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ABSTRACT

Taking advantage of the sensitivity of SQUID-based instrumentation and a simple

ring geometry that facilitates the calculation of a current in the sample, we introduce a

new magnetometric method to obtain the critical current density flowing through grain

boundaries in the high-temperature superconductor YBa2Cu307.8 (YBCO). Since all

magnetic moments originate from moving charges or electrical currents, an electrical

current flowing in a simple configuration can be calculated from its magnetic moment or

vice versa. Ring shaped YBCO films with or without [001]-tilt grain boundary were

made on SrTiOs substrates on surfaces perpendicular to the c-axis. Magnetic moments of

rings containing 1.8°, 2.8°, 5.1°, and 7° [001]-tilt grain boundaries were measured at

various temperatures and fields parallel to the c-axis; as well, rings with no grain

boundaries were measured for comparison. Current densities of the samples were

calculated from the measured magnetic moments using a modified Bean critical state

model. Especially, we could extract a pure grain boimdary current density (current

flowing across the grain boundary) from the total magnetic moment of a grain boundary

ring. An abrupt decrease of the current density was observed as the grain boundary angle

increased. Even small misorientations of 1.8° <<$'<5.1° diminish the current density by

a large amount, while a 1.8° grain boundary does not. Moreover, large peaks were formd

in curves of magnetic moment versus field for grain boundary samples under conditions

of decreasing magnetic field (but not increasing field history). The appearance of a large

peak in the m{H) curves of a grain boundary sample can be explained by the weak-link

iv



behavior of a small angle grain boundary. The high sensitivity of the magnetie moment

and the grain boundary eurrent density to field ehanges on a grain boundary strongly

bolsters the weak-link interpretation of small angle grain boundaries.
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CHAPTER 1

INTRODUCTION

When some materials are cooled to a sufficiently low temperature, their electrical

resistivity suddenly drops to zero at a temperature called the critical temperature, Tc. The

phenomenon is called superconductivity and was first discovered in mercury by K.Onnes

in 1911. In the superconducting state, an ideal material also exhibits the property of

perfect diamagnetism when it is immersed in a weak magnetic field. This means that

applied magnetic fields are completely expelled fi-om the body of a superconductor. This

perfect diamagnetic property seems to be easily explained by an induced current that is

the result of changes of the applied field. However, when a normal state superconductor

in a static magnetic field is cooled down below Tc, the applied magnetic field is expelled

from a superconductor even though there are no changes in the applied field to create

induced currents (Meissner effect). Those two features, zero resistivity and the Meissner

effect, are major characteristics of superconductors.

Many brilliant physicists worked to find an explanation for these fascinating

phenomena. The London theory and Ginzburg-Landau theory succeeded in explaining

macroscopic properties of a superconductor while the BCS theory provides a microscopic

explanation.

When a conductive material is brought to a sufficiently low temperature,

thermally excited electrons on the Fermi surface lose some of their energies so that they

slow down slightly. According to the BCS theory, in the superconducting state, among
1



those electrons, two electrons that have opposite velocities (v and -v) and opposite spins

attract each other and become a Cooper pair which conducts a supercurrent. The size of a

Cooper pair is called the coherence length, This electron coupling is due to the lattice

vibrations, or phonons. The interaction of two electrons is mediated by an attractive

force that positively charged ions of the lattice exert on each electron.'

Because two electrons with opposite velocity create a Cooper pair, the velocity of

a Cooper pair is zero and according to de Broglie's relation, X = hjmv the wavelength of

a Cooper pair is infinitely long. This means that the phase of a Cooper pair-wave does

not change spatially inside a superconductor. Moreover, Cooper pairs are Bose particles
^  2

because their spins are zero and therefore all of them can occupy a single energy state.

According to the theory of wave propagation in discrete structures, when a wave

passes through a periodic lattice, it continues propagating indefinitely without scattering,

i.e. without modification in either direction or intensity.^ Since an electron can be treated

as a matter wave, the conduction electron should not be scattered by a regular lattice of

ions at all. Electrical resistance arises because of the deviation of the lattice from perfect

•  • ■ • * 3
periodicity such as lattice vibration and presence of impurities and dislocations. In

theory, therefore, a perfectly crystalline conductor should offer no resistance. R. de

Picciotto and his colleagues' recent study has shown that this is actually true.'' For the

case of superconductors, zero resistance occurs not because of perfect crystals but

because of the existence of an energy gap at the Fermi surface, between filled and empty

states. Under an attractive interaction between two electrons, the system of two electrons

is in bound state forming an energy gap between two energy levels. In the

superconducting state, where two electrons pair up, a gap is formed at the Fermi surface

2



with width 2A. Since the superconducting phenomenon usually occurs at low

temperatures, the scattering of a single electron by phonons is negligible, because the

amplitudes of oscillation are very small and hence the scattering by impurities is usually

predominant. Due to the energy gap, small amounts of impurities can not scatter Cooper

pair-waves; a Cooper pair is not broken because it needs more energy to break up than to

keep a Cooper pair when it meets impurities. This is the reason why materials in the

superconducting state have zero resistivities.

As soon as a sample in an applied static magnetic field is cooled below its critical

temperature, Tc, magnetic field lines are expelled from the superconductor, except in the

surface layer of the superconductor. The depth of penetration in the surface layer is

called the penetration depth, A. Because a magnetic field penetrates a distance/i, the

vector potential A also extends over a length A. This vector potential causes changes of

the phase distributions of Cooper pair-waves with an amount k= {2mjlh)A. In order for

the superconducting state to exist, the phases of Cooper pair-waves must be constant

everywhere inside a superconductor. To prevent the vector potential from transmuting

the phase distributions of Cooper pair-waves, supercurrents (i.e. flows of Cooper pairs)

begin to flow in such a way that the phase changes due to the supercurrents can

compensate the phase change due to the vector potential : spatial phase changes of

Cooper pair-waves caused by supercurrents completely cancel the changes induced by

the vector potential in the surface layer of a superconductor. This flow of Cooper pairs

creates magnetic fields in an opposite direction of the applied field and the magnetic field

inside a superconductor becomes zero.



Superconductors can be divided in two major groups, type-I and type-II,

according to their response to a magnetic field. The type-I superconductors exclude

applied magnetic fields completely Jfrom their bodies up to a critical field, He , which

destroys superconductivity. However, for type-II superconductors, instead of breaking

down the superconducting state, quantized magnetic flux lines begin to penetrate the

superconductors as thin filaments called vortices. This procss begins at a lower critical

field Hci. This state, the vortex state or mixed state, continues up to an upper critical

field Hc2 where the superconducting state reverts to the normal state.

In 1986, J. G. Bednorz and K. A. Muller's discovery of superconductivity in

(La-Ba)2Cu04 opened the era of high-temperature superconductors (HTS) with Tc above

the temperature of liquid-nitrogen (77K) ; an Y-based family with Tc up to 90K, a Bi-

based family with Tc up to 1 lOK, a Tl-based family with Tc up to 125K, and a Hg-based

family with Tc up to 133K.^ All of these high-temperature superconductors are type-II

superconductors and contain CUO2 planes where supercurrents flow.

Those high-Tc superconductors have major problems in making resistance-fi-ee

wires. First of all, they are ceramics, which are brittle and not flexible. Second, the

movement of vortices generates heat and causes current conduction to be dissipative.

Finally, the high-temperature superconductors have highly anisotropic properties which

contribute to a significant reduction of the critical current density across grain

boundaries. Solutions for those problems have been suggested and examined. For the

solution of the second problem, the idea of confining vortices in defects was suggested.

Columnar defects formed by heavy-ion irradiation, and splayed columnar defects induced

by high-energy proton irradiation have succeeded in greatly increasing the critical current

4



density Jc at high magnetic fields. As far as the first and the third problem is conceived,

the method of growing HTS layers on some flexible substrates has been widely studied.

Especially, a recently developed technique, Rolling-Assisted Biaxially Textured

Substrate (RABiTS) reduces the degree of grain boundaries from high angles to low

angles. Nevertheless, even low angle grain boundaries play an important role in reducing

the critical current density of high-temperature superconductors. Therefore, a

thorough study of grain boundaries is necessary to develop efficient superconducting

wires.

The present investigation is directed to the properties of low angle grain

boundaries on single crystal YBCO thin films, elicited from magnetic measurement

studies. Chapter 2 gives a brief description of the main experimental aspects such as

SQUID, sample preparation, and sequences for the measurements. Chapter 3 gives the

theoretical background required for an analysis of the experimental data, general

properties of YBCO, and other grain boundary related studies. The experimental results

and analysis is followed by the conclusion.



CHAPTER 2

EXPERIMENTAL ASPECTS

2.1 SQUID Magnetometer

Magnetic studies were conducted in a SQUID (Superconducting Quantum

Interference Device)-based magnetometer, Quantum Design model MPMS-7. Quantum

Design's Magnetic Property Measurement System (MPMS) is a highly integrated

instrument system. The model MPMS sample magnetometer is designed to detect the

magnetic moment of a sample. Figure 2-1 shows the system components. The fully
o

automated temperature control system can vary the temperature from 2 K (-271 C) to

400 K (127 °C). A high homogeneity superconductive magnet provides magnetic fields

up to +7 T. It is energized with current from a power supply. A measurement is

performed in the MPMS system by moving a sample through the superconducting

detection (pickup) coils (Figure 2-2). The longitudinal pickup coils consist of a highly

balanced second-derivative coil set. The upper coil is a single turn wound clockwise, the

center coil comprises two turns wound counter-clockwise, and the bottom coil is a single

turn wound clockwise so that noise can be countervailed. When the sample moves

through the pickup coils, the magnetic moment of the sample induces an electric current

in the pickup coils. Since pickup coils, connecting wires, and SQUID input coils form a

closed superconducting loop, any change of magnetic flux in the pickup coils produces a
6
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Figure 2-1. The system components of the SQUID magnetometer of Quantum Design's
MPMS-7.
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change in the persistent current in the pickup detection circuit, which is proportional to

the change in magnetic flux. Because the SQUID functions as a highly linear current-to-

voltage converter, the variations in the current in the pickup coils produce corresponding

variations in the SQUID output voltage which is proportional to the magnetic moment of

the sample.

The MPMS can measure a magnetic moment with a range of sensitivity from

about 10"' emu to 2 emu in the standard configuration and can measure over 300 emu

with the extended range option. Usually, the MPMS reports the magnetic moment data in

emu (electromagnetic units [G-cm ]).

2.2 Sample Preparation

Films of YBCO were prepared on SrTiOa (STO) [001]-tilt bicrystal substrates by

the pulsed laser deposition method (Figure 2-3-a and b). Three ring samples were made

on each YBCO film by ordinary optical photolithography techniques (Figure 2-3-c). One

ring was placed across a grain boundary in order to make a ring with two grain

boundaries (GB ring) and two other rings were pattemed on each of the two adjoining

single crystals (grain rings). All three rings have the same geometry with an outside

diameter of 3 mm, a width of 100 pm, and a thickness of 200 nm. Each substrate was cut

into three pieces, each containing just one ring (Figure 2-3-d). It must be noticed that all

the three rings are from one YBCO film and as a result, they have the same film
o  o

properties such as current density, pinning force, etc. Bicrystal substrates with 1.8 ,2.8 ,



(a) A substrate with
a grain boundary.

lite

(b) A deposited
YBCO film.

(c) Etching off a film
to make the form

of a ring.

(d) Cutting a film in
three pieces.

Figure 2-3. Making ring samples.



5.1°, and 7° [001]-tilt boundaries were used to make GB and companion grain ring

samples.

Sometimes the current density can be diminished by external degrading factors,

such as cracks on a sample or by maltreatment. In order to be convinced of measured

current density values of grain rings, some grain rings were made into an open circuit by

etching a line across the 100 pm width (open rings). This changes the geometry of the

current path without changing the properties of the superconductor. An individual

sample was mounted on a Si disk with Duco cement and placed in a Mylar tube for

support during magnetic measurements.

2.3 Experimental Studies

A circulating charge or current causes a magnetic dipole moment according to the

equation in COS unit,

fh=-^^{ry.J{r))-dT (2-1)

where fh is the magnetic dipole moment, J(r) -dr \s sn element of current, and c is the

speed of light. According to equation (2-1), once the configuration of a current flow is

known, currents or current densities can be calculated fi"om measured magnetic moment

values of the sample. The configuration of a current flow is related to the sample

geometry. If a sample has symmetry in its geometry and its current density is constant

spatially inside the sample, then the integral in equation (2-1) can be calculated very

easily. For the case of a ring sample, the configuration of a current flow is
11



circumferential. In the Meissner state, the circulating currents are induced in the surface

layer of a superconductor with width equal to the penetration depth, A,. In the vortex

state, circulating currents due to the distribution of vortices are induced and flow in the

entire sample after the applied field exceeds the field of fiill penetration. With this idea,

the interval of an integral can be determined for each case. Values measured by a

SQUID magnetometer are the magnetic moments produced from those circulating

currents and they can be very accurate due to the sensitivity of SQUID. Using this

experimental set-up, responses of current densities to various circmnstances, such as at

different fields and temperatures, can be observed.

The ring study consists of two major parts. For each ring, the magnetic moment

was measured as ,a function of temperature (the temperature sweep experiment) and

magnetic field (the field sweep experiment). To study the low field dependent behavior

of a grain boundary in more detail, some field sweep experiments were repeated with

finer steps.

2.3.1 Temperature Sweep Experiments

The rings were first located at the center of the pick-up coils in the magnetometer

at 5 K, whose magnet was reset earlier to release trapped flux in its windings. Then a

sufficiently large extemal magnetic field was applied parallel to the c-axes of the YBCO

ring films, so that samples were fully penetrated by the fields. Those applied fields were

500 Oe, 3 kOe, and 500 Oe for Grain, GB, and open rings respectively. After removing

applied fields to obtain maximum induced magnetic moments that samples could have at
12



5K, the magnetic moments were measured while increasing temperatures from 5 K to 95

K in IK steps.

2.3.2 Field Sweep Experiments

After temperature sweep experiments, the magnet of the magnetometer was reset.

Samples were made virgin by setting the temperature above Tc and then superconductive

again by decreasing temperature down to 5 K. Field-dependent moments were measured

while increasing applied magnetic fields from 0 Oe to 65 kOe and then decreasing from

65 kOe to 0 Oe. The magnetic fields were applied perpendicular to the ab-plane of

YBCO film. This field sweep sequence was run for eavh ring at temperatures, 5, 10, 20,

40, 60, 77, and 85 K. Before mnning the field sweep sequence at each temperature,

samples were always made virgin by setting the temperature above Tc.

2.3.3 Low Field Experiments

For a closer study of the field-dependence of the grain boundary behavior, the

moments of all the samples, GB, grain, and open rings, were measured at 5 K with

gradually increasing field up to 100 Oe in fine steps.

13



CHAPTER 3

THEORETICAL BACKGROUND

3.1 YBCO (YBa2Cu307.s, where 0 < 5 < 0.6)

In 1986, J. Georg Bednorz and K. Alex Miiller were pursuing the idea that higher

Tc values might be found in materials in which the Jahn-Teller effect could enhance the

electron-phonon coupling parameter.^ After years of effort, they discovered a

superconducting material with Tc in excess of 30 K. The new material was based on

La2Cu04, which is an insulator. In this system, ions of Ba^^, Sr^^, or Ca^^ replace some

of the La^"^ (hole doping). High-temperature superconductors, like La2-xSrxCu04, are

obtained by adding charge carriers to a Mott insulator.

One of the most thoroughly studied superconductors, YBCO (YBa2Cu307.5), with

Tc « 92 K, was discovered in early 1987 (Figure 3-1). Like other high-temperature

superconductors, YBCO has Cu-0 planes perpendicular to the c-axis. The

superconductivity and charge transport are mostly confined to the Cu-0 planes. Two

immediately adjacent Cu-0 planes, about 3.2 A apart, are separated from each other by a

single Y-atom plane. In YBCO, a pair of two immediately adjacent Cu-0 planes is

approximately 8.2 A apart from the next pair. Between one pair of immediately adjacent

Cu-0 planes and the next pair, three metal-0 planes are found. In one of those three

14
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Figure 3-1. The structure of YBa2Cu307. G. Bums, "High-Temperature
superconductivity," Academic Press, Inc. (1992)
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layers, Cu and O atoms form Cu-0 chains. These Cu-0 chains are referred to as "charge

reservoirs." In both Cu-0 planes and chains, Cu atoms are strongly eovalently bonded to

four 0 atoms in a square-planar configuration.^ However, the Cu-0 planes extend

indefinitely in two directions (the ab-plane), while the Cu-0 chains extend indefimtely in

only one direction (the b-axis).

Like other high-temperature superconductors, superconducting YBCO can be

obtained by adding more oxygen to a parent Mott insulator, YBaaCusOe (hole doping).

The Cu-0 planes in YBa2Cu306, remain the same as in YBCO but the chains contain

linear, two-coordinated Cu atoms in O-Cu-0 "sticks;" The only oxygen atoms in Cu-0

chains are the ones located along c-axis in the YBa2Cu306 system. These O-Cu-0 sticks

contribute to the tetragonal structure of YBa2Cu306. When extra oxygen atoms are

introduced to YBa2Cu306, they begin occupying the Cu-0 chains, changing the structure

from tetragonal YBa2Cu306 to orthorhombie YBa2Cu307-8. Electron diffraction studies

on carefully prepared samples with intermediate oxygen content (between Oe and O?)

reveal a variety of superstructures with different repeats along the a-axis due to the

oxygen occupation.®

The superconducting state appears at <5" < 0.6, when the oxygen content exceeds

about 6.4 (YBa2Cu306.4). Below ̂  = 0.6, holes are transferred from the Cu-0 chain to

the Cu-0 plane, which immediately destroys the normal antiferromagnetic order and is

accompanied by metallization.' In the region 0.3<S< 0.6, the hole concentration in the

Cu-0 plane is kept low with relatively low superconducting transition temperature Tc ~

60 K. Around ̂  = 0.3 the hole concentration is increased quickly to the optimally doped

7
or overdoped region with Tc ~ 90 K.
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3.2 Pairing Symmetry

The symmetry of the order parameter is basically a question of the internal

structure of the Cooper pair in the high-temperature superconductors. It is well known

that superconductivity arises from the formation of electron pairs that condense into a

coherent macroscopic quantum state. The essence of the pairing symmetry can be

•  8
considering the structure of the quantum mechanical wave function of a single pair.

Let the wave functions of the two electrons of a Cooper pair be

where r represents the spatial coordinates of the particle and s represents the

spin. If these electrons form a Cooper pair, then the pair function will have the form;

^(r,, ; ̂2 ,.S2) = , ̂2)

where .R = (pj + )/2 is the coordinate of the center of mass, ,3 = (q - r2) is the relative

coordinate, and ^(^), ̂ {p), and describe the center of mass, the internal

structure, and the spin of the Cooper pair, respectively.^ The macroscopic properties of a

superconductor, such as zero resistance, the Meissner effect, and the flux quantization,

depend on which is the well-known Ginzburg Landau order parameter. The

microscopic properties of a superconductor, such as the energy gap and detailed

temperature dependence, depend on 0(y5) } The wave function of the internal structure

of the pair can be written as a linear combination of spherical harmonics

multiplied with a radial function/?(/?), where p is the separation of the particles:
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■^)='Zc>.yd»,<p)R(p)
Im

The total spin wave function, either a spin triplet (total spin j = l)

with symmetric spin wave function, or a spin singlet (total spin 5 = 0) with

antisymmetric spin wave function. For a pair of fermions, the total wave function,

, 5]; Fj, ̂ 2) > should be antisymmetric when the two particles are exchanged. Thus, for

the spin-singlet wave function (5 = 0), the orbital part of the total wave function,

7,^(^,(2?) must be symmetric and have s-state ( / = 0), d-state (1 = 2), ... orbital angular

momentum. Similarly, the spin-triplet (5=1) must have p-state ( / = 1), f-state ( / = 3),

... orbital angular momentum.

In a conventional superconductor, a Cooper pair is formed by electrons with

opposite spins and momentum, i.e. spin singlet with s-state orbital angular momentum

(Figure 3-2-a).^

It has been found that the high-temperature superconductor has d-wave pairing

symmetry. For the d-wave case, two electrons of a Cooper pair can be thought of as in

counter circulating orbits (Figure 3-2-b).^ The wave function of d-wave symmetry

changes sign and has nodes and antinodes as one goes around the origin. Furthermore,

the existence of nodes for a d-wave superconductor means that there are always normal

electrons in the system at low energies near the Fermi surface. Furthermore, the density

of states depends on the angle from the a-and b-axes of Cu-0 planes in the high

temperature superconductors.

18



(a) Conventional s-wave (1=0) pairing

(b) Novel d-wave {1=1) pairing
Figure 3-2. Eleetron pairings in s- and d-wave superconductors.
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3.3 The Vortex State

All high-temperature superconductors are, as mentioned previously, type II

superconductors. For a type II superconductor, the magnetic field begins to penetrate

into the sample forming a vortex (a quantized flux line) when the applied magnetic field

reaches the lower critical field, Hd. The superconductor then enters the mixed state or

vortex state. This occurs because the energy cost is reduced, if fields are allowed to

partially penetrate the superconductor. In 1957, A. A. Abrikosov theoretically predicted

that when the Ginzburg-Landau parameter k (the magnetic penetration depth divided by

the coherence length x: = Aj4) is larger than 1/V2 (/r>l/V2), a vortex state can be

formed. As soon as the magnetic field begins to penetrate into a sample at Hd, because of

the influence of the Lorentz force, a fraction of electrons begin to move in a circle. This

results in the appearance of vortices in the superconductor. The superconducting

electrons circulate around the axis of the vortex. These circulating currents are not

transport currents but rather a localized supercurrent. Closer to the vortex axis, the

electrons revolve faster. At some distance from the axis, the speed exceeds a critical

value and superconductivity is depressed, i.e. the superconducting order parameter

reaches zero.^° Therefore, the core of the vortex, whose radius is approximately equal to

a superconducting coherence length ^ (typically 10~20 A in high temperature

superconductors at low temperatures) is in the normal state.'^ More properly, the

superconducting order parameter is depressed. Inside a vortex, the magnetic field is

nonzero, and every vortex line has one magnetic flux quantum, Oq = h/2e (Figure 3-3).
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Figure 3-3. The internal structure of an isolated flux line; X is the penetration depth and
^ is the coherence length.
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As the external magnetic field is increased, vortices are pushed closer together

and the interaction between vortices becomes stronger until the upper critical field Hc2 is

reached. The interaction is repulsive: for an isotropic interaction, vortices form a

triangular lattice whose structure gives the greatest separation of nearest neighbors, and

therefore the interaction energy is minimum in this vortex array. In this array, the nearest

neighbor distance is

a =

V3, \B j
= 1.075

■0

yB j

It is important that in the space between the vortices the material remains

superconducting. This is where a transport electric current flows.

A vortex interacts not only with other vortices but also with defects in a sample.

Defects in high-temperature superconductors can be dislocations, twins, oxygen

nonstoichiometry, or other atomic defects. Those defects pin vortices on their sites.

Using this idea, defects whose radii approximately match the coherence length were

artificially created to trap vortices, in order to obtain high bulk current densities. Because

the defects are randomly distributed in a sample, this vortex pinning by defects breaks the

ideal triangular vortex lattice. Therefore, there is no long-range spatial order in this

vortex state. This state is known as the vortex-glass state. Figure 3-4 shows the H-T

phase diagram for a high-temperature superconductor. Either thermal excitations or

quantum tunneling can cause vortices to escape from their pinning sites and move in the

direction of the Lorentz force, which lowers the current density of the sample.
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Figure 3-4. Magnetic phase diagrams for (a) a eonventional superconductor and
(b) for high-Tic superconductor.
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3.4 Bean Critical State Model

Often one needs to estimate the critical current density of a sample on which it is

difficult to perform a direct transport measurement, for example, a small single crystal.

In this case, the critical current density can be estimated from a magnetization

measurement by utilizing the hysteresis in the magnetization curves. The model that is

usually used is the critical state model, which was introduced by C. P. Bean. This model

assumes that a critical current flows in the sample so as to prevent the penetration of flux

into the sample when the magnetic field exceeds Hd and that any changes in the flux

distribution are introduced at the sample surface.'°'^^

The measured magnetization of a superconductor is generally a sum of at least

two terms:

M = M^g +M.„.

The first is the equilibrium magnetization Meq that is negative in sign and generated by

microscopic supercurrents associated with individual vortices. The second term Min- is

due to macroscopic, circulating supercurrents with density Jc, whose existence depends

on pinning of vortices to prevent their motion.

If we assume that there is no flux pinning, the magnetization of a superconductor

develops as follows. As the field is increased from zero, the magnetization will increase

as - 4^, exhibiting the perfect diamagnetism of a superconductor. Above Hd, the flux

will penetrate uniformly into the sample as vortices and the negative magnetization will

significantly decrease in magnitude. It will continue to decrease as the field is increased
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until Hc2 is reached, at which point the magnetization will be zero, the field distribution in

the superconductor will be microscopically uniform, and the sample will be in the normal

state. If the field is then decreased, the magnetization curve will reproduce itself in

reverse and there will be no hysteresis.'" The flux moves unimpeded, in and out of the

superconductor, without any barrier. In this case, we obtained fi"om the experiment just

the thermodynamic, equilibrium magnetization Meq.

If there are significant pinning sites, then the magnetization curve can look

entirely different. The magnetization that is obtained experimentally is in

this case. Above Hd, instead of flux moving in fi-eely, the flow of shielding currents up

to the critical current will prevent the equilibrium number of vortices firom entering the

superconductor. The critical state model assumes that a critical current, due to the

distribution of pinned vortices, flows uniformly throughout the superconductor (critical

state) to shield the applied field. This implies that the field profile is a linearly decreasing

function of distance from the edge to the inside of the sample; dB/dx is a constant

proportional to Jc. With increasing field, flux penetrates into the entire sample. As the

field is further increased and Jc decreases, the field profile changes its slope (Figure 3-5).

Finally, as the field approaches Hc2, the critical current falls to zero. When the field is

then decreased, the critical current now flows in the opposite direction to prevent the flux

fi"om leaving the sample. The magnetization becomes positive because the internal field

is actually larger than the applied field, due to the excess flux trapped inside. There is

considerable hysteresis in the magnetization curve, and the hysteresis continues all the

way to zero field since there is actually trapped flux even when the applied field is zero.'"
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Figure 3-5. The magnetic field profile inside a superconductor and the magnetization
curve with pinning, (a) in increasing field and (b) in decreasing field.
V. Z. Kresin and S. A. Wolf, '''Fundamentals ofSuperconductivity "
Plenum Press, New York (1990).
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The critical state model provides that the critical current at any field value is

directly proportional to AM =M~ -W, where M"" and M" are the magnetization

»  • • 3
values in increasing and decreasing field history, respectively, in units of emu/em . For

the case of a cylinder of radius R (in cm) with field applied parallel to its axis, the critical

current density, J^, is given by

15-(m"-M^)
R

in A/cm^. For a rectangular solid with field perpendicular to a face with sides Z-j > A'

the "sandpile" model provides that

j  20-(m--M*)
L,\\-Lj3-L,y

3.5 The Josephson Junction

If a voltage difference is applied between the two conductive materials that are

separated by a thin insulating layer, the wave property of an electron can cause a

tunneling current to flow across the insulating layer. However, in 1962, Josephson

predicted that a supercurrent could flow between two superconducting electrodes

separated by a thin insulating barrier without any voltage difference. A zero voltage

tunneling supercurrent flows according to the equation,

/ = /,sin(<^, -^2)
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where and ̂  are phases of each superconductors at the trmneling junction and Ic, the

critical current, is the maxirnum supercurrent which can flow across the Josephson

Junction (the dc Josephson effect).

The phase of a superconductor, or of a Cooper pair-wave, can be changed by a

magnetic field which is parallel to the cross section plane of the Josephson junction;

which is perpendicular to the tuimeling current flow. Therefore, the tunneling current can

be changed by the magnetic flux O in the plane of the junction, according to the equation,

sin(;z<D/<I>o)
'  ;70/<Do

where = hc/2e = 2.07 x 10"' G-cm^ is the magnetic flux quantum.

It has been observed that the tunneling current drastically decreases and periodically

becomes zero when the magnetic flux O in the plane of a junction is a multiple of the flux

quantum, Oo (Figure 3-6). The magnetic flux-dependent pattern of a tunneling current is

analogous with a Fraunhofer diffraction pattern of light.

Josephson also derived that if the voltage difference V were maintained across the

junction, the phase difference would change in time and an altemating current would

flow according to

n

where is the phase difference at f = 0 (the ac Josephson effect).

Although Josephson predicts the effects based on an insulating barrier layer

between two superconductors, the effects are more general. Those effects occur
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Figure 3-6. Josephson current as a function of magnetic field.
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whenever two superconductors are connected by a "weak link." The weak link can be an

insulating layer between two superconductors (a S-I-S jxmction), or a normal metal layer

made weakly superconductive by the proximity ejfect, in which Cooper pairs diffuse into

the normal metal (a S-N-S junction), or a short, narrow constriction in continuous

superconducting material (a 5-0-5 junction). The critical current Ic is, then, a measure

of how strongly the phases of the two superconducting electrodes are connected through

the weak link. This depends on how thin and of what material the barrier is, or, for

13
constriction weak links, on the cross-sectional area and length of the neck.

In the high temperature superconductors, a grain boundary can serve as a weak

link because these materials have such short coherence lengths. Depending on the

details, it may be closer to S-N-S or S-I-S in character.

3.6 Grain Boundaries

Defects can determine the electrical transport properties of solids. Usually, the

resistance in a material occurs due to the imperfection in the sample lattice, such as

defects, vacancies, etc. While not significantly affecting the critical current densities of

conventional superconductors, grain boundaries, an extended defect, in a high-

temperature superconductor disappointingly reduce the critical current density by

forming weak links. The critical current density Jc decreases exponentially with

increasing grain boundary misorientation angle. A transition from low angle to large
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angle grain boundaries has frequently^been offered as an explanation for the onset of the

»  ̂ 15Josephson behavior at misorientation angles of s 10 .

Several possible mechanisms to explain the origin of the weak-link behavior of

large angle grain boimdaries in high temperature superconductors have been suggested;

they are based on the structural properties of the grain boundaries, deviations from the

ideal stoichiometry, and the order parameter symmetry.'^

First of all, grain boundaries are structural defects that interrupt the lattice

structure of the adjacent crystal. Transmission electron microscopy (TEM) studies have

shown that the structure of grain boundaries in high-temperature superconductors can be

described by standard dislocation theory.^®~^® Consequentially, an array of separate

dislocations is formed at a grain boundary. As the misorientation angle increases further,

dislocation cores become closer and the effective structural width of a grain boundary

increases. With the stain associated with the grain boundary dislocations, various effects

arise; the pairing interactions of the superconductor are depressed, the electronic structure

of the superconductor is modified, and quasiparticle scattering is enhanced. These effects

lower the superconducting order parameter at the grain boundary interface.^^ Extending

these ideas, J. Mannhart suggested that the altered electronic structure of the grain

boundary leads to a bending of the electronic band structure of the superconductor, which

causes depletion layers next to the interface.^^''^ In these layers, the order parameter will

be reduced, and for strong enough depletion, the cuprates will be driven into their

antiferromagnetic, insulating state.^^'^°

The second view is that deviations from the ideal composition and an impurity

segregation at grain boundaries are responsible for their weak-link behavior. However,
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this view was ruled out by a scanning transmission electron microscope studies in the Z-

contrast mode.^' The studies show that chemical segregation does not necessarily occur

at grain boundaries. Moreover, grain boundary junctions without impurity phases and the

correct chemical stoichiometry also show weak-link behavior. However, the STEM

analysis is quite insensitive to oxygen because of its relatively low atomic number. The

presence of defects in the oxygen sub-lattice will depress the superconducting order

parameter, and if the oxygen concentration is low enough, it will drive the grain boundary

insulating.

Third, microscopy studies have revealed that grain boundaries are comprised of

facets having various orientations. Together with the d^i_^2 symmetry of the order

parameter of high Tc-cuprates, facets on a grain boundary reduce the critical current

density Jc with increasing grain boundary angle.^^ However, the study shows that the

effect of the faceting together with d 2_ 2 symmetry can account for only a minor part of
X  y

the experimentally observed reduction of Jc, it causes a depression of critical current

density by one to two orders of magnitude for thin films, as the misorientation angle is

O

increased from 0 to 45 .

A recent study, based on the bending of the electronic band structure of the

superconductor on a large angle grain boundary, shows that doping of calcium in

YBa2Cu307.8 increases the Jc, but only at temperatures much lower than 77 K. A more

effective way to enhance the Ca concentration at the YBaaCusOv^ grain boundaries is to

make superlattice of YBa2Cu307.8A^i.xCaxBa2Cu307.5, so that Ca might diffuse into and

23
along the boundary. This sample exhibited an effective increase of J^ at 77 K.
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CHAPTER 4

EXPERIMENTAL RESULT AND DISCUSSION

4.1 AnalyticalMethods

It was mentioned before that currents or current densities can be determined by

measuring their associated magnetic moments, which are related by the equation,

m =—^ f(rX J(r))-Jr. (4-1)
2-c ■'

According to Bean's critical state model, it can be assumed that current density of the

sample in the vortex state is constant spatially inside the sample. With this assumption,

the integration of equation (4-1) depends only on the configuration of current flow. If we

solve for a current loop with radius r (Figure 4-1-a), as an example, using polar

coordinates, the magnetic moment simply becomes

,  2-a-

m=—\ Rx(l-R-d0)
9 . /^ J

,  2-;r

m = —\ R^I-d0
0  i

(?=0

2-;r-R^-I
2-c

^-R^-I

33

(4-2)



(a) a current loop

(b) a ring sample

(c) a rectangular sample

Figure 4-1. Current flow in samples with various geometries.
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where r = ̂ is the radius of the circle, and J{r)- dr = I • R- d0 is an element of current.

For a ring sample like those used for the experiments (Figure 4-1-b), we can solve the

same equation in cylindrical coordinates and obtain

1  ̂out 2^ t
m= j I I r-J-dr-r-d0-dz

r=Ri„ ^=0 2-0

T  ̂oui 2*;r t

J  d0^ dz
^ ̂  r=R,„ 0=0 z=0

_ 2- TT-t • J ̂  Rgu, _ Rjn ^ (4-3)
2-c 3 3

where and , are the inside and outside radius of the ring, respectively, and t is the

thickness of YBCO film. Therefore the current density of a sample becomes

j _ 30-m

30 (4.4)
V  -R -V. -R-' out ■'^out ' in ■'^in

where is the volume of a cylinder with the outer radius of the ring, and Vi„ is

the volume of the "missing" cylinder with the inner radius . This result was used to

obtain the current densities of grain rings. By a similar calculation, the current density of

a rectangular sample with sides Zj > Z, (Figure 4-1-c) can be obtained by the "sandpile"

model,

_JOJt (4.5)
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where M = mjV is the magnetization of the sample. Since the current flow in an open

ring sample is analogous to that in a rectangular sample, the equation (4-5) for a

rectangular sample can be applied to obtain the current density of an open ring sample,

with a small modification. Therefore, for an open ring case, simply replacing

A  4 =2-;r- R, and using L2 » , one has from equation (4-5) that,

40-mlV
A=-

A

40 • m

{2-;r-R-w-t)-w

40*/n
(4-6)

2-TT-R-w^ -t

More effort is needed to obtain the current density of a GB ring. Since the

integral of the equation (4-1) is related to the configuration of current flow, the nature of

the current flow in a GB ring should be deduced first. Simply speaking, a grain boundary

region can be seen as an area where the current-carrying cross section decreases

compared to the grain region, due to an array of insulating dislocation cores and the

suppressed superconducting order parameter in the vicinal area of dislocation cores.^"^ In

the beginning, in the Meissner state and in the vortex state with low applied fields, the

entire current induced by a given field in a GB ring can flow across the grain boundary.

Therefore, in this case, the feature of current flow in a GB ring is analogous to that of a

grain ring. If the current flowing in a GB ring exceeds the maximum current that the

grain boundary cross section can support, only a portion of the current flows across the

grain boundary (Figure 4-2-a) and the remainder reflects at the grain boundary (Figure 4-

2-b). Therefore, there exist two components of current flow in a GB ring in a high field;
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Figure 4-2. Current configurations: (a) ring-like current flow and (b) strip-like
current flow.



one is analogous to that in a ring sample and the other is like that in an open ring (strip

like). Those two current distributions contribute a ring-like moment and a strip-like

moment, respectively, to the total magnetic moment of the GB ring. In other words, if we

can separate the total magnetic moment of a GB ring into ring-like and strip-like

moments, then a pure grain boundary current density can be obtained. The equation (4-1)

becomes

= -i-| (r X J(r))-Jr + -^ j (r xJ(r))-dT. (4-7)
^ ̂  ring ^ ̂  strip

Let us assume that a real GB current which is a ring-like, Iqb flows within a width d, and

that a strip-like current, IstHp flows within the remaining width, w-d (Figure 4-3). For the

case of d «w, a ring like current can be treated like a one-dimensional current loop.

The equation (4-7) simply becomes

mrn = — -J-t-d-^-R^+ — -J-t-2-^-R-(w-dy (4-8)
10 40

where c=10 in lab units (i.e., moments in emu, current density in A/cm^, and lengths in

cm). The important thing is that the current densities for both a ring-like and a strip-like

current flows are same but those currents values are different. The intrinsic critical

current density of GB and of its companion grain rings at a certain temperature and field

should be same because they are originally from one film. Therefore the current density

J in equation (4-8) must be replaced by a grain current density Jf'' and the equation

becomes

m^B = — -j''/-t-d-^-R^+ — -Jf-t-2-7r-R-{w-d)\ (4-9)
10 ^ 40 '
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(w-d)

Figure 4-3. Detailed current flow near a grain boundary.



At this point, let us note that there are two unknowns in this equation: the grain current

density , which can be measured separately on a grain ring; and the fractional width

{djw), which can be obtained from this expression by measurement of . By further

calculation, a simpler and useful form of this equation can be obtained.

d _ rngs

^Gr

(4-10)

where , and are magnetic moments of GB, a companion grain, and an open

ring, respectively. Therefore, if magnetic moments of a companion grain and an open

rings (which differ only by geometrical factors) are given at a certain temperature and

field, then the equation (4-10) will give the width of a ring-like current in a GB ring

sample under the same circumstanees. Finally, a true GB current density, can be

obtained by using the continuity equation with a width d.

•t-d = J^^-t-w

jGB jGr
r j\

w)
(4-11)

Inserting the equation (4-10) into the equation (4-11) gives

Jf = J'"'
^GB -^op

^Gr -2-Wo

(4-12)
p y

However, both and are created by same grain current density, ^, and their

values differ only because of geometrical differences, i.e. different current distributions.

Therefore, the pure grain boundary current density in equation (4-12) only depends
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on the measured magnetic moment of a GB ring and its grain current density which

are obtained in two separate experiments.

All the GB current density values that we will discuss in the experimental results

and analysis part were obtained using equation (4-12). For a grain and an open rings,

equation (4-4) and equation (4-6) were used, respectively.

4.2 Results of Temperature Sweep Experiments

All of the grain, GB, and open rings had the same Tc, near 93 K. Typical grain

current density values, Jf', were 34 - 39 MA/cm^ in zero applied field for good

samples. Figure 4-4 shows that even though the magnetic moment of an open ring was

significantly smaller than that of a grain ring (Figure 4-4-a), because of differences of

sample geometry, commensurate values of the critical current density were obtained from

both rings in the whole temperature range (Figure 4-4-b).

On the other hand, Figure 4-5 shows that the current densities of the GB

rings (except for 1.8°) are lower than the values of grain rings, for the entire temperature

range. For the 1.8° GB samples (Figure 4-5-a), the current density values at 5 K were

35-36 MA/cm^ which were not significantly different from the values of grain rings.
o  ,

Moreover, the temperature-dependent current density curves of the 1.8 GB nngs are not

significantly different from those for the grain rings.
o  0

Figure 4-6 shows the temperature-dependent current density curves of 1.8 , 2.8 ,

5.1°, and 7° grain boundary samples. The grain boundary current density decreases as the
41
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Figure 4-4. A comparision of 1.8° grain and open rings: (a) magnetic moment versus
temperature and (b) current density versus temperature.
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angle of a grain boundary increases. Even though the 2.8 grain boundary significantly

o

reduces the current density, still its current density values are larger than for the 5.1 and

7° grain boundary samples. Figure 4-7 shows that the GB current densities at a fixed

temperature decrease exponentially with increasing misorientation of the grain boundary.

A huge diminutions of the grain boundary current density occur between 1.8 and 2.8

and between 2.8° and 5.1°, whereas there is a relatively small diminution between 5.1

and 7°. This suggests that a small angle grain boundary with an angle 1.8° <0<5.l°

strongly impedes the current flowing across it. More precisely, since no difference

between 1.8° GB and grain rings was observed, the range 1.8° <(9 <2.8° seems to

contain the critical angle where a grain boundary begins to execute its important impact

on current flowing across the grain boundary. Therefore, the current density of a sample

is likely to be strongly influenced by misorientations in the sample of only a few degree.

Since we have calculated a value of djwXo obtain , the partitioned moment

coming from just a strip-like current flow can be calculated. Using equation (4-6), the

strip-like partitioned moment of a GB ring sample can be obtained by

strip V

The resulting strip-like partitioned moments of all GB ring samples were always smaller

than the moments of an open ring at all temperatures (Figure 4-8); especially the strip

like partition moment of 1.8 GB ring sample is almost negligible. This supports the idea

that there exist two features of current flow in a GB sample (except 1.8 ), and the current

flowing across a grain boundary subsists up to the critical temperature for all angles,
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, m

1.8°, 2.8°, 5.1°, and 7°. As is seen in Figure 4-8, the smaller the grain boundary angle is,

the less the strip-like partition moment contributes to the total moment of the grain

boundary ring. It follows that the bad insulating cross section areas increased as the the

angle of a grain boundary increased.

4.3 Results of Field Sweep Experiments

All the as-obtained data were background-corrected by subtracting the moments

of Si mounting disks and other contamination from the raw data. Nicely symmetric

curves of magnetic moment versus field were obtained from all the grain and open ring

samples (Figure 4-9). As wui seen in the temperature sweep experiments, open ring

moments were smaller than the grain ring moments in whcle field range at all

temperatures. In increasing applied fields, maximum negative moments for virgin

samples were obtained at the field of full penetration, 100 Oe field for grain rings and

500 Oe field for open rings. This field difference is, as mentioned, due to the different

sample geometry. When the applied field decreased back from its miixirnum of 65 kOe to

zero, the maximum positive moments of open and grain rings were obtained. Critical

current densities were calculated using equations (4-4) and (4-6) for grain and open rings,

respectively. The open ring and grain ring have almost the same critical current density

values, as a function of field and temperature (Figure 4-10). A rapid decrease of current

density due to increasing field was seen up to 10 kOe. After that, the decrease of current
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densities is rather slower. Current density values corresponding to maximum moments at

all temperatures matched well with values obtained from temperature sweep experiment.
o

In the temperature sweep experiment, no differences were found between 1.8 GB and

companion grain rings in magnetic measurement studies. The curves of m versus H

for the 1.8° GB rings were as symmetry as those of grain rings, with very similar values

of magnetic moment in the entire field range (Figure 4-11-a). Therefore, the magnetic

field dependence of the critical current densities of the 1.8 GB and its companion grain

ring are almost the same (Figure 4-11-b).

However, the 5.1° and 7° GB ring samples differ considerably from the grain ring

or open ring samples in their m{H) curves (Figure 4-12-a, and b). Magnetic moments of

those 5.1° and 7° GB ring samples were smaller than the grain rings but larger than open

rings. Fiuthermore, the appearance of huge peaks in the m versus H curves while
o  o

decreasing the applied field from 65 kOe was a distinct feature of the 5.1 and 7 GB

o  o

rings. Notice that in increasing magnetic field, the m{H) curves of the 5.1 and 7 GB

rings are similar to those of open rings; in decreasing fields, those curves are similar to

grain rings down to the peak fields. In increasing fields, currents flowing across grain

boundaries seem to create larger total magnetic moments in the GB ring samples than

magnetic moments of open ring samples, even at high fields. In decreasing fields, the

amount of current flowing across grain boimdaries somehow increases, so that it

contributes to the appearance of huge magnetic moments. When decreasing fields

returned to fields of full penetration again, the same values of magnetic moments

obtained at the- field of full penetration were observed. Further decrease of the field did

not change the values of magnetic moments. Magnetic moments stayed at same values
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until the applied field was reduced completely to zero. Those moments have similar

values with moments measured in temperature sweep experiments. The magnetic

moments at peak fields were always much larger than the zero field magnetic moments.

As the measurement temperature increased, the peak moment and peak field decreased

and the peak feature become more narrow.

For the 2.8° GB ring samples, intermediate behavior was observed in the field

sweep measurements as well as in temperature sweep measurements (Figure 4-13).

Moments of 2.8° GB ring samples were smaller than those of companion grain samples in

the whole field range, like the other GB ring samples. Peaks were also found in

decreasing applied field. Those peaks were, however, not as significantly large as those

of the 5.1° and 7° GB ring samples and they occurred at very low fields.

The peaks in the m{H) curves of the GB sample occur at applied magnetic fields

that decrease with temperature. This variation is shown for the 2.8 , 5.1 , and 7 GB ring

samples in Figure 4-14-a. Peaks appeared at similar fields for 5.1 and 7 GB samples,

and at lower fields for the 2.8° GB sample. The true values of current density inside the

GB samples, which create the peaks in m{H) curves, can be obtained from the current

density-data of their companion grain rings (grain current densities were measured at

peak fields and given temperatures, also). Current densities of companion grain rings

that correspond to peak fields of each GB samples at certain temperatures are shown in

Figure 4-14-b. Interestingly, the values of the corresponding grain current densities for

each GB samples at given temperatures are similar and they do not seem to depend on the

grain boundary angles. Not only are those corresponding grain current density values

similar, but also their temperature dependencies are very similar.
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The occurrence of a peak in the ni{H) curve of a GB sample seems to mark the

appearance of weak-lirik behavior in the small angle grain boundary. It is likely

explained by the effect of a magnetic field on a Josephson junction which a grain

boundary resembles. It is well known that the maximum tunneling current can flow

across a Josephson junction if the net field, which is perpendicular to the tunneling

current flow, become zero on the area of the junction. Applying this idea, one might

think that the total magnetic field on a grain boundary ) becomes roughly zero at

the peak field:

(4-14)

The applied magnetic field and the field created by the current flowing in the

vicinity of the grain boundary are the two major fields on the grain boundary.

Therefore, becomes

(4-15)

Since equation (4-15) should be satisfied at the peak fields, then is equal to Hp^^^.

Then equation (4-15) becomes

(4-16)

Since is due to the current nearby the grain boundary, the equation (4-16) becomes

H , oc oc^ peak GB ^ c

(4-17)

Therefore, if the appearance of a peak is due to the weak-lmk behavior of a grain

boundary, Hp^^ should be proportional to The peak fields versus the
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corresponding companion grain current densities are shown in Figure 4-15. This figure

shows a good linear dependency of H on the companion grain current density J,

4.4 Results of the Low Field Study

Gr

c  *

In this section, we consider in more detail how currents are induced in the rings

when small magnetic fields are applied, in other words, how the critical state is

established. For the grain and 1.8° GB rings, magnetic moments were linearly dependent

on the applied magnetic field up to the field range of 60-100 Oe, depending on sample

conditions; see Figure 4-16-a. On the other hand, the linear dependence of m{H) for the

open rings continued up to approximately 200-250 Oe. After that, magnetic moments of

open rings keep increasing up to the field of full penetration (-500 Oe), but sublinearly

(Figure 4-16-b). As evident in Figure 4-16-b, the initial linear slopes of the open rings

were much smaller than for grain samples. The difference in their slopes was due to their

different geometry, by which the "pressure" applied on a sample by an external field was

determined, i.e., the demagnetizing factors differ.

The properties of the GB ring samples in low fields were quite interesting. They

showed a combination of the properties of grain and open rings. At very low fields, the

GB ring samples resemble the grain ring samples (Figure 4-16-a). At that field range,

magnetic moments of grain boundary samples increased linearly with same slopes of

their companion grain rings, but this behavior did not continue. In small fields, around 7

Oe and 5 Oe for the 5.1° and 7° GB rings respectively, the magnetic moments began to
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decrease due to decreasing Ic in the grain boundary (Figure 4-16-a). At still higher

applied fields near 50 Oe, the magnetic moments begin to increase again. Here the m{H)

curves strongly resemble those of open rings, but shifting down by a (roughly) constant

amount. The shift corresponds to the magnetic moment created by the grain boundary

current flowing around the ring of radius R. This open ring-like field dependency

continues up to 65 kOe, the maximum field we applied.

At the fields in Figure 4-16-a where the linear dependency of magnetic moments

of grain boundary samples ends (7 Oe and 5 Oe for 5.1 and 7 GB rings respectively), the

entire 100 |a,m width of grain boundaries is conducting current and is fully penetrated by

the magnetic field, whereas the grain areas were just partially penetrated by flux.

Therefore, the magnetic field penetrates into the center of a GB ring when the applied

field exceed those values. We explored this flux trapping process as follows. A small

field (l,2,3,...Oe) was applied, the magnetic moments was measured, and then the field

was reduced to zero. Each time after the magnetic moment of a ring sample was

measured at a certain field, the field was removed and its zero field-induced magnetic

moment was measured. Figure 4-17-b shows the result for a grain ring sample.

Magnetic fields of ~ 60~70 Oe are needed to trap flux and to produce a non-zero value of

zero field-induced magnetic moment. For the grain boundary samples, if less than a 7 Oe

field for the 5.1° and 5 Oe for 7 GB ring was applied, a zero value of the zero field-

magnetic moment was obtained (Figure 4-17-a). If the applied field exceeded those

values, non-zero value of zero field-magnetic moment was measured. Therefore, at those
o

fields, magnetic fields penetrated completely along the grain boundaries. The 2.8 GB

ring sample also showed the same behavior and the onset of non-zero value of zero
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field-magnetic moment oceurred at 20 Oe (Figure 4-17- a).

Interestingly, the slope of linearly increasing magnetic moments of a GB ring

does not depend on temperature. Figure 4-18 shows the result of a small field study for a

5.1° GB ring sample at various temperatures. The slope is exactly same in all

temperatures, but the fields where the linear dependency ends are different. This slope

seems to depend on neither the angle of a grain boundary nor temperature. In fact, the

situation corresponds simply to a Meissner-like state (B==0) inside the ring, while the

slope is determined firom the ring geometry through its effective demagnetizing factor.

4.5 Discussion

The temperature and field dependent study shows that a significant reduction of

currents across grain boundaries oceurs when the misorientation angle is greater than

1.8°. Furthermore, it was shown that the array of dislocation cores on a 1.8 grain

boundary does not affect the critical current density at all. The critical current density

values of the 1.8° GB ring samples were always very similar to those in the companion

grain samples. This suggests that a 1.8° grain boundary either does not affeet the grain

boundary current density or it is overshadowed by some other property of the YBCO

films. Indeed, the films on SrTiOs substrates eontain a high density of twin boundaries,

which are formed during the tetragonal-to-orthorhombic phase transition when

synthesizing the YBCO thin films.^^ Along twin boundaries, the orthorhombic nature of

the lattice is accommodated by a 1.8 misalignment of the (l 1 o) planes on either side of
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a (110) twin boundary.^® In addition, dislocations called twinning dislocations are found

0 ̂ o

in twin boundaries. Therefore, a twin boundary may be somehow analogous to a 1.8

grain boundary. Consequently the grain part of the ring has a very large number of twin

boundaries with accompanying 1.8 misorientations. While the twin boundaries do not

contain dislocation cores, the presence of many 1.8 misorientations may mimic a 1.8

o

grain boundary. In other words, a grain ring effectively consists of a large number of 1.8

grain boundaries. Therefore, a 1.8° GB ring and its companion grain ring samples are

indistinguishable in their current conduction.

Let us now consider the asymmetric curves of magnetic moment versus magnetic

field curves for the 2.8°, 5.1°, and 7° GB ring samples, which contain peaks. These curves

also give evidence for weak link behavior of a low angle grain boundary. We can simply

assume that a low angle grain boundary consists of two parallel conduction regions,

across one of which currents can flow and across the other of which just tunneling

currents can flow (a weak link region or the Josephson junction). When fields are applied,

a grain boundary is filled not only with applied fields penetrating into the sample but also

with self fields created by currents flowing parallel to the sides of the grain boundary.

Those two kinds of fields are in same direction when the applied field is increasing. It is

already noted that the flow of txmneling current on a Josephson junction depends on the

magnetic flux in the plane of the junction. Therefore, the total magnetic flux on each

weak link region is large enough to severely reduce the tunneling current flowing across

it in increasing field. In this case, large portions of currents are reflected at a grain

boundary and must remain in the grain, creating strip-like magnetic moments. This view
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of the in-field grain boundary explains why the field dependent m{H) curves of GB rings

appear similar to those of the open rings in increasing applied fields.

On the other hand, it should be noticed that in decreasing fields from 65 kOe to

the peak fields, the features of the field dependent magnetic moment curves of the GB

rings resemble those of grain rings. When the applied field is reduced from its maximiun

values of 65 kOe, induced currents begin to flow in opposite direction. In this case, the

direction of the self field created by the induced currents on a grain boundary is opposed

to that of applied fields and consequently the total magnetic flux on each weak link

region at a certain applied field is relatively smaller than in the increasing applied fields

ease; for increasing, and for H decreasing, -self H^elf

As the applied field decreases, the grain current density and associated self-field becomes

larger. In some field range, the total magnetic flux on a grain boundary become small

enough to allow tunneling currents to flow through weak link regions. These tunneling

currents become larger and larger, contributing to a growing ring-like moment.

Therefore the eharacteristics of m versus H curves of GB ring samples in decreasing

fields are similar to those of grain rings. For « 0, the maximum grain bormdary

current density is obtained, this maximum creates the maximum magnetic

moment, and this moment appears at the peak of the m{H) curve of the GB ring.

A further decrease of the applied field leads to a rapid decrease of the magnetic

moment. This decline may be explained by the fact that on a grain boundary, the self field

produced by currents becomes larger than the applied field and the magnetic flux on the

grain boimdary begin to increase. As a result, the current across the grain boundary
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decreases. The rapid decrease of magnetic moments after the peak field can be explained

by the rapid increase of grain current densities as the applied field decreases.

The idea that the appearance of peaks on m{H) curves of a GB ring sample is due

to the weak link property of a grain boundary and a null on the grain boundary is

supported by the result of a following experiment using a 5.1 GB ring. After making a

full m{H) loop to 65 kOe, we then began to retrace the loop, increasing H from low field.

Then at 2.2 kOe, the applied field was decreased in 20 Oe steps until the magnetic

moment reached on the values on the decreasing field branch of the m{H) curve (Figure

4-19). The changes were very gradual and a field change of at least 100 Oe was needed

in order to reach the upper branch. This experiment was repeated by reversing the field

sweep at 4 kOe, with similar results. On the other hand, when decreasing H from high

fields to 2.6 kOe, an increase oiH of 20 Oe produced a large reduction in the magnetic

moment (see Figure 4-19). An increase of only 20 Oe from 2.6 kOe (which is the peak

field of the 5.1° GB ring sample) or from 4 kOe is large enough to switch the magnetic

moment almost to the increasing field branch, for both cases. Increasing the applied field

from 1.8 kOe shows less diminution of a magnetic moment. It is suggested that near the

peak field, while the field is decreasing, grain boundaries are very sensitive to field

changes in the reverse direction. Those changes quickly add magnetic flux on the grain

boundary; even a small field-increase changes the sign of on a grain boundary,

resulting in large changes in . If the grain boundary is a weak Imk, then the

tuimeling current flowing across the grain boundary would drastically decrease upon

even a very small change of magnetic flux on the grain boundary, just as this experiment

shows.
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4 kOe) and sudden increase of an applied field fi^om 4 kOe, 2.6 kOe and
1.8 kOe during decreasing field history (diamonds for 4 kOe, circles for
2.6 kOe, and squares for 1.8 kOe).
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CHAPTER 5

CONCLUSIONS

Taking advantage of the sensitivity of SQUID and the simple geometry of a

sample that facilitates the calculation of a current in the sample, we have studied the

current transport properties of small angle grain boundaries in YBCO thin films.

Relating the measured magnetic moments to the current configurations in GB,

grain, and open ring samples, we could successfully separate the total magnetic moment

of a GB ring into ring-like and strip-like moments, and obtain a pure grain boundary

current density Jf. This method was used to analyze the data from the temperature

sweep experiment. Several properties of the small angle grain boundary were discovered

in the temperature sweep experiment. First of all, even a very small misorientation on a

YBCO thin film diminishes by a significant amount the grain boundary current density

. The critical angle, at which a grain boundary begins to obstruct a current flowing

across the grain boundary, seems to be in the range 1.8° <&< 2.8°. Second, the current

flowing across a small angle (1.8° <0<1°) grain boundary subsists up to the grain

critical temperature Tc. Finally, properties of 1.8 grain boundary are camouflaged by the

large number of twin boundaries in a YBCO thin film, which form with 1.8

misalignments while synthesizing YBCO thin films on SrTiOs substrates; this is the

reason why no difference between the 1.8° GB and its companion grain rings was

observed.
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From the low field study, we could see that even a small current created by the

application of very small fields (few Oe) can not completely flow across a grain

boundary; we observe some the current reflection at a grain boundary in very small

fields. This directly shows that the current conducted by even a very small angle grain

boundary (1.8° <^< 7°) is just the corresponding to a vortex distribution created by the

low applied field (but enhanced by demagnetizing effects).

In the field sweep experiments, curves of magnetic moment versus field for the

ring samples were obtained. Compared with the m{H) curves of a grain or an open ring,

the m{H) curves of a GB ring shows several distinct properties. First of all, in increasing

field, the m{H) curve of a GB ring resembles that of an open ring, while in decreasing

field, it is similar to that of a grain ring. Second, a huge peak appears on the ni{H) curve

of a GB ring only in decreasing field. These two features of a m{H) curve suggest that

the current flowing across a grain boundary increases when the applied field decreases

from its maximum value of 65 kOe. Furthermore, the peak field is proportional to the

current density of a companion grain ring, measured at the same temperature and same

field as the peak. Finally, in a decreasing field near the peak, even a small increase of the

applied field changes the total magnetic moment by a huge amount; the grain boundary

seems to be very sensitive to the total magnetic field on the grain boundary. All of those

features can be explained by the weak-link behavior of a small angle grain boundary.

This study clearly shows that a small angle grain boundary acts a weak-link, as does a

large angle grain boundary.

In conclusion, this study suggests that to obtain the highest current density in

YBCO thin films, and coated conductors with present grain boundary structures, it will
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be necessary to reduce the grain boundary angle to around 1.8 . One conceptual approach

is to design and operate the system so that the YBCO has zero total field on each grain

boundary. Although very difficult (if not impossible) to implement, this would take

advantage of the fact that the location of the peak is determined by the grain , but does

not depend on the grain boundary angle itself.
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