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ABSTRACT 

 

 

IRREVERSIBLE TRANSPORT PHENOMENA IN POLYCRYSTALLINE 

Bi1.7Pb0.3Sr2Ca2Cu3Ox SUPERCONDUCTORS 

 

 

Yetiş, Hakan 

Ph.D., Department of Phyics 

Supervisor:  Prof. Dr. Atilla KILIÇ 

 

June 2009, 151 pages 

 

The aim of this study is to investigate the magnetic flux dynamics in a 

polycrystalline sample of superconducting Bi1.7Pb0.3Sr2Ca2Cu3Ox (BSCCO) with a 

macroscopic cylindrical hole (CH) drilled through the sample. Current-voltage    

(I – V curves), transport relaxation (V – t curves), and magnetovoltage (V – H 

curves) measurements were carried out as functions of transport current (I), 

temperature (T), and external magnetic field (H) on the BSCCO sample before 

drilling the CH. Then, similar measurements were carried out on the same 

BSCCO sample after drilling the CH. The results can be summarized as follows: 

 (i) The hysteresis effects in the I – V curves of the sample without CH 

disappear for all dI/dt values at H ≠ 0, and the I – V curves exhibit approximately 

linear behavior. However, the hysteresis effects in the I – V curves of sample with 

CH are still observed for the same magnetic field, temperature and dI/dt values. 

The results suggest that the CH behaves as a macroscopic flux pinning center for 
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the flux lines, which reduces the measured voltage dissipation by preventing the 

flux motion. 

 (ii) In order to investigate the penetration of the driving current into the 

samples, a maximum current (Imax) was applied to the samples and decreased to 

zero with a certain value of dI/dt. Then, the current was increased from zero to 

Imax with the same value of dI/dt. The voltage humps which indicate the existence 

of an obstruction due to the surface effects and also by the presence of CH were 

observed at low values of Imax.  

(iii) The V – t measurements of the sample with CH showed some 

discontinuties which were attributed to the leaving of flux lines via the CH and 

surface effects. In addition, we observed a new type of non-linear dynamic 

response to bidirectional square wave (BSW) current applied to the sample 

reflects itself as regular sinusoidal-like voltage oscillations. 

 (iv) The V – H curves measured for the sample with CH depend on the 

field ramping rate (dH/dt) and exhibit prominent counter clockwise hysteresis 

effects which are unusual when compared to those for the sample without CH.  

 

Keywords: Type-II Superconductors, I – V Curves, Magnetovoltage, Transport 

Relaxation Curves, Time Effects, Surface Effects, Vortex Dynamics. 
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ÖZET 
 
 

POLĐKRĐSTAL Bi1,7Pb0,3Sr2Ca2Cu3Ox ÜSTÜNĐLETKENLERDE 

TERSĐNMEZ TAŞIMA OLAYLARI 

 

 

Yetiş, Hakan 

Doktora, Fizik Bölümü 

Tez Danışmanı:  Prof. Dr. Atilla KILIÇ 

 

Haziran 2009, 151 sayfa 

 

Bu çalışmanın amacı makroskopik silindirik bir delik (SD) açılmış polikristal 

Bi1,7Pb0,3Sr2Ca2Cu3Ox (BSCCO) üstüniletken örnek içinde oluşan manyetik akı 

hareketlerini araştırmaktır. Akım-gerilim (I – V eğrileri), taşıma durulma (V – t 

eğrileri), ve manyetovoltaj (V – H eğrileri) ölçümleri taşıma akımının (I), 

sıcaklığın (T) ve dış manyetik alanın (H) fonksiyonu olarak BSCCO örnek 

üzerinde, delik delinmeden önce, yapıldı. Sonra, silindirik deliğin örneğin taşıma 

özellikleri üzerindeki etkilerini araştırmak için, aynı BSCCO örnek üzerinde SD 

açıldıktan sonra benzer ölçümler tekrar yapıldı. Sonuçlar aşağıdaki gibi 

özetlenebilir: 

            (i) Deliksiz örneğe, bir dış manyetik alan uygulandığında, I – V 

eğrilerindeki histeresis etkileri tüm dI/dt değerleri için yok olur ve yaklaşık olarak 

doğrusal bir davranış sergiler. Buna karşın, aynı manyetik alan, sıcaklık ve dI/dt 

değerlerinde, delikli örneğin I – V eğrilerinde histeresis etkileri hala 

gözlenmektedir. Bu deneysel bulgular, silindirik deliğin akı çizgileri için bir 



 vi 

makroskopik akı tutma merkezi gibi davrandığını ve akı hareketini engelleyerek 

ölçülen voltaj harcanımını düşürdüğünü göstermektedir. 

 (ii) Sürücü akımın üstüniletken örneğin dış yüzeyinden içeriye doğru 

girişini araştırmak için, örneğe bir maksimum akım Imax uygulandı ve bu akım 

belirli bir akım tarama dI/dt hızıyla sıfıra düşürüldü. Sonra akım sıfırdan Imax 

değerine aynı dI/dt hızıyla artırıldı. Düşük Imax değerlerinde oluşan voltaj tepeleri, 

taşıma akımının örnek içine girişinin yüzey etkileri ve silindirik delik tarafından 

engellendiğini göstermektedir.  

 (iii) Delikli örneğin V – t ölçümlerinde, akı çizgilerinin silindirik deliği 

terk etmesine ve yüzey etkilerine atfedilen bazı kesikliklerin meydana geldiği 

gözlendi. Ayrıca, V – t eğrileri yardımıyla doğrusal olmayan yeni bir dinamik 

tepki gözledik. Đki-yönlü kare dalga şeklinde bir sürücü akımın örneğe 

uygulanmasıyla oluşan bu doğrusal olmayan tepkiler, sıcaklığın, manyetik alanın, 

sürücü akımın genlik ve periyodunun belirli aralıkları içinde, düzenli sinüssel 

voltaj salınımları olarak ölçüldü.  

   (iv) Delikli örnekte ölçülen V – H eğrilerinin alan tarama hızına (dH/dt) 

bağlı olduğunu ve (deliksiz örnekle karşılaştırıldığında) alışılmışın dışında, saat 

yönünün tersinde dönen belirgin histeresis etkileri gösterdiği gözlendi.  

 

Anahtar Kelimeler: Tip-II Üstüniletkenler, I – V Eğrileri, Manyetovoltaj, Taşıma 

Durulma Eğrileri, Zaman Etkileri, Yüzey Etkileri, Akı Dinamiği. 
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PREFACE 

 

This thesis is based on my research within the Superconductivity group at the Abant 

Đzzet Baysal University, Bolu, during the period of 2003 – 2009. It consists of seven 

chapters and an appendix. In chapter one, we give a broad overview of the earlier 

studies about the vortex dynamics in superconductors. Chapter two presents a brief 

introduction to vortices and superconductivity. In chapter three, the theoretical 

models which evaluate the time effects in transport measurements are introduced. In 

chapter four, the details of sample preparation and experimental set-up are given. In 

chapter five, the experimental results for current-voltage (I – V curves), transport 

measurements (V – t curves), slow voltage oscillations and magnetovoltage 

measurements (V – H curves) are presented. In chapter six, the experimental results 

are discussed and compared with the theoretical models outlined in chapter three. In 

chapter seven, the results and findings are summarized.  
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CHAPTER 1 

INTRODUCTION 

 

The effect of transport current on vortex dynamics in type-II superconductors has 

been widely investigated experimentally [1–8] and theoretically [9, 10] and by 

realistic computer simulations [11–27]. Several dynamic phase transitions have 

been reported in those studies. It was found that the structure of flux line lattice 

(FLL) is highly dependent on both the magnitude of transport current and the 

strength of pinning defects. For instance, at low applied currents, it was observed 

that the vortices are almost pinned; as the current is increased, non-uniformly 

moving disordered vortex lattice is established along the sample depending on the 

magnitude of the Lorentz force. However, at high enough currents, the driving 

current enables vortices to form an ordered moving lattice by reducing the pinning 

barriers [6]. The competition between the pinning and depinning processes is 

generally considered as the source of many complex dynamics instabilities in 

type-II superconductors. The most pronounced example of this competition is the 

sudden enhancement of the critical current just below the upper critical field Hc2. 

This unusual phenomenon is known as the peak effect, and it has been attributed 

to the softening of the elastic moduli of the vortex lattice and strong pinning [2].  

 

In addition to the peak effect, the vortex system displays many significant 

phenomena such as voltage noise [28], history dependent response [29], memory 
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effects [6, 30], and metastability [31]. A comprehensive model which defines such 

instabilities was presented by Paltiel et al. [7] in their experimental study on a 

single-crystalline sample of 2H-NbSe2. The authors showed that the applied 

current flowing along the edges of the sample causes a contamination by injecting 

a disordered vortex phase, while the current flowing in the bulk acts as an 

annealing mechanism. In Ref. [7] it is assumed that the ordered and metastable 

disordered vortex phases are present simultaneously in bulk of the sample and the 

driving current serves as an effective temperature in the usual sense as in the 

statistical mechanics so that it anneals the metastable disordered vortex phase 

towards the more ordered stable phase by depinning vortices from the pinning 

sites. This model could also be applied to the investigation of vortex dynamics in 

high-Tc superconductors [32]. 

 

These dynamical complexities of vortices in type-II superconductors were also 

explained in the frame of order-disorder transition of the vortex system or 

competing interactions between pinning and depinning of vortices [3–8, 33, 34]. 

The interplay between these two mechanisms determines the properties of the 

vortex system and is also highly dependent on the magnitude of the applied 

current or driving force. Due to the high pinning strength, the motion of flux lines 

at low currents forms defective flow patterns by causing plastic motion related to 

the ensemble of neighboring flux lines which move at different velocities; 

whereas, at high current levels, the flux line motion becomes correlated with 

nearly constant velocity along the whole sample. Fast and slow transport 

relaxation measurements and I – V measurements with different current ramping 
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rates performed on single-crystalline sample of 2H-NbSe2 reveal clearly the 

degree of order of the vortex system and such reorganization of the vortices [6]. 

The transport relaxation measurements [3–8] showed that the moving vortices 

reorganize themselves into less ordered or more ordered states depending on the 

experimental conditions.  

 

Voltage jumps, hysteresis and significant time effects were observed in the I – V 

curves of polycrystalline, superconducting Y1Ba2Cu2O7-δ (YBCO) samples [35] as 

a function of the current sweep rate (dI/dt) for both low and moderate dissipation 

levels on long time scales. It was found that the evolution of the I – V curves 

depends strongly on the cycling direction of the applied current and on the value 

of dI/dt, which leads to formation of significant hysteresis loops in the I – V 

curves. The width of the hysteresis loops decreases somewhat with reducing dI/dt 

which can be considered as an evidence of the time effect. The dynamical 

hysteresis effects were also observed in the I – V curves of single-crystalline  

type-II superconductors [36]. The instabilities and hysteresis effects in the I – V 

curves were discussed in terms of Joule heating at the current contacts depending 

on the magnitude of applied current [35, 37], inelastic quasi-particle scattering 

depending on the magnetic field strength [38], inhomogeneity in the flux pinning 

strength for polycrystalline superconductors [35, 39, 40] and dynamical 

metastability of vortex lattice [6, 29, 41–43].  

 

Previous transport measurements, on the other hand, revealed that the dynamics of 

vortices in type-II superconductors depends on the type of transport current 
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modulation. Gordeev et al. [3, 4] showed that the asymmetrical square wave 

(ASW) currents cause slow voltage oscillations on long time scale in de-twinned 

single-crystalline sample of Y1Ba2Cu3O7-δ; whereas, they observed that bi-

directional square wave (BSW) current enhances the magnitude of voltage 

response a few orders of magnitude when compared to direct current which did 

not cause any oscillation. This unusual behavior was attributed to the 

reorganization of vortex lattice by the transport current and the interplay between 

bulk and surface pinning. Kwok et al. [28] ascribed the time oscillations in the 

voltage response to an ac sinusoidal type current just below the melting line (or 

freezing) of flux line lattice in a single-crystalline sample of Y1Ba2Cu3O7-δ. Such 

an oscillation was attributed to the elasticity of the vortex solid and the dynamic 

competition between pinning and depinning forces. 

 

Similarly, Henderson et al. [30] demonstrated the importance of the type and 

frequency of applied current in the motion of vortex array which causes novel 

types of non-linear response by using fast transport measurements in single 

crystalline sample of superconductor 2H-NbSe2. In polycrystalline samples of 

Y1Ba2Cu3O7-δ, Kiliç et al. [44] showed that a non-linear response to the long 

period BSW current reflects itself as regular sinusoidal-type voltage oscillations in 

the time evolution of sample voltage (i.e., V – t curves). The experimental results 

were interpreted in terms of the defective flow of flux lines in a multiply 

connected network and semi-elastic coupling between the flux lines and pinning 

centers [44]. 
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In the previous experimental studies, driving the vortex system by a transport 

current was the most convenient way of observing different dynamical 

instabilities and dynamic phase transitions. In addition to experimental studies, 

much effort has been devoted to numerical simulations of the current-driven 

vortex lattice in the presence of both periodic [23, 45, 46] and randomly 

distributed point-like pinning sites [47–50]. In the presence of driving force, the 

dynamic phase diagrams revealed the existence of several intermediate phases 

between the plastic and elastic regimes as a function of the spatial distribution and 

strength of the pinning sites [51, 52]. In parallel to numerical simulations, 

experimental studies were focused on the superconducting systems with well-

arranged artificial square or triangular periodic pinning arrays in which the 

vortices could be trapped at individual pinning sites and also at interstitial regions 

between pinning sites [53, 54]. Recent developments in artificially engineered 

pinning structures [55] have brought a new physical insight in which the vortices 

interact with hole arrays of large radius. Thus, analysis of the systems (such as 

nucleation of vortices [56], formation of multiquanta vortices [57, 58] and 

multiple trapping of vortices inside the cavities which serve as strong pinning 

centers [59]) has attracted a lot of interest. In addition, the flux trapping capacity 

of hole defects and the effect of columnar defects on the arrangement of vortex 

lines inside the superconducting sample were also investigated experimentally 

[60, 61]. Silhanek et al. [62] showed that a thin film sample of Pb with artificially 

created square array of microholes is a good candidate to determine the number of 

trapped flux lines inside the cavity as a function of temperature and magnetic field 

strength. 
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Irreversibility effects in polycrystalline high-Tc superconducting (HTSCs) samples 

have been observed in magnetization [63–67] and magnetoresistance [61, 68, 69] 

measurements at low, moderate and high magnetic fields. The hysteresis effects in 

magnetovoltage measurements (V – H curves) appear generally in the clockwise 

direction as the external magnetic field is swept up and down [68–70]. Low- and 

high-magnetic field irreversibilities observed in polycrystalline HTSCs samples 

have been interpreted in terms of flux trapping developing both intergranular    

and intragranular regions. In magnetovoltage measurements, it was shown 

experimentally that the time required to plot the whole cycle of the V – H  curve is 

important, thus, it becomes possible to investigate the relaxation effects in V – H  

measurements by varying of the sweeping rate of the external magnetic field 

(dH/dt) [61, 71]. 

 

In this thesis, we investigated the time-dependent flux motion in a polycrystalline, 

superconducting Bi1.7Pb0.3Sr2Ca2Cu3Ox (BSCCO) having a drilled macroscopic 

cylindrical hole (CH) with a diameter of 0.5 mm. The experiments include I – V 

measurements [35] as a function of current ramping rate dI/dt, V – t curves and 

slow voltage oscillations, magnetovoltage (V – H curves) measurements [61] as a 

function of magnetic field ramping rate dH/dt. In the experiments, first, the 

transport measurements were performed on the BSCCO sample without CH, then 

a CH was drilled through this sample and then the measurements were repeated 

on BSCCO sample with CH. This procedure enables us to compare the 

experimental results obtained for the BSCCO sample before and after drilling of 

the CH. The aim of this study is mainly to investigate the flux dynamics, flux 
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trapping/de-trapping, and time effects in polycrystalline superconducting BSCCO 

sample with CH as functions of temperature T, transport current I, and magnetic 

field H.  

 

The experimental results obtained for the BSCCO samples with and without CH 

exhibit several interesting physical behaviors at temperatures just below Tc. It is 

observed that the I - V curves of the BSCCO sample with CH show significant 

hysteresis effects, which depend on the magnitudes of dI/dt, the applied maximum 

current (Imax), and the external magnetic field. The hysteresis effects in the I - V 

curves are considered as a kind of superheated state of coherent motion of flux 

lines which try to keep their integrity. The analysis of I - V curves showed that CH 

acts as an attractive macroscopic pinning center for flux lines and inhibits the flux 

motion. Further, the discontinuities observed in the time evolution of the 

quenched state of the V - t curves are interpreted in terms of leaving of flux lines 

through CH. It is shown that dH/dt becomes an important parameter in the 

evolution of V – H curves, which determines the measured dissipation and the 

degree of relative irreversible effects. For different values of dH/dt, pronounced 

counterclockwise hysteresis effects appearing in asymmetric V – H curves are 

considered as a direct evidence of flux trapping in the CH. It is well known that, 

near the critical temperature (Tc), high-Tc superconductors are quite sensitive to 

low external magnetic field and a macroscopic CH drilled through the sample 

could be very promising to produce highly sensitive magnetic sensors by using 

these superconductors [72]. The noise problem in superconducting quantum 

interference devices (SQUIDs) can also be solved by introducing suitable holes of 



 8 

different sizes which trap the vortices. We suggest that our findings in this study 

will provide a direct contribution to designing of high performance SQUIDs.  
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CHAPTER 2 

SUPERCONDUCTIVITY 

 

Superconductivity was first discovered by Kamerlingh Onnes and Gilles Holst in 

1911, while measuring the electrical resistance of mercury at low temperatures 

[73]. They found that, the dc resistance of mercury dropped abruptly to zero 

below 4.2 K. Thereafter, many investigations have shown that most of metals and 

metallic alloys have this property, namely, a transition from normal state to 

perfect conductivity. In 1957, Bardeen, Cooper and Schrieffer (BCS) reported the 

first successful microscopic theory of superconductivity [74].  

 

Superconducting materials exhibit two characteristic features: 

• Perfect electrical conductivity (the resistivity (ρ) becomes zero below a 

critical temperature Tc.) 

• Perfect diamagnetism (i.e., the Meissner effect; the magnetic induction 

inside the superconductor is zero, 0=B
r

.) 

 

2.1 Meissner effect 

 

When a specimen is placed in an external magnetic field (below a critical field of 

Hc) and is cooled below the critical temperature Tc, the magnetic flux is expelled 

from the specimen, i.e. the material exhibits perfect diamagnetism. It is well 

known that a bulk type-I superconductor in a weak magnetic field acts as a 
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“perfect diamagnet”, with zero magnetic induction in the interior. Diamagnetism 

can be explained by induction of magnetization in a direction opposite to the 

external magnetic field: 

 

MHB
rrr

π4+=  .                                                                                       (2.1) 
 

Here, B
r

 is the magnetic induction (or effective field inside the sample), H
r

 is 

external magnetic field (magnetizing field) and M
r

 is the magnetization induced 

in material. In type-I superconductors, the flux is repelled out of the sample and 

B
r

 becomes zero below Tc. In this case, the magnetic susceptibiliy HM /=χ of 

the sample is -1/4π (in CGS units). Negative susceptibility is an indication of 

diamagnetism, and the value -1/4π corresponds to the perfect diamagnetism. 

Above Tc, a transition from the superconducting state to normal state occurs as the 

magnetic flux penetrates into the sample. However, perfect diamagnetism can not 

be correlated to perfect conductivity ( ρ = 0). The Ohm’s law can be written as  

 
JE
rr

ρ= ,                                                                                                  (2.2) 
 

where E
r

 is the applied electrical field, ρ is the electrical resistivity and J
r

 is the 

current density. The Faraday’s law of induction states that the induced 

electromotive force is proportional to the negative of the time rate of change of 

the magnetic flux B
r

 through the loop. This is given as [75] 

t

B

c
E

∂

∂
−=×∇

r
rr 1

.                                                                                       (2.3) 

 
If ρ = 0, according to Ohm’s law, the electrical field inside the sample must be 

zero ( E
r

= 0). Thus, 0=
∂

∂

t

B
r

 and, B
r

= constant within the sample. This clearly 
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proves the existence of two different possible states for a perfect conductor. Thus, 

its final state below the critical temperature Tc in the presence of the external field 

H (< Hc) depends on the history of the cooling process. However, a 

superconductor is perfectly diamagnetic for T < Tc and H < Hc, and the transition 

to the superconducting state is perfectly reversible. 

 

2.2 London equations and the two fluid model 

 

The theoretical description of the Meissner effect was put forward by Fritz and 

Heinz London brothers by modifing the set of Maxwells’ equations in 1935 in 

terms of  “two fluid model” [73]. In this model, there are two charge carrier types 

coexisting in a superconductor below the critical temperature Tc and the total 

carrier density nt is given as the sum of superelectron density ns and normal 

electron density nn 

snt nnn += =constant.                                                                            (2.4) 
 

At a fixed temperature below Tc, there is a special ratio between the densities of 

the two carriers, as a consequence of two fluid model. However, the transport 

current has a determining effect on the dynamical process of carriers. When a 

current is passed through a superconducting sample, a dynamic competition 

between the carriers is produced depending on the magnitude of the applied 

current. At very low currents, it is supposed that only superelectrons contribute to 

the conduction and normal electrons do not take place in the conduction 

phenomena. As a consequence, no dissipation (or voltage developed in the 

direction of the transport current) is observed, hence, 0=ρ . On the other hand, 
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the normal electron conductivity is given as 
m

enn τ2
=σ . Here, nn is the density of 

normal electrons, e is the magnitude of the electron charge, τ is the relaxation 

time, and m is the electron effective mass. If an electrical current is carried by 

normal electrons in a superconducting sample, it naturally causes dissipation (i.e., 

a voltage drop is developed in the current direction).  

 
The London equations successfully describe the Meissner effect. The first London 

equation relates the superconducting current to the applied electric field as follows 

[73]: 

            
m

Een

dt

Jd ss

rr
2

=  ,    with      
sss

venJ
rr

−=                                                     (2.5) 

EJ
nn

rr
σ= ,          with       

nnn
venJ
rr

−= .                                                  (2.6) 

Here, 
s

J
v

 is the supercurrent density, and 
n

J
v

 is the normal current density, 
s

v
v

and 

n
v
v

 are the mean velocities of the superelectrons and normal electrons inside the 

material, respectively. The total current density J
v

 is given by 

ns
JJJ
rrr

+= .            (2.7) 
 

The equation of motion of an electron in an electrical field E
r

can be written as, 

Ee
dt

vd
m

r
r

−= .                                                                                           (2.8) 

 
By substituting the supercurrent density equation into Equation (2.8), we obtain 

 

m

Een

dt

vend sss

rr 2)(
−=

−
.                                                                            (2.9) 
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The supercurrent sJ
v

 is connected to the magnetic induction B
r

 and by considering 

the Maxwell equations [75] after some straightforward algebra, we obtain the 

London equation 

B
λ

B
mc

en
B

rrr

2
L

2

2
s2 14

==∇
π

,                                                                      (2.10) 

 

where
2

s

2

4 enπ

mc
λL =  (in CGS)  is defined as the London penetration depth. This 

equation is seen to account for the Meissner effect because it does not allow a 

solution uniform in space, so that a uniform magnetic field cannot exist in a 

superconductor. That is B(r) = B0 = constant is not a solution of Equation (2.10) 

unless the constant field B0 is identically zero [73].  The London eqution, which is 

purely classical, deals with electrodynamic properties of superconductors on a 

macroscopic scale and the solution of the London equation  

 
B(r) = B(0)exp(-r/λL)                                            (2.11)  
 
 

leads to an exponential decay of the external magnetic flux with distance r inside 

the bulk semi-infinite superconductor. Here, B(0) is the magnetic field, which is 

parallel to the surface of the superconductor. The penetration of the magnetic flux 

into the sample is characterized by a parameter λL called as "London’s Penetration 

Depth", and screening currents are induced within a distance related to λL (for 

type-I superconductors, λL ≅  500 Å) [73].   
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2.3 The Ginzburg - Landau theory 

 

Despite the success of London theory in explaining the Meissner effect, it failed to 

explain some important phenomena, including the surface energy at the interface 

between the normal and superconducting regions (NS boundary), the critical 

magnetic field and the critical current of a thin film. The Ginzburg-Landau (GL) 

theory takes into account the quantum effects. The GL theory [76] is considered 

as the first phenomenological quantum theory of superconductivity and is based 

on the Landau theory of second order phase transitions. According to Landau 

[77], second order phase transitions occur when the state of a substance changes 

continuously, while its symmetry changes in a discontinuous manner. The second 

order phase transitions characterized by an order parameter. This implies the 

existence of an order parameter for a superconductor, which is nonzero at T < Tc 

and zero at T > Tc. The effective wave function ψ(r) of the superelectrons was 

considered as an order parameter by Ginzburg and Landau [76, 78]. The order 

parameter ψ for superconductors is defined as 

θψ i

s en= ,                                                                                           (2.12) 

 
where θ  is the phase of the order parameter and |ψ|2 is assumed to be equal to the 

density of the superelectrons ns. The GL theory is consistent with the experimental 

results taken in the vicinity of the transition temperature Tc, and the free energy 

can be expanded in powers of ψ, which is very small in the vicinity of Tc [78],  
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Here, A
r

 is the vector potential, h  is the Planck constant, α and β are 

phenomenological constants; α = α0(T – Tc) and β > 0 are related with transition 

and stability. Fn(r) and Fs(r) are the free energy densities of a material in the 

normal state and superconducting state, respectively.  In order to find the 

minimum value of the free energy, we apply the variational method with respect 

to ψ*(r), which is the complex conjugate of ψ (r),    
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By means of integration by parts,  

∫ ∫
∗∗ ∇−=∇∇ δψψδψψ )())(( 2
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.                                                (2.15) 

 
If δψ* vanishes at the surface of the superconductor, so that 
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If the expression in the square brackets is zero, so Equation (2.16) is satisfied. 

From this, we obtain the first equation of the GL theory [78]: 
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The GL theory is able to explain the magnetic properties of superconductors. For 

example, the GL theory introduced a special parameter κ which depends on the 

ratio of the penetration depth λ to the coherence length ξ which is correlated to 

superelectron pairs. This parameter is known as the GL parameter and it plays a 

key role in the determination of the surface energy at the NS boundary. According 

to the GL theory [78], the surface energy is found to be positive for conventional 

superconductors with 2/1<κ . Abrikosov [79, 80] showed that the surface 
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energy is negative at large GL parameter ,2/1>κ  and this implied the 

existence of a new type of superconductors having fairly different magnetic 

properties. Thereafter, Abrikosov named the pure superconductors as type-I 

superconductors and these new ones as type-II superconductors, which have an 

intermediate state above the Meissner state [80]. Later on, it was found that the 

predictions of GL theory and Abrikosov theory were consistent with experiments. 

The magnetization curves for type-I and type-II superconductors are given in Fig. 

2.1. For a type-II superconductor, for H < Hc1 (the lower critical field), the 

material is in the Meissner state. For H > Hc1, the magnetic field lines penetrate 

partially into the sample in the form of quantized vortices and an intermediate 

(mixed) state consisting of normal and superconducting regions is formed. As the 

external magnetic field becomes equal to or higher than the upper critical field 

Hc2, the bulk superconductivity disappears completely. 

Figure 2.1 The magnetization curves for the type-I and type-II superconductors. 

Here, the Hc is the thermodynamic critical field where the superconductivity is 

destroyed above for type-I superconductors. Hc1 and Hc2 are lower and upper 

critical fields for type-II superconductors. Also, there is a mixed state where the 

superconducting and normal state regions co-exist in the phase diagram for type-II 

superconductors [80].  

 

                  HC1                             HC2              HC                            



 17 

When the free energy density (Equation 2.13) is minimized with respect to the 

vector potential A
r

, the supercurrent equation (i.e., variation of A
r

 in a 

superconductor) or the second GL equation is obtained as [78] 

( ) A
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rrrhr
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** −∇−∇−= .                                       (2.18) 

 

Here q is the magnitude of wave vector. The supercurrent density sJ
r

 and the 

vector potential A
r

 in the superconductor can be described [75] as 
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The GL equations possess two scales. The coherence length ξ characterizes the 

variation of ψ(r) with position and the penetration depth λ characterizes the 

variation of B(r) with position inside the superconductor. Both ξ and λ are 

temperature dependent and are given as [78] 
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where α and β are phenomenological constants defined in Equation (2.13). The 

value of m* (=2m) and e* (=2e) are twice the normal electron mass and electron 

charge, respectively. Both ξ and λ diverge at T = Tc. 

 

2.4 Magnetic flux quantization 

 

The quantization of magnetic flux in a superconductor was first predicted by F. 

London [78]. Let us place a superconducting ring in a magnetic field which is 

weaker than the first critical field (H < Hc1) at T > Tc. Since the superconducting 

ring is in the normal state, the magnetic flux lines pass through the interior of the 

ring: These flux lines can be trapped by applying the field cooled (FC) process to 
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C

the ring: The temperature is decreased below the critical temperature of 

superconducting ring in an external magnetic field H < Hc1 and the magnetic field 

is turned off at a certain temperature below Tc. According to Faraday’s law of 

induction, the instantaneous diminish of the magnetic field inside the ring 

produces a current to prevent the decrease in field. This induced current is 

persistent because the electrical resistance of the superconducting ring is zero and 

this persistent current is known as the superconducting current or a supercurrent. 

The external magnetic field is now zero and the flux lines generated by the 

persistent supercurrent are trapped inside the ring. The supercurrent density is 

given as [80], 
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where Λ = 4πλ2/c2 and ec/π 220 h=φ  is the magnetic flux quantum named as 

fluxoid.  

 

 

 

 

 

Figure 2.2 A superconductor with a hole. The arrow shows the direction of the 

supercurrent. The contour C encircles the hole. 

 

In Figure 2.2, the contour C is chosen to encircle the hole and the distance 

between the contour and the internal surface of the hole is everywhere well in 



 19 

excess of the London penetration depth. Thus, the circulating supercurrent at any 

point of contour is taken zero, 0=
s

J
r

. So that, the line integral is 

∫∫ ⋅=⋅∇
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dAd l
rr

l
rr

θ
π

φ

2
0 .                                                                         (2.22) 

 
From the definition of the magnetic flux through closed loop (contour C), 
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and, then 
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The quantity θ is the phase of the order parameter (or wave function), and the 

wave function is defined as in Equation (2.12). In this case, it is necessary to 

decide on the value of phase θ, because, it is known that ψ(r) is a single-valued 

function, while the phase θ is a multiple-valued function. Therefore, the change in 

θ after a full circle around the hole containing the magnetic flux must be integral 

multiple of 2πn, where n = 0, 1, 2…. 

 

                nd
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rr
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Finally, one obtains that 

                  0φφ n= ,                                                           (2.26) 

where 
e

hc

20 =φ . The phenomenon of magnetic flux quantization is a very 

important feature of superconductivity. It states that a superconducting coil can 

only trap magnetic flux equal to integral multiples of 0φ . Also, the flux quantum 

with charge 2e suggests that the supercurrent is carried by pairs of electrons. 
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2.5 Vortices in type-II superconductors 

 

Abrikosov theory [79, 80] is based on the GL theory, and has a great importance 

on understanding the magnetic properties of type-II superconductors, which have 

an intermediate state (mixed) at magnetic fields in the range Hc1 < H < Hc2. When 

H is higher than the upper critical field Hc2, the superconductivity is destroyed 

completely. In the intermediate state, the magnetic field penetrates within the 

superconductor in the form of quantized filaments of magnetic flux such that each 

flux tube contains one flux quantum (fluxoid). The fluxoid (or Abrikosov vortice) 

can be approximated by a long thin cylinder with a radius equal to the coherence 

length ξ and the central axis of the cylinder coincides with the external magnetic 

 

 

 

 

 

 

Figure 2.3 A schematic representation of flux tube (or fluxoid). Here λ is the 

penetration depth, ξ is the coherence length, B is the magnetic induction, Js is the 

supercurrent. 

 

field [78] (Fig. 2.3). Thus, each vortex filament has a normal core because the 

external field value is reached at the center of the normal core. This field induces 

a supercurrent (Js) which is circulating around the normal core within a distance 

of the penetration depth λ. So that, the magnitude of the magnetic field decays as a 

function of distance away  from  the  center  of  the  vortex  over  a  distance λ. 



 21 

The magnetic field of a single isolated vortex can be obtained by solving the 

following equation [80] 

 

( ) )(ˆ 0
2 rzHH δφλ =×∇×∇+

rrrr
,                                                              (2.27) 

 

where δ(r) is the delta function, and ẑ  is the unit vector along the axis of the 

vortex. The solution of this equation gives 

 


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KH 02

0

2
,                                                                               (2.28) 

 
where K0 (r/λ)  is  zeroth  order  modified  Bessel  function  of  second kind [78].  

 

As Figure 2.4 illustrates the density of Cooper pairs 
2

ψ goes to zero and also the 

order parameter ψ is zero inside the vortex core [81]. The variation of magnetic 

induction B reaches its maximum value at the center of the vortex. The 

supercurrent Js is circulating within a length scale given by λ.  

 

 

 

 

 

 

Figure 2.4 The spatial variation of the density of Cooper pairs 
2

ψ , the magnetic 

induction B, and the supercurrent Js around the vortex center [81]. 
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Up to now, we introduced the properties of an isolated single vortex. In fact, there 

are many vortices in the mixed state of a type-II superconductor. The increase in 

the number of these vortices leads to strong repulsive interactions between them. 

The interaction energy between two vortices separated by a distance r is given by 

[81] 









=

λ

r
KErU 00)( ,                                                                                 (2.29) 

where 22

2
0

0 8 λπ

φ
=E  is the energy scale. In the mixed state of a type-II 

superconductor, the vortices always tend to form a regular triangular lattice in the 

absence of disorder to minimize their energy [78, 80]. Without external forces, the 

form of the triangular lattice is kept to maximize the average lattice spacing which 

is defined as the characteristic parameter of flux line lattice. 

 
2.6 Flux flow and flux pinning 

 
The regular triangular vortex arrays (flux line lattice) start to move when an 

electrical current J
r

 is applied to a type-II superconductor. The external force 

exerted on each vortex is given by  

J
c

F
L

rr
0φ

= ,                                                                                            (2.30) 

where 
L

F
r

 is the Lorentz force and J
r

is the transport current density [78]. In the 

absence of structural disorder, the vortices move in the sample under the influence 

of the Lorentz force. The motion of vortices produces an electric field due to the 

magnetic induction changing with time (see Equation (2.3)). This leads to a 
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voltage dissipation equal to EJ, according to the Ohm’s Law and manifests itself 

as a linear voltage increase in current-voltage (I – V) measurements.  

 

In practice, for applied current below the critical current (Ic) where a maximum 

current that a superconductor can carry, the motion of vortices is always prevented 

by imperfections inside the superconductor, such as grain boundaries, twin planes. 

Most of these imperfections behave as pinning centers, and the flux pinning 

phenomenon plays a crucial role in the determination of the current carrying 

capacity of type-II superconductors. In a superconducting material, in which the 

imperfections (pining centers) are naturally present, as the transport current is 

increased above Ic, a measurable voltage dissipation occurs across the sample. In 

the experimental I – V curves of superconductors, the critical current Ic is 

determined from the criteria at which the sample voltage or the induced electric 

field reaches 1 µV/cm. When the Lorentz force overcomes the pinning force Fp, 

the motion of flux lines is characterized by a flux flow regime [82]. Here, Fp is 

defined as a force, acting on a pinned flux line from a pinning center. On the other 

hand, if Fp > FL, high enough transport current can flow in the superconductor 

without destroying the superconductivity.  

 

It is well known that the free energy of the normal state exceeds the 

superconducting free energy by an amount of π8/2
c

H  per unit volume [78, 80]. 

When a vortex passes through a point defect with a size greater than ξ, it loses its 

core energy of 2
2

8
πξ

π
cH

 per unit length. This results in attraction of vortex to the 

defect center. In conventional type-II superconductors, not all defects (point 
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defects such as vacancies or individual second-phase atoms) serve as an effective 

pinning center due to their small size as compared to the radius of vortex core. 

However, this case is not valid for the high-Tc superconductors because of their 

very small coherence length [9]. The point defects can be effective in inhibiting 

the vortex motion in high-Tc superconductors.   

 

2.7 Flux creep 

 

At finite temperatures (T < Tc), the pinned vortices are activated thermally and 

hence the vortices start hopping from one pinning site to another. This 

phenomenon is known as thermally activated flux creep and occurs at a 

measurable scale. The flux creep has a negative influence on the value of the 

critical current density in high-Tc superconductors. 

 
Anderson [83] introduced a theory which connects the activation free energy of 

pinning regime to the hopping rate. According to this theory, the hopping rate of 

flux bundles is given as 

 
[ ])/)(exp TkJU

Bo
−=νν .                                                                    (2.31) 

 
where ν is the rate of flux hopping, νo is the attempt frequency, and kB is the 

Boltzmann constant. U(J) is considered as a pinning energy in transport 

measurements, because there is almost a static behavior of the  flux lines; while, 

in magnetization measurements, U(J) is taken as an activation energy since the 

flux lines are already in motion [63]. Also, the flux creep phenomenon manifests 

itself as a nonlinear increase in the sample voltage as a function of the driving 

current. 
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CHAPTER 3 

TRANSPORT RELAXATION MODELS FOR V – t CURVES OF 

HIGH-Tc SUPERCONDUCTORS 

 

3.1 Superconducting glass model 

 

The superconducting glass model [84] has been used to explain the magnetic 

relaxation of granular high-Tc superconductors. This model has some similarities 

to the thermally activated flux creep model. However, there are some difficulties 

in the interpretation of the magnetic properties of high-Tc superconductors by 

means of the thermally activated flux creep model. For example, memory effects 

observed in HTSCs could not be explained within the flux creep theory [6, 29]. 

The flux creep regime can not either explain the transition from the normal state 

to the superconducting state at small applied currents [84–88].  It was shown that 

the latter can be explained assuming pinning energies with different values 

distributed randomly through the sample [84]. The difference in the energy 

barriers between the neighboring states is small, while the difference between the 

more distant barriers is higher. Such barrier energy distribution leads to the 

concept of the superconducting glass model. The vortices can overcome easily the 

neighboring low barriers, however, fall in a deeper barrier due to the thermal 

activation. This model also provides useful information about the decay of the 
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sample voltage of both zero-field cooling and field cooling of the sample below Tc 

[84].  

 

The superconducting glass model is based on the relaxation of remanent magnetic 

moment in spin glasses [89], and has been used to explain the time decay of the 

magnetic susceptibility of La-based HTSCs by Müller et al. [85]. Since then, the 

magnetic behavior of HTSCs has been investigated by other researchers [90–93].  

In the model used for spin glasses, it has been shown that the remanent magnetic 

moment of the sample cooled in an applied magnetic field decays exponentially 

with time after the applied magnetic field is turned off. Müller et al. [85] 

demonstrated that the magnetic susceptibility data in high-Tc La2BaCuO4-y 

superconductor measured at different magnetic fields show all features expected 

for a superconducting glassy state: The time decay of the magnetic susceptibility 

was exponential as in the case of the spin glasses. The superconducting glass 

model has also been used [84] to explain the anomalous time decay of the 

electrical resistivity in polycrystalline YBCO sample. In the latter, the sample 

voltage over the whole time interval is described well by 

 

)/exp()( 00 ttAVtV
k

−=− ,                                               (3.1)  

 

where Ak is a constant, and t0 is a characteristic time which depends on the applied 

magnetic field and temperature. 
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3.2 Modified flux-flow and resistive weak-links models 

 

In order to characterize the relaxation effects in transport measurements of high-Tc 

superconductors, the modified flux-flow and resistive weak-link models have 

been proposed [94]. When the Lorentz force FL overcomes the pinning force Fp , 

the motion of the flux lines changes into a viscous flow character from flux creep 

motion, and the flux line velocity can be written as [82, 95, 96]  

 

              vL = 1/η(FL-Fp).                                                                                    (3.2) 

 

Here η is the viscous drag coefficient of the medium. At transport currents greater 

than the critical current (Ic) of the sample, the voltage V developed across the 

sample in the direction of the transport current can be written as [94] 

 

             [ ])(HII
S

L
V

cf
−ρ= .                                                                            (3.3)  

 

Here ρf is the flux flow resistivity, L is the distance between the voltage contacts, 

S is the area of the cross section perpendicular to the current, and Ic is the critical 

current which depends on the applied magnetic field and temperature.  

 

In the resistive weak link model, it is assumed that the effective resistivity of the 

weak link system can be represented by [94]  

 

             [ ] 1
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−
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p

cw
HIIρρ  .                                                                           (3.4) 
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Here ρw is the resistivity of the weak-links, and p is the exponent which depends 

on the applied magnetic field and temperature. Using the magnetic field 

dependence of Ic (i.e., Ic(H) ∝  1/H) and assuming that the decay of magnetization 

(M) with time is logarithmic, both models predict a logarithmic time dependence 

of the sample voltage V(t) [94]: 


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
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VtV B                          (3.5)  

Here, U0 is the activation energy and t0 ~ 1/f0 is the characteristic time. There is a 

close similarity between the expression of V(t), derived for the transport relaxation 

(Equation (3.5)), and the expression of magnetization M(t) for the magnetic 

relaxation as derived [97, 98] from the classical Anderson-Kim theory: 
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where M(0) is the value of magnetization at t = 0.  

 

3.3 Two-kinds of flux creep model 

 

Recently, Ma et al. [99] developed a new model, known as two-kinds of flux-

creep model, which describes the relaxation effects in transport measurements in 

high-Tc superconductors. This model treats the case when both transport current 

and external magnetic field are simultaneously applied to the sample. The model 

is essentially based on the flux creep theory, and considers two kinds of fluxes: 

one of them is the flux which decreases with time (i.e., the relaxation flux), while 

the other is the conventional flux which does not vary with time. In the creep of 
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the relaxation flux under the Lorentz force, the transport current density Jt 

develops an electrical field Ei  and hence a magnetization current density Ji; while 

the conventional flux produces an electrical field Ec. The total induced electrical 

field is then E = Ei + Ec. Further theoretical treatment by considering the 

logarithmic U – J relationship [100] gives a compact formula for time dependence 

of the electrical resistivity Rff (t) in high-Tc superconductors. In the usual slab 

geometry, the conventional flux creep under the influence of magnetization 

current density Ji governs the decrease of Ji , according to the rate equation: 

 

)/exp( TkUA
dt

dJ
Bis

i −=                                                                          (3.7)  

 

where As is a constant, Ui = U(Ji /Jc0), is the effective pinning energy of the 

conventional flux that creeps under the Lorentz force of Ji, and Jc0 is the critical 

current density. The logarithmic U – J relation is expressed as [100]    

    

)/ln()( 00 ici
JJUJU = .                                                                           (3.8) 

 

Further theoretical treatment [99] by taking the logarithmic U – J relation gives a 

useful formula for the time dependence of electrical resistivity: 

 

s

tiff ttRRtR ]/1)[0()( 00 ++=            (3.9)  

 

Here, R0 = Ec/Jt, Rti(0) is the resistivity produced  by the creep of the  relaxation 

flux at t = 0. The exponent s is a function of U0/kBT, and t0 is a characteristic time. 

Direct comparison [99] shows that there is a reasonable agreement between the 

experimental results obtained for the thin film samples of Gd0.8Y0.2Ba2Cu3O7 
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epitaxially grown on (100) YSZ substrate and Equation (3.9). The equation of the 

relaxation resistivity (Equation (3.9)) in two-kind of flux-creep model suggests 

that the sample voltage changes with time as  

 

V(t)~V(0)(1+t/t0)
s
.                                                                                 (3.10) 
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CHAPTER 4 

 

SAMPLE PREPARATION AND EXPERIMENTAL SET-UP 

 

4.1  Preparation of bulk superconducting Bi1.7Pb0.3Sr2Ca2Cu3Ox 

(BSCCO) samples 

 

Polycrystalline Bi1.7Pb0.3Sr2Ca2Cu3Ox (BSCCO) samples were prepared from 

high purity powders of Bi2O3, CaCO3, SrCO3, PbO and CuO (Aldrich Co.) by 

the conventional solid state reaction method [101]. Appropriate amounts of 

powders were mixed and grinded in alcohol using agata mortar for 1 hour. The 

mixed powder was put in liquid ammonium nitrate at 180 °C in order to obtain 

a homogenous mixture, and the solution was kept at this temperature for 24 

hours. Then, the ammonium nitrate in the solution was evaporated at 600 °C 

for 1 hour which was followed by annealing at 500 °C for 5 hours in a 

microprocessor controlled tube furnace (Carbolite CTF 12/100/90). The mixed 

powder was pressed into disk shape of 16 mm in diameter under pressure of 

300 MPa (Lightpath Optical (UK) LTD). The pellets were sintered at 850 °C 

for 75 hours. The pellets were re-grounded in alcohol for 1 hour and re-pelleted 

under the same pressure. The final heat treatment was carried out by sintering 

the pellets at 840 °C for 96 hours. Thus, the Bi-2223 phase is obtained [61]. 
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One of the BSCCO pellets was cut carefully to obtain a rectangular sample of 

length l = 6.35 mm, width w = 3.4 mm, and thickness d = 1.3 mm. Then, four 

conducting pads were placed onto the sample by using silver paint and 

annealed for 3 hours at 150 °C under oxygen atmosphere to reduce the possible 

Joule heating effect which may occur at current leads. Pure copper wires were 

attached to the pads using silver paint. The contact resistance as measured 

using the three point method was in the order of 10-2 Ω below Tc and 10-1 Ω at 

room temperature. After all transport measurements were carried out on this 

BSCCO sample, a macroscopic cylindrical hole (CH) of 0.5 mm diameter was 

drilled through the same BSCCO sample as shown in Fig. 4.1. All transport 

measurements were again carried out on the same BSCCO sample after drilling 

CH.  

 

 

 

Figure 4.1 The BSCCO sample after a cylindrical hole (CH) was drilled. Here, 

H
v

is the applied magnetic field and I
v

 is the transport current. The sample has 

dimensions of length l = 6.35 mm, width w = 3.4 mm, and thickness d = 1.3 

mm. 

 

4.2 Experimental set-up 

 

The transport measurements were carried out using a standard four-point 

method in a closed-cycle refrigerator (Oxford Instruments, CCC1104). The 
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block diagram of the experimental set-up is shown in Fig. 4.2. In the 

experiments, a nanovoltmeter (Keithley 2182A, with a resolution 1 nV) and a 

current source (Keithley 6221) were used to measure the sample voltage and to 

apply the driving current, respectively. The temperature was recorded by a 

calibrated 27 Ohm Rhodium-Iron thermocouple (Oxford Instruments, 

Calibration number 31202), and a temperature stability better than 10 mK was 

maintained during the measurements (Oxford Instruments, ITC – 503 

temperature controller). The critical temperature of the BSCCO sample 

obtained from resistance vs temperature measurements at zero magnetic field 

was 105≅
c

T K and was confirmed by ac susceptibility measurements (made at 

TÜBĐTAK, Gebze, ĐZMĐT) by using a SQUID magnetometer (QUANTUM 

DESIGN, MPMS XL) with 1 Oe amplitude ac magnetic field.  

Figure 4.2 The block diagram of the measurement set-up. All measurements 

were carried out under computer control via IEEE - 488 interface.  

 

The magnetic field was generated by an electromagnet (Oxford Instruments, 

N100). In the V – H measurements, the external magnetic field ( H
r

) was 

oriented perpendicular to the transport current ( IH
rr

⊥ ) (see Fig. 4.1). 
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In all measurements, the nanovoltmeter was triggered for a maximum of 61/2 

digits, and its buffer was read directly within the integration time of 100 ms, in 

order not to cause any artificial effects. The measured sample voltage was the 

average value of 5 readings for each data point. 

 

To determine the critical current density (Jc) of the BSCCO samples, the 

current-voltage (I – V) characteristics were measured at temperatures just 

below the critical temperature ( 105≅
c

T K). The critical current density of the 

samples, whose data are presented in this study, was ∼ 0.35 A/cm2, at T = 102 

K and current sweep rate dI/dt = 1.25 mA/s, as determined by using the 1 

µV/cm criterion. 

 

In this study, the current sweep rate (dI/dt) is obtained by dividing the   

maximum current range (0 – Imax) with the number of the data points (i. e., N = 

10, 20, 40, and 80). Thus, the current sweep rate and the measurement time for 

each I – V curve are determined. In the measurements carried out on both 

BSCCO samples with CH and without CH, we used two different procedures: 

the standard procedure and the reverse procedure. In the standard procedure: 

the current is first increased from zero to a maximum value Imax with a given 

value of dI/dt (current-increase (CI) branch), then, the current was decreased 

from Imax to zero with the same value of dI/dt (current-decrease (CD) branch). 

In the reverse procedure: the I – V curves were measured first by applying Imax 

to the sample and then decreasing the current from Imax to zero (current-
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decrease (RCD) branch), then, the current is increased from zero to Imax with 

the same value of dI/dt (current-increase (RCI) branch). 

 

The time evolution of the sample voltage (V – t curve) was measured at zero 

applied magnetic field by applying dc or bidirectional square wave (BSW) 

(with long period (PI) and different amplitudes) current to the sample. The 

current source (Keithley 6221) and the nanovoltmeter (Keithley 2182A) are 

capable to produce BSW currents and to read extremely low voltages with high 

precision. Slow transport relaxation measurements (V – t curves) were carried 

out using dc currents by recording the variation of the sample voltage with 

time. In these measurements, an initial dc current I1 was applied for about 60 s 

and, then, a quenched state is created by interrupting the current or reducing it 

to a given finite value I2 for the rest of the relaxation process. 

 

The magnetovoltage measurements (V – H curves) were carried out as 

functions of temperature, transport current (I), and sweep rate (dH/dt) of the 

external magnetic field (H) for the configuration IH
rr

⊥ . In order to determine 

the time effects in the V – H curves, the value of dH/dt was of crucial 

importance. 
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     CHAPTER 5 

 

EXPERIMENTAL RESULTS 

 

We performed detailed transport and magnetovoltage measurements on 

polycrystalline Bi1.7Pb0.3Sr2Ca2Cu3Ox (BSCCO) sample before and after drilling a 

cylindrical hole (CH) of 0.5 mm diameter through the sample. Hereafter, the two 

BSCCO samples studied will be referred as the sample without CH and the 

sample with CH, respectively. The effects of CH on transport measurements are 

assessed by a comparing the experimental results of the sample with CH with 

those of the sample without CH. 

 

5.1 Resistivity measurements on the BSCCO samples  

5.1.1  Resistivity versus temperature measurements 

 

The resistivity versus temperature (ρ – T) curves of the BSCCO samples with and 

without CH for an applied current I = 2 mA and zero magnetic field are presented 

in Figure 5.1. The ρ – T curves show metallic behaviour in the normal state: the 

resistivities of both samples decrease with decreasing temperature until the 

superconducting transition occurs at Tc ≅ 105 K. The normal state resisitivity of 

the sample without CH is higher than that of the sample with CH. This could be 

due to the decrease of the sample volume since some amount of the BSCCO 

material is removed by drilling the CH. However, the normal to superconducting 
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phase transition occurs approximately at the same temperature for both samples. 

The value of the critical temperature Tc value was taken as the temperature at 

which the derivative of the resistivity with respect to temperature (dρ/dT) versus T 

graph showed a peak (see the inset in Fig. 5.1). At zero applied magnetic field, the 

critical temperature Tc of the samples with and without CH was approximately 

105 K. The transition from the normal to the superconducting phase at about 105 

K indicates that the desired Bi-2223 phase is produced successfully. 

 

 

Figure 5.1 Resistivity versus temperature curves of the BSCCO samples with and 

without CH at zero applied magnetic field (H = 0). The inset shows the derivative 

of resistivity with respect to temperature, dρ/dT. 

 

5.1.2 Resistivity measurements as a function of transport current 

The resistivity measurements on the sample without CH were carried out as a 

function of the transport current in a range from 5 to 40 mA at zero applied 

50 100 150 200 250 300

2.5

2.0

1.5

1.0

0.5  sample with CH

 sample without CH

ρ
 (

m
Ω

.c
m

)

T(K)

I = 2 mA

H = 0

0.0

50 100 150 200 250 300

0.15

0.10

0.05

T(K)

d
ρ
 /
 d

T
 (

a
rb

it
ra

ry
 u

n
it
s)

0.00

Sample without CH



 38 

magnetic field. A set of Arrhenius plots of the resistivity vs temperature curves is 

presented in Figure 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Arrhenius plots of the ρ(T) data for BSCCO sample without CH 

obtained at various transport currents I = 5, 10, 15, 20, 30, 35, 40 mA and zero 

magnetic field (H = 0). 

 

Arrhenius plot of ρ(T) curves provides a useful method to determine the flux 

pinning energy U0 as a function of transport current or external magnetic field. 

Assuming that the temperature dependence of electrical resistivity can be 

described [102] by thermally activated processes are in effect, 
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 where ρ0 is the electrical resistivity at T = 0 K and U0 is the effective flux pinning 

energy which depends on temperature, magnetic field and transport current. The 

value of  U0 can be extracted from the slope of the linear part of the Arrhenius plot 
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at low temperatures. Figure 5.3 shows the U0 values as determined from the data 

given in Fig. 5.2 (ln (ρ) vs. 1000/T plots). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 The variation of the effective flux pinning energy U0 as a function of 

the transport current for BSCCO sample without CH. The values of U0 are 

obtained from the Arrhenius plots given in Fig. 5.2. The solid line is a guide to the 

eye. 

 

The effective flux pinning energy decreases with increasing the transport current 

as would be expected. This experimental finding suggests that there is a close 

corelation between the pinning potential and the transport current and that the 

height of the pinning potential is lowered at sufficiently high transport currents.  

 

5.2 Hysteresis effects in the I – V curves of the sample with CH 

for different current sweep rates 

 

Figure 5.4(a) shows a set of hysteretic, non-linear I – V curves for the BSCCO 

sample with CH measured for different sweep rates (dI/dt) in a range from 0.156 

to 1.25 mA/s at T = 102 K and zero magnetic field (H = 0). Each I – V curves 
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consists of two branches: (i) The current-increase (CI) branch on which the 

current is increased from zero to a maximum value Imax and (ii) the current-

decrease (CD) branch on which the current is decreased from Imax to zero. 

 

 

 

 

Figure 5.4(a) A set of hysteretic I – V curves for the BSCCO sample with CH 

measured at different values of dI/dt = 0.156, 0.312, 0.625, and 1.25 mA/s at T = 

102 K and H = 0. The inset shows the variation of the critical current Ic with dI/dt. 

The arrows show the direction of sweeping of the applied current. 

 

There are marked differences between the CI and CD branches of the I – V curves. 

The voltage dissipation observed in the CI branch is lower than that in the CD 

branch, and lineshapes of the two branches are different. For both branches, the 

measured voltage dissipation depends on the current ramping rate, which is 

possibly related to the relaxation effects intervening during the experiment. In 
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addition, the critical current (Ic) corresponding to the CI branch increases with 

increasing of dI/dt (see the inset in Fig. 5.4(a)) indicating larger current sweep 

rates result in an enhancement in Ic. By contrast, the CD branch remains in the 

normal (resistive) state and the voltage values, which are above the 1 µV criteria, 

shift to low currents with increasing dI/dt. Thus, the difference in measured 

voltage dissipation between the CI and CD branches leads to the strong hysteresis 

effects in I – V curves. 

 

In order to study the effect of external magnetic field (H) on the I – V curves, the 

measurements in Fig. 5.4(a) were repeated under the same experimental 

conditions by applying magnetic field oriented perpendicular to the transport 

current I ( IH
rr

⊥ ). Figure 5.4(b) presents the I – V curves measured at H = 8 mT 

for current sweep rates ranging from 0.156 to 1.25 mA/s. The I – V curves exhibit 

similar features as those in Fig. 5.4(a). However, due to the external magnetic 

field, there are some differences to be noted. First, the measured voltage 

dissipation increases with H, and when the dissipation rate is enhanced 

considerably at high currents when compared to the case with H = 0. Second, the 

non-linearity of the I – V curves still persists although the I – V curves remain 

essentially in the normal state over whole current range considered. 

 

It should be noted that the I – V curves measured at H = 0 (Figs. 5.4(a)) and at H = 

8 mT (Fig. 5.4(b)) have some common features. For instance, the I – V curves in 

Figs. 5.4(a) and 5.4(b) show that the voltage corresponding to the CD branch first 

tends to increase as the current is started to decrease from Imax (= 20 mA) and 
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passes through a broad maximum which becomes more prominent for low sweep 

rates. Then, the voltage decreases non-linearly with further decrease in the 

current.   

 

Another common feature of these I – V curves in Figs. 5.4(a) and 5.4(b) is the 

strong hysteresis effect upon cycling the transport current. In order to provide a 

quantitative measure of the hysteresis effect, the area (A) enclosed between the CI 

and CD branches was calculated for each I – V curve measured at H = 0 and H = 8  

 

 

 

Figure 5.4(b) I – V curves of the BSCCO sample with CH measured at the same 

experimental conditions in Fig. 5.4(a), but under H = 8 mT. The arrows show the 

direction of sweeping of the applied current. 

 

 

0 5 10 15 20
0

20

40

60

80

100

120

CD

CI (b)

 dI/dt=0.156 mA/s

 dI/dt=0.312 mA/s

 dI/dt=0.625 mA/s

 dI/dt=1.25 mA/s 

 

H = 8 mT

T = 102 K

V
(µ

V
)

I(mA)

Sample with CH



 43 

mT as a function of dI/dt and then normalized to the area at the zero-field I – V 

curve measured at dI/dt = 1.25 mA/s. The Figure 5.5(a) shows the normalized area 

as a function of dI/dt. The width of hysteresis loop ∆V = (VCI – VCD) was 

determined from the I – V curves given in Figs. 5.4(a) and 5.4(b) at a fixed current 

I = 15 mA and plotted as a function of dI/dt as shown in Figure 5.5(b). Here VCI 

and VCD are the voltage values corresponding to the CI and CD branches, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 (a) The normalized area of the I – V curves (in Figs. 5.4(a) and 5.4(b)) 

as a function of dI/dt. (b) The width ∆V of the hysteresis loop at a fixed current of 

15 mA extracted from the I – V curves (in Figs. 5.4(a) and 5.4(b)) as a function of 

dI/dt.  
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The hysteresis effect (i.e., the normalized area between the CI and CD branches) 

first increases, passes through a maximum and, then, decreases with increasing 

dI/dt. The application of external magnetic field of 8 mT leads to a decrease in the 

hysteresis effects as compared to that at zero magnetic field. We note that the 

width of the hysteresis loop also varies depending on the magnitudes of the 

applied current and dI/dt (Fig. 5.5(b)). Under H = 8 mT, the hysteresis effects 

(∆V) decrease with increasing of dI/dt; whereas, at H = 0, ∆V increases first 

slightly with dI/dt at low values of dI/dt, and then a decrease in ∆V is observed.  

 

5.2.1   The effect of the maximum current (Imax) on the I – V 

curves 

 

Figure 5.6 shows a set of I – V curves of the BSCCO sample with CH measured 

for different sweep rates (dI/dt) from 0.312 to 1.25 mA/s at 102 K and zero field 

(H = 0). The experimental conditions are the same as those for the I – V curves 

presented in Fig. 5.4(a), except the maximum current Imax is now raised from 20 to 

30 mA. We note that, in addition to some similarities between the I – V curves in 

Fig. 5.4(a) and those in Fig. 5.6, there are marked differences. Increasing Imax 

from 20 to 30 mA causes an enhancement in the measured voltage dissipation, 

and the hysteresis effects (i.e., the width of I – V loops) become more prominent. 

We also note that the difference between the voltage dissipations at Imax decreased 

somewhat as a function of dI/dt. 



 45 

12

15

18

0.5 1.0 1.5
I c

(m
A

)
dI/dt(mA/s)

 

Figure 5.6 A set of I – V curves of the BSCCO sample with CH measured for 

different values of dI/dt = 0.312, 0.625, 1.25 mA/s at T = 102 K and H = 0 for a 

maximum current Imax = 30 mA. The inset shows the variation of Ic with dI/dt. The 

arrows show the direction of sweeping of the applied current. 

 

The inset in Fig. 5.6 shows the dI/dt dependence of the critical current (Ic) 

determined for the CI branch. Ic increases with increasing dI/dt, a behaviour 

similar to that found from the I – V curves at Imax = 20 mA (see inset in Fig. 

5.4(a)). The Ic values extracted from the I – V curves in Figs. 5.4(a) and 5.6 are 

approximately equal in spite of the different values of Imax. 

 

Figure 5.7 shows the I – V curves of the BSCCO sample with CH measured for 

different values of dI/dt at T = 102 K and H = 4 mT. The strong hysteresis effects 

and the non-linearity in the I – V curves still persist in the presence of an external 

magnetic field of 4 mT.   
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Figure 5.7 I – V curves of the BSCCO sample with CH measured for different 

values of dI/dt (= 0.156, 0.312, 0.625, and 1.25 mA/s) at T = 102 K and H = 4 mT 

for the maximum current Imax = 30 mA.  

 

5.3 Hysteresis effects in the I – V curves of the sample without 

CH for different current sweep rates 

 

In the following, we present the results of transport measurements carried out on 

the BSCCO sample without CH. Figures 5.8(a) to 5.8(c) show the I – V curves 

measured at T = 102 K and H = 0 for different sweep rates from dI/dt = 0.312 to 

1.25 mA/s. 
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Figure 5.8 The I – V curves of the BSCCO sample without CH measured at T = 

102 K and H = 0, for various current sweep rates (dI/dt) from 0.312 to 1.25 mA/s 

with Imax = 40 mA (a) to (c); and H = 8 mT for Imax = 20 mA (d) to (f). The arrows 

show the direction of sweeping of the applied current.  
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the value of dI/dt. As dI/dt is decreased from 1.25 to 0.312 mA/s at H = 0, the 
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between the I – V curves of samples with CH and without CH, which can be due 

to the CH drilled through the sample. First, the presence of CH makes the 

transport measurements more dI/dt dependent; second, it enhances the hysteresis 

effects in I – V curves and increases the dissipation in CD branch. The differences 

between the I – V curves of the sample with CH and that without CH become 

more significant in the presence of an external magnetic field. When H = 8 mT is 

applied to the sample without CH, the hysteresis effects in I – V curves almost 

disappear becoming practically independent of dI/dt upon increasing and 

decreasing of the driving current (Figs. 5.8(d) to 5.8(f)). In particular, in range 

below about 10 mA, the data on CI and CD branches fall approximately on the 

same curve. Indeed the applied magnetic field causes a pronounced change in the 

line shape of the I – V curves of the sample without CH, whereas, the line shape 

of the I – V curves of sample with CH represented (Fig. 5.4(b)) keeps its non-

linear behavior with pronounced hysteresis effects. 

 

Figures 5.9(a) to 5.9(c) show the I – V curves of  the BSCCO sample without CH 

measured for different dI/dt values, and at T = 102 K, H = 0, Imax = 30 mA. To 

better compare the I – V curves of the samples with and without CH, the same full 

current scale (Imax = 30 mA) (see Fig. 5.6) is used to obtain the I – V curves of 

BSCCO sample without CH. A comparison of the I – V curves presented in Figs. 

5.9(a) to 5.9(c) with those in Fig. 5.6 also shows that the presence of CH in the 

BSCCO sample enhances the hysteresis effects in the   I – V curves and rises the 

measured dissipation in both CD and CI branches.   
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Figure 5.9 The I – V curves of the BSCCO sample without CH for different 

values of dI/dt = 0.312 (a), 0.625 (b), 1.25 mA/s (c) at T = 102 K and H = 0. The 

maximum current Imax = 30 mA. 

 

5.4 The I – V curves of the sample with CH measured in the 

reverse procedure  

 

The experimental I – V data presented above were accumulated by using the 

standard procedure. However, a reverse cycling procedure [35] in which the 

current is first decreased from Imax to 0 (the reverse current decrease (RCD)), and 
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then, the current is increased from 0 to Imax (the reverse current increase (RCI)) 

can be applied as well. Figures 5.10(a) to 5.10(d) show the results of experiments 

performed using the reverse cycling procedure for sample with CH. The other 

experimental conditions were the same as those in Figs. 5.4(a) and 5.4(b). The 

measurements were carried out at T = 102 K, under two different field values of H 

= 0 and H = 8 mT. The open symbols correspond to the data taken at H = 0, while, 

the solid symbols to the data obtained at H = 8 mT. Ic1 and Ic2 marked on the I – V 

curves represent the critical currents associated with the RCD and RCI branches, 

respectively, where the measured voltage is higher than 1 µV. The effect of the 

reverse procedure on the I – V curves is significant in the sense that the shape of 

the   I – V curves changed markedly as compared to those obtained by using of 

standard procedure (see Figs. 5.4(a) and 5.4(b)). 

 

The I – V curve measured at H = 0 (open circles in Figs. 5.10(b) to (d)) shows 

that, initially, the measured voltage on the RCD curve is zero, then, the dissipation 

increases as the transport current decreases. The voltage tends to pass through a 

maximum and decreases at lower current. This behaviour becomes more evident 

as the current sweep rate is decreased from 1.25 to 0.156 mA/s. It is evident in 

Fig. 5.10(a) that, due to the high dI/dt; the measured voltage on the RCD is zero 

for currents between 0 and 20 mA. Furthermore, the behavior of the RCI curve is 

quite different from the RCD curve (Fig. 5.10(a)). On the RCI curve, there is no 

detectable dissipation up to 14 mA. Then, dissipation increases non-linearly and 

takes a value of ~15 µV at Imax = 20 mA. For the current sweep rate of 1.25 mA/s, 

the hysteresis between the RCD and RCI branches is less marked. However, as  
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Figure 5.10 The I – V curves of the BSCCO sample with CH measured at T = 102 

K and H = 0 and 8 mT by the reverse procedure for various current sweep rates 

(dI/dt) from 1.25 to 0.156 mA/s. The arrows show the direction of sweeping of the 

applied current. 

 

the current sweep rate is decreased, the zero-field I – V curves changes markedly, 

so that both the dissipation and hysteresis effects are enhanced considerably. A 

detectable voltage is observed below ~18 mA on the RCD branch of I – V curve 

for dI/dt = 0.625 mA/s (Fig. 5.10(b)). As the current decreases, the sample voltage 

first begins to increase, then passes through a maximum (about 15 µV) at ~13 

mA; finally, the measured voltage dissipation becomes zero at ~2 mA. However, 

the first detectable voltage is observed at ~13 mA on the RCI branch of I – V 
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curve in Fig. 5.10(b). In addition, at Imax = 20 mA, the measured voltage on the 

RCI branch takes a value of ~53 µV. This voltage dissipation is higher (by factor 

of about 3) than that of obtained from the data at dI/dt = 1.25 mA/s. Similar 

features are also observed for the I – V curves measured at dI/dt = 0.312 and 0.156 

mA/s (Figs. 5.10(c) and 5.10(d)). As the current sweep rate decreases, the location 

of the maximum voltage on the RCD branch shifts to higher currents.  

 

The I – V curves in Figs. 5.10(a) to 5.10(d) demonstrate clearly that the reverse 

procedure led to a response which has a maximum voltage (Vmax) in the RCD 

branch of I – V curves which depend on the value of dI/dt at the beginning of the 

process. Figure 5.11(a) shows the variation of Vmax with dI/dt as deduced from the 

I – V curves measured at H = 0 of the sample with CH (Fig. 5.10). As dI/dt is 

decreased, the Vmax value increases markedly. Also, Vmax values shift to higher 

current values (see Fig. 5.10). The critical currents Ic1 and Ic2 associated with RCD 

and RCI branches, respectively, as obtained from the I – V data in Figs. 5.10(a) – 

5.10(d) by using the 1 µV criterion are plotted as a function of dI/dt in Fig. 

5.11(b). In addition, it is observed from Figs. 5.10(b) – 5.10(d) that the Ic1 values 

corresponding to the RCD branch shift to low currents as dI/dt is increased, except 

the one for dI/dt = 1.25 mA/s. However, the RCI branches of I – V curves in Figs. 

5.10(a) – 5.10(d) reveal that Ic2 values (or Ic values associated with RCI branches 

in Fig. 5.11(b)) tend to increase with increasing dI/dt. 
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Figure 5.11 (a) The variation of Vmax as a function of dI/dt as determined from the 

I – V curves measured at zero magnetic  field and T = 102 K. (b) The variations of 

Ic1 and Ic2 as a function of dI/dt at zero magnetic field and T = 102 K.  

 

Application of an external magnetic field causes a pronounced change in the I – V 

curves as compared to those measured at zero magnetic field (Fig. 5.10). When H 

= 8 mT is applied to the sample, at Imax = 20 mA, a  voltage dissipation on the 

RCD curve starts from a certain voltage value (about 34 µV) which is 

approximately the same for all current sweep rates. Decreasing dI/dt results in an 

increase in the measured dissipation, which becomes more significant at high 
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currents, and also in an enhancement in the hysteresis effects. However, the RCD 

and RCI branches corresponding to the I – V curve measured at H = 8 mT for 

dI/dt = 1.25 mA/s fall approximately on the same curve below 15 mA with 

negligibly small hysteresis. In order to provide a quantitative measure of the 

hysteresis effects in the I – V curves measured at H = 0 mT, the width of 

hysteresis (∆V = VRCD – VRCI) for two different fixed current values of I = 10 mA 

and I = 15 mA are obtained from the I – V curves in Fig. 5.10. Figure 5.12 shows 

the variation of ∆V values with dI/dt. The hysteresis width increases with 

decreasing of dI/dt.  

 

 

 

 

 

 

 

 

 

 

Figure 5.12 The width of hysteresis ∆V for two current values of 10 and 15 mA 

obtained from the  I – V curves given in Figs. 5.10(a) – 5.10(d) at H = 0 as a 

function of dI/dt.  
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above about 15 mA (see Figs. 5.10(c) and 5.10(d)). Initially, a slow increase in 

dissipation is observed with increasing the current, and, then, a pronounced 

increase in the rate of dissipation evolves at high currents.   

 

5.5 The effect of maximum current (Imax) on the I – V curves 

measured in the reverse procedure  

 

In order to study the effects of maximum current (Imax) on the I – V curve, I – V 

measurements were made by increasing Imax from 20 to 30 mA. The results of the 

measurements for the sample with CH carried out at T = 102 K and Imax = 30 mA 

under H = 0 (open symbols) and H = 4 mT (solid symbols) are presented in Figs. 

5.13(a) and 5.13(b). The I – V curves given in Figs. 5.13(c) and 5.13(d) 

correspond to the sample without CH. Thus, it becomes possible to evaluate the 

effect of the CH on transport measurements. The Ic values marked on the I – V 

curves represent the critical currents associated with the RCI branches.  

 

The voltage dissipation on the RCD branch of I – V curves measured at H = 0 for 

the sample with CH starts from zero; whereas, for the sample without CH, a 

dissipation of about 4 µV appears at Imax = 30 mA. In addition, the hysteresis in 

Figs. 5.13(a) and 5.13(b) is more pronounced as compared to that in Figs. 5.13(c) 

and 5.13(d). It is evident from Fig. 5.13 that the line shape of the I – V curves 

obtained in the reverse procedure is similar to that observed for the maximum 

current Imax = 20 mA (Fig. 5.10) but quite different from those of the I – V curves 

measured with the standard procedure (Figs. 5.4,. 5.6 - 5.9). 
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Figure 5.13 The I – V curves of the BSCCO sample with CH measured in the 

reverse procedure at T = 102 K, H = 0 and H = 4 mT for (a)  dI/dt = 1.25 and (b) 

dI/dt = 0.625 mA/s. The I – V curves of the sample without CH measured in the 

reverse procedure at T = 102 K and H = 0 for (c) dI/dt = 1.25 and (d) dI/dt = 0.625 

mA/s. The maximum current Imax = 30 mA. The arrows show the direction of 

sweeping of the applied current. 

 

To further investigate the effects of Imax on the I – V curves, I – V measurements 

were carried out for the samples with and without CH taking Imax = 40 mA. 
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mA/s. When Imax = 40 mA is applied to the sample, a voltage of about 203 µV, 

which is independent of the value of dI/dt, develops for all I – V curves of the 

sample with CH (Figs. 5.14(a) to 5.14(c)). The hysteresis effects tend to increase  
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Figure 5.14 The I – V curves of the BSCCO sample with CH measured in the 

reverse procedure at (a) dI/dt = 1.25, (b) dI/dt = 0.625 and, (c) dI/dt = 0.312 

mA/s. The I – V curves of the sample without CH measured in the reverse 

procedure at (d) dI/dt = 1.25 (e) dI/dt = 0.625 and (f) dI/dt = 0.312 mA/s. All 

measurements were made at T = 102 K and H = 0. The maximum current Imax = 40 

mA. The arrows show the direction of sweeping of the applied current. 
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with decreasing dI/dt. In addition, the RCD branch reveals that sample with CH 

remains mostly in a resistive state on the whole current range of the experiment. 

This finding implies the presence of a more correlated motion of the vortices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.15 The I – V curves of sample with CH measured in (a) the reverse 

procedure and (b) the standard procedure. The experimental conditions are the 

same as in Fig. 5.14(a). Note that a downward curvature is observed on the RCI 

branch at low currents in both procedures in the expanded scale. 

 

The I – V curves of the sample without CH measured in the reverse procedure are 

presented in Figs. 5.14(d) – 5.14(f). The hysteresis decreases with decreasing 
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dI/dt, and the line shape of the I – V curves are not influenced much by the 

variation of dI/dt.  Further, a voltage (~ 12 µV) which is lower than that of the 

sample with CH appears when Imax = 40 mA is applied, and this voltage becomes 

essentially independent of dI/dt. We also note that the measured dissipation for 

the RCD and RCI branches increases somewhat with decreasing dI/dt, in 

particular, at high currents. A comparison between the I – V curves of samples 

with and without CH reveals once again that the reverse procedure causes 

different responses.  

 

On the other hand, the RCI branch of the I – V curve for the sample with CH 

measured at dI/dt = 1.25 mA/s exhibits a downward curvature below about 15 mA 

(see Fig. 5.14(a)). Furthermore, a trace of downward curvature in I – V curve for 

dI/dt = 0.625 mA/s (Fig. 5.14(b)) is also seen below about 10 mA. The I – V 

curves in Fig. 5.14(b) are plotted in an expanded scale (Fig. 5.15(a)) for a better 

demonstration of downward curvature.  

 

When the current is increased with a rate of 0.625 mA/s, the measured voltage 

dissipation first increases, and, then, tends to decrease nonlinearly by taking very 

low values at about 8 mA. However, higher current causes again an increase in the 

measured dissipation and it shows a re-entrance. Fig. 5.15(b) presents the I – V 

curves measured under the same experimental conditions as in Fig. 5.15(a) by 

using the standard procedure. We observe a similar but less pronounced behavior 

than that in Fig. 5.15(a). We could not observe downward curvature in I – V 

curves of BSCCO sample without CH in the current and dI/dt ranges used as for 
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BSCCO sample with CH (see Fig. 5.14(e)). We suggest that the downward 

curvature in the I – V curves at low currents may be associated from the presence 

of cylindrical hole. 

  

5.6  Transport relaxation measurements 

 

The experimental results presented in Sections 5.1 to 5.5 show that varying the 

value of dI/dt influences directly the I – V curves, which can be attributed to the 

relaxation effects. Another powerful method to investigate the time effects on the 

evolution of sample voltage is to measure the voltage-time (V – t) curves [32, 84].   

Two methods are used here to measure the V – t curves. One is to apply a constant 

current, and the other is to apply a symmetric bidirectional square (BSW) wave 

current to the sample. After the current is applied to the sample, we start to 

measure the voltage developing across the sample as a function of time. Thus, it 

becomes possible to monitor all details of the time evolution of the sample 

voltage, including the transient effects. In some experiments, the dc current was 

interrupted or reduced to a finite value, in order to create a quenched state which 

is defined as an abrupt decrease in the transport current. 

 

5.6.1 Time evolution of the sample voltage: V – t curves 

 

Such measurements involve recording the time evolution of the sample voltage at 

constant current and external magnetic field at temperatures below Tc. Slow and 

fast transport relaxation measurements of the V – t curves provide a useful tool to 
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investigate the details of the time effects in superconducting samples at 

temperatures just below Tc [3, 4, 28, 30, 35, 44, 84].  

 

At slow current sweep rates, the flux lines (or the current-induced self magnetic 

flux lines) can find enough time to re-organize themselves. However, fast current 

sweep rates can be used to probe the long- or short-lived metastable states by 

taking directly a snapshot of the instantaneous flux line configuration before the 

system re-organizes itself. Therefore, such measurements are important in many 

transport studies and underline the importance of the time response (measurement 

speed) of the experimental set-up. 

 

In this study, V – t curves corresponding to the slow transport relaxation regime 

are obtained by applying a dc driving initial current I1 (for a period of 60 s). The 

voltage developing in the direction of the transport current is measured as a 

function of time. During the time evolution of the sample voltage (or after the 

steady state is reached), the initial current I1 is either reduced to a lower value I2 or 

interrupted completely. Then, the value of I2 is fixed in the rest of the relaxation 

process, i.e., up to 120 s. Thus, it becomes possible to create a quenched state. 

Such experiments provide a method to examine the time evolution of the 

quenched state and the details of current dependent re-organization of flux lines 

[84].  

 

Figure 5.16 shows a set of typical V – t curves for the BSCCO sample with CH 

measured for I1 = 20 mA and different values of I2 from 0 to 18 mA at T = 102 K 

and H = 0. The sample voltage initially increases nonlinearly and and tends to  
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Figure 5.16 The V – t curves for the BSCCO sample with CH measured at T = 

102 K and H = 0 with I1 = 20 mA and different values of I2 as shown. The solid 

lines represent the calculated curves defined by Eq. (3.1). Dashed lines are 

calculated by using V(t) ~ 1/1+(t/t0)
2
 modified from Eq. (3.9), and dotted lines are 

described in Eq. (3.5). The inset shows the step behaviour in the sample voltage in 

an expanded scale. 

 

level off as the time evolves. When I1 = 20 mA, the sample voltage measured at    

t = 60
 
s is nearly equal to that in the I – V curves for dI/dt = 0.156 mA/s (see Fig. 

5.4(a)). The time evolution of sample voltage can be attributed to the 

reorganization of the transport current along the sample.  
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When the initial current I1 is reduced abruptly to a certain value I2, following a 

discontinuous sharp drop, the sample voltage associated with quenched state [103] 

decreases smoothly with time (Fig. 5.16). Here, it should be noted that the smooth 

decrease in the sample voltage evolves in the form of steps during the relaxation 

process (see also the inset in Fig. 5.16). The step behavior can be related to the 

decrease in the number of flux lines accumulated in the CH. As I2 is decreased 

below about 8 mA a voltage hump appears at the beginning of the time evolution 

of quenched state. Note that, when I2 = 0, the sample voltage drops abruptly to 

zero without any relaxation. This indicates that no residual voltage is left on the 

sample to be relaxed within the time response of the experimental set-up [103]. 

 

The V – t measurements were also carried out for the BSCCO sample without CH 

at T = 102 K and H = 0. The aim was to compare the results with those obtained 

for the BSCCO sample with CH. Figure 5.17 shows a set of V – t curves measured 

at T = 102 K and H = 0 with I1 = 40 mA and I2 = 0, 15, 20, 25, 30, and 35 mA. 

Here, the initial current I1 is taken to be 40 mA, because the voltage dissipation 

measured with I = 20 mA is very small (around 3 µV) (see the Figure 5.8(a)). 

Even with I1 = 40 mA, the voltage dissipation is still lower than that of the sample 

with CH. The sample voltage initially increases non-linearly and tends to level off 

at about 60 µV (Fig. 5.17). After reducing I1 to I2, voltage drop of sample without 

CH is not sharp as that of the sample with CH.  Instead, it decays smoothly but 

faster at early times of the relaxation process. 
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Figure 5.17 The V – t curves for the BSCCO sample without CH measured at T = 

102 K and H = 0 with I1 = 40 mA and different values of I2. The solid lines are 

calculated using Eq. (3.1). 

 

To further compare the time effects on sample voltages, the V – t curves of the 

samples with and without CH were differentiated with respect to time (Fig. 5.18). 

The dV/dt versus t curve for the sample without CH exhibits a narrow sharp peak 

at the early stage of the relaxation process and reaches higher value when 

compared to that of the sample with CH. This peak corresponds to the fast initial 

increase in sample voltage when the initial current I1 is applied (see the inset in 

Fig. 5.18). Following the peak at t ≅ 2 s the dV/dt of the sample without CH 

decreases rapidly to zero at t ≅ 14 s. However, the dV/dt for the sample with CH  
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Figure 5.18 The dissipation rates (dV/dt) for the BSCCO samples with and 

without CH as calculated from the corresponding V – t curves given in the inset.  

 

never becomes zero in the time interval 0 – 60 s. The difference in the dV/dt – t 

curves of samples with and without CH can be attributed to the presence of CH in 

the former sample which is expected to accumulate trapped flux lines. Such a flux 

trapped inside the CH may result in an extra voltage dissipation during the 

relaxation process. 

 

The influence of external magnetic field on the V - t curves can be seen in Figures 

5.19 and 5.20 which were measured at much lower temperature, because the 

dissipation under magnetic field becomes very high. Fig. 5.19 shows the V – t  
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Figure 5.19 The V – t curves of the BSCCO sample with CH measured at T = 89 

K and H = 4 mT with I1 = 40 mA for selected values of I2. The solid lines are 

calculated using Eq. (3.1). 

 

curves of the BSCCO sample with CH measured at T = 89 K and H = 4 mT with 

I1 = 40 mA for selected values of I2 = 0, 4, 8, 12, 16, 20, and 30 mA. Figure 5.20  

presents the V – t curves of the sample without CH measured at T = 94 K and H = 

4 mT with I1 = 40 mA for I2 = 0, 10, 20, and 30 mA. The initial nonlinear increase 

in the sample voltage within first 25 s (Figs. 5.19 and 5.20) can be attributed to 

the suppression of superconducting order parameter with the help of the driving 

current. Reducing the driving current from I1 to I2 results in voltage decays in two 
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stages (except for I2 = 30mA) implying that the superconducting order parameter 

is suppressed much more as compared to that for the lower I2 values (Fig. 5.19).  

 

 

Figure 5.20 The V – t curves of the BSCCO sample without CH measured at T = 

94 K and H = 4 mT with I1 = 40 mA at selected values of I2. The solid lines are 

the calculated curves using Eq. (3.1). 

 

Note that a smooth transition to a superconducting state is reached in the V – t 

curves recorded for I2 = 4, 8, and 12 mA; whereas, the zero resistance state is not 

reached for I2 = 16 and 20 mA. The time evolution of the voltage response of the 

sample without CH under the magnetic field (Fig. 5.20) is similar with that given 

in Fig. 5.17.  
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5.6.2 Current and magnetic field dependent voltage oscillations 

 

In this section, we investigated the influence of an alternating driving current on 

the voltage response (i.e., the flux dynamics) in the BSCCO samples with and 

without CH. A symmetric bidirectional square wave (BSW) current with long 

period (PI) was applied to the samples. The time evolution of sample voltage was 

measured for BSW current with different amplitudes and periods, at different 

magnetic fields and temperatures.  

 

Figures 5.21(a) – 5.21(d) show the voltage response (V – t curves) of the sample 

with CH to a BSW current of 1 mA amplitude measured at 102 K and zero 

magnetic field (H = 0). The period of the BSW current was in the range from 10 

to 30 s. The sample voltage exhibits regular oscillations as a function of time, 

which reflects the change in the polarity of the driving current. The voltage 

oscillations are approximately symmetrical with respect to the zero voltage line. 

The amplitude of the oscillations increases slightly with increasing the period PI 

of BSW current. This finding suggests that there are some relaxation effects 

appearing during the oscillations and, thus, the measured dissipation increases 

with increasing PI. This observation also indicates that the period of the driving 

current has a direct influence on the time evolution of the sample voltage for a 

fixed amplitude (= 1 mA) of BSW current. The distortions in the line shape of the  

voltage oscillations for PI = 20 s and 30 s can also be taken as an evidence for the 

relaxation effects related to high period of the BSW current.  
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Figure 5.21 The lower panels show the voltage oscillations measured for the 

BSCCO sample with CH at T = 102 K and H = 0. The upper panels show the 

bidirectional square wave (BSW) currents with different a period PI (a) 10 s, (b) 

14 s, (c) 20 s, (d) 30 s. The amplitude of the BSW current was I = 1 mA. 
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The spectral content of the voltage oscillations were determined by using the Fast 

Fourier Transform (FFT) technique [44]. The FFT analysis of the V – t curves in 

Fig. 5.21 reveals that there is a fundamental frequency accompanied by its 

harmonics (Fig. 5.22). The fundamental periods (PVosc,FFT) of the voltage response 

oscillations obtained by FFT analysis are 12.21, 17.15, 25.77, and 38.16 s. The 

values of PVosc,FFT are comparable to the actual periods of the corresponding BSW 

driving currents (i.e., PI = 10, 14, 20, and 30 s). 

 

Figure 5.22 Fast Fourier Transform of the V – t curves for the BSCCO sample 

with CH given in Fig. 5.21(a) to 5.21(d) measured at 102 K for BSW drive with 

amplitude 1 mA and periods PI = 10, 14, 20, and 30 s, respectively. The 

fundamental periods PVosc, FFT found from FFT of the corresponding V – t curves 

are 12.21, 17.15, 25.77, and 38.16 s respectively. 
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In order to determine the influence of the amplitude of BSW current on the time 

evolution of the sample voltage, V – t  measurements were made at T = 102 K and 

H = 0 for different amplitudes of 0.5, 1, 1.5, 2 mA of the BSW current with a 

fixed period PI = 10 s. The V – t curves obtained for the sample with CH are 

presented in Figures 5.23(a) – 5.23(d). Increase in the amplitude of the BSW 

current influences the line shape of the voltage response in two ways. The voltage  

 

 

 

 

 

 

 

 

Figure 5.23 Voltage response of the BSCCO sample with CH to BSW current 

with a period PI = 10 s and with amplitude of (a) 0.5 mA, (b) 1 mA, (c) 1.5 mA, 

and (d) 2 mA. The measurements were made at T = 102 K and H = 0. The panels 

on top of each figure show the bidirectional square wave (BSW) currents.  

 

dissipation increases when the amplitude of the BSW current is increased. The     
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5.23(a) and 5.23(b)) exhibit sinusoidal-type voltage oscillations. However, the 

oscillations in V – t curves evolves to a square-wave or chopped sinusoidal wave 

form for BSW current with amplitudes of 1.5 and 2 mA (Figures 5.23(c) and 

5.23(d). 

 

In the following we demonstrate that sinusoidal-like voltage oscillations can be 

observed also in the presence of an external magnetic field, provided that the 

temperature, the amplitude and period of the BSW current are appropriate. The 

temperature was reduced to 96 K and the measurements were performed at H = 16 

mT for the fixed amplitude 1 mA but different periods (PI = 10, 14, 20 and 30 s) 

of the BSW current. As can be seen from the V – t curves of sample with CH 

(Figs. 5.24(a) – 5.24(d)), the voltage oscillations are of sinusoidal type and nearly 

symmetric with respect to zero voltage. However, the line shape of the voltage 

response (V – t curves) changes with increasing the period of the applied BSW 

current. Change in the polarity of the driving current with low period results in 

triangular wave-like voltage oscillations (Figures. 5.24(a) and 5.24(b)). However, 

the peak point of the voltage oscillations becomes more round upon increasing PI 

towards 30 s (Fig. 5.24(c) and 5.24(d)). This is because, the voltage response 

tends to level off (which can be taken as an indicator that the voltage reaches the 

steady state) during one half period of the applied current of amplitude 1 mA for 

PI = 20 and 30 s. At the same time, slight increase in the measured dissipation 

with increasing of PI is also observed. The results suggest that voltage oscillations  

appear for driving BSW currents with low period (see Figs. 5.24(a) and 5.24(b)), 
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Figure 5.24 Oscillations in the V – t curves for the BSCCO sample with CH 

measured at T = 96 K and H = 16 mT for different periods of the BSW current  (a) 

PI = 10 s, (b) 14 s, (c) 20 s, and (d) 30 s. The amplitude of BSW current was I = 1 

mA. The upper panels show the BSW driving current. 
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and the voltage response should be far from the steady state. This explains why 

the voltage amplitude decreases with decreasing the period of driving BSW 

current.   

 

As is shown in Fig. 5.23, the amplitude of the BSW current is another important 

parameter which affects the shape of the voltage oscillations. In order to provide 

further support to this suggestion, V – t curves were measured at T = 96 K and H = 

0 for BSW current with different amplitudes of 9.0 and 9.5 mA. The periods of 

BSW current values were selected as 10 s and 14 s, respectively. The V – t curves 

of the sample with CH obtained under these experimental conditions are shown in 

Figure 5.25. The sample voltage initially increases smoothly with time up to ~ 10 

s, then decreases with time by tending to reach the superconducting state. Further, 

the voltage response does not follow the changes in the polarity of the BSW 

current. The voltage oscillations which are not symmetrical over the whole time 

range considered were observed especially for t >~ 35 s (see Fig. 5.25(a)). On the 

other hand, regular voltage oscillations appear in the V – t curves presented in 

Figures 5.25(b) and 5.25(c) for t > ~ 25 s and t > ~ 28 s, respectively. A slight 

increase in the amplitude of the BSW current results in an increase in the 

amplitude of the voltage response, which now follows the polarity change of 

BSW current at longer times. Note that, for t > 70 s, the voltage oscillations 

become more symmetrical with respect to zero voltage when compared to those in 

Fig. 5.25(b), as the period of BSW current with 9.5 mA amplitude is increased 

from 10 to 14 s.  
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Figure 5.25 The voltage oscillations in the V – t curve of the BSCCO sample with 

CH measured at T = 96 K and H = 0 for different amplitudes of the BSW current 

(a) I = 9 mA and (b) I = 9.5 mA with period PI = 10 s. (c) I = 9.5 mA and PI = 14 

s. The panels on top of each figure show the BSW current. 

 

Also, sinusoidal-like voltage oscillations in the V – t curves are observed above t 

> ~ 28 s accompanied by a slight increase in the measured dissipation (Fig. 

5.25(c)). Furthermore, the amplitude of oscillations gradually increases over time 

becoming approximately symmetric with respect to zero voltage line and finally, 

for t > ~ 70 s, its time evolution changes its character from sinusoidal to square 

wave oscillations. A similar change of behavior is observed for t > ~ 90 s in Fig. 

5.25(b). 
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Figure 5.26 The V – t curves of the BSCCO sample without CH measured at        

T = 102 K and H = 0 for BSW current wth period PI (a) 10 s, (b) 14 s, (c) 20 s, (d) 

30 s. The amplitude of BSW current was I = 10 mA. The upper panels show the 

BSW current. 
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Similar voltage oscillations were also observed in the V – t curves for the sample 

without CH when BSW current of certain amplitude and period was applied to the 

sample. Figures 5.26(a) – 5.26(d) presents the V – t  curves of sample without CH 

measured at T = 102 K and H = 0. To observe regular oscillations similar to those 

in the sample with CH, The amplitude of BSW current was chosen as 10 mA 

since the voltage dissipation is very small in the sample without CH. The V – t   

measurements were carried out for BSW current with different periods of PI = 10, 

14, 20 and 30 s. The V – t curves exhibit sinusoidal-type oscillations 

approximately symmetrical with respect to zero voltage line for BSW current with 

PI = 10, 14, and 20 s as in the case of the sample with CH. However, the V – t 

curve obtained at PI = 30 s mimics the functional behavior of BSW current after 

the first cycle, which could be due to the relaxation effects inside the sample. We 

also note that the oscillation amplitude increases slightly with increasing the 

period of BSW current.  

 

5.7   Magnetovoltage measurements (V – H curves) as a function 

of magnetic field sweep rate 

 

The magnetovoltage (V – H curves) measurements on the BSCCO samples with 

and without CH were carried out for a constant dc current by sweeping the 

external magnetic field (H) up (field increase (FI)) and down (field decrease (FD)) 

in a field range of 0 – 60 mT. Then, the measurements are repeated after the 

polarity of the magnetic field is changed (reverse magnetic field region). Finally, 

the magnetic field is swept up once again in the forward region. Briefly, each 
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measurement corresponding to a given value of dH/dt is completed after the five 

steps. The magnetic field was oriented perpendicular to the dc driving current. 

 

Figures 5.27(a) to 5.27(c) present the V – H curves obtained at T = 94 K for 

certain magnetic field sweep rates dH/dt (= 1, 2, and 3 mT/s) with I = 10, 15, and 

20 mA, respectively. The arrows show the direction of sweeping of the magnetic 

field. It is evident from Fig. 5.27 that, in the forward field region, the voltage 

dissipation measured in the FI branch is lower than that in the FD branch. 

Prominent hysteresis effects are observed in the V – H curves measured for I = 10 

mA at dH/dt = 3 mT/s in the forward field region. However, the area enclosed 

between the FI and FD branches decreases with decreasing of the magnetic field 

sweep rate from 3 to 1 mT/s. This hysteresis effect is diminitive in the reversed 

field region, so that the V – H curves exhibit nearly a reversible behavior for the 

all field sweep rates and driving current values (Figs. 5.27(a) to 5.27(c)). It is 

observed that the dissipation for the forward field region increases as the field 

sweep rate is decreased. However, the dissipation in reverse field region becomes 

essentially independent of the field sweep rate. The magnetovoltage curves 

measured at I = 15 and 20 mA exhibit an entirely different behavior from those at 

I = 10 mA. For instance, the sample voltage (i.e., dissipation) is not zero at H = 0 

for the FD branches in the forward field region. In the reverse field region, the 

voltage dissipation on the FI branch increases slightly for dH/dt = 3 mT/s, and it 

tends to level off on the FD branch (Fig. 5.27(b)). The voltage dissipation at H = 0 

on the FD branch is higher by about 15 µV than on the FI branch.  
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Figure 5.27 Magnetovoltage (V – H) curves of the BSCCO sample with CH 

measured at T = 94 K as a function of the magnetic field sweep rate (dH/dt) for 

different dc driving currents (a) I = 10, (b) I = 15, and (c) I = 20 mA. The arrows 

show the direction of sweeping of the external magnetic field. FI and FD refer to 

field increase and field decrease branches, respectively.  
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Finally, in the final step this voltage value remained nearly constant. The general 

behavior of the V - H curve obtained for dH/dt = 2 mT/s is similar to that for 3 

mT/s, except that the difference between the voltage dissipations at H = 0, which 

is very small. However, he sample voltage corresponding to the V - H curve for 

dH/dt = 1 mT/s increases nonlinearly in the forward field region and saturates for 

FD branch. Furthermore, upon cycling the magnetic field in the reverse region, 

the voltage dissipation does not change for the FI and FD branches. This is also 

valid for the FI branch in the forward field region. The V - H curves measured at I 

= 20 mA (Fig. 5.27(c)) exhibit similar behavior with that for I = 15 mA (Fig. 

5.27(b)); however, the voltage dissipation for dH/dt = 2 and 3 mT/s increases with 

H over the whole field range considered, while, for dH/dt = 1 mT/s, it is not 

changed. 

 

In order to assess the effect of temperature (T) on the V – H curves, similar 

measurements were carried out at T = 89 K (Figures 5.28(a) to 5.28(c)). The        

V – H curves measured at 10 mA (Fig. 5.28(a)) exhibit stepwise structure and 

plateau on both FI and FD branches of the hysteresis loops. It can be suggested 

that, in the plateau regions, the effective velocity of the flux lines remains 

approximately constant leading to a constant flux flow rate. However, an increase 

in the external magnetic field favors local de-pinning of the flux lines by making 

the correlated flux motion unstable. In Figures 5.28(b) and 5.28(c), the steps and 

plateaus disappear and the V – H curves become smoother as the driving current is 

increased from 15 mA to 20 mA. This may be correlated with the increase in the 

Lorentz force due to high driving current acting on the flux lines.  
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Figure 5.28 Magnetovoltage (V – H) curves of the BSCCO sample with CH  for 

different magnetic field sweep rate (dH/dt) measured at T = 89 K with driving 

current (a) I = 10, (b) 15, and (c) 20 mA, respectively. The arrows show the 

direction of sweeping of the external magnetic field.  
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Note that the line shape of the V - H curves in Fig. 5.28(c) is similar to those in 

Fig. 5.27(c). Differently, the FD branches in the reversed field region and the FI 

branches for the fifth step in the forward region collapse nearly on the same curve. 

 

Figure 5.29(a) presents the V - H curves corresponding to the sample without CH 

measured at T = 94 K and I = 50 mA for dH/dt = 1 and 3 mT/s. The V - H curves 

are essentially independent of the field ramping rate, so that they collapse nearly 

on the same curve. The V – H curves of the sample without CH is obtained at T = 

89 K and I = 75 mA for dH/dt =1, 2, and 3 mT/s are shown in Fig. 5.29(b). Here, 

the voltage dissipation on the V – H curve measured for dH/dt = 3 mT/s is lower 

than that for dH/dt = 1 and 2 mT/s, while the V – H curves for dH/dt = 1 and 2 

mT/s collapse nearly on the same curve. This finding suggests that, at the given 

temperature and driving current, the magnetic field ramping rate is faster than the 

time needed for the motion of flux lines in the medium. In addition, the V – H 

curves in Figs. 5.29(a) and 5.29(b) revealed clockwise hysteresis effect typical for 

HTSC ceramics in the forward field region. However, the V - H curves of the 

sample with CH (Figs. 5.27 and 5.28) exhibit a counterclockwise behavior, which 

is unusual. The reason of this counterclockwise behavior of V – H curves in the 

BSCCO sample with CH  can be attributed to the contribution of the flux trapped 

in CH to the measured dissipation, as the magnetic field is decreased (on the FD 

branches) in both the forward and reverse field regions. 
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Figure 5.29 The V – H curves of the BSCCO sample without CH measured at      

T = 94 K and I = 50 mA (a) for dH/dt = 1 mT/s and 3 mT/s, (b) for dH/dt = 1 

mT/s, 2 mT/s, and 3 mT/s at T = 89 K and I = 75 mA. The arrows show the 

direction of sweeping of the external magnetic field.  
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CHAPTER 6 

DISCUSSION 

 

The experimental results, in particular, the non-linearity, hysteresis effects and 

downward curvature in the I - V curves, and the time effects will be discussed 

within the granular structure composing the polycrystalline BSCCO sample. 

Before discussing the experimental results, a brief introduction concerning the 

flux dynamics in a granular structure having a macroscopic cylindrical hole (CH) 

is presented. It is well known that bulk, polycrystalline high-Tc superconductors 

(HTSCs) show a typical weak-link behavior which can be easily destroyed by 

applying small magnetic field [63, 67, 95, 104–107]. A weak-link structure is 

assumed to behave like a type-II superconductor with its own penetration depth, 

first (Hc1
W

)
 
and second (Hc2

W
) critical fields, and edge (surface-like) screening 

current flowing along the edge of the Josephson junction between grains [32, 35, 

63, 67, 108]. The junction parameters can be obtained from low-field 

magnetization measurements (M – H). In a granular structure, it is extremely 

difficult to realize ideal and reversible junctions, which are not consistent with the 

results of low-field magnetization measurements showing hysteresis effects. By 

definition, the critical current (Ic) is dominated by the hysteresis phenomena, 

while the junction network is highly ramified and recovers the whole sample [63]. 

Therefore, in the interpretation of both the transport and low-field magnetization 

data, it is assumed that the Josephson junction barriers are very large and 
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inhomogeneous with vortex trapping regions. This kind of junction is closer to the 

real situation in HTSC polycrystalline samples [32, 35, 63, 95, 106, 108].  

 

In real experimental conditions, the sample surfaces are imperfect and possess 

various kinds of defects with different spatial dimensions. Surface imperfections 

are not equivalent physically and not equally efficient in perturbing the flux 

penetration within the sample. Some surface imperfections can be considered as 

“surface weak-links” which give rise to magnetic hysteresis at very low fields, 

and the local field seen by a weak-link can be considerably increased by the 

demagnetizing fields [63, 95]. Thus, the combination of surface weak-links and 

local demagnetizing fields could cause several effects in both transport and M – H 

measurements, i.e., hysteresis effects and also losses. The flux lines do not enter 

the sample uniformly by overcoming the surface barriers from outer surface of the 

sample towards its interior, but follow different stages starting from the weakest 

paths of the weak-link network and ending in individual and highly 

superconducting grains [63, 95].  

 

The physical description of the flux dynamics related to the sample with a 

macroscopic cylindrical hole (CH) would be different from that of the one without 

hole. When a magnetic field (or driving current) is applied to the superconducting 

sample, at the beginning, the macroscopic shielding currents at the surface of the 

sample and also around the periphery of the hole can appear within a distance 

comparable to the effective penetration depth λ to counterbalance the applied 

field- or current- induced flux lines accumulated at the surface of the sample [56, 

109]. In the presence of an external magnetic field, these surface currents which 
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circulate in opposite directions produce no magnetic flux inside the sample and 

inside the CH, and will not allow the flux lines to enter into the sample and also 

the CH. However, increasing the external magnetic field (or the driving current) 

can lead to penetration of the flux lines into the sample and CH [57–60, 110].  

 

After the flux lines are penetrated from outer surface of the sample, they will 

move from the sample edges towards the interior of the sample along the weak 

pinning centers (easy motion channels) and will reach the CH. However, the flux 

lines may be forced to avoid the CH with the aid of the induced circulating 

currents and meander around it until the first flux line penetrates the CH. At this 

point, we note that the flux dynamics is somewhat different in the presence of 

only the self-field of transport current. In this case, the current-induced flux lines 

developing in the opposite direction and the ones coming from the opposite side 

of sample will annihilate each other and this can prevent further penetration of 

flux lines into the CH. However, due to the inhomogeneous distribution of the 

pinning centers inside sample, it is possible that the flux lines coming from one 

side of the sample can suppress the ones coming from the opposite side. Thus, the 

first flux line can penetrate into the CH in a complicated way at zero magnetic 

field. 

 

In the presence of an external magnetic field, when another flux line enters in the 

CH, the two flux lines tend to stay as far apart as they can, but not to locate near 

the surface of the hole due to presence of the flux lines remaining outside the hole 

[56, 109]. The increase in the number of the flux lines in the CH will increase the 

interaction energy between the flux lines outside and the ones inside the CH but 
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will also favor their repelling [56, 109]. It should be noted that the radius r of the 

macroscopic CH plays an important role: since r (= 0.25 mm) is much greater 

than the coherence length (ξ), it can be expected that its filling capacity will be 

quite high as compared to a microhole where r ~ ξ [61, 109]. This can give an 

advantage to the condensation of the self-energy of flux lines. In this description, 

due to the competition between the attractive and repulsive interactions between 

the CH and the flux lines and also depending on which interaction dominates, the 

flux lines will be either trapped or de-trapped by CH. Another important 

parameter which has to be considered in the transport measurements is the sweep 

rates of the driving current and external magnetic field, dI/dt and dH/dt, 

respectively. It is natural to expect that large circulating currents can be developed 

at high values of dI/dt and dH/dt [61]. In particular, such a case becomes more 

significant in the reverse procedure used in measuring the I – V curves. 

 

6.1 Hysteresis effects in the I – V curves obtained in the 

standard procedure  

 

Hysteresis effects in the I – V curves have been reported by many authors for both 

high-Tc [35, 37, 111–116] and low-Tc superconductors [38, 41, 117–119] upon 

sweeping the driving current up and down. Fendrich et al. [114] observed 

hysteresis effects in the I – V curves of single-crystal samples of Y1Ba2Cu3O7-δ 

(YBCO) at high magnetic fields, which were interpreted as relaxation-pinning 

effect. The authors [114] pointed out that the observed sharp hysteresis effects 

depend on how the flux line lattice was formed. Sas et al. [116] reported history- 
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dependent irreversibility in the I – V curves of a single-crystal sample of 

Bi2Sr2CaCu2O8 (Bi-2212 phase). Xiao et al. [42] observed strong hysteresis 

effects in the I – V curves of single-crystal sample of 2H-NbSe2, which become 

more significant at large current ramping rates. Realistic computer simulations 

confirmed the presence of such hysteresis effects in the I – V curves under suitable 

conditions [23, 120]. For instance, Reichardt et al. [23] found pronounced 

hysteresis effects in the I – V curves of Type-II superconductors by using detailed 

molecular dynamic simulations, which depend on different dynamical vortex 

phases with different flow patterns. One of the possible mechanisms for hysteresis 

effects appearing in the I – V curves of HTSCs can be the Joule heating at the 

current contacts. It can be suggested that the power dissipated at the current 

contacts can be high enough to cause such hysteresis effects in the I – V curves. In 

our study, the measured contact resistance (see Section 4.1) is rather low. 

Therefore, the power dissipated at the current contacts in our samples would be 

about 4x10
-6

 W for Imax = 20 mA, and, of course, this would have no effects on the 

I – V curves and could not be a source of the hysteresis effects observed in the      

I – V curve of the BSCCO samples with and without CH (see Figures 5.4 to 5.9). 

In addition, the I – V curves presented in our study do not show any marked 

voltage jumps and instabilities. This observation implies that the hysteresis effects 

in the I – V curves of the samples with and without CH do not originate from hot–

spot effect [121] and local heating effects evolving inside the sample. We note 

that the current carrying normal regions can appear due to the Joule heating and 

these localized regions are assumed as hot-spots.  
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Let us consider the I – V curves measured at H = 0 and H ≠ 0 for the BSCCO 

sample with CH (Figs. 5.4, 5.6, and 5.7), and the sample without CH (Figs. 5.8 

and 5.9) and focus on the hysteresis effects. In order to describe the hysteresis 

effects better, the current increasing (CI) and current decreasing (CD) branches of 

the I – V curves will be discussed separately.  

 

6.1.1 The current - increase (CI) branch 

 

The driving current is increased from 0 to Imax with a given sweep rate (dI/dt). In 

the CI branch, the transport current tends to distribute itself and to enter into a 

more ordered stable state within a dynamic re-organization. During this process, 

the transport current plays two different roles: one is to lower the pinning barriers 

by creating nucleation centers for vortices, and the other is its dynamic annealing 

effect on the flux line configuration [7, 32, 122]. If the current sweep rate is 

sufficiently high, in some regions of the sample, the increase in current can be 

faster than the time needed for the vortices to move, and, thus, the flux line lattice 

can not find enough time for re-ordering by staying in a more disordered state 

causing relatively low dissipation (see Figs. 5.4(a) and 5.6). At low sweep rates, it 

can be expected that the transport current causes an increase in the number of the 

nucleation centers for vortices and the vortices find enough time to re-arrange 

themselves into a more ordered state. Such a case can result in an enhancement in 

the measured dissipation.  

 

A similar case, but less marked, is observed in the I – V curves of the BSCCO 

sample without CH (Figs. 5.8(a) – 5.8(f)) so that the measured dissipation for this 
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sample becomes approximately independent of dI/dt, in particular, in the I – V 

curves taken in the presence of external magnetic field (see Figs. 5.8(d) – 5.8(f)). 

It seems that the average speed of the flux lines in the BSCCO sample without CH 

meets the current–increase rate within the time response of the experimental set–

up. In addition, in both BSCCO samples with and without CH, the critical current 

is not affected much by the variation of the sweeping rate of driving current in the 

presence of magnetic field (see Figs. 5.4(b), 5.8(d) to 5.8(f)). This case can be 

correlated with the weak pinning properties of polycrystalline BSCCO samples 

[63, 116]. On the other hand, we observe in some I – V curves (Figs. 5.4(b) and 

5.7) that there are regions which exhibit changes in slope of the CI branches. 

These regions become more pronounced at low values of dI/dt, which can be 

interpreted as successive opening of new, individual easy motion channels for flux 

lines together with the increase in size of existing channels. It can be concluded 

that the current sweep rate controls the degree of current-induced organization in 

the sample.  

 

6.1.2 The current - decrease (CD) branch 

 

The I – V curves measured for the BSCCO samples with and without CH show 

that the measured dissipation in the CD branches is always greater than that of CI 

branch, which leads to hysteresis in the I – V curves (Figs. 5.4 – 5.9). The 

hysteresis appearing in I – V curves can be assumed as a kind of superheated state 

of coherent motion of flux lines which try to keep their integrity by resisting 

against reducing the driving current [123]. Furthermore, the superheated state 

associated with the CD branch represents a non-equilibrium dynamical effect 
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since it depends clearly on dI/dt (see Fig. 5.4a). At low current sweep rates and at 

low currents, the measured dissipation in the CD branch of I – V curves takes 

lower values as compared to higher current sweep rates. In this case, it can be 

suggested that a smooth order-to-disorder transition takes place by a gradual 

cooling of the superheated state, which causes to increase the bulk pinning. 

Finally, it can be concluded that the strong hysteresis effects in the I – V curves of 

the BSCCO samples with and without CH arise from the different degrees of the 

inhomogeneous flux motion during the sweeping of the driving current up and 

down, respectively [17, 41, 119]. However, it is important to realize that the 

physical mechanisms of the hysteresis exhibited by the I – V curves is different 

from that responsible of the hysteresis in the M – H  curves [35, 63]. The transport 

measurements are obtained by a resistivity technique, whereas, M – H 

measurements are related to an inductive technique. The resistivity technique does 

not represent the bulk or intragrain critical current, but M – H measurements 

reflect both inter and intra-grain critical currents [35, 63].  

 

A comparison between the I – V curves of the BSCCO sample with CH in Figs. 

5.4(a) and 5.4(b) (also between those in Figs. 5.6 and 5.7), where the maximum 

current is increased from 20 to 30 mA reveals that the presence of external 

magnetic fields of magnitudes H = 4 and 8 mT causes a decrease in the hysteresis 

effects with respect to that of zero magnetic field. This is evident in Fig. 5.5(a), 

which presents the relative variation of the area of hysteresis loops as a function 

of dI/dt. At high magnetic fields (i.e., ≅H 10 mT) comparable to the 

characteristic magnetic fields of weak-link structure, the flux lines in the 

intergranular region where the weak pinning regime exists can redistribute 
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spatially themselves within a very short time leading to a correlated flux motion 

under the action of the Lorentz force [35, 63, 95]. Then, the flux lines begin 

gradually to penetrate into the grains from their weakest points and move along 

easy motion channels subjecting to a dynamic competition between the pinning 

and depinning. As more flux lines penetrate the structure, the number of the 

mobile vortices inside the sample can increase and the change in vortex density 

can force to liberate the flux lines out of pinning centers with the help of the 

transport current. Thus, the measured dissipation can increase considerably 

leading to a correlated motion of the flux lines and hysteresis effects can decrease.  

 

As can be seen from Figs. 5.8(d) to 5.8(f), the I – V curves of the BSCCO sample 

without CH measured at H = 8 mT exhibit almost no hysteresis effects for all 

sweep rates which indicates a stable ordered state upon cycling the driving current 

in up and down. However, interpretation of the experimental results of the 

BSCCO sample with CH requires more attention, because, in addition to the flux 

dynamics described above, the presence of a CH directly influences the measured 

dissipation, hysteresis effects and line shape of the I – V curves. This can be seen 

easily from the comparison of the I – V curves measured at T = 102 K and H = 8 

mT for the sample with CH (see Fig. 5.4(b)) with those for the sample without CH 

(see Figs. 5.8(d) – 5.8(f)). The I – V curves of sample without CH are almost 

linear over the whole current range, which can be attributed to a typical behavior 

of flux flow, whereas, the ones belonging to the sample with CH continue to 

demonstrate a non-linear behavior over the whole current range. It can be 

suggested that the non-linearity in the I – V curves of the latter sample originates 

from the presence of CH that acts as a strong (macroscopic) pinning center, which 
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is supported by the results of several observations on the thin films or bulk 

samples with microholes created in microscopic level [56, 57–60, 62, 109, 110]. 

Indeed, the previous experimental studies related to Bitter decoration and 

scanning electron microscopy confirm the presence of flux trapping evolving in 

microholes with comparable sizes to the coherence length ξ [56, 124], and, 

further, the increase of microhole radius results in an enhancement of trapping of 

more vortices than that expected [56]. Such a case can even lead to the formation 

of single vortices with the vorticity more than one at the middle of hole, i.e., giant 

vortices [57, 110, 125]. We note that our study differs from those given mentioned 

since the CH considered has a diameter of 0.5 mm which is much greater the 

coherence length ξ. 

 

During the measurements of the I – V curves, the BSCCO sample with CH resists 

against increasing or reducing the driving current with the help of local circulating 

shielding currents in the sample volume and also the ones around the CH. As the 

measured dissipation suggests, it seems that the de-pinning wins mostly the 

competition evolving inside the CH (see Figs. 5.4(b) and 5.7). On the other hand, 

despite the large dissipation measured in the I – V curves given in Figs. 5.4(b) and 

5.7, the non-linearity in I – V curves measured under magnetic field suggests that 

the presence of CH acts a pinning center. In addition, low current sweep rates 

used in the I – V measurements of the sample with CH generally enhances the 

current-driven organization of the flux configuration leading to the enhancement 

in both the hysteresis effect and measured dissipation (see for instance Fig. 5.4). 

The I – V curves of the sample without CH measured under  magnetic field (Figs. 
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5.8(d) – 5.8(f)) suggest that as the driving current is increased, the competition 

between pinning and de-pinning results in favor of de-pinning due to high Lorentz 

force acting on flux lines, which leads to high vortex mobility, i.e., flux flow 

effect. The influence of CH can be seen from the comparison of the I – V curves at 

zero magnetic field presented in Figs. 5.9(a) – 5.9(c) with those in Fig. 5.6. The 

presence of CH in the BSCCO sample reinforces the hyseresis effects appearing 

in I – V curves and enhances the measured dissipation in both the CD and CI 

branches.   

 

6.2 I – V curves obtained in the reverse procedure  

 

The I – V curves of the BSCCO sample with CH obtained by the reverse 

procedure depend on dI/dt and also on the external magnetic field (Figs. 5.10, 

5.13(a), and 5.13(b)]. When Imax = 20 mA (or 30 mA) is applied to the sample, the 

measured dissipation in the I – V curves measured at H = 0 establish that the 

driving current flows mainly along the edges of the sample so that the current-

induced flux lines are completely expelled from the sample. We suggest that this 

physical case arises mainly from the surface barriers which inhibit the entry of 

current-induced flux lines into the sample, i.e., the Bean-Livingston surface 

barriers rather than geometrical ones [126–128]. Here, there is a competition 

between the attraction of the flux lines to its image and the repulsion of the flux 

lines by the induced circulating currents along the sample [126]. However, the 

induced circulating currents having relatively low values evolve around the CH 

but in reverse direction to the one appearing in the outer surface of the sample so 

that the flux in the CH becomes effectively zero. Thus, in one hand, the reverse 
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procedure considered here allows to study the surface effects on evolution of I – V 

curves, on the other hand, it provides a way to assess how the driving current (or 

associated vortices) penetrates into the sample at H = 0.  

 

An interesting observation in the reverse procedure is the marked difference in the 

line shape of RCD and RCI branches of the I – V curves (see Fig. 5.10 and Figs. 

5.13(a) – 5.13(b)). Here, it is important to understand the behavior of the RCD 

branch, because the RCI branch evolves similar to the CI branches mentioned in 

the previous section. 

 

In the reverse procedure, a comparison between the zero magnetic field I – V 

curves (Figs. 5.10, 5.13, and 5.14(a) – 5.14(c)), which were measured for the 

same value of dI/dt reveal that their evolution depends on both dI/dt, and the 

magnitude of (Imax) of the current applied to the sample. For Imax = 20 and 30 mA, 

the measured dissipation at H = 0 (Figs. 5.10 and 5.13) starts from zero voltage; 

whereas, in Figs. 5.14(a) – 5.14(c), it appears at a value of about 200 µV. This 

finding suggests that, at high values of Imax, the driving current penetrates into the 

sample immediately, and redistribute itself very rapidly along the sample as 

compared to that of lower Imax values. The redistribution process in the RCD 

branch includes (i) the reorganization of the driving current along the sample 

starting from the outer surface and (ii) the simultaneous increase in the measured 

dissipation. Since in the reverse procedure the driving current is reduced with a 

given sweep rate from a maximum current value at the beginning of the 

procedure, this process leads to the appearance of a response which results in a 

maximum voltage (Vmax) in the RCD branch of I – V curves depending clearly on 
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dI/dt. Therefore, we suggest that the pronounced voltage difference between the 

RCD and RCI branches can originate mainly from the penetration of the driving 

current from the surface to the interior of the sample, while current sweep rate 

determines the number of the mobile vortices along sample [126–128]. 

 

It can be suggested that, if the current sweep rate is greater than the redistribution 

rate of the transport current, the measured dissipation for the RCD branch 

becomes negligible at H = 0 as demonstrated in Fig. 5.10(a). By contrast, when 

dI/dt is reduced, the driving current can find enough time to penetrate into the 

sample and also to redistribute within the sample. This could be one reason of 

why Vmax values increases as shown in Fig. 5.11(a) and why Vmax values shift to 

larger current values (Fig. 5.10). The Ic1 values corresponding to the RCD branch 

shifted to low currents as dI/dt is increased  (except the one for dI/dt = 1.25 mA/s) 

(see Fig. 5.11(b)), and, for the RCI branches of the I – V curves in Fig. 5.10, the 

Ic2 values which tend to increase with increasing dI/dt reveal that, in the fast 

measurements, the measurement time becomes relatively shorter than the 

reordering time [6], and, thus, the flux lines do not find enough time for a 

correlated motion. This intepretation also explains the relatively large value Ic1 on 

the RCD branch obtained at dI/dt = 1.25 mA/s.  

 

In the reverse procedure, at the beginning of measurement, Imax is first applied to 

sample and then decreased from this value with a certain sweep rate. Thus, large 

circulating shielding currents in the outer surface of the sample and also around 

CH develop depending on the magnitude of dI/dt. After the penetration of the 

transport current, the local circulating shielding currents developing in the volume 
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of the sample in different sizes can produce an extra flux associated with 

inductivity of an induced current loop by leading to further contribution to the 

measured dissipation [96, 129]. However, as the process continues, in the lower 

current range, the local shielding currents can find sufficient time to relax and to 

lose its dynamic effect by causing relatively low dissipation. On the other hand, in 

Figs. 5.14(a) to 5.14(c) where Imax = 40 mA, the RCD branch of the I – V curve of 

the sample with CH remains in a more resistive state as compared to that observed 

in RCD branch in Fig. 5.10. We also note that, although the same current range 

and sweep rates were used in the measurements, there was a remarkable 

difference in the shape of the evolution of I – V curves for the sample with CH 

and that of the BSCCO sample without CH at H = 0 (see Figs. 5.13 and 5.14). 

This difference can be attributed to the presence of CH. However, the I – V curves 

of the sample without CH measured with the standard procedure under the same 

experimental conditions (see Figs. 5.8(a) – 5.8(c)) and in the reverse procedure do 

not exhibit any marked change, except the behavior of the RCD branch at the 

beginning of the reverse procedure. The measured dissipations of the sample 

without CH for Imax = 30 and 40 mA are about 4 µV and 10 µV, respectively, 

whereas the voltage dissipation of the sample with CH for the same Imax values 

increases from zero to 200 µV (Figs. 5.13 and 5.14). We suggest that this 

difference originates from the decrease in the amount of the BSCCO material by 

drilling of a CH through the sample.   
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6.3 Downward curvature of the I – V curves 

 

The I – V curves measured for the sample with CH exhibit a downward curvature 

at low currents. Such a behavior was observed in the I – V curves of sample with 

CH measured in the reverse procedure at Imax = 40 mA and H = 0 with current 

sweep rates dI/dt = 1.25 and 0.625 mA/s (Figures 5.14(a) and 5.14(b)). Fig. 

5.15(a) shows the I – V curve in Fig. 5.14(b) replotted in an expanded scale for a 

better demonstration of the downward curvature. Fig. 5.15(b) shows the I – V 

curve measured under the same experimental conditions as in Fig. 5.15(a) by 

using the standard procedure. We could not observe downward curvature in the    

I – V curves of the sample without CH in the same experimental conditions used 

as for the sample with CH. Therefore, we suggest that the downward curvature in 

the I – V curves at low applied current is originated from the presence of CH 

drilled through the sample, which can behave as an attractive or repulsive 

macroscopic pinning center depending on both dI/dt and the magnitude of the 

Lorentz force acting on flux lines. 

 

We suggest that, at low applied currents, the CH acts initially as a repulsive 

macroscopic pinning center. As described above, the shielding currents circulating 

around the CH prevent the flux variation inside the CH and try to keep a flux free 

region by enhancing the superconducting order parameter around it. However, as 

the driving current is increased, some flux lines enter into the CH via the weakest 

points. The flux lines can be trapped in there and, as a consequence, the CH acts 

as an attractive macroscopic pinning center for flux lines leading to a decrease in 

the measured dissipation. Thus, a downward curvature would appear in the I – V 
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curves although the applied current is increased. However, for low values of dI/dt, 

the flux lines find enough time to reorganize themselves and the downward 

curvature in the I – V curves disappears (see for instance Fig. 5.14(c)).  

 

6.4 The time evolution of the sample voltage: V – t curves 

 

The non-linear growth in V – t curves represented in Figures 5.16, 5.17, 5.19, and 

5.20 can be attributed to the reorganization of the driving current with complex 

flow patterns in the volume of the sample as the time progress [103].  In this 

process, the transport current penetrates into the sample from the edges and 

creates many channels consisting of normal (resistive) regions by suppressing 

locally the superconducting order parameter in the regions where the 

superconductivity is weak. After this step, the transport current moves from the 

sample edges towards the interior of the sample along weak pinning centers (i.e., 

easy motion channels). As the time progresses, the measured dissipation enhances 

for all V – t curves, which can be considered as a measure of the enhancement in 

the resistive flow channels depending on the structural disorder of the sample. 

However, for the sample with CH, the current dependent reorganization is 

expected to be different due to the presence of CH. At early times of the 

relaxation process, the driving current will try to avoid the CH by flowing around 

it due to the macroscopic shielding circulating current around the periphery of the 

CH within a distance comparable to the effective penetration depth [130]. Note 

that the measured dissipation for the V – t curves of the sample with CH tends to 

increase slightly with time before the initial current (I1) is interrupted or reduced 

to a finite value (I2), as compared to that of the sample without CH. This implies 
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that the dynamic process concerning the reorganization of the driving current is 

still active, so that, in one hand, the flux lines (or current-induced flux lines) 

penetrate and nucleate within the CH, on the other hand, some of them leave the 

CH and contribute to the measured dissipation. 

 

When I2 = 0, the sample voltage becomes zero, such that no trace of relaxation 

effects is observed (see Figures 5.16, 5.19, and 5.20). However, it is important to 

discuss the physical meaning of the V - t curves observed for I2 ≠ 0. When I1 is 

suddenly reduced to I2, first, an abrupt drop in the voltage of the sample with CH 

is observed, and, then, the quenched state which appears due to the sudden 

decrease in the driving current decays over time. The abrupt drop in the sample 

voltage results in a state of quenched disorder created by I2 and can be correlated 

with supercooling. Here, it is assumed that the driving current plays the role of 

temperature, as in the usual sense in statistical mechanics [7, 32]. Note that the 

relaxation of the quenched state evolves in the form of steps which continue for 

some time (see Fig. 5.16). However, in the V – t curves of the sample without CH 

(see Fig. 5.17), the time evolution of the quenched state shows a quite smooth 

decrease up to a critical time tc,  (Fig. 6.1), which depends on the magnitude of I2. 

tc is defined as the time passed until the voltage response levels off, after I1 is 

reduced to I2. For t > tc, the voltage response levels off at long times of the 

relaxation process and a step-wise behavior is not observed. The increase of tc 

with I2 means that the reorganization of the driving current along the whole 

sample takes long times. The step-wise behavior observed in V – t curves of the 

sample with CH (see the inset of Fig. 5.16) can be related to the leaving of  
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Figure 6.1 The variation of the critical time tc as a function of I2. The data were 

extracted from the V – t curves for the sample without CH given in Fig. 5.17.  

 

The nature of voltage decays in the V – t curves of the samples with and without 

CH can be described by some current models [85, 94, 99, 103]. According to the 

modified flux flow and the resistive weak-link models [85, 94], in transport 

relaxation measurements, the decrease of the sample voltage follows a   

logarithmic time dependence given in Equation (3.5). On the other hand, some 

experimental observations provide some evidence that the glassy state relaxation 

fits a stretched exponential time dependence of the form ~ exp (–t/t0)
α
 at long 

times. Here, both the characteristic time t0 and the exponent α depend on the 

driving current and temperature [85, 103]. We now show that the decrease in 

voltage at the currents of I2 > 8 mA in Fig. 5.16 and the voltage decays in Figs. 

5.17, 5.19, and 5.20 can be described by the empirical relation in Equation (3.1) 

which is analogous to the glassy state relaxation [103]. The solid lines in these 
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figures which are calculated by using Equation (3.1) show reasonable agreements 

with the experimental data. The t0 values found from the fitting procedure is 

plotted as a function of I2 in Fig. 6.2.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 The variation of the characteristic time t0 with the current I2. The data 

were extracted from the fitting procedure to data points given in (a) Fig. 5.16, (b)  

Fig. 5.17, (c) Fig. 5.19, and (d) Fig. 5.20.  

 

It is seen that t0 increases with I2. This could be expected because the transitions to 

the low dissipation (superconducting) state at low driving currents are much faster 

than those at higher currents. In fact, a quenched disorder can be created by 

interrupting abruptly the driving current or reducing it to a finite value. The 

voltage decays in time, whichever they fit (either Equations (3.1) or (3.5)), should 

include structural disorder due to the frustrated superconducting domains coupled 
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by weak links and quenched disorder created in the flux lines. However, below 10 

mA, the V – t curves in Fig. 5.16 give more reasonable agreement with the 

emprical relation V(t) ~ 1/[1+(t/t0)
2
] ([108]) rather than Equation (3.1) (see the 

dashed lines in Fig. 5.16). This expression describes well the small voltage hump 

at the onset of the relaxation process just after the initial current I1 is reduced 

abruptly to I2. We suggest that the voltage hump observed at the currents below 8 

mA could be due to the current-induced flux trapped inside CH.   

 

6.5 The coherent voltage oscillations 

 

The flux dynamics in type-II superconductors depends also on the type of the 

driving current modulations such as square wave, symmetrical and asymmetrical 

square waves [3, 4] and sinusoidal forms [28]. It has been observed that the vortex 

mobility in single crystalline samples of 2H-NbSe2 increases as the square wave 

currents applied to the sample [3, 4, 34]. This implies that the motion of vortices 

becomes more ordered along the sample for a driving current of square wave 

form. Another interesting study [3, 4] demonstrated that the response of the 

twinned single crystalline samples of Y1Ba2Cu3O7-δ to an asymmetrical square 

wave current is in the form of slow voltage oscillations. Similar voltage 

oscillations have been observed for symmetrical bi-directional square wave 

(BSW) currents in polycrystalline samples of Y1Ba2Cu3O7-δ on long time scales.  

 

In this study, regular sinusoidal-like voltage oscillations are observed at certain 

temperatures and magnetic fields as functions of both the amplitude and period of 

the symmetric BSW current (see Figs. 5.21 and 5.23 to 5.26). The amplitude of 
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the response is of the same order (i.e., in the range from 10
-7

 to 10
-6

 V) as found in 

the studies by Gordeev et al. [3, 4] and Kwok et al. [28].  

 

In the present work, we observed, for the first time, long period oscillations in the 

response to a BSW driving current in polycrystalline BSCCO samples with and 

without CH. In our measurements, the period of the response oscillations 

compares well with the period of BSW drive (see Fig. 5.22), in contrary to the 

study by Goordev et al. [3]. We suggest that these current-induced voltage 

oscillations is similar to the phenomena observed in the dynamics of sliding 

charge-density waves (CDWs), and represents fundamentally a new kind of 

vortex dynamics. In the study by Goordev et al. [3, 4], the regular voltage 

oscillations were described as the transit of periodic vortex density fluctuations 

and it was shown that the motion of vortices in the weak-bulk-pinning regime 

resembles the sliding CDWs [131–139]. In our present work, we suggest that 

coherent density fluctuations of flux lines along the sample can develop 

depending on the amplitude and period of driving BSW current and can lead to a 

similar effect as in the case of the CDWs. The flux lines can drift back and forth 

transversely and can remain in an oscillating mode by causing regular voltage 

oscillations. Here, the oscillating mode can be correlated to the defective flow of 

flux lines (or current-induced self-magnetic flux (SMF) lines) in a multiply 

connected network. In addition, the symmetry seen in voltage oscillations 

suggests that there can be an elastic coupling between the flux lines and pinning 

centers.  
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The effects of the period and amplitude of driving BSW current can be seen in the 

V – t curves presented in Figs. 5.21 and 5.23 – 5.26. At a given temperature and 

external magnetic field, when the period or amplitude of the applied drive is 

increased, the coherent voltage oscillations begin to turn into a square wave type 

response at longer times (see for instance Fig. 5.23 and Fig. 5.26). We suggest 

that the competition between pinning and depinning plays a central role in the 

evolution of distorted voltage oscillations. In this physical description, the type of 

the pinning centers and the pinning strength determine the flow pattern of flux 

lines evolving inside the sample. Thus, at long periods and large amplitudes of the 

BSW current, pronounced relaxation effects can occur due to this competition, so 

that the flux lines (or current induced SMF lines) can find new accessible states in 

a multiply connected weak-link structure of intergranular regions while they try to 

go to a new equilibrium state in time during the positive or negative parts of the 

driving current. This can be taken as one of the main reasons why regularities or 

distortions appear in the evolution of some of the V – t curves (see, Figs. 5.21 and 

5.23 – 5.26). All these observations indicate that there is always a threshold value 

of the period (or magnitude) of the driving current, which determines whether the 

regular sinusoidal-like oscillations occur or not in the given temperature and 

magnetic field regions.  

 

The amplitude of BSW drive applied to the sample with CH was 1 mA (see Fig. 

5.21); whereas, that for the sample without CH was 10 mA (Fig. 5.26). The 

amplitudes of BSW drive applied to the samples with and without CH must be 

different to be able to observe the regular oscillations, because some amount of 

the superconducting material is removed from the sample by drilling a CH. The 
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local circulating shielding currents within the sample and also around CH 

evolving against the drive cause an increase in the voltage dissipation. Therefore, 

it is possible to observe the voltage oscillations in the sample with CH even at low 

current values. However, high driving current values are needed for the sample 

without CH in order to observe the regular oscillations similar to the ones for the 

sample with CH. At the early stage of the dynamic process, CH can behave as a 

macroscopic pinning center for flux lines and can capture them. As the driving 

current alternates periodically, some of the flux lines can leave the CH due to the 

repulsive interactions between the flux lines inside the volume of the CH by 

joining the vortex motion inside the sample. That is, the CH contributes positively 

to the measured dissipation during all dynamic processes. Therefore, in the 

vicinity of critical temperature region (i.e., T < Tc), sinusoidal-like oscillations in 

the sample voltage could undergo deformation even at small amplitude and 

sufficiently long period of the BSW current (see Fig. 5.23).  

 

Another interesting feature of the V – t curves for the sample with CH is that the 

voltage oscillations remain positive over some time interval, despite the fact that 

the driving current is bidirectional (Fig. 5.25). When the polarity of the driving 

current changes, the direction of the current-induced flux lines is expected to 

change accordingly, in addition, the sample voltage developing in the direction of 

the current would also follow the polarity change of the driving current. We 

suggest that the pinning and relaxation effects dominate effectively the flux 

motion at T = 96 K and they do not permit the spatial reorganization of the flux 

lines. Thus, the measured dissipation can not return back to zero or find enough 

time to achieve a negative value. However, as the time evolves, the alternating 
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driving current leads to an increase in the measured voltage by facilitating the 

formation and growth of easy-motion flow channels for flux lines. Thus, the 

motion of flux lines becomes more ordered along such easy-motion channels 

which evolve gradually. The symmetry seen in the voltage responses obtained for 

the sample with CH suggests that the ordered motion of flux lines leave the 

sample and follows the same flow channels.  

 

Finally, when the period and magnitude of the BSW drive are sufficiently large, 

the drive and voltage response follow each other at the temperatures just below Tc. 

In this case, no phase difference between the drive and response evolves due to 

the relaxation effects. In addition, the measured magnitude of the voltage response 

suggests that the flux dynamics develops in the intergranular region where the 

local superconducting order parameter is strongly suppressed. According to the 

experimental results presented in Figs. 5.21 and 5.23– 5.26, voltage distortion in 

the samples with and without CH is observed at the dissipation levels above about 

0.4 µV. A similar case was observed in polycrystalline YBCO by Kiliç et al. [44]. 

The authors showed that, when the dissipation reaches or exceeds 1 µV, the 

regular voltage oscillations evolve in the form of bi-directional square wave by 

reflecting the polarity change of drive. It is well known that 1 µV is commonly 

accepted as a criterion in critical current measurements. Therefore, 1 µV can be 

taken as a reference voltage value for the destruction of the weak-link structure in 

polycrystalline YBCO sample. We suggest that, for polycrystalline BSCCO 

samples with and without CH used in the present study, this value should be less 

than 1 µV and could be about 0.4 µV. Thus, for practical applications such as 
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magnet designs, this lower voltage value where the distortions are observed can 

be considered as a new voltage criterion (instead of 1 µV) in determining of the 

critical current of BSCCO.  

 

6. 6 Magnetovoltage measurements as a function of magnetic 

field sweep rate  

 

It is well-known that strong irreversibility effects appear both in magnetization 

and magnetovoltage measurements on high-Tc superconductors at low, moderate 

and high magnetic fields [61, 63, 71]. The hysteresis effects in magnetovoltage 

measurements (V – H curves) of HTSCs evolve generally in the clockwise 

direction as the external field is swept up and down in the forward region. The 

irreversibility effects observed in the V – H curves of HTSCs are attributed mainly 

to the flux trapping developed in both intergranular and intragranular regions of 

the material [71, 140].  

 

Several models have been proposed to explain the hysteresis effects observed in 

the V – H curves of superconductors. One of them is the two-level critical state 

model proposed by Ji et al. [69]. In this model, the macroscopic and local 

magnetic fields are calculated for ordered and disordered polycrystalline 

superconducting samples by assuming that the flux dynamics is maintained by the 

percolative paths through the grains. Beloborodov et al. [141] proposed a model 

which is in reasonable agreement with the experimental results concerning the 

negative magnetoresistance observed in a granular superconducting Al sample 
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[142]. Palau et al. [143] showed that the irreversibility effects arise from the 

magnetic flux trapped in the grains returning through the grain boundaries (i.e., 

return flux), i.e., from grains into the grain boundaries. Recently, Garcia–Fornaris 

et al. [140] reported that the magnetoresistance of polycrystalline HTSCs can be 

reproduced in the framework of intragranular flux trapping model. In this model, 

which is based on previous studies by Chen and Qian [144] and Qian et al. [145], 

it is assumed that the superconductor is composed of series and parallel connected 

arrays of Josephson junctions and the effective magnetic field along intergranular 

region arises from the magnetic field trapped inside the grains.  

 

The V – H curves measured for the BSCCO sample without CH exhibit typical 

clockwise hysteresis curves in the forward field region (Figs. 5.29(a) and 5.29(b)), 

as found previously for polycrystalline HTSCs [71]. We suggest that this type of 

hysteresis effects in the V – H curves are mainly related to the return flux going 

through the grain boundaries and generated by the field trapped in the grains [71, 

144]. This can explain the usual clockwise hysteresis effects in Figs. 5.29(a) and 

5.29(b). However, the V – H curves measured for the BSCCO sample with CH 

exhibit an unusual counter-clockwise behavior in the forward field region (Figs. 

5.27 and 5.28). We suggest that this behavior originates from the contribution of 

the flux trapped in CH to the measured dissipation as the magnetic field is 

decreased. When the magnetic field is decreased, due to the field gradient 

evolving in within the sample, the flux trapped inside CH can penetrate into the 

sample so that CH behaves as a flux reservoir. This would enhance the measured 

dissipation developing in the direction of driving current and lead to the saturation 
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of the sample voltage at high magnetic fields by enhancing the reversibility in V – 

H curves of the sample with CH (Figs. 5.27(b) - 5.27(c) and 5.28(c)). Thus, the 

mobile flux lines reach an equilibrium state (i.e., correlated flux motion). We also 

note that cycling the external magnetic field in the forward and reverse directions 

with different sweep rates results in an increase in the number of the flux lines 

participating the flux motion both inside the CH and remaining part of sample, 

which results in a pronounced asymmetry observed in V – H curves in Figs. 

5.27(b) - 5.27(c) and 5.28(c). 

 

It is evident from the V – H curves of the samples with and without CH (see Figs. 

5.27 to 5.29) that the non–linearity, which is a measure of the voltage dissipation 

rate correlated with dV/dH, depends on the temperature, magnitude of the 

transport current and magnetic field sweep rate dH/dt. Both the line shape of V – 

H curves and the measured dissipation strongly depend on dH/dt. This implies 

that variation of dH/dt serves to control the number of flux lines inside the sample 

and also inside CH, so that the variation of dH/dt leads to a large difference 

between the measured dissipations corresponding to the dH/dt values of 1 mT/s 

and 3 mT/s, respectively. It can be suggested that, at low sweep rates, the flux 

lines find enough time to penetrate into the sample, and, thus, the increase in the 

number of flux lines participating the flux motion causes an enhancement in the 

measured voltage dissipation. Cycling the magnetic field brings strong reversible 

behavior, as observed in the V – H curves, depending on the magnitudes of 

magnetic field and driving current (Figs. 5.27(b) and 5.27(c)). In addition, the 

dependence of sample voltage on dH/dt shows that the number of the flux lines 
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inside the CH and that within the sample is not equal to each other for every V – H 

curve.  

 

However, the V – H curves obtained for the sample without CH (Figs. 5.29(a) and 

5.29(b), except the one obtained for dH/dt = 3 mT/s) are practically independent 

of the value of dH/dt. We suggest that the flux lines find enough time to move in 

the sample at the low values of the magnetic field rate and the V – H curves 

collapse nearly on the same curve due to the weak pinning properties of BSCCO 

[61, 63], i.e., the hysteresis disappears. Here, we note that the maximum number 

of the flux lines (nv) inside the CH can be controlled by the variation of dH/dt. 

Thus, it appears that the dependences of the V – H and I – V curves on the sweep 

rates dH/dt and dI/dt, respectively, provide useful tools to assess whether a CH 

can behave as a macroscopic pinning center or not. 

 

Finally, we show that the CH drilled through the BSCCO sample can trap the 

magnetic flux lines. A normal region in the form of a cylinder (metallic or 

insulating) or a cylindrical hole attracts the flux lines because a flux line tries to 

save core energy when it is located at a defect, provided that the radius (r) of the 

defect is greater than the effective coherence length (ξ) [15, 56–62, 109, 110, 125, 

146, 147]. Mkrtchyan and Shmidt [146] showed that the maximum number of flux 

lines, nv, which can be trapped inside the columnar defect (i.e., an empty 

cylindrical cavity), is proportional to ~ r/2ξ(T). In our case, the radius of the CH 

drilled in BSCCO sample is r = 0.25 mm, hence, r >>ξ. Thus, the CH should set 

an attractive potential energy to incoming flux lines, and, hence, should trap a 
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large number of flux lines as compared to that of a microhole. Substituting the 

reasonable values of r = 0.25 mm, ξ ~ 1 nm [63] for BSCCO, we find that nv ~ 

10
5
. On the other hand, the magnetic flux Φ  through the cross section area of the 

CH can be found from the expressions Φ = Hs ACH = ncΦo. Here, Hs is the external 

magnetic field at which the V – H curves saturate, ACH is the cross sectional area 

of the CH, nc is the number of the flux lines in the sample and Φo  is the  flux  

quantum. Using Hs ~ 60 mT (see Fig. 5.27(c), the V – H curve taken for I = 20 

mA) and Φo ~ 2x10
-15

 Tm
2
 [73], we find that nc ~ 10

6
, so that nc > nv.  This rough 

estimation shows that the CH has a higher filling capacity than the one predicted 

in Ref. [146], where a CH with r << λ was considered. This difference may be 

related to the formation of multiple-quanta vortices inside CH [56, 57, 59, 146]. 

Buzdin [57] showed analytically that the multiple-quanta vortices on columnar 

defects become energetically favorable provided that r
3 

< ξ(T)λ(T)
2
. For a 

macroscopic CH, as in our case, however, it is clear that the latter condition is not 

satisfied and it seems that the finding of nc > nv does not originate from the 

presence of multiple-quanta vortices inside the CH. Thus, during the cycling of 

the external magnetic field, one can rule out the formation of multiple-quanta 

vortices and their breaking up single-quantum vortex, and also their contribution 

to the measured dissipation. We suggest that the finding nc > nv can originate from 

the substantial attractive potential energy of the macroscopic CH and high degree 

compressibility of flux lines due to their large elastic modulus C11 [10] as 

compared to a microscopic columnar defect (i.e., microscopic hole).  In the 

presence of a CH, the energy of the Abrikosov vortex per unit length can be 

written [80] as  
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where Φo  is the  flux  quantum and λ  is  the  penetration depth. Since r >> ξ and 

EV < 0, the CH exerts an attractive potential to the flux lines and this allows the 

vortices to penetrate inside the CH at a magnetic field which is smaller than the 

bulk lower critical field of BSCCO (i.e., Hc1 ≈ 20 G and Hc2 ≈ 5 T at 102 K (see 

for instance Ref. [63]).  
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CHAPTER 7 

CONCLUSIONS 

 

In this study, the flux dynamics in polycrystalline Bi1.7Pb0.3Sr2Ca2Cu3Ox 

(BSCCO) sample with a macroscopic cylindrical hole (CH) drilled through it was 

investigated by means of the transport and magnetovoltage measurements at the 

temperatures just below Tc. The results were compared with similar measurements 

performed on the original BSCCO sample before drilling the CH. 

 

This comprehensive experimental study includes measurements of current-voltage 

(I – V) curves for different current sweep rates (dI/dt) of the transport current, 

transport relaxation (V – t) curves at zero magnetic field (H = 0) and also in the 

presence of an external magnetic field H, slow voltage oscillations, and 

magnetovoltage (V – H) curves as a function of the magnetic field sweep rate 

dH/dt. We found that the distribution of the transport current and the current-

induced reorganization of the magnetic flux lines within the sample with CH take 

relatively long times leading to a strong dependence of I – V curves on dI/dt. We 

observed that hysteresis effects evolve upon cycling of the transport current up 

(the current-increase (CI) branch) and down (the current-decrease (CD) branch) 

direction, which tend to increase as dI/dt decreases, contrary to the case observed 

in the sample without CH. Observation of high dissipation in the CD branch 

(especially at high transport currents) was interpreted as a kind of superheated 

state. Further, in the presence of an external magnetic field, the hysteresis effects 
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in the I – V curves of the sample without CH almost disappear pointing to flux 

flow effects. However, for the same magnetic field, temperature, maximum 

current (Imax) and current sweep rates, the non-linearity in the I – V curves of the 

sample with CH is still observed with enhanced dissipation. The I – V curves of 

the sample with CH obtained in the reverse procedure revealed several interesting 

features. One of them is the pronounced difference between the RCI and RCD 

branches of the I – V curves, which reflects itself as a remarkable voltage 

maximum on the RCD branch. The reverse procedure enables us to study how the 

driving current (or magnetic flux lines) penetrates into the sample from its outer 

surface (i.e., the surface effects). A downward curvature is observed in the low 

current region and at high values of dI/dt. Interpretation of the experimental 

results established that, under certain conditions, the CH acts as a macroscopic 

pinning center. It is also established that the current sweep rate dI/dt controls the 

degree of current-induced organization of the magnetic flux lines in the sample. 

 

It was shown that the relaxation of the magnetic flux trapped inside the sample 

with CH can be monitored, via slow transport relaxation measurements (V – t 

curves), by creating a quenched state which occurs as a result of a sudden 

decrease of the transport current from I1 to I2. We observed that the time evolution 

of quenched state of the sample with CH develops in steps, which is correlated 

with leaving of magnetic flux from inside the CH and with surface effects. The 

voltage decays at high values of I2 are generally consistent with an exponential 

relationship, which is analogous to that of the glassy state relaxation. In the V – t 

curves of the sample without CH, the time evolution of quenched state is quite 
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smooth and the sample voltage levels off after a certain critical time value (tc), 

which depends on the value of I2. It was found that the voltage decays observed in 

the sample without CH also show reasonable agreements with an exponential 

relationship associated with glassy state relaxation. At long times of the relaxation 

process, the non-zero voltage dissipation rate (dV/dt) observed in V – t curves the 

sample with CH implies that the steady state is not reached yet and the dynamic 

process concerning the penetration of the driving current into the sample is still 

active.  

 

The time evolution of the sample voltage (V – t curves) at low dissipation levels 

was investigated by applying bidirectional square wave (BSW) current of long 

period to the BSCCO samples with and without CH. The measurements were 

carried out as functions of temperature, amplitude and period of the BSW drive, at 

H = 0 and H ≠ 0, for both short and intermediate time scales. We observed that, 

for both samples, regular sinusoidal type oscillations evolve in certain ranges of 

the amplitude and period of the BSW drive, external magnetic field, and 

temperature. The sinusoidal and non-sinusoidal oscillations on the V – t curves 

were discussed in terms of the dynamic competition between pinning and 

depinning, and the possible relaxation effects. The defective flow of  magnetic 

flux lines (or current-induced self magnetic flux (SMF) lines) in a multiply 

connected network and the elastic coupling among flux lines and pinning centers 

can cause such regular oscillations of the sample voltage as a function of time. 

  

The magnetovoltage measurements (V – H curves) showed that the measured 

dissipation depends strongly on dH/dt for the sample with CH; whereas, the V – H 
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curves for the sample without CH are essentially independent of dH/dt. We 

observed counter-clockwise hysteresis effects in the V – H curves of sample with 

CH, upon cycling the external magnetic field. These hysteresis effects were 

considered as an evidence of flux trapping in the CH. Further, as the external 

magnetic field is decreased, the trapped flux inside the CH can cause a repulsive 

interaction with the flux lines present in the bulk of the sample, and, thus the CH 

tries to prevent the flux trapping by enhancing the measured dissipation. The CH 

drilled through the BSCCO sample behaves as a flux reservoir by increasing the 

number of the flux lines joining the flux motion inside the sample. In addition, the 

magnetic field sweep rate dependence of the sample voltage shows that the 

numbers of the flux lines inside the sample and in the CH are not equal to each 

other, and this results in counter-clockwise hysteresis effects in the V – H curves 

measured for the sample with CH. 

 

Finally, we note that drilling a macroscopic CH through the BSCCO sample can 

provide a useful tool in designing SQUIDs. In these devices, a few strategically 

introduced holes can trap the vortices and reduce the noise by increasing their 

performance. Therefore, some of the experimental methods used in this study 

introduce new techniques to investigate such superconducting samples designed 

for practical applications. As a future work, systematic molecular dynamic 

simulations will be performed in a two-dimensional superconducting sample 

consisting of periodic pinning arrays with a radius comparable to the coherence 

length and penetration depth. In the numerical simulations, the overdamped 

equation of motion of a vortex will be solved for a pinning force derived from the 
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interaction potential energy by Nordborg and Vinokur [109]. The results will be 

compared to the experimental data presented in this thesis and also to Bitter 

decoration experiments [56, 124]. 
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