately the experiments have not confirmed explicitly these theoretical
suggestions, i.e., what happens to the vortex lattice and its pinning at tempera-
tures just below the saturation line? Does the pinning of the vortex-lattice decrease
abruptly at the saturation line or does this process occur gradually when the temper-
ature approaches T,,?

In order to answer these questions, we performed the experiments outlined above
on BSCCO crystals and films. A constant magnetic field was applied to the samples
at a fixed temperature and subsequently removed after a time interval t*. This was
followed by measurement of the trapped field. The results of these studies revealed
a peak in the temperature dependence of the trapped vortex field at temperatures a
few degrees below the saturation line. We attribute the peak to the presence of the

vortex depinning transition.

6.2 Phase Diagram

The Bi3SryCaCus0s., single crystal and thin film samples with geometric shape of
disks and rings were prepared as detailed in Chapter 2.
The solid lines in Figures 5.1(a) and 5.2(a) show the “saturation line” H,,(T), i.e.,

the temperature dependence of the maximum field that could be trapped in a sample
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Figure 6.1:
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(a) Temperature dependence of the field trapped in the BSCCO single
crystal by applying different constant magnetic fields between 50 and 1500 G dur-
ing a time interval t* of 120 s. H,,(T) represents the temperature dependence of
the saturation line. Line A joins the maxima of the trapped field. (b) Temperature
dependence of the logarithmic decay rates S=d(InHy,)/d(Int) of the trapped field
calculated for a short initial time intervals up to 10-20 s. The arrows indicate tem-
peratures of the maxima in the trapped field. (c¢) Dependence of the field trapped in
the BSCCO crystal on time measured at different temperatures around the trapped
field maximum.
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Figure 6.2: (a) Temperature dependence of the field trapped in a BSCCO thin film
by applying magnetic fields between 25 and 500 G during a time interval t* of 120 s.
H,,(T) represents the temperature dependence of the saturation line. Line A joins the
maxima of the trapped field. (b) Temperature dependence of the logarithmic decay
rates S=d(InH.)/d(Int) of the trapped field calculated for short initial time intervals
up to 10-20 s. The arrows indicate temperatures of the maxima in the trapped field.
(c) Dependence of the field trapped in the BSCCO film on time measured at different
temperatures around the trapped field maximum.
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at each temperature, for a crystal and film respectively. Also shown in the figures
is the temperature dependence of the trapped field obtained by applying a constant
magnetic field to the sample for a fixed time interval, t*. The temperature depen-
dence of the trapped field Hy,, after the magnetic field is applied and subsequently
removed, exhibits a maximum at temperatures close to the saturation line. At higher
temperatures the trapped fields merge with those at the saturation line. The dashed
curves join the maxima of the trapped field. It marks the temperatures above which
the pinning of the vortices becomes weak. The maxima of the trapped field follow
this curve as the applied field or the time interval t* increase. The temperature de-
pendence of the trapped field and its maximum at temperatures below the saturation
line have been observed to be qualitatively similar for single crystal and thin film
disk-shaped samples. We have also found similar effects in single crystals of different

geometry, such as in disk and ring-shaped crystals.

6.3 Decay Rates

In a ring, vortices are trapped in the bulk as well as in the ring’s inner hole after
the external applied field is turned off. In order to maintain the flux trapped in the
ring’s center, a persistent current circulating around the ring’s inner hole must be
induced. In this case a Hall sensor measures the magnetic field generated by both the
persistent current and the bulk vortices. The persistent current exerts a Lorentz force
on the vortices causing them to move in the radial directions out of the ring. This
dissipates the current. Therefore, the time decay of the magnitude of the persistent
current is directly related to the pinning of the bulk vortices. In a disk, there is no
circulating persistent current and only the pinned vortices contribute to the trapped
field.

Measurements of the decay of the trapped field Hy,., over a time interval of about
3x10%s, for all samples revealed that the decays are close to logarithmic only at tem-

peratures below the peak in the temperature dependence of the trapped field (Figures
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Figure 6.3: (a) Decays of the field trapped at a fixed temperature Ty = 25 K in the
BSCCO crystal, after applying external fields of 250, 750 and 1250 G. (b) Decays of
the field trapped at a fixed temperature Ty = 52 K in the BSCCO film, after applying
external fields of 25, 50, 75 and 100 G. The insets show the dependence of the trapped
field, obtained by applying different external fields, on temperature.
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5.1(c) and 5.2(c)). (As discussed below, whether the decay is logarithmic or not pro-
vides information on the nature of the vortex interactions.) For temperatures at or
above the peak, the decay curves start to deviate from the logarithmic behavior ob-
served below the peak. The decay curves of H,, are also non-logarithmic. Because
of the non-logarithmic character of the decay curves, we calculated the decay rates
S=d(InH,)/d(Int) only for very short initial time intervals up to 10-20 s. The depen-
dence of S on temperature for a crystal (S for a disk and a ring are similar) and thin
film are shown in Figures 5.1(b) and 5.2(b).

In the following section we discuss possible reasons for our observations. As noted
above, the amount of the field trapped inside a superconductor depends on tem-
perature and applied magnetic field. The trapped field increases with increasing
temperature reaching a maximum value at a temperature below the saturation line.
The trapped field eventually merges with the saturation line at higher temperatures
(see Figures 5.1(a) and 5.2(a)). As mentioned before, this behavior is accompanied
by changes in the temperature dependence of the relaxation rates (decay rates) of the
trapped field, i.e., the maximum in the trapped field separates the low temperature
region where the decay rates are logarithmic from the high temperature region where
they are non-logarithmic. This property was found to be independent of the sample
geometry, i.e., the disk or the ring, and the same for both the single crystal and thin
film samples. However, the temperature dependence of the normalized logarithmic
decay rates S calculated for the first 10-20 s of decay of the trapped field in a single
crystal differs from that obtained for a thin film (see Figures 5.1(b) and 5.2(b)). Par-
ticularly, at temperatures below the peak in the Hy.(T) diagram, S is approximately
constant for the crystal. This behavior has not been observed in the film, where S
was found to increase more gradually with temperature.

The observed dependence of the trapped field on temperature could be the result
of the interplay between the surface and bulk pinning of the vortices [10, 11, 12].
The effects of surface barriers [3] and geometrical barrier [13, 14, 15, 16] play a dom-

inant role in determining the vortex dynamics in BSCCO single crystals at elevated
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temperatures [2]. The saturation line at high temperatures appears to represent a
simultaneous melting and decoupling of pancake vortices. The small S value at about
35 K indicates that trapped vortices in this region could be dominated by the strong
surface and geometrical barriers.

Our experiments show that the maxima in the trapped field in BSCCO crystals
and BSCCO films occur at temperatures several degrees below the saturation line.
The presence of the maxima suggests that the partial depinning of magnetic vortices
8, 9] occurs at temperatures above the maxima, leading to a gradual decrease of
the trapped field with increasing temperature, which eventually merges with the
saturation line. Line A in Figures 5.1(a) and 5.2(a), which joins the maxima of the
trapped field, separates two different vortex pinning regimes. This agrees with the
observation of two different dependences of the trapped field on time at temperatures
below and above the maximum (see Figures 5.1(c) and 5.2(c)). Therefore, we believe
that line A can be interpreted as the vortex depinning line. Calculation of the initial
relaxation rates S (see Figures 5.1(b) and 5.2(b)) revealed that at temperatures below
the maximum of the trapped field, S is substantially reduced.

Our results also show that there is a large difference between the properties of the
film and those of the crystal (see Figures 5.1 and 5.2). The saturated field H,, and
the 2D-3D crossover temperature 7™ of the thin film is considerably higher than that
of the crystal. This could be related to the sample purity, i.e., thin films contain more
defects than crystals. The impurities in the thin film as well as the interface between
the thin film and the substrate act as pinning centers, and consequently the thin film
has a saturated field H,, which is higher than that of the crystal. The decay rates in
the film are much smaller than those in the crystal, due to the stronger pinning in the
film (see Figures 5.1(b) and 5.2(b)). This is consistent with the earlier observation
[17] of an increase of the saturated field and of the 7% when artificial defects are
introduced into BSCCO by proton irradiation. Figures 5.1(a) and 5.2(a) shows that
line A follows the saturation line closely, which confirms that line A is the vortex

depinning line, and not the decoupling line.
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Table 6.1: Annealing conditions of BSCCO crystal. T and t are the annealing tem-
perature and the annealing time, respectively, in an argon or vacuum environment

Annealing step Environment T(°C) t(hours)
A0 As-grown - -
Al Argon 300 2
A2 Vacuum 300 5
A3 Vacuum 357 2
A4 Vacuum 400 1
A5 Vacuum 450 1

Figure 5.3 shows the transition of the decay of the trapped vortex field at a fixed
temperature Ty, from a logarithmic to a non-logarithmic one, as the applied mag-
netic field and consequently the trapped field increase. At temperatures below the
maximum of the trapped field, the density of the trapped vortex lines is low for all
fields that we have applied. This suggests that the vortex lines can be trapped by the
random pinning centers and that there is little interaction between the vortices. The
decay of this trapped field is logarithmic which is in agreement with classical theories
of the vortex creep in the absence of vortex-vortex interaction [18, 19]. Applying a
higher magnetic field causes an increase in the trapped field accompanied by a shift
of the maximum to temperatures below T;. In this case, strong vortex-vortex inter-
actions are expected, resulting in faster and non-logarithmic decays of the trapped
field. This type of magnetic relaxation in the presence of strong vortex-vortex inter-
actions is in agreement with collective flux creep theories [20, 21, 22] and vortex glass
theories [23, 24, 25]. An increasing interaction between the vortices in the vicinity of
the saturation line when the density of the trapped vortices increases, could also lead
to a depinning of the vortices trapped by the random pinning centers. The shift of
line A at low temperatures away from the saturation line observed in Figures 5.1(a)

and 5.2(a) as the trapped field increases, may be an indication of this process.
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BSCCO crystal with the annealing temperature in vacuum. The field was trapped by
applying a constant magnetic field of 250 G. The results for sample A2 are not shown.
They are identical to those for sample Al. Solid curves represent the saturated lines.
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6.4 Effects of Vacuum Annealling

In an attempt to identify the lattice defects that could be responsible for the vortex
pinning above the maximum in the trapped field, we performed annealing experiments
on BSCCO crystals (see Table 5.1). Annealing in vacuum (or in argon) introduces
point defects, such as oxygen vacancies and subsequently supresses the order param-
eter. In addition, annealing at elevated temperatures of 350-400°C in vacuum adds
extra structural defects, such as dislocations and tweed-like dislocation structures into
the BSCCO crystals [26, 27, 28]. Annealing at a higher temperature of 450°C causes
complete removal of the structural dislocations out of the crystal [28]. It was also
found that dislocations could act as strong pinning centers for the vortices, especially
for the decoupled pancake vortices [26] in BSCCO crystals.

Figure 5.4 shows that annealing of the BSCCO crystal in vacuum reduces the
trapped field (which was trapped by applying and subsequently turning off a constant
applied magnetic field of 250 G) at temperatures above the maximum of the trapped
field, but not at temperatures below the maximum. Annealing in vacuum shifts the
saturation line to low temperatures and reduces the magnitude of the peak in the
trapped field. Oxygen vacancies created during vacuum annealing act as random
pinning centers which distort the vortex lattice and cause vortex depinning. This
process create a continuous drop of the trapped field after annealing in vacuum. The
oxygen deficiency also reduces the hole doping and consequently the order parameter,
being responsible for a decrease in T, and a shift of the 2D-3D crossover temperature
T* and the saturation line (by about 5 K) to lower temperatures. On the other
hand, the sudden collapse of the trapped field after annealing at 450°C (due to the
annihilation of dislocations) suggests that the vortex pinning by dislocations could
also be a substantial contributor to the peak in the dependence of the vortex trapping
on temperature at temperatures below 7™. The peak in the trapped field for the
BSCCO film was found to be shifted relative to the saturation line a few degrees
more than the corresponding maximum in the BSCCO crystal. The stronger vortex-

vortex interaction in the film which contains more random pinning defects, is likely
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Figure 6.5: Schematic representation of the temperature dependence of the depinning
and the saturated lines.

responsible for the depinning of the vortices at lower temperatures as suggested above.

6.5 Conclusions

In summary, we studied evolution of the vortex trapping in BSCCO single crystal
and thin film superconductors. We measured the effects of temperature and applied
magnetic field on the vortex trapping, as well as the relaxation (decay) of the resulting
trapped vortex field. A maximum in the trapped field was observed at temperatures a
few degrees below the vortex saturation line. Logarithmic and non-logarithmic decays

of the trapped field were detected below and above this maximum, respectively. These
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data suggest the presence of a vortex depinning transition in the close vicinity of the

vortex saturation line (see Figure 5.5) in agreement with some theories [8, 9].
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Chapter 7

Magnetic Properties in

Y BasCus0g1, Single Crystal

In Chapter 3, we have studied the time dependence of vortex penetration in BisSroCaCusOs
(BSCCO) superconductor [1]. In Chapter 5, we have studied the depinning induced
phase transition in BSCCO superconductor [2]. In this chapter, we report the mea-
surements of the vortex penetration and the depinning induced phase transition in a

Y BayCusOg4, (YBCO) single crystal.

7.1 Introduction

Our early studies have shown that the vortex penetration process in BSCCO super-
conductors is strongly time dependent [1]. The penetration time scale varies and is
dependent on the temperature, the applied field and the geometry of the sample.
The temperature and magnetic field dependence of the vortex pinning and its relax-
ation were investigated in BSCCO single crystals and thin films [2]. The experiments
revealed a peak in the temperature dependence of the trapped vortex field at temper-
atures below the vortex saturation line. Logarithmic and non-logarithmic dependence
on time were observed in the magnetic relaxations at temperatures below and above

the peak, respectively. The results suggest the presence of a vortex-depinning transi-
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tion at temperatures below the saturation line of BSCCO.

In this chapter, we used a similar measuring procedure to test the vortex pene-
tration into a YBCO single crystal under various conditions. The results show that a
similar phenomena can be observed in the YBCO superconductor, which further con-
firms that the time dependent vortex penetration process is a universal phenomena

in high-7,. superconductors.

7.2 Experimental Details

Y BCO single crystal bulk samples with T, ~ 92 K and size of 2 X 3 mm came from
Osaka University. The measuring procedure is similar to that used in the study of
BSCCO superconductors, which is detailed in chapter 2.

In this chapter, we measure the trapped field in both the z-direction and the x-
direction of the YBCO crystal, where z-direction is parallel to the c-axis of the crystal

and z-direction is parallel to the a-b planes of the crystal.

7.3 Temperature Dependence and Time Depen-
dence of Vortex Penetration

Figure 7.1 shows the temperature dependence of the trapped field obtained by apply-
ing a constant magnetic field over different time intervals ¢, as well as the measure-
ments of the “saturation line”, i.e., the maximum trapped field at each temperature
(represented by the solid line in Figures 7.1(a) and (b)). The temperature depen-
dence of the trapped field, after a constant magnetic field is applied and subsequently
removed, exhibits a maximum at temperatures close to the saturation line. At higher
temperatures the trapped fields merge with those at the saturation line. In both of
the = and z components of the trapped field, the maximum and the evolution with
increasing t have been observed to be qualitatively similar.

As discussed for the BSCCO superconductors in Chapter 3, the observed depen-
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Figure 7.1: (a) Temperature dependence of the z-component of the field trapped in
the YBCO single crystal. The field was trapped by applying a constant magnetic field
H,pp = 500 G which was subsequently reduced to zero after a time interval ¢. H,,(T)
is the temperature dependence of the saturation line. (b) Temperature dependence of
the x-component of the field trapped in the YBCO crystal after applying a constant
field of 500 G.
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dence of the trapped field on temperature could be the result of the surface screening
effects [3], surface barriers [4, 5, 6, 7, 8, 9, 10, 11], and the softening of vortices
[12]. Surface screening effects prevent the vortex penetration into a superconduc-
tor. However, the surface screening effect weakens with an increasing temperature,
allowing more vortices to be pinned in a superconductor. Therefore, when a constant
magnetic field is applied at different temperatures and subsequently removed, the
resulting trapped field would gradually increase with an increasing temperature. The
presence of the maximum suggests that the partial depinning of magnetic vortices
[13, 14] occurs at temperatures above the maximum, which will be further discussed
in the following sections.

Figure 7.1 also shows that the trapped magnetic field increases with increasing
time ¢. According to Bean and Livingston [4], a vortex close to a surface (inside the
superconductor) feels an attractive image force to the surface as well as a repulsive
force from the external field. The sum of these two forces decreases exponentially
away from the surface and is, therefore, a short range force which only works at the
initial stage of the vortex-penetration process when the vortex is close to the surface.
It indicates that, by applying an external magnetic field to a superconductor for a
longer time, more vortices can surmount this energy barrier and penetrate into the
superconductor and leading to a larger trapped magnetic field. However, it also shows
that the time dependence of the vortex penetration in YBCO superconductor is not
significant when compared to with that in BSCCO superconductor (see Chapter 3).

The reason could be that YBCO superconductor is less anisotropic.

7.4 Phase Diagram

Figure 7.2 (a) and (b) show the magnetic phase diagram of the z-component and
the z-component of the YBCO crystal, respectively. The magnetic phase diagrams
consist of the trapped field curves measured under different applied magnetic field

magnitudes but with the same applied field duration of ¢* = 120 seconds. The
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Figure 7.2: (a) Temperature dependence of the z-component of the field trapped in
the YBCO single crystal by applying different constant magnetic fields between 250
G and 1500 G during a time interval of t* = 120 s. H,,(T) represents the temperature
dependence of the saturation line. (b) The corresponding temperature dependence
of x-component of the field trapped in the YBCO crystal by applying magnetic fields
between 250 G and 1500 G during a time interval of t* = 120 s.
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trapped field curves are the temperature dependence of the trapped field obtained
by applying a constant magnetic field to the sample over a fixed time interval t*.
The solid lines are the “saturation line” H,,(T), i.e., the temperature dependence of
the maximum field that could be trapped in a sample at each temperature for the
z-component and the z-component, respectively, of the YBCO crystal. The trapped
field Hy, exhibits a maximum at a temperature close to, but not at the saturation
line. At higher temperatures the trapped fields merge with those at the saturation
line. The maxima of the trapped fields increase with increasing applied field, but
shift to lower temperatures. The dashed curves in Figures 7.2 (a) and (b) join the
maxima of the trapped field. It marks the temperatures above which the pinning of
the vortices becomes different.

The experiments show that the maxima in the trapped field in YBCO crystals
occur at temperatures several degrees below the saturation line. The presence of the
maximum suggests that the partial depinning of magnetic vortices [13, 14] occurs
at temperatures above the maximum, leading to a gradual decrease of the trapped
field with increasing temperature, which eventually merges with the saturation line
at higher temperatures (see Figure 7.1).

The amount of the field trapped inside a superconductor also depends on the
applied magnetic field. When a small field is applied at low enough temperatures,
the strong surface screening currents limit the vortex entry into a superconductor.
In this case only a small number of vortices can penetrate into the bulk, and their
pinning results in a small trapped field. Applying a higher magnetic field causes
an increase in the trapped field accompanied by a shift of the maximum to a lower
temperature. This is because the density of the trapped vortices increases and an
increasing interaction between the vortices in the vicinity of the saturation line lead
to a depinning of the vortices trapped by the random pinning centers.

It is also interesting that the magnetic phase diagrams of the z-component and
x-component are qualitatively similar even though the external field is only applied

in the z-direction.
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7.5 Decays

Figure 7.3 shows the decays of both x and z components of the trapped field measured
at different temperatures around the peak. At lower temperatures, the decay of the
trapped field H,, over a time interval of about 3x10%s revealed that the decays are
close to logarithmic. For temperatures at and above the peak, the decay curves start
to deviate from the logarithmic behavior and become non-logarithmic.

Whether the decay is logarithmic or not provides information on the nature of
the vortex interactions. At lower temperatures, the density of trapped vortex lines
is low. This implies that all of the vortices could be trapped by random pinning
centers and that there is little interaction between them. The decay of this trapped
field is logarithmic which is in agreement with classical theories of the vortex creep
in the absence of the vortex-vortex interaction [15, 16]. The trapped field at higher
temperatures is accompanied by an increase of the decay rate which is again loga-
rithmic. At still higher temperatures the trapped field decreases due to depinning of
the trapped vortices. It is known that the random pinning centers can distort the
vortex lattice. Consequently, this would increase the elastic energy of the flux lines.
According to the collective pinning theory [17], the probability of depinning of a flux
line is higher when the line has high elastic energy. Non-logarithmic relaxations of
the trapped field at temperatures above the peak could reflect the vortex depinning
and are in agreement with collective flux creep theory [18, 19, 20] and vortex glass
theory [21, 22, 23].

As mentioned before, the amount of the field trapped inside a superconductor
depends on temperature and applied magnetic field. This behavior is accompanied by
changes in the time evolution of the trapped field. In other words, the maximum in the
trapped field separates the low temperature region where the decays are logarithmic

from the high temperature region where they are non-logarithmic.
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S=d(InHy,)/d(Int) of the z-component of the trapped field calculated for a short
initial time intervals up to 10-20 s for the YBCO crystal. Decay rates correspond to
the points on the phase diagram of z-component.
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7.6 Decay Rates

Figure 7.4 shows the decay rates S=d(InH,)/d(Int) of the z-component of the trapped
field as a function of temperature. Because of the non-logarithmic character of the
decay curves at the higher temperatures above the peaks (see Figure 6.3), we calcu-
lated the decay rates, S=d(InH.)/d(Int), only for very short initial time intervals of
up to 10-20 s. These decay rates correspond to the points on the phase diagram of the
z-component. At the temperatures below the peaks in the magnetic phase diagram,
S is approximately constant. While at and above the peaks, the decay rates increase
quickly, which corresponds to a reduction in the trapped field as shown in Figure 6.2.
Finally, the decay rates decrease again and reach a common constant value at higher
temperatures.

This result agrees with the observation of two different dependencies of the trapped
field on time at temperatures below and above the maximum (see Figure 7.3). It
suggest partial depinning of magnetic vortices [13, 14] occurs at temperatures above
the maximum, resulting in a gradual decrease of the trapped field with increasing
temperature. The line which joins the maxima of the trapped field separates the two
different vortex pinning regimes. Therefore, we believe that the line which joins the

maxima can be interpreted as the vortex depinning line.

7.7 Conclusions

In summary, we found that the vortex-penetration process in YBCO crystal is time
dependent and strongly related to the edge barriers of the sample. Since the same
phenomena is also observed in Bi-2212 superconductors, this indicates that the physics
revealed in our measurements are not restricted to the specific microstructure of a
YBCO or a BSCCO superconductor. Therefore, we conclude that the time dependent
vortex-penetration process is a general physical property of type-II superconductors.
We also studied the evolution of the vortex trapping in YBCO crystal. We measured

the effects of temperature and applied magnetic field on vortex penetration, as well
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as the relaxation (decay) of the resultant trapped vortex field. A maximum in the
trapped field was observed at temperatures a few degrees below the vortex saturation
line. Logarithmic decays of the trapped field were detected below and non-logarithmic
decays were found above this maximum. These data suggest the presence of the vortex

depinning transition close to the vicinity of the vortex saturation line.
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Chapter 8

Summary and Conclusions

The vortex dynamics, such as vortex penetration, vortex relaxation and vortex-
depinning transition, has been systematically studied in BisSroCaCuy0s, (BSCCO)
and Y BasCuzOg1, (YBCO) superconductors with a Hall sensor of sensitivity + 2

mG. Our results are summarized as follows:

8.1 Vortex Penetration

The time scales of the vortex penetration into BiySroCaCusOgy, superconductors
were studied under various conditions. The temperature dependence of the trapped
field obtained by applying a constant magnetic field over different time intervals ¢*
shows a maximum at a temperature close to the melting line. At higher tempera-
tures the trapped fields merge with those at the saturation line. The maximum in
the trapped field and its evolution with an increasing t* has been observed to be
qualitatively similar in both the single crystal and thin film samples. The observed
dependence of the trapped field on temperature could be the result of the interplay
between the surface screening effects and the surface and bulk pinning of the vortices.

The measurements of the trapped field as a function of the time interval during
which a constant field was applied to the sample indicates that vortex penetration into

the BSCCO superconductors is strongly time dependent. The plot of B vs. t (Figure
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3.3 and 3.4) shows that the vortex penetration curves have a “concave” shape at short
time periods, and subsequently turn into a “convex” shape at some crossover time.
The “concave” shape in the vortex penetration curves may be caused by surface
screening effects and edge barriers. The vortex close to a surface feels the Bean-
Livingston forces, which decrease exponentially away from the surface; therefore, it
is a short range force which only works at the initial stage of the vortex-penetration
process. Vortex penetration is very fast over the first few seconds and then slows down
to approach an upper limit asymptotically. As a vortex penetrates into the interior
of the crystal, where x >> X () is the penetration depth), the Bean-Livingston force
becomes negligible. It results in a quickly increasing trapped field; the shape of the
penetration curve is then changed into the “convex” shape on a longer time scale.
The penetration time scale depends on the applied field, the temperature and the
geometry of the sample. For a larger applied magnetic field, the vortices are sub-
jected to a greater driving force, the penetration is faster and the convex-concave
shape crossover appears on a shorter time scale. If the applied field is large enough,
the crossover is not observed. On the other hand, the surface screening effect weakens
with increasing temperature, allowing the vortices to penetrate into the superconduc-
tor more quickly at the higher temperatures. The crossover is then also shifted to
an earlier point in the penetration process. At a sufficiently high temperature, the
crossover is close to zero and finally becomes unobservable. This is further shown
in the thin film sample, in which all the vortex penetration curves are “convex” in
shape, and there are no “concave” shapes. This is explained by the fact that the
thin film sample has a greatly reduced thickness (z-axis), so that the surface barriers
perpedicular to z-axis are then very small. With an applied magnetic field parallel to
the z-axis, the surface screening effect should be weak, and, therefore, the “concave”

shape curves should not be observed.

107



8.2 Vortex Dynamics with Persistent Currents

The measurements of the temperature dependence of the persistent current density
Jm close to the critical state in the ring-shaped as-grown BSCCO crystal show a very
sharp drop of J,,, with increasing temperature at low temperatures below 7" = 36 K,
but J,, decreases slowly with increasing temperature at temperatures above 7. The
measurement of the time decays of the persistent current from the critical level shows
very fast decays of the persistent current at temperatures below T, in contrast to
much slower ones at temperatures above 1.

The temperature dependence of the persistent current J recorded at different times
between 1 and 10* s after the critical state was established in the ring-shaped as-
grown BSCCO crystal was determined. After 10* s a giant reduction of the persistent
current magnitude by almost 85-90% was detected at temperatures below 7. This
is in contrast to a much smaller drop of the persistent current by about 40% which
was detected at temperatures above 1.

At temperatures below 7™ the time decays of the persistent current from the
critical level are non-logarithmic over a time period between 1 and 10* s; however,
above T™ they become quasi-logarithmic. The super-fast non-logarithmic decays are
in agreement with the general frameworks of the collective flux creep theory and
the vortex-glass theory. The persistent current decay rates d.J/dt have been used
to calculate the dependence of the effective energy barrier against vortex motion
Uepf(J,T) on the persistent current density J over a time period between 1 and 10*
seconds. The dependence of the effective energy barrier on J could be described by
a power-law, i.e., Ugsp(J) o< (J./J)* with gy ~ 1/7 and py =~ 2/3 below T* (high
currents) and above T (low currents), respectively.

After the ring-shaped BSCCO crystal was annealed in vacuum at temperatures
between 300 and 450 °C, the absolute value of .J,, drops by more than 95%, which is
associated with a decrease of T, and T by only 5 K. The temperature dependence of
Jm, as well as the dependence of J on time are not affected by the vacuum annealing.

Critical exponents (i, are obtained from the dependence of U.fy on the current
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density J after each annealing step. The change in the microstructure has little
effect on the vortex dynamics at temperatures below 7™, where u; fluctuates around
the value of 1/7. The independence of p; on the microstructure suggests a highly
cooperative effect in the vortex structure at temperatures below 7*. On the other
hand, at temperatures above T™ the vortex dynamics is strongly affected by the
microstructure, where us displays a monotonic decrease from ~ 0.7 to 0.35, as the
current density drops from a high to a very low value. The exponent 5 is 0.7 in the
as-grown ring-shaped BSCCO crystal, which suggests that the vortices are in the low
density limit, i.e., they are far enough apart that bulges can occur in single vortices,
and p = (6 - d)/4. For d = 3 (vortices with kinks) p = 3/4. After all thermal
annealings the sample’s current density is small, and py drops to 0.35 ~ 1/3. By
analogy with the Bose glass picture 4 = 1/3 has been attributed to the situation
where the vortex lines start to wander individually but with the superposition of a

random pinning potential and a weak periodic potential reflecting short-range order.

8.3 Vortex Depinning Transition

The vortex depinning transition was studied by measuring the effects of temperature
and applied magnetic field on vortex penetration. A maximum in the trapped field
was observed at a temperature a few degrees below the vortex melting line. The
temperature dependence of the trapped field and its maximum at a temperature
below the saturation line is qualitatively similar for single crystal and thin film. The
presence of the maximum suggests that partial depinning of magnetic vortices occurs
at temperatures above the maximum, leading to a gradual decrease of the trapped
field with increasing temperature which eventually merges with the melting line. The
line which joins the maxima of the trapped field separates two different vortex pinning
regimes. The decays of the trapped field (relaxation) are close to logarithmic only at
temperatures below the peak. For temperatures at and above the peak, the decay

curves start to deviate from the logarithmic behavior and become non-logarithmic,
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which is accompanied by changes in the temperature dependence of the decay rates
of the trapped field. This property was found to be the same for both single crystal
and thin film samples; therefore, it is independent of the sample geometry.

Our results also show a large difference between the properties of the film and
those of the crystal. The melting field H,, and the crossover temperature 7™ of the
thin film is much higher than that of the crystal. This suggests a relationship to the
sample purity, since thin films contain more impurities than crystals. The impurities
in the thin film as well as the interface between the thin film and the substrate act as
pinning centers, and the thin film will have a melting field H,, which is higher than
that of the crystal. The decay rate S in the film is much smaller than those in the
crystal, due to stronger pinning within the film.

At a fixed temperature T, the decay of the trapped field transits from a logarith-
mic to a non-logarithmic state as the applied magnetic field and, consequently, the
trapped field increase. At a temperature below the peak, the density of the trapped
vortex lines are low for all applied fields. The decay of this trapped field is logarith-
mic which is in agreement with classical theories of vortex creep in the absence of
the vortex-vortex interaction. Applying higher magnetic fields causes an increase in
the trapped field which is accompanied by a shift of the maximum to temperatures
below Ty. In this case, strong vortex-vortex interactions are expected, resulting in
faster and more non-logarithmic decays of the trapped field. This type of magnetic
relaxation in the presence of strong vortex-vortex interaction is in agreement with
collective flux creep theories and vortex glass theories.

Annealing of the BSCCO crystal in vacuum reduces the trapped field at temper-
atures above the maximum of the trapped field, but not at temperatures below the
maximum. Annealing also shifts the melting line to low temperatures and reduces
the magnitude of the peak in the trapped field. We suggest that the oxygen vacancies
created during vacuum annealing are responsible for the decrease in T, the shift of the

crossover temperature 7% and the melting line (by about 5 K) to lower temperatures.
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8.4 Magnetic Properties in YBCO Crystal

Finally, vortex penetration, vortex relaxation and vortex-depinning transition were
studied in a YBCO crystal sample. We measured the effects of temperature and ap-
plied magnetic field on the vortex penetration, the relaxation (decay) of the trapped
vortex field, and so on. We found that the vortex penetration, vortex depinning
transition, and vortex dynamics with persistent currents in YBCO crystal are quali-
tatively similar to those observed in the Bi-2212 superconductors, indicating that the
physics revealed in our measurements is not restricted to the specified microstructure
of BSCCO superconductor, but is a general physical property of all type-1I supercon-

ductors.

8.5 Outlook

Finally, we would like to point out that our studies in Bi-2212 thin films are strongly
restricted by fabrication technologies currently available as it is extremely difficult to
prepare good thin film samples with high 7. and high J.. More studies should be
carried out on the technique to help improve the performance of the thin films. On
the other hand, our measurements are focused on arranging the applied field perpen-
dicular to the layered structure (parallel to the c-axis) of the Bi-2212 superconductor.
In most applications of real wires, the applied magnetic fields are arranged parallel
to the layered structures of the superconductors. There should be more exploration
done by arranging the field parallel to the ab-plane. Furthermore, our results also
indicate that the properties observed are not restricted to the special microstructure
of Bi-2212 superconductor, so we expect that more interesting results will be observed
in other series of superconductors using the same measuring procedures described in

this thesis.
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