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Flux Creep in Bi2Sr2CaCu2Ox and YBa2Cu3Ox Thin Films:

Magnetization and Susceptibility Studies

Chapter 1
Vortex Dynamics in HTSC
Superconductivity has been studied for almost a century. The recent surge of
publications about superconductors, which began in 1987 with the discovery of high
transition temperature (TO superconductivity (HTSC) [1], is reminiscent of the boom

of interest in semiconductors as a result of the development of the first transistor in
1949. Since 1987 there has been great progress in understanding superconductivity,

partly as a result of a larger scientific effort than before. Although some of the
theoretical aspects have been modified, most of the theoretical implications from
experiments on the low temperature superconductors (LTSC) have survived and have

been enriched by the fact that the critical temperature in HTSCs is high (80 K to
150 K) and superconducting parameters of the material lie in regions that were rarely

considered before. In this chapter we briefly introduce the reader to some aspects of
superconductivity relevant to this thesis and prepare the ground for more in-depth [2]
analysis.
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First we will describe the static properties of the vortex lattice itself. Then we
will show how it interacts with the pinning centers and describe its elastic proper-

ties. Finally we will take a look at the problem of dynamic characteristics and try
to highlight the difficulties in their determination for the case of high temperature
superconductors.
1.1

Introduction to the Vortex Lattice
Although superconductivity means perfect conductivity, superconductors are much

more than just perfect conductors. Perfect conduction combined with the Meissner
effect (mathematically expressed by London equations [3]):

E=

aat kj

h = ccurl(Aj)
where A =

47042
c2

=

(1.2)

m

(1.3)

ns e2

leads to much more interesting physics. The ratio of the penetration depth Ai , over
which supercurrents and magnetic fields inside the superconductor decay, and the su-

perconducting electrons' coherence length e, separates the superconducting materials

into two classes. For the first 20 years after the discovery of superconductivity, the
type-I superconductors were the primary target of investigation, but later, especially

after discovery of HTSCs, type-II superconductors were more intensively studied,

primarily due to their better practical applicability. The ratio is = IL ' known as
C

3

24
vortex
core

2X
Figure 1.1: Structure of a vortex line in a type-II superconductor. The magnetic field
is concentrated in the normal region in the core of the vortex of diameter 2e. The
boundary between the normal core and superconducting medium, where screening
currents run, is on the order of A.

the Ginzburg-Landau parameter, defines the boundary between type-I and type-II

superconductors at K = 1/.. This has to do with the value of the energy needed (or
released) to create a wall between superconducting and normal phases in the uniform

material. For type-II superconductors (K > 1/4, this energy is negative, making
it favorable for the creation of magnetic vortices, the structure of which is shown
in Fig. 1.1. HTSCs, with Ai of order 100 nm (comparable to, or slightly larger than
LTSCs) and e extremely short at between 0.3 and 2 nm, are extreme type-II superconductors. The vortices, each of which contains exactly one flux quantum, (1)0 = he /2e,

arrange in the form of the triangular lattice first predicted by Abrikosov [4] and later

4
-m

Type - I (a)

Meissner

normal

1.

Shubnikov

Meissner

B

H

Hcl

Fii

Hc

B

He

Ha

Hcl

Figure 1.2: Magnetization curve of a long cylinder in a field applied parallel to its
main axis (type-I (a) and type-II (b) superconductor).

observed by neutron scattering [5] and ferromagnetic decoration [6] experiments. As

long as vortices are static, the superconductivity of the material is preserved in the
Shubnikov (mixed) phase. As a consequence of creation of vortices, the magnetization

of type-II superconductors is significantly different from type-I materials (Fig. 1.2.)
Although perfect diamagnetism is observed in both cases up to the first critical field

I/6, the type-II superconductor allows gradual penetration of vortex lines inside the

material thus increasing the susceptibility x above Ha. This continues up to the
upper critical field Ha where the transition to the normal state is observed when the

distance between vortices becomes on the order of e (Hc2 N kl)og2). In contrast, a
type-I superconductor loses its diamagnetism abruptly (although strictly only in the
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geometry with demagnetization factor equal to 0) at the thermodynamic critical field

H. It is worth noting that many type-I materials in a 2D geometry (films) behave
as type-II superconductors when the applied magnetic field is directed perpendicular

to the film's plane.
Clearly, for the above ideal, reversibile case of a type-II material, the differential

susceptibility is negative for fields up to Hel. Above Hel it changes sign to positive, which is associated with the magnetization of the vortex lattice. It is possible

to find analytical expressions for M(H) only near Ha and Ha [7]. For H <

the sample is in the field-free Meissner state with M = ,17n.H. Above the first
critical field, vortices easily penetrate the sample because their long-range interaction (repulsive) in the bulk is exponentially small ( --r112 e-r12/A0 This causes an
abrupt increase in absolute magnetization which has a logarithmic anomaly near Hel

(B

v3)2
,iOn 4 pi2(HHci) )
A1

34.°

2

and d dff
H

magnetization decreases linearly [9] (M ti

(HHcln(11(HHci-3)
[8]. Near Ha, the
O1
n
while the vortex-vortex interac-

tion at short distances diverges as ln(2-q-).
For intermediate fields Hc1 < H < He2
*12
there is no established analytical expression and therefore results of numerical calculations are usually used [10].

Perfect reversibility is seldom applicable to real type-II samples at temperatures
below T. Due to bulk or surface pinning of vortices, the magnetization curve is most
often irreversible. If the magnetic field dependence of the critical current is weak
enough, the contribution to the magnetization from pinning and reversible magnetiza-
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tion can be separated [11]. The width of the magnetization curve AM = M(t) M(4.)

corresponds to the irreversible part due to the pinning and is proportional to the crit-

ical current of the material. These are usually related through the Bean model to be
discussed later. The reversible part m(t)--kf(4) is proportional to the magnetization of

the vortex lattice.
1.2

Elastic Properties of the Vortex Lattice
The concept of elasticity of magnetic flux lines was introduced independently of

superconductivity [12]. The underlying physics is of course related to the electromag-

netic interactions between the vortex lines. The microscopic magnetic field around

the flux tube is obtained from the combination of the London equations with the
Maxwell equations [13]:
ho

ro

410

47VC°

At

(1.4)

)

Using this as a starting point, Silcox and Rollins [14] described the elastic constants
which were later calculated [15] and finally corrected and modified by Labusch [16]

using the expressions for reversible magnetization. The elastic constants cii relate
stresses a- to the strains ei of the flux lattice through Hooke's law:
Qs

= cjej,

where, in usual notation, i refer to 6 possible suffixes xx, yy, zz, xz, yz, and xy,

22 =

au x
aX

and exy =

au x
ay

auy

ax )

7
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and u is a displacement vector for the particular deformation of the vortex lattice. If
we take the magnetic field lines in equilibrium directed along the z-axis, the forces

acting on the line are independent of ezz thus reducing the relations between i and
Cri to:
Crxx

C11

C12

0

0

0

Exx

Qyy

C12

C11

0

0

0

EY1/

0

0

C44

0

0

oxz

0

0

0

c44

crxy

0

0

0

0

cryz

The condition c66 = 2 (c11

=

C66

x

E yz

(1.5)

Ezy

c12) is always assumed. c11 and c12 are compression (bulk)

moduli approximately equal to B2fif . c44 represents the energy density needed to
perform tilt deformation and is approximately equal to B H. The shear modulus c66
is much smaller than the bulk and tilt moduli, as is evident from above equation, and

it is proportional to

((1
2

4)2* The important message from this is that in

high-4c materials the ratio of c66 to c44 and c12 is on the order of 1/10K2 at Ha/2 and,

as we will see in section 1.4, shear deformation will therefore determine the pinning

strength in this case.
At this point we shift our attention to pinning, leaving more in-depth discussion

to related articles [17, 18] and books [19, 13]. The basic relations described above
are adequate for vortex-vortex interaction in the bulk ignoring the effects of surfaces.

The correction to elastic moduli of the vortex lattice near the surface perpendicular
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to the magnetic field direction has been studied by Brandt [20] and Marchetti [21]
and is based on the classic work by Pearl [22] where he showed that the vortex-vortex

interaction energy in films at large distances is not exponentially small but falls off

as the inverse of intervortex distance r. The above introduction to vortex-vortex
interaction describes effects on pinning which will be important in the next section.
1.3

Basic Pinning Mechanisms
Pinning of the flux lines by structural defects is one of the most important prop-

erties of type-II superconductors and enables the passage of high currents without

dissipation. To understand fully how the vortex lattice is pinned by defects or by
the surface, we begin with a brief explanation of basic pinning mechanisms and then
approach the problem of summation of pinning forces.

Bulk pinning is usually caused by local fluctuations in the properties of the material which result in the modulation of the free energy of the specimen with respect

to the position of the vortex lattice. Therefore the pinning strength of a particular
pinning center represents the variation of the total free energy of the system with
position of the vortex lattice. The interaction of the single vortex with the impurity

in the crystal can be simplified if one splits the free energy of the vortex into two
parts: one associated with the condensation energy of the normal core and another
one due to the energy of the magnetic field produced by the circulating currents. The
first causes what is known as core pinning and the second produces magnetic pinning.

9

1.3.1

Core Pinning

Defects usually deviate from the surrounding material by having a different den-

sity, elasticity, electron-phonon coupling, or electron mean-free path. The first three
give rise to a local change in Tc, whereas the last leads to variation in lc. So the core

interaction with the defect has its origin in "6Tc-" or "orc-modulation".
The core pinning mechanism follows from the Ginzburg-Landau free energy derived from microscopic theory [23]:

F=
with A = N(0)(1

0 = --/V

B Io14
{A16,12 +
+ +CIaAr
+ 82}
d3r {AI6,I2
+ -2-16,14
claAr +
/82

J

(1.6)

t), t = TIT,, B = 0.098N(0)1(kTc)2, C = 0.55eN(0)x(a) and

(2e/h)A. A is the vector potential related to the local field h,

the pair potential related to the order parameter via 16.1 2 =

A 214112

(r) is

with m being the

electron mass. a = 0.880fr is the impurity parameter dependent on the electron
mean free path it,., N(0) is the density of states at the Fermi surface, and x(a) is the
Gor'kov impurity function [24]. Thus the defects perturb the coefficients A, B, and C,

as well as the vector and pair potentials. It follows directly from Eq. 1.6 that the 87',perturbations couple to the terms containing A and B, whereas /tr fluctuations lead to

perturbation in the third term and reflect Sic-pinning. Corresponding parts of the pin
potential ft(r) are proportional to CAI 42 N 15-1-H2c1012 and 5CIA12

where the reduced order parameter i'012

IVO co 2

He 2_
4,74210 .

L5t-,2H2 IV012,

The elementary

pinning force fp is obtained by determining the maximum value of V 1,, and obvi-
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ously it will have different temperature and field dependences for different pinning
mechanisms (the gradient of 1012 has to be taken once in the case of (ST,-pinning and

three times in the case of o/c-modulation). The magnetic field dependence of 10(r) I2

has been worked out by several authors [25, 26] and the final result is the following:

for isolated vortices (B < 0.2B,) both mechanisms result in a pinning force strength

proportional to 1/ whereas at high fields (overlapping vortices) fp is proportional
to e-1V6(1

b) and

'-'1N/17-3(1

b) for (ST,- and 61c- pinning correspondingly. Differ-

ent terms in lip will cause different temperature dependencies, too. These differences
should hold in general as long as the defects have the same shape i.e. point, planar, or

linear defects can not be treated equally. This illustrates how a very simple physical
mechanism can result in complicated dependencies on the variables of the experiment,

making it very hard to prove experimentally the validity of these expressions.

Most often defects encountered in the bulk material are impurities, dislocations,
and twinning planes. Dislocations and twinning planes usually change the local value

of T, [27] via two possible mechanisms related to the normal character of the vortex
core giving rise to a larger density (AV-effect) and larger elastic constants (SE-effect)

in the core. The SE-effect is quadratic in strain and therefore always repulsive with

characteristic values of AEIE ,,, 10-4. The AV-effect can be either repulsive or
attractive depending on the change of the density inside the core and the relative
values are AV/V ", 10-7. Impurities often change the local chemical composition
therefore changing T, as well as increasing the scattering rate. This changes the
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local value of K by lowering the coherence length, and thus is a primary source for
(Sic-pinning.

In the above brief analysis only single-defect interactions were considered, which

might not be valid if the pinning centers' force range overlap. The effectiveness of
the pinning force decreases considerably if the pins strongly overlap. A nice example

is the limit of the amorphous superconductor where the pinning is very small. For
the pinning to be effective, one needs modulation of the composition on the order of
coherence length e or intervortex spacing a0.

1.3.2

Magnetic Pinning

As pointed out earlier, in addition to the core energy there is a contribution to the

free energy of the vortex line associated with the magnetic field energy and kinetic
energy of the vortex currents [23]:

Fu, = 817

J

dr(h2 + A2curl2h)

(1.7)

Let us consider a vortex lattice near the smooth infinite boundary of superconducting material with non-superconducting material (air, for example). The presence of
inhomogeneity (in this case superconductor/insulator wall) causes a positional depen-

dence of the VL magnetic energy term. Therefore the wall serves as a pinning plane
for the vortices, which are subject to forces perpendicular to the wall. There are two
forces exerted on the vortices near the wall:

12

A repulsive Lorentz force by the surface shielding currents that corresponds to

the flux density difference between outside and inside the superconductor and
is equal to the reversible magnetization of the material 41-Mrey = B

H0. The

value of the surface shielding current density exponentially decreasing from the

boundary is:
2s

= Mreve_xpq ,

thus causing a force per unit length on a single vortex:
2038

0

MTet1 x/Ai
e

(1.8)

A force attracting vortices to the wall caused by the distortion of the vortex periodicity near the boundary. This force can be calculated considering
an image vortex lattice of opposite direction across the interface and is [13]
aa_Afca -2x/Ai
t-

Therefore the total pinning force per unit length on a vortex at the boundary is equal

to

Vr-ira. The above discussion is summarized in Figure 1.3. The above picture

is very similar in the case of a normal metal

superconductor interface although

proximity effects have to be included.

The magnetic pinning centers are expected to be larger than in the case of core
pinning (Ai >

for type-II superconductors) and consist of inclusions of voids or

normal metal precipitates in the superconducting matrix. Also possible is the pinning
by a superconducting phase with a different Ha embedded in the superconductor with

13

(b)
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Figure 1.3: (a) Undistorted microscopic magnetic field distribution h(r) near the
insulator (1)superconductor (S) boundary. The surface shielding current repels the
vortices. (b) The distortion of the field near the boundary due to the "image vortex"
field. (c) Potential energy for a single flux line near the I-S interface.

14

higher Hc2 [13]. This results in a peak in the magnetization curve at magnetic fields

Hc2 < H < H',2 when the "impurities" become normal.

1.4

Summation of Pinning Forces
In the sections above we briefly described the basic interactions between two vortex

lines as well as between a vortex line and a pinning center. In applications, usually a

third force exists - the driving force (the Lorentz force proportional to

exerted

on the lattice due to combination of the transport, bulk, and/or surface shielding
currents. In order for the vortex lattice to be stabilized (static) the pinning force has to
be equal to or greater than the driving force. Assuming a large number of uncorrelated

point or linear defects in the superconductor, it is obvious that the pinning cannot be
achieved if the lattice is perfectly rigid (Cij

oo) (Fig. 1.4 a). Therefore the pinning

effect is accomplished by the creation of vortex lattice deformations that balance the

vortex elastic energy and the positional dependence of the free energy of the vortex.
The maximum plastic deformation (and thus maximum coupling between a vortex and

a pin) is usually associated with the smallest nonvanishing elastic modulus coupled
to the sharpest pinning potential well. By coupling to the random network of pinning

centers the vortex lattice loses its longrange correlation. Depending on the product
of the VL correlation volume VV and the defect concentration n two possible limits
are usually considered:

15

(o)

Figure 1.4: Unit volume of vortex lattice containing random pinning centers (a)
perfectly rigid vortex lattice (cii --÷ oo); (b) soft lattice (cii -+ 0)

nV, << 1 (small concentration of pining centers or large magnetic fields). Each

center plastically deforms the lattice by a fraction of intervortex spacing and

holds it with maximum force f. In this case, direct summation of elementary
pinning forces is approriate, resulting in jB = fn.
nVe >> 1 (large concentration of pining centers). In this case no long-range
translational order exists in the vortex lattice but Vc is larger than the intervor-

tex spacing. The maximum pinning force acting upon the vortices in a volume

V, is now f-VTV [28], where N = nV,. This so-called collective pining [28] is
based on the spatial fluctuation in the density of the defects within the correla-
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correlation volume K. The critical current sustained by this configuration is

derived from jB = f
In the above description we did not consider any temperature or field variation of

the pinning strength and pinning force radius nor any change in the elastic constants

with temperature and magnetic field. In a more realistic picture the H-T diagram of

the superconducting material is subdivided into several areas, each associated with

a certain pinning limit which results in a particular j(T, B) dependence. The line
in H-T space where the critical current j vanishes (or the E-j characteristic of the
material becomes Ohmic) is called the irreversibility line. For LTSC, the theoretical

j(T, B) has been shown to consistently agree with experimental results [29], but the
phase diagram of HTSC materials has been complicated by several factors which are

intrinsic to these materials. The result is a very overparametrized theory that has
lead to misinterpretation of the experimental data because of the lack of experimental
control of some of these parameters [30]. In the next section we discuss some of these

properties of HTSCs.

1.5

Superconductivity in YBCO and BSCCO
High temperature superconductors have the layered perovskite -type structure

shown in Fig. 1.5. It has been established that the superconducting order parameter
is enhanced in the Cu-0 layers and suppressed between the layers, although the coupling between the Cu-0 planes is supposed to play a significant role [31]. This leads
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Figure 1.5: Crystal structure of HTSC (a) YBCO and (b) BSCCO

to a large anisotropy in the superconducting electron effective mass (e = Vmdmob)
reflected in the anisotropic coherence lengths (e = V2m14.(7,), where a is a Ginzburg-

Landau parameter) and penetration lengths (ai = 4 ). The crystallographic
c-axis is perpendicular to the Cu-0 layers and the effective electron mass along it Inc
is much larger than the in-plane effective mass mai, (e

5 for YBCO and E 'Ad., 50 for

BSCCO). It is useful to note from the above equations that Az and

are proportional

and inversely proportional to the effective electron mass respectively.

The significant difference from LTSCs is, of course, the high transition tempera-

ture in HTSCs. This leads to extremely small core dimensions (e N hvF/Tc) which

causes enhanced thermal and quantum fluctuations. Also, it extends the region of
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temperatures where thermal fluctuations play a significant role in the vortex dynamics. The large uniaxial anisotropy promotes fluctuations, too, and makes it possible to

relatively easy monitor the quantum fluctuations at low enough temperatures. Thermal fluctuations are characterized by the Ginzburg number which represents the ratio

of TT to the minimal condensation energy in the core Mee. This ratio is increased
by three orders of magnitude in HTSCs, making it possible to distinguish between the

(T) line and the melting or irreversibility line. Between these two lines, the pinning effect of defects is destroyed due the large thermal fluctuations and the vortices
form a fluid-like matter. The major theoretical issue when studying vortex dynamics

transition from the pinned vortex state to the vortex liquid state is the nature of the

transition: is it caused by the vortex lattice "melting" [32] or it is simply a result
of the diminished strength of the pinning (depinning of the vortex lattice [33]). Although at this time most of the "community" believes in the first mechanism, there

are certainly a number of experiments which suggest the opposite [34]. Although
the transition from "crystalline" or "glassy" order of vortices to fluid-like behavior

is under scrutiny using a variety of experimental methods, the study of the frozen
vortex state is of utmost importance for practical purposes.

In particular, because of the very high anisotropy and temperature the "continuous" vortices decompose into set of socalled vortex pancakes. In the limit of very

high anisotropy the superconductor can be modeled as a stack of superconducting
layers weakly coupled with each other. Magnetic field applied perpendicular to these
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layers penetrates in the form of vortex tubes which in this case consist of a stack of
vortex pancakes. The pancakes in the individual superconducting layer interact with

each other as well as with the vortex pancakes in the adjacent layers. Depending on

the strength of the layer coupling, magentic field, thermal fluctuations and pinning
the vortex configuration as well as its dynamics can change considerably. The ability

to predict the vortex pancake intra and interlayer coupling and its dependence on

temperature and magnetic field is very important for the design of the shape and
density of pinning centers.

One of the theoretical approaches was developed by Glazman and Koshelev [35]

and it is based on weak Josephson coupling between the superconducting planes in

the absence of pinning. Not going into details of the calculations they predict the
following picture of the vortex structure change with temperature 1.6 in the case of
the magnetic field applied perpendicular to the planes. For small enough fields (below

B) the initial long range correlation within the planes and along the field is broken

by the high temperature fluctuations in such a way that the correlation along the
field direction remains intact while the correlation length in the planes disappears.
Consequently the shear modulus vanishes while the tilt modulus c44 remains nonzero.

At even higher temperatures c44 goes to zero and vortices "evaporate". If on the other

hand the magnetic field is larger than B the vortex line melting proceeds directly
i.e. vanishing of the c44 and c66 is simultaneous. This picture has been disputed

by several authors [36] and most often the disagreement is in the possibility of the
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Figure 1.6: Vortex structure transitions in HTSC.
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vortex state such that vortex correlation in the planes is nonzero while the interplane
correlation is completely lost (this is the case of nonzero c66 and c44 = 0). Again, this

is an important issue for the design of pinning centers (one dimensional vs columnar).

In the case of HTSCs, the interaction between pinning centers and individual
vortices as well as modes of collective response of the vortex lattice to crystalline
disorder is much more complicated to extract from experimental data than that of
LTSCs. Because the individual vortices in type-II materials are susceptible to defect
sizes down to the order of C, the material parameters have to be controlled on lengths
comparable with C. Only after reliable control over the bulk and surface of the sample

on such a scale has been established, can one firmly start investigating the intrinsic
properties of the vortex lattice and its interaction with the pinning centers. Since Cab is

of the order of a few tens of Angstroms and G is just a few Angstroms at temperatures

up to within few degrees of Tc, this control has never been established in HTSCs and

probably will not be in the foreseeable future. That is mostly why we presently have

journals flooded with experimental data and theoretical analysis thereof which are
either inconclusive or contradictory. The lack of samples with quality on the order
of the crystal lattice spacing parameter is really why there is no conclusive consensus
on the microscopic mechanism of HTSC.
Attempts to introduce crystalline disorder or pinning centers with size of the order

of C which can be relatively well controlled and varied started from the early stages
of HTSC synthesis. Long columnar tracks passing across the sample thickness were
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generated using high- energy heavy-ion irradiation [37, 38, 39, 40]. The heavy ions

usually produce tracks with a radius on the order of a few nanometers with density controlled by the intensity and duration of the beam exposure. Obviously the

positional order of the columnar tracks is random and the pins are most effective
when the vortex lines are parallel to them, since a larger volume of the vortex line

interacts with the pin in that case. This is generally what is observed in the angular dependence of the critical current j(e). Also the pinning is enhanced when the
density of the line pins coincides with the density of vortex lines. The pinning of flux

lines by columnar defects has been very nicely approached from statistical point of
view by Lyuksutov [41] and simplified to 2D "Bose-glass" state by Nelson and Vinokur [42]. Other types of controlled defects include nonparallel columnar pins called

"columnar splay" [43, 44] where columnar defects at different angles coexist in the
crystal. Columnar pins are one of the best understood HTSC pinning centers to date

because of the good control of the experimental parameters. Bulk point defects are
still hard to control since they have to be introduced during the crystal preparation.
Introducing quasi-1D pins during preparation of HTSC ceramics is much easier [45]
but the fact the ceramic itself is very imperfect (the intergranular connection forms a
Josephson S-I-S junction) makes it impossible to extract detailed physics from these
experiments.
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1.6

Dynamic Regimes of Vortex Motion
The dynamics of vortices becomes even more rich in the case of HTSCs. The the-

ory of vortex motion derived in LTSC remains intact although experimentally limits

not discernible in LTSCs became important in HTSC. The theory of vortex motion

is based on very simple facts: vortices are massless objects driven by the Lorentz
force due to the macroscopic currents inside the superconductor and pinned by some

pinning forces due to the bulk or surface defects as discussed above. Thermally ac-

tivated flux jumps were first described by Anderson and Kim [46] in terms of the
voltage produced by thermally activated flux motion of individual vortices from their
potential wells:

E(j) = 2Pcic exP (UAT) sinh (iWickT) .

(1.9)

U is a potential barrier height for vortex hopping from one well to another which is
lowered by the applied current for hops in the direction of the Lorentz force ii,j(Do/c

by U(B,T)(j 1 jc(B)) and increased by the same amount for hopping in the opposite

direction. jc(B) is a phenomenological critical current density at T = 0; U(B, T)
is a pinning potential depth, pe = Er where vo is an attempt frequency for jumps
between the wells and 1 is the average jump distance. This becomes transparent if
one recalls that the electric field in the superconductor is mainly due to the drift of

the vortices and thus E = vB = pj. It is important to note that in this model the
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lowering of the potential barrier is linear in the current density j/jc:
U (T, B) = Uo(T) (1

ic(B)) .

(1.10)

In the case of LTSCs the inequality U >> kT is always valid and therefore the creep

rates are low for all temperatures below Tc except for few tens of millikelvin near T.

Two limits of the Anderson-Kim formula (1.9) are important from an experimental
point of view: flux creep which is relatively low at T < Tc and produces an exponential

j dependence E(j) = pej,exp

tro

kipE

c)) (the hopping against Lorentz force can

be neglected since U kT >> 1), and, very close to 71, the flux flow regime with a linear

E

j dependence. Ohmic resistivity is observed for large probing currents j >> jc

(i.e. magnetization measurements) very near T. The magnetic field dependence in

this case [47] is linear: E (j) j = pi/ = pnt.
HTSCs bring more complexity to the above situation with two distinct E

j

characteristics: exponential and linear ones. This is mainly due to the fact that
U 'Add kT in a large temperature range below Tc. Since U

kT the transition from

nonlinear to linear behavior is much broader and more complex due to the as yet
unclear current dependence of U. Even at low temperatures, where E j is nonlinear,

the creep rate is large and therefore the terms like thermally activated or giant flux

creep were introduced [48]. Thermally activated flux flow (TAFF), in conjunction
with conventional flux flow, became a new phenomenon seen first in HTSCs [49]. It is

prominent in a large temperature interval below 71, (around 10 K in YBCO and more

in BSCCO) and it depends on the applied magnetic field. It can be derived from
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equation (1.9) by simply linearizing sinh which is small close to Tc and the linear

E

exp( U /kT). The temperature

j characteristic is then given by E(j) =

region of linear TAFF can be extended by increasing the applied magnetic field as

well as increasing the anisotropy of the material. It is widely believed that in this
region of the H T diagram, the flux lines form a viscous liquid-like matter i.e. do
not exhibit shear stiffness. Their motion is thus governed by a simple diffusion-like
process with a diffusion constant proportional to TAFF resistivity: D = PrAFFI

The transition region from linear to nonlinear behavior is fairly large in HTSCs

and thus experimentally accessible leading to a need for an adequate theory to describe it. There are basically two theories which try to explain this phenomenon:
collective creep (or pinning) (CP) and vortex glass (VG) theory. They were adopted
from the LTSCs and critical phenomena in spin glasses respectively. CP was devel-

oped in the 1970s to describe weak pinning in amorphous LTSCs - specifically the

peakeffect [28]. Collective creep is based on the assumption that the thermally ac-

tivated jumping volume V of FLs in a weak pinning environment depends on the
current density and becomes infinitely large at j

0. Therefore the activation en-

ergy diverges as U oc V oc VP with a > 0 and the thermally activated resistivity
p ti exp(U (j) I kT) becomes truly zero for j

0. These results were first derived for

HTSCs by Feigelman [50] and further modified for anisotropic [51] and layered [52]
superconductors. Qualitatively the same result is obtained by vortex glass theory [32]

where the transition from a liquid-like vortex phase to glassy phase is assumed, sim-
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ilar to the glass transition in spin glasses. The so-called VG correlation length eva
(which is supposed to be different from the LarkinOvchinnikov correlation length of

vortex bundle) and the relaxation time rvG diverge at the glass temperature T9 with

a powerlaw dependence leading to a power law E

j at T9 and p oc exp[(j2/j) °]

below the glass temperature. In the theory of collective creep, the analog of T9 is
the melting temperature above which the vortex loses its elastic stiffness. Although
both theories have had limited success in explaining the experimental data, they are
sufficiently overparametrized to do so. This leads to very complex phase diagrams in
both cases [53].

Finally, it is worth mentioning an important vortex dynamics effect

quantum

creep. Since all of the above mentioned processes are thermally activated, the measured relaxation rate of the magnetization depends on the temperature. At very low
temperatures (less than 1 K), the relaxation rate becomes independent of temperature

and the vortex motion proceeds via quantum tunneling [54]. The thermal depinning

rate (proportional to exp(U/kT)) is replaced by a tunneling rate (proportional to
exp(SE/h)), where SE is the Euclidean action of the tunneling process under consid-

eration. Measurements of quantum tunneling in BSCCO using Hall magnetometry
have been recently performed by Seidler et al. [55].
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Chapter 2

The Critical State (in a Thin Film Superconducting Disk)

2.1

Brief Encounter With Critical State Models
One of the important problems in experimental superconductivity is non-destructive

measurement of the critical current. There are two general approaches: contact, usually four-probe AC or DC, or contactless measurements. With the appearance of the

ceramic HTSC the importance of the latter has increased tremendously because of

the problems associated with the contacts (complex heat treatment processes and
higher contact resistance than that of the bulk usually leading to contact heating).

Contact less measurements of the critical current density jc are most often performed via measurements of the magnetic moment of the sample. Calculation of j,
in this case is usually via the Bean model [56]. The model assumes that after initial

penetration of the magnetic field in the form of vortices, they are pinned in such a
way that the field gradient induces a circulating current with three possible values:

jc, jc, or 0. If the circulating current were more than jc, the material would be
normal conducting; if it were less, then the pinning is not as strong as it could be.
As the field is increased, the vortices further penetrate the sample, keeping the field
gradient constant. A description of the model for the simple case of a long cylindrical

sample of radius R is shown in Fig. 2.1 . The field gradient established inside the
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sample is:
Jc

4ir

(2.1)

Neglecting both thermally activated flux motion and the field dependence of the
critical current, a stable configuration is reached when the pinning force density fp
is equal to the Lorentz force density ft = -!(j x B) everywhere inside the specimen.

After the full penetration field Hp is reached the current distribution (and hence
the magnetization) remains the same for any increasing magnetic field value (if jc

is independent of B) until reversal of the external field (point C on Fig. 2.1). As
shown in Fig. 2.1, the current density then changes sign at the sample boundary and
the situation is established where currents with opposite directions are present in the
sample. As the field is further decreased the 'front' of the negative current progresses

inside the sample until it reaches the center (point D).
In practice, one cycles the applied field between ±H. where Hmaz is larger than

2Hp, so that the flat regions on the resulting M(H) hysteresis curve exist for the
same applied field. Then it is easy to show [13] that je = 15-V (where R is in cm,
M in emu/cm3 and jc in A/cm2 ). In the case where measurements are performed
using magnetometers (i.e. the sample is inside the induction coils and therefore the
induced voltage across the coils is directly proportional to the magnetic moment) the
value of the magnetic moment is available directly from the instrument and the above
procedure can be applied for calculating critical current. Alternatively, if local probes

(Hall devices) are used to measure the magnetic field from the sample the value of
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the magnetic moment is obtained indirectly. In that case it is easier to modify the
formulas above and get the critical current values directly from the values of the local

field (as we have done in this work).

The simple Bean's model has been extensively applied, but it needs to be be
extended to be usefully applied. One problem is that it assumes jc is field-independent

which is seldom true. It has been modified to include different jc(B) dependencies
which better simulate the experimental data, although no single expression is found

to fit all data universally. The first modification of the Bean model was by Kim
et al. [57]. They suggested that j, should vary with the local magnetic field as

j, (B) =

(1-1-B/so)'

where Bo is a macroscopic material parameter. This gives a good

fit to the experimental results on magnetization of cylindrial LTSC samples. The
calculation of the magnetization curves using this model were first done by Fietz
et al. [58]. Considering more specific pinning mechanisms, Irie and Yamafuji [59]
developed a power law dependence model j, = al B", where a is a material parameter

and n directly reflects the pinning strength. One of more often used expressions is
due to Fietz et al. [58] which was found to best fit their experimental data on Nb-Zr

wires: jc(B) = jco exp( B /Bo). The magnetization curves for this case were later
calculated by Ravi Kumar and Chaddah [60]. An attempt to generalize the critical
state model in form of jc(B)

(147/30)/3 was made by Xu et al. [61]. Critical state

models incorporating exponential [62] and power law [63] Ej characteristics have
also been developed.
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0

0

Figure 2.1: Schematic of the Bean critical state model applied in the case of a cylindrical sample: magnetization curve with associated current distribution for certain
points on the curve. OA is the initial (virgin) magnetization. Point B is reached when
the magnetic field penetrates to the center of the sample so that currents circulate
throughout the center of the cylinder. This current distribution remains (if the critical current is field-independent) until field reversal C. The equilibrium magnetization
Meg is assumed equal to zero.
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To summarize, it is extremely hard to predict what kind of field dependence of
critical current density to expect from any given sample. This is mostly due to the fact

that microscopic pinning interactions are not fully understood and that summation
of the elementary pinning forces is very much dependent on the field, GL parameter

lc, and the type of pinning centers. In this work we will produce a full analysis of
the data and determine which extension of the Bean model fits best for YBCO and
BSCCO thin film samples.
The Bean model also neglects the dynamics of vortex motion, particularly relevant

in the HTSCs because of the larger range of temperature over which superconduc-

tivity is observed. Flux motion takes several forms, again depending on the field,
temperature and microscopic defect structure of the sample. Therefore the structure
of the magnetization curve becomes much more dependent on the sweep rate of the

applied field than in the case of LTSCs. The sweep rate dependence reflects the
particular Ej characteristic of the material and it is far from universal. We will in
detail address this question while analyzing variable sweep magnetization data and
show how the value of shielding (or critical) current is dependent on the sweep rate
(or driving voltage) for our thin film samples.

The high anisotropy of the critical current density requires further modification
of the Bean model [64, 65]. Along with high anisotropy, the HTSC samples usually

have a platelet form which significantly changes the demagnetization factor with
orientation. For H. II c the demagnetization is usually very large and can cause up to
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20 % [66] modifications of the jc calculated from the magnetization curves. Another
extension of the Bean model was developed to account for this [66].

It is clear that the problem of extracting the critical currents from magnetization

measurements becomes extremely problematic in the case of HTSC samples. Field
dependence of critical currents, large flux creep and anisotropy as well as form-factor

dependence makes it very difficult to access the "true" jc of the material (if indeed

the term "true j," is meaningful in this case). We decided to use thin film HTSC
samples in conjunction with local field measurements to try to get some conclusive
understanding of local flux dynamics and try to minimize as well as control the shape

and surface morphology variation. We will show how temperature and anisotropy
define the critical state behavior of YBCO and BSCCO thin films and show some
unique features observed only in very high anisotropy materials.

2.2

Critical State of a Thin Film Superconductor
In a geometry with the applied field perpendicular to the disc's plane, the demag-

netization factor is very close to 1. The calculation is made easier, though, because
for films with thickness d on the order of A, the field variation across the thickness be-

comes negligible. Therefore the disc-shaped superconductor can be modeled as a set

of flat concentric superconducting rings coupled inductively with each other. What
follows is a brief description of the critical state in a thin superconducting disc. Because of the geometry we will obviously use cylindrical coordinates with field directed
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along the disc axis in the z-direction. Since we will use a thin disc approximation, no
z-axis current dependence will be assumed.

In a fiat superconducting disc in an axial field, the critical curents all flow in the
azimuthal direction and the Maxwell equation cu TlA = `c j reduces to:
811,.

allz

(-8z + ar ) =

4ir
jibc

(2.2)

It is a very common mistake to treat the critical state in the flat disc the same way
as in the long cylinder, that is to ignore the r-component variation of the magnetic
field therefore reducing equation 2.2 to 8+1, -. = 'kcrj4). Although this is correct for the

long cylinder where end-effects can safely be ignored, it is clearly incorrect for the
fiat disc where these end effects dominate! The values of laHr/az I are comparable to

I allz/ar I throughout the disc volume except very close to the center. This has two
major consequences [67]: (1) the critical state develops mainly across the thickness of

the film, so the trapped (or shielded) field near the center is of the order jed, instead

of jcR and (ii) the existence of a significant radial field which can reach half of the
magnitude of the total trapped (or shielded) field. This field is absent in the slab and
long cylindrical geometries.

Development of the critical state model for thin film disc geometry was done

by Mikheenko and Kuzovlev [68] and some aspects of it were corrected later by

Zhu et al. [69]. We will describe the main points of it since it is relevant to the
simulation of our magnetization curves. The model is analytically derived for a fieldindependent critical current density and it is, in general, numerically solvable for any
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field-dependent critical current.

The penetration of the magnetic field inside a superconducting disc cooled in a
zero field (ZFC) is governed by two principles: (1) the value of the current in the

regions where the flux has penetrated r > a(Ha) is equal to its critical value and its
magnitude is determined by the pinning force strength (uniform across the film in this

case), and (ii) in the vortex-free central region the current density changes in such a

way as to completely compensate the applied field H., that is Bz (r, z = 0) = 0.

The solution in the case of the initial field penetration is given by the following
current distribution [68]:

AO =

ic .,i arctan{ * (R2-a2 )\
R 077-7S

.ic

1 /21

}

Ifor

T < a,

(2.3)

for a < r < R.

The field penetrates to a distance a = R/ cosh(1/0 /H,), where He = 21-crj,c1 is the
characteristic critical field.
Now we consider the case when the magnetic field is ramped up to a value Ho and

then monotonically decreased to a field H(11/1 < Ho). The problem can be treated
as a superposition of two cases [69]: (i) The ZFC sample with a critical current value

of jc in an applied magnetic field of Ho. (ii) the ZFC sample with a critical current
value of 2j, in applied field of H Ho. The solution is found by substituting the fields
and critical currents in equation 2.3 and taking a superposition of these two cases. It

is obvious that there are three regions in the sample in this case with the following

35

current values given by the above superposition:

ia { arctan (i (2
j(r) = 24;1-1 + 2 arctan
:

2 )1/2) + 2 arctan (2-* t R2_42
R kIT-71,r 1
R

2-12
(Rrx)

} for r < a,
for a < r < b,
for b < r <

jc

Si ,A)

where b = RI cosh(1) is the radius to where the vortices have penetrated in the
case (ii).

These equations were used for simulation of the magnetic hysteresis loop in a

thin film when the measured quantity is not a magnetic moment from the sample
but a magnetic field detected at position (r, z) above the disc. The magnetic field is

calculated as a superposition of fields generated by current loops with radii within
the disc radius. The radial and axial components of the field are [70]:

H,.(r, z) = 2

I

Gr(r, p, z) j(p)dp,

(2.5)

Gz(r, p, z) j(p)dp,

(2.6)

and

Hz (r, z) =
where

G,.(r, p, z) =

1

( KM+ p2
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G z(r, p, z) =

1

(p + r)2

(K(k) +

r2
2

z2

E(k)).

K(k) and E(k) are the complete elliptic integrals of the first and second kind respec-

tively with argument k =

(p+r41) 12.+Z2
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Chapter 3
Experimental Methods

3.1

Magnetic Measurements
There are sevaral techniques available for measurement of the induced shielding

currents in a superconductor. They all have their own advantages and drawbacks and

one needs to choose a particular method depending on the problem studied.
Conventional DC SQUID magnetometry gives an unsurpassed sensitivity of about

10-10 emu, but one of the main drawbacks is that its measurement time constant is

extremely large (on the order of 100 s) therefore limiting time dependent magnetization studies. The second major disadvantage of SQUID magnetometry is the fact
that during the course of the measurement the sample traverses a significant distance

inside the superconducting magnet (at least 3.5 cm), thus experiencing a change in
the external magnetic field. This, depending on the history of the measurement, can
cause reversal of the shielding currents on the surface of the sample and a change in
the magnetic moment (even the best superconducting magnets with field uniformity
of 10-4 across 1 cm can cause this effect).

Vibrational sample magnetometry (VSM) [71] is widely used as a simple and
inexpensive tool for measuring magnetic moments. One of the main advantages of

this system is its simplicity and relatively fast response time of around 1 s. The
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problems arise with the study of HTSC single crysals. The small dimensions of the
actual samples give very small signals in the pickup coils. This signal itself gets weaker

near the superconducting transition temperature where the most interesting physics
takes place. Thus the sensitivity of about 10-5 emu becomes low enough for detailed

studies around Tc. The Faraday balance magnetometer also suffers from long time
constants (few seconds) although its sensitivity is an order of magnitude higher than

in the case of the VSM. Other techniques like vibration reed magnetometry or other
torque-based techniques give very indirect information on the superconducting state
because of the obvious change in the sensitivity of the method with the angle between

the applied magnetic field and sample's axis for platelet-like samples as usually is the

case with HTSC single crystals. Therefore one might, in studying HTSC materials,
consider using non-conventional methods best suited to a particular problem.
All of the above mentioned techniques suffer from a very simple problem. When

attempting to extract the information about critical currents running inside the specimen from the measured magnetization, one has to a priori assume some distribution

and field dependence of the shielding currents. Then, depending on the complexity

of the form of J(x, y, z, B) it becomes straightforward or rather complex to get the
right solution for a given magnetic moment M.
High speed, relatively good accuracy and locality of the sensor were the primary
reasons why we chose Hall probe magnetometry. Hall effect magnetometry is a very

38

widely used technique applied in a variety of experiments, again depending on the
problem. We will give a brief review of possible arrangements.

3.2

Short Hall-Magnetometry Review
This is by no means a complete review of all possible setups in the literature,

but rather a brief highlight of several clever systems which one might consider when

attempting to apply this technique.

There are many references in the literature dating back to the original papers of

Hall in 1879 concerning both ac and dc Hall measurement techniques. One of the
arrangements that takes advantage of phase detection in measuring the Hall voltage is
that of Lupu et al. [72] They apply a double AC excitation (driving current and applied

magnetic field) to measure the Hall voltage of very low mobility samples at very
high temperature. By separating the driving frequencies far apart and applying the
detection at the two frequencies they were able to get the noise levels down to an order

of magnitude higher then the Nyquist noise floor. In general, low noise measurements

can be done using DC excitation in the probe, but the AC case combines low noise
detection with fast measurement times.

Since our interest is focused mainly on measuring the magnetic field rather than
studying the Hall effect itself, we will focus on the possible setups for magnetic mea-

surements. Hall probe magnetometers have been used to study ferromagnetic materials, ferrites, anisotropy fields, superconducting samples, and field profiles [73, 74, 75].
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In the case of superconductors, Hall probes are used to detect the screening magnetic fields induced in the material. There are two types of supercurrents in type-II
material: macroscopic shielding currents traversing the whole sample, and grain and

microscopic London currents which bind the individual vortex cores on a distance
scale of A. The magnetic field above the sample is, of course, a superposition of fields

from both current densities. Depending on the distance from the surface and the
size of the sensor, the relative contribution from each of the currents can be varied
substantially. We will be concerned mostly with macroscopic currents resulting from

macroscopic field gradients that are the result of pinning as the future application of
HTSCs are closely connected with this issue.

A very simple arrangement is the one developed by Scharen et al. and Behner et
al. [76, 77] for measuring critical currents in HTSC materials at 77K. By measuring the

field from a square film in a remanent state at a specified distance, it is relatively easy

to determine the magnitude of the shielding currents assuming a field-independent

critical state model. The drawback of this single Hall sensor setup is that the field
from the Hall probe transducer is not coupled in real time with the applied magnetic
field, thus reducing the mode of operation to a remanent one.
The systems developed in Ref. [78, 74] are designed to measure the magnetic sig-

nals, including hysteresis loops, from superconducting cables and tubular samples.
This is achieved by introducing a second Hall probe far away from the measured sam-

ple so that it measures only the applied magnetic field (the applied field is considered
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uniform in the space where both probes are located). The signal difference thus is
due to the currents circulating in the sample only. Qualitatively similar arrangements
have been employed by many other groups [79, 80, 81].

The availability of Hall probe arrays [82, 83] as well as low temperature translational platforms for either or both the sample and the Hall device [79] allows one

to scan the distribution of the magnetic field near the studied superconductor. This
gives direct qualitative and quantitative information about the spatial distribution of
the currents in the sample, possible effects of surface and geometrical barriers as well

pinning force spatial distribution which is not in general available using conventional
magnetometry. To conclude, there are many possibilities for successful use of the Hall

devices as cryogenic field sensors and they can greatly complement the information
extracted from conventional techniques.

3.3

Hall Probe Magnetometer Setup
In this section we will describe the basic setup of the magnetometer and then

describe several modes of operation.

Cross-shaped miniature Hall probes of thin-film semiconducting heterostructures

n-InSb-i-GaAs with a small area of magnetically sensitive zone of 100 x 100 pm2
were used as measuring transducers. They were developed [84] and supplied by the

Institute of Radiophysics and Electronics at the Academy of Sciences in Kharkov,
Ukraine. Two Hall sensors were placed on the opposite sides of a sapphire cylinder.
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Sapphire was used to achieve a combination of good thermal conductivity with mini-

mal amount of eddy currents. The superconducting sample was placed in the vicinity
of one of the sensors. The physical size and the signal magnitude of the samples was

small enough not to contribute significantly to the measured field at the position of

the second sensor, separated by a distance of about 2 cm from the first one. Thus
having two Hall devices with very similar characteristics coupled gradiometrically in

a uniform magnetic field enables one to exclude the signal from the applied magnetic field and thus increase the dynamic range for measurement of the magnetic field

induced by the sample.

Since the sensors can measure only one component of the magnetic field it is
important to have them parallel to each other. This also enables one to do angle dependent magnetization measurements when the sapphire holder as a whole is rotated

in the applied magnetic field. This version of the magnetometer setup is shown on
Fig. 3.1.

The same setup has three modes of operation depending on the way it is configured:

1. DC magnetometer
2. AC susceptibility magnetometer

3. AC transmittivity measurement system
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9
10
111

a

b

Figure 3.1: Experimental setup: setup for measuring DC magnetization/AC susceptibility (a) ; setup for measuring transmittivity (b). The components are: superconducting thin film (1), MgO spacer (2), Hall probe 1 (HP1) (3), Hall probe 2 (HP2)
(4), GaAs thermometer (5), sapphire cylinder (6) and a fiberglass holder (7) for the
solenoid (8). The setup b is modified so that it includes a 1 mm diameter solenoid
(10) wound on a glass cylinder (9) instead of the larger solenoid in setup (a).
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3.3.1 DC Magnetometer Option
In this mode of operation the system is very similar to a conventional DC magnetometer in that the signal coming out of the gradiometrically coupled transducers

is proportional to the static magnetic field induced by the sample. Fig. 3.2 shows
the basic configuration. The lock-in amplifier's (Stanford Research System SRS-850)

local oscillator (SIN OUT) serves as an excitation source to the Hall probes (HP1

and HP2) via a voltage to current converter. The current through each of the Hall
devices (usually kept around 40mA RMS at 5kHz) is monitored by measuring the
voltage across precision 10 f2 resistors stabilized at room temperature. The Hall volt-

age across the probes is picked up by the two floating inputs of the lock-in coupled
differentially. The step-up audio frequency transformers (PICO-23120) are used to

match the low output impedance of the Hall devices with the large impedance of
the lock-in amplifier inputs as well as to galvanically decouple the two Hall transducers. The signal at input B, which comes from the Hall sensor far away from the
sample, is simultaneously measured by a second lock-in (Princeton Applied Research

PAR-128A) (not shown on this figure) tuned to the same frequency. This signal is
proportional to the applied magnetic field.
In the present setup the solenoid shown on Fig. 3.1a is used and it is powered by
a home-built power amplifier based on APEX PA-07A chip. Since one needs a stable

ramp rate of the field ranging over four decades the simplest choice was to use the
function generator at higher ramp rates and integrator for the very slow field sweeps

LOCK-IN AMP
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1

Figure 3.2: Schematic of the setup configuration acting as a DC magnetometer.

as controllers of the power amplifier. The upper limit of the external sweep rate is
given by the measuring time. As the sweep rate increases one has to adjust the time

constant to smaller values so there are no 'memory effects' in the data. Obviously
short time constants will produce large noise so one quickly reaches a compromise on

this matter. At the highest sweep rates (operating at 1 Hz with the field amplitude of
around 100 Oe, corresponding to an applied sweep rate of 400 Oe /s) the time constant

of 1 ms was used at a sampling frequency of 512 Hz.
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Obviously, there is no such thing as perfectly parallel alignment of the Hall sensors

or as perfect uniformity of the field inside the solenoid. One degree of freedom was

used to compensate for this: the ratio of the currents through the Hall transducers.

The currents were adjusted while the sample is above the Tc so that no signal is
present in the lock-in while the magnetic field is swept from zero to its maximum
value. This compensation held quite accurately for lower temperatures since the

thermosensitivity of the pickups was less 0.03 %. The effective compensation is only

possible if the signals from the both probes arrive in phase at the inputs of the SRS850. This is achieved by having the same power amplifier deliver current to both Hall

sensors as well as having the same step-up transformers for both channels. Having
the same cable lengths and excluding any unnecessary reactive elements in the circuit

proved to be crucial in this case. In this arrangement the signals were in-phase within

1.5 ° and further compensation was available by connecting a phase shifter in front

of one of the inputs, although this was not necessary for the field range we were
operating at.

A problem arises when trying to compensate for the presence of two or more
sources of magnetic field which are not perfectly homogeneous. This is usually the

case when the probe is inserted into the variable temperature insert (VTI) and the
magnetic field is applied both by the superconducting magnet and the solenoid shown

on Fig. 3.1. One can try to change the position of the probe in the VTI which will
bring the system to the best position although the accuracy might not be sufficient
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in large enough magnetic fields. This is the intrinsic problem of this measuring con-

figuration and cannot be eliminated by better accuracy or noise reduction. This is

because the signal due to the applied magetic field is modulated at the detection
frequency together with the magnetic field from the sample and therefore it is impossible to get rid of it by phase detection but only by careful compensation of the
Hall probes. Systems like the VSM, which eliminate the applied field by the means of

phase detection (only the signal from the sample is detected at vibration frequency
of the holder), are much more effective at larger fields although they have some of

the other above-mentioned problems. Thus for weak enough signals one might be
constrained by applied fields on the order of Tesla.

A sample of the data collected using this configuration is shown in Fig. 3.3. On

the upper graph the time charts are shown for both the applied magnetic field and
field produced by the sample. In this case there is a YBCO thin film patterned in a
form of a disk. The applied magnetic field Beet is recorded directly from the sensor
HP2 and B shield is collected as the difference between the signals HP1 and HP2. On

the lower graph the magnetization curve is plotted. One can easily see that the film
is driven to its critical state by the applied field and its shielding currents experience

saturation. With the Hall probe sensitivity of 2.6pV/G at 50 mA of driving current

the sensitivity of the setup can go up to 1 mG/fHZ.
All of the above instrumentation is interfaced with a Macintosh Quadra 800 using

GPIB card and LabVIEW software from National Instruments. The program is
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Figure 3.3: Sample data taken with the magnetometer operating in the DC magnetization mode
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designed to measure magnetization curves for a given range of external magnetic field

sweep rates as well as to analyse the data during the acquisition. The details about
the software are included in Appendix B.

3.3.2 AC Susceptometer Option
The principal setup remains the same although it operates in a completely different
fashion. A schematic of the configuration is shown in fig. 3.4. The Hall probes are now

powered with a DC current of about 50 mA which can be adjusted. The modulation of

the detected Hall voltage is performed by the applied AC magnetic field tuned at the
detection frequency by the virtue of power amplification of the local oscillator output

of the SRS-850. Again step-up transformers were used to match the impedances of
the Hall probes with the inputs of the lock-in. In this case the conditions for canceling

the two signals from HP1 and HP2 when operating without a sample are not that
crucial since any DC field does not induce any ac voltage and thus is filtered at the
step-up transformers. The AC excitation field is usually of small amplitude and we
take advantage of the digital signal processing (DSP) of the SRS-850 for measuring
small signals around some non-zero voltage,thus eliminating the second Hall sensor
HP2. The advantage of DSP over its analog predecessors is the perfect stability of the

output amplifier. After performing phase sensitive detection and low-pass filtering
the signal can be offset up to 100 % of the full scale value and expanded up to 256
times or until it reaches the full scale value.
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Figure 3.4: Schematic of the setup configuration acting as a AC magnetometer.

In the case of the AC magnetometer (as well as DC one) one needs to have
the characteristics of all reactive componenents for proper operation far from any
resonances. For this purpose frequency characteristics of the step-up transformers as

well as the excitation coil were measured. The schematic of the measurement setup
to get these characteristics is shown on the inset of Figures 3.5 and 3.6.

For the testing of the transformers, a circuit was built which adequately corresponds to the measuring conditions. The low voltage drop across the small resistor
(corresponding to the small signal from the low-impedance Hall device) was stepped-

up and detected by the lock-in. It is evident that the transformers behave adequately

in the frequency range from about 60 to 104 Hz with the phase shift of ±5°. For
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higher frequencies different transformers need to be used (one has to have in mind
that any higher odd harmonic detection might occur in the 'forbidden' region despite

the fact that the first harmonic is still in the 'good' range) and for lower frequencies

one can get rid of transformers altogether and measure the signal directly from the
Hall device. From the Fig. 3.5 one can easily see why in the DC magnetization setup
the frequency of excitation current was chosen around 5kHz: one has to compromise

between the acceptable range of the transformers and the desire to have as small as
possible time constant.

The solenoid coil (which was modeled as a parallel inductor L and capacitor C
connected in series with a resistor R2), on the other hand, has much narrower range
of operation. The calculated values of L and C are 0.767 mH and 0.23 nF respectively

with the DC resistance of the coil at room temperature of R2=10 Q. In general it is
possible to wind a set of new solenoids which will be adequate for different frequency

ranges without inflicting major changes to the current setup.
As one sees one can not completely get rid of phase shifting of the signal. Working

in the optimal regime of operation one still needs to find the correct angle at which

the real and imaginary part of the susceptibility are completely separated. This is
done by zero field cooling the sample down to lowest temperature and applying a very

small excitation field at the frequency of operation. In this case (if the sample is a
decent superconductor) the shielding is complete and there are no losses due to vortex

movement inside the sample. Therefore the imaginary part of the susceptibility is
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considered to be zero. This serves as a reference point for the phase. This calibration
will further hold for any other amplitude at the calibration frequency, but obviously,
any change of frequency will require new calibration. In our case the calibrated phase
difference was around 7 degrees for an excitation of 98 Hz. If one intends to measure a

frequency-dependent susceptibility one needs to take a scan in the frequency range of

interest and record the frequency dependence of the angle. Data are usually taken at

certain angles for a desired frequency window and then the data are corrected using
the following equations [85]:
Xiext

= xext,0 cos ti) + X:xt,o sin

(3.1)

yext
--

=

(3.2)

xext,0 cos ti)

xiezt,0 sin ti)

Again, the software was developed for use of the system in this configuration in the
mode of measuring the temperature dependence of the susceptibility.

3.3.3

Transmitivity Measurement Option

The solenoid wound on a G-10 fiberglass cylinder is replaced by a corresponding
hollow cylinder with a small coil shown in Fig. 3.1. The small coil is made of a gold
wire AWG-34 on a 1- mm-diameter quartz cylinder for obvious reasons: low heating

at high driving currents and relatively good thermal sinking without having to deal
with eddy currents. This configuration is intended for very quick and reliable mea-

surements of jc and Tc without having to perform any lithography on the sample.
The system in this case runs in the same configuration as the ac-susceptometer de-
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The local oscillator serves as an internal reference to the lock-in.
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scribed above and similar precautions should be taken. This setup gives additional
information about the superconductor while diminishing the importance of the effect
of the edges for samples much larger than the coil diameter (which is usually the case

for non-patterned thin films).

3.4

Film Patterning
The superconducting films were prepared for measurements using standard wet

etching procedures. After spin-coating the film with Shipley Microposit 51400 pho-

toresist at 4500 rpm for 45 sec, the sample is placed into the oven at 90°C for 30
minutes. Then, using a UV mask aligner, the sample with the photoresist is exposed

for approximately 30 sec. Developer Microposit MF-321 is used to remove the exposed photoresist after which the sample is hard-baked for 30 min at 120°C. Etching
of BSCCO and YBCO films was done using diluted EDTA organic acid. Some types

of Microposit developers react with the BSCCO films, so one should take care to
choose the right developer as well as to thoroughly rinse the film with deionized wa-

ter after developing it. The spatial resolution achieved in this process is about 2 pm.
This is sufficient for the purposes of our work since the roughness of the edges of the

film is 0.1 % of the total radius (usually around 2 mm). As the roughness at the
edges is larger than the London penetration depth (a few hundred nanometers), the
surface barrier due to edges is practically eliminated, although the main contribution

from the top and bottom surfaces of the film to the barrier remain.
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The masks used in the photolithographical process were produced on plain white

paper using a laserjet printer. The size of the objects was reduced around 20 times
using a standard photolaboratory process at CH2M

Hill company in Corvallis.
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Chapter 4
Experimental Results
4.1

Magnetization of Bi2Sr2CaCu2Ox Films
The high quality BSCCO thin films used in these experiments were c-axis oriented,

400 nm thick on a SrTiO3 (100) substrate, with a transition temperature of 87 K.
They were obtained from Dr. Patrick Wagner at Darmstadt University, Germany.
The mosaic spread of the c-axis direction, determined from the width of the (0017)
rocking curve is about 0.4°, and the Rutherford backscattering channeling minimum

yield is 23% [861. Scanning electron micrographs (Fig. 4.1) show a smooth surface

with submicron-sized structures with a surface density of about 1/10 pm-2. We
patterned the film into a 4.4-mm-diameter disc using wet etching photolithography.
The boundary of the disc was smooth on a scale of 2 pm.
In the following experiments which test the dimensionality of the vortex structure,

the setup for Hall probe DC magnetometry described earlier was used. For the sake
of clarity we will briefly specify the setup again in order to specify the components of

the magnetic field and relevant angles. Essentially the setup described in Fig. 3.1 is
inserted inside a solenoid with its axis perpendicular to the excitation coil (Fig. 4.2).

Thus the total field litZt has two components: a static field H) applied parallel
to the Cu-0 (ab) planes of the film, and a time-dependent component 11.-1- applied
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Figure 4.1: Scanning electron micrographs of BSCCO a thin film.
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Figure 4.2: Experimental setup: InSb Hall probes (1), sapphire sample holder (2),

0.5mm MgO spacer (3), thin film BSCCO disc (4), and a set of perpendicular
solenoids (5,6)
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perpendicular to the planes. The angle of firt to the ab-plane is O. The film's
response to fli,L was determined by the two Hall probes positioned parallel to the film

surface (so that the area vector is perpendicular to the film surface and parallel to
1-/-).

The set of perpendicular solenoids which produce the two components of the
applied field do not have significant flux linkage. This was verified by hysteresis

measurements of the sample holder alone. The large outer solenoid that produces

the static, in-plane field was operated between 0 and 150 Oe. The smaller, inner
solenoid for the perpendicular component was swept between ±1/.1 >> ±H*, where

H* is the critical state field at 77K. The sweep rate dkiddt could be varied from 0.2
to about 550 Oe /s, and was controlled with high accuracy by a function generator or

an integrator at higher or lower sweep rates respectively. This effectively rotated the

applied field while keeping the projection in the ab-plane constant. The magnitude
of the applied field therefore changed as it rotated. For Hil- :::, 80 Oe and H!

.%

150

Oe (the largest field), the field rotated about 28 °on either side of the plane.

The Hall probes were parallel to the film substrate and perpendicular to Hai to

within 0.2°. The solenoid producing the in-plane magnetic field was aligned with
precision of 1°

2°, and the in-plane field can be aligned exactly along the planes

with a small dc offset in 1/2-. Consequently, only the irreversibility of the c-axis
projection of the field created by the shielding currents was measured. Fig. 4.3 shows

magnetization curves of a BSCCO thin film at 77 K at different sweep rates (only
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Figure 4.3: Sweep rate dependence of the magnetization curves at HP, = 0 Oe: 445
(curve a); 131 (curve b); 4.7 (curve c) and 0.47 (curve d) ()Os

four out of a set of around 100 are shown on the figure). There is no H) component
present so this corresponds to conventional measurements of superconductor response

when the applied magnetic field is directed along the c-axis and the magnetization

component along the field direction is recorded. The amplitude of Hol is 80 Oe
and the shape of the magnetization curves indicate that the critical state is fully
established [60]. The field dependence of the shielding currents derived from the width

of the magnetization curves (Fig. 4.4) follows the exponential dependence observed

in LTS [87] as well as HTS [88]. Considering the fact that, at this temperature,

the in-plane penetration depth as
spacing (to

200 nm is smaller than the average intervortex

((Do/B)'/2 > 500 nm, the vortex density is fairly dilute. Each vortex line
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interacts strongly with the underlying pinning centers and the intervortex interaction,
although enhanced in the films [22], is weaker than in the case of overlapping vortices.

The lowering of the sweep rate effectively lowers the threshold electric field Ec at

which the critical current is measured. The shape of irreversibility curves does not
change significantly, although a large creep is evident. Derived E J characteristics
(along the lines specified in the appendix A) over four decades of electric field show

the expected power law dependence (Fig. 4.5) associated with thermally activated
flux creep in the current-dependent potential proposed by Zeldov [89]:

U(.7) = uo in(i./i)

(4.1)

This describes thermally activated depinning of flux lines from potential wells with

a triangular shape for x <

of the E

and a logarithmic asymptote for e < x < A . Linearity

J curves on a log-log scale is evident for all

but the slope changes

significantly from about 6.4 near H = 0 Oe to 3.8 at higher fields. This corresponds
to effective pinning potential energies [90] of 420 to 220 K.

Quite different behavior of the shielding current response is observed in the pres-

ence of a static magnetic field applied along the ab plane of the film. First, this
causes a significant change in the shape of ./shield(T) dependence. The shielding cur-

rent temperature dependence at a sweep rate of 400 Oe /s is shown in Fig. 4.6. The
effect of the in- plane field is enhanced at higher temperatures and Jshieu(T) curves
collapse on each other at lower temperatures. One expects this kind of behavior for
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Figure 4.5: E-J characteristics extracted from variable sweep rate magnetization data
with no I-41, present.
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very strong anisotropy which enhances the vortex fluctuations at higher temperatures. Secondly, if one focuses at the sweep rate dependence at one temperature (in
this case 77 K) the following can be expected. The magnitude of the in-plane field is

of the order of the maximum Ha , so that varying Hal can be viewed as a rotation of
the total applied magnetic field vector about the ab plane within some angular range.

If one assumes that at these temperatures and magnetic fields BSCCO with point
disorder in the planes and weak coupling between the planes is quasi 2D, one does
not expect any change in magnetization curves except perhaps for within the lock-in

transition angular range. As is well known, the lock-in transition is suppressed in
films [91] and it is destroyed by pinning disorder. Consequently, in this 2D picture,
the irreversibility curves obtained in our case should not change in the presence of an

in-plane magnetic field except for any changes in the pinning strength potential with
total applied magnetic field.

That is what the experiment shows at high sweep rates. When the ramp rate
d1-1.-Vdt decreases, a transformation of the shape of the irreversibility curves occurs.

This is shown in Fig. 4.7 and 4.8. Fig. 4.7 shows magnetization data at different
sweep rates when a field of 150 Oe is applied parallel to the planes. First, small kinks

in the magnetization appear near H.-1- = 0. They are not symmetric about the center.
As the sweep rate decreases further, the kink develops into a minimum in the absolute

magnetization at 1/.1 = 0, and the curves become symmetric. At a given sweep rate
the dip in magnetization is more pronounced if the in-plane field is larger (Fig. 4.8).
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Figure 4.7: Sweep rate dependence of the magnetization curves at HP, = 150 Oe: 445
(curve a); 131 (curve b); 4.7 (curve c) and 0.47 (curve d) Oe /s

This anomaly is reminiscent of the "fishtail" or "peak effect" [92] observed in single

crystals measured by conventional methods (projection of M along the direction of
the applied field). Although the structure of the magnetization curves is similar, we

stress that there are subtle differences. First, the position of the maximum in Jc(H)
is an order of magnitude smaller in this case. Second, a peak effect has not been seen

in HTS films. The similarity is that the anomaly becomes more pronounced with the
applied field close to the ab plane [93].

The enhanced dissipation near H-.L. = 0 leaves a clear footprint on the E

j

characteristics (Fig. 4.9). At the point where the dip in the magnetization begins,
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dHall/dt=0.47 Oe /s
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Figure 4.8: Magnetization curves at sweep rate of 0.47 Oe/s and four different in-plane
applied fields: 0 (curve a); 15 (curve b); 75 (curve c) and 150 (curve d) Oe.

E(J) starts to deviate from a power law dependence. For any 1-16 between the peak
positions ±Hp of the magnetic hysteresis curve, there exists a threshold value E, (and

associated with it, a critical sweep rate) which the E

j characteristic is non-power

law. On the other hand, for any Wild > IHA, the linearity of the E

j dependence

on a log-log scale is preserved. Moreover, the slope is the same as when no in-plane
field is present. We will come back to this peculiarity later.

Although the E j results are for a limited range of electric fields, we attempted
the following analysis in order to determine the change of the form of the pinning
potential and its value. A general form [94] for the activation energy introduces a
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parameter p which serves to identify different dissipation mechanisms:

U(j) = (i)

2

(4.2)

_1]

contains a logarithmic U(j) dependence first proposed in experiments by Zeldov [89])

(A = 0), the collective creep/vortex glass model (0 < µ < 1) [95, 96, 32], and recovers

the classic Anderson-Kim picture of linear U(j) [46] for A = 1. The exponent A

extracted from the E J characteristics by taking the slope of In

a{ in.E]

a3

ln(j)

equal to (p + 1). As expected at large angles, A r-z1 0, corresponding to power law
behavior, for all in-plane fields (see Fig. 4.10). At small angles, if the in-plane field is

present, A tends to go to 1 signaling creep enhancement and weaker pinning.
Similar anomalous magnetization results have also been obtained on a 0.5% -Zn
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doped (substitution for Cu) BSCCO thin film obtained from the same source as the

pure BSCCO film. The critical temperature (onset) of this sample was 86 K with
transition width of 1.4 K as measured by AC susceptibility (measurement performed

by the group in Darmstadt). This closely corresponds to the critical temperature of
the native bulk Bi2Sr2CaCu20. compound and suggests that there are no impurities

of 2223 phases with significantly higher T. From Fig. 4.11 one can see that the
doping did not change significantly the form of magnetization curves but slightly

enhanced the value of the critical current for corresponding sweep rates. This is
probably due to the introduction of additional point pinning centers in the film by the

Zn substitution. Consequently, the anomalous M(H) dependence is not dependent

on the slight variation of the pinning force and is characteristic for this family of
compounds with the same anisotropy parameters. We were not able to perform the
complete Ej analysis of Zn-doped sample due to the fact that the film was destroyed
upon subsequent temperature cycling at an early stage of the investigation.

4.2 YBCO Magnetization and Ej Characteristics
Thin YBCO films (thickness around 2000 A) obtained by thermal coevaporation
technique were obtained from two separate sources: the Munich group of Dr. Kinder

and Dr. Tate's group at Oregon State University [31]. All of them were deposited

on Mg0 substrates and had transition temperatures above 89 K. More details on
the growth process as well as on the structural characteristics of these films can be
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found in the doctoral thesis work of Dennis Tom [31]. For conciseness of presentation

detailed data obtained from one of the samples will be shown bearing in mind that
the other samples have similar characteristics.
Before the measurements films were patterned in the form of disk using wet etch

lithography (details about this process are summarized in section 3.4). Experiments

on the same sample before and after patterning show no significant change in hys-

teresis curves. The small decrease in the width can be completely attributed to the
loss of material at the edges by the patterned sample which shows that this process
does not change the physical (superconducting) properties of the samples.

Typical magnetization curves at different static magnetic fields perpendicular to

the plane of the disc are shown in Fig. 4.12. What obviously differs in this case
comparing to that of the BSCCO experiments is the very weak dependence of the
width of the magnetization curves on the perpendicular applied field. Although the
critical temperature of studied YBCO and BSCCO samples differed only by about 24 K, their field dependence of ./c is quite different. This is due to significant difference

in the superconducting parameters of YBCO and BSCCO, in particular the mass
anisotropy of the superconducting carriers (71Bco = (M/m)1/2 7.--% 5

7 < 'YBscco)

The mass anistropy is readily translated into different coupling of the vortices along

the caxis as well as the stiffness of the vortex lattice.

Since the variation of the magnetization curves of YBCO film at 77K in the
available field limit was not dependent on the applied static magnetic field in the
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Figure 4.12: Magnetization curves of YBCO thin film.

ab-plane, the investigation focused on the dependence of E j characteristics on the

field directed along the c-axis. The current-voltage characteristics extracted from
varible sweep magnetization measurements at liquid nitrogen temperature are shown
in Fig. 4.13.

The E-j dependence closely follows the power law behavior (E = Eo(j I jo)a(B))

over 3.5 orders of magnitude in electric field. This corresponds to the A = 0 case in

Eq. 4.2 for all examined field magnitudes, showing that the nature of vortex interaction with the pinning centers remains unchanged in this range of magnetic fields.
Vortices see logarithmic potential wells regardless of the flux density. Although the
functional dependence of the well potential remains the same, its strength diminishes
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Figure 4.14: Magnetic field dependence of power law exponent a in case of YBCO
(HP, = 0 G) thin films at 77 K

with increased magnetic field; this is buried in the field dependence of a. a changes

from 20 at H=0 Oe to around 9 at 850 Oe, corresponding to effective pinning potential energies from 1500 to 620 K. This is significantly higher than in the case of
BSCCO films. The power exponent a is inversely proportional to the applied magnetic field as shown on Fig. 4.14. This shows that the pinning energy falls off with
the square root of the intervortex distance.
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Chapter 5
Magnetic Susceptibility of Superconductors
Magnetic susceptibility measurement is one of the most popular techniques for
investigation of superconductors. Although there is a widespread assumption that it
gives directly very important information about the superconductor, the extraction of

quantitatively and qualitatively correct information requires a great deal of analysis
and interpretation. This task becomes simple only if one needs a simple comparison
between a family of samples with the same dimensions under the same experimental
conditions, or if one makes a simple measurement of the critical temperature Tc.
To begin, we summarize the well known results on susceptibility of normal metals

and type-II superconductors. Normal metals have Ohmic resistivity which does not
depend on the current, and application of an AC magnetic field introduces shielding
currents (according to Lenz's Law) which decay quasi-exponentially over the so-called

skin-depth 6, = (-&-)

2
.

Due to the fact that the current-voltage characteristic of

the sample is linear, the field produced by the shielding currents will not have any
harmonics other than at the driving frequency. The AC response of the sample can
be characterized by the complex susceptibility x =

+ ix". Both components are

functions of the ratio 6,IR where R is the sample size. The inductive component x' is

a measure of the amount of screening field and the resistive component f measures

the losses inside the conductor. Usually there are three cases of interest. When
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58 << R the AC magnetic field is practically shielded out of the sample (confined

at the surface). In this limit x"

0 and x'

In the opposite case when

8, >> R, the shielding currents flow everywhere in the sample and thus both parts

of x are small. In the intermediate case of (5,

R, the screening is in between

x' = 0 and x' = --41;-, changing with the change of resistivity which might be caused

by temperature variation. Also x" experiences a peak at (5,

R as losses reach a

maximum value at this point. For fixed w and R of the sample, the measurement of

x is equivalent to a measurement of p. Therefore by sweeping the temperature one
can access the variation of p(T). Very important in this case is the fact that 6, does

not depend on the amplitude of the excitation field since the Ej characteristic is
linear (thus p is independent of the driving force V). Thus both components of x are
independent of the amplitude of the driving AC field.

In the case of type-II superconductors, we can differentiate two ideal cases: (i)

the pinning free situation when the resistivity pH is due to the viscous motion of
vortices and E-j characteristic is Ohmic, and the case (ii) when the pinning is strong

and the motion of vortices takes place after the current reaches a critical value of
jc. In the first case although the origin of the dissipation is completely different the

behavior is similar to that of a normal metal and by substituting pf f for p one can
obtain flux-flow skin depth off

If pinning is present the response is nonlinear. The flux lines are prevented from

moving at j < j, (that is in ideal case without thermal activation) and therefore the
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screening currents do not decay with time. If the variation of the external field is
not very large (or in another words there is no significant variation of j, across the
sample due to jc(B) dependence) the resulting field distribution can be described by
the Bean critical state model [56]. The consequence of this is linear decay of B with

distance from the surface throughout the sample in contrast to exponential decay in
the Ohmic case. The flux and current penetrate to distance Lp = *hecl jc. Beyond it
the AC magnetic field is completely screened. Since Lp depends on the amplitude 11c

the response field will contain higher Fourier components, thus x' and xn will display

higher harmonics.The temperature variation of the first harmonic x' and x" will be

similar to that in the Ohmic case and will directly depend on the T-dependence of
the ratio LpIR, where R is the sample size.

The development of nonlinear E

j characteristics is a clear fingerprint of the

presence of vortex pinning, but it does not guarantee the applicability of the Bean
critical state model. In fact, the Bean model assumes an infinite slope at j = jc and

thus clearly defines the term critical current, that is the current that produces no
electric field E = 0. In reality, the presence of thermal fluctuations will never allow
for the vanishing of the electric field due to vortex thermal hopping but nevertheless

nonlinearities in E j can be strong enough that Bean model can present a satisfying

qualitative picture. In the following experiments we will investigate whether the
critical state model is satisfactory in describing AC susceptibility results on BSCCO
thin films.
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All the results described below are taken in the configuration where a small alternating magnetic field hoc at frequency of 98 Hz is applied parallel to a larger DC

magnetic field H.. In Fig. 5.1 the susceptibility of the BSCCO thin film is shown in
zero (earth) DC magnetic field. The onset of the transition is at 87 K and the transition width strongly depends on the amplitude of the excitation field. The dependence
of both parts of susceptibility on the amplitude of the driving magnetic field confirms
that the losses are due to nonlinear hysteretic behavior. But since this is not sufficient

to establish if the critical state model can be applied to the data, we conducted an
analysis similar to that done by Civale et al. [97]. In addition, this analysis allows

us to extract the temperature dependence of the critical current density from the
susceptibility data.
If we assume that the critical state model applies for the fixed geometry, x' depends

only on L. Therefore any horizontal line on Fig. 5.2 will correspond to constant

Lp.

The critical state model also predicts that jc is dependent only on temperature, so
the vertical lines are lines of constant jc. Therefore referring to Fig. 5.2, j, at point

1 is the same as that at point 2 as well as J,(3) = .4(4). The point 1 belongs to the
curve with ha, = 2.4 Oe and the point 4 belongs to the curve with hae = 1.2 Oe. But

both of these points have the same

Lp

and since

A similar relationship exists between points
combining the two equalities,

j,(3) = jc(4),

2

Lp cc

and

3

11.c/4, then

and thus

j,(1) = 2j,(4).

jc(2) = 2,/c(3).

By

which indeed is the case since they are at

the same temperature. The property that all four points form a rectangle on the three
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Figure 5.1: Susceptibility of a BSCCO thin film at ambient DC magnetic field. The
driving magnetic field at 98 Hz was 0.6, 1.2, 2.4, 4.8 Oe (from right to left).

0

-0.4

-0.8

72

76

80
T ,K

84

88

Figure 5.2: The real part of the susceptibility of a BSCCO thin film at ambient DC
magnetic field. The geometrical construction is used to extract jc.
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curves of x' which correspond to the hoc ratio 1:2:4 is a consequence of the fact that

x' is completely determined by LP. This is a proof to our assumption that critical
state model is applicable in this case. Fig. 5.2 shows several rectangles inscribed and

one can notice that this does not work equally well at all ha,. The rule is satisfied
very well at higher driving field amplitudes and fails at the smallest one. Indeed, the

Bean model should begins to deviate for small enough driving forces since in that
case the movement of vortices is not hysteretic (the displacement of vortices has to
be over several pinning sites, but at small driving forces vortices they fail to leave the
pinning center and only reposition in the well). The latter displacement is in the linear
limit decaying exponentially from the surface over the Campbell penetration depth A,

similar to the Meissner case. The decay is amplitude independent for hac < kr-, jdtc.

Of course, at higher temperatures when pinning vanishes, the situation gets more
complicated as j, tends to zero and A, diverges with the sample entering the flux flow
regime.

From the above procedure one can determine the temperature dependence of the

critical current. By tracing the temperature points at which the critical current
reaches multiples (or fractions) of, for example, 4(1), one can determine dependence
of the relative value of the critical current vs temperature. To get the absolute value, it

is sufficient to tie at least one point to the real value of j,. An estimate of the absolute

value of j, can be made by assuming that the peak of x" is at the value when LPN t
where t is the relevant sample dimension. In case of our geometry, it corresponds to
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the thickness of the film. From jc = *Ito,c1t then, the critical current density can be

determined. The plot of the critical current dependence vs temperature is shown on
figure 5.5. The dependencies obtained are for three different DC magnetic fields and

they clearly follow the drastic shift in 21 with increasing H. This also can be seen
from the susceptibility curves when there is nonzero DC field applied perpendicular

to the film surface shown in Fig. 5.3 and 5.4. The shift in 7', of the transition is not
accompanied by significant broadening, signifying the high quality of the films. It is

hardly possible to give a definite functional dependence of jc(T) in this temperature

range. An attempt to extract the similar data from the sample at 3 kOe was not
successful due to failure of the critical state model to describe the dynamics in this
case.

The susceptibility of the YBCO thin films prepared in our lab [31] was also mea-

sured (Fig. 5.6). They exhibit sharp transitions above 90K and at these small driving

amplitudes do not conform to critical state analysis. The comparison of the two
different superconductors at the same external conditions is shown in Fig. 5.7.
To summarize, the susceptibility measurements on YBCO and BSCCO thin films

prove that the critical state model can be applied in a limited range of temperatures
and fields. The method used for obtaining critical current densities when the model
can be applied gives an alternative source of information that can be further compared

with DC magnetization measurements.
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Chapter 6
Discussion
In this chapter we analyze the anomalous dependence of the shielding currents

with in-plane applied magnetic field in BSCCO films with respect to the classical

behavior of YBCO samples. We try to explain why the data in this region of the
H-T diagram is so different for these two families of cuprate superconductors with
very similar critical temperatures. A possible phenomenological explanation of the
observed dependence of the critical current density j, on ik't lies in the dimensionality

of the vortex lattice state in BSCCO and YBCO in this region of the H T space
as well as in the form and strength of the pinning disorder. The interplay between
several interactions and length scales determines the final form of the vortex lattice:

inter- and intraplane vortex pancake coupling, strength and range of the pinning
forces exerted on the vortex structure by the crystal lattice defects, as well as the
forces exerted by the in-plane shielding currents. The detailed knowledge of all these

interactions is hard to establish but some approximations can always be made and
reasonable conclusions drawn.

The characterization of pinning defects in the YBCO and BSCCO films and their

relative strengths is a formidable task. Wagner et al. [98] analyzed possible origins
and forms of pinning centers present in BSCCO films, and although no conclusive
answer was given for all of them, it is clear that point oxygen vacancies are inevitable
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defects in both cases. They provide the major pinning source since their density
and, more important, their density fluctuation is much higher. The pinning potential

strength is greatly reduced at these temperatures by thermal fluctuations:
UcO

Uc = (1 + (U21th )112

(6.1)

tab

The effect of thermal fluctuations and their different effect on samples with different
anisotropies can readily be seen from the AC susceptibility measurements. The width

of the transition in the case of BSCCO is much larger than that in YBCO although

the width does not depend on the DC applied magnetic field. This is evidence that
the transition width difference is not due to the films' quality, but to their fundamen-

tally different response to the magnetic field depending on the pinning strength and
anisotropy.

In general, two possibilities can be pictured in the case when the magnetic field is

applied perpendicular to the Cu-0 layers. If the vortex line tension is strong enough
to keep the finite correlation of vortex pancakes in the e direction in place, but weak
enough to enable the vortex lines to adjust to the pinning center density fluctuation in
each plane, we can expect a finite correlation length along the field direction Lc larger

than the interlayer spacing d and a finite critical current density ja. On the other
hand, if Lc < d, the 2D pinning of decoupled vortex pancakes will be established.
The variable sweep magnetization measurements were performed at low magnetic

fields, in the limit where Aab < ao. This brings us to the dilute vortex limit, but in
order to establish which regime of collective pinning is appropriate in this case, one
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has to compare the intervortex distance ao with the correlation length along the field

direction L, using the scaling relationship for the anisotropic case [30]. If

< ao/(7)

(6.2)

holds, then according to the theory [30] we should be in the single vortex pinning
regime (here g = Lc(o)e, is the vortex correlation length for a field applied along the

direction, Le(0) is the correlation length along the field direction for the magnetic

field applied at angle 8 with respect to the (ab) plane, and ea = 7-2cos20 + sin2O is
the angle-dependent anisotropy parameter). Direct estimates of //cc from the critical
current value [30] Lc = (eab/-y)(jo/jc)(1/2)

0.6 nm suggest a pure 2D picture in

the BSCCO case due to the fact that Lcc,ksscco) < dBscco

1.5 nm, where jo

coo/ (12 .47T- AlsccoGtscco) %.1 6 x 107 A/cm2 is the estimated depairing current for

BSCCO and y

50. In the YBCO case these calculations place us in the opposite

limit: since 7YBCO is approximately 10 times smaller and interlayer spacing is smaller,

then Lcc( Y BCO) N lOnm > dYBCO

1.2nm. To emphasize, the above estimates were

for the case of the single vortex pinning approximation. If, on the other hand, we
assume that the limit of vortex bundle pinning (either small or large vortex bundles) is

appropriate, the inequality (6.2) should be reversed. In both, single vortex and vortex

bundle pinning the g is significantly above the interlayer distance d for YBCO.
As long as the interlayer vortex coupling length exceeds d, two possibilities can

occur depending on the ratio of LVt where t is the film thickness. If this ratio is
less than one, the vortex structure will be three-dimensional and the critical current's
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angular dependence on the applied magnetic field will not simply scale with Hi-

but will depend on the in-plane component, 14, too. If, on the other hand, the
correlation length exceeds the film thickness, the critical current behavior will retain
its two-dimensional dependence and scale with 1-16 [30].

In the case of BSCCO, our experimental results show 2D behavior at large Hi-.
The form of the MHLs at the same sweep rate, but different 14, is very similar in this

region (Fig. 4.7). Moreover, the E

j curves extracted at various 14 have identical

slopes on a log-log scale if the field component Hi- is the same (Fig. 4.9).
Two possible conclusions can be drawn from this result: 2-dimensionality is either

due to completely decoupled layers in BSCCO leading to correlation lengths smaller
than d, or the correlation length along the field is larger than the effective film thick-

ness tell = t/ sin a In either case the single vortex collective pinning theory for
anisotropic superconductors does not allow for a dimensional crossover because the

ratio Lc(6)/teff remains the same for all angles 6 >> -CI. If the magnetic system is
completely decoupled, there should be no significant change in the MHL shape with

the application of an in-plane field at any 1-1.1 at the same sweep rate, except very
near 1-16 =0 where self-fields or surface barriers may cause deviations (as mentioned,

the lock-in transition is ruled out in this experiment).

As can be seen from Fig. 4.7 a significant departure from the MHL with I-4=0
occurs with increasing 14. The deviation covers a range of 1/;z1- reaching to about
p0112- = 60 G for the largest in-plane field which is 4-5 times larger than calculated
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self-field. This clearly shows that the assumption of twodimensionality due to completely decoupled layers does not hold. Turning to the second possible explanation,

we can postulate that at large tilting angles 0 (large HQ) the correlation distance
along the magnetic field is larger than the film thickness t and the in-plane critical
current density scales with Hi-. There are significant differences between the above

two cases. One of them is the fact that the penetration of the tilted vortices with
finite "length" has well defined anisotropies of penetration as discussed by E. H.
Brandt [99]. This effect deals with the fact that for tilted applied magnetic fields vortex line motion perpendicular to the c-axis becomes highly anisotropic. The viscosity

for vortex movement perpendicular to the be plane becomes much smaller than for
the movement along the plane. Viscosities scale as

= rk sin 0 and 711 = Tic/ sin 0

respectively for the case of 0 >> -y-1, where ric is the flux line viscosity for the case
when B II

6.

Thus, at relatively small 0 enhanced anisotropic creep will cause a

rapid decrease of the trapped flux as well as its entry, depending on the measurement
history.

The measurable onset of the anisotropic penetration will directly depend on the
characteristic diffusion times of vortices into the superconductor and consequently the

applied field sweep rate. Since the anisotropy in diffusion scales as sine 0 the angles
between the Ar and ab-plane of less than 20 ° -25° should cause significant deviations

in j(Hal) curves.This analysis neglects the effect of field gradients in the sample as

well as boundary effects. The actual angle of the vortex lines will be corrected by
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the local self-field, which in the case of this film does not exceed 10-15 G. Since the

film thickness is of the order of the in-plane penetration depth, the surface effects
might be significant [99]. Summarizing, the actual angle of the vortex lines with the

ab-plane will not be equal to the angle of Hat and will vary across the disc area.
The deviations should be more pronounced at high sweep rates due to stronger field
modulation.

The analysis of the experiment is consistent with the above estimates. The creep
enhancement near 1-1.1=0 Oe is barely noticeable at small in-plane fields due to com-

parable self-field even for the lowest available sweep rates. In this case the angle
between the vortex lines and the ab plane remains large for any

When larger in-

plane fields are applied, the anomaly is first evident as a small kink in magnetization

near IiiiL=0 Oe developing into a minimum as the sweep rate is further decreased.
At low sweep rates, the film is in a more relaxed state, and fishield is more uniformly

distributed across the film area. In addition, the time scale of the measurement is
effectively increased in this case enabling us to integrate out larger changes of mag-

netic flux. This implies that the peaks in the MHL curve should be spaced further
apart and be more abrupt towards Hai=0 with the decrease of the sweep rate, as we
observe (Fig. 6.1). It also confirms the idea that the process is not instantaneous over

the disc area but rather propagates during the field rotation.
For the case of YBCO films which show quasi-2D behavior, the vortex correlation

length along the field direction should approximately exceed the one for BSCCO by
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more than "yrscohsscco

10 times. This effectively means that it can exceed the

the thickness of the film thus placing us in 2D limit. Supporting evidence for this is

the fact that power exponent p is steadily equal to -1 regardless of the strength of
the perpendicular magnetic field showing that change of the intervortex spacing does

not affect the vortex-pin interaction. If we were in the other 2D limit of completely
decoupled layers the change of the intervortex distance by several times would have
significant impact in the material having predominantly 1D pins.
Finally, we mention recent experimental observations which might be associated

with our results. Two types of barriers for flux penetration into the superconductor have been frequently discussed: geometrical, and surface edge (Bean-Livingston)

barriers. Zeldov et al. [82, 100] have recently analyzed the influence of a geometric

barrier on the irreversibility line and its contribution to the irreversibility in magnetization at low magnetic fields in BSCCO [100]. The asymmetric peaks near zero
field observed in BSCCO single crystals were consistently explained as being due to
delayed entrance of vortices when the field direction is reversed. In our geometry we

would expect strong peaks to be located very close to H-ai- = 0 separated by a field
on the order of Hci(T)(d/W)1/2 N 0.011-Id (7710 -1 0.3 Oe (the exact formula was

derived for a strip geometry only with thickness d and width W). Clearly this is not

the case in our experiment: first, the peaks are symmetric with respect to the center
of the magnetization curve and second, the maxima in magnetization are separated
by fields up to about 20 Oe with an approximately linear dependence on the sweep
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rate. An effect of geometrical origin cannot explain the dependence on the magnitude

of the in-plane applied field or on the sweep rate. Edge barriers, extensively studied [101, 102] and observed by several groups [2], are out of the question for all the
reasons stated above and also because our wet-etched samples have a inhomogeneous
edge morphology on the order of 2pm which effectively destroys the Bean-Livingston

barrier. Such a barrier would also not produce significant changes with sweep rate.

The closest approach to ours was that taken by Indenbom et al. [103] who used

Faraday effect imaging to observe the penetration of the perpendicular flux in the
presence of an in-plane applied magnetic field. They interpret anisotropy in pene-

tration as evidence of the 3-dimensional nature of vortex lines based on the same
analysis given by E. H. Brandt [99]. They present evidence for 3-dimensionality in

YBCO crystals and a somewhat reduced effect in YBCO films; in contrast to our
results, they do not register it in BSCCO. From this they conclude that vortex structure in BSCCO is completely decoupled between the layers i.e. consists of 2D vortex

pancakes. It is not clear why the effect was not observed in their experiment, although possible reasons could be its sweep rate dependence and temperature. Lower

temperatures should enhance the pinning causing larger effective times for hopping
and slow smearing of the anisotropy.
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Chapter 7
Conclusion

In this thesis we described the development of a new experimental setup to mea-

sure magnetization with variable sweep rates, susceptibility and transmitivity using
cryogenic Hall probes. We have completed comparative studies of sweep-rate depen-

dent magnetization hysteresis curves of thin-film BSCCO and YBCO and extracted
current-voltage characteristics and activation energies for flux motion. This informa-

tion was used to study the nature of vortexvortex and vortexpin interaction. The
measurements in crossfield configuration showed strong enhancement of the perpen-

dicular field component's creep rate in the presence of an inplane applied magnetic
field, in contrast to recent findings in BSCCO. The new structure in the response of
BSCCO well below the 3D to 2D vortex crossover field was explained by existence of

finite correlation length between vortex pancakes along the field direction larger than

the interlayer spacing leading to a 3D behaviour of flux lines in BSCCO at 77 K.

Temperature dependent susceptibility studies were used to determine the effects
of the DC applied magnetic field on the transition in both BSCCO and YBCO. The

applicability of the Bean's critical state model was tested in both cases and found
that it can be applied within limited range of fields.
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Appendix A

Extraction of the Ej Characteristics from the
Magnetization Data
Generation of "contactless current-voltage characteristics" from magnetization

measurements has been discussed in the literature [120, 80], and here we present
a short summary specific to our conditions and geometry: constant sweep rate of the
external magnetic field applied perpendicular to the superconducting disc.
We assume a constant shielding current ishield across the film area and prove the
validity of this assumption. We treat the disc as a series of concentric superconducting

rings coupled inductively to one another. If the current density is constant throughout

the disc, it is easy to calculate the field generated. The measured field therefore
directly determines the current density using the well known expression [70]. The

determination of the voltage is more complicated. We begin with the differential
equation that describes the concentric currents in each ring as the magnetic field H-alis applied with a sweep rate dH-(1- I dt:
d(Diezt

d4,1int

dt

dt

=

-YthAfF

(A.1)

The external flux in the i-th ring comes from the spatially uniform applied field and
is text = 1-10-1-Si where Si is the area of ring i. Its time derivative is directly obtained

from the sweep rate. The internal flux in the i-th ring due to currents in all the rings
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is 43.

= Ek Likik where Ik is the current in the k-th ring and Lik is the mutual

inductance between the i-th and k-th rings (for i # k) or the self inductance of the
ring (for i = k). The inductances were calculated from the formulae in Ref. [128]. The

time derivative of the current is obtained from the sweep rate of the perpendicular
applied field and the slope of the M(H;1-, ) curve (which is, in effect, ishield(H)) via
dlahield

dt

dIshield a I siL

dHa

dt

(A.2)

Equations A.1 and A.2 determine the voltage VLIF in the i-th ring. It is clear that
the voltage is not the same for each ring; indeed, the span of voltages can be several
decades. However, if we are willing to settle for a less precise knowledge of the total
current, we can discard those rings which give the lowest contribution to the magnetic

field seen by the probe. This effectively narrows the voltage spread. Fig. A.1 shows

the relative contribution from each ring of radius ri to the total magnetic field from
the disc measured by the Hall probe at the location in this experiment. We eliminate
the rings with the lowest contribution and compare the amount of the field seen by the

probe relative to that seen when the disc is complete. If we label the calculated emf

in the ring with the largest radius V"7 and the one with the smallest radiusVgiy,
the ratio of these two values gives a relative voltage spread (Fig. A.2). In the case of
Wirtz

5% field accuracy, Ems
ern
,: 60 which corresponds to

Eniaz
n

< 8. As evident from Fig.

4.9 the current does not change substantially over less than one decade of electric
field. This shows that approximation of constant shielding current/shield throughout
the disc area is a valid one.
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Figure A.1: Relative contribution of the i-th current ring with radius r' to the total
magnetic field measured by the Hall probe at distance s from the film's plane.
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Appendix B
Software Tools
All the instrumentation used in the measurements described in this thesis were
interfaced using standard IEEE-488 (GPIB) hardware coupled with the LabVIEW
2.2.1 software package developed by National Instruments.

LabVIEW programs were written for control of the instruments as well as for
performing basic calculations during the measurements. More sophisticated analysis
of the data was performed on a UNIX RISC 6000 workstation using XL FORTRAN

with standard the CMLIB mathematical library. This last was used for extraction of
contactless E

j characteristics described in the previous appendix.

The availability of fourth generation languages for instrumentation interfacing
(LabVIEW) gives a big advantage in terms of time necessary to create a program
that controls the physical experiment. Its modular (object oriented) character makes
it possible to easily incorporate different modules into a powerful virtual instrument

(VI) with minimal sacrifice in speed. This is very important when working on the
development of new physical measurement system since the system (real instrument)

configuration constantly changes. In Figure B.1 the front panel of the VI for measuring sweep-rate dependent magnetization curves is shown. Apart from the obvious

button controls, the program does an almost complete data analysis during the experimental run. Depending on the sweep rate and amplitude of the applied magnetic
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field, the program chooses the proper configuration of all the individual instruments
(measurement ranges, time constants, etc.) as well as the configuration of the system

(function generator or integrator for sweeping the field). During the course of the
measurement the sweep rate is independently calculated from the data and verified

against the set one. The width of the magnetization curve is calculated at a set applied magnetic field and plotted against the magnetic field sweep rate. One therefore

has an approximate E-j trace during the measurement. So, if properly used, the
software can make the instrumentation more intelligent.

Similar programs were developed for temperature sweeps of the magnetization
hysteresis and AC susceptibility. Again, one of the beauties of this language is that,
armed with a minimal understanding of its structure, it is very easy to follow the data

flow and therefore to monitor the operations on it. Only minimal textual comments
are necessary for one to completely understand the VI.
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Figure B.1: Front panel of a magnetization measurement virtual instrument

