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Chapter I 1 

Chapter I. General Introduction . 

1.1. Subject aud outline of this thesis 

After the discovery of high-Tc superconductors, soon it was found that the weak 

pinning and thennally activated flux motion in these materials are the main problems to 

limit their potential large-scale application. From a fundamental scientific point of 

view, it was of great interest that many new features of the vortex dynamics were 

found, which were not known for traditional superconductors. This thesis deals with 

experimental studies and modelling of the physical properties of BhSr2CaCu20s+z 

(Bi-2212) high-T. superconductors with the emphasis on vortex dynamics. 

In Chapter I, a general introduction will be given. The basic knowledge introduced in 

this chapter will be useful in understanding the later chapters (except Chapter II) which 

are written more or less in the form of published papers. Some general references are 

indicated at the beginning of the sections of this chapter, and more specific references 

are given in the text. The experimentaJ techniques used will be briefly described in 

Chapter II. After that, the experimental results of the magnetic relaxation and critical 

current density in Bi-2212 single crystals and polycrystalline samples are described in 

Chapter ill. Those experimental results, especially the nonlogarithmic decay of the 

magnetization, will be analysed and discussed in Chapter IV and V. In Chapter IV, a 

generalised model with a non-linear current dependence of the effective pinning 

potential will be discussed; a different approach, i e.: a distribution of pinning energies 

will be the topic of Chapter V. In Chapter VI, both experimental results and a 

phenomenological model for the irreversibility line ofBi-2212 superconductors will be 

presented. In Chapter VII, the experimental results of chemical substitutions in Bi-

2212 single crystals and the effects upon the pinning behaviour are reported. In 

Chapter VIII, some recent results of transport measurements obtained by means of the 

so called flux-transformer geometry will be discussed. 
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1.2. Introduction to high-temperature superconductors [1, 2] 

Superconductivity is the phenomenon that below a critical temperature Tc, the 

resistivity of some materials becomes zero. It was in 1911 that Heike Kamerling Onnes 

in Leiden first discovered superconductivity in mercury at liquid-helium temperature. 

During the long period from 1911 to 1986, superconductivity was found mainly in 

metals and alloys with a maximum transition temperature Tc of23.2 K observed for the 

technical important alloy ~Ge. Some oxide materials like Lh+xTh.,.04 [3] and 

BaPb,.Bh..,.03 [4] were also known as superconductors at low temperature:; (Tc<l5 K). 

In 1986, K. A. Muller and J. G. Bednarz in Switzerland found superconductivity in the 

oxide compound La-Ba-Cu-0 with a critical temperature around 30 K [5]. It was 

considered as a break-through in the research of superconductivity, for which they 

were awarded the Nobel Prize in 1988. In 1987, Chu et al. in the United States 

synthesised the compound Y-Ba-Cu-0 with a Tc of 92 K [6], weD above the 

temperature· of liquid-nitrogen of 77 K. Since then, many new superconductors and 

new physical phenomena have been discovered and studied. Up to now, the highest 

known T. was found in the Hg-Ba-Ca-Cu-0 system with T. to be 135 Kat ambient 

pressure [7] and 160 K under high pressure (8]. The historical development of the 

highest observed T. is shown in Fig. 1.1, where the highest known Tc for a specific 
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Fig. 1.1. The historical development of the highest known Tc-
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material at each time period has been plotted against the year of its discovery. 

This thesis is focused on one of the high-Tc superconductors, namely, the Bismuth

based cuperate oxide, BbSr2CaCu20s+z, discovered by Maeda et al. [9] . Single crystals 

with relatively ·large siz~ can be grown for this material, which makes it very 

convenient for the investigation of its physical properties. This oxide, which has a T c of 

about 85-K, is highly anisotropic and displays many interesting physical phenomena. 

1.3. The structure of BhSr2CaCu20S+, (Bi-2212) superconductors [2, I 0] 

Ca 

Cu(\ 

SrO 

BiO 

BiO 

SrO 

Cuo. 

Ca 

Cu01 

SrO 

BiO 

BiO 

SrO 

CuOz 
Ca 

Fig. 1.2. The structure of Bi-2212 superconductor. 

The structure of Bi-2212, as schematically shown in Fig. 1.2, consists of a stack of 

BiO, SrO, Cu0 2 and Ca layers, with two Cu-0 layers in one unit cell. This structure 

can be described by a pseudo-tetragonal unit cell with the lateral dimension ~b=5.4 A 
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and with c-axis length c=30.96 A. It has been shown extensively that the Cu-0 layers 

are responsible for superconductivity in bigh-T. superconductors. 

Since the Cu-0 bond in the Cu02 layers is the strongest in the structure, it determines 

the a and b lattice constant to be about 5.4 A. However, the distance of the Bi-0 bond 

is nonnally 2.0-2.5 A. which is shorter than b/2=2.7 A. The Bi-0 layers are forced to 

match the structure of Cu02 layers and consequently there are some defonnations of 

the simplified stacking structure of Fig. 1.2. Due to the lattice mismatch, an 

incommensurate modulation in the b-direction occurs, which consists Bi-dilute and Bi

condensed regions with a superperiod of about 4.7b. In the Bi-dilute regions, one extra 

oxygen is incorporated in the BiO layers [ 11]. Therefore, the amount of excess oxygen 

per unit can be calculated to be 1/4.7=0.21. 

Since other cations (except Cu) have their usual charges, i.e. Be+, s~+ and Ca2\ the 

excess oxygen atoms in the BiO layers introduce holes into the Cu~ sheets. The 

copper charge is thus a mixture of Cu2
+ and Cu3

+ with an average charge of (2+p ), 

where p represents the hole density per Cu ion. Because of this, the Bi-0 layers are 

considered as charge reservoirs that are essential for providing carriers in the Cu-0 

layers. It has been found that Tc has a maximum when the hole density is about 0.2-

0.3, which is about the same value as the excess oxygen density of 0.21 calculated 

above. This suggests that the hole doping in the Bi-2212 phase is mainly caused by the 

excess oxygen in the Bi-0 layers. 

Due to the layered structure of the Bi-2212 compound, its physical properties are 

highly anisotropic: the resistivity, coherence length, penetration depth, critical current 

density and upper critical field along the t-axis are quite different from that in the ab

plane. Since the coherence length along the c-axis, i.e. l;., (about 1.6 A), is much 

smaller than the distance between the separated Cu02 planes (15.5 A), this compound 

is considered to be a quasi-two-dimensional (2D) superconductor with· weak 

Josephson couplings between the Cu-0 layers. 



Chapter/ 5 

1.4. The crystal growth ofBi-2212 single crystals [12] 

For the investigation of the physical properties of materials, single crystals have much 

more advantage than ceramic samples, because the effects of impurity phases and grain 

boundaries can be eliminated and the anisotropic effects can be studied. Single crystals 

ofBi-2212 can be grown either by the self-flux crucible method or by the travelling 

solvent floating zone (TSFZ) method. 

As a first-step towards the crystal growth of Bi-2212, single-phase polycrystalline 

samples are prepared by a solid state reaction method. The procedure is as follows: 

a. mixing and milling of Bh03, CaC03, SrC03 and CuO powders; 

b. calcination at 800 °C for 16 hours with oxygen flow (1 atm.); 

c. grinding and milling; 

d. prefiring at 850 °C for 16 hours with oxygen flow (1 atm.); 

e. grinding and milling; 

f. isostatically pressing of the rods with 2.5 kbar pressure; 

g. sintering at 860 °C for 50 hours with air flow. 

With this procedure, single phase Bi-2212 material was obtained in our experiments. 

The Bi-2212 compound is known to melt incongruently, which means· that upon 

heating, the compound decomposes into a liquid of a different composition and a solid 

phase. In order to illustrate this, a schematic partial phase diagram of a compound A:zB 

A A
2
B XP X0 B 

Fig.l.J. Schematic partial phase diagram of a compound 
A,B that melts incongruently. 
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that melts incongruently is shown in Fig. 1.3. As the temperature is raised above Tp, 

A2B decomposes into a solid A and a liquid of composition between A2B and Xp. 

Between temperature T. and T P• as shown in the Figure, AzB is in equilibrium with a 

liquid having a composition between Xp and x.. In order to grow single crystals of A2B, 

the composition of the melt has to be maintained between x. and Xp. For the Bi-2212 

compound, this means that the "pure" (stoichiometric) compound can only be grown 

from a melt which is within a certain composition range different from the Bi-2212 

composition. Actually, some excess of Bi in the melt is needed, which depresses the 

melting temperature and acts as a chemical flux. 

The two crystal growth methods will be briefly described below. 

1). Travelling solvent floating zone (TSFZ) method 

The travelling solvent floating zone method has the advantage that large single crystals 

with more homogeneous oxygen concentration can be obtained for Bi-2212 

superconductors. In our experiments, a home-build mirror furnace (see Chapter II) was 

used for the crystal growth by the TSFZ method. 

As shown in Fig. 1.4, a melting zone is formed when a light beam is focused between 

the feed and seed rods. When the light is slowly moved upwards, the feed rod is 

gradually dissolved into the solvent, and crystals grow on the top of the seed rod. The 

driving force for the crystal growth in the.TSFZ method is the temperature gradient in 

the melted zone. Since the crystals are grown at a constant temperature, they are more 

homogeneous compared with crystals grown by the self-flux crucible method, in which 

the composition range of the crystals can change during cooling. Large crystals with 

dimensions of 10x3x0.3 mm3 could be obtained in our experiments. The single 

crystalline nature of the samples was confirmed by the X-ray diftraction and Laue 

transmission photographs. The as-grown single crystals have a pseudo-tetragonal 

structure with c~30.97 A, and a~b=S.4 A. Wet chemical analysis gave the composition 

of the single crystals very close to the nominal one [13]. 
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Fig. 1.4 Schematic view for the crystal growth by 
TSFZmethod 

2) Self-flux crucible method 

7 

In this method, the off-stoichiometric (i.e. Bi-rich) Bi-2212 pofycrystalline material is 

put in an Alz~ crucible and quickly heated to 1100 °C for 3 hours. The material is 

melted at that temperature. It is then cooled to 900 °C at a rate of 50 °CJh. followed by 

a slower cooling to 800 °C at a rate of 1 °C/h. The crystal growth occurs during this 

slow cooling period. From 800 °C, the crucible is cooled down to room temperature at 

a rate of 50 °C/h. In this method, the driving force for crystal growth is the cooling. 

The size of crystals grown by this method is typically 2x I xO. 05 mm3
. 
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1.5. Vortices and vortex pinning in type-D superconductors [1-2,14] 

High-T c superconductors are so-called type II superconductors. This means that for 

small magnetic fields (H<H.,1}, the magnetic field is expelled from the sample, but for 

higher fields (Hc,<H<Hc2), the magnetic field partially penetrates into the sample in the 

form of vortices, as shown in Fig. 1.5. The core ·of the vortices has a size about the 

same as the coherence length I; and is in the normal state. For 3-dimensional 

superconductors, the vortices are also called flux lines. Flux lines are surrounded by 

screening supercurrents whose extension is the penetration depth A.. Each fluxoid is 

quantized, i.e. with a unit of <l>0=hc/2e=2.07xl0"15 Weber. At very high magnetic field 

(H>H.,2}, the vortices overlap, and the sample loses its superconductivity and becomes 

entirely normal. The region between H.,, and H.,2 in the H-T phase diagram is called the 

mixed state. 

Fig. 1. 5. In the mixed state the magnetic field penetrates 
into the superconductor in form of vortices each with a 
flux quantum of (hc)/(2e). 

Since most of the applications deal with the mixed state of type II superconductors, it 

is important to consider what happens when a current density j is flowing rn the 

sample. In the presence of a current, a vortex experiences a Lorentz force ft per unit 

length (Note that in this thesis, the boldface-type symbols represent vector quantities): 

(1.1) 



Chapter! 9 

If there is no other force, the vortices will move freely with a velocity v and this will 

induce a electric field E with 

E=(B/c)xv, (1.2) 

where B=n<l>a is the magnetic induction (n is the density of the vortices). This electric 

field will cause dissipation (which is proportional to E•.D in the sample. In such a 

situation, no current can be sustained in the superconductor, which means that the 

superconductor would be useless for applications. However, the situation changes if 

defects of approximately the same size as the coherence length are present, as shown in 

Fig. _1.6. Since it requires some energy to create the normal conducting cores of the 

flux lines (When the material becomes superconducting, it is in a lower energy state; 

I 

·; . . . 
1 . . . . . • . • • . • . . . . (" • . . 

II . l . 
I I f 

Fig. 1. 6 In the presence of defects, the vortices are pinned at 
the defects due to lower free energy in these sites. 

the energy difference is called condensation energy.), a part of this energy can be 

conserved if the cores of the flux lines stick to these defects. The energy conserved by 

a point defect can be expOlssed as 

(1.3) 

where He is the thermodynamic critical field, and Vp the volume of the defect. This 

energy is called the pinning energy. The pinning force of a defect acting on the flux line 

(per unit length) can be estimated as: 

(1.4) 

where ~ is the coherence length of the vortex. Now, when a current is flowing in the 

superconductor, due to the pinning, the defects will provide a counter·force to the 
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Lorentz force and the superconductor can sustain a current. The maximum current 

density that a superconductor can sustain is called the critical current density J.; and 

can be determined when the pinning force equals the Lorentz force, or: 

J.x(B/c)= NpU~, (1.5) 

where Np is the number of defects per unit volume. 

Several types of pinning centres can be distinguished: 

a. Precipitates: precipitates of secondary, nonsuperconducting phase are usually very 

strong pinning centres which can interact with the flux lines. 

b. Dislocations. 

c. Oxygen vacancies: oxygen vacancies are considered to be the main pinning centers 

in high-T. superconductors. 

d. Twin boundaries: for YBCO superconductors, in addition to the oxygen vacancies, 

twin boundaries are strong pinning centers. 

e. other defects like grain boundaries, voids, and radiation damages. 

1.6. Thermally activated flux motion [1-2, 14] 

As introduced above, due to the pinning of flux lines, type-II superconductors can 

sustain a current with a maximum current density of J.. When a magnetic field is 

applied to a type II superconductor and then switched off, a current with a density of J. 

will flow inside the sample. Ideally, this current in the superconductor can .persist 

forever without dissipation, which is the principle of Superconducting Magnetic 

Energy Storage. 

However, for high-T. superconductors, a pronounced decay of the magnetisation (i.e. 

a decrease of the current) has been observed, unlike the traditional metallic 

superconductors. Fig 1.7 gives an example of our measurements for a Bi-2212 single 

crystals at 10 K; the remanent magnetisation reduced to 70% of its initial value in 20 

minutes. This phenomenon has been attributed to the thermally activated flux motion at 
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Fig. I. 7 For high-Tc superconductors the magnetization 
decays rapidly with time, a phenomenon known as giant 
flux creep. 

11 

finite temperatures: the vortices pinned by the defects can jump out of the potential 

wells due to thermal energy. The hopping rater of the vortices can be expressed as: 

(1.7) 

where Oo is the hopping frequency of the vortices. In the case of thermally activated 

flux motion, this would be the characteristic frequency of the flux-line vibration, which 

is assumed to be in the range of 105-1011 s·1 [16]. As illustrated in Fig. 1.8, due to a 

distortion of the pinning potential by the Lorentz force, the effective pinning energy 

U.w is reduced from its original depth Uo. In this case, the vortices prefer to hop 

forwards along the direction of the Lorentz force. The movement of the vortices will 

induce an electric filed, i.e. E=(B/c)xv, and causes energy dissipation. For traditional 

low-Tc superconductors, Uo>>kT, therefore, the hopping velocity of the vortices is 

very slow. For bigh-T., superconductors, however, Uo is much smaller than that of the 

conventional superconductors due to a shorter coherence length, and in addition, the 

thermal energy kT can be higher because of the higher T.,. Therefore, the movement of 

the vortices is much faster in high-T c superconductors than the traditional 

superconductors, which is often called giant flux creep for the high-Tc materials. 



12 Chapter/ 

x (a.u.) 

Fig. 1.8. In the presence of Lorentz force the effective pinning 
potential is reduced from the initial depth of the potential 
well, i.e. Uo , which favours the forward hopping of the vortices. 

There are several important consequences because of this giant flux creep in high-T. 

superconductors: 

a. the magnetisation in the critical state decays much faster compared with the 

conventional superconductors; 

b. the critical current density j.(T) is strongly temperature dependent; 

c. the critical current density j. may not be well defined but depends on the voltage 

criterion. Because of the thermally activated flux motion, the current-voltage 

characteristics of bigh-T. superconductors can be schematically shown in Fig. 1.9. 

Unlike the traditional superconductors, the critical current density j. is not welt defined 

but depends on the voltage criterion, i.e. E •. 

Since the critical current density j. is not well defined for high-T. superconductors, a 

voltage criterion has to be specified for j.. In later Chapters, when a voltage criterion 

can be found (usually in the experiments), j. will be used to denote the critical current 

density; when no specific voltage criterion is defined (usually in the theoretical 

discussions}, j instead of j. will be used to .denote the (critical} current density in the 

critical state.J.(T} defined by Eq. (1.5} will be used to denote the critical current 

density when flux creep is absent; and J.o will be used to denote the critical current 

density at zero temperature. 
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E 

Fig. I. 9 Scheme of the current-voltage characteristics of high-Tc 
superconductors (E: electric field, J: current density). The value of the 
critical current density ic strongly depends on the electric field 
measured, as shown with the short dashed lines. For a comparison, a 
typical current-voltage characteristics of traditional superconductors is 
shown with the long dashed line. 

1.7. Detennination of the critical current density j~ [1-5] 

13 

For many applications, large currents are required. Thus, the critical current density j~ 

is an important parameter of a superconductor. The value of j., can be determined 

directly from transport measurements, i.e. the critical current density is measured when 

a small electric field (usually 1 mV per em) is measured over the superconductors (This 

electric field is often called the voltage criterion). However, single crystals of high-T. 

are quite small and j. is usuaUy quite large at low temperatures. For instance, for Bi-

2212 single crystals, jc'l"l06 A/cm2 at 4.2 K. This makes it hardly possible to do 

transport measurements for the determination of j., especially at .low temperatures. 

Usually, the j~ of high-T. superconductors is determined from the magnetic hysteresis 

measurements using the Bean model [15], as described below. 

As an applied field increases above H.~, the magnetic field will gradually penetrate into 

a type-II superconductor in the form of vortices which has a density gradient in the 
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sample due to the vortex pinning. A current flow will be built up in the sample to 

screen the applied magnetic field, according to the Maxwell equation: J.loj=VxB. When 

the magnetic field is switched off, flux lines will be trapped in the material due to the 

pinning. A maximum magnetic moment is reached when the current density reaches its 

maximum value, i.e. the critical current density jc, within the entire sample, which is 

called the critical state. A typical magnetic hysteresis loop for type-II superconductors 

is shown in Fig. 1.10. 

For a rectangular-parallelepiped sample, the relationship between j. and the maximum 

value of the magnetisation can be calculated to be: 

M -M_ = j.l1 (•-_i_), 
+ 2 312 

(1.6) 

where h and h are the lateral dimension of the sample (h>h). The voltage criterion for 

the j. in the hysteresis measurements is proportional to the sweep rate the magnetic 

field, i.e. E.ocdHidt. 

M 

Fig. 1.10 Magnetic hysteresis of type II superconductors. The 
critical current density can be calculated from the maximum value of 
the magnetization M 
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1.8. Resistivity transition in magnetic fields 

In Section 1.6, the flux creep in the presence oflarge Lorentz was considered. For 

resistivity measurements; however, the Lorentz force is quite smaD due to the smaD 

applied current (typically lO mA for a flowing area of about 1 mm2
). In this situation, 

as shown in Fig. 1.11, both forward and backward hopping of the vortices should be 

considered. The resulting electric field can be expressed as [16]: 

E=(2a0B0o);·~ exp(-U0/kT) (1.8) 
• 

where ao. is the distance between the vortices, j. the applied current density, Jc the 

critical current density in case of no thermal activation [see Eq. (1.5)], and Uo the 

pinning energy defined by Eq. (1.3). This model is called thermally activated flux flow 

{TAFF) [17]. Under the TAFF regime, the resistive transition shows a broadening in 

the presence of magnetic field. An example of our measurements for a Bi-2212 single 

crystal is given in Fig.l.l2. 

-~ -r 
:( 
i 

........ 

X (a.u.) 

Fig. 1.11. When the Lorentz force is small, both forward and 
backward hopping of the vortices should be considered 
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Fig. 1.12. The resistive transition of a Bi-2212 single crystal shows a 
broadening effect, i.e TAFF behaviour, in the presence of magnetic 
fields. 

1.9. Introduction to the irreversibility line and the H-T phase diagram [2, 14] 

In Section 1.5, Hct and Hc2 in the H-T phase diagram and the mixed state were briefly 

introduced. After the discovery of high-Tc superconductors, it was soon discovered 

that the mixed state could be further divided into two regions: in one region the critical 

current density j.=O; and in the other, j.>O, as illustrated in Fig.l.l3. The line 

separating those two regions is called the irreversibility line. It was first discovered in 

the zero-field-cooled (ZFC) and field-cooled (FC) experiments by K. A Muller et al 

[ 18]. As shown in Fig.l.l4, in the FC process, a magnetic field is applied at ·a high 

temperature (T>T.), then, the sample is cooled to a temperature below T •. During the 

cooling process, the magnetic field is expelled from the sample, which means that a 

screening current is produced simultaneously ( the Meissner effect ). In the ZFC 

process, the sample is firstly cooled to a low temperature (usually 4.2 K) below T., 

then a magnetic field is applied and the sample is warmed above T •. In the ZFC 

process, an electric field is applied to the sample as a result of a sudden change in the 

magnetic field. Due to this electric field, a large current density with a maximum value 
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of jc can be established in the sample, leading to a much larger magnetization than in 

the FC process. But, as the temperature increases, at a certain temperature T in(H), the 

ZFC and FC magnetisation merge, i.e. the magnetization becomes reversible. Above 

this irreversibility point, which depends on the applied magnetic field, the critical 

current density is reduced to zero. ( Note: In literature, the irreversibility line is 

denoted either by Hm(T) or H(T,). In this thesis, H(T,) will be used. ) 

H r-----

Te T (K) 

Fig. 1.13. The mixed State is separated by the irreversibility line 
where}c=O. 

Mapetization 

F'C 

T(K) 

Fig.l.l4 The irreversible point is determined as the FC and ZFC 
magnetization merge. 
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1.10. The resistivity measurements using the nux-transformer geometry 

I). In the normal state, the resistivity of high-T. ·superconductors is highly anisotropic 

for current parallel and perpendicular to the layers (a-b plane and c-direction) due to 

the layered crystal structure of the superconductors. In the standard four-contact 

resistivity measurements for bigh-T. superconductors, a current is injected in the 

surface (a-b plane), and the voltage in the surface (a-b plane) is measured. However, 

due to the anisotropic resistivity, there is an inhomogeneous distribution of the current 

density in the superconductor, as illustrated in Fig. I. 15. 

J+ 

2 

5 6 

v .... 

vbot 

3 

r 

' : • I 
I .. 

/ . .. .. .. -·"'"" 

4 
(o-axis) 

z 

i 
) 

X 

Fig. 1.15 The contact configuration in the transport measurements using 
the flux-transformer geometry. 

By adding more contacts in the bottom of the crystal, which is called flux-transform 

geometry, one can measure the voltage both on the top, i.e. V~op, and the voltage on 

the bottom, i.e. Vbot, to monitor the distribution of the current density. From V10p and 

Vbot, the anisotropic resistivity Pab and Pc can be calculated. In fact, for a static current, 

the voltage distribution V(x,z) in the sample obeys the following equation [19]: 

d
. '( )- 1 d

2
V(x,z) l d

2
V(x,z) _

0 IV J X,Z - 2 + 
2 

Pab dx P. dz 
(1.9) 

From this equation and using the boundary conditions, one obtains [19] 
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where L is the length of the crystal along the contacts, D the thickness of the sample, b 

the ~dth of the sample, x2 and Xt denote the coordinates of the voltage contacts, and I 

the applied current. The value of Pal> and Pc can, therefore, be calculated from (1.1 Oa) 

and (l.lOb) when the geometry of the contacts and the voltages on the top and bottom 

are known. 

2). In the mixed state, the resistive dissipation is caused by the moving of the vortices, 

instead of the scattering of electrons in the normal state. By monitoring the voltage 

both on the top and bottom, i.e. Vtop and V~>ot, the information of the movement of the 

vortices across the sample and the strength of the coupling between the vortices in 

different layers can be obtained [20]. Two different specific situations are considered 

as follows: 

a). The vortices are 3D flux lines across the sample 

If the coupling between the superconducting layers is very strong, the vortices exists in 

the form of3D flux lines. The movement of the vortices, therefore, will induce a same 

voltage both on the top and the bottom surface, i.e., 

V~op=Voot , (1.11) 

regardless any distribution of the current density in the sample. 

b). The vortices are 2D (pancake vortices) 

When the coupling between the superconducting layers is very weak, the vortices in 

each superconducting layer move independently. In this situation, due to the 

inhomogeneous distribution of the current, one can expect that the voltage induced by 

the movement of the vortices on the top surface will be larger than that on the bottom, 

i.e. 

(1.12) 

Therefore, by comparing the voltages on the top and bottom surface in the resistivity 

measurement, the dimensionality of the vortices can be investigated. 
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Chapter II. Experimental Techniques 

In this chapter, the experimental techniques for the crystal growth, material 

characterisation, magnetization measurements and transport measurements are briefly 

described. 

1.1. The mirror furnace used for the travelling solvent floating zone (TSFZ) 

method 

Mirror Xe-Iamp Mirror 

G-~···· :: :F:: ;. ;~ 
Fig.:Z.l Diagram of the mirror furnace used in our experiments 
for groWing single crystals. 

A home-built apparatus with a Xenon lamp, as shown in Fig. 2.1, was used for the 

TSFZ experiments. By means of two elliptical mirrors, radiation from the lamp was 

focused on the polycrystalline bars to form a molten zone. In order to stabilise the 

mohen zone and make the temperature distribution of the zone more homogeneous, 

the feed and seed bars were rotated around the vertical axis in opposite directions (Fig. 

1. 4). The rotating speed of the bars was about 40 cycles/min. A first zone melting 

process was carried out by pulling down the seed as well as the feed bar with the same 

speed of 80 mmlh, by which the molten zone was travelling through the polycrystalline 
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feed bar. By this process, we obtained a recrystallised bar with a high density ( -100% 

density ). This is necessary in order to prevent soaking of the melt into. the feetl bar 

during the next step of crystal growth, which is performed by a zone melting process at 

a low pulling rate of I mm/h. Two different techniques were used for the crystal 

growth. In the TSFZ method, we added some Bh03 to the molten zone ( about 20% 

ofthe weight of the molten zone), which acted as a solvent (a chemical flux) for the 

Bi-2212 compound. However, most of the experiments were done by the self-flux, 

floating zone method. This self-flux, i.e. an excess ofBi (as a solvent), was created in 

the fast pulling step at the end of the recrystallised bar. This recrystallised bar was then 

reversed as a feed bar and pulled through the hot focus at a rate of l mmlh. The 

resulting rod, with a diameter of about 7 mm and a length of about 12 em, consisted of 

single-crystal platelets which extended up to several centimetres along the axis of the 

rod, and were 1-6 mm wide (For more details of the crystal growth process, see Ph. D. 

thesis of J. Emmen, Eindhoven University of Technology). All the melting experiments 

were performed in the flow of air at a pressure of two bar which was maintained in the 

surrounding silica tube. Due to the slow pulling rate, it took several days to complete 

the growth process. 

2.2. Structure and chemical characterisation of the crystals 

The platelets obtained from the crystal growth experiments were characterised by X

ray diffraction technique. From Laue transmission experiments, the single crystalline 

nature ofthe platelets with a thickness of about 0.1 mm was confirmed. The white X

rays used in the Laue transmission experiments were produced from a tungsten (W) X

ray tube. A 8-2 e scan with the incident Cu-Ka. X-ray beam at an angle e to the 

crystal plate was used. In Fig. 2.2, an example of such scan is shown for the Bi-2212 

single crystals. Only the (001) reflections are present on the figure, indicating that the c

axis of the crystal is perpendicular to the crystal plate. For the as-grown single crystals, 

the c-axis length was found to be 30.97 A. From x-ray powder diffractograms of 

crushed crystals, the structure was proved to be pseudo-tetragonal with ~b~5.4 A. 
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Fig.2.2 scan of a Bi-2212 single crystal. The incident Cu Ka 
beam has an angle fi with the Crystal plate. Only the (ool) 
reflections ,are present, indicating that the plate direction 
coincides with the crystallographic ab-plane. 
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The chemical composition of the single crystals were mostly determined by electron 

probe micro analysis (EPMA). The principle of this method is that each element has its 

characteristic atomic energy levels; the electrons of the atom are excited to higher 

energy levels and then emit X-rays when they return to the ground state. The spectrum 

and the intensity of the X-rays is measured in order to determine the elements and their 

relative abundance. Since EPMA only detects a small area (l J.1m2
), several spots were 

examined to obtain an average value. The accuracy ofEPMA, however, is within a few 

percent. In most cases, we used this method as a semi-quantitative analysis without 

standardization. To have more accuiate result of the chemical composition of the pure 

Bi-2212 crystals, a: wet chemical analysis was performed by Analytisch Laboratorian 

Elbach, Germany, which indicated that the composition of the as-grown crystals is 

Bi2.o2Srz.ooCao.9SCut.990s+s, which is close to the nominal composition. 
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1.3. AC susceptibility 

The AC susceptibility is an effective method for detecting superconducting phases. As 

1 
I. DC coil (large field 
2. AC coil (small field) 
3. Detect coil 
4. Compensation coil 
5. Sample 

Fig.2.3 Schematic view of the AC susceptibility equipment. 

shown in Fig. 2.3, a sample is located in the centre of the detecting coil that is 

connected with a compensation coil. These two coil are constructed such that in the 

absence of a sample, the mutual inductance is equal to zero. In our experiments, an AC 

magnetic field of8 gauss is generated by an AC current through a primary coil (Nr.2) 

with a frequency of 920 ·Hz. When this AC field is applied to the superconducting 

sample, a screening current is produced in the sample. The changing magnetization 

caused by this changing screening current produces a voltage in the detecting coil, 

which is monitored by a lock-in amplifier. The real and imaginary parts of the signal 

are then recorded. Additionally, a large DC magnetic field can be applied in order to 

study its influence on the susceptibility. 
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2.4. DC magnetisation measurements 

l.OC~£00 
2. Pidwp ooil 

l 3.SamPe 
. 4.~£00. 

S. Toosoklcer Asseotiy 

Fig. 2.4. Schematic view of the vibrating sample 
magnetometer (VSM) 
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Most of the DC magnetization of the superconductors and its decay with time were 

measured with a vibrating sample magnetometer (VSM). The schematic view of the 

VSM is shown in Fig.2.4. The transducer converts a sinusoidal AC driving signal into a 

sinusoidal vertical vibration of the sample rod. When a superconducting sample has a 

magnetic moment, the vibrating of the sample will induce a voltage which is detected 

by the pick-up coil. The compensation coil is constructed so that the total obtained 

signal is proportional only to the magnetic moment of the sample (i.e. independent of 

the amplitude and frequency of the vibration). By gradually increasing and decreasing 

the applied magnetic field, a . magnetic hysteresis loop for the superconductor can be 

obtained (Fig. 1. 7). In our experiments, the magnetic field was applied always high 

enough (e.g. H>0.7 Tat 4.2 K) to ensure a critical state in the entire superconducting 

sample, i.e. the current density reaches j. in the whole sample. The VSM insert is built 

in a liquid-helium dewar and the sample can be cooled to 4.2 K. 

Besides a VSM magnetometer, a home-built flux-gate magnetometer, and a SQUID 

magnetometer (Quantum Design) were also used for some measurements of the 

magnetisation. 
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2.5. Transport measurements 

For transport measurements, it is always important to make good contl).cts having a 

low contact resistance. In addition, a four-point-contact technique has to be used even 

for low contact resistance in order to obtain accurate results. 

The contacts were made as follows. First, dots of silver with a diameter of 0.5 mm 

were sputtered on the Bi-2212 single crystal. To improve the contact 1between the 

silver dots and the crystal, the sample with the silver dots was annealed at 600 °C for 

about 2 hours in oxygen flow ( 1 atm.) and, subsequently it was quenched to liquid 

nitrogen temperature. Finally, silver paste was used to connect silver wires to the silver 

dots. The contact resistance at room temperature (measured by a two point method) 

was just a few Ohms. Linear current-voltage (I-V) characteristics at room temperature 

(measured by four-point method) were also measured in order to check the 

measurement system. In our transport measurements with the "flux transformer" 

geometry (Section 1.10), the four-contact technique was applied to both the top and 

the bottom surface. A special sample holder was designed so that the silver wires can 

be easily connected to the silver dots on both surfaces of the samples. 

For the transport measurements, a home-built cryostat inserted with a superconducting 

magnet was used. Magnetic fields up to 6 T can be obtained. The applied DC current 

was typically 10 rnA, and the voltage was detected by a Keithley-182 nanovolt-meter. 

For each measurement point, the direction of the current was reversed in order to 

eliminate the thermo-electric effect. Since it is important to have an accurate reading of 

the sample temperature, the temperature sensor was put close to the surface. of the 

sample ( -3 mm). To ensure a homogeneous temperature around the sample space, the 

sample holder is enclosed by a metallic pot which is filled with helium gas. In the 

cooling and heating processes, the temperature was changed with a rate of about 0.8 

K/rnin. This rate for the cooling or heating was found to be sufficiently slow, because 

even at slower cooling or heating rates, identical resistance curves R(T,H) of the 

samples were obtained. 
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Chapter III. Critical current density and magnetic relaxation in 

Bi2Sr2CaCu:zOs+z superconductors: experimental results 

[Part of this Chapter has been published in Physica C 200, 359 (1992).] 

In this chapter, the experimental results for the critical current density and the decay of 

the remanent magnetization in single crystals and polycrystalline samples of 

BbSr2CaCu20s+z (Bi-2212) will be described. It will be shown that the decay of the 

magnetization in these samples is non-logarithmic, and the behaviour of the magnetic 

relaxation is different for different types of samples. 

3.1. Introduction 

Since the first studies of giant flux creep [l-4] and the irreversibility line [1,5] in high-Tc 

superconductors, the flux motion in these materials has attracted much attention. It has 

been shown that a model of thermally activated flux creep is appropriate to describe 

those phenomena in high-Tc superconductors [5]. In this model, the flux lines move out 

of the pinning potential with an average velocity of 

v=(Ooao) exp(-U.trlkT), (3.1) 

where ao is the hopping distance of the flux lines. The first flux creep model was in

troduced by Anderson for conventional superconductors ( Anderson-Kim model ) [ 6, 7]. 

Due to the thermally activated flux motion in the presence of a magnetic induction B, an 

electric field E will be generated, which is given by 

E=vB/c. (3.2) 

For large Lorentz force, the backwards hopping can be neglected (see Section 1.6), and 

the induced electric field can be expressed as 

E 
il0a 0B - u.rrOlikT = e (3.3) 

c 

During the magnetic relaxation measurements, this electric field is proportional to the 

decay of magnetization M, i.e.: 
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dM 
Eoc·-. 

dt 
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(3.4) 

For the effective pinning potential, Anderson [7] assumed a linear j dependence: 

Uea(j)=Uo(l-j/J.), where Jc is the critical current density when the flux creep .is absent [ 

For the notation of j, j., 1. and Jc0 in this thesis, please refer to Section 1.6 ]. This linear j 

dependence ofU.ti(j) leads to [7]: 

M(t, T) = M 0(T){l- ~: ln(l +t/1'0 )] , (3.5) 

where 'to is a characteristic time ranging from 10-6 to 10·10 s, and Mo(T) the 

magnetization in the absence of flux creep (i.e. at t=O). For usual magnetic relaxation 

experiments, t> >1:0, we have 

M(t, T),.. M0(T)·[l- kT ln(t/1'0)] 

. Uo 
(3.6) 

It shows that the magnetization decays logarithmically with time, which was widely 

observed in conventional superconductors. For a more detailed discussion of the 

Anderson-Kim model for high-T. superconductors, see Ref. [8]. 

However, several experiments have revealed a nonlogarithmic decay of the 

magnetization in high-Tc superconductors [9-14] and even in some conventional 

superconductors [15], which contradicts the Anderson-Kim model. The nonlogaritbmic 

decay of magnetiZation was observed at high temperatures (T>Tc/2) even for short 

observation times (a time window ofless than2 decades in most cases) (9-12]. Through 

long term observation (a time window of more than 2.5 decades), strongly 

nonlogaritbmic decay at temperatures down to 26 K has been reported for single crystals 

ofBi-2212 [14]. 

In order to explain the nonlogarithmic decay of the magnetization, various flux creep 

models have been proposed. Since the pinning sites in high-T c superconductors are 

mostly point defects (oxygen vacancies), Zeldov et al. [ 16, 17] obtained a logarithmic 

current dependence of the effective pinning potential, i.e. Uea(j)=Uoln(J./j), by describing 

the· pinning potential of the point defects to be a logarithmic function of the distance 

parameter. Such a logarithmic j dependence of Uea(j) will result in a power law I-V 

characteristic, i.e. Vocj", and a power law decay of the magnetization, i.e. M(t)-f3
. In 
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the vortex-glass [18,19] and collective pinning theories [20, 21], when j<<Jc, the current 

dependence ofUeff(j) is found to be U.ff(j)=Uo(Jclj)1', and the magnetization will decay as 

M(t)-[ln(th0>Jl'~. Several authors have explained their experimental results with the 

theory of collective pinning or vortex glass [10,13-15], although, for some relaxation 

curves, it is difficult to distinguish between a power law decay with M(t)-f8 and a decay 

with M(t)-[ln(tlto) ]"1111 due to the relative short time window of about two decades [12]. 

Another model yielding a nonlogarithmic decay of magnetization is a distribution of 

pinning energies [22-24]. Hagen and Griessen have developed a method to calculate the 

distribution of pinning energies from the magnetic relaxation data [22]. 

An interesting feature of the magnetic relaxation is the temperature dependence of the 

normalized initial decay rate S(tb,T), which is defined as 

S(tb, 1) =- dlnM(t, 1)1 , (3. 7) 
dint t=tb 

where th is the starting measurement time. It was found that S(tb, T) increases 

monotonically with temperature and shows a plateau with values between 0.02 and 

0.035 for various YBC0-123 samples [25], including grain-aligned powders [9] and thin 

films [25], which was argued to be a consequence of the vortex-glass model. However, 

S(tb, T) exhibited a peak for some YBC0-123 ceramics [3]; and for various YBC0-123 

single crystals, both a peak [4] and a plateau [25] were observed in S(th,T). The 

relaxation behaviour of S(th,T) in YBC0-123 single crystals could be complex due to 

the additional twin-boundary structures found in YBC0-123 crystals. For Bi-2212 single 

crystals, in which no twin boundaries have been observed, a strong peak in S(tb, T) has 

been repeatedly found for various crystals [26]. 

In this chapter, our experimental results, with the emphasis on the decay of 

magnetization, will be presented· for Bi-2212 single crystals, melt-processed bulk 

ceramics and powdered ceramic samples. The period of observation extended over 3.5 

decades of time (from 5 s to about 9 h). A nonlogarithmic decay of the magnetization 

was observed even at a low temperature of I 0 K. It was also found that for the three 

different types of samples, the behaviour of the decay of magnetization and the 

temperature dependence of S(tb, T) is not similar. 
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3.1. Experimental 

The experiments were performed on single crystals, bulk polycrystalline samples and 

polycrystalline powders ofBi-2212 supeiconductors. For the magnetic relaxation, most 

of the experiments were performed on crystals grown by the self-flux crucible method 

[27], and later on, additional experiments were also done on single crystals grown by the 

TSFZ method [28]. 

Single crystals grown by the self-flux crucible method have a typical size of 1.5 x 1.5 x 

0.085 mm3 with aT. of about 88 K. Single crystals grown by the TSFZ method have a 

typical size of 8 x 2 x 0.2 mm3 with a T. of about 90 K. The single-phase Bi-2212 

ceramic samples used in the experiments were prepared by a partial-melting method 

[29], which have a T. of about 90 K. For YBC0-123 ceramic samples, weak-link 

behaviour of the grain boundaries were widely observed in the magnetic hysteresis 

measurements [30). However, such a weak-link behaviour were not observed for these 

Bi-2212 ceramic samples [29]. The T. was determined from the onset ofthe Meissner 

effect with an applied magnetic field of20 Oe. 

Magnetic hysteresis and the decay of the magnetization were measured using a vibrating 

sample magnetometer (VSM). For single crystals, in case of no specific description, the 

applied magnetic field was always parallel to the c-direction. The critical current density 

j. (in the a-b-plane) was deduced from the maximum magnetization in the hysteresis 

curves using the Bean model, as described in Section 1.7. For Bi-2212 bulk ceramics, a 

ring-shaped sample (3.2 mm outer diameter, 1.6 mm inner diameter and 0.5 mm height) 

was used. The critical current density j. was evaluated from the hysteresis loops using a 

method described in Ref. [29) which is based on the Bean model. 

The magnetic relaxation experiments were performed as follows: aftet zero-field cooling 

(ZFC), a magnetic field was applied and then maintained for 30 s for the stability of the 

field; then the magnetic field was switched off, which took about one second. The decay 

of the remanent magnetization was supposed to start (t=O) after the magnetic field was 

reduced to zero. The applied magnetic field was chosen to be large enough (H >0.7 T 
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at 4.2 K) in order to reach the critical state within the entire sample. The remanent 

magnetization was recorded automatically every 3 seconds starting at the beginning of 

the switching off. Since the recorded point at t=2 s was affected by some uncertainty of 

the time involved with the switching off the field (1±0.4 s), the magnetization at t=5 s 

was taken as the first measurement point (tb=5 s). The observation time for the magnetic 

relaxation was up to 9 h. While the magnetic relaxation was being measured, the 

temperature was controlled with an accuracy of about 0.2%. During the magnetic 

relaxation, an. electric field was induced, i.e. Eoc-dM/dt, which was calculated to be 

between 10·1 and to·' f..l.V/cm in our experiments. 

3.3. Experimental results 

First, it is needed to compare the results obtained on crystals grown by different 

methods. It is found that the critical current density j. differs considerably. For crystals 

grown by the TSFZ method, j.(T=4.2 K~2.5xl06 A/cm2
; and for crystals grown by the 

self-flux crucible method, j.(T=4.2 K~3xl05 A/cm2
• One possible cause for this 

difference could be due to the fact that crystals grown by TSFZ methods are more 

mechanically sound, i.e. there are much less microcracks and voids in the crystals grown 

by TSFZ method than that grown by the self-flux crucible method. Another possible 

cause could be a difference in the oxygen content in these samples, since the critical 

current density depends also on the penetration depth [31] which varies with the hole 

density in the Cu-0 layers introduced by the excess oxygen content. However, the 

temperature dependence of the critical current density j.(T) and the behaviour of the 

magnetic relaxation were found to be similar for all the crystals. In Fig. 3 .1, a 

comparison of the normalized critical current density j.(T)/j.( 4. 2K) is shown for single 

crystals grown by the two methods. The temperature dependence of j.(T) is similar for 

those crystals; especially, a "kink" appears in both curves when jjj.(4.2K)~¥10.2• Since 

most of the experiments were performed on the Bi-2212 crystals grown by the self-flux 

crucible method and there is no fundamental difference between different single crystals, 

the results obtained on crystals grown by the self-flux crucible method will be presented 

below. 
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Fig.J.I The temperature dependence of the normalized critical 
current density jc(T} of the Bi-2212 single crystals grown by 
different method. 

3.3.1. Bi-2212 siniJe czystals 

Figure 3.2 shows the temperature dependence of the critical current density j.(T) 

obtained from the magnetic hysteresis loops for a Bi-2212 single crystal and a melt

processed ceramic sample. For the single crystal, a "kink" occurs in the j.(T} curve at 

about 25 K: j. decreases rapidly with the temperature in the low temperature region 

(T<25 K), foUowed by. a region of slower decline above 30 K. For the ceramic sample, 

however, j. decreases almost exponentially from 4.2 K to about 60 K. At 4.2 K, j. is 

about 2.5x lOs Ncm2 for the single crystal and 5.5xl04 Ncm2 for the ceramic sample. 

At 77 K, j. is to about 300 A/cm2 for the single crystal, while it is about 80.0 A/cm2 for 

the ceramic sample. As discussed in Section 1.6, for a certain value of the critical current 

density j., the corresponding electric field has to be · given for the high-T. 

superconductors. During our measurements of the magnetic hysteresis loops, an electric 

field ofthe order ofO.l !J.V/cm was induced during the sweeping ofthe magnetic field, 

which could be considered as the electric field criterion for the obtained critical current 

density j •. 
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Fig.3.1. The temperature dependence of the critical 
current density of a Bi-2212 single crystal and a bulk 
polycrystalline sample in a semi-logarithmic plot. 
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The magnetic relaxation cur\les for the single crystal are shown in Fig. 3.3. The decay 

curve at 4.2 K is almost logarithmic over 3.5 orders of time. At 10 K, a more 

pronounced nonlogarithmic decay of magnetization was observed. At 21 K, the 

magnetic moment decayed so fast that 80% of its initial value was lost in approximately 

10 min. A sharp curvature occurred in the relaxation curve at temperatures between 20-

27 K, whereas the decay became much slower at T=35 K. For T>30 K, due to a much 

smaller signal and relative large noise level, the relaxation curves were measured only 

over a short time interval. The relaxation curves below 25 K can be approximately 

described by a power law with M(t)-f8
. Zavaritsky et al. [26] found a kink in the jc(T) 

curve at about 17 K for their Bi-2212 single crystals, and around this temperature ( 15-

18 K ) the magnetic relaxation curves were also strongly nonlogarithmic, which is 

similar to what we observed but at a lower temperature. 



34 Chapter Ill 

00o~ 21K 

log(t!tb) 

Fig. 3.3 Magnetic relaxation curves for the Bi-2212 single 
crystal, which are normalized with the first measured point of 
each curve. The solid lines are fits obtained from the pinning 
distribution model (Chapter V). 

The normalized initial magnetization M( tt., T) ( t1>=S s) of the relaxation curves is given in 

Fig. 3.4(a) for the single crystal. The data are normalized to magnetization at zero 

temperature, i.e.Mo (T=O K), which was obtained by extrapolating M(tt>, T) to T=O K. In 

the critical-state model (Bean model), M(tb,T) is proportional to the critical current 

density. So it is not surprising to find that the temperature dependence of M(t.,,T) is 

similar to that ofj.,(T) as shown in Fig. 3.2. In Fig. 3.4(b), the normalized initial decay 

rate S(t&,T) of the relaxation curves at various temperatures is shown. S(t&; T) first 

increases with temperature and. then drops rapidly around 25 K, forming a peak with a 

maximum of 0.35: In order to confirm that this peak was not due to the different 

remanent magnetic fields at different temperatures, the decay of magnetization in a 

constant applied field of 1.5 kOe was also measured, which also exhibited a peak around 

23 Kin S(tt., T). In addition, the relaxation of remanent magnetization was also studied 

on other Bi-2212 single crystals prepared by both self-flux and TSFZ method and similar 

results were obtained. Zavaritsky et al. [26] found also a peak in S(t.,, T) at about 17 K, 
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which is at the same temperature of the kink injc(T) for their Bi-2212 single crystals. It 

should be noted that a detailed analysis of the data of Shi et al. [14] for H II c revealed 
' also a peak in S(tb, T) at about 30 K. 
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Fig. 3.4 The temperature dependence of (a) normalized 
initial magnetization m(t,T), and (b) normalized initial 
decay rate S(tb. T) of the Bi-2212 single crystal. The error 
bars in (b) are due to some uncertainty in taking the 
initial slopes. The solid lines are the fits from the pinning 
distribution model (Chap. Jl). The dashed lines are the fits 
when high pinning energies above 60 meV are omitted 



36 Chapter Ill 

In the Anderson-Kim model [Eq. (3.6)], the pinning potential is related to the 

normalized initial decay rate by 

kT 
U 0 =--+kTin(tb/-r0 ), (3.8) 

S(tb, T) 

which is obtained from Eqs. (3.6) and (3.7). Using this formula, the pinning energy Uo in 

the Bi-2212 single crystals is estimated to be about 15 meV at low temperatures (T<25 

K) and about 80 meV at high temperatures (T>25 K). The results suggest that there are 

two different pinning regimes for the single crystals: at .T<25 K, the small pinning 

centres with a high density dominate the flux creep process, leading to a rapid decrease 

of j., with temperature and a fast decay of magnetization; at T>25 K, however, the small 

pinning centres can no longer effectively pin the vortices because of thermal activation, 

so the larger effective pinning potentials with low density dominate the flux pinning, 

which lead to a slow decrease of jo(T) with temperature and slow decay of 

magnetization with time. Later in this chapter, a more detailed analysis will be given for 

the identification of different pinning regimes. 

Finally, it should be mentioned that, when the magnetic field was applied perpendicular 

to the c-axis instead of parallel to the c-axis, the behaviour of the magnetic relaxation 

was found to be similar [32]. 

3.3.2. Bi-2212 bulk ceramic sample 

The magnetic relaxation curves at various temperatures for a Bi-2212 ceramic sample 

are shown in Fig. 3.5. At low temperatures (T<30 K), the magnetization decayed slowly 

and the relaxation curves are nearly logarithmic over three decades of time. Below 30 K, 

the decay of the magnetization of the Bi-2212 bulk ceramic sample is much slower than 

that in the Bi-2212 single crystals. As the temperature increases and especially above 

Tc/2, the decay of the magnetization of the Bi-2212 bulk ceramic sample becomes faster 

and the relaxation curves become more nonlogarithmic over the observation time. 
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Fig.J.5 Magnetic relaxation curves for a Bi-2212 bulk 
ceramic sample. The solid lines are fits obtained from the 
pinning distribution model (Chapter V). 
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The normalized initial magnetization M(tt.. T) and the n()rmalized initial decay rate 

S(tt..T) are shown in Figs. (3.6a) and (3.6b) for the ceramic sample. The temperature 

dependence of M(t.,,T) is similar to je(T) in Fig.3.2 for the ceramic sample, which is 

expected in the Bean model. The initial decay rate S(t., T) shown in Fig. 3:6 (b) 

increases monotonically with temperature. It was·discussed in Ref [25] that for some 

YBC0-123 samples. the normalized initial decay rate S(t.,,T) is constant over a large 

temperature interval, suggesting a universal behaviour. However, such a behaviour has 

not been observed in our experiments for Bi-2212 superconductors, contradicting the 

proposed universal behaviour. 
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Fig. 3.6 The temperature dependence of (a) normalized 
initial magnetization and (b) initial decay rate. The error 
bars in (b) are due to some uncertainty in taking the initial 
slopes. The solid lines are fits from the pinning distribution 
model (Chapter JQ. 

3.3.3. Bi-2212 ceramic powder 

So far the experimental results reported in the preceding sections have shown a different 

decay behaviour for Bi-2212 single crystals and bulk ceramic samples, indicating that the 

pinning mechanism is different for the two types of samples. Since ceramic samples 
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consist of randomly oriented plate-like grains with a average size of about 1 OOx I 00x2 

J.U113 (which are small crystals), the pinning centres (mostly point defects) that exist in 

the single crystals should also exist in the ceramic samples. Besides these pinning 

centres, there are many grain boundaries in the bulk ceramic samples, which could also 

act as pinning centres. Therefore, the pinning situation seems to be more complex in the 

bulk ceramic samples than in single crystals. Crushing the bulk ceramic sample into 

powders could reduce the numbers of grain boundaries, while preserve the nature of 

random orientation of the grains as in the bulk samples. If the grain boundaries are 

strong pinning centres in the bulk ceramic samples, it is expected that the pinning 

strength in the grains of powders should be less than in the bulk samples. To explore 

this, the bulk ceramic sample was crushed into powders with an average size of about 50 

!J.m and the magnetic relaxation of the loosely packed powders was measured. 
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Fig.3.7 Magnetic relaxation curves for the Bi-2212 powered 
sample. The solid lines are jits from the pinning distribution 
model (Chap. V). 

The magnetic relaxation curves of the powders shown in Fig 3.7 are quite different from 

those ofthe bulk sample. Around 15 K (10-17 K), the decay curves are strongly 



40 Chapter III 

nonlogarithmic. However, the decay became much slower at T~30 K than at lower 

temperatures. Between 30 and 60 K, the magnetization decayed gradually faster as the 

temperature increases. Except at temperatures around 15 K ( 10-17 K), only a weak 

nonlogarithmic decay could be observed in the relaxation curves below 60 K over about 

3 decades of observation time. 
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Fig. 3.8. The temperature dependence of (a) the normalized initial 
magnetization and (b) normalized initial decay rate of Bi-2212 
powdered sample. The error bars in (b) are due to some uncertainty 
in taking the initial slopes. The solid lines are fits from the pinning 
distribution model (Chap. Jt). 
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In Figs. 3. 8 (a) and (b). the normalized initial magnetization M(tt., T)/Mo and initial decay 

rate S(tt., T) of the relaxation curves are shown for the powdered sample. Compared with 

the original bulk sample, a large difference in the relaxation behaviour of the powders 

can 1>e observed: a weak "kink" appeared at 15 Kin M(tb. T); and especially, a peak with 

a maximum of about 0.06 existed at 12 Kin the curve ofS(t~>.T). 

An explanation for the appearance of the-small peak in S(tt.,T) after crushing the Bi· 

2212 bulk sample into powders will be given here. In the bulk ceramic sample, the total 

magnetic moment originates from both intragrain critical current density jcintra (i.e. the 

. critical current density in the single crystals) and intergrain critical current density j.inter. 

Using the Bean model, the ratio of the total magnetic moment due to the intergrain and 

intragrain current can be estimated to be: 

where R is the macroscopic size of the bulk sample (-1cm), V the volume of the bulk 

sample, r the typical microscopic size of the grains (- 100 x 1 00 x 2 1J.m3
) in the bulk 

sample, N8 the number of grains and V8 the (average) volume of one grain. For the Bi· 

2212 superconductors, ifjcimcr is taken as the critical current density of the bulk ceramic 

samples and j.intra is taken to be the critical current density of the single crystals, the 

difference between the value of j. iDler and j. iDtra is within one order of magnitude ( see 

Fig. 3.2 ). For the bulk ceramic samples, ~102•r, so the magnetic moment produced by 

the intergrain current is much larger than the magnetic moment produced by the 

intragrain current, i.e. Minter » Mintra. When the bulk ceramic sample was crushed into 

powders, however, R became the size of the powder particles, which is comparable to 

the size of the grains; so, both Mater and ~ became important for the magnetization 

behaviour. Since the magnetization in the powdered sample is composed of Mimcr and 

~. a small peak in S(to, T) could be produced. 
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3.4 Summary of the experimental results 

In summary, with an observation time of more than 3 decades, a nonlogarithmic decay 

of magnetization was observed in Bi-2212 superconductors at temperatures down to 10 

K, which is in contradiction to the traditional Anderson-Kim modei. The behaviour of 

the magnetic relaxation was found to be different for Bi-2212 single crystalline and 

polycrystalline samples. The temperature dependence of the normalized initial decay rate 

S(tt,, T) shows a strong peak at about 25 K for Bi-2212 single crystals, while S(t~>,T) 

increases monotonicaUy with temperature for Bi-2212 bulk ceramic samples. By 

crushing the bulk ceramic samples into powders, a small peak in S(lb, T) at about 20 K 

was found. In the next two chapters, the experimental results presented in this chapter, 

especially the nonlogarithmic decay of the magnetization, will be analysed and discussed 

in terms of a non-linear current dependence of the pinning potential or a! distribution of 

pinning energies. 

It ~to be mentioned that besides the strong peak found in S(lb, T) at low temperature 

(-25 K) for Bi-2212 single crystals, a second broad peak in S(t~>,T) with a lower 

maximum value at about 60 K was reported by several other groups [26, 33, 34]. Such a 

peak at high temperatures was not measured in our experiments due to a lower 

sensitivity and a relative higher noise level of the VSM equipment at high temperatures. 

3.5. The different pinning regimes in Bi-2212 single crystals: recent developments 

As discussed in the previous section, for the Bi-2212 single crystals, the observation of 

both a "kink" in the jc(T) and a strong peak m S( tb, T) at about 25 K suggests that, below 

and above 25 K, the mechanisms of the flux pinning are different. 

Pradhan et al (33] suggested that, below 25 K, the flux pinning and inter-layer coupling 

are strong, resulting 3D flux line pinning; but above 25 K, the vortices between the 

layers are decoupled, resulting into 2D pancakes vortices. 
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Here, the dimensionality of the vortices in the Bi-2212 single crystals in our magnetic 

relaxation experiments has to be clarified. In our remanent magnetic relaxation 

experiments, the self-field induced by the current density in the sample at 4.2 K is about 

3-4 kG for our samples, so the vortices are three dimensional (3 D); at about 25 K, 

where the "kink" is present, the self-field is about 50 G, which is too weak to break the 

flux lines into 2 D pancakes. So the vortices in our relaxation experiments should be 

always 3D. Similar argument can also be found in Ref. [34] for the magnetic relaxation 

experiments on their Bi-2212 single crystals. 

Recently, Metlushko et al. [34] gave a detailed analysis for the relaxation behaviour of 

Bi-2212 single crystals and proposed that the sharp kink in the j.(T) curve corresponds 

to a transition from individual flux line pinning at low temperatures to the large-flux-
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bundle pinning regime at high temperatures. According to the behaviours of S(tb,T) and 

ic(T), as shown in Fig. 3.9, four different pinning regimes were proposed in Ref [3.4]. In 

the regime I, i.e. below the temperature of the maximum S(!b,T), the pinning of 

individual flux lines takes place with a characteristic energy U0=R?~3(1;1L.), where Lc is 

the correlation length of a single vortex line pinned collectively by many nearby point 

defects. The pinning regime II, which is defined by the temperature interval between the 

Maximum S(th,T) and the kink in MT), corresponds to the collective pinning of small 

flux bundles. Below a certain value of the critical currerit density current jcr and for 

S(tb,T)>O, a regime Ill with large flux bundles occurs. Finally, in the temperature region 

between the zero value of S(!b, T) and zero value of j.(T), a pinning regime IV is found, 

which corresponds to molten flux lattice with a reversible behaviour of the vortex fluid. 

The value ofj ... , at which the kink occurs inj.(T), was calculated to be (34]: 

j .. =jollc2
, 

where j0 is the depairing current, i.e. jo=<Poc/(12~..JJA..&2~ab), and K the Ginsberg-Landau 

parameter. Using the parameters ofBi-2212, jcr is estimated to be 104-105 A/cm2
. For 

our crystals prepared by the TSFZ method, jcr is found indeed in this range; for the 

crystals prepared by the flux method, jcr is a little bit smaller, which could be due to a 

different value of the penetration depth caused by different oxygen content [31]. 

However, a remark has to be made here for their identification of the pinning regime II. 

As it will become clear in Chapter V, within the framework of thermally activated flux 

creep, the peak in S(!b,T) at low temperature is directly related to the ikink in ic(T). In 

such a case, the position (temperature) of the peak in S(t&,T) should be a little lower 

than the position (temperature) of the kink in j.(T). Therefore, the identification of the 

regime II in Ref. [34], which is because of a temperature difference between the position 

of the peak in S(tb,T) and the kink inj.(T), seems to be artificial. 
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Chapter IV The current dependence of the pinning potential: 

a generalised model 

[Part of this chapter has been published in Physica C 205, 123(1993).] 
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Many things in this world have their common origin, just like that several children have 
one mother. Reveal the mother, and you understand the children better. Understand the 
children, and you should return to the mother. In this way, you cannot fail. 

--Lao Tse, Chap. 52, ca. 800B.C. 

In this chapter, the decay of the magnetization presented in Chapter Ill will be analysed 

with a general (non-linear) current dependence of the effective pinning potential Ueft(j), in 

contrast to the linear current dependence of Ueft(j) used in the Anderson-Kim model. It 

will be shown that the magnetic relaxation data measured at different temperatures can be 

combined into one single curve, from which the current dependence of Ueft(j) can be 

obtained. 

4.1. Introduction 

The observation of the nonlogarithmic decay of the magnetization in bigh-T. 

superconductors, which is not predicted by the traditional Anderson-Kim model, has 

attracted much attention both in the experimental [1-5] and theoretical [6.-9] studies. 

Current theories attribute the nonlogarithmic decay either to a non-linear current 

dependence of the effective pinning potential Ueft(j) [6-8] or a distribution of pinning 

energies [5,9]. The distribution of pinning energies can be derived from the magnetic 

relaxation data, which will be discussed in detail in the next chapter. For the current 

dependence ofUeft(j), however, different forms has been proposed in different models, as 

will be described below. 
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1 ). In the Anderson-Kim model, as has been discussed in Chapter III, a linear j 

dependence ofU.ft(j) was proposed, i.e. 

U.ft(j)=Uo(l-j/J.), (4.1a) 

where Jc is the critical curent density in the absence of flux creep [For the notation ofj, j., 

J. and J.o in this cahpter, please refer to Section 1.6 ]. This leads to a logarithmic decay of 

the current density in the critical state during the magnetic relaxation experiments: 

(4.1b) 

Such a logarithmic decay was observed in most of the traditional superconductors. 

However, as discussed in Chapter III, a nonlogarithmic decay has been widely observed 

for the high-T c superconductors, in contradiction to this model. 

2). By considering that the pinning potential of point defects could have a logarithmic 

function with the distance parameter, Zeldov et al. [8] postulated a logarithmic current 

dependence ofU.ft(j), i.e., 

Ueft(i)=Uoln(Jclj), (4.2a) 

which leads to a power law decay of the current density in the magnetic relaxation 

experiments: 

j(t, T)=J.(t/T0fv:rfUo =I.eq{-k'fln(t/z-0)/U0]. (4.2b) 

3). In the vortex-glass [6] and the collective-pinning theory [1], the current dependence of 

U.ft(j) was found to be: 

(4.3a) 

The time dependence of the current density during the magnetic relaxation is predicted to 

follow the law: 

(4.3b) 

where the exponent J..L could be different in different pinning regimes [ 1 O-Il]. 

Experimentally, these different relaxation laws have . been extensively used to fit the 

relaxation curves in order to study which model is applicable. However, due to different 

samples, different magnetic fields, and different observation times, each of these 
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relaxation laws has been found to be applicable for some situations but not for all the 

situations. Therefore, no definite conclusion could be drawn in this way up to now. 

From the discussion above, it can be seen that the controversies between different theories 

come directly from the different j dependence of Uetl(j). Is it possible to analyse the 

relaxation data without any specific assumption of the current dependence of the pinning 

potential Uetfj)? Furthermore, could we obtain the current dependence of Uetfj) from the 

experimental relaxation data, rather than from theoretical considerations? 

The answer is positive. Maley et al. [12] proposed a method that used the decay curves at 

different temperatures to obtain the current dependence of Uefi(j) for YBa2Cu30,..o 

(YBC0-123) powdered samples. Here, this method is described briefly. In the flux-creep 

regime, for the magnetic relaxation, we have: 

dM(t, T) B00a0 -uolfolt<r --'-'-...:.. = ---e 
dt Jrd 

(4.4a) 

which can be rewritten as: 

(4.4b) 

where M is the magnetization, d the average size of the ·powder particles. Since the 

current density j can be calculated from M using the Bean model, the relationship of Uctr 

vs. j can be obtained from (4.4b) as follows: firstly take the time derivative of the 

magnetization M(t, T) from the relaxation curves at various temperatures, and then use the 

"try and error" method to obtain the value of the constant term ln(B!loaohtd) in order to 

make the relaxation data collapse into one single curve, i.e. U.tt(j) verus j. However, in 

this method, the temperature dependence of the pinning potential Uo(T) and the critical 

current density Jc(T) is not considered. If this method is directly extended for high

temperature data, the relaxation data will not collapse into one curve [ 11]. 

In the next section, ·we will describe another method to answer the questions proposed 

early in this section. With this method, the relaxation curves at different temperatures can 

be combined together and the current dependence of u.tt(j) can be obtained from the 

relaxation data. In contrast with Maley's method, the temperature dependence of U0(T) 

and Jc(T) wiU also be included. 
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4.1. The model 

After examining the different relaxation laws expressed in Eqs. (4.1b), (4.2b) and (4.3b), 

it can be seen that, although the j dependence of Ueft(j) is different in different models, 

j(t,T) is always a function ofkTln(tlto) in these cases. 

The question is : is this universal for any j dependence of Ueft(j)? The answer is positive. 

Let us start from the flux-creep equation for the magnetic relaxation experiments: 

dj(t, 1) Bn,a, -U..,.O)JIIT --=---e ' 
dt 1lg 

(4.4c) 

where g is the geometric factor coming from the Bean model (in this model, jcx:M). 

Assuming that at t=O, the sample is in its initial critical state, i.e. j=J. and Ueft(j=J.)=O, 

after rearranging the terms in Eq.(4.4c), and taking an integral, we have 

ruar e u. G)lkT( dU off )-1 dU G) rt ]<It 
Jo dj off Jo ' 

where y=-(BOoao)/(n:g). On the left side of the equation, compared with the exponential 

term exp[U.e<;)lkT], the term dUeo/dj can be treated as a constant in a first approximation. 

Evaluating the integral [13], the following is obtained: 

U cff(j) = kTin(t/ t 0 + 1) 

"'kTin(t/ '1'0 ) (t » t 0 ) 
(4.5) 

where 'to~kT/(y dUeo/dj). In Eq. (4.5), compared with T, ln(t/t0) can be considered to be 

temperature independent, since to is contained inside the logarithmic term. The relation of 

Eq.(4.5) was obtained firstly by Geshkenbein and Larkin [14]. When the temperature 

dependence ofUo(T) and J.(T) is not considered (i.e. for T<<T.), Eq. (4.5) implies that 

j(t,T) is only a function ofkTln(tlt0), or 

j(t, T)=Uei1[kTin(tlto)], (4.6) 

which is valid for any j dependence of Ueft(j). So, the postulation of the universality 

mentioned at the beginning of this section is solid (for T<<T.). 

Now we will consider the temperature dependence of the pinning potential Uo(T) and the 

critical current density J.(T) in ord~r to generalise Eq. (4.5). First we define that 

(4.7a) 
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and 

Uo(T)=U01b(T), (4.7b) 

where the functions b(T) and c(T) describe the temperature dependence of Uo(T) and 

J.,(T), respectively; Jc0 and Uot are the critical current density and the pinning potential at 

T=O K. Then, we assume that the two temperature factors in U.B(T j/J.,) can be separated, 

i.e.: 

U.e{T, j/Ic(T)]=b(T) Ucif,o[i/(JcO c(T))], (4. 7c) 

whete Ucfto[i/J.,] is the effective pinning potential dominated by its current dependence. 

Eq. (4.7c) implicates that the current dependence of the function Ueft(T,j/J.,) does not 

change its shape with temperature, and is only scaled by the temperature-dependent 

factors b(T) and c(T), which has been widely used or implied in the literature. Combining 

Eqs. (4.5) and (4.7c), we have 

U ( j(t, n ) = kT ln(t I T ) 

etr.O J.oc<n b<n ° (4.8) 

Equation (4.8) indicates that j/Je is only a function of kTin(t/to)/b(T), which could be 

expressed as 

j(t, T) = 1.o ·c(T)·F( kTl:~ 'fo) J• 

where F is a general function. 

(4.9) 

4.3. Combining the magnetic: relaxation eurves and obtaining the j dependence of 

Equation (4.9) has some very interesting consequences. It indicates that all the relaxation 

curves measured at different temperatures should collapse on one single curve by 

expressing them in terms of the common variable kTln(tl-.o)lh{T), i.e. j(t,1)/c{T) vs. 

kTln(tl-.o)lh{T). Now the problem is how to determine b(T), c(T), and the value of 

In( lito). 

Taking the temperature and ln(t) derivatives ofEq. (4.9), respectively, gives: 
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(
oj(t,1)) /(qj(t,1)/c(1))) =-T-[c(1)/d[T/b(1)]]. (4.lOa) 

ant T oT t ln(t/ To) b(1) dT 

Note that the unknown function F and the value of Jca do not appear in the above 

equation. Denoting the started measurement time of the magnetic relaxation as t=tb, the 

above equation can be written as: 

J dlnj{t0 , T) + c(T) dc(T)] 
'l dT dT 

ln(t.fro)=- ( dlnb(T)) ' 
S(t ,T) 1---

b dinT 

(4.10b) 

where 

(4.11) 

is the normalized initial decay rate. The definition of S(tb. T) in Eq. (4.11) is identical to 

Eq. (3. 7), since in the Bean model, jocM. 

At low temperatures, b(TP::l and c(TP::l, Eq.(4.10b) reduces to to be [15] 

S(t.,1)= T (- dlnj(tb,'I)J. 
ln(tb I '1'0 ) dT 

(4.10c) 

Using this relation, the connection between the peak on S(t~ T) and the "kink" on j(T) 

observed in the Bi-2212 single crystals (Chapter III) can be explained. More details will 

be given in the next chapter (Section 5.5). 

As discussed in Ref. [9], b(T) or c(T) should be proportional to R?(T~n(T), where the 

value of n depends on the nature of the flux bundles and could be different for c(T) and 

b(T). For b(T), 05: n 5:3; and for c(T), -15: n 5:3. if we define 9=T!Tc, and use 

IL,(T)oc(l.-92
) and A(T)oc(l- 94r112 [9], b(T) and c(T) have the following general form: 

(I-92)2 [(I+ 92)/(I- 92)1n/2. 

Using this general form, the functions c(T) and b(T) can be determined (i.e. the exponent 

n can be chosen) such that ln(t~'to) is temperature independent in Eq.(4.l0b); by doing 

this, the value ofln(W'to) can be obtained too. 
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Now this method will be applied to the magnetic relaxation curves measured for the 

BhSr2CaCu20s+z (Bi-2212) single crystals and Bi-2212 ceramic samples presented in 

Chapter III. Using Eq.(4.10b), we obtained that, for the single crystal, b(T)=c(T)=(I-92i 
(i.e, n=O), and ln(ttl"to)~l3; while for the ceramic sample, b(T)=c(T)=l-94 (i.e. n=2), and 

ln(Vto)~23. The relaxation data obtained at various temperatures can now be plotted in 
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Fig.4.1. The relaxation curves at various temperatures 
can be combined by plotting logQ(t,T)Ic(T)] vs. 
kTln(tlr,Jib(T) (see text) (a) for Bi-2212 single crystal, 
(b) for Bi-2212 bulk ceramic sample. 

one graph, i.e. by plottingj(t,T)/c(T) versus kTln(tlto)/b(T). The results are shown in Fig. 

4.1 for both types of samples. The relaxation curves measured at different temperatures 

indeed collapse into one single curve. Only small discrepancies are observed, probably due 
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to some variation of ln(ti/'to) with the temperature. Since Uetl;oGIJ.) =kTln(t/'to)/b(T) [Eq. 

(4.8)], Fig. 4.1 actually gives the current dependence of the effective pinning potential 

Uelf,oGIJ.o) for both samples, which shows that the j dependence of Uoft(j) is non-linear, 

and more complex than what can be expected from the existing models. In the single 

crystal, Uetl;oGIJ.) increases abruptly at j(t,T)JO:jJ.o/70, or when kTln(t/to)/b(TF37 meV. 

This is due to a transition between two different' pinning mechanisms, as discussed in 

Chapter ill. 
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Fig. 4.2. The time dependence of cu"ent density at various 
temperatures obtained from the data in Fig. 4.1, (a) for the 
single crystal and (b) for the ceramic sample. The two 
vertical lines indicate the time periods used in the 
experiments. 
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Another interesting consequence ofthis method is that the data in Fig. 4.1 can be used to 

obtain the time dependence of the current density j, after evaluating the temperature 

factors b(T) and c(T) at any given temperature. Since Fig. 4.1 contains more data than the 

experimentally obtained original relaxation data at each temperature, the time dependence 

of the current density j obtained by this theoretical method wiU have a much larger time 

windpw. In order to clarify this point, the time dependence of the current density j is 

shown in Fig. 4.2 for several temperatures, which is directly obtained from Fig. 4. 1. The 

original time period (i.e. about 3 decades of time, see Figs. 3.3 and 3.5) used for the 

experiments·is indicated by two vertical lines. Fig. 4.2 shows that, firstly, the decay of the 

magnetization should be always nonlogarlthmic when the observation time is sufficiently 

long; secondly, the relaxation curves obtained at different temperatures are actuaUy parts 

of one single curve (the relation of UelJ vs j). Of course, caution is needed when 

interpreting the extended data in Fig. 4.2 at very long times (.i.e. the orlginat data at high 

temperatures), since the method is based on the assumption for the temperature 

dependence ofUelJ[T, j/J.,(T)] [see Eq.(4.7c)]. This method cannot be used for very short 

times either, .since an assumption that t>>to was made. 

4.4. A method for combining current-voltage (I· V) characteristics 

A similar method can be applied to electrical transport I-V curves, provided these I-V 

curves are measured in the flux creep regime. In the flux creep model, the electric field E 

induced by the movement of the vortices can be expressed as: 

(4.12) 

where Eo=B!loao. Assuming ·the same temperature dependence of Uelf<T j/Jc) as in Eq. 

( 4. 7 c), we obtain directly from Eq. ( 4 .12) that 

U ( j(E, 1) J = kT ln(E /E) . 
c~~;o J coc(l) b(T) o 

(4.13) 

The above result means thatj/c(T) is simply a function ofkTln(Eo/E)/b(T), i.e.: 

. = . ·{kTin(E0 /E)) (4 14) J(E, 1) l.o c(1) ' . 
b(T) 
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where F is a general function. Taking the ln(E) and temperature derivatives in Eq. (4.14), 

to be similar to (4.10b), we obtain: 

T dlnj(E., T) + c(T) dc(T)] 

ln(E0 / Ec)= dT dT (4.15) 
P(E , T)(l- dlnb(T)) 

• dinT 

where j(E., T) is the current density corresponding to a electric-field of Ec at temperature 

T, and P(E.,T) is defined as 

( 
dlnj J P(E.,'I)= - ' 
dinE E, 

(4.16) 

which is the slope at Ec in the logarithnlic plot of j against E. 

Eq. (4.14) indicates that the 1-V curves can be combined by expressing them in terms of 

the common variable kTln(Er/E}Ib(T), which is actually UeJJ;o{jfJ,) [Eq. (4. 13)]. The value 

Fig. 4.3 The E-j data extracted from Ref [10] for a YBC0-123 film at a magnetic 
field of 1 T. The data are for temperatures from 18.5 K (right) to 86.5 K (left) with 
a temperature interval of 3 Kfor T<81.5 K and of0.5 Kfor T>81.5 K. 
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ofln(Eo) and the functions b(T) and c(T) can be determined from Eq. (4.15) in the same 

way used in above section for the magnetic relaxation curves. 

Since we did not measure the transport I·V curves at low temperatures, the published 

data ofDekker et al. [10] was used for the application of this method. The j-E data shown 

in Fig. 4.3 were extracted from Ref. [10] [ Fig.(la) in that paper] for a YBC0-123 film 

( ~ 150x3 x0.3 J.lffi3) with a Te of 90 K. The j-E curves were obtained at temperatures from 

18.5 K to 86.5 K with an interval of3 K below 81.5 K and of0.5 K above 81.5 Kin the 

presence of a magnetic field of 1 T. We use a electric field of Ee=0.1 VIm for obtaining 

the value ofj(E.,T) and P(Ee,T) in Eq. (4.15). In order to keep ln(Eo!Ee) in Eq. (4.15) to 

be temperature indepedent, the best choice for b(T), c(T) was found to be: 

b(T)=(I-91(1- 94i 12
, and c(T)=l [16]. The value ofln(Eo) was obtained to be 7.2 (from 

which no~2. 7x 1010 Hz can be deduced ). The j-E curves at various temperatures in Fig. · 

4.3 can now be replotted, i.e. by plottingj(t,T)/c(T) versus kTin(Eo/E)Ib(T). The result is 

is shown in Fig. 4.4. All the data collapse into one single curve, demonstrating that the 

thermally activated flux creep is the fundamental mechanism of the dissipation in the 

YBCO·l23 films in the measured regime. From Eq. (4.13), Fig. 4.4 also gives the 

nonlinear current dependence of the effective pinning potential Ue~to(i/Je) . 
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4.5. A brief discussion of other relevant models 

1). Lairson et al.[4] expressed j(t,T) as an expansion ofln(tlto): 

j(t, T) =.in _..!_kTin(t I -r0 )+-E;-(kT)2 ln2 (t/ r 0 ). 

a 2a . 

Here a. and 13 are parameters, which can be determined by fitting the relaxation curves. It 

can be seen that this expression ofj(t,T) is a special case ofEq. (4.9). 

2). In the pinning distribution model [9], j(t, T) is expressed as 

j(t,T)=j0c(T) j N(u{l-~ln(t/r0 )]du. 
u

0
• ub(T) 

where Uo*=kTin(tlto)/b(T). This expression is also in agreement with the universality of 

j(t, T) given by Eq.(4.9). 

3). Schnack et al. [17] proposed a generalised inversion scheme (GIS) for obtaining the 

current dependence of Uct!(j) from dynamic relaxation experiments, which are applicable 

over the whole superconducting temperature range. Their basic idea is also similar to 

Maley's method. Compared with our method, they found a relation between the 

temperature dependence of the pinning energies and critical current density, therefore, no 

assumption for the specific form of these temperature dependence [i.e. b(T) and c(T)] is 

needed. From this point of view, their method has less restriction and is more general. 

However, our approach, starting from the universality in different relaxation laws of Eqs. 

(4.lb), (4.2 b) and (4.3b), seems to be more straightforward in practice. 
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Chapter V Distribution of Pinning Energies: Model and Application 

[Part of this chapter has been published in Physica C 200, 359 (1992).] 

In Chapter IV, the non-linear current dependence of the effective pinning potential U.ft(j) 

was discussed, which provides an explanation for the nonlogarithmic decay of the 

magnetization. Another possibility leading to a nonlogarithmic decay of magnetization is 

the existence of more than one type of pinning center. In this chapter, firstly, the model for 

a distribution of pinning energies will be introduced; then, using a particular class of 

functions for describing the distribution of pinning energies, an analytical solution for the 

temperature and time dependence of the magnetization M(t, T) will be obtained. The 

model will be applied to our experimental results on Bi-2212 superconductors. It will be 

shown that the high-energy tail in the distribution of pinning energies, which was not 

emphasized in the previous work [l-2], is essential for fitting the magnetic relaxation data. 

Those high pinning energies can hardly be associated with the mechanism of single-vortex 

pinning in Bi-2212 single crystals and should be interpreted in terms of the collective 

pinning theory instead. 

5.1 The model for a distribution of pinning en~rgies 

In this section, the model for a distribution of pinning energies proposed by Hagen and 

Griessen [1, 2] wiU be briefly described. In this model, there is a distribution N(u) ofa 

pinning energy u, and the flux lines in the place of different pinning potentials will 

independently move due to thermal activation. For each pinning potential u, it is assumed 

that the Anderson-Kim model is applicable. Since at a certain temperature T and time t, 

the defects with small pinning energies cannot effectively pin the vortices, so only the 

pinning energies larger than a certain value U* are effective. This value of U* is obtained 

when 
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1
_ kTin(t/z- 0 ) = 

0 
U * b(T) ' 

which leads to U*(t, T)=kTln(tlto)lb(T). Therefore, in the magnetic relaxation 

experiments, the magnetization M(t, T) attemperature T and time t is represented by 

"' [ kT ] Jy[(t,l)=Muc(I) J N(u)x 1--. -ln(t/z-0) du, 
u (~l) ub(I) 

(5.1) 

where Mo is the magnetization at zero temperature, c(T) and b(T) describe the 

temperature dependence ofMo(T) and u(T) respectively, which are the same as defined in 

Eqs. (4.7a) and (4.7a). The distribution function N(u) should satisfY the following 

normalization condition: 

Jo"' N(u)du =I (5.2) 

It was found [1,2] that the value of the distribution function at u=U*(t, T), i.e. N{U*), can 

be calculated from the magnetic relaxation data by 

N(U.)=-T~(m(tb,l) S(tb, 1))/(_!(....!...)) 
dT c(l) kT dT b(1) ' 

(5.3) 

where tb is the time of the first measurement of the magnetic relaxation, m(fb, T) the 

normalized magnetization, i.e. m(tb. T)=M (fb, T)!Mo, and S(tb, T) is defined as 

S(tb, T) [-dlnM(t. T)/dlnt]t=tb, 

which is the normalized initial decay rate. Similar to (4.10), we have: 

r[ dlnM(tb, T) + c(T) dc(T) 
dT dT 

ln(tb/z-o)=- ( dlnb(T)) 
S(t ,T) 1---

b dinT 

(5.4) 

As discussed in the Chap. IV, b(T) and c(T) have the following general form 

(1-92)2[ (l+fi)I(I-92) ]n/2 

where 9=TIT., and the exponent n could be different for b(T) and c(T). The functions c(T) 

and b(T), and the value ofln(fb/to) can be obtained from Eq. (5.4) using the same method 

as indicated in Section 4.3. 
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5.2. The functions for a distribution of pinning energies 

In Ref. [ 1 ], the model of pinning distribution was applied to the relaxation data obtained 

on a single crystal and a polycrystalline sample ofYBC0-123, and a broad distribution of 

the pinning energies with a maximum at about 60 meV was found. Hagen and Griessen [1] 

used a log-normal function. i.e. N(u}-exp[-y(ln(uluo))2
], to fit the distribution of pinning 

energies. In a further study [2,3], it was shown by numerical calculations that a 

combination of flux creep, viscous flux flow and a log-normal pinning distribution could 

lead to power Jaw I-V characteristics, i.e. Voct. Such power law 1-V characteristics was 

studied in electrical transport measurements on high-T. superconductors (4-5] and 

proposed to be caused by nonlinear current dependence of the pinning potentials [ 6-7] in 

contrast to the model of pinning distribution. 

However, the log-normal distribution obtained for the YBC0-123 samples [1] contains no 

high-energy part (when ~60 meV and ')""4-6, N(u~ for ~200 meV). If the calculation 

process is reversed, i.e. if the log-normal distribution is used to calculate the decay of 

magnetization, the omission of the high-energy tail will lead to serious discrepancies 

between the fits and the relaxation data at high temperatures (T>T.12), especially, no peak 

in S(!J, T) can be reproduced, in contrary to the experimental data on the YBC0-123 

polycrystalline sample used in Ref. [ 1 ]. This problem will be clarified in more detail when 

applying this model to our experimental data on Bi-2212 superconductors in the next 

section. 

Firstly, we will show that within the pinning distribution model, a power-law 1-V 

characteristics can be obtained analytically from a particular distribution function N.(u) in 

the form of: 

1 u 
N (u)=--exp(-u/U ) • u u • , 

a a 

(5.5) 

where u. is a parameter of the pinning energy at which N.(u) has a maximum value. 

Inserting the function N.(u) into Eq. (5.1) and evaluating the integral, a power law decay 

of the magnetization is obtained: 
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{ 

t J-kT/(U,b<D] 
M(t, T) = MoC(T -

f'o 

(5.6) 

Since, during the magnetic relaxation, the current density is proportional to the 

magnetization M, i.e. jocM, and the voltage V is proportional to the change of the 

magnetization, i.e. VocdM/dt, the above power law decay of magnetization can be 

transformed into a power law I-V characteristics: Vocj« with cx=[U.b(T)IkT]+l. In Ref. 

[2], the exponent a in the power-law I-V characteristics obtained by numerical 

calculations varies with liT at low temperatures, which is in accordance with this 

analytical result of cx=[U.b(T)IkT]+ 1, since at low temperatures, b('fF-1 and U.lkT » I. 

Compared with the log-normal function, the function N.(u) has an advantage for its 

analytical solution for the Eq. (5.1). However, since N.(u) has only one parameter Ua, a 

disadvantage of the function N.( u) for describing a distribution of pinning energies is that 

the width of the distribution is fixed when its mean value is known, which means that the 

two quantities cannot be chosen independently. Because for a general distribution of the 

pinning energies, its mean value and width could vary independently, it is necessary to 

extend N.(u) to the following class of functions: 

[ )

n 

l l u 
N(n,U ;u)=-- - exp(-u/U) 

p IU u l' ' n. P P 

(5.7) 

where Up and n are two parameters, and the coefficient of the function is determined by 

the normalization condition (5.2) [The function N(n, Up; u) ofEq. (5.7) belongs to the 

Poisson distribution ]. N(n, Up; u) has· a maximum at Um=nUp and a width of 

(n112)Up=U.Jn112
• As an illustration, several functions of N(n, Up; u) with different 

parameters are shown in Fig. 5.1. In this work, the parameter n is taken to be an integer. 

This is not absolutely necessary, but it simplifies the calculations and is found to be 

sufficient for fitting our experimental results. 
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Inserting the function N(n,Up;u) ofEq. (5.7) as the distribution function into Eq. (5.1) and 

evaluating the integral, we obtain 

M(t, 1)=Moc(I)(t/ro) u~ x[l+ r(l-q,/n)[k11n(t/ro)Jq} (5.8) 
q=l q. u,b(I) 

When n>>l, the sums in Eq. (5.8) can be evaluated, and the well-known Anderson-Kim 

result, i.e. the logarithmic decay of the magn~tion, is obtained: 

M(t,T)=M c(T{l kTin(tfro)} 
o Umb(f) 

This is because when n>>l, N( n, Up; u) is like a o-function corresponding to a single 

type of pinning barrier with the value of the pinning energy to be u ... Another special case 

for N(n,Up; u) is when n=l, which is Na(u) defined in Eq. (5.5). When n is slightly larger 

than one, the time dependence of the magnetization is a power-law with logarithmic · 

corrections, as can be seen from Eq. (5.8). 

0.2 0.25 

u(eV) 

Fig.S.l Some examples of the distribution function 
N(n, Up; u) (see text) for (a) n=l, Up=0.02 eV; (b) n=2, 
Up=0.025 eV; (c) n=6, Up=O.OJ eV. 
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Because of the analytical result obtained in Eq. (5.8), the function N(n, Up; u} will be used 

for describing the distribution of pinning energies. Generally, a distribution of pinning 

energies can be represented as a linear combination of the functions N(n, Up; u): 

k 

N(u)= LCiNi(ni,Upi;u), (5.9) 
i=l 

in which Ci is a normalized coefficient. Using the result ofEq.(5.8), the magnetization due 

to the above pinning distribution can be obtained: 

~t, 1)=Moc(I)iC, (t/ To) u~ x[l+ nf(l-q/n;)[k11n(t/ To)Jq] 
i=l q=l q! u .1{1) ' .. (5.10) 

The parameters Ci, ni and Upi can be determined by fitting the magnetic relaxation data, as 

explained in detail below. 

5.3. Application of the pinning distribution model to our experimental results 

Using the same method discussed in Section 4.3, the temperature factors b(T) and c(T), 

and the value of ln(tt/'to) are firstly determined by Eq. (5.4). For the single crystal and the 

powdered sample, the best choice is found to be: c(T)=b(T)=(l-92i. The value ofln(tt/'to) 

is 13 for the single crystal and 15 for the powdered sample corresponding to 'to= 10"5 s and 

1.5x10-6 s, respectively. For the bulk ceramic sample, c(T)=b(T)=(l-94
); and the value of 

ln(tt/'to) is about 23 corresponding to 'to=l0-10 s. 

After the determination of c(T), b(T) and ln(tt/'to), the pinning distribution can be 

calculated from Eq. (5.3). Using the relaxation data ofm(tb,T) and S(tb,T) directly for the 

calculations, the data for the distribution were obtained, which are shown in Figs. 5.2(a)

( c) with dotted points for the single crystal, the ceramic sample and the powdered sample, 

respectively. Due to some uncertainty in obtaining the initial decay rate S(tb, T) and the 

temperature derivatives ofm(tb,T) and S(tb,T), the obtained data (i.e. the dotted points) in 

Fig. 5.2 were used as a first estimation for the parameters Ci, ni and Upi in Eq. (5.9). When 

these parameters were given, ~he time dependence of the magnetization at certain 
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temperature was obtained from Eq. (5.10). These parameters in the equation were then 

adjusted to obtain the best fit for the relaxation curves. The fits for the magnetic relaxation 

curves of M(t)/M(tt.) at various temperatures, as well as S(tb, T) and m(fb,T), are 

presented in Figs. 3.3~3.8 (Chap. ill) with solid lines, which show a satisfactory agreement 

with the experimental results. The corresponding distributions of the pinning energies are 

shown in Fig. 5.2 with solid lines for the three types of samples. The parameters of C;, n; 

and Up; are given in Table 5.1. 

Table 5.1 Parameters of the functions N(n, Up; u) used for the distribution of 
pinning energies (see Fig.5.2). 

Functions Parameters Single crystal Bulk ceramic Powder 

l Dt 6 8 6 

Up1 (meV) 2.1 3.1 2.65 

centre (meV) 12.6 24.8 15.9 

width (meV) 5.144 8.77 6.49 

Ct 48.5% 35.7% 699/o 

2 02 25 4 4 

~(meV) l.l7 25 12 

centre(meV) 29.25 100 48 

width(meV) 5.85 50 24 

c2 48.5% 53.6% 13.8% 

3 03 3 4 3 

Up3 (meV) 45 75 75 

centre(meV) 135 300 225 

width(meV) 77.94 150 129.9 

c3 3% 10.7% 17.2% 
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Fig. 5.2 The distribution of pinning energy for (a} a Bi-2212 single 
crystal; the high energy tail above 80 meV is shown in the insert; (b) a Bi-
2212 bulk polycrystalline sample, (c) a Bi-2212 powdered sample. The 
data shown with dots (•) were calculated using the Hagen-Griessen 
pinning distribution model; the solid lines are final results using our 
approach that yields good fits for the relaxation curves (the parameters 
aregiven in Table 5.1). The arrows indicate the position of the junctions. 
Note that for the m.:2212 single crystals, the broad peak around 25 meV 
is fitted technically by two junctions which are close to each other, but it 
does not necessarily mean that there are two different types of pinning 
centers around 25 meV. 
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Compared Fig. (5.2b) with Fig. (5.2c), it is noted that in comparison with the peak at 

about 0.025 eV, the relative height of the peak at 0.1 eV in the bulk sample becomes much 

smaller in the powered sample. This peak at 0.1 eV might be due to the pinning at grain 

boundaries in the bulk Bi-2212 samples, since the grain boundaries are largely reduced 

during the crushing of the bulk sample. However, for the Bi-2212 single crystals, in which 

there are no grain boundaries, a very small high-energy peak at 0.14 e V still exists, as 

indicated in the insert ofFig. (5.2a). In order to understand the pinning mechanisms in Bi-

2212 single crystals, we consider the pinning energy Uo due to disk-like pinning centers 

with a defect volume of(x1;,."2Lc): 
2 

U0 =He (lf~;l>Lc), (5.11) 
81f 

where Lc is the effective correlation length in the c-direction. Due to the highly anisotropic 

structure ofBi-2212 single crystals, the flux lines are essentially pancake vortices loosely 

connected by Josephson and magnetic coupling [8]. The broad peak in the distribution of 

pinning energies around 25 meV in the single crystals [Fig. 5.2 (a)] is likely to be due to 

the oxygen vacancies in the Cu-0 planes. For the calculation of the pinning energy of 

these defects, L. can be taken as the coherence length 1; •. Taking the values of H.~l T, 

1;.~31 A, and~ A [9], the pinning energy Uo is found to be 30 meV, which is close to 

the peak position at 25 meV in Fig. (5.2a) for the single crystals. The maximum pinning 

energy of the pancake vortices in Bi-2212 single crystals is obtained when the correlation 

length Lc equals the distance between the superconducting layers d [10]. Taking dJ:::<12 A, 

the maximum pinning energy u_ is about 90 meV. So, within this model, it seems to be 

difficult to understand the mechanism for the high pinning energies around 140 me V 

obtained for the Bi-2212 single crystals. It is possibly due to the fact that when the 

pancake vortices move in bundles [ll], the effective activation energy can be greatly 

enhanced, as demonstrated in the theory of collective flux creep [ 12, l3]. This point will be 

discussed in more detail in the next section. 
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5.4. The relation with the collective-pinning model 

In the preceding section, it was found that for Bi-2212 single crystals, the high pinning 

energies around 140 meV in the distribution function N(u) are difficult to be explained by 

single-vortex pinning mechanism, since the maximum pinning energy of the defects is 

about 90 meV for such mechanism. It was suggested that the high-energy tail may be due 

to collective pinning effects. 

One of the basic results of the collective pinning theory [12, 13] is that the effective 

pinning potential show a strong current dependence: U.o(j)=Uo(J.Ijf when j<<J., where 

the exponent J.l. could have different values for different pinning regimes. During the 

magnetic relaxation, the current density decays with time, so the effective pinning potential 

U.o(j) is time-dependent, i.e.Uo!J(t)-[JJ.j(t)]" (More precisely, it was shown by 

Geshkenbein and Larkin [14] thatUeJJ[j(t)]~kTln(tiTo), also see Section 4.2 of Chap. IV). 

Thus, the effective pinning energy grows as a function of time, which seems to be 

equivalent to a "scanning" from low pinning energies to high pinning energies in the 

pinning distribution. 

This picture suggests a reinterpretation for the high pinning energies in the distribution 

N(ti). In the Hagen-Griessen model, it is assumed that N(u) stems from a spatial variation 

of pinning potentials, i.e., it is determined by the structure of the material. In contrast, 

from the point of view of the collective creep theory, the high pinning energies in the 

distribution function N(u) are generated dynamically at different times by the interplay 

between the pinning centers and elastic properties of the vortices. This leads to a natural 

explanation for the. high-energy tail in the distribution N(u) obtained in the Hagen

Griessen model, i.e. the high pinning energies might actually arise from the current 

dependent effective pinning potential (the effective pinning potential grows ·when the 

current density decreases). This relation can be clarified by an interesting connection 

between the Hagen-Griessen model and the collective creep theory. The latter model 

predicts a relaxation law [13]: 
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M(t, 1)= Mo..,.j 1+ P kTID(t/ To)J-llp 
"'~l Uob(T) 
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(5.12) 

This relaxation law can be obtained within the framework of the Hagen-Griessen model 

from the following distribution function: 

( 5.13) 

by inserting Eq. (5.13) into Eq. (5.1) and evaluating the integral. For J.l«1, Nc(u) 

becomes the distribution ofN.(u) given in Eq. (5.5), which yields a power-Jaw decay of 

the magnetization. When J.l is slightly smaller than 1, Nc(u) has a long high-energy tail. 

Due to the same reasons discussed above, such a long tail cannot be explained with the 

single-vortex pinning mechanism, but only within the collective pinning theory. 

5.5. The connection between the peak in S(tb,T) and the kink in M(t~, T) 

The "kink" in the temperature dependence of M(fb,T) [or j.(T)] and the peak in the 

temperature dependence of S(!b,T) at about 30 K found in Bi-2212 single crystal have 

indicated a transition from one pinning regime to another (see Chap. ill). 

T 

T 
Fig. 5.3 Diagram to explain the connection between the "kink" 
on lnM(t,, T) and the peak in the normalized initial decay rate 
S(t, T) at low temperature according to Eq. (5.14). 
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Here, we will point out that the peak in S(tb, T) at low temperature is directly related to 

the "kink" in a log-linear plot ofM(tb, T). For both models discussed in Chap. IV and V, a 

relation between ln(tb,T), S(tt, T) and M(t.., T) is obtained, i.e. Eq. (4.10) or Eq. (5.4). At 

low temperatures, this relation is simplified to [see Eq. (4.10c)]: 

S(t.,1).. T ( dlnM(tb,1)), (5.14) 
ln(tb I r 0) dT 

where ln(Wto) can be considered to be temperature independent comparing to the factor 

T. Eq. (5.14) indicates a direct connection between S(!b,T) and M(tb,T). Due to the factor 

Tin the right side ofEq. (5.14), S(tt, T) starts to increase from zero as the temperature 

increases from zero (Here the quantum creep is not considered ). If at a certain 

temperature, M(lb, T) has a "kink" in a logarithmic plot, as shown in Fig. 5.3, there will be 

a maximum in the absolute value of its temperature derivative I dlnM/dT I. Since S(tb, T) is 

proportional to I dlnM/dlnt I, consequently a peak will occur in S(tb,T). Thls connection 

has been actually observed in Bi-2212 single crystals and powdered samples (see Figs. 3.4 

and 3.8 in Chap. Ill). 

Since the "kink" in M(tb,T) is usually smooth (i.e. no sudden "jump" in the value of 

I dlnM/dT I ), it can be shoW!l that the temperature positi9n of the peak in S(t&, T) will be a 

little bit lower than the position of the "kink" in M(tb,T). Actually, the position of the 

"kink" in M(lb, T) is in the middle between the temperature of the maximum and the "dip" 

in S(t..,T), as indicated by a dashed line in Fig. 5.3. Such a temperature difference was 

used by Metlushko et al. [15] to define a new pinning regime (also see Section 3.5), which 

seems to be not necessary due to the reasons discussed above. 

5.6. Summary of the results 

Using a particular class of distribution functions N(n, Up; u), an analytical solution for the 

decay of the magnetization has been obtained. The parameters of the distribution were 

obtained by firstly using the Hagen-Griessen model and then directly fitting the relaxation 

curves. It has been demonstrated that the peak in the normalized initial decay rate S(t&, T) 
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at low temperature is directly connected to the kink in M(t~>, T) or je(T), which is caused 

by a transition between two distinct pinning regimes. The magnetic relaxation curves of 

Bi-2112 single crystals, bulk ceramic samples and powdered samples are well fitted in 

terms of a distribution of pinning energies. It is found that it is important to include the 

high-pinning-energy tail in the distribution in order to fit the relaxation data. Without the 

high-energy tail, no kink in jc(T) and no peak in S(tb, T) could be reproduced for the Bi-

2212 single crystals. However, defects with such high pinning energy around 140 meV can 

hardly exist in the highly anisotropic Bi-2212 single crystals, in which the maximum 

pinning energy of the defects is expected to be about 90 meV. It was argued that those 

high pinning energies in the distribution N(u) can be explained by reinterpreting N(u) in 

the framework of the collective pinning theory, namely, the high pinning energies are 

produced dynamically by the interaction between the vortices. 

5. 7. The model for a distribution of pinning energies versus 

the model for a non-linear current dependence of the effective pinning potential 

In Chapter IV, the nonlogarithmic decay of magnetization was interpreted to be originated 

from a nonlinear current dependence of the pinning potential Uoa(j); in Chapter V, 

however, a combination of a distribution of pinning energies· and a linear current 

dependence of pinning potential was used to fit the nonlogarithmic decay of 

magnetization. A question arises naturally: which model reflects the reality better or what 

are the real mechanisms of the vortex dynamics? 

As discussed early in this Chapter, the high-energy tail found in the pinning distribution 

N(u) should be reinterpreted in terms of the collective pinning theory. Besides this point, 

there are other problems in the Hagen~Griessen model: 

(I). The Hagen-Griessen model, like the Anderson-Kim model, assumes a linear current 

dependence of Uoa(j) for each pinning potential. However, even if the collective pinning 

effects are ignored, a linear current dependence of the pinning potential is only valid for 
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saw-tooth-shaped pinning potentials (16]. When the pinning potential has other shapes, 

the current dependence of U.a(j) becomes nonlinear. For example, for sinus-shaped 

potential, we have U.a(j)oc(l-j/J.)312 [17]; and for logarithmic-shaped potentials, the 

current dependence ofU.a(j) will be: U.a(j)ocln(j/J.) [4,6]. 

(2). In the Hagen-Griessen model, the vortices are treated as independent particles and 

the elastic properties of the flux lines are ignored. The collective pinning effects are also 

not considered. 

Despite these problems, there are some points supporting the idea for a distribution of 

. pinning energy: · 

1). Experimentally, different types of pinning centers have been identified, :such as oxygen 

vacancies, twin boundaries, and damages caused by ion irradiation. Using the model of 

pinning distribution, these different types of pinning potentials can be studied. For 

example, in Ref [18], the Hagen-Griessen model was used successfully to study the 

influence of the ion irradiation on the pinning effects in Bi-2212 single crystals. 

2). As pointed out in Ref. (19], even for the model of non-linear current dependence of 

U.a(j), a non-uniform spatial distribution of the current density j(r) in the sample, which 

can often occur in the experiments, will lead to a spatial distribution of the effective 

pinning energy U.tt{j(r)]. 

3). The consequence of nonlinear current dependence of U.a(j), i.e. the nonlogarithmic 

decay of magnetization, can be reproduced mathematically from certain distribution of 

pinning energies within the model for a distribution of pinning energies. 

therefore, the conclusion is that when the model of pinning distribution is applied, a 

reinterpretation of the distribution of the pinning energies might be needed, which means 

that some pinning energies in the distribution may not correspond to certain types of 
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defects, but may be produced dynamicaDy due to the interplay among vortices or may be 

due to a spatial distribution of the current density in the sample. 
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Chapter VI. The irreversibility line of Bi2Sr2CaCuzOs+z superconductors 

[ The contents of this chapter has been published in Physica C 216, 315 ( 1993 ). ] 

In this chapter, the irreversibility line ofBi-2212 superconductors will be discussed. First, the 

experim~ntal results will be presented. After that, a flux depinning model for the 

irreversibility line will be developed and applied to our experimental results. 

6.1. Introduction 

One of the interesting phenomena of bigh-T. superconductors is the existence of a new 

boundary line between H..t and H..a in the H-T phase diagram, which is called the 

irreversibility line. The irreversibility line separates the reversible magnetic behaviour at 

higher magnetic field from the irreversible behaviour at lower magnetic fields, as has been 

introduced in Section 1.9. The existence of the irreversibility line was firstly reported by 

MOller et al. [I] from the field-cooled (FC) and zero"field-cooled (ZFC) magnetization 

measurements for La-Ba-Cu-0 superconductors. They found that the irreversibility line 

H(Tr) obeyed the following scaling law: 

H(Tr)=lt.(l-T/f.)", (6.1) 

where Tr denotes the irreversibility temperature for a magnetic field of H. For their La-Ba

Cu-0 samples, the exponent n was found to be 1.5. Soon after that, various mechanisms 

have been proposed for the irreversibility line (see, for instance, Ref. [2].). Below, the most 

important models are introduced. 

(1). Yeshurun and Malozemoff [3,4] proposed that the irreversibility line is a depinning line 

due to thermally activated flux creep in the bigh-T. superconductors. When the magnetic 

field increases to the irreversibility point, the distance between the flux tines 

ao=1.075(<1>o/8)112 becomes significantly smaller than the penetration depth A.. Therefore, they 

assumed that at the irreversibility line, ao scales with the coherence length /;ab in the ab-plane, 
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i.e. ao~."' where fis a characteristic number in the order of 10. So, the pinning energy Uo at 

the irreversibility line can be expressed as: 

Uo = Hcl (ao)2 ~c. 
Str I 

(6.2) 

For magnetic fields at the irreversibility line, the Ginsberg-Landau theory was used to obtain 

the temperature dependence of H.,(T) and ~.(T) [2], i.e. H.,(T)oc(l-Tff.), and ~(T)oc 

(l-Tffc)"112
• Using these expressions for Eq. (6.2), the temperature and field dependence of 

the pinning energy Uo(T,H) at the irreversibility line is derived to be: 

Uo(T,H)oc(1-T/Tc)J.s/B. (6.3) 

In the traditional Anderson-Kim flux creep model, the current density j(t, T) is expressed as: 

j(t, T)=Jc[l-kTln(E/Eo)IUo], (6.4) 

where Eo=Bao!lo. At the irreversibility line, j(t,T)=O, therefore, for T close to T., a 

combination of(6.3) and (6.4) leads to 

H(Tr)=Ho(1-TJT.ts , (6.5) 

which explains the scaling law (6.1) with n=l.5 (ForT close toT., B is proportional to H i.e. 

BacH). 

This flux depinning model was employed by several groups to study their experimental 

results [5-7]. In particular, the variation ofoxygen vacancies [8] or the ion irradiation on the 

samples [9-12] changes the pinning force and shifts the irreversibility line of the 

superconductors, which can be viewed as strong evidence for the depinning model. The 

frequency dependence ofthe irreversibility line [4,13-14] was also a consequence of the flux 

depinning by the thermally activated flux motion. 

(2). It has been also proposed that the irreversibility line is a transition line from· a vortex

liquid to a vortex-glass state [15, 16]. A universal scaling of the relevant physical parameters 

near the transition line is predicted. The same scaling law (6.1) near T. is also obtained but 

with a different exponent of n=4/3. This theory was supported by some experimental results 

ofl-V characteristics [17-20] and magnetization measurements [21]. 

(3). Another approach assumes that the irreversibility line is caused by a transition from a 

flux lattice into a flux liquid [22,23], i.e. the melting of flux lattice. This theory was argued to 
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be supported by the experimental results of the acoustic attenuation in Ref [24], although 

their experimental results could also be interpreted by the flux depinning model [6]. Neutron 

scattering experiments on the field-cooled Bi-2212 single crystals reported by Cubitt et at. 

[25] gave strong evidence for the picture of flux lattice melting. The enhance of the 

irreversibility line after ion irradiation [11, 12] were also viewed as evidence for the flux

lattice-melting theory [26]. This theory also predicts a scaling law (6.1) near T., but with a 

exponent of n=2. 

Since these different theories predict a different exponent n of the scaling law Eq. (6.1) (n 

could be 1.5, 4/3 or 2 ), early experimental work was focused on the scaling law (6.1) near 

T. in order to study which theory is applicable (see, for instance, Ref. [5] ). It was found 

that, when Eq. (6.1) was used to fit the irreversibility lines, the exponent n ranged from 1.2 

to 2.3 for different types of samples [5,8 11]. So, it seems that from the fitting of the 

irreversibility lines with the scaling Jaw ( 6 .I) for various samples, no conclusive evidence 

can be given for any of the models discussed above. 

The irreversibility line of YBC0-123 superconductors were usually measured at high 

temperatures (T>T.I2), because for a magnetic field as high as 6 T, which is usually used in 

the experiments, it is not enough to measure the irreversibility line at low temperatures. For 

other types of samples, for instance, Bi-2212 single crystals, the irreversibility line at low 

temperatures can be determined with a magnetic field of 6 T. Because of this, it was 

observed that the temperature dependence of the irreversibility line deviates from the scaling 

law (6.1) at low temperatures [11, 27-33]. The irreversibility line at low temperatures could 

be fitted with H(T,)-T, ..... [11,28) or with H(T,)-exp(-T/To) [27]. The validity ofthe scaling 

law (6.1) was found to hold for a wider temperature range for YBC0-123 superconductors 

than for the Bi-based superconductors [5, 27, 29, 31]. Another interesting feature of the Bi-

2212 single crystals is that a "kink" (or a "strong upturn") appeared at about 30 Kin the 

irreversibility line [30,32,34,35]. In Ref. (30, 34], the kink was suggested to be due to a 

transition between two different pinning regimes. However, in Ref. [32], 3D vortex melting 

was used to explain the irreversibility line at high temperatures (T>30 K) and 20 vortex 

melting was used to fit the irreversibility line at low temperatures (T<30 K). In contrast, a 

bulk pinning regime at low temperatures (T<30 K) and a surface pinning regime at high 
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temperatures (T>30 K) were proposed by Zeldov et al. [35} to explain their experimental 

results. 

In this chapter, our experimental results on the irreversibility line of Bi-2212 single crystals 

and Bi-2212 bulk ceramic samples will be described. The irreversibility transition was 

determined down to 15 K, which made it possible to investigate the temperature dependence 

of the irreversibility line over a large temperature range. Within the framework of thermally 

activated flux creep, a model will be proposed for the irreversibility line. In comparison with · 

the previous work in Ref. [3], which assumed a linear j dependence of the effective pinning 

potential U.H(j), our approach is valid for any j dependence of Uoll(j); and the temperature 

dependence of the irreversibility line at low temperatures will be also discussed. 

6.2. Experimental 

Most of the Bi-2212 single crystals used in the experiments, which have a typical size of 

2x2x0.1 mm3
, were grown by a self-flux crucible method. Additional measurements for the 

irreversibility line were also performed on some Bi-2212 single crystals gr<?wn by the TSFZ 

method [36], and consistent results were found. The Bi-2212 bulk ceramic samples were 

prepared by a partial-melting process [3 7]. The same samples were also used for the 

magnetization and magnetic relaxation measurements, as described in Chapter lll. The 

transition temperature T. was typically 89 K for the single crystals and 90 K for the ceramic 

samples. 

The zero-field cooled (ZFC) and field-cooled (FC) magnetization (see Section 1.9) were 

measured with a vibrating sample magnetometer (VSM). The applied magnetic field ranged 

from 20 Oe up to 80 kOe (8 T). For all the FC and ZFC curves, a heating rate of about 2 

K/min. was used. 
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6.3. Experimental Results 

As shown in Fig.6.1, the irreversibility point is determined from the ZFC and FC 

magnetization curves, i.e. the loweSt temperature where the difference between these 

magnetizations becomes zero, i.e.: 

(6.6) 

In order to have a same criterion oM in determining the irreversibility point at different 

magnetic fields, we always plotted the ZFC and FC curves around the irreversible point with 

a total scale of about 2x 10-6 Am2 for determining the merging point of the FC and ZFC 

curves, which means a criterion ofo~0.5x10"7 Am2
• 
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Fig. 6.1 The ZFC and FC magnetic moment (H=lOO Oe) of the 
Bi-2212 single crystal and the detennination of the 
irreversibility temperature Tr. 
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In Fig.6.2, a double logarithmic plot of the irreversibility field H(T,) versus (1- T.JT.) is 

shown in order to check the scaling-law (6.1) near T •. As shown in the figure with the 

dashed tines, the scaling law is only valid forT, above about 0.65T. for the ceramic samples 

and above about 0.8Tc for the single crystals. It seems that the scaling law holds for a wider 

temperature region for the ceramic samples than the single crystals. From the scaling law fit 

near T., the exponent n is found to be about 2.2 for the ceramic samples and about 1.2 for 

the single crystals. At low temperatures, however, the scaling law (6.1) does not apply to 

either the irreversibility line of the single crystal or the ceramic sample. In Fig.6.3, H(T,) is 

plotted against T, for both the single crystal and the ceramic sample. The irreversibility line of 

the single crystal exhibits a "kink" at about 30 K, suggesting two different regions. A similar 

kink in the irreversibility line ofBi-2212 single crystals was also reported in Refs. [30,32,35]. 

Compared the temperature dependence of the irreversibility line in Fig. 6.3 with that of 

critical current density j.(T) in Fig 3.2 (Chap. III), some similarity can be observed, particu

larly the presence of the "kink" for the Bi-2212 single crystals. This suggests that there could 

be a correlation between the driving physical mechanisms underlying these two quantities. In 

the literature, some correlation between the two quantities j.(T) and H(T,) was also reported: 

for a series of YBC0-123 samples, it was found [5] that a higher value of the irreversibility 

field H(T,) corresponded to a higher value ofMT); and in the ion irradiation experiments, it 

was found that both j.(T) and H(T,) were enhanced after the irradiation (10,11]. Such a 

correlation indicates that there might be a common origin for both j.(T) and H(T,). Since, in 

the bigh-T. superconductors, the temperature dependence of j.(T) is dominated by the 

thermally activated flux creep (see, for instance, Ref [4, 38-40], this favours the hypothesis 

that the irreversibility line is a depinning line. 
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6.4. Thermally activated flux depinniog model 

As mentioned in the introduction of this chapter, various models have been proposed for the 

irreversibility line. Here, we will focus our attention on the flux depinning model, which was 

firstly proposed by Yeshurun and Malozemoff [3]. There are several reasons why it is 

necessary to improve their approach. Firstly, in Ref (3], the Anderson-Kim model was used 

to discuss the irreversibility line, which assumes a linear j dependence of the effective pinning 

potential Ueft(i/Je). However, as discussed in Chapter IV, the j dependence of U..ft(j/J0) has 

been found to be generally nonlinear. Actually, the linear j dependence of U.a(j/Je) is only 

valid for j~Jc. Therefore, the Anderson-Kim model cannot be used for modelling the 

irreversibility line that occurs at j~. Further, as discussed in the intrqduction, several 

experiments have revealed a quite different behaviour at low temperatures, in contrast to the 

scaling law (6.1}, therefore, the irreversibility line at low temperatures has to be considered 

in more detail. Finally, it was postulated in Ref [3] that the field dependence of the pinning 

potential can be expressed as Uo(H}ocH"1 [see Eq. (6.3)], but many experiments showed that 

U0(H)ocH"11
m with m ranging from 1 to 4 for different types of samples (8, 41-47]. In the 

following approach, we will take these three problems into consideration, namely, within the 

framework of the flux creep, the irreversibility line H(T,) in the whole superconducting tem

perature range will be obtained without any specific assumption of the j dependence of 

6.4.1 The model 

We start from the flux-creep equation which gives the dissipative electric field to be [48]: 

(6.7) 

where Eo=Ba.o.Qo, and Ucft(T,H,j) is the effective pinning potential which depends on the 

temperature, magnetic field and the current density. In Eq. (6.7), only the forward hopping is 

considered and the backward hopping of the vortices is neglected in the critical state (see 

also Figs. 1.8 and 1.11 ). This neglect of the backward hopping in the our approach has to be 

justified. In the flux depinning model, the irreversibility line separates the flux creep regime ( 

where only forward hopping is considered ) from the thermally activated flux flow (T AFF) 
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regime ( where both forward and backward hopping ) are considered. Strictly speaking, the 

flux creep regime is valid [38] when 
u . 
_o_L>>l. 
kT J. ' 

and the TAFF regime is valid when [38] 
u . 
_oj_<<l . 
kT I. 

(6.8a) 

(6.8b) 

Therefore, the irreversibility line should be in the region where 

~1. ... 1. 
kT J. 

(6.8c) 

It can be shown that although the backward hopping is neglected in Eq. (6. 7), it is still a 

good approximation even when Eq. (6.8c) is fulfilled. Therefore, for the simplicity of the 

calculations, Eq. ( 6. 7) will be used for the discussion of the irreversibility line in this work. 

Similar to the procedure for obtaining Eq. (4.7c) in Chap. IV, we assume that 

Uoft(T,Hj/Jc)=b(T/Tc) g(H/Ho) Uoft;o(j/Jc) , (6.9) 

where b(T/Tc) and g(WHo) describe the temperature and field dependence of the pinning 

potential U0(T,H), respectively, and Jc is the critical current density in absence of flux creep. 

Ue~~;0(j/Jc) can be considered as mainly current dependent effective pinning potential, although 

Jc could be also temperature and field dependent. Such an assumption, i.e. the separation of 

temperature T, field H and current density j dominated factors, has been actually used or 

implied in the literature (For example, Ref. [3, 49]} A combination ofEqs.(6.7) and (6.9) 

gives 

U (j/J ) = kTln(E I E0 ) 

otto • b(T/T.)·g(H/H
0

) 
(6.10) 

In the FC ·and ZFC magnetization experiments, the depinning line can be defined when the 

irreversible part of the magnetic moment, i.e. oM, drops below the detecting threshold of the 

equipment. Since in the Bean model, the irreversible magnetization is proportional to both 

the current density and the size of the sample, i.e. oMa::j•l, where I is the lateral dimension of 

the sample, this criterion for the depinning line depends not only on the current density 

flowing in the sample but also on the size of the sample and on the sensitivity of the 

equipment. When the size of the samples and the sensitivity of the equipment are given, the 
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depinning line can be defined when the current density j drops to certain small value&, i.e. 

j=s""'O (In our experiments, this criterion s is about 10 A/cm2
). Since the irreversibility line of 

the bigh-T. superconductors is well below Hcz(T) (except at T close to zero K), J.(T,H) can 

be considered to be field independent. At the irreversibility line, i.e.· when j=s, we may 

assume that the temperature factor in the effective pinning potential of Ueff,o[i/J.(T)] can be 

separated, i.e.: 

(6.11) 

Eq. (6.11) is justified by the result of the collective pinning theory. In this theory, we have 

Uetf[j/J.(T)]oc[j/J.(T)]" for a vanishing j [39], in which the temperature factor can be 

separated. 

Combining Eq.(6. 11) and Eq. (6.9), and rearranging the terms, we have: 

I 
_ kT,ln(E/E 0 ) ( 

12
) 

g(H H 0)- , 6. 
U c a(T,/T.)b(T,/T.} 

where T, denotes the temperature at the irreversibility line for a magnetic field H Since Eo is 

contained in the logarithmic term, ln(EIEo) could be considered to be temperature and field 

independent. For the field dependence of the pinning potential Uo(H), the following empirical 

relation is introduced: 

I 

uo(H)= u~g(Hf~) = u~(Hf~r;;; • (6.13a) 

I 

or g(Hf~)=(H/~)-;;; (6.13b) 

where Ho is a characteristic field depends on the types of samples. Eq. (6. 13a) is justified by 

the fact that this kind of power-law field dependence has been obtained experimentally with 

m ranging from 1 to 4 [8, 41-47] and is also postulated theoretically for certain pinning 

regimes which gives m=l [3,50] and m=2 [39]. Inserting (6.13b) into Eq. (6.12), and 

rearranging the terms, we obtain: 

.lf('f.,E)=fio[ U. f·[a(f,f1;,)b("I;/~)lm 
k1n(E0 I E) T, 

(6.14) 

Here, the meaning of the electric-field dependence of the irreversibility filed H(T,,E) as 

expressed in Eq. ( 6.14) shall be discussed. During the heating in the ZFC or FC 

magnetization measurements, an electric field E will be generated in the sample due to the 

decrease ofthe magnetization, i.e.: 
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AM ~TAM AM 
Eoc--=---= v-

~~ & 6T • ~T' 
(6.15) 

where v.=/lT/At, which measures the speed of the temperature change. Therefore, the term 

[Jn(Eo/E)]...., in equation (6.14) describes the dependence of the irreversibility line on the 

heating rate. (Note: In magnetic hysteresis measurements, the eleCtric field E is directly 

proportional to the sweep rate ofthe applied magnetic field.) 

We will now focus on the temperature dependence of the irreversibility tine. At low 

temperatures, a(TITc}>zl and b(TIT.}>zl, Eq. (6.14) is simplified to a powerlaw ofT, i.e.: 

H(T.,E)=Ha(E) T.-m, (6.16) 

where H..(E)=Ho[UJkln(EoiE)t. Such a power law like Eq.(6.13) was used to fit the 

irreversibility line at low temperatures in Ref [11,28], in which no modelling was given. The 

power law ofT obtained in Eq. {6.16) is in contrast to the scaling law {6.1). Although the 

scaling law {6.1) attracted much attention in the earlier studies, from the point of view of the 

thermally activated depinning model, the irreversibility line at low temperatures has to 

deviate from the scaling law. This is because in the flux creep model, the critical factor is the 

thermal energy kT, which is not directly related toT •. So, at low temperatures, the relevant 

physical quantities related to the thermally activated flux creep should be a function ofT, and 

not a function of (I-TIT.). Only when T is approaching T., due to the temperature 

dependences ofHc(TIT.) and !;.(TIT.), H(T,) becomes a function of (1-T.ITc) ~Ptd the scaling 

law ofEq. (6.1) becomes valid. 

When T, is close to T., the temperature factor b(T.) of the pinning potential Uo can be 

expressed as a power law of(l-T,IT.) [41], i.e.: 

b(T,/T.,)=(l- T,IT.)"'=(8)~'> , (6.17a) 

where we define 8=1-T,/T. (ForT close toT., 8<<1). Since the temperature dependence of 

J.(T) and Uo(T) have a similar form [40, 49], we assume that a(T,IT.), which is defined by 

Eq. (6.11), can also be expressed as a power law of (I- T,IT.) forT close to Tc, i.e.: 

a(T,IT.)=(l- T,/T.)Y=(8)1. (6.17b) 

Inserting Eq. (6.17a) and (6.17b) into Eq. (6.14), and using T.=T.(l-5), we obtain: 
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8" 
[n = (fJ+y)m] H(f.)=H -- (6.18a) 

r c(l-8)m 

8" 
""He 

(l-m·o) 
(for 8 «I) (6.18b) 

where H.:= Ho•(Ue)m/[kJcln(Eo/E)r. If(m·o)«I, from Eq. (6.18b), we obtain the scaling law 

identical to Eq. (6.1): 

(6.19} 

Note that the condition (m·S)«I was employed for obtaining the scaling law (6.19). This 

condition is not only related to the temperature T, but also related to the exponent m which 

originates from the field dependence ofthe pinning potential [Eq.(6.13)]. For a larger value 

of m, the value of 6 must be smaller to meet the condition ( m·o)< < 1. Since S= 1-T ,IT c, this 

means that the temperature range for the validity of the scaling law (6.19) will be narrower. 

For Bi-2212 single crystals, the value ofm is usually larger than two [41,42,44,46,47], and 

for YBC0-123 single crystals, the value ofm is typically one [3,7,45]. This explains why the 

scaling law (6.19) holds for a wider temperature range for some superconductors like 

YBC0-123, but holds for a very limited range for other superconductors like Bi-2212 single 

crystals. Furthermore, the exponent of the scaling law ( 6.19) is n=(~-1-'y)m, which is directly 

proportional to the exponent m originating from the field dependence of the pinning potential 

Uo(H). For different types of samples, the field dependence of the pinning potential Uo(H) 

expressed in Eq. (6.13) is not identical (i.e. m is different), therefore, a universal exponent n 

for the scaling law (6.19) should not be expected in this model. In fact, as we mentioned in 

the introduction (Section 6.1 ), the value of n has been found to vary from 1.2 to 2.3 [5,8, 11]. 

In order to describe the irreversibility line over the whole superconducting temperature 

range, a combination of the results of Eqs. (6.16) and (6.19) is needed. We assume that 

a(T.ITc) and b(T.ITc) can also be described by Eqs.(6.17a) and (6.17b) over the whole 

. temperature range. This leads to 

H(f.,E)==H (E)(l-1;(~)" 
r a "';m (6.20) 

In order to fit the irreversibility line with Eq. (6.20), this equation is rewritten as: 

H(T, E)== H (E{(l-TJf. )ln 
'' a Tm/n 

r 

(6.21) 
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Eq. (6.21) indicates that in a double-logarithmic plot ofH versus (1-TriTc)ITt''", the data 

should show a straight line with a slope of n for an appropriate value of min. This 

appropriate value of min can be determined by a "trial and error" method as explained below. 

6.4.2. Application of the theoretical results to the experimental data 

In light of the result given in Eq. (6.21), we have analysed the irreversibility line of our 

samples by plotting logH(Tr) versus log[(l-Tr!Tc}!Trmln] for different values of min. In Figs. 

6.3 and 6.4, the results are shown for the Bi-2212 ceramic sample and the single crystal, 

respectively. For low values of min, the curves show a positive curvature; and for high 

values of min, the curves have a negative curvature. A straight line is observed only for a 

certain value of min. As shown in Fig. 6.3 for the ceramic sample, a straight line is oqserved 

at ml~.75; and the slope of this line gives the value ofn to be about 2.0 [This value ofn is 

comparable with the value of 2.2 obtained in Section 6.3 by a directly fitting of the scaling 

law (6.1) near Tc ]. The exponent m can be deduced to be 1.5, which means that for the 

ceramic samples, the field dependence of the pinning potential should be: U0(H)ocH'11
1.
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Fig. 6.3 Double logarithmic plot of H(TJ vs.[(I-T/Tc)!Tr'nln] {see 
the text) for the Bi-22/2 polycrystallinl! sample. The different trial 
values of min are shown in the figure. Note the curvatures of the 
curves for different values of min. 
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For the Bi-2212 single crystals, there are two different regimes in the irreversibility line: one 

below 30 K and the other above 30 K. At T<30 K, (1-Ttr.~l, the data can be fitted with 

the power law ofEq. (6.16), and the exponent is found to be m,::,4.l. This value ( m~4.l ) is 

in good agreement with the direct experimental results reported in Ref. (8,42,44], where 

U0(H)oclfu4 was found for Bi-2212 single crystals in high magnetic fields. For T>30 K, we 

plotted the data as logH(T,) versus log[(l- T/f.)/ T,""11
] for different values of min, as shown 

in Fig. 6.4. A straight line with a slope ofn~l.26 is found for mln""l.75 [A direct fitting of 

the scaling law (6.1) near T. leads to n=l.2]. The exponent miscalculated to be 2.2, which 
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Fig. 6.4. Log (H) vs. log£(1-T/T,)!Tr'nln] for the Bi-2212 single 
crystal (T> 30 K). The trial values of min are shown in the figure. 
Note the curvatures of the curves with different volues of min. 

means that for the single crystals in low magnetic fields, the field dependence ofthe.pinning 

potential is: Uo(H)oclf1n.2• Thi~ result is also in good agreement with the direct experimental 

result of Uo(H)oclf112 for low magnetic fields reported in Ref. [8]. Furthermore, at the 

irreversibility line near T. (i.e. for low magnetic· fields), this value of m==1.2 for the single 

crystal is larger than the value of 1.5 for the ceramic sample, therefore, as discussed in the 

above section, the irreversibility line of the Bi-2212 ceramic samples should obey the scaling 

law (6.1) over a wider temperature range near T. than that of the Bi-2212 single crystals, 

which is what has been observed in our experiments (see Fig. 6.2). 
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6.4 3 A remark about the field dependence of the pinning potential 

A final remark should be made about the field dependence of the pinning potential Uo(H). 

When replacing Eq. (6.13b) by a logarithmic field dependence, i.e. 

g(H/Ho)=ln(Ho!H), (6.22) 

from Eq. (6.12), the temperature dependence of the irreversibility line will become 

H(T..,E)=Ho~r kT,ln{Eo/E) l (6.23) "''1 Uc a(T,/'f.)·b(T,/1;,) 

At low temperatures, a(T/f.~l and b(Tif.)~1. so the following is obtained: 

H(T,)=Hoexp(-T/fo), (6.24) 

where T0=UJkln(Eo!E). This exponential law Eq. (6.24) was also used to fit the 

irreversibility line at low temperatures in literature [8,11,27]. For our data, Eq. (6.24) can 

also fit the irreversibility line of the single crystals for T<30 K, and of the ceramic samples 

for T<60 K. However, because of the relative narrow temperature range, it is difficult to 

distinguish a better fit between a power law of T;m and an exponential law of exp(-T/fo). 

Since the logarithmic field dependence ofEq.(6.22) lacks strong experimental and theoretical 

support, we prefer the power-law field dependence ofEq. (6.13), because it was obtained in 

various experiments [8, 41-47], and postulated in theories for m=l [3,50] and m=2 [39]. 

6.5. Conclusion 

In conclusion, the irreversibility line was determined down to 15 K for both Bi-2212 single 

crystals and ceramic samples. A "kink" was found at about 30 K in the irreversibility line of 

Bi-2212 single crystals, suggesting a transition between two different regimes. At low 

temperatures, the irreversibility line of both types of samples does not obey the scaling law: 

H(T,)oc(l-T/f.t. In this Chapter, an approach for the irreversibility line within the 

framework of thermally activated flux creep is proposed, which is valid for any j dependence 

of the effective pinning potential Uet!(j). Using an empirical power law field dependence of 

the pinning potential, i.e. Uo(H)oclf1
1m, this approach gives the temperature dependence of 

the irreversibility line to be H(T,)oc(l-T/T.t/T,m. This result means that the irreversibility line 

H(T,) is a power law of T, at low temperatures, and obeys the scaling law, i.e. 
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H(T,)oc(l-T/f.t at T, close toT •. The exponent n in the scaling law was found to be related 

to the field dependence of the pinning potential Uo(H). Since the field dependence of the 

pinning potential Uo(H) differs for different types of samples, no universality of the exponent 

n in the scaling law should be expected for different types of samples.. Applying the 

theoretical results to the experimental data gave good agreement. 

Finally, a comparison of this approach and the previous work of Yeshurun and Malozemoff 

[3] is shown in the following table. 

Table 6.1 A comparison of this work and a previous work in Ref. {3}. 

Previous work [3] This work 

T dependence ofH(T,) H(T,)oc(l-T,ff.,)n H(T.)oc(l-T,ff.,)"tr.m 

j dependence ofUcft(j) Ucft(j)=Uo(l-j/J.) any j dependence ofUcft(j) 

Temperature range forT nearT., whole region (T<T.) 

H dependence ofUo(H) Uo(H)oclf1 Uo(H)oclf1
1m 

The exponent n n=l.5 no universality 
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Chapter VII. Substitution experiments on Bi2Sr2CaCu20s+z single crystals 

In this chapter, our investigation on the substitution of Cu by Co or Ni, and the substitution 

ofCa by Yin the BbSr2CaCu20a+z(Bi-2212) single crystals will be presented. Our object for 

the substitution in Bi-2212 single crystals is mainly related to the mechanism of the 

superconductivity and the influence on the flux pinning caused by the substitution. 

7.1. Effects of partial Yttrium substitution in Bi2Sr2Ca1-x Y xCnzOs-n single crystals 

[Part of this Section has been published in Physica C 235-240 (1994} 951.] 

7 .1.1 Introduction 

Ever since the discovery of high-T c superconductivity in the Ba-La-Cu-0 system, the 

substitution studies have led to the discoveries ofvarious new high-T0 compounds. In those 

substitution experiments, the object was to search new superconductors empirically. 

Meanwhile, many other researchers have used the substitution as a tool for investigating the 

mechanism of the superconductivity in the high-T. superconductors, since various relevant 

parameters, such as the ion size, carrier concentration, and valence state, can be changed by 

the substitution. For a review of earlier studies, see Ref. [ l]. 

For BhSr2CaCu20s.., superconductors, the substitution of Ca by Y has attracted 

considerable attention, mainly due to the following reasons: l ). the carrier concentration in 

this system could be changed continuously while retaining the crystal structure; 2).the 

compound with complete substitution, i.e. BhSr2 YCu20s..,, was found to be an insulator, 

therefore, the metal-insulator transition occurring at v~o.6 became interesting. Early work 

for this type of substitution, .which was performed on polycrystalline Bi-2212 samples, was 

dealing with the effects on its influence on the structure, resistivity, Hal.l effect, transition 

temperature, oxygen concentration and magnetization of the material [2-9]. Later on, in 
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order to eliminate the problems of grain boundaries, oxygen inhomogeneit¥ and secondary 

phases in the polycrystalline samples, Y -doped Bi·2212 single crystals grown by the self. 

flux crucible method were used for the investigation of their structure, oxygen 

concentration, transition temperature and resistivity [10·12]. 

In this work, BhSr2Ca1.x Y xCu20s-~-z single crystals with the nominal composition of Y to be 

x=O, 0.01, 0.05, 0.1, 0.2 ,0.3 and 0.4 were.grown by the travelling solvent floating zone 

(TSFZ) method. The composition, structure and C·axis length were characterized. The 

changes of the superconducting properties after doping, as well as the pinning properties at 

small substitution level were investigated. 

7. 1.2. Ex;perimental 

The TSFZ method for growing Bi-2212 single crystals has been described earlier (see 

Section 1.4 and Section 2.1). Since the melting point of Y-substituted Bi-2212 was 

enhanced compared with the pure Bi-2212 material: the final sintering temperature of the 

precursor bars was increased by about 2 oc for each atomic percentage of Yttrium. The Bi-

2212 crystals with partial substitution of Yttrium have.a typical size of lxlxO.OS mm3, 

which are smaller than the pure Bi-2212 crystals . 

The e-2e X-ray diffraction scans and Laue X-ray diffraction were used to detect the 

structure of the crystals. The chemical composition was determined with electron probe 

micro analysis (EPMA). The Te of single crystals was derived from AC susceptibility 

measurements and jc(T) was obtained from the remanent magnetisation measured with a 

Flux-gate magnetometer. 

7 .1.3. Ex;perimental results 

The chemical compositions of the crystals measured with the electron microprobe is given in 

Fig. 7.1. The total composition ofBi, Sr, (Ca+Y) and Cu elements is normalized to 7. The 

results showed some deviation from the nominal composition. Nevertheless, the actual Y 

content increased and the Ca content decreased with the nominal Y content, while the other 
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concentrations remained steady. Later on, the actual Y concentration will be used for 

analysis. 
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With X-ray diffraction, it was found that theY-doped Bi-2212 single crystals retained the 

basic structure of pure Bi-2212 single crystals. However, for x>0.2, an intergrowth of a 

secondary phase appeared .too, probably it was related to the substitution of Y in the Sr sites 

[13]. The c-axis of the main phase decreased almost linearly with the Y concentration, as 

shown in Fig.7.2, which is in good agreement with the results reported in Ref. [1 1]. The c-

axis of the second phase, however, changed little. 
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Fig. 7.3 A C. susceptibility of Yttrium-substituted 
Bi-22 12 single crystals 

The normalised AC susceptibility ofY doped Bi-2212 single crystals are given in Fig.7.3. 

For the crystals with x<0.2, the transition width (defined as the temperatrue interval 

between 10% and 900..1> of the full susceptibility) was only 2-4 K, indicating the homogeneity 

of the crystals. For x=0.28 and 0.43, a two-step transition was observed due to the 

intergrowth of two phases [13]. For x=0.51, the transition became very broad. The 

transition temperature T c can be determined from the onset of the AC susceptibility curves 

shown in Fig. 7.3. The results are plotted in Fig. 7.4. The Tc initially increases from 91.5 K 

to 95.3 K when theY content increased from 0 to 0.2, but it is followed by a steep decrease 

with larger Yttrium concentration. 

A flux-gate magnetometer was used to measure the remanent magnetization at various 

temperatures. The critical current density jc(T) was deduced from the remanent 

magnetization using the Bean model. The results are shown in Fig. 7.5 for several samples. 
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As shown in Fig. 7.5, the "kink" at a temperature between 24-28 K is always present in the 

j.,(T) curves. This kink marks a boundary between two different pinning regimes [14}, as has 

already been discussed in Section 3.5 and Section 5:5 for the pure Bi-2212 single crystals. 

The value ofje at T=5 K decreases approximately linearly, as shown in the inset ofFig.7.5, 

which indicates that the defects introduced by the Yttrium ions does not act as pinning 

centres. This is probably because that the Bi-2212 system is quasi-20, only the defects in 

the superconducting Cu-0 planes can be major pinning centers. Furthermore, when y3+ 

replaces Ca2+, more oxygen might be located in the Cu-0 planes in order to compensate the 

valence change, which means a decreased number of the oxygen vacancies in the Cu-0 

planes. Since oxygen vacancies are the major pinning centres in Bi-2212 single crystals 

[15,16], the substitution of Yttrium will lead to a decrease of j •. However, although the 

value ofjc at 5 K decreased withY doping, for Y<0.3, the "kink" occurred always whenj. 

drops to about 3xl04 A/cm2
, as can be seen from Fig. 7.5. For Y>0.3, the "kink" appeared 

at a lower value of j.,, which was likely to be due to the influence of the secondary phase and 

inhomogeneity of the single crystals for a high level of Yttrium doping. 

7.2. Substitution effects ofBizSr;~Ca(Cu,_sMs)20&+. (M=Co, Ni) single crystals 

[Part ofthis Section has been published in Chinese J. ofPhys; 34 (1996) 597.] 

7.2.1 Introduction 

Substitution of Cu by 3d-elements in high-T. cuperate oxides will directly affect the 

superconducting Cu-0 layers and, therefore, it is an effective way of studying the 

superconductivity mechanism. Most of the earlier substitution studies on Bi-2212 system 

used polycrystalline samples [17-20], which showed that 3d-elements could sharply depress 

the transition temperature T •. The decrease ofTc was attributed to the impurity-induced pair 

breaking [18,20], or to the influence of excess oxygen concentration caused by the 

substitution [ 19,21]. Because of the sensitivity of T c to the doping level, it is important to 

grow single crystals that are uniformly substituted with 3d-elements. Single crystals of Bi-

2212 substituted with Co, Fe, Ni and Zn were grown by the self-flux crucible method and 
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studied the effects in Ref [21-23]. Investigations on Bi-2212 single crystals grown by the 

TSFZ method with a partial substitution of up to 3% Fe [24] and up to 2% Ni [25] were also 

reported. 

Another interesting issue is the pinning mechanisms in high-T c superconductors. There has 

been strong evidence that oxygen deficiencies in the Cu-0 planes are the major pinning 

centers for Bi-2212 single crystals [15,16]. Since substitution of Cu by 3d-elements 

introduces point defects in the Cu-0 planes, an investigation of its influence on the critical 

current density jc could give some insight into the pinning mechanism in Bi-2212. In a study 

of Fe; Ni and Zn doped Bi-2212 single crystals, in a magnetic field ofH~o T, a decrease ofj. 

was reported [22]. However, in a later publication [23], it was observed that for H=0.2 T, 

the critical current density j. at T> 10 K was increased for low doping leve1 1 of 3d-elements 

(x<l%). 

In our substitution experiments, the TSFZ technique was used to grow single crystals of Bi-

2212 with a substitution of Cu by Co or Ni. The nominal concentration of Co is I%, 2% and 

5%; and that ofNi is 2% and 4%. The effects of the substitution on the structure, transition 

temperature T •• as well as the critical current density j., were investigated. 

7.2.2. Experimental 

The single crystals of BizSrzCa(Cul-xMx)zOs+z with M=Co or Ni were grown by the TSFZ 

method, which has been described in Section 1.4 and Section 2.1. The size of the single 

crystals after doping with the 3d-elements is typically 3xl.5x0.15 mm3
, which is smaller than 

the pure Bi-2212 single crystals (10x3x0.3 mm3
). The c-axis of the crystals is a:long the 

smallest dimension. 

The 9-29 X;.ray diffraction scans and Laue X-ray diffraction were used to detect the 

structure of the crystals. The chemical composition was determined with electron probe 

micro analysis (EPMA). The T. of the single crystals was derived from AC susceptibility 

measurements and j.(T) was obtained from the remanent magnetisation measured with a 

SQUID magnetometer. 
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7.2.3. Experimental results and discussion 

The chemical composition ofthe Bi-2212 single crystals doped with 3d-elements was slightly 

different from the nominal one. The results are presented in Table 7.1, in which the total 

composition ofBi, Sr, Ca and (Cu+M) elements (M=Ni or Co) is normalized to 7. Although 

a deviation from the nominal concentration was obsetved, the substituent (Co or Ni) in the 

Bi-2212 single crystals increased with the nominal concentration. The X-ray di:ffi'action 

patterns of all the substituted single crystals did not reveal any secondary phase. 

Table 7.1 The chemical composition of Co or Ni substituted Bi-2212 single crystals 

measured by EPMA 

nominal Bi Sr Ca Cu M(Co/Ni) M/Cu ratio 

Ni2% 2.00 1.91 1.00 2.02 0.04 2.0% 

Ni4% 2.00 1.96 0.93 2.01 0.10 5.0% 

Col% 2.13 2.26 0.81 1.76 0.04 2.3% 

Co2% 2.10 2.18 0.90 1.76 0.07 4.0% 

CoS% 2.12 2.17 0.98 1.64 0.09 5.5% 

As shown in Fig.7.6(a), the c-axis length of the crystals decreased with both Ni and Co 

concentration. The decrease is more or less linear for the Co-doped samples, although it 

seems not to be the case for the Ni-doped single crystals up to 5% Ni concentration. The 

shrinking of the c-axis length can be related to the smaller ion size of the substituents 

( r=O. 79 A for Cu +2
, 0. 74 A for Co2

+ and 0. 72 A for Ni 2
+ ). 

The. AC susceptibility data given in Fig. 7. 7 show also no sign of any second 

superconducting phase, which is in agreement with the X-ray diffi'action data. The transition 

width, defined by the temperature difference between I 0% and 90% of the full AC field 

expulsion, is nearly the same ( 5-7 K ) for all the samples. The transition temperature T c, 

defined as the onset temperature, decreases with the Co or Ni concentration, as given in Fig. 



104 Chapter Vll 

7.6(b}. The initial changing rate ofT. is about 5 K per atomic percentage of the 3d-element 

concentration, which is in good agreement with the existing published data [18,20..21]. 
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FIG. 7.6 (a) The c-axis length and (b) the change of the critical temperature for the 
Co and Ni substituted Bi-2212 single crystals versus the substituent concentration. 

The critical current density jc(T} of the single crystals is shown in Fig. 7.8 with a semi.:.tog 

plot. The critical current density at 5 K, i.e. j.(T=5K), decreased with increasing substitution. 

A "kink" in theMT} curves was found for all the samples, which is typical for Bi-2212 single 

crystals (See Section 3.5 and Section 5.5). As can be seen in Fig. 7.8, for low level of 
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doping, i.e. for x=O and x=2% of Co, as well as for x=2% ofNi, the kink occurs atj.,.,3xl04 

A/cm2
• However, for x=3.5% and 4.5% of Co, and x=S% of Ni, the position of the kink 

shifts to a lower j value at about 7x103 A/cm2
. The implication of these results will be 

discussed in more details in Section 7.3. 
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FIG. 7. 7 AC susceptibility (Hac=8 Gauss, f=920 Hz) of Co and Ni 
substituted Bi-22 12 single crystals. 
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FIG. 7.8 Temperature dependence of jc (T) for Co or Ni substituted 
Bi-2212 single crystals. Note the position of the "kink" in the curves 
for different doping levels, as indicated by the dashed horizontal lines. 
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7 .3. The influence of the substitution on the transition between the two 

different pinning regimes 

In this section, we will pay more attention to the influence of substitution on the two 

different pinning regimes found in Bi-2212 single crystals, as marked by the "kink" in 

tn[ic(T)]. As has been discussed in Section 3.5 of Chap. III, Metlushko et at. [26] proposed 

that this "kink" is caused by a transition from a individuaVsmall-bundle flux: pinning regime to 

a large-flux-bundle collective pinning regime. They postulated that the "kink" should occur 

when j. drops to a certain value Jcr : 

Icr=jo/K2 
, (7 .1) 

where jo is the depairing current, i.e. jo=cl>ocl(12rri3A. • .,21;.t.), and K the Ginzburg-Landau 

(G-L) parameter, i.e. K=IJ~. By using the available parameters for Bi-2212 (K:=S0-200), the 

value of Jcr was found to be in the range of 104-105 A/cm2. In our experiments on 

BbSr2Ca(Cu1.xM,,)20s+z (M=Co orNi) single crystals (Fig. 7.8), for r-0, x=~% of Co and 

x=2% ofNI., the value of Icr is always about 3x104 A/cm2
, which is indeed within the range 

of the theoretical value. However, for x=3.5%, 4.5% of Co, and x=5% of Ni, the kink 

appears at a smaller value of J., i.e. Jc:f'll7xl03 A/cm2
• This indicates that a relative small 

concentration of 3d-elements (x-5%) in the Bi-2212 single crystals can effectively reduce 

the value of J.,.. This is in contrast with the results obtained on the Y-substituted Bi-2212 

single crystals, for which J.,. is almost the same for up to 28% ofY (xs;0.28), as can be seen 

in Fig. 7.5. An explanation for such different effects might be that Yttrium substitution 

affects the pinning mainly by decreasing the number of oxygen vacancies . in the Cu-0 

planes, but doping with 3d elements for Cu mainly introduces cation impurities into the Cu-

0 planes, which leads to a decrease in the coherent length ~ and an increase in the G-L 

parameter K [22]. So, according to Eq. (7.1), the latter (3d-element substitution) will more 

effectively reduce the value of J.,... It is noted that neither the impurities of Y nor the defects 

of 3d-elements can increase the value of j. at T=5 K, which is due to the fact that only the 

oxygen deficiencies in the Cu-0 planes are the main pinning centres in the ~i-2212 single 

crystals [15, 16). 
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Chapter VIII Resistivity measurements by means of 

flux-transformer geometry on BhSr2CaCu20s+z single crystals 

with or without long-term annealing 

109 

In this chapter, our electric transport measurements using the so called flux

transformer geometry are presented. The emphasis will be on the temperature and field 

dependence ofthe bottom voltage Vbot(T,H}. 

8.1. Introduction 

Resistivity measurements have played an important role in the understanding of flux 

flow, thermal fluctuation of the vortices, vortex pinning and vortex phase transitions in 

high-T c superconductors. A powerful technique for the resistivity measurements is 

based on the so called flux-transformer geometry, as shown schematically in Fig. 8.1 

and introduced in Section 1.10 of Chapter I. With this technique, the voltages at the 

top and bottom surfaces of the sample, i.e. V~cp(T,H) and Vbot(T,H) (see Fig. 8.1) can 

be measured and analysed. This type of measurements have been used [1-8] to study 

the vortex correlation, the coupling strength of the layers and the dimensionality of the 

vortices in the vortex-liquid regime, as well as anisotropic resistivity in the normal 

state. 

Using the this technique with the flux transformer geometry, a field-dependent 

characteristic temperature, denoted as T lb(H), was observed for YBa2Cu30 7-a (YBC0-

123) single crystals in the vortex-liquid regime [4-8]. Below this boundary line of 

Tlb(H), the vortices are of three dimensional (3 D), but above Tlb(H) the vortex 

correlation in the c-direction is not maintained across the sample. In contrast, for more 

anisotropic Bi-2212 single crystals, it was found [1-3] that vortices in the whole 

vortex-liquid regime are of2D character. However, for the Bi-2212 single crystals, the 

temperature and magnetic field dependence of the bottom voltage Vbot(T,H) (which is 

called "the secondary voltage" in Ref. [2] ) differs in the three studies published. Safar 
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et al. [3] reported a behaviour of V bot(H, T) very similar to V u.p(H, T), i.e. it exhibited 

thennally activated flux-flow (TAFF} behaviour. In the experiments ofBusch et a1 [1], 

the temperature dependence of V bot(H, T) in magnetic fields showed a broad peak (over 

a temperature interval of more than 20 K below T c) which did not appear at zero 

applied magnetic field. In contrast, Wan et al. [2] observed a very narrow peak (over a 

temperature interval of about 2 K ) in the curve of Vbot(T,H) at T near Tc in zero 

applied magnetic field, which was suppressed by applying a magnetic field parallel to 

the a-b plane. This anomalous behaviour could not be simply explained by the local 

anisotropic resistivity model developed by Busch et al. [1), and was postulated· [2] to 

be caused by the combined effects of the free vortex excitation and the Josephson 

coupling between the superconducting layers. Although these results on Vbot(T,H) are 

apparently not in agreement with each other, it is not clear whether these different 

results were caused by material difference or different physical regimes. 

In this chapter, we will focus our attention on measurements of the temperature and 

magnetic field dependence of the bottom voltage Voot(H,T} for Bi-2212 single crystals. 

Four Bi-2212 single crystals grown by the travelling solvent floating zone (TSFZ) 

J+ vtop r 

4 
(c-axis) 

z 

~ 

Fig. 8.1 The configuration for eight-contact transport measurements as used in the 
experiments. The dashed line represents schematically the inhomogeneous 
distribution of the cu"ent density in the sample. 
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method [9] were used for the transport measurements using the flux-transformer 

geometry. Furthermore, crystals after annealing were also used for the transport 

measurements, since the resistivity of the high-T c superconductors, especially the c

axis resistivity, depends strongly on the oxygen concentration [10-11,13]. For this 

purpose, two as-grown single crystals were used and two other crystals were long

term annealed. 

8.1. Experimental 

Single crystals of BhSr2CaCu20s+z were grown by the TSFZ method [9], which has 

been described in Section 1.4 and Section 2.1. 

Samples I ( 6.5xl.5x0.074 mm3
) and II (IO.Ox2.0x0.045 mm3

) were as-grown single 

crystals; the single crystals m ( 8.7x2.0x0.020 mm3
) and IV ( 5xl.75x0.045 mm3

) 

were post-grown annealed at 600 °C for about 60 hours in oxygen (1 atm.) before 

quenching into liquid nitrogen. 

The contacts were made as follows. First, dots of silver with a diameter of 0.5 mm 

were sputtered on the two surfaces of the Bi-2212 single crystals. In order to improve 

the contact between the silver dots and the crystal, the sample with the dots of silver 

was annealed at 600 °C for about 2 hours in oxygen ( 1 atm.), and subsequently 

quenched to liquid nitrogen temperature. Finally, silver paste was used to connect 

silver wires to the silver dots. For samples I, II and III. the distance between the 

current contacts was· 5 mm, and between the voltage contacts 2 mm. For sample IV 

the distance between the current contacts was 3 mm and between the voltage contacts 

1 mm. It is noted that during the contact-making process, all the samples were 

~ealed at 600 °C for about 2 hours, so, the "as-grown" samples referred in this paper 

are actually different from the real as-grown samples. However, in order to distinguish 

the long-term annealed samples, the samples I and II are referred to "as-grown" 

samples. After making the contacts (i.e. after the 2 hours annealing), the transition 

temperature T. of samples I and II changed from 88 K to 80-84 K, from which the 
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samples are believed to be in the slightly over-doped regime. The long-term annealed 

samples III and IV have a T. of about 84 K, so they are aslo believed to be in the 

slightly over-doped regime. After the long-term annealing, the oxygen distribution in 

samples III and IV is expected to be more homogenous than samples I and ll. 

The contact resistance of all the contacts was typically a few Ohms at room 

temperature. The resistivity measurements were performed in a home-built cryostat 

with a superconducting magnet. Magnetic fields ranging from 0 T to 5 T were applied 

parallel to the c-axis of the sample, before the sample was cooled below T. (PC). The 

voltage was detected by a Keithley-182 nano-voltmeter. The DC current was typically 

I 0 rnA, and for each measurement point, the direction of the current was reversed in 

order to eliminate the thermo-electric effect. The temperature accuracy is about 0.25 K 

or less. 

8.3. Experimental results and discussion 

Before presenting the results, the notation has to be discussed. As shown in Fig. 8.1, 

when a current passes from contact l to contact 4 (denoted as 114), the voltage on the 

top surface over contacts 2 and 3 (denoted as V23) is called Vtop; and the voltage on the 

bottom surface over contacts 6 and 7 (denoted as v6,) is called Vbot. The "apparent" 

resistance on the top, i.e. Rtop(T,H), is defined as V~ap/1 (i.e. V231It4 in this case); and the 

apparent resistance on the bottom, i.e. Root(T,H), is defined as Vbot/1 (i.e. V671It4 in this 

case). Note that these resistance, i.e. Rtop(T,H) and Root(T,H), actually reflect only the 

distribution of the voltage on the top and bottom surfaces, i.e. Veop(T,H) and Vbot(T,H), 

and are not simply the measurements of the resistivity of the sample. When the current 

is injected on the other surface, i.e. through contacts 5 and 8 (Iss), then Vo7 will be V1op 

and V 23 will be V bot· 

First, we will check the homogeneity of the crystals and the effect of the long-term 

annealing by comparing V23/I14 (i.e. R.top for lt4) with Vo71Iss (i.e. R.top for Iss). Such a 

comparison could give some indication about the homogeneity of the single crystals, 
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because for a more homogenous single crystal, a smaller difference between these two 

values is expected. The results are shown in Fig. 8.2 for the as-grown samples I and II. 

The normal-state resistance of the two surfaces, i.e. V23/114 and V671Iss, differs by a 

factor of about 2.5: V61llss ~ 2.5x(V~l4). The superconducting transition width of 

the two samples is about 5 K [ For sample II, a relatively large difference ( -4 K) 

between the T c of the two surfaces was observed, probably due to an inhomogeneous 

oxygen distribution ]. For the long-term annealed single crystals III and IV, as shown 

in Fig. 8.3, the difference between the normal-state resistance of the two surfaces is 

somewhat reduced (for T>llO K): V61llss :S: 1.5xV~l4· The superconducting 

transition width is about 2 K, which is smaller than samples I and II. This confirms our 

expectation that the oxygen is more homogeneously distributed in the samples after 

long-term annealing (For the sample III, the resistance curve has a step near 108 K, 

representing the Bi-2223 phase, which is probably caused by some stacking faults ). It 

is noted that a factor of 2.5 difference between the apparent resistance of the two 

surfaces was also reported by Busch et al. [1] for their samples. 

The resistivity anisotropy pJp.b can be obtained using the anisotropic resistivity model 

[I], as described in details in Section 1.10. For the four Bi-22I2 single crystals, the 

value ofpJp.bat 300 K is calculated to be in the range of0.5xl04 to l.lxl04
• It is in 

contrast to the scattering data of P.IPab ranging from 6x102 to 6xl04 in the literature 

[I 0-11, 14-18], which might be due to different crystal growth methods. 

The resistance Rt.,p(T ,H) ( which is either V 23/114 or V 67/Iss ) showed a field-induced 

broadening in the presence of magnetic fields. Such a behaviour has been widely 

observed in the literature and can be explained by the T AFF model, so we will not 

discuss · it in detail here, instead, we will focus on the behaviour of the bottom 

resistance Root(T,H) (which is either V67/114 or V231Iss). 
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Fig. 8.2 The resistance RfbJJ of the two surfaces of the as-grawn Bi-22 12 
single crystals I and II in zero applied magnetic field The current and 
voltage configuration is indicated for each curve. 
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For the samples II and III, the bottom voltage ~(T,H) in magnetic fields ofO T and 

I T are shown in Figs. 8.4, in which the top voltage Rto,(T,H) is also given for 

comparison. As can be· seen in the figure, a field-induced broadening of ~(T, H), as 

well as Rt..,(T,H), was observed. Such a behaviour in ~(T,H) can be explained also 

by the T AFF mechanism. 

However, for samples I and IV, as shown in Figs. 8.5, the field dependence of 

~(T,H) is quite different from that ofV~op(T,H). For sample I, in zero applied field, 

~(T,H) has a peak near r., which occurs between 83 K and 89 K When the applied 

current is reduced from 10 rnA to 5 mA, the height of the peak in ~(T,H) became 

smaller. When a magnetic field of~O.l Twas applied, the peak was suppressed. For 

sample IV, Rt..t(T,H) reaches a zero-resistance at about 98 K in zero applied magnetic 

field, which is considerably higher than the real Tcmeasured by the normal four-contact 

method [see Fig. 8.3(b)]. In the presence of magnetic fields, the temperature of the 

zero-resistance in ~(T,H) was gradually reduced, which reached a minimum value of 

86 K for ~1 T. Although the anomalous ~(T.H) at H=O T is quite different for 

samples I and IV [Fig. (8.5a) and Fig. (8.5b)], it shows a similar behaviour in high 

magnetic fields of ~1 T, namely, ~ot(T,H) is a linear extension of the temperature 

dependence of the resistance, which starts at T> I 08 K and extrapolates to zero at 

about 86 K. The anomalous behaviour of Vbot (T,H) found in samples I and IV 

dramatically differs from V~op(T,H) and could not be explained by the TAFF 

mechanism. It has to be emphasised that such an anomaly is not due to any contact 

problem, because other current and voltage configurations, like V23(T,IJ)/I14, 

V67(T,H)Ilss and Vc(T,H)Ilc (i.e. current and voltage along the c-axis) showed TAFF 

behaviour without any trace of poor contact. We have to mention that exchanging both 

the current and voltage configuration to the other surface gave similar results. Since 

samples I and II are as-grown samples and sample III and IV are long-term annealed 

samples, the long-term annealing does not seem to have a pronounced effect on the 

occurrence of such an anomaly. 
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It is of interest to see whether the explanations proposed by Busch et al [1] and Wan et 

al [2] for their observed peaks in the bottom voltage Vbot(T,H} are applicable to our 

experimental results observed in samples I and IV. In the experiments of Busch et al 

[2], the peak in Vbot(T,H} was observed only when a magnetic field was applied. Using 

the local resistivity model [2] (see also Section 1.10), they evaluated the ab-plane 

r~sistivity p.t(f,H) and c-axis resistivity p.(T,H} from VtDp{T,H) and Vbot(H), in which 

p.(T,H} showed a "knee" near T •. This "knee" in p.{T,H) was then used for the 

explanation for the appearance of the broad peak. Such an explanation does not apply 

to the anomalous effects observed in our experiments, because first the anomaly for the 

samples I and IV was observed already in zero magnetic field; also, since for sample I 

and IV, Rt..,{T,H}=O for T<86 K, it is obvious that the local resistivity model used in 

Ref. [2] cannot be applied for these two samples below T •. Wan et al. proposed [2] 

that the anomalous peak observed in their experiments results from the competition 

between the temperature dependences of the free vortex density and the Josephson 

coupling energy. The anomalous V~>o~{T,H) observed in sample I is similar to that 

observed by Wan et al. [2], especially the height of the peak is strongly affected by the 

magnetic field and the value of the applied current. However, their explanation was 

based on the following two facts observed in their experiments: 1 ). the transition 

temperature of the c-axis resistivity Pe is about 2 K higher than that of the ab-plane 

resistivity Pab, i.e. T.·-Tab0""2 K; 2). the peak occurs exactly in the temperature interval 

between Tab• and T.•. However, in our experiments, for sample I, no difference 

between T.b• and T.• was observed in p.(T) and Pab(T) measurements, and the peak in 

Vbot has a temperature interval of 4-6 K. For sample IV, Vbot(H,T) showed a different 

anomaly, where no peak appears. Therefore, the explanation proposed by Wan et al. 

seems not be applicable for our samples. 

Although no definite explanation is available for our experimental results on samples I 

and IV, a common feature for samples I and IV, which is in contrast to samples II and 

III, is observed. Comparing Fig. 8.4 with Fig. 8.5, we note that for samples II and III, 

the ratio between the bottom and top voltage is large, namely VbotiV!Dp (T""I 10 

K)>l/10; but for both samples I and IV, in which anomalous behaviour ofVbot(H,T) 

appeared, VbotN!Dp (at T""llO K) is smaller than 1/100 (about l/250 for sample I and 
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11140 for sample IV ). This means that for these two samples, the current flowing at 

the bottom surface was much smaller than that at the top surface. Examining the 

published data, we noticed that, in the experiments ofBusch et al [1] and Safar et al 

[3], the ratio ofV.,.JV~op (T,..llO K) is larger than 1/10; but in the experiments of Wan 

et al [2], this ratio is much smaller, i.e. V.,.JV~op (T,..IIO K)<l/100, as can be estimated 

from their data of Pc and Pal>· Since for the broad peak ofVoot(T,H) obseiVed by Busch 

et al. for H> 0 T [1], only a trivial explanation (the "knee" in Pc) was given, which did 

not suggest any new physical mechanism, it might be concluded that, based on the 

experimental data obtained up to now, the anomalous effect in Vl>ot (T,H) is related to 

the small value of V~>o~N~op, i.e V.,.JV~op(T,..llO K)<l/100. Such a small value of 

V~>o~Ntop indicates a strong gradient of the current density across the sample, which 

also means a strong gradient of the Lorentz force acting on the vortices along the c

axis. 

Finally, it has to be mentioned that for all the samples, it was found that 

V~op(T,H)>V~>o~(T,H). This is in agreement with the published results [1-3], indicating 

that vortices in Bi-2212 single crystals are of2D character in the vortex-liquid regime. 

8.4 Conclusion 

In conclusion, from the resistance measurements of the two surfaces, it is indicative 

that the long-term annealing ofBi-2212 single crystals resulted in a more homogenous 

oxygen distribution in the crystals. In the vortex-liquid regime, the bottom resistance 

Rt.ot(T,H) in the flux-transformer configuration showed both normal and anomalous 

behaviour for different single crystals. While normal behaviour showed a T AFF 

behaviour in magnetic fields, anomalous behaviour obse!Ved in Rt.ot(T,H) exhibited 

either a peak near To or a higher zero-resistance temperature (T>T.). In high magnetic 

fields (8<::1 T), a same behaviour ofRoot(T,H) was obseiVed, i.e Root(T,H) was simply 

a linear extrapolation of resistance which starts from T> I 08 K and extrapolates to zero 

at about 86 K. It is noted that when normal behaviour was obseiVed, the ratio between 

the bottom and top voltage, i.e. VbotiVtop(llOK), was larger than 1/10, but when 
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anomalous behaviour was found, this ratio was much smaller, i.e. 

VooJVtop{llOK)<l/100. This suggests that the anomalous Rt.ot(T,H) could be related to 

the strong gradient of the Lorentz force acting on the vortices at different layers along 

the c-axis, although the details of the mechanism are not yet known. 
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Summary 

This thesis describes experimental studies and modelling of the physical properties of 

BhSr2CaCu20s+z (Bi-2212) high-temperature superconductors with the emphasis on 

vortex dynamics. The topics cover the critical current density, vortex pinning, 

thermally activated flux motion, the current dependence of the pinning potential, the 

distribution of pinning energies, the irreversibility line, the substitution effects, and 

transport measurements with the flux-transformer geometry. Various experimental 

techniques have been used, including crystal growth by travelling solvent floating zone 

(TSFZ) method, materials characterisation techniques, magnetometry, AC 

susceptibility and electrical transport measurement techniques. 

After a general introduction in Chapter I and a brief description of the experimental 

techniques in Chapter II, a detailed experimental studies on the magnetic relaxation 

and the critical current density in Bi-2212 single crystals and polycrystalline samples 

are presented in Chapter III. With a time window of more than 3 decades, the 

nonlogarithmic decay of magnetization at temperatures down to l 0 K was observed in 

Bi-2212 superconductors, which is in contradiction to the traditional Anderson-Kim 

model. The behaviour of magnetic relaxation was found to be different for Bi-2212 

single crystalline and polycrystalline samples. The temperature dependence of the 

normalized initial decay rate S(q, T) showed a strong peak at about 25 K for single 

crystals, while S(tb,T) increased monotonically with temperature for Bi-2212 bulk 

ceramic samples. By crushing the bulk ceramic samples into powders, a small peak was 

found at about 20 K in the S(tt., T) curve. The peak in the temperature dependence of 

S( t~>, T) and the kink in the temperature dependence of j~(T) at about 25 K observed in 

the Bi-2212 single crystals indicates two different pinning mechanisms below and 

above 25 K. 

In Chapter IV and V, those experimental results, especially the nonlogarithmic decay 

of the magnetization, will be analysed and discussed. In Chapter IV, it is demonstrated 
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that all the relaxation curves measured at different temperatures can be directly 

combined by expressing them in terms of the common variable kTin(t/t0)/b(T), i.e. 

j(t,T)/c(T) vs. kTln(t/'to)lb(T). With this method, the current dependence ofUe£t(j) can 

be obtained from the experimental relaxation data, rather than from theoretical 

considerations. In contrast to the Maley's method, the temperature dependences of the 

pinning potential U0(T) and the critical current density J.(T) are included in our 

method. 

In Chapter V, the decay of magnetization is analysed within the Hagen-Griessen 

model, which assumes a broad distribution of pinning energies. Using a particular class 

of distribution functions, an analytical solution has been obtained for the decay of the 

magnetization. The parameters of the distribution can be obtained by fitting the 

relaxation curves. The magnetic relaxation curves of Bi-2212 single crystals, bulk 

ceramic samples and powdered samples are well fitted in terms of a distribution of 

pinning energies. It is found that it is important to include the high-pinning-energy tail 

in the distribution in order to fit the magnetic relaxation data. Without the high-energy 

tail, no kink in j.(T) and no peak in S(t., T) could be reproduced in the model for the 

Bi-2212 single crystals. However, defects with su~h high pinning energy (-140 meV) 

can hardly exist in the highly anisotropic Bi-2212 single crystals, in which the 

maximum pinning energy is expected to be about 90 meV. It was argued that those 

high pinning energies in the distribution N(u) could be explained by reinterpreting N(u) 

in the framework of collective pinning theory, namely, the high pinning energies are 

produced dynamically by the interaction between the vortices. 

The irreversibility line ofBi-2212 superconductors is the topic in Chapter VI. After a 

presentation of the experimental results, an approach for the irreversibility •line within 

the framework of thermally activated flux creep is proposed. Compared with the 

previous work of Y eshurun and Malozemoff, this approach is valid for any current 

dependence of the pinning potential, and is applicable to the whole superconducting 

temperature range. 
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In Chapter VII, the experimental results of the ¥-substitution of Ca, and Co or Ni 

substitution of Cu in the BhSr2CaCu~s+z single crystals are described. The effects of 

the substitutions on the structure, supercOnductivity and critical current density of the 

superconducto~ are investigated. The influence of the substitutions on the transition 

between the two different pinning regimes below and above 25 K in the single crystals 

is discussed. 

Finally, Chapter VIII describes the transport measurements by means of the flux

transformer geometry on Bi-2212 single crystals. It is found that in the vortex liquid 

state, the voltage at the bottom surface Vt.ot(T,H) shows both normal and anomalous 

behaviour for different single crystals. While normal behaviour showed a T AFF 

behaviour in the presence of magnetic fields, anomalous behaviour observed on the 

bottom voltage Vt.ot(T,H) exhibited either a peak near T. or a zero voltage at a 

temperature higher than the T. in zero magnetic field and no T AFF behaviour in 

magnetic fields. It is noted that when normal behaviour is observed, the ratio of the 

bottom and top voltages, i.e. Vt.ot!V~op(llOK), is larger than 1110, but when anomalous 

behaviour occurs, this ratio is much smaller: Vt.otiV~op(llO K)<I/100. This suggests 

that the anomalous Vbot(T,H) could be possibly related to ·a strong gradient of the 

Lorentz force acting on the vortices at the different layers along the c-axis of the 

crystals. 
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Samenvatting 

In dit proefschrift wordt een experimenteel onderzoek naar de fysische eigenschappen 

van BhSr2CaCu20s+x (Bi-2212) hoge-temperatuur supergeleiders beschreven, evenals 

de daarbij behorende modelvorming met als .hoofdthema vortex dynamica. De 

onderwerpen die hierbij aan de orde komen zijn: kritische stroomdichtheid, vortex 

pinning, thermisch geactiveerd flux transport, de stroom afhankelijke pinning energie, 

de verdelingsfunctie van de pinning energie, de irreversibiliteits-lijn, chemische 

substituties en elektrisch geleidingsmetingen met behulp van de "flux-transformer" 

configuratie. Bij bet onderzoek zijn verschillende experimentele technieken gebruikt; 

voor de vervaardiging van de preparaten is gebruik gemaakt van keramisch methoden 

evenals van de travelling solvent floating zone techniek (TSFZ) voor de bereiding van 

eenkristallen. Karakterizatie van de preparaten geschiedde d.m.v. rontgendiffiactie en 

elektron micro probe analyse (EPMA). De fysische eigenschappen worden bestudeerd 

d.m.v. magnetometrie (VSM en SQUID), a.c.-susceptibiliteit en elektrische transport 

metingen. 

Na een algemene inleiding in hoofdstuk I en een korte beschrijving van de 

experimentele technieken in hoofdstuk 2 volgt in hoofdstuk 3 een meer gedetailleerde 

beschrijving van het experimentele onderzoek naar de magnetische relaxatie en de 

kritische stroomdichtheid in Bi-2212 een en polykristallijne preparaten. De 

tijdsafhankelijkheid van de magnetizatie bleek in het bestudeerde temperatuurgebied, 

10-90 K, over een tijdsinterval van meer dan drie decaden niet te voldoen aan een 

logarithmische relaxatie, hetgeen in tegenspraak is met het gebruikelijke Anderson-Kim 

model Tussen een en polykristallijne samples worden verschillen in ma.Snetisch 

relaxatie-gedrag gevonden. De. temperatuur afhankelijkheid van de genormaliseerde 

relaxatie-snelheid S(l!,, T) vertoonde een sterke piek rond 25 K voor eenkristallijn 

materiaal, terwijl een monotone toename voor gesinterd keramisch materiaal . werd 

gevonden. Voor verpoederd keramisch polykristallijn materiaal werd echter een kleine 

piek rond 20 K gevonden in de temperatuur afhankelijkheid van S(tb, T). De piek in de 

temperatuurafhankelijkheid van S(th. T) en de knik in de temperatuurafhankelijkheid 
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van jc(T), rond 25 K gevonden bij de Bi-2212 eenkristallen, suggereert twee 

verschillende pinning mechanismen, boven en onder 25 K. 

In de volgende hoofdstukken IV en V wordt een gedetailleerde analyse gegeven van de 

experimentele resultaten en speciaal de niet-logarithmische relaxatie van de 

magnetizatie wordt besproken. In hoofdstuk IV wordt aangetoond dat aile isotherme 

relaxatie-curven voor aile gebruikte temperaturen genormaliseerd kunnen worden als 

functie van een variabele A=kTin(tlto)lb(T), d.w.z. j(t,T)/c(T) als functie van A. Met 

behulp van deze rekenmethode kan een etfectieve pinning energie Ueft(j) rechtstreeks 

verkregen worden uit de experimentele relaxatiegegevens, zonden gebruik te maken 

van specifieke theoretische modellen. In tegenstelling .tot b.v. de analyse voorgesteld 

door Maley et al. wordt in onze analyse-methode rekening gehouden met een 

temperatuur afhankelijkheid van de pinning potentiaal Uo(T) en de kritische 

stroomdichtheid MT). 

In hoofdstuk V wordt de relaxatie van de magnetizatie geanalyseerd m.b.v. het Hagen

Griessen model, waarbij een grote verdeling van pinning energien wordt verondersteld. 

Door gebruik te maken van een specifieke klasse van distributie-functies kan een 

analytische uitdrukking gevonden worden voor de afuame voor de magnetizatie. De 

parameters van deze distn'butie-functies kunnen door rniddel van een fit-procedure uit 

de relaxatie curven worden afgeleid. Voor zowel Bi-2212 eenkristallen als keramische 

bulk en poeder preparaten werd een goede overeenstemrning tussen berekende en 

gemeten curven. gevonden door gebruik te maken van een verdeling in de pinning

energie. Voor bet optreden van de waargenomen knik in de 

temperatuurafhankelijkheid van jc(T) bij de Bi-2212 eenkristallen bleek bet 

noodzakelijk om een staart in de verdelingsfunctie bij hoge waarden van de pinning

energie in te voeren om tot een redelijke aanpassing te komen tussen de berekende en 

experimentele data. Echter, defecten met een dergelijk hoge pinning-energie ( -140 

meV) kunn~n waarschijnlijk niet voorkomen in de zeer anisotrope Bi-2212 kristallen; 

de maximaal te verwachte pinning-energie is ongeveer 90 meV. Een verklaring voor de 

bijdrage van de hoge pinning-energie in de distributie N(u) kan gevonden worden 

indien men de verdelingsfunctie herwaardeert in bet kader van collectieve pinning, 
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namelijk hoge pinning-energien kunnen worden gerealiseerd door de dynamische 

interactie tussen de vortices onderling en tussen de vortices en de pinning-centra. 

De irreversibiliteits-lijn van de Bi-2212 superconductors is het onderwerp van 

hoofdstuk VI. Na de presentatie van de experirnentele resultaten wordt een model, 

gebaseerd op het concept van de flux-depinning lijn besproken. Het voordeel van dit 

model in vergelijking met bijvoorbeeld eerder werk van Yeshurun en Malozemoff is 

dat deze beschrijving geldig is voor elke stroomathankelijkheid van de pinning

potentiaal en voor het gehele supergeleidende temperatuur traject. 

Via een variabele chemische substitutie in eenkristallen van Bi-2212, namelijk Y

substitutie voor Ca en Co/Ni voor Cu, wordt de invloed van de substitutie op 

structuren, k:ritische temperatuur en k:ritische stroomdichtheid onderzocht. be 

resultaten zijn vermeld in hoofdstuk VII. De invloed van de substitutie op de overgang 

tussen de twee verschillende pinnings gebieden, hoven en onder 25 K, wordt 

besproken. 

Tot slot wordt in hoofdstuk vm de transport metingen beschreven die uitgevoerd zijn 

met behulp van een flux-transformer geometrie aan Bi-2212 k:ristallen. Als resultaat 

werd gevonden dat in de vortex-vloeistof toestand, de spanning aan • het bodem 

oppervlak Vbot(T,H) zowel normaal as abnormaal gedrag kan vertonen, afhankelijk van 

het gebruikte k:ristal. Bij normal gedrag, werd thermisch geactiveerd flux vloeien 

(T AFF) in bet magnetische veld waargenomen. Bij afwijkend gedrag van V bot(T ,H) 

werd ofwel een piek in de buurt van T. waargenomen, ofwel een nul spanning bij een 

temperatuur boger dan de T c in nul magneetveld en geen typisch T AFF gedrag in het 

magneetveld optrad. Opmerkelijk is dat wanneer het normale gedrag waargenomen 

wordt, de verhouding tussen de bodem en top spanning, VbotN1op (bij llOK) groter is 

dan l/10, maar dat bij anomaal gedrag deze verhouding kleiner is dan 10"2
• Dit 

suggereert dat het abnormale gedrag van Vbot(T,H) gerelateerd zou kunnen zijn aan 

een sterke gradient van de Lorentz kracht werkend op de vortices in de successieve 

lagen in de c-richting van de kristallen. 
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1. In the literature, the nonlogarithmic decay of the magnetization is explained to be 

either due to a non-linear current dependence of the effective pinning potential or due 

to a distribution of pinning energies. In reality, both factors can simultaneously exist 

during the magnetic relaxation. 

This thesis, Chapter V. 

2. Malozemoff proposed that the irreversibility line is defined when the distance 

between the vortices, denoted as ao. scales with the coherence length 1;, i.e. ao=f· 1;, 

where fwas assumed to be a constant. However, a simple calculation ofthe values of 

ao and 1; at the measured irreversibility line at low temperatures reveals that f is not a 

constant but strongly field dependent. 

A. P. Malozemoff, in <<Physical Properties of High Temperature Superconductors>>, 

Vol. I, Editor: D. M. Ginsberg. World Scientific, 1989. 

3. At low temperatures, the time and temperature dependence of the current density 

j(t,T) in the high-Tc superconductors is simply a function of[kTln(t/to)J. 

This thesis, Chapter IV. 

4. Because ofthe thermal activation of the vortices, the temperature dependence of the 

irreversibility line at low temperatures cannot be scaled as a function of(l-TIT.). 

This thesis, Chapter VI. 

5. The scientific researchers usually think that what they are doing will change the 

society. On the other hand, what the other people in the society are doing can also 

change the activities of the scientific research. 



6. During the first period of the industrialisation in the developing countries, less

advanced technologies are widely used due to a lack of capital, which causes serious 

pollution. In order to protect the environment, more advance technologies should be 

sold at a lower price in the developing countries than in the developed countries; also, 

within a developing country, the government should encourage the poorer regions to 

use more advanced technologies by providing some subsidies. 

7. Humour perceived in one culture may not be understood or even perceived as 

offensive in another culture. In order to avoid such or other misunderstandings, to talk 

in a simple and straight way might be the best in the communication involved with 

people from different cultures, although sometimes this could result in a du11 talk. 

8. To have a better structure of the society is more important than to have a wiser 

leader. 

9. In the Internet, it takes a Jot more time to load a picture than the text. Our brain 

must be much superior to the present technologies, since we can remember a picture as 

quickly as words or text. 

10. A small improvement can lead to a quite different result. 

( !;~ :1t 5I. z. Jft.) 

"Lao Tze", Chapter 40. 




