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ABSTRACT

TIME EFFECTS IN Ag-DOPED YBa,;Cu;07.« CERAMIC
SUPERCONDUCTORS INDUCED BY THE APPLIED CURRENT AND
MAGNETIC FIELD

Altinkok, Atilgan
Ph.D., Department of Phyics
Supervisor: Prof. Dr. Kivileim KILIC

September 2011, 171 pages

In this thesis, current-voltage (I — V) curves with different sweeping rates (d//dr)
of transport current in Ag-doped YBa,Cu3;O; sample (YBCO/Ag) were
investigated. During the measurements, the transport current was cycled up and
down. In addition, in measuring the / — V' curves, two different procedures were
applied: Standard and reverse procedures. At moderate dissipation levels, we did
not observe any difference between these two procedures. This experimental
observation suggests that the surface effects are weakened by adding Ag into the

superconducting matrix.

The time effects were investigated by means of transport relaxation measurements
(V — t curves). At well-defined values of transport current (/), temperature (7) and

external magnetic field (H), an abrupt rise in the sample voltage was observed at
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the early stage of the relaxation process. After reducing the initial current to a
finite value, the sample voltage levels off within a very short time. The rapid
voltage drops observed in the V' — ¢ curves were attributed to the rapid dynamic
reorganization of flux lines traversing the sample edges. These observations were
also interpreted as easy suppression of superconducting order parameter due to the
presence of Ag. As the transport current was reduced to a finite value, the time
evolution of the quenched state YBCO/Ag is quite different from that of undoped
YBCO. This difference in the V' — ¢ curves was interpreted in terms of presence of

Ag which destroys the order parameter in the whole sample.

We also investigated the influence of bi-directional square wave (BSW) current
on the evolution of the V' — ¢ curves at different periods (P), temperatures and
external magnetic fields. The nonlinear voltage response seen in the V' — ¢ curves
to the BSW current with sufficiently short periods or sufficiently low amplitude
reflects itself as regular sinusoidal-type voltage oscillations, which were discussed

mainly in terms of the dynamic competition between pinning and depinning.

Magnetovoltage (V' — H curves) measurements were performed at selected values
of the magnitude of transport current (/), temperature (7) and magnetic field-
sweep rate (dH/df) to investigate the intergranular region and weak-link profile. It
was observed that there were clockwise (CW) hysteresis effects in the forward
region (FR) of V' — H curves, and counterclockwise (CCW) effects in the reverse

region (RR).
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OZET

Ag KATKILI YBa,;Cu307.« SERAMIK SUPERILETKENLERDE
UYGULANAN AKIM VE MAGNETIK ALAN TARAFINDAN INDUKLENEN
ZAMAN ETKILERI

Altinkok, Atilgan
Doktora, Fizik Bolimii
Tez Danigsmani: Prof. Dr. Kivilcim KILIC

Eyliil 2011, 171 Sayfa

Bu tezde, giimiis (Ag) katkili YBa,Cu3;07x 0Ornek (YBCO/Ag) {lizerinde tasima
akiminin farkli akim tarama hizlarinda (d//d¢f) akim—voltaj (I — V) egrileri
incelendi. Olgiimler siiresince, tasima akimi yukar1 ve asag1 bir dongii igerisinde
uygulandi. Buna ek olarak, / — V egrilerinin Ol¢limiinde iki farkli ydntem
uygulandi: Standart ve ters yontem. Bununla birlikte, orta harcanim diizeyinde, bu
iki yontem arasinda hicbir fark gozlenmedi. Bu deneysel goézlem, YBCO
stiperiletken matrise glimiisiin katilmasiyla, yiizey etkilerinin zayifladigini isaret

etmektedir.

Zaman etkileri, tasima durulma ol¢timleri (V' — ¢ egrileri) yardimiyla incelendi.

Tasima akimi (/), sicaklik (7) ve uygulanan manyetik alanin (H) belirli
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degerlerinde, durulma siirecinin baglangicinda Ag katkili 6rnegin voltajinda ani
bir artis gozlendi. Baglangi¢ akimini sonlu bir degere azalttiktan sonra, 6rnegin
voltaj1 ¢cok kisa bir zaman igerisinde diistii. V' — ¢ egrilerinde goriilen hizli voltaj
diismesi Ornegi boydan boya gecen aki cizgilerinin hizli dinamik yeniden
organizasyonu ile iligkilendirildi. Bu go6zlemler, giimiisiin varligindan dolay1
YBCO’ da siiperiletken diizen parametresinin kolaylikla bastirilmasina atfedildi.
Tasima akimi sonlu bir degere diisiiriildiiglinde, YBCO/Ag 6rneginde, ani ¢cakilma
durumunun (quenched state) zamanla gelisiminin saf YBCO’dan oldukga farkli
oldugu goriildii. V' — ¢ egrilerindeki bu farklilik, biitiin 6rnek boyunca diizen

parametresini bozan Ag’nin varligina dayanarak yorumlandi.

Ayrica V — t egrilerinin gelisimi iizerine iki yonlii kare dalganin (IKD) etkilerini
farkli periyot (P), sicaklik ve dig manyetik alan degerlerinde incelendik. Yeterince
kisa periyotlu ve yeterince diisiik genlikli IKD akimi uygulanarak 6lgiilen, V — ¢
egrilerinde, lineer olmayan voltaj tepkisi diizgiin sinilizoidal tipte voltaj
osilasyonlar1 olarak go6zlendi. Bu deneysel gozlem aki tutulma (pinning) ve
tutulmamast (de-pinnig) slirecleri arasindaki dinamik rekabete dayanilarak

tartisildu.

YBCO/Ag ornekte taneler arasi bolgeyi ve zayif eklem profilini incelemek i¢in
manyetovoltaj Olclimleri (V' — H egrileri) tasima akimmin biiyiikligiiniin,
sicakligin ve manyetik alan tarama hizinin (dH/d¢) fonksiyonu olarak ol¢iildii.
V' — H egrilerinin ileri bolgesinde saat yoniinde histerisis etkileri ve ters bolgesinde

saat yoniiniin tersi histerisis etkileri gdzlendi.
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Anahtar Kelimeler: Tip-II siiperiletkenler, Ag katkili YBa,Cu3;O7., I-V egrileri,
manyetovoltaj, tasima durulma egrileri, zaman etkileri, manyetik alan etkileri, aki

dinamigi.
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schematic presentation of the applied current. The bold solid line
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CHAPTER 1

INTRODUCTION

The pinning and motion of flux lines in a type-Il superconductor are quite
interesting and include many fascinating properties. The dynamic ordering and
also the steady state properties of flux lines in a type-II superconductor can be
probed via experimental techniques such as fast [1-10] and slow [11-14] transport
measurements. Recent studies provide detailed understanding of the non-
equilibrium physics [1, 2, 15], dynamic phase transitions [15-17], metastability [3,
5,9, 18], and transient effects [3, 5] in type-II superconductors and have brought a
new physical insight into the dynamic competition between the pinning and
depinning. It has been demonstrated that the presence of weak disorder can
promote the short-lived metastable states [12], whereas introducing of strong
pinning centers may cause the formation of the long-lived ones, which can be
probed by means of the fast transport measurements carried out on sufficiently
short time scales [7]. Experimental observations reveal that the presence of strong
metastability reflects itself as memory effects [19], history dependence [6],
irreversibility [20, 21], current-induced annealing [12, 13, 22], and glassy state
relaxation [3, 6, 19, 20]. The driving (transport) current can release the vortex
system out of the metastable state and thus enable exploration of new accessible

stable states in a distribution of energy landscape [6, 14].



In order to determine the current carrying capacity of superconductors, one way is
to measure the current-voltage (/ — V) curves. The measurements of /— V curves
also provide important information on the dissipation mechanisms in
superconducting materials. In addition, the evolution of the 7 — V' curves exhibits
several interesting features upon cycling the transport current. It was observed
that significant instabilities such as voltage jumps and drops and hysteresis effects
(which evolve as counterclockwise (ccw) or clockwise (cw) in character) could
appear in the I — V curves of type-Il superconductors [3, 7, 21, 23-33].
Furthermore, depending on the sweep rate of the transport current (d//df),
prominent time effects develop in the 7 — V curves of superconductors at low and
moderate dissipation levels [9, 11, 34-41]. Depending on the value of d//d¢, the
decrease or increase in the height of hysteresis loop in the / — V' curves and the
change in the measured dissipation are indications of the time effects. The current
sweep rate dependence of the / — V' curves in high temperature superconductors
(HTSCs) has been attributed to the presence of giant flux creep and high operating

temperatures [41].

Recent transport relaxation (V' — ¢ curves) studies [42-46] showed that there are
remarkable time effects in transport measurements of type-II superconductors
which deserve further investigation. The V' — ¢ curves introduce a new method to
monitor all details of flux dynamics evolving in the structure as the time
progresses. The evolution of non-linear V' — ¢ curves in polycrystalline samples of
HTSCs is generally interpreted in terms of the formation of resistive and non-

resistive flow channels and spatial re-organization of flux lines (or current-



induced flux lines) in a multiply connected network of weak-link structure [42,
43]. In other words, such a dynamic re-organization of flux lines causes an
enhancement or suppression in the superconducting order parameter depending on
the magnitude of the driving current and the coupling strength of weak-link

structure with the chemical and anisotropic states of the sample.

On the other hand, recent experimental studies show that a quenched disorder in
the moving entity (i.e., flux lines or current-induced flux lines) which is unstable
in time can be created by interrupting the driving current [6, 14] or the applied
magnetic field during the course of the experiment [47], and, thus, a non-
equilibrium system can be obtained. The time evolution of the quenched state
which shows many interesting properties can be investigated via V — ¢
measurements [3, 5, 6, 14]. It is observed that the relaxation of the quenched state
reflects itself as a decaying response, which reminds the classical spin glasses,

i.e., the glassy state relaxation [3, 5, 6, 14].

The flux lines in motion induced by different kinds of current modulations cause
different motional re-organization in type-II superconductors. Fast transport
measurements performed by using bi-directional square wave (BSW) currents
showed nicely the current-driven re-ordering of vortices [48]. Gordeev et al. [2,
49] demonstrated experimentally that asymmetrical square wave currents cause
slow voltage oscillations on long time scale in a de-twinned single-crystalline
Y Ba,Cu3;074 (YBCO) sample. A similar study on polycrystalline YBCO sample

has been carried out by Kilic ez al. [50] by using BSW current. They observed that



regular sinusoidal type oscillations evolve in well-defined ranges of amplitudes

and periods of the BSW drive, and temperature.

Time effects were observed in the evolution of hysteresis loops in
magnetoresistance (or magnetovoltage) measurements. The sweep rate of the
applied magnetic field (dH/df) plays a crucial role in this type of measurements,
because it controls the number of the flux lines penetrating into the
superconducting material [51, 52]. It is well known that strong irreversibilities
appear in the magnetovoltage (V' — H) curves upon cycling applied magnetic field.
The hysteresis loops observed in the V' — H curves evolve generally in cw
character and include the details of the pinning and depinning processes
developed inside the material. We note that there is a close relation between the V'
— H curves (resistivity technique) and magnetization (M — H) curves (magnetic
technique) so that the same physical mechanisms should control the measured

voltage dissipation [51, 52].

In granular superconductors, the two level critical state model [53] could explain
successfully the irreversibility effects and the evolution of V' — H curves. In this
model, it is assumed that the sample is composed of intergranular junction
network and superconducting grains. The measured voltage dissipation is
correlated to the flux motion and flux trapping evolving in both intergranular and
intragranular regions, due to the magnitude of the applied magnetic field [51, 53-

57].



In this thesis, the transport properties together with the time effects in silver (Ag)
doped polycrystalline ceramic superconducting sample of Y;Ba,CuzO74
(YBCO/Ag) were investigated. In the Ag-doped YBCO samples used in this
study, the amount of Ag corresponds to 3 wt % of the weight of Cu in undoped
YBCO compound. There are several reasons of doping YBCO with Ag. In
1990’s, it was found that doping of YBCO with Ag is one of the best ways to
improve the superconducting properties of Y;Ba,Cu;O7« [58-65]. It was shown
that mechanical properties of YBCO could be improved [65-67] and its normal
state resistivity could be reduced enormously [68, 69] by doping with Ag. In
addition, the intergranular critical current density J, was considerably increased
by doping with Ag [70-72]. The experimental studies established that Ag diffuses
into the grain boundary as a metal during thermal processing and it is responsible
for the enhancement of coupling between the grains [64]. In other words, number
of weak links in the structure is decreased by increasing the grain connectivity.
The improvement in the grain structure of YBCO is strongly related to the amount
of Ag added. Enough amount of Ag is responsible for providing interconnection

between the grains by filling into the pores in the structure.

In order to understand the mechanisms of flux pinning and flux motion,
systematic current—voltage (/ — V curves) measurements with various sweeping
rates (dZ/d¢) of driving current were performed in YBCO/Ag in the neighborhood
of the critical temperature 7. as functions of temperature (7)), applied magnetic
field (H), and maximum current driving I.x. Two different procedures; the

standard procedure where the transport current (/) is cycled up and down (from



the zero to a max current value and then to the zero again) and the reverse
procedure where [ is cycled down and up (from a max current value to zero and
then to the max current value again) were used to measure the / — V' curves. We
note that the reverse procedure used in / — ¥ curves enables us to investigate the
details of flux motion from the outer surface of the superconducting sample to its

interior, i.e., the surface pinning effect.

The time effects induced by the driving current and magnetic field were
investigated by means of voltage—time (V' — ¢) curves in YBCO/Ag sample. The V'
— t curves give all details of time evolution of organization of flux lines inside the
sample and also average response of how the transport current distributes itself
along sample. In the first part of transport relaxation measurements, the V' — ¢
curves were measured for direct currents. In the second part, the influence of
BSW current with various ranges of its amplitude and period on the flux dynamics
was investigated in details at different temperatures and external magnetic fields.
In order to understand the mechanisms of irreversible properties of YBCO/Ag, the
magnetovoltage (V' — H curves) measurements with different sweeping rate dH/dt
of external magnetic field were carried out at different temperatures below 7, by

varying the transport current /.

Finally, for a better understanding of the influence of Ag on the superconducting
properties, the experimental results obtained for YBCO/Ag were compared with
those of undoped YBCO sample. Finally, we would like to note that experimental

methods introduced in this thesis provide a useful tool to investigate how the



doping of Ag into the superconducting YBCO affects the flux dynamics and

reorganization of transport current.

This thesis consists of six chapters, which provide the reader with a background
on the subject before the experimental results are presented. The chapter 2
includes the basic properties of the superconductivity and the presentation of
some of the pioneering theories of superconductivity. In chapter 3, the sample
preparation of Ag doped YBCO and experimental set-up are given. This chapter
also contains a description of the procedures used to perform the low temperature
measurements and a detailed analysis of sample characterization, which includes
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and
x-ray diffraction (XRD), is given. In chapter 4, current—voltage characteristic (/ —
J) measurements, voltage—time (V' — f) measurements, the effect of BSW driving
current on ¥ — ¢ curves and magnetovoltage (V' — H) measurements are presented.
In chapter 5, the experimental results are discussed. Finally in chapter 6, the

experimental results and findings of this work are summarized.



CHAPTER 2

SUPERCONDUCTIVITY

2. 1 Basic Concepts of Superconductivity

Superconductivity was first discovered in Hg (at a critical temperature of
T. = 4.2 K) as a sudden disappearance of measurable electrical resistance. The
discovery was made in 1911 by the Kamerlingh Onnes group [73] when studying
the low temperature behavior of pure metals. The new state observed in mercury
was called as superconducting state. Afterwards, it was discovered that many
other metallic elements exhibit superconductivity at very low temperatures.
However, the industrial applications of these low critical temperature (7;)
superconductors (LTSCs) were restricted by the cost of the liquid helium and the
complicated operation of the cooling system. After twenty two years later, another
intrinsic property of a superconductor was called as the Meissner effect which is
the exclusion of external magnetic field from the interior of the superconductor,

i.e., perfect diamagnetism discovered by the Meissner and Ochsenfeld [74].

In the 1920s and 1930s, new superconducting alloys and compounds were
discovered. In 1957, in a theoretical study of the effects of applied magnetic field
on superconductors, Abrikosov [75] discovered that there are two types of

superconductors: Type-I, where the magnetic flux is completely expelled from the



interior of the superconducting sample for values less than a critical magnetic
field value H.; and type-II, where the magnetic flux is completely expelled for
small fields (below H.;) and partially in higher external fields (up to H.,). Such a

state in type-II superconductor is called as mixed state or vortex state.

The critical temperatures remained rather low as ~ 23 K in Nb3;Ge [76] until 1986.
In 1986, Bednorz and Muller discovered high 7;. superconductivity in the ceramic
material of La-Ba-Cu-O [77]. They found evidence for superconductivity at about
30 K in LaBaCuO ceramics. In February 1987, Wu and Chu discovered
superconductivity in YBa,Cu3;O7 ceramics with a 7 of about 90 K [78]. This
was the existence of a superconductor with a critical temperature above that of
liquid nitrogen, which is much cheaper coolant than the liquid helium. In 1988,
Bi,Sr,Ca,Cu301, Tl,Ba;CayCuszOyg and; in 1993, HgBa,Ca,Cu;0g cuprate oxides
were discovered with 7. = 110 K, 120 K, and 134 K, respectively [79-81]. The
HgBa,Ca,;Cu30g+ compound under 15 GPa hydrostatic pressure shows the onset
of superconductivity at 164 K, the highest 7. known today [82]. Thus a new class
of materials, cooper oxide ceramics with a layered perovskite structure had
rapidly arisen. In 2001, a new intermetallic superconductor was discovered by
Nagamatsu et al. [83]: The magnesium diboride MgB, with 7. = 39 K. Further,
newly found Fe-based superconductors have 7. above 30 K, for instance,

SrosSmg sFeAsF has a T, of 56 K [84].



2.1.1 Meissner effect

In 1933, Meissner and Ochsenfeld measured the flux distribution of metal
superconductors cooled down to their 7, in a external magnetic field (H). They
found out that a material in the superconducting state never allows the magnetic
field lines to exist in its interior provided that the external magnetic field (H) is
less than a critical field value H. and it exhibits perfect diamagnetism, i.e., B = 0,

where B is the magnetic induction inside the sample [85].

This property could not be explained by the basic properties of perfect conductors
and therefore was called as Meissner effect. The magnetic behavior of a
superconductor in an external magnetic field is shown in Fig. 2.1. The expulsion
of applied magnetic field lines is a result of the existence of induced circulating
currents in a superconductor which generate an induced magnetic field opposite in
direction, but equal in magnitude to the external field H, so that the total magnetic
induction inside the superconductor is zero. The state of perfect diamagnetism
evolves at the conditions only if 7 < 7. and H < H,. The pattern of the external
magnetic field lines depends on the shape of the specimen, which is characterized

by the demagnetizing factor Np of the geometry.

The magnetic induction B inside a magnetic material can be written as [86]

B=p,(A+M) (in SIunits). 2.1)
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Figure 2.1 The Meissner effect. (a) Magnetic field applied at H < H, to a
superconductor at the condition 7> T.. (b) The magnetic field lines are excluded
by the superconductor yielding B = 0 inside the superconductor when both
conditions H < H, and T < T, are satisfied. Applied magnetic field lines are

represented as arrows.

Here, 14, is the magnetic permeability in vacuum, H is the external magnetic field

andM is the magnetization of the sample. In the Meissner state, since the

magnetic induction inside the superconductor is zero, Eq. 2.1 can be written as

M = yH =—-H  (in SI units). (2.2)

11



Here, y is defined as magnetic susceptibility M / H and thus,

7 =-1. (2.3)

The result of y =—1 is a measure of perfect diamagnetism and therefore, it can be

concluded that type-I superconductors are perfect diamagnetic materials at the

conditions of H < H, and T < T..

2.1.2 London theory

The Meissner effect was explained by London [87]. He showed that the Meissner
state can be described in terms of supercurrents (Js) circulating in a thin surface
layer of the superconductor which opposes to the external magnetic field. The
thickness of this surface layer turned out to be a temperature-dependent material
parameter called the London penetration depth, 4. The external magnetic field is
thus allowed to penetrate in a distance of order of Ay into the superconductor. The

London equations describing perfect conductivity and flux expulsion are given by

[86]
2
o5 nep_ 1 _E (2.4)
Ot m HoA;
and
- 1 -
VxJ =———8, (2.5)
Mol

12



where

m
Ay = |—2e (2.6)
/lollse

Here, J| is supercurrent density, E is the local electrical field and B is the total

magnetic induction. The parameters m,, n,, e are the mass, charge density and

charge of superelectrons, respectively. As mentioned above, 4; is a temperature

-1/2

4
dependent parameter, i.e, 4, () = 1, (O){l - [le } for 7' < T.. The penetration

c

depth diverges at the critical temperature, indicating that the number of

superconducting charge carriers goes to zero at 7.

By using Eq. 2.5 and the Maxwell equation VxB= ,uoj [86], we can obtain

V:B-—B=0. (2.7)

2

Equation 2.7 can be solved in one dimension for a semi-infinite superconductor in
the shape of rectangular prism in a field parallel to its cross section area by using
suitable boundary conditions. The local field penetrated into the superconductor

can be found as

B(x)=B(0)exp(—%) : 2.8)

L

13



where B(x) is the magnetic flux density at a distance x inside the metal, B(0) is the
flux density at the surface of the sample. Note that at the surface of the sample
B(x =0) = H. The position dependence of magnetic induction given in Eq. 2.8 is

shown in Figure 2.2.

B(x)- B(O)exp(fﬂi)
I,

rve
=

Figure 2.2 Variation of magnetic flux density from the surface to the interior of a

superconductor [88].

The London equations predict an exponential decay of the flux density from the
surface of a superconductor to its interior and also describe many features of the
superconducting state well, but they do not explain why a material becomes

superconducting.
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2.1.3 Type-I and type-II superconductors

There are two kinds of superconductors namely type-1 and type-II, which are
classified with respect to their magnetic properties. The magnetization of a type-I
superconductor is shown in Figure 2.3 [89]. When the external magnetic field H is
lower than the critical field H., the magnetization is given by M = —H (see
Eq. 2.2) and the superconductor shows perfect diamagnetism (the Meissner state):
B = 0. The transition from the superconducting state to the normal state occurs at
H = H. with a discontinuous variation in the magnetization to M = 0 when B =

,U()H .

H

-M

Figure 2.3 Magnetic field dependence of magnetization for type-I superconductor

[89].

In 1957, Abrikosov published a paper describing some new phenomena related to
the Ginzburg-Landau theory, quite different from the behavior of type-I
superconductors [75]. He pointed out the existence of some new materials which

exhibit a continuous increase in flux penetration starting at a first critical field H.,

15



by reaching B = ugH at a second critical field H., instead of showing a
discontinuous disappearance of superconductivity at the thermo-dynamical critical
field H.. Later, it was understood that the behavior of these materials could not be
described simply due to impurities in their chemical composition. The
experimental studies showed that they possess entirely new and different electric
and magnetic properties and therefore, they were called as type-II superconductors

[52].

Figure 2.4(a) shows that, in an idealized type-II superconductor, B, H, and
M are uniquely related to one another [89]. According to this figure, the state of
perfect diamagnetism, B= Mo (ﬁ +M ) = 0, exists only below H.;. For H > H,,,

the flux lines start to penetrate into the structure in a complicated way. As H >
H,, the magnetization becomes totally zero so that the magnetic fields inside and
outside the material are equal to each other and the material returns to its normal
state. As the magnetic field is decreased slowly below H.,, the reverse
magnetization path will exactly retrace the forward one. However, no real material
exhibits the exact retracing of such an idealized curve. Structural imperfections,
chemical impurities and anisotropic states of the material act as barriers for both
flux entry and exit through the material, referred to as flux pinning, and bring

strong irreversibilities in the M — H curves [52].
A real type-II superconductor has a more complicated magnetization curve, which

is shown in Figure 2.4(b). A noticeable difference is the absence of sudden change

in magnetization M as H passes through H.;. Only the slight deviation from

16



linearity of the M — H curve is a measure of that the diamagnetic state is no longer
perfect and y is less than -1. In this case, it can be suggested that the magnetic flux
lines have already started to penetrate into the material. The increase of H leads to
more extensive flux penetration, and, at H.,, the state of full penetration is

achieved: B = u,H and the material becomes normal.

M M
M
Flux »
Hy He Hl]illllillg \\'\. H:n 3 H
| = IS ——— T
12
1 1
(a)
(b)

Figure 2.4 (a) Magnetization of an ideal type-II superconductor. The M — H curve
is reversible upon cycling of H. The state of perfect diamagnetism exists below
H.;, whereas, for H > H,, the material is in the normal state. (b) Magnetization of
a real type-II superconductor. The M — H curve is reversible only above Hj,. The
magnetic flux at H = 0 is “trapped” or “pinned” in the material [90]. Numbers

show different branches of the magnetization curve.

In the superconducting state, some of the flux lines are trapped within the material
due to the presence of the imperfections and defects. When H is reduced from H,,
the flux lines are free to move at first, and, so, the M - H curve retraces its path
until a field point H;, referred to as irreversibility field [52]. When the flux
pinning becomes stronger, B declines slower than the variation of H, and, M

deviates from the forward curve. As H is further decreased, B remains high due to

17



the large flux pinning evolving inside sample and further, since B = u,(H+M), M
rises to a positive value. At the end of the reverse cycle, when H = 0, the value of

B remains finite due to the magnetic flux trapped by the superconductor

While the type-I superconductors are composed entirely of the metallic elements,
type-II superconductors may be metal alloys or even some pure metals such as
Niobium (Nb) and Vanadium (V), and also oxide compounds. Most metals and
metal alloys have their critical temperature 7. below 25 K and are referred to as
low temperature superconductors (LTSCs), while oxide superconductors
(cuprates), MgB, and newly found Fe-based superconductors have their 7. above

30 K and are referred to as high temperature superconductors (HTSCs).

2.1.4 The mixed state

Structural imperfections or chemical impurities inside the superconducting
material act as barriers for flux motion and this case is called as flux pinning.
Apart from the normal and superconducting states, type-II superconductors
exhibit a new state called the mixed state (or vortex state), which allows the
existence of normal regions in the material. In the mixed state, the Meissner effect
is no longer present and the magnetic flux may penetrate partially the
superconductor. However, the superconductivity does not disappear completely.
The existence of the mixed state can be explained by the fact that the material tries
to keep itself in a state with the lowest total free energy. When the surface energy

between the normal and superconducting regions is negative, the appearance of

18



normal regions will reduce the total free energy and lead to more favorable energy
states [91]. The mixed state is an intrinsic feature of type-II superconductors and
exists for magnetic fields such that H,; < H < H.,. It was predicted by Abrikosov
[75] that the magnetic flux would penetrate the sample in a regular array of flux

tubes, named fluxons, each one having the quantum of flux

o, = % =2.6678x107"" Wb (h: Planck’s constant and e: electron charge). Figure
e

2.5 shows the mixed state of a superconductor at H,; < H < H,.

Figure 2.5 The mixed state, showing normal cores and encircling supercurrent (/)
vortices. The vertical lines represent the flux threading the cores. The surface

current maintains the bulk magnetism. [91]

The flux tubes forming in the shape of cylinder parallel to the external magnetic
field thread the superconductor and include normal regions. These cylindrical

normal cores are arranged in a regular pattern forming a lattice called as “flux line
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lattice”. Within each core of flux tube, the magnetic flux has the same direction as
that of the applied magnetic field and is shielded from the neighboring
superconducting regions by a circulating induced current /;. These supercurrents
together with the surface current circulating at the perimeter of specimen maintain

the bulk diamagnetism as shown in Fig. 2.5.
2. 2 Phenomenological Theories of Superconductivity
2.2.1 Ginzburg — Landau theory

Although the London theory explains the Meissner effect, it is unable to explain
the coexistence of the normal and superconducting states in the mixed state of
type-1I superconductors. Ginzburg — Landau (G — L) theory is one of the
phenomenological theories, which describes many properties of the
superconductors. The G — L theory was based on the Landau theory of second
order phase transitions [92]. It considers a phenomenological Hamiltonian which
depends only on the symmetries of the system together with an order parameter
taken into account. In this theory, it is assumed that a macroscopic wave function

w(r) is taken to be equivalent to order parameter and the free energy of the
superconductor is expressed in terms of (7). In addition, it is assumed that ]1//|2 is

equal to the density of the Cooper pairs ns. The free energy f of a superconductor

can be written as

2
»

f.=f +a]1//|2 +,B]1//]4 + g’(— ihV +e*A)//

(2.9)
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where the subscripts n and s refer to normal and superconducting states,
respectively, a, f and ¢ are phenomenological parameters. The behavior of free
energy near the critical temperature 7, requires that a and S are temperature-
dependent parameters. Conventionally ¢ is taken as 1/2(m.) and e is the effective

charge (which turns out to be twice the electronic charge). Minimizing Eq. 2.9

with respect to w(7) over all space gives

ﬁ(—ihv+e*A)21//+(a+/}|y/|2)//=0. (2.10)

e

Eq. 2.10 is known as Schrodinger-like Ginzburg — Landau equation and also

defines a characteristic length depending on the variation of the order parameter
’z//|2. This characteristic length is known as the coherence length £(7) which

depends on temperature. The Ginzburg—Landau coherence length &g, is given as

2
o = 5 h ‘ . On the other hand, minimizing Eq. 2.9 with respect to vector
\ 2m, |a

potential 4 gives a relation associated with supercurrent density Ji:

*

J, =< Re{‘P*(r)[h V- q*Aj‘P(r)}. 2.11)

m I

Here the pair charge and mass are q* = 2e and m* = 2m, Re denotes the real part.

Another length scale which is referred to penetration depth A(7") can be found
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from Eq. 2.11. The Ginzburg — Landau penetration depth (15,) which depends on
temperature is given as A;, = L’ZB
4u,e |a|

The G-L parameter which classifies the superconductors is defined as

k = Acu(T)/gr(T). The ratio x = Agr(T)/Scr(T) determines whether the

superconducting material behaves as a type-l (xk<l1/ «/5) or type-II

superconductor (x >1/ V2 ) [86].

2.2.2 BCS theory of superconductivity

The properties of type-I superconductors were modeled by a theory developed by
Bardeen, Cooper, and Schrieffer in the 1950°s [93]. In this theory, it was assumed
that, at T < T, and H < H., an attractive force exists between electrons so that
electrons can travel through the superconductor in pairs with opposite spins [93].
In this interaction between electrons, the attractive force developed was attributed
to Coulombic attraction between the electrons and the crystal structure. This is
because moving electron in the lattice creates a slight positive charge around it
originating from the lattice atoms. This positive charge density then attracts a
second electron (Figure 2.6 and Figure 2.7). This pair of electrons known as a
Cooper pair travels through the lattice [94]. The crystal lattice must have small
thermal vibrations in order to make the Cooper pairs exist and this explains why

superconductivity occurs at low temperatures. As the superconductor is warmed
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above T, the Cooper pairs separate into individual electrons and the material

becomes non-superconducting.

The Cooper pairs act like bosons and can condense into a state with zero electrical
resistance. The effective net attraction between two electrons produces a pair

binding energy on the order of milielectron volts, enough to keep them paired at

temperatures below 7.
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Figure 2.6 Passing electron attracts the cation lattice, causing a distortion in the

lattice [95].
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Figure 2.7 Another electron passing in the opposite direction is attracted to this

lattice distortion (phonon): The electron-phonon interaction [95].
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2.3 Theoretical Models for Non-Linear Current—Voltage measurements

(I -V Curves)

Transport measurements have always a central place in characterizing the
superconductors. One of them is to measure the current—voltage (/ — V) curves
below T¢.. The critical current which is a very important parameter for practical
applications is extracted from the analysis of / — V' curves of superconductors.
Figure 2.8 shows a schematic representation of sample voltage V versus current /

(alternatively, electric field E versus current density J) [96].

The E — J curve (or / — V curve) includes three different regimes: First, thermally
assisted flux flow (TAFF) in the low current region and second, the flux flow in
the high current region. The third regime is the flux creep which lies between the
two regimes. The flux creep and flux flow regimes were commonly used in
describing the I — V curves of low temperature superconductors. The new term
TAFF was defined to understand the general behavior of the / — V' characteristics

of high-T; ceramic superconductors [97].

In Fig. 2.8, the critical current /; is marked at the point where the sample voltage
V=1 uV, or equally, £ =1 pV/cm. In fact, it is quite reasonable to define /. and
the corresponding critical current density J. as the point where the flux flow

regime is just about to begin.
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Figure 2.8 A schematic representation of the / — V curves (or E — J curves) of
superconductors. The curve has a linear region at low /, followed by a highly
nonlinear region at intermediate values of /, and finally a linear relation again. The
definition of /. or J. is given on the curve by using the criterion of V=1 uV, or

E=1pV/em [97].

2.3.1 Thermally assisted flux flow (TAFF), flux creep and flux flow in

superconductors

In a perfect (type-I) superconductor, the flux lines would be able to move easily
and adjust their density according to the applied magnetic field. However, an
energy barrier is created due to impurities and inhomogeneties in a real type-II
superconductor, which prevents the flux motion. The energy of flux lines and type
of pinning centers and also their distributions determine the pinning and de-

pinning processes. The flux lines can be pinned by only suitable pinning centers.
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At low dissipation levels corresponding to the first regime of thermally assisted
flux flow (TAFF) regime in / — V curve (Fig. 2.8), the measured voltage is caused
mainly by the creep of flux lines. However, in addition to this process, increase in
the temperature will provoke thermal fluctuations and, hence, the flux motion
along the sample. Such a case will lead to the temperature dependence of
resistivity p(7) in Arrhenius type which 1is a measure of TAFF:
o(T) = p(0)exp(-Uy/ kgT), where U, is the activation energy and kg is the
Boltzmann constant [97]. The TAFF process affects significantly both the

transport and magnetic measurements of HTSC cuprates.

When a transport current with density J is applied to a type-II superconductor, it
interacts with the flux lines and creates a Lorentz force F L= J x n®, , where n

is the unit vector along the flux quantum @,. In order to observe a flux motion in

the flux creep regime, the energy of flux lines should be less than (or comparable
to) the effective pinning energy. In addition to F ., the thermal activation makes

the flux bundles jump from one pinning site to another by causing a measurable

dissipation (Figure 2.9) [98]. In this regime, the current density is not larger than
J. and also the Lorentz force F),is weaker than the pinning force 1:“0 . Under these

conditions, it can be anticipated that most of the flux lines do not participate the

flux movement.
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Figure 2.9 Different stages of flux motion, depending on the magnitude of
transport current J. The presence of current in a magnetic field generates a
Lorentz force F which tilts the staircase allowing the flux lines to hop out of their
wells more easily [98]. Here F, is the pinning force and x is the position of

moving flux line system.

As the current density is increased, the depth of the pinning wells becomes
relatively smaller because the effective pinning potential depends explicitly on J.
At a certain value of J = J,, the Lorentz force becomes equal to (or greater than)
the pinning force (£ > F,), and all flux lines start to move as is shown in Fig. 2.9.
This is known as flux-flow regime which corresponds to a correlated motion of
whole flux line system. J. is called the critical current density which is a very
important parameter for practical applications since it gives the maximum current

carrying capacity of the superconductor.
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2.3.2 Proximity effect

The proximity effect occurs when a superconductor (S) is in contact with a normal
metal (N). If the contact between the superconductor and normal metal is
sufficiently good in quality, the order parameter associated with the wave function
y(r) of the superconductor close to the interface will alter. The superconducting
region will induce superconductivity in the metal which is in the normal state
before the contact. This induced superconductivity exists only in a thin surface
layer of the normal metal near the S — N interface. The distance measured from

the S to N in the interface is in the order of the coherence length & [99].

When a normal metal and a superconductor are in good contact, it is assumed that
the Cooper pairs penetrate into the normal metal from the superconductor, then
stay and live there for a while [99]. This results in a reduction of the Cooper pair
density in the superconductor. This also means that some part of a material, which
is not a superconductor, can have a superconducting state under certain
conditions. Thus, the proximity effect for a S — N structure gives rise to an
induced superconductivity below 7. and it is the strongest at the temperatures 7T

<< T, [99].

In a granular superconducting material, such as polycrystalline samples of
HTSC cuprates, the junction type between the grains evolves mostly in the
form of Superconductor—Insulator—Superconductor (SIS) junction and rarely

Superconductor—Normal-Superconductor (SNS) one. The effective junction type
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of granular systems can be found from the comparison of experimental
temperature dependence of /, with the relationship /, = const(1-7T/T,)" ,where m

is an exponent [100]. For instance, if m = 1, the effective junction inside the
granular system is assumed to be mostly SIS type or if m = 2, the intergrain
junctions develop mostly in SNS type. In addition, due to the sample preparation,
the intergrain junction can be of Superconductor—Insulator—Normal Metal—

Superconductor type (SINS) for m = 1.5.

2.4 Transport Relaxation and Glassy State

In the glassy state, it is assumed that there are several energy states developed
inside the material, which affect dramatically the motion of flux lines. Such an
energy landscape includes a broad distribution of both long- and short-lived
metastable states separated by several energy barriers [14, 19, 20, 27, 28, 42, 47].
The energy barriers between the neighboring energy states can be small while the
difference between the more distant barriers can be higher. In a polycrystalline
superconducting sample, the energy landscape corresponds to the frustrated
superconducting domains coupled by weak links, and such a description can lead
to the concept of the superconducting glass model. Due to the driving force F
together with thermal activation, the flux lines can easily overcome the
neighboring barriers, but may fall in a deeper energy well. Thus, bundle of flux
lines remaining at the bottom of deeper wells can not overcome these wells and
give no contribution to the measured voltage. In this process, it is observed that

the sample voltage decreases as the time progresses. The relaxation of sample
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voltage with time can be correlated with decrease in the number of the flux lines

which lose their capability of motion [47].

In glassy state relaxation, the time evolution of the sample voltage is described by

[14, 19, 20, 27, 28, 42, 47]

V(t)=V(0)exp(~t/t,), (2.12)

where 7, is the characteristic time. Some experimental observations provide
evidence that the glassy state relaxation fits to a stretched exponential time

dependence [44-46] in the form:

V(t)=V(0yexp(—t/t,)" (2.13)

Here the exponent « is a constant which depends on temperature and magnetic
field. Equation 2.13 describes well the time decay in the remnant magnetic
moment of ordinary spin glasses. In this expression, the time evolution and degree
of ordering of individual magnetic moments can be determined mainly via the
exponential term. A glassy state (or quenched disorder) in superconducting state
can created by decreasing of current (or external magnetic field) to a finite value
or zero. The decrease in sample voltage corresponding to quenched disorder
which evolves to low dissipation values can be described well by the expression
given by Eq. 2.13. It is noted that such a time dependence of glassy state is

reminiscent of spin glasses.
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2.5 Magnetoresistance in Granular Superconductors

2.5.1 The two-level magnetic system and intra- and inter-granular flux

trapping model

In this model, it is assumed that the granular sample is composed of
superconducting grains and weak-link junction network [53-57, 101-103]. It is
based on the fact of two distinct critical current densities: The larger one locally
evolving inside the grains (i.e., intra-grain current density) and the other one,
which is relatively lower than that in the grains, is the macroscopic intergranular
current density. Since the gradient of flux density inside the grains is larger than
that in the intergranular region, the analytical solution of the usual critical state
model is manipulated on the basis of magnetic states associated with both intra-
grain and inter-granular regions of the sample. The two-level magnetic system
was originally proposed by Ji et al. [53], and, later, was extended by Mahel and

Pivarc [54] to explain the hysteresis effects in HTSC cuprates.

In the following, we introduce the two-level magnetic system which has been
modified and adopted to HTSC cuprates by Balaev ef al. [55-57]. In this model, it
is assumed that the pinning in Josephson barriers (i.e., inter-granular boundaries)
is weak and the magnetic flux is trapped mainly in the superconducting grains. It
is also assumed that the contribution of grain boundaries to the diamagnetic
response of the sample is negligibly small. In this case, for H > H.,", where H."

is the first critical field of the junction network, a local field B; develops along
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the junction network, which is equal to the vector sum of the applied magnetic

field H and the field B, induced by the magnetization of the grains:

B, =u,(H+B,). (2.14a)

B =uld+6M,). (2.14b)

Here G is a coefficient depending on the location and shape of the
superconducting grains and M, is the magnetization of HTSC grains [54-57, 101-

103].

The effective field B in the intergranular region can be found as an average of

the distribution of local field B; over all grain boundaries:

Ber = <B> = pio[H — My(H) AH)]. (2.15)

Here f(H) is the average value of G over the junction network and depends on the
magnitude of the external magnetic field. The magnetization My(H) is produced
by the shielding currents and the associated flux gradient evolving inside the

sample.
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In the case of flux trapping in junction network, the pinning of flux lines requires

the magnetization of intergranular region M;, and the local field Eiw in the junction
network which is the superposition of the external field H and the field B . induced
by the grains. In the region of grain boundaries considered, M ., makes a

contribution to Eiw opposite to that of B o Thus, the effective field Ber " in the

junction network can be found by averaging the distribution of local field B;" and

can be written as [55]

Besr " = <Bi">= o (H — [My (H) {H) — M; (H,)] ). (2.16)

At low applied magnetic field values, when the self-field induced by the transport
current is comparable to the first and second critical fields H.;" and H.," of the
junction network, respectively, we note that the magnetization of intergranular

region of HTSC sample (M) becomes current (/) dependent.

In the hysteresis loops of ¥ — H curves, the equality of voltage values V(H") and
V(H ") corresponding to the increasing and decreasing fields A and H
respectively, indicates the equality of effective fields, i.e., Be(H') = Be(H )
(Fig. 2.10). When the pinning in the junction network is small, the contribution to
the total magnetization from this medium will be small too, and, therefore, the

equality can be written by using Eq. 2.15 [55]

H — My(HYAH")=H — My(H )H"). (2.17)
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The width of the hysteresis loop AH=H ~— H observed in the ¥ — H curve for a

given value of measured sample voltage /" can be written as

AH = [My(H WH ) ~ My(HORH")]. (2.18)

It can be seen from Eq. 2.15 that the value of B.y is determined only by the
applied magnetic field and the magnetization of grains, and, therefore, AH in Eq.

2.18 must be independent of the transport current [55].

Veltage (1)

0 H H-
Magnetic Field (H)

Figure 2.10 Schematic plot for magnetovoltage (¥ — H curve). The increasing and
decreasing external magnetic fields corresponding to the same sample voltage
value are labeled as H" and H ~, respectively. AH is the difference between A and
H ~ for a given value of measured sample voltage. AH = H — H' is the width of
the hysteresis loop.
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If the flux trapping in the intergranular medium is negligible, then, AH expected
to be independent of the variation in the transport current. However, if AH
becomes current dependent, this may imply that there is a flux pinning in the
junction network which contributes to the effective field (Beg") in the
intergranular region, and, thus, B.g" will change with the transport current. In this

case, AH can be written [55]

AH = [M{(H WH ) = M; (H ™, D] — [M{(HRH) = M; (H', 1)]. (2.19)

In order to observe the current dependent AH — H ~ curves, at a given temperature,
the self-field induced by the transport current and the applied magnetic field must
be sufficiently low and comparable to the corresponding junction parameters since

M; << M,

2.6 YBa,;Cu307 (YBCO-123) System

The most extensively studied high temperature superconductor cuprate is
YBa,Cu307, or shortly YBCO-123 with 7; = 90 K. This compound was
discovered in 1986 by Wu et al. [78] and is the first compound of which Tt
exceeds the boiling point of liquid nitrogen (i.e., 77 K at 1 atm). It exhibits one of
the most interesting and complex relationships between chemistry, crystal

structure and physical properties of any ceramic material studied.
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It was found that the oxygenation procedure of YBCO-123 samples is very crucial
in obtaining best superconducting properties. In a typical sample preparation
procedure, YBCO-123 is formed with oxygen content close to six and then has to
undergo a phase transition from tetragonal to orthorhombic structure, including
the characteristic formation of twin boundaries. In principle, it is extremely
difficult to reach the x = 0 state within reasonable time periods [104-107]. Figure

2.11 shows tetragonal and orthorhombic phases of YBa,CuzO7.

Cu,,0,,04
Ba,0,

Cu, 0y

(@) (b)

Figure 2.11 Structures of (a) tetragonal YBa,Cu3Og, (b) orthorhombicYBa,Cu30-
(Xy is ab-plane, z is c-axis of the unit cell) [108].

As the other high-T, superconductors, YBCO-123 is a type-II superconductor.
The flux of charge carriers along their CuO, layers causes a high anisotropy in
these materials, whose physical properties in the ab-plane are different than those
along the c-axis direction. The main superconducting characteristics of YBCO-

123 are summarized in Table 2.1.
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Table 2.1 Main superconducting parameters of YBa,Cu3;O07 (YBCO-123) in the
ab-plane and along the c-axis direction at zero temperature. ¢ is the coherence
length, 4 the penetration length, J. is the critical current density, and H.; and H.,
are the lower and upper critical magnetic fields, respectively (data extracted from

references [108-110]).

ab-plane c-axis
<(0) (nm) 1543 0.3-0.7
A(0) (nm) 100—140 500-800
J(0) (A/em®
Oy @Aem) 1 oxio® | 525107
H1(0) (mT) 2-23 8-9
He(0) (T) 230624 70-122

2.7 Grain Boundaries in YBCO

It is believed that conductivity of grain boundaries of YBCO-123 arises from two
different channels of intergrain conduction. Weak links (Josephson tunnel
junctions or proximity junctions) between the superconducting grains are the
major channel that occupies about 99.9 % of the grain boundary area available for
the current but can not carry the supercurrent at high magnetic fields [90]. The
second channel is produced by microbridges of intrinsic intragranular material
(strong links) across the grain boundaries. Those microbridges occupy less than
0.1 % of the grain boundary area but they can carry supercurrent up to very high
magnetic fields. The grain boundaries in YBCO-123 are structurally and

compositionally heterogenous on a scale of 1-5 nm, which is comparable to the
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coherence length ¢ of YBCO-123 at 77 K. Low angle grain boundaries consist of

grain boundary dislocation cores and conductive, grain like channels [111].

Any change in the orientation of grain boundaries on the atomic scale strongly
affects the coupling between the grains, leading to a local decrease of J. due to
grain boundaries. Thus grain boundary misorientation controls the macroscopic J.
characteristics of YBCO-123 ceramic. The J; of bulk polycrystalline YBCO-123
has a maximum value of 10° A/cm® at 77 K which is about 1000 times less than
that (J. = 10° A/cm?) obtained for thin films and single crystals of YBCO-123.

This large difference has various origins:

(1) The strong dependence of J. on crystallographic orientation, which is
due to the intrinsic anisotropic properties of the YBCO-123 structure,

(i)  The oxygen content due to oxygen self-diffusion,

(iii))  The oxygen content dependence on the grain boundary misorientation,

(iv)  The quality of grain boundaries, either clean or damaged.

All these parameters are present simultaneously inside the grains and for each
grain boundary in the YBCO-123 structure. Therefore, J. results from a

combination of these physical properties.

The superconducting transition profile of YBCO-123 is also related to grains and

it can be divided into two regimes [31, 112]. The first regime, called the main

transition regime, corresponds to drop of resistance in the grains. It depends
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mainly on the chemical composition and on the oxygen stoichiometry of the
grains. The second regime is lying immediately below the main one and covers
the temperature range down to zero resistance. The current transport in this regime
is controlled by the grain boundaries (weak links) and corresponds to the
temperature range where the Josephson coupling energy of the weak link is
insufficient to overcome the thermal energy. This regime becomes broader in the
presence of defects in the grain boundaries (intergranular phases, misorientations,

oxygen deficiency, or cationic deficiency).

2.8 Effect of Doping Ag in YBCO-123

It is known that doping of silver in YBCO-123 ceramics improves significantly its
plastic, mechanical and electrophysical properties [113-115]. This is one of the
important methods of forming articles of arbitrary form of bulk, film or wire
YBCO-123 samples. In the doping process, there is no chemical reaction between
Ag and the YBCO-123 lattice and Ag atoms are not incorporated into the YBCO-

123 lattice.

Ag can fill the intergranular spaces and improve both mechanical and electrical
properties of YBCO-123 ceramic. Ag addition in YBCO-123 shows sizable
enhancement in the critical current density J. and reduction in the normal state
resistivity. Moreover, improvement in the flexibility and chemical stability of
YBCO-123 were reported without reduction in the superconducting transition

temperature 7, [116-118]. The J. enhancement implies better compactness, grain
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alignment, grain growth and flux pinning due to stress field in the YBCO/Ag
composites. The improvement in J, can be attributed either to improved coupling
between the superconducting grains or to stronger pinning of the intergranular
vortices induced by the presence of silver. With silver doping, the grain size is
increased and inter-grain current is decreased in YBCO-123 samples [119],
because Ag provides conductive paths between superconducting grains. Ag
doping reduces the thickness of effective grain boundaries and the critical current
density of the sample increases. Thus, doping Ag into YBCO-123 reduces the
“weak link” effects [120]. The presence of Ag between the YBCO-123 grains can
also provide a plastic flow region and relax undesirable residual stresses in the

ceramic sample resulting from the grain anisotropy of superconductors [121].

The normal state resistivity of the YBCO-123 samples decreases with Ag doping.
Normal state resistivity and critical temperature of YBCO-123 samples contain
important information associated with its granularity. The normal state resistivity
of a granular superconductor depends on mainly the distribution of grains, the

grain dimensions and inter-grain contacts [73].

Silver can be doped into YBCO-123 by different ways: By mixing with metallic
Ag[113-115], by mixing with AgO, [122-124], by electrochemical methods [125-
127], by diffusion of Ag [128, 129], and by mixing with AgNO; [121]. The first
two methods result in a random non-uniform distribution of Ag in the composite,
the third and fourth methods result in a non-random distribution of Ag on the

grain surface.
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In this work, the last method (by mixing YBCO-123 with AgNOs) has been
chosen, because AgNO; can distribute more uniformly in the YBCO-123 structure
and it is more efficient than mixing YBCO with pure Ag. The decomposition
temperature of AgNO; (Ty = 440 °C) is lower than the sintering temperature of
YBCO-123 samples and it is higher than the melting point of AgNO; (7}, = 212
°C). According to these special conditions, the mixture is brought to the AgNOs
melting point, at this stage the grains of YBCO-123 are wetted by the melt of
AgNOs. This allows better homogenization of the composite. In the next stage the
mixture is heated above Ty thus AgNO; decomposes and pure Ag is deposited on

the grain boundaries.
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CHAPTER 3

EXPERIMENTAL SET-UP

3.1 Sample Preparation

The polycrystalline YBCO-123 samples were prepared by the conventional solid
state reaction method [50] using high purity powders of Y,03;, BaCOs, CuO and
AgNO; (Aldrich Co). All the powders are of %99.99 purity. The powders were
weighted in the stoichiometric proportions by using an electronic balance
(Sartorius CP2245). The amount of Ag added was equal to 3% weight of nominal
composition of Cu in YBCO-123. The powders were mixed and grinded in an
agate mortar for approximately 2 hours in order to obtain a homogenous mixture.
The mixed powder was put in a alimuna (Al,O3) crucible for calcination. The
latter process was carried out at 930 °C for 12 hours in a microprocessor

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

After the calcination, the powder was reground and pestled in an agate mortar for
approximately 1 hour. Then, the powder was pressed with a pressure of 10
Tons/cm? into a disc shaped pellet with a diameter of 10 mm and thickness of ~

1.8 mm [Lightpath Optical (UK) LTD] in a stainless steel die for 5 minutes.
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In order to obtain the desired orthorhombic phase (i.e., the YBCO-123 phase), the
pellets were put again into the furnace and were sintered under oxygen (O;)
atmosphere with a pressure of ~ 1 atm at 950 °C for 12 hours. The pellets were
cooled down to the room temperature with a low cooling rate of 1 °C/min (Fig.
3.1(a)). The latter process (including grinding and sintering) outlined above was

repeated twice to raise the quality of the samples.

In the final step, to satisfy the sufficient O, absorption, the pellets were annealed
at 550 °C for 12 hours at O, atmosphere and then cooled down to room

temperature with a rate of 1 °C/min (Fig. 3.1(b)).
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Figure 3.1 Schematic thermal profile of (a) sintering and (b) annealing of Ag
doped YBCO-123 sample.
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The prepared Ag-doped and undoped YBCO-123 polycrystalline bulk samples
were cut by using diamond saw in the shape of rectangular prism with typical
dimensions of length £ = 4.0 mm, width w = 0.8 mm, thickness ¢ = 0.4 mm. Such
low sample dimensions are necessary to eliminate any Joule heating effects on the

current leads.

3.2 Structure Analysis

There are several ways to characterize the crystalline and morphological structure
of a material. In this work, three methods were employed to study material
structure: Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy
(EDS) and X-Ray Diffraction (XRD). The topography and morphology of a
polycrystalline superconducting YBCO/Ag sample was studied by SEM.
Information on the structures and phases of the sample was obtained through
X-ray diffraction patterns, and the composition of the YBCO/Ag sample was

analyzed using EDS.

3.2.1 Scanning electron microscopy (SEM) and energy dispersive

spectroscopy (EDS) of YBCO-123 samples

The microstructures of undoped and Ag-doped YBCO-123 samples were
investigated by SEM (JEOL 6390 — LV). Images were obtained by detecting the
secondary electrons emitted from the samples while an electron beam impinged

on the surface of the bulk samples.
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Figs. 3.2 (a) and 3.2 (b) show typical SEM micrographs for undoped YBCO-123
and Ag-doped YBCO-123 samples, respectively. It can be observed that Ag
particles are preferentially distributed along intergranular region of
superconducting structure forming amorphous metallic regions between grains.

Porosity is observed over the samples in both samples.

20kV  X1,500 10pm 0000 AIBU

20kV  X1,500 10pm 0000 AIBU

Figure 3.2 SEM photomicrographs of (a) undoped and (b) 3 wt % Ag-doped
polycrystalline YBCO-123 bulk samples. White shiny regions observed in SEM
are the images of Ag. The magnification of SEM images is 1500.
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The grain size of undoped and Ag-doped YBCO-123 samples was estimated by
using SEM photomicrographs. We found that the grain size of the undoped
sample varies between 3.75 — 33.75 um, whereas, for the Ag-doped sample, it
varies between 2.5 — 25 um. The grain size of the undoped sample is generally

greater than the doped sample.

Energy Dispersive Spectroscopy (EDS) is a chemical microanalysis technique
used in conjunction with SEM. In this study, EDS analysis was carried out to
investigate stoichiometry and chemical composition of the Ag-doped YBCO-123
sample. EDS analysis showed that amount of silver in YBCO/Ag is ~ 3.48 wt %.
Note that this value is comparable to the amount of doping of Ag into the

superconducting structure.

3.2.2 X-ray diffraction (XRD)

In this thesis, the XRD data were collected at room temperature using a Rigaku
D/Max-IIIC diffractometer with Cu K, radiation (A = 1.542 A) over the range 20
= 3°— 60° with a scan speed of 0.2° min"'. The XRD patterns of the undoped and
Ag-doped polycrystalline YBCO/Ag samples are presented in Figure 3.3. The
reflections indexed in the patterns (Joint Committee on Powder Diffraction
Standards (JCPDS) file) match almost the orthorhombic structure of YBCO-123

material and belong to the YBCO orthorhombic unit cell.
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For the Ag-doped YBCO sample, we could clearly identify two silver peaks of

Ag(111), Ag(200) reflections which indicate the presence of silver as a separate

metallic phase [129]. The lattice parameters a, b and ¢ were obtained from 20

values by least square refinement of Bragg equation, which are given in table 3.1.

The obtained lattice parameters are in agreement with published results [130-132]

(see Table 3.2).
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Figure 3.3 X — ray diffraction (XRD) patterns of (a) undoped, (b) Ag-doped

YBCO-123 samples.

Table 3.1 The lattice parameters a, b and ¢ for undoped and Ag-doped samples.

YBCO YBCO/ Ag (3%)
a (A) 3.8176 3.8236
b (A) 3.8882 3.8923
c(A) 11.6789 11.6942
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Table 3.2 The lattice parameters a, b and ¢ for Ag-doped samples (data extracted
from ref. [130])

Ag (%) 0.5 2.5 5.0

a (A) 3.8225 3.8227 3.8240
b (A) 3.8892 3.8904 3.8900
c (A) 11.6760 11.6790 11.681

3.3 Measurement Set-up

The transport measurements were carried out using the four point probe
technique. This method consists of attaching four contacts to the sample. The four
contact configuration is fundamental because it enables us to minimize the
contribution of spurious voltage signals due to current contacts. Copper wires with
diameter of 0.5 mm for current and voltage pads were attached to the sample by
using good quality silver paint (Electroday, 1415). The contact resistance
measured by using the three point method was of the order of 102 Q below 7 and

10" Q at room temperature.

After making contacts, the sample was placed carefully into a closed cycle

refrigerator [Oxford instruments, (OI) CCC1104]. Thus, the samples are ready to

be measured.

48



A block diagram of the measurement set-up is given in Fig. 3.4. All measurements
were carried out under PC control via an IEEE - 488 interface card. A temperature
stability better than 0.01 K was maintained during the measurements (OI, ITC-
503 temperature controller). The temperature was measured by using a calibrated
27 Ohm-Rhodium-Iron thermocouple (OI, Calibration number 31202). In the
experiments Keithley-2182A (nanovoltmeter) with a resolution of 1 nV and
Keithley 6221 (current source) were used in measuring the sample voltage and
applying the current, respectively. The nanovoltmeter was triggered for a
maximum of 61/2 digits, and its buffer was read directly within the integration
time of 100 ms in order not to cause any artificial effect. The measured sample
voltage is the average value of 5 readings for each data point. In all measurements
under external magnetic field, the magnetic field was generated by an

electromagnet (OI, N100 electromagnet).

Nanovoltmeter ] ( Interface
(Keithley — 2182 4) J L (IEEE — 488)
» [

Current Source
Sample

(Keithley — 6221) [ PC
. .

Temperature Controller

AT C - 503) J

Figure 3.4 Block diagram of the experimental set-up used in the measurements.

49



3.4 Current-Voltage Characteristics (/ — V' Curves) Measurements

In order to determine the current carrying capacity of the samples, current-voltage
(I — V) characteristics were measured at temperatures near 7. of the samples by
using the experimental set-up in Fig. 3.4. The critical current density (J;) of an
Ag-doped YBCO-123 polycrystalline bulk sample, whose results are presented in

this study, is ~40 A/ cm”at 7= 88 K by using the 1 pV/cm criterion.

In the -V measurements, the standard and reverse procedures were applied in
measuring the /-V curves in Ag-doped YBCO-123 samples. In the standard
procedure, the transport current (/) is increased from zero to a maximum value
(Imax) and then decreased from I,.x to zero. Thus, current-increase (CI) and
current-decrease (CD) branches are obtained, respectively. In the reverse
procedure, first /.« is applied and then it is decreased to zero; in final stage, the
applied current is increased from zero to /.. Thus, the reverse current-decrease
(RCD) branches and reverse current-increase (RCI) branches were obtained.
During the evolution of the / — V' curves, the sweep rate of transport current (d//dr)

is taken constant.

3.5 Electrical Transport Relaxation (V' — ¢ Curves) Measurements

The slow transport relaxation measurements (V' — ¢ curves) were carried out by

applying dc currents to the samples. An initial current (/;) is applied to the sample

and the evolution of the sample voltage was measured as a function of time. In
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order to create a quenched state, after reaching the steady state, the initial current
I, was reduced to a finite value /; (or interrupted) for the rest of the relaxation

Process.

The time evolution of the sample voltage (V' — ¢ curves) was also measured by
applying bi-directional square wave (BSW) current [with long period (P) and
different amplitudes] at zero magnetic field (H = 0) and by applying magnetic
field (H). For our purpose, the commercial current source (Keithley-6221) and the
nanovoltmeter (Keithley-2182A) are adequate to produce such BSW currents, and
to read low voltage levels with high precision. Just after the driving current is
applied, we started to measure the sample voltage developing along the sample as
a function of time. Thus, monitoring of all details of the time evolution of the

sample-voltage including the transient effects becomes possible.

3.6 Magnetovoltage (V' — H curves) Measurements

The magnetovoltage (V' — H curves) measurements were carried out as functions
of the temperature (7)), magnitude of the transport current (/), and the sweep rate
(dH/df) of the applied magnetic field (IEI ) forH L 1. To be able to see the time
effects in the V' — H curves, the value of dH/dr is of crucial importance. The
magnetic field was swept in the forward and reverse regions in which the polarity

of H was changed with different dH/ds values. The speed of measurement was
always greater than that of the field-sweep rate dH/d¢; otherwise it was impossible

to measure the sample voltage properly as dH/d¢ is varied.
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CHAPTER 4

EXPERIMENTAL RESULTS

In this chapter, experimental results of the transport, transport relaxation and

magneto-voltage measurements are presented.

4.1 Resistivity versus Temperature Measurements on the Ag-Doped YBCO

Sample

A typical example for the resistivity versus temperature (p— 7 curve) of Ag-doped
YBCO (YBCO/Ag) sample is given in Fig. 4.1. The critical temperature 7; of the
sample at zero magnetic field is found as ~ 92 K from the derivative of the
resistivity with respect to temperature (i.e. the dp/ dT — T curve) which is given in
the inset of Fig. 4.1. The width of transition region AT; is about 0.3 K at zero
applied field, which is consistent with those of given in the literature [31]. The p—
T curve in the normal state shows nearly a metallic behavior and the resistivity
decreases with decreasing temperature until the superconducting transition occurs.
Note that the normal state resistivity (p,) of the YBCO/Ag sample at room
temperature is less than 0.1 mQ-cm. This value is much smaller than that of
undoped polycrystalline YBCO sample with p, ~ 1.5 mQ-cm and reflects directly

the effect of Ag doping on transport properties of YBCO ceramics.
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Figure 4.1 The resistivity of the bulk polycrystalline YBCO/Ag sample as a

50

function of temperature. The inset shows the derivative of resistivity with respect

to temperature (dp/ d7). p, 1s defined as the grain boundary resistivity.

The zero temperature intercept of the normal state resistivity (~ 10 u€2-cm) can be

attributed to the grain boundary resistivity p,. The magnitude of p, reveals that the

coupling between grains is enhanced significantly by adding of Ag to YBCO.

4.2 Current — Voltage Characteristic (/ — V' Curve) Measurements

Figure 4.2 shows example for the hysteretic and non-linear / — V curves of the
YBCO/Ag sample measured using the standard procedure at temperatures
T=85K, 84 K and 82 K with current sweep rate d//d¢ = 0.312mA/s and applied

magnetic field values of H=10mT and H =20 mT. The magnetic field was
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Figure 4.2 The I — V' curves of the YBCO/Ag sample measured using the
standard procedure with d//df = 0.312 mA/s and applied magnetic field H = 10
mT and 20 mT, at (a) 7 =85K, (b) T = 84 K, (¢) T = 82 K. The arrows show
the direction of sweeping of the applied current. CI and CD with the arrows

indicate the current-increase and current-decrease branches of the /-7 curves upon
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cycling of the transport current, respectively.
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oriented perpendicular to the transport current (4 L I ). Each I — ¥ curve consists
of two branches: The current-increase (CI) branch measured as the current is
increased from zero to a maximum current value I, (= 30 mA) and the current-
decrease (CD) branch measured as the current is decreased from Iy« to zero.
Upon cycling the transport current, all / — ¥ curves exhibit a hysteretic and non-
linear behavior. We also observed several drops and jumps in the / — V curves,
especially for those obtained at H = 20 mT. The voltage drops and jumps are quite
prominent in the /— V curves measured at H =20 mT and temperatures 7= 82 K,
84 K and 85 K. However, the / — V curves measured at H = 10 mT exhibit more
stable behavior when compared to those measured at H = 20 mT. The results
indicate that such instabilities (jumps and drops in the sample voltage) depend
mainly on the magnitude of the applied magnetic field. On the other hand, upon
cycling the transport current, upward and downward curvatures were observed in

the CI and CD branches of the / — V' curves, respectively.

The voltage dissipation observed in the / — V' curves in Fig. 4.2(a) and Fig. 4.2(b)
increases with increasing the magnitude of external magnetic field, which can be
attributed to the magnetoresistance effect. However, at 7= 82 K the / — V' curves
measured at H = 20 mT nearly collapse on the ones at H = 10 mT, (Fig. 4.2(¢c)),
although a voltage increase is expected when H is increased from 10 to 20 mT. As
a first approximation, this observation can be correlated with the constant flow of
flux lines along the sample, and we suggest that the measured voltage falls in the

regions where the magnetoresistance does not change, i.e. steady state region.
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Figure 4.3 shows the hysteretic / — V' curves of the YBCO/Ag sample measured at
T = 84 K with different sweep rates (d//d¢) varied from 1.25 to 0.312 mA/s for

H=10mT and 20 mT. We note that the line shape of / — ' curves dramatically

3.0 3.0
T=34K T=84K
| dia=125mA " dlid=1.25 mAVs
> 20 H=10mT 2.0
=
N
> 1.0!
(d)
005*—5 "% H m 00554 5
3.0 3.0
T=834K T=84K
[ did=0625mAs " dlidt=0.625 mA's
> 20 H=10mT 20tH=20mT
=
N
> 10} 1.0}
0.0 = 20 00 TR
“0 5 10 15 D Y05 10 15 D
3.0 3.0
T=84 K T=84K
—~ | did=0312mAss did=0312mAls &
>1 2.0\ H=10mT 2.0' H=20mT
> 10 1.0/
e (0
0.03 10 15 2D 0055 —% B

I(MA) I(MA)
Figure 4.3 The / - V curves of the YBCO/Ag sample measured by the standard
procedure at 7= 84 K and H = 10 mT with (a) dZ/dt = 1.25 mA/s, (b) d//dt =
0.625 mA/s, and (¢) d//dt = 0.312 mA/s; at T= 84 K and H =20 mT with (d) d//d¢
= 1.25 mA/s, (e) dI/dt = 0.625 mA/s and (f) d//dt = 0.312 mA/s. The arrows show

the direction of sweeping of the applied current.
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changes by varying d//dz. Figure 4.3 (a) reveals that the voltage corresponding to
the CI branch of the / — V curve measured at H = 10 mT increases non-linearly
with the current and then a voltage jump occurs at / ~ 14 mA. The non-linear
behavior is also observed for the CD branch together with a voltage drop at
around 12 mA, which can be considered to have the same origin with the voltage
jump on the CI branch. On the other hand, as d//d¢ is decreased from 1.25 mA/s to
0.312 mA/s, the voltage jumps or drops and plateau regions developing on the
I — V curves disappear [Fig. 4.3(c)]. As the external magnetic field is increased
from 10 mT to 20 mT, in addition to the enhancement in the measured dissipation,
the voltage jumps and drops become more pronounced for both the CI and CD
branches of the / — V curves [Figs. 4.3(d)-4.3(f)]. Furthermore, the number of the
voltage jumps and drops also increased as compared to those observed at H = 10
mT. It seems that, in one hand, the magnitude of external magnetic field provokes
the instabilities together with the variation of current sweep rate, in the other
hand, it affects directly the line shape of the 7/ — V' curves. Finally, the instabilities
on the / — V curves measured for d//dt = 0.312 mA/s at H= 20 mT in Fig. 4.3(f)

are not observed as in the case in Fig. 4.3(¢).

In order to study the effect of the maximum current (/,.x) on the evolution of the
I — V curves, I.x was increased from 20 mA to 40 mA. The measurements were
repeated under the same experimental conditions as in Figs. 4.3(d)-4.3(f). It is
seen from Figs. 4.4(a)-4.4(c) that the stepwise behavior of the I — V' curves
remains in the current range 20 — 40 mA. For d//df = 0.312 mA/s, the number of

voltage drops and jumps decreases and the instabilities disappear
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Figure 4.4 The / — V' curves of the YBCO/Ag sample measured at 7= 84 K and
H =20 mT by the standard procedure for (a) d//dt = 1.25 mA/s, (b) dI/dt =
0.625 mA/s, and (c¢) d//dt = 0.312 mA/s. The maximum current /., was 40 mA.

The arrows show the direction of sweeping of the applied current.
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below 20 mA for both the CI and CD branches of the I — V curves. We also
observe that the maximum voltage dissipation (Vi.x) measured at /,.x = 40 mA is

practically independent of the current sweep rate.

Figure 4.5 shows the results of / — V' measurements made under the same
experimental condition as in Fig. 4.4, but I,,x was taken as 50 mA. The [ — V
curve measured with d//dt = 1.25 mA/s, exhibits a stepwise structure in the whole
current range considered. For current sweep rates of 0.625 and 0.312 mA/s, the
stepwise behavior becomes more rounded and the / — V' curve demonstrates a

negative differential resistance.

Figure 4.6 shows a set of / — V' curves for the YBCO/Ag sample measured under
the same experimental condition as in Fig 4.3, but at a lower temperature (7 = 82
K) and I,,,x = 40 mA. At this temperature, voltage drops and jumps, and plateau
regions develop for both the CI and CD branches of the 7 — V curves (Figs. 4.6(a)-
4.6(c)). As in the case of / — V' measurements represented above, the instabilities
decrease with decreasing d//d¢. The maximum dissipation measured at /y,.x = 40
mA is essentially independent of d//d¢, for instance, the sample voltage measured
at In.x = 40 mA is ~ 7 pV for all current sweep rates employed in the
measurements. As the external magnetic field is increased from 10 mT to 20 mT,
the voltage instabilities shift to relatively lower values of the applied current
(Figs. 4.6(d)-4.6(f)). For instance, for d//d¢ = 0.625 mA/s, the first voltage jump
appears at about 15 mA for the CI branch of the / — V' curve measured at H = 10

mT (Fig. 4.6(b)) whereas, for H =20 mT, it occurs at about 13 mA (Fig. 4.6(e)).
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Figure 4.5 The I - V curves of the YBCO/Ag sample measured at 7= 84 K and H
= 20 mT by the standard procedure for (a) d//d¢ = 1.25 mA/s, (b) d//dt = 0.625

mA/s, and (¢) d//dt = 0.312 mA/s. The maximum current /,,x was 50 mA. The

arrows show the direction of sweeping of the applied current.

60



V(uV)

V(uV)

V(uV)

T=82 K
IH=10 mT
dli/dt=1.25 mA/s

(@)

/
0 10 20 30 40

Srmaar D
6/H=10 mT '
dlidt=0.625 mAJs_
4_
2_
N N
10 20 30 40
8
T=82K D
6lH=10 mT
4_
2_
)A.

I(mA)

8

T=82 K
6H=20 mT C'D/

dl/dt=1.25 mA/s
4_
2l
0 (d)
0 10 20 30 40
8

T=82 K CD
6H=20 mT / a2
4 o
2l
N
0 10 20 30 40
8T=82K cD
6_H=20 mT
4}
2l

(f)

I(MA)

Figure 4.6 The I - V curves of the YBCO/Ag sample measured at 7= 82 K by the
standard procedure for d//d¢ = 1.25, 0.625 and 0.312 mA/s at H = 10 mT (a)-(c)
and at H = 20 mT (d)-(f). The maximum current /.« is taken as 40 mA. The

arrows show the direction of sweeping of the applied current.
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On the other hand, despite the increase in instabilities, the increase in magnetic
field does not cause any difference in the measured dissipation as the current is
swept from 0 to /.y = 40 mA (Fig. 4.6). This finding supports our suggestion that
the measured dissipation associated with flux motion stays within the region
where the magnetoresistance does not change, as mentioned earlier (see Fig.

4.2(c)).

Figure 4.7 shows the / — V curves of YBCO/Ag sample measured under the same
experimental conditions given in Fig. 4.3. However, the / — V curves in Fig. 4.7
are measured by using the reverse procedure. In the reverse procedure, the applied
current is first decreased from /. to O (the reverse current decrease branch,
RCD), and then, increased from 0 to /. (the reverse current increase branch,
RCI). Measurements of the / — V curves by the reverse procedure provide a useful
tool to study the surface effects and the penetration of the transport current (or

associated vortices) from the outer surface of the YBCO/Ag sample.

Figure 4.7, presents the results of such measurements on the YBCO/Ag sample at
T=84 K, H=10 and 20 mT, and at the current sweep rate d//d¢ varied from 1.25
to 0.312 mA/s. Upon cycling the transport current, the / — V curves exhibit
hysteretic behavior as those obtained by using the standard procedure. However,
there are some difference between the / — V' curves obtained by the standard
procedure (Fig. 4.3) and reverse procedure (Fig.4.7). First, the voltage jumps,
drops and plateau regions for the RCI and RCD branches are more pronounced

than those for the CI and CD braches.
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Figure 4.7 The I — V curves of the YBCO/Ag sample measured at 7= 84 K by the
reverse procedure for d//dt = 1.25, 0.625 and 0.312 mA/s at H = 10 mT (a)-(c)
and at H =20 mT (d)-(f). /nax is taken as 20 mA. The arrows show the direction

of sweeping of the applied current.
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Second, the measured dissipation in the / — V curves depicted in Figs. 4.7(a) —
4.7(f) is higher than those in Fig. 4.3, especially for H = 10 mT. It is also seen
from Figs. 4.7(a)-(c) that a measurable voltage (~ 2 uV) develops immediately for
all d/Z/dt values considered as I.x = 20 mA is applied to the sample. At the
beginning of the RCD branch, the sample voltage achieves values of ~2 pV and
~ 3 uV for H = 10 and 20 mT, respectively. In addition, the instabilities in the
RCD branch measured at 4 = 20 mT for d//df = 0.312 mA/s begin to appear at

about 17 mA.

Figure 4.8 shows the / — V curves measured by using the reverse procedure at
T=282K and H =10 mT, for df/d¢t = 1.25, 0.625 and 0,312 mA/s. In order to
asses the effect of temperature on the / — V" curves, the maximum current /;,,x was
taken the same (20 mA) as in Fig. 4.7. It is seen from the RCD branch of the /—
curve in Fig. 4.8(a) that a voltage drop evolves at about /= 12 mA. However, for
the RCI branch of the same / — V curve, an abrupt voltage jump appears at / ~ 16
mA, which is greater than the voltage drop observed for the RCD branch.
Differently from the / — V curves measured at 7 = 82 K (Fig. 4.7(a)), both the
RCD and RCI branches almost collapse on the same curve for / < 10 mA (Fig. 4.8
(a)). For the other current sweep rates, the / — V' curves are rather smooth and do
not show any voltage drops or jumps upon cycling the applied current. Another
observation is that the voltage dissipation measured at /;,,x = 20 mA for the RCI is

somewhat smaller than that of measured for RCD one.
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Figure 4.8 The / - V curves of the YBCO/Ag sample measured at 7= 82 K and
H = 10 mT by reverse procedure for (a) d//ds = 1.25 mA/s, (b) d//dt = 0.625
mA/s, (¢) dI/dt = 0.312 mA/s. In.x was 20 mA. The arrows show the direction of

sweeping of the applied current.

In order to observe the effect of maximum current /. on the evolution / — V
curves, the applied maximum current was increased from 20 mA to 30 mA.
Figure 4.9 shows the / — V' curves measured at the same experimental conditions

as those in Fig. 4.8. It is observed that there is an increase in the number of
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Figure 4.9 The [/ — V curves of the YBCO/Ag sample measured at 7 = 82 K and
H = 10 mT by reverse procedure for (a) d//dt = 1.25 mA/s, (b) dI/d¢t = 0.625
mA/s, (¢) dI/dt = 0.312 mA/s. Iy.x was 30 mA. The arrows show the direction of

sweeping of the applied current.

instabilities on the / — V' curves obtained for d//df = 1.25 and 0.625 mA/s.
However, for d//d¢ = 0.312 mA/s, the / — V' curves do not show any instability.

The results show that low current sweep rates results in smooth curves of both
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RCD and RCI branches. But we expect that the instabilities observed in the / — V'

curves will begin to appear with increasing the value of [x.

In line with this expectation, the maximum current /,,,x was increased from 30 to
50 mA and / — V measurements were carried out at the same experimental
conditions considered in Fig. 4.9 by applying H = 10 and 20 mT. Figure 4.10
shows the experimental results. The number of instabilities on the RCD and RCI
branches of the / — V curves increases as the magnetic field is increased from 10 to
20 mT, and the current values where the instabilities occur shift to lower values.
For instance, the first voltage jump on the RCI branch of / — V' curve measured for
d//dt=0.312 mA/s at H =10 mT appears at about 43 mA whereas, at H =20 mT,
the first voltage jump appears at / ~ 21 mA. Thus, the / — V' curves exhibit
instabilities even at low values of d//d¢. To prevent such instabilities in the / — V'
curves, it seems that d//d¢ should be decreased below 0.312 mA/s for I = 50
mA. Note also that the 7 — V' curves in Figs. 4.10(d)-4.10(f) are more reversible
when compared to those in Figs. 4.10(a)-4.10(c), as the applied magnetic field is
increased from 10 mT to 20 mT. More reversibility implies that the flux lines can
follow nearly the same flow paths for the RCD and RCI branches and the flux

motion associated with those branches does not differ much from each other.
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Figure 4.10 The / — V curves of the YBCO/Ag sample measured at 7 = 82 K by
reverse procedure for d//dt = 1.25, 0.625 and 0.312 mA/s at H = 10 mT (a)-(c)
and at H = 20 mT (d)-(f). Imax Was 50 mA. The arrows show the direction of

sweeping of the applied current.
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4.3 Time Effects and Transport Relaxation Measurements

The steady state response of the polycrystalline YBCO/Ag sample to a driving
current can be changed dramatically by increasing the magnitude of the driving
current or reducing it to a finite value or interrupting it completely, which leads to
several implications on the evolution of the V' — ¢ curves. In measuring the V — ¢
curves, a dc driving current /; (the initial current) was applied to the sample for a
while (i.e., 60 s) to achieve a steady state, and, then, suddenly changed from /; to a
lower finite value (/;) which was kept in the rest of the relaxation process, up to
120 s. In the mean time, the sample voltage is recorded continuously as a function

of time.

4.3.1 Time evolution of sample voltage (V' — ¢ curves)

Figure 4.11 shows the V' — ¢ curves measured at 7= 89 K and H = 0 for /; = 50
mA and I, = 0, 8, 22, 26, 30, 34, and 42 mA. As [, is applied to the sample, at the
beginning of the relaxation process, there is a rapid increase in the sample voltage
up to ~ 3 s, and, then, following a small shoulder at ~ 12 s, which can be
considered as an onset of a steady state of moving entity, the sample voltage
levels off. When the driving current is abruptly reduced from 7, to />, the sample
voltage first drops sharply, then, after a small hump, the sample voltage decreases
smoothly, and, for ¢ > 80 s, it becomes practically independent of time. However,

as the initial current is switched to zero, the sample voltage drops abruptly to zero,
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Figure 4.11 The V' —¢ curves of the YBCO/Ag sample measured at 7= 89 K and
H = 0 for selected currents of I, with /; = 50 mA. The bold solid lines, for ¢ > 60 s,
are the curves calculated from Eq. 2.13 The inset shows a schematic

representation of the driving current applied to the sample.

without exhibiting any relaxation. This indicates that, within the time response of
the experimental set-up used in the study, there is no residual (or trapped) voltage
inside the sample to be relaxed. The bold solid lines in Fig. 4.11 (for £ > 60 s) are

the curves calculated from Eq. 2.13 by taking ¢, as fitting parameter.

Figure 4.12 shows the V' — ¢ curves of the YBCO/Ag sample measured at 7= 89 K
and H=0, for /; =40 mA and 1, =0, 14, 18, 22, 26, 30, 32, 34, and 36 mA. At the
beginning of the relaxation process, the sample voltage response to the initial
current /; is similar that in Fig. 4.11 Within about ~ 8 s, the initial rapid increase

slows down and levels off at about # = 12 s, which implies the presence of a
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Figure 4.12 The V — t curves of the YBCO/Ag sample measured at 7= 89 K and
H =0 for selected currents of I, with /; =40 mA. Bold solid lines, for > 60 s, are
the curves calculated from Eq. 2.13. The inset shows a schematic representation

of applied current.

current-induced correlated motion. When the initial current /; is suddenly reduced
to I, a sharp drop in the sample voltage is observed and the sample voltage
decreases smoothly to a finite value as the time progresses. In addition, there is a
hump in the V' — ¢ curves at the beginning of relaxation process, for all current
values, except I, = 0 and 36 mA. The bold solid lines in Fig. 4.12 are the curves

calculated from Eq. 2.13 by taking ¢, as fitting parameter and o = 1.
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To further assess the effect of the initial current /1, ¥ — ¢t measurements were
carried out at a lower value of /;. Figure 4.13 presents the V' — ¢ curves of the
YBCO/Ag sample measured at the same experimental conditions as those in Fig.

4.12, but for I; =30 mA and I, = 10, 18, 22, and 26 mA. Although the general

V(uV)

Figure 4.13 The V' — ¢ curves of the YBCO/Ag sample masured at 7 = 89 K and
H = 0 for selected currents /; = 30 mA and /, =10, 18, 22 and 26. Bold solid line,
for ¢t > 60 s, is the curve calculated from Eq. 2.13. The inset shows a schematic

representation of applied current.

behavior of the V' — ¢ curves are similar to that in Figs. 4.11 and 4.12, there are
some differences to be noted. First, as /; is suddenly decreased to I, =26 mA, no
sharp drop is observed in the sample voltage, which decays smoothly with time.
Second, when /; (= 30 mA) is reduced to I, the humps observed in the V — ¢

curves for high values of /; (Figs. 4.11 and 4.12) now disappeared for all values of
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I, (see Fig. 4.13). In addition, the measured sample voltage tends to decay
towards lower dissipation values as the time evolves. This implies that the
dynamic process associated with pinning and depinning still continues inside the
sample and the process develops in favor of pinning. The bold solid line given in

Fig. 4.13 is the curve calculated from Eq. 2.13 by taking ¢, as fitting parameter.

In order to assess the effect of temperature on the evolution of the V' — ¢ curves,
measurements were performed at 7 = 88 K and H = 0, but the other experimental
conditions were the same as in Fig. 4.11. Figure 4.14(a) presents the V' — ¢ curves
of the YBCO/Ag sample measured at 88 K and H = 0, for /; = 50 mA and I, = 46,
42, 38, 34, 30, 18, and 0 mA. The initial current /; was taken as 50 mA, because
for I; < 50 mA the sample voltage was too small to be measured by the
measurement system used in the study. It is seen from Fig. 4.14(a) that there is a
gradual non-linear increase in the sample voltage at early times of the relaxation
process. As the time progresses, the sample voltage levels off at # ~ 16 s. When [,
is suddenly reduced to 1>, the sample voltage decreases smoothly with time for all
values of [;. This is in contrast to the V' — ¢t measurements made at 7= 89 K (see
Fig. 4.11), in which the sample voltage showed a sharp drop before decaying. The
smooth decay in sample voltage in Fig. 4.14(a), takes a certain time #;, which
depends on the value of 7, and, then, the voltage becomes independent of time.
Here, £ is the time elapsed from the beginning of the voltage decay to the time
where the voltage levels off. The variation of # with I, is given in Fig. 4.14(b):
There is a non-linear relation between ¢ and 7,. The bold solid lines in Fig. 4.14(a)

are the curves calculated from Eq.2.13 by taking ¢, as fitting parameter.
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Figure 4.14(a) The V' — ¢ curves of the YBCO/Ag sample measured at 7 = 88 K
and H = 0 for ,=46, 42, 38, 34, 30, 18, and 0 mA. The inset shows a schematic

presentation of applied current. Bold solid lines are the curves calculated from Eq.

2.13.
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Figure 4.14(b) The variation of time #; with /,. The data are extracted from the
V' —t curves given in Fig. 4.14(a). The full line through the experimental data is a

guide for the eyes.
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4.3.2 The effect of external magnetic field on the evolution of V'— ¢ curves

The influence of the external magnetic field on the V' — ¢ curves can be seen from
the Figs. 4.15 — 4.17. Here, low temperature and low initial current values were
selected in obtaining the V' — ¢ curves, because the voltage dissipation measured
under external magnetic field increased markedly when compared to that

measured at zero magnetic field.

Figure 4.15(a) presents the V' — ¢ curves measured at 7= 85 K and H = 10 mT for
I, =20 mA and I; = 16 mA, and 12 mA. At the initial stage of the relaxation
process, the voltage rise is quite sharp and the sample voltage levels off within a
very short time (less than ~ 1 s) as compared to that extracted from V' — ¢ curves
measured at H = 0 (see Fig. 4.11). When the current is abruptly reduced from /; to
b, the voltage drops sharply and a steady state is reached rapidly. These
observations could be related to destruction of the coherent state of weak link

structure due to the application of magnetic field.

Figure 4.15(b) shows the V' — ¢ curve measured at the same experimental
conditions as in Fig. 4.15(a), but for /; = 6 mA and I, = 4 mA. A very rapid
voltage rise is observed at the beginning of the relaxation process as in the Fig.
4.15(a). The smooth voltage decay resembles that observed for V' — ¢ curves in Fig.

4.13 for I, = 26 mA and Fig. 4.14(a).
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Figure 4.15(a) The V' — ¢ curves of the YBCO/Ag sample measured at 7= 85 K
and H = 10 mT, for /1 = 20 mA and I, = 12 and 16 mA. The bold solid line is
calculated from Eq. 2.13.
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Figure 4.15(b) The V' — t curve of the YBCO/Ag sample measured at 7 = 85 K
and H= 10 mT, for /; = 6 mA and [, = 4 mA.
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The measurements were performed at the same experimental conditions given in
Fig. 4.15(a) but at 7 = 84 K. Figure 4.16 shows the V' — ¢ curves of YBCO/Ag
measured at 7 = 84 Kand H = 10 mT for /; = 20 mA and I, = 12 mA and 16

mA. The initial increase of the voltage response is very sharp , then the sample

2
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0 20 40 60 80 100 120 140
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Figure 4.16 The V' — ¢ curves of the YBCO/Ag sample measured at 7= 84 K and
H =10 mT for I; = 20 mA and I, = 12 and 16 mA. The bold solid line is
calculated from Eq. 2.13.

voltage decreases slightly with time and becomes nearly constant up to about 60 s.
When 7, is reduced to I, = 16 mA, the sample voltage decrease smoothly with a
line shape similar to that in /' — ¢ curves in Figs. 4.14(a) and 4.15(b). However, for
I, = 12 mA, an abrupt voltage drop, which resembles a switching case, is
observed, and the measured dissipation is nearly constant in the time interval of

60 - 120 s, indicating that the relaxation effects disappear.
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The external magnetic field is increased to H = 14 mT to further observe its effect
on the V' — t curves. Figure 4.17 shows the V' — ¢ curves of YBCO/Ag measured at

T=84 K and H=14 mT, for ;=20 mA and ,=4, 8, 12, and 16 mA.

(YRR p e T —
S R R e e et | 1_20 m A
~
e
Rt 2
1 | (( R SRR
O | | [CCGUURC QR (@)
1 1 1

0 20 40 60 80 100 120 140

t(s)

Figure 4.17 The V' — ¢ curves of the YBCO/Ag sample measured at 7= 84 K and
H=14mTforl; = 20mA and I, = 4,8, 12, and 16 mA.

The relaxation process at early times is similar to that of observed in Fig. 4.16.
However, the initial decrease in the sample voltage in the time interval of 0 - 60 s
is not so prominent as in Fig. 4.16. When the initial current /; is reduced to I, the
sample voltage drops abruptly and the quenched state levels off within a very

short time.
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4.4 Voltage Oscillations in YBCO/Ag Sample and Influence of Bidirectional

Square Wave (BSW) Current on the Evolution of V' —¢ Curves

In this section, we investigate the influence of bi-directional square wave (BSW)
current with various periods (P), and amplitude on the voltage-time (V' — ¢) curves
in polycrystalline YBCO/Ag sample at different temperatures (7) and external
magnetic fields (H). It was observed that a non-linear response seen in V — ¢
curves to BSW current with sufficiently short periods or sufficiently low

amplitude reflects itself as regular sinusoidal — type voltage oscillations.

4.4.1 Influence of the period of BSW current on V-7 curves

Figures 4.18(a) - 4.18(d) illustrate the time evolution of the sample voltage
measured at 7 = 89 K for a BSW current of amplitude 15 mA at periods P;= 10,
14, 20 and 40 s at zero magnetic field. The upper panel in Fig. 4.18 depicts the
time dependence of the driving current. The sample voltage response to the BSW
current evolves in the shape of regular sinusoidal voltage oscillations for all
periods, except the one for Py= 40 s. The V' — ¢ curve measured for BSW current
with P;=40 s (Fig. 4.18(d)) exhibits oscillations resembling the variation of BSW
current with time (Fig. 4.18(a)). It is also observed that the amplitude of voltage
oscillations increases gradually with increasing the period P;, which can be
attributed to the relaxation effects intervening during the process. In addition, the
difference between the periods of the BSW current drive and sample voltage

response is negligibly small, which can cause a phase difference between them.
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Figure 4.18 Time evolution of the sample voltage measured for a BSW current
with amplitude 7/ = 15 mA and period P;: a) 10 s, b) 14s, ¢) 20 s, and d) 40 s. The
measurements were made at 7 = 89 K and H = 0. The top panel shows

schematically the BSW current applied to the sample.
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To assess the influence of the amplitude of BSW current on the evolution of
voltage oscillations, V' — ¢ measurements were carried out at 7 =89 K and H =0
for BSW current with a period P; = 20 s and amplitudes of /=16 mA and 18 mA
(Fig. 4.19). Figure 4.19(a) shows the regular sinusoidal-type voltage oscillations
evolving for / = 16 mA, which are similar to those in Figs. 4.18(a)-4.18(c). The
current-induced oscillations are essentially symmetric with respect to zero axis,

and the measured voltage amplitude is about 0.3 uV. The V' — ¢ curve measured for

P=20s
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Figure 4.19 Time evolution of the sample voltage measured at 7 = 89 K and

H =0 for BSW current with a period P; =20 s and amplitudes a) / = 16 mA, b) /

= 18 mA. The top panel represents schematically the BSW current applied to the

sample.
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I = 18 mA (Figure 4.19(b)) reveals that the amplitude of voltage oscillations
increased slightly and the line shape of voltage oscillations resembles that of the

BSW current in time.

The effect of the external magnetic field (H) on the evolution of the voltage
oscillations is demonstrated in Fig. 4.20. The measurements were performed at
T = 89 K for external magnetic fields of H =10, 16 and 20mT. The amplitude and
period of the BSW current were / = 4 mA and P; = 10 s, respectively. The V — ¢
curve measured at /= 10 mT exhibits sinusoidal-type regular voltage oscillations
(Fig 4.20(a)). However, the line shape of the oscillations in the V' — ¢ curves
measured for H = 14 and 16 mT differs from that measured for # = 10 mT.
Figures 4.20 (b) and 4.20(c) demonstrate that the voltage response of the sample
evolves in two stages. In the early stage of the voltage response, the oscillations
have the regular sinusoidal-type line shape with a low amplitude of ~ 0.2 uV, and,
as the time progresses, the oscillations change their character. The first voltage
jump (or drop) occurs at ~38 s and ~ 43 s on the V' — ¢ curves measured at H = 16
mT and H = 20 mT, respectively. After the time values where the voltage jump (or
drop) occured, the time variation of the voltage response of the sample (with a
relatively larger amplitude of ~ 0.5 uV) resembles the line shape of the BSW

current.
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Figure 4.20 Time evolution of the sample voltage measured for BSW current
(with amplitude / =4 mA and period P; = 10 s) at 7= 89 K and external magnetic
fields: a) H = 10 mT, b) H = 16 mT, and ¢) H = 20 mT. The top panel shows

schematically BSW current.

4.5 Magnetovoltage (VV— H Curves) Measurements

The magnetovoltage (V' — H curves) measurements on the YBCO/Ag were carried

out for a constant dc transport current (/) by sweeping the external magnetic field
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up [field increased branch (FIB) of the forward region (FR)] and down [field
decreased branch (FDB) of the forward region (FR)] in the range 0 — 60 mT. The
V' — H curve measurements were also made, after the polarity of the magnetic field

is reversed [reverse region (RR)]. In all ¥ — H measurements, the applied

magnetic field was perpendicular to the transport current (H L 7). The V — H
curves were measured at selected values of temperature, transport current, and

magnetic field sweep rate (dH/d¥).

4.5.1 Hysteresis effects in the V' — H curves measured at different sweep rates

of the external magnetic field (dH/dt)

Figure 4.21(a) shows the hysteretic /' — H curves measured at 7 = 88 K for
selected values of the dc transport current 7 = 10, 15, 20, 30, and 40 mA with a
fixed magnetic field sweep rate dH/dt = 0.50 mT/s. The measurements were
carried out in five stages for each value of /. The corresponding stages are
observed better in the replotted of V'— H curve taken for /=20 mA in
Fig. 4.21(b). The external magnetic field is cycled up (FIB) and down (FDB) in
the FR and, then, the external magnetic field is cycled up and down in the RR. In
the final stage, the magnetic field was increased from 0 to 60 mT (FIB in the FR)
and the measurement was finished at Hy,,x = 60 mT. In the FR, at the beginning of
the measurements for FIB, the V' — H curve starts from zero for all current values
and reaches a nearly steady state as the magnetic field is increased towards 60 mT.

As the magnetic field is decreased from Hy,ox = 60 mT to 0, for the FDB in the FR,
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Figure 4.21(a) Magnetovoltage (V' — H) curves of the YBCO/Ag sample
measured at 7 = 88 K for selected values of the transport current /= 10, 15, 20, 30
and 40 mA, with a fixed magnetic field sweep rate dH/dz = 0.50 mT/s. The arrows

show the direction of sweeping of the external magnetic field.
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Figure 4.21(b) Replotted of magnetovoltage (V' — H) curve given in Fig. 4.21(a)
for better observation of the stages of hysteresis cycle. The current is taken as [ =

20 mA.
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a clockwise (cw) hysteresis effect appears over the whole magnetic field range
considered and the sample stays in a resistive state down to H = 0. We note that,
for H> 30 mT, the V' — H curves are essentially reversible. As the magnetic field
is decreased down to zero (FDB in the FR), the measured sample voltage
dissipation does not become zero. This finding indicates that there is a residual
voltage at H = 0 which increases with increasing the transport current from 10 to

40 mA.

A similar case is observed in the reverse region (RR) where the polarity of
magnetic field is reversed. In the third stage of ' — H curves, a non-linear increase
in the measured voltage dissipation is observed and voltage dissipation becomes
approximately constant as in the FR. In the fourth stage of V' — H loops, the
measured dissipation decreases with decreasing the magnitude of H in the
counterclockwise (ccw) direction and passes through a minimum before H
becomes zero. After the minimum value, although IFI | is decreased, the sample
voltage increases non-linearly and reaches a maximum value at H = 0. In fifth
stage of the evolution of hysteresis loops where the magnetic field is again
reversed (FR), the sample voltage increases non-linearly with increasing A and
collapses on the FIB of the first stage. After the fifth stage, whole plot of
hysteresis loop is completed (see Fig. 4.21(b)). Note that the voltage drops and

jumps evolve at low magnetic field values.

In order to assess the effect of dH/df on the V' — H curves, dH/dt was increased and

the measurements described in Fig. 4.21 were repeated. The V' — H curves
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measured at 7= 88 K for 7/ =15, 20, 30 and 40 mA with dH/df = 1.30 and 2.60
mT/s are presented in Figs. 4.22 and 4.23, respectively. The V' — H curves in Fig.
4.22 exhibit a similar behavior to those in Fig. 4.21(a). In other words, increasing
dH/dt from 0.50 mT/s to 1.30 mT/s does not cause any pronounced change in the

line-shape of the V' — H curves. However, we note that an increase in dH/d¢ results
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=40 mA

'!5553-';!!!!',3,'»»»

(S0 ILLdea0tsoctocoge S

0 =2O20)033 050989 ll»l..

12+

/>\ = 30 mA
- taissssttsrarmoses
N
< gl | =20 mA
e
4+ Ty, '“.......:: o~
| T=88K
"R i’ ™
! ) L L . : ' ' ' ' . I

60 -40 -20 0 20 40 60
H(mT)

Figure 4.22 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =88 K for selected values of the transport current /= 10, 15, 20, 30 and 40 mA,
with a fixed magnetic field sweep rate dH/d¢ = 1.30 mT/s. The arrows show the

direction of sweeping of the external magnetic field.

in increase in the number of the instabilities in the V' — H curves. It is seen from
the V' — H curves given in Fig. 4.23 that the voltage drops and jumps and also the
plateau regions are quite prominent. In addition, a comparison of V' — H curves in

Figs. 4.21-4.23 with each other reveals that the voltage dissipations measured at
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given values of / and H are practically independent of dH/d¢ in the range 0.50-

2.60 mT/s.

16 | dH/dt =2.60 mT/s
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Figure 4.23 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =88 K for selected values of the transport current /=10, 15, 20, 30 and 40 mA,
with a fixed magnetic field sweep rate dH/d¢ = 2.60 mT/s. The arrows show the

direction of sweeping of the external magnetic field.

In order to asses the effect of temperature on the V' — H curves, the temperature
was decreased from 88 to 84 K. Figures 4.24-4.26 show the V' — H curves
measured at 84 K for 7 = 30, 40, 50, and 60 mA and dH/d¢ = 0.50, 1.30 and 2.60
mT/s, respectively. As the temperature is decreased from 88 to 84 K, the
measured voltage dissipation decreases. The V' — H curves are not reversible in

contrast to those in Figs. 4.21 and 4.22. We observe significant increase in
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Figure 4.24 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =84 K for I =30, 40, 50 and 60 mA, and dH/df = 0.50 mT/s. The arrows show

the direction of sweeping of the external magnetic field.
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Figure 4.25 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =84 K for I =20, 30, 40, 50 and 60 mA, and dH/dt = 1.30 mT/s. The arrows

show the direction of sweeping of the external magnetic field.
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irreversibilities and an enhancement in the height of hysteresis loop. In Fig. 4.24,
it is seen that the instabilities observed in the }'— H curves become more frequent
at low magnetic field in the range -20 mT < H < 20 mT. As the magnetic field
approaches to 60 mT, the only instabilities that remain are the voltage drops in the
FDBs. However, the voltage dissipation measured for the FIBs varies smoothly
with increasing H. At higher values of dH/d¢, in addition to the voltage drops and
jumps, we see that wide voltage plateau regions develop in the V' — H curves.
Figure 4.25 shows that the voltage drops and plateaus are more prominent than
those observed in Fig. 4.24. The voltage instabilities and voltage plateau regions
are observed in all branches of the V' — H curves measured with dH/d¢ =2.60 mT/s

(Fig. 4.26).
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Figure 4.26 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =84 K for I =20, 30, 40, 50 and 60 mA, and dH/d¢ = 2.60 mT/s. The arrows

show the direction of sweeping of the external magnetic field.
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Figures 4.27-4.29 show the V' — H curves measured at 82 K for / = 20, 30, 40, 50,
and 60 mA, and dH/d¢ = 0.50, 1.30 and 2.60 mT/s, respectively. The V' — H curves
exhibit several different features as functions of dH/d¢ and transport current. For
the V' — H curves measured with dH/d¢ = 0.50 mT/s and / = 20 and 30 mA (see
Fig. 4.27) the variation of measured dissipation with H is smooth with a few
voltage drops and jumps just below 60 mT. The number of the voltage drops in
the FDBs in the forward region (FR) and reverse region (RR) tends to increase
with increasing the transport current (see for instance the FDB of V' — H curve for
I =60 mA). In addition, as the magnetic field is decreased, the voltage measured

for the FIB in FR becomes zero at H ~ 8 mT, and 3 mT for /=20 mA and /= 30
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Figure 4.27 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =82 K for I =20, 30, 40, 50 and 60 mA, and dH/dz = 0.50 mT/s. The arrows

show the direction of sweeping of the external magnetic field.
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mA, respectively, so that below these H values the superconducting state is
maintained. The V' — H curves measured with dH/df = 1.30 mT/s show that the
voltage drops and plateaus regions in the FDBs of the FR and RR develop for all
current values considered (Fig. 4.28). A further increase in dH/dz (i.e, 2.60 mT/s)
results in significant instabilities as in Fig. 4.29. Furthermore, the symmetry in the
curves obtained for the FR and the RR is destroyed. However, there is no
considerable change in the dissipation measured for all current values when dH/d¢

is increased from 0.50 to 2.60 mT/s.

dHidt=130mTs  (RR) (FR)

Figure 4.28 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =82 K for I =30, 40, 50 and 60 mA and dH/dr = 1.30 mT/s. The arrows show

the direction of sweeping of the external magnetic field.

In detailed measurement of the / — /' curves, it was observed that there is a

negligible difference between the measured voltage dissipation of the I — V
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curves given in Fig. 4.2(c) and Fig. 4.6, so that they do not demonstrate any
magnetoresistance effect as the external magnetic field is varied from 10 to 20
mT. The reason can be easily understood from the V' — H curves given in Figs.

4.27-4.29.
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Figure 4.29 Magnetovoltage (V' — H) curves of the YBCO/Ag sample measured at
T =82 K for I =20, 30, 40, 50 and 60 mA and dH/d¢ = 2.60 mT/s. The arrows

show the direction of sweeping of the external magnetic field.

Figure 4.30 shows a set of V' — H curves of undoped YBCO sample measured at
T = 82 and dH/dt = 1.00 mT/s with 1= 30, 40, 50, 60, 70, and 75 mA [51]. The
curves exhibit several different features as a function of the transport current. One
of them is the strong irreversibilities appearing upon cycling the external magnetic
field. The irreversible behavior of the V' — H curves for the undoped YBCO

sample is more pronounced when compared to those observed in the Ag-doped
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YBCO sample. In the case of increasing the magnetic field for both forward and
reverse directions, the resistive state becomes observable after a certain critical
value of the external magnetic field, H."*, and the dissipation sharply increases
and tends to saturate; whereas, in the case of decreasing the magnetic field in both
forward and reverse directions, the sample becomes less resistive, and it recovers
the zero resistance state at another critical value of the external magnetic field

(H.2"") which is much greater than H.".
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Figure 4.30 Magnetovoltage (V' — H) curves of the undoped YBCO sample
measured at 7= 82 K for /= 30, 40, 50, 60, 70 and 75 mA and dH/d¢ = 1.00 mT/s.

The arrows show the direction of sweeping of the external magnetic field [51].
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CHAPTER 5

DISCUSSION

In this chapter, the experimental results of 7 — V' curves, V' — ¢ curves, voltage
oscillations, and V' — H curves measured for the Ag-doped Y;Ba,Cu3O74
(YBCO/Ag) polycrystalline sample are discussed in terms of flux dynamics
evolving mainly in the intergranular region and partly in the intragranular region
of the sample. The interplay between the pinning and depinning process and the
effect of doping Ag on the electrical transport properties and transport relaxation

in YBCO/Ag ceramics are investigated in detail.

5.1 Current — Voltage (I — V) Characteristics Measurements

5.1.1 Flux dynamics and hysteresis effects

Electrical transport properties, particularly the current—voltage characteristics (/ —
V' curves), provide important information on the critical current density (J;),
practical applicability of the material, and the dissipation mechanisms of type-II
superconducting materials. Therefore, measuring the / — V' curves has a great
importance in characterizing the superconducting materials. To determine J;, the
I — V measurements must be independent of how fast the data is collected [9, 11,

34-38]. In another words, the / — V' curves must be independent of the sweeping
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rate of applied current d//ds [11]. However, it is well known that the presence of
giant flux creep in some high temperature (HTSCs) cuprates makes the 7 — V'
curves and hence the corresponding J,. value time dependent [34]. One of the main
reasons of the presence of giant flux creep is the high operating temperatures of
HTSCs. In this case, the measured dissipation depends on the time scale and also
the time constant of experimental set-up, and the time elapsed to plot the whole
I — V data [11, 34]. Therefore, in addition to the speed of measurement system,

d//dt must be considered as an important parameter in the / — /' measurements.

Zhang et al. [35] showed that numerical solutions of the non-linear diffusion
equation in one dimension, which considers flux creep phenomena, gives apparent
d//dt dependent 7 — V curves. Ding et al. [34] showed experimentally that the d//d¢
controls the evolution of / — V' curves of Ag-Bi-2223 tapes and found that the
critical current /. decreases linearly with increasing d//d¢. Similar studies related
to the numerical solution of non-linear diffusion equation were conducted by
several authors [38-41]. It was reported that slow or fast ramping rates of the
transport current affects the line shape of the 7 — V curves, I, and flux profiles
evolving along the sample [38-41]. Xiao et al. [9] investigated the flux dynamics
of a strongly pinned vortex lattice in 2H-NbSe, and observed that both the 7 —
curves and /. become strongly d//d¢ dependent for the magnetic field cooled

sample of 2H-NbSe,.

Due to the presence of different flux pinning mechanisms, hysteresis effects in the

I — V curves for both LTSCs [29, 133,134] and HTSCs [31, 135-138] were
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observed upon cycling the transport current, as in the case of magnetization
measurements (M — H curves). We note that the physical mechanisms responsible
for the hysteresis effects in the 7/ — V curves are different from those in the M — H

curves [11, 52].

Many experimental observations on both LTSCs and HTSCs reveal that the
hysteresis loops in the / — V' curves can be clockwise (cw) [26, 29, 30] or counter-
clockwise (ccw) [3, 7, 21, 23-25, 28, 31, 33, 43] in character, owing to the
different pinning regimes inside the sample and the experimental conditions
considered in the measurements. Several explanations have been proposed to
explain the hysteresis effects in the / — V' curves. Self-Joule heating originating
from the contacts where the transport current is applied [31], inelastic quasi
particle scattering [139], dynamical metastability of the vortex matter in single
crystalline samples [3,6,48], different pinning regimes associated with
inhomogeneity of the sample (i.e., in polycrystalline samples) [24, 51] can cause
ccw hysteresis effects in the / — V' curves of superconductors. The hysteresis
effects were also explained in terms of position-dependent shielding currents in
the frame of the critical state model [133] and also the change in the number of
the mobile flux line dislocations [140]. In addition, the hysteresis effects in the
I — V curves have been explained by the presence of several dynamical phases of
the vortices, which are related to the plastic flow, immobile or pinned vortex

configuration etc. [134, 141, 142].
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In order to identify the hysteresis effects in the / — V' curves obtained by using
both the standard and reverse procedures, we first focus on the data presented in
Figs. 4.2 — 4.10. As a first approximation, it can be suggested that the heating
effects at current contacts can cause similar hysteresis effects seen in / — V curves
[24, 143]. Indeed, at high currents, the power dissipated at current contacts can be
high enough to cause such effects. However, a careful examination of the data in
Fig. 4.3, Fig. 4.7 and Fig. 4.8 reveals that the height of the hysteresis loops
depends on d//dt and decreases with decreasing d//d¢. Further, at low current
sweep rates, much more time is spent to measure and plot the whole / — V' data.
Therefore, the heat produced by the contacts should increase and cause an
enhancement in the height of the hysteresis loop. On the contrary, we observed
that the height of the loops decreases somewhat with reducing dZ/d¢. In addition,
the power dissipated at the current leads (with the contact resistance ~ 107 Q)
below the transition temperature is ~ 9x10” W for currents in range up to 30 mA
(see the I/ — V curve in Fig. 4.2), and, this would cause no marked effect on the
line-shape of the / — V' curves and would not be a source of instability seen in the

I—V curves.

Another possible mechanism which can cause hysteresis effects in the 7 — V'
curves is the hot spot and local heating effects [24, 143, 144]. It can be suggested
that, at the temperatures below T, the presence of Ag atoms along the grain
boundaries can behave as resistive regions as compared to superconducting
grains. At high driving current values, such resistive regions can be a source of

local heating centers leading to an enhancement in the measured dissipation. It is
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expected that the more heat is produced on the sample at the smaller values of
d//dt. As is mentioned above, the measured dissipation can increase at low current
sweep rates since more time is spent to obtain the whole / — V' curve. In this case,
both the hysteresis effects and voltage instabilities should increase. However, we
generally observed that such effects, in particular, the voltage instabilities
decrease with decreasing d//d¢ and smooth / — V curves are obtained. This implies
that the doping with Ag has a positive contribution to the superconducting
properties of YBCO ceramic by improving the grain connectivity. We, therefore,
suggest that the hot spot and local heating effects can be easily ruled out and can

not be a source of hysteresis effects observed in the / — V' curves in this study.

It is well-known that the low-field magnetization measurements (M — H curves)
are related to the intergrain currents which correspond to the flux trapping within
the junction network. [51, 145, 146]. The pinning of the vortices in a junction
network will depend on the amount of the disorder in the coupling strength
between the grains. In addition to this, the applied magnetic field or the magnetic
field induced by the transport current should be less than the first critical field of
the grains H.i,. In fact, in a granular structure, it is extremely difficult to satisfy
ideal and reversible junctions which are not consistent with low field M — H data
which show irreversibility effects [24, 51]. We suggest that doping of Ag destroys
partly the intergranular pinning properties of the YBCO ceramic by increasing the

grain coupling.
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In both magnetic and transport measurements, at low dissipation levels, the flux
lines enter into the intergranular region after overcoming the surface weak-links
and demagnetizing factor of the sample. It is expected that the presence of
metallic regions (or paths) formed by Ag atoms along grain boundaries act as easy
motion channels for flux lines. Thus, the flux lines can move easily in those
regions without encountering any obstruction until they meet the pinning centers

or superconducting grains.

At this point, as a relevant parameter, the grain boundary resistivity (p,) can help
us to make a quantitative discussion of addition of Ag into the YBCO sample.
First of all, we note that p, is very sensitive to all kinds of defects and to the
anisotropic effects associated the misoriented grains inside the sample [S1]. As
mentioned in the previous chapter, in most practical cases, it is reasonable to
assume that p, is proportional to the residual resistivity of the granular sample,
which is obtained by extrapolating the p - T curve from above 7. to 7= 0 K. For
further quantitative analysis, it is required to assume that the residual resistivity is
largely dominated by the grain boundaries. The value of grain boundary resistivity
pe of our YBCO/Ag sample found from p — 7 measurement is ~ 10 pQ-cm (see
Fig. 4.1). This implies that the grain connectivity between the grains increases by
addition of Ag into the superconducting matrix of YBCO. It should be noted that
the resistivity of Agat 7 = 300 K is ~ 1.6 uQ-cm which is much lower than that
of p, of YBCO/Ag. This difference can be attributed to the formation of S-N-S
junctions in addition to the ones of S-I-S type which are expected naturally to be

developed in a polycrystalline structure during the sample preparation. We also
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note that the junctions of S-N-S and S-I-S type (or S-N-I-S) and also other kinds
of defects should coexist in the granular structure of YBCO [51]. Therefore, under
these conditions, p, should be always greater than the resistivity of Ag. The
addition of Ag into the YBCO matrix leads to a decrease the normal state
resistivity (o, ~ 90 uQ-cm) as compared to that of undoped YBCO (p, ~ 1500

uQ-cm) [147].

The presence of S-N-S type junctions between the superconducting grains [99,
100] can bring the possibility of proximity effect on the evolution of hysteresis
effects in the 7 — V curves. Indeed, as is outlined in Chapter 2, the induced
superconductivity can exist only in a thin surface layer (in order of the coherence
length) of the normal metal near the S-N interface. However, the influence of the
proximity effect on the measured transport properties of the YBCO/Ag sample
must be negligible due to following reasons. First, the measurement temperatures
considered in this study are very high and close to 7, of the sample. Second, the
magnetic field values applied to the sample are much larger than the first (H.;")
and second (H,,") critical fields of the weak-link structure, i.e., H >> (H.,", H").
Therefore, it is possible that the grains are decoupled at these temperature and
magnetic field values. Thus, the influence of proximity effect on transport
measurements can be ruled out. In conclusion, it can be suggested that the
hysteresis effects observed in the / — V curves of the YBCO/Ag sample do not

solely arise from the Josephson junction phenomena.
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Now, we are in a position to discuss the hysteresis effects in the / — V' curves in
more detail. We suggest that the hysteresis effects evolving in the / — V curves of
undoped HTSCs granular samples are related to the presence of weak-link
structure. To verify this, we consider the / — V' curves of undoped polycrystalline
YBCO sample [148] and also those of the newly found superconducting
polycrystalline material MgB, [149]. It is well known that the presence of weak-
links is a great problem in HTSCs cuprates and can cause a significant decrease in
the current carrying capacity of the superconducting material. Therefore, many
attempts have been made to improve the weak-links connecting the grains and

also to produce weak-link free superconducting materials.

Figure 5.1 shows typical / — V' curves of polycrystalline YBCO and MgB, samples
measured with d//dz = 1.25 mA/s at zero magnetic field. Figure 5.1(a) reveals that
the / — V curve of undoped YBCO is quite smooth without any instability over the
current range considered. It is also evident from Fig. 5.1(a) that a pronounced
hysteresis develops in the / — V curves of undoped YBCO sample upon cycling
the transport current. It should be noted that the hysteresis effects in the 7 — V'
curves of undoped YBCO are more pronounced than that of Ag-doped YBCO
sample. It can be suggested that one of the main reasons responsible for this
difference is the presence of weak-link structure in undoped YBCO sample, which

has negative effects on both its transport and magnetic properties.
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Figure 5.1 (a) Hysteresis effect observed in / — V curve of polycrystalline sample
of YBCO measured at 7= 88 K and zero magnetic field for d//dz = 1.25 mA/s (b)
Hysteresis effect observed in I — V' curve of polycrystalline sample of MgB,
measured at 7= 34 K and zero magnetic field for d//ds = 1.25 mA/s [148, 149].

Figure 5.1(b) demonstrates that there are no measurable hysteresis effects in the
I — V curves of polycrystalline sample of MgB,, so that the current increase and
decrease branches of the / — V' curve collapse on the same curve and represent a
reversible behavior upon cycling the transport current [149]. This implies that the
current induced flux lines follow the same flow paths along the sample and see

nearly same pinning potential. We also attribute this reversible behavior in the



I —V curves of MgB, sample to the absence of weak-link structure. Indeed, many
experimental observations reveal that the transport current (or associated vortices)
in the MgB, sample are not limited by the weak-links between the grains [149,
150]. Therefore, the reversible / — V' curves of MgB, can be an indication of the
absence of any weak-link problem, which can be ruled out in many magnetic and
transport measurements. In view of discussion, we suggest that the physical origin
of the negligible hysteresis effects observed in the / — V curves of the YBCO/Ag
sample can be related to the destruction of weak-link structure, and improvement

of the grain connectivity achieved by doping of YBCO with Ag.

In some cases, the voltage difference between the CI and CD branches (or RCD
and RCI branches in reverse procedure) becomes negligible. This implies that
d//dt should be reduced below the lowest value of 0.312 mA/s used this study, and
slow current sweep rates should be preferred for practical applications of Ag-
doped YBCO. Finally, upon cycling the transport current up and down, it can be
suggested that the hysteresis effects in the / — V curves of the YBCO/Ag sample
arise from the different degrees of inhomogeneous flux motion between the CI

and CD branches [24, 51].

5.1.2 Instabilities in the 7 — V curves: Voltage jumps and drops

One of the main observations in the CI or RCI branches of the / — V curves of the

YBCO/Ag sample is the prominent voltage jumps and drops (see Figs 4.3 and

4.7). These instabilities tend to appear in all / — V' curves of YBCO/Ag and it
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seems probable that they originate from doping of Ag into YBCO. We performed
hundreds of I — V measurements by using both the standard and reverse
procedures at different temperatures, external magnetic fields, and d//dz. We
observed that most of the / — V' curves exhibit these instabilities, which strongly
depend on external parameters such as d//dt¢, In.x, T and H considered in
measurements. In particular, the magnitude of d//d¢ controls mainly the evolution
of these instabilities. When the ramping rate of transport current is high enough,
the flux lines have less time to depin from one state to a more ordered one. Thus,
the measured sample voltage does not change in a given range of transport
current, although the Lorentz force acting on flux lines changes. Such a physical
case would lead to the observation of several plateau regions in the / — V' curves,
where the dissipation does not vary with increasing the transport current [11, 24].
At these plateau regions, the number of flux lines does not increase or decrease,
and the flux line system is locked partly to a state for a while. After the evolution
of plateau regions, the observation of small voltage jumps can be due to the
continuous increase in the Lorentz force acting on flux lines. The voltage jumps
can be correlated with sudden depinning of some of the flux lines and correspond
to their ordered state (or correlated motion). On the other hand, at low current
sweep rates, the flux lines can find enough time to make such transitions without
showing instabilities. Hence, the instabilities in the measured voltage disappear

and the both branches of the / — V curves become smoother.

Furthermore, a negative differential resistance in the / — V curves of the

YBCO/Ag sample appears as the current is varied (see Figs 4.6 and 4.10). The
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negative differential resistance can be explained as follows: First, the flux lines
under the Lorentz force depin and flow defectively leading to an enhancement in
measured dissipation. Second, a slight drop in measured dissipation is an
indication of pinning of flux lines although the Lorentz force increases. That is,
the competition between pinning and depining results in favor of pinning. In a
general description, such voltage jumps and drops in / — V curves can be
correlated to the increase or decrease in the number of the mobile flux lines,

respectively, or attributed to the change in the average velocity of the flux lines.

It is also seen from the / — V' curves of the YBCO/Ag sample that increase in the
applied magnetic field provokes the instabilities in the measured voltage. The
increase in magnetic field can cause an increase in the nucleation centers for flux
lines inside the sample. Since the penetration of the flux lines into the
superconducting grains becomes difficult due to high shielding circulating
currents around the periphery of the grain, they will try to distribute themselves
spatially along the intergranular region where the Ag atoms exist. A partial
penetration of flux lines into the grains via the weakest points of the grains can
develop and some of them can be pinned there. Due to the increasing transport
current with a given d//dz, the Lorentz force stimulates the flux motion, and,
therefore, can make the flux lines accumulated along intergranular region
unstable. In such a physical case, the increase in the number of mobile flux lines
per unit area can trigger easily the instabilities observed in the / — V curves of

YBCO/Ag.
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It can be suggested that the instabilities in the / — V' curves of the YBCO/Ag
originate from the phase slip centers due to the presence of Ag, or other impurities
in the intergranular region. Elmuradov et al. [151] observed similar stepwise
structure and ccw hysteresis effects in the / — V' curves of NbN wire with multi-
contact configurations. The stepwise structure in those / — V' curves was attributed
to the phase slip lines and was confirmed by numerical simulations using time-
dependent Ginzburg-Landau theory [151]. The magnitude of the order parameter
at the regions of phase slip centers can be reduced locally by imperfections and,
even, can drop to zero. In this case, the current can be carried by normal electrons.
The phase difference of the order parameter can vary at these regions from one
place to another and manifest itself as a stepwise structure in the / — V curves.
However, at high current sweep rates, the Lorentz force acting on vortices
becomes relatively greater than the one at low values of d//dz, and, the distance
traveled by the vortices becomes relatively greater than the correlation length,
which is generally comparable to the size of the phase slip centers [151]. It is
expected that the vortices moving at high current sweep rates will pass rapidly
those centers without causing any stepwise structure in the / — V curves.
Therefore, we conclude that the stepwise structure can not originate from the

phase slip center effects.

5.1.3 Reverse procedure in the 7 — V curves

Measurements of the / — V curves using the reverse procedure enable us to study

the surface effects and the penetration of the transport current (or associated
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vortices) from the outer surface of the YBCO/Ag sample [27, 28]. As soon as the
current I, 1s applied to the sample, a measurable dissipation develops
immediately, which is comparable to the one observed for the standard procedure
with [ = L. Such a fast developing dissipation can be correlated with the
presence of Ag atoms, which weakens the localized surface weak links. Thus, the
flux lines find conductive silver paths (or channels) and penetrate easily into the
superconducting material from its outer surface, and their final motion terminates
in the superconducting grains. It can be suggested that the flux lines inside the

sample are ready to move without encountering any obstruction along their travel.

To better understand the physical case described above, it is necessary to give a
typical example for the / — V curves of undoped polycrystalline YBCO sample
measured by the reverse procedure. Figure 5.2 shows such an / — V curve of
undoped YBCO sample measured at 7= 85 K and H = 0 for d//d¢ = 1.25 mA/s. It
is evident from Fig. 5.2 that no measurable voltage develops immediately as the
transport current Iy is applied to the sample. The dissipation starts from zero at
I = I,x and increases almost linearly with decreasing the transport current. After
the voltage passes through a broad maximum at about 45 mA, it decreases non-
linearly with decreasing / and becomes zero at ~ 20 mA. For the RCI branch, after
a certain threshold current value (~ 42 mA), a non-linear increase in the sample
voltage is observed with increasing /, as in the case of the standard procedure. It
should be noted that a significant hysteresis loop evolves in the / — V' curves of

undoped YBCO sample measured by using reverse procedure.
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Figure 5.2 Hysteresis effect observed in the / — V curve of polycrystalline sample

of undoped YBCO measured at 7= 85 K and H = 0 for d//dt = 1.25 mA/s [148].

A physical description associated with the 7 — V' curve of undoped YBCO obtained
by the reverse procedure is given in the following: As the transport current /. is
applied to the sample, a large shielding current around the its periphery develops
immediately and prevents the penetration of flux lines into the sample. That is
why we do not observe any voltage dissipation at the beginning of the
measurement. The increase in voltage dissipation is an indication of that the flux
lines first overcome the demagnetizing factor of the sample and then the localized
surface weak-link structure, which acts as surface pinning centers. Of course, in
the Ag-doped YBCO sample, the physical case would be different: It appears that
the presence of randomly distributed Ag atoms does not permit the formation of
large shielding currents around the sample, but, reduces them to much smaller

sizes. Thus, it makes the flux motion relatively easier from the sample surface to
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the interior, and it results in an enhancement in the measured dissipation.

We now consider the / — V curves of undoped YBCO sample measured by the
reverse procedure in the presence of external magnetic field. Figure 5.3 shows
typical hysteretic / — V curves of undoped YBCO. It is evident from the / — V'
curves of the undoped YBCO sample measured at H = 10 and 20 mT ( Fig. 5.3(a))

that the dissipation on the RCD branch appears at ~ 1 uV and ~ 4 uVv,

16 . . . ;
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Figure 5.3 The [ — V curves of the undoped YBCO sample measured by the
reverse procedure at 7= 84 K, and H = 10 and 20 mT for (a) di/dz = 1.25 mA/s
(b) dZ/dt = 0.625 mA/s. The arrows show the direction of sweeping of the applied

current [28].
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respectively, as soon as I 1s applied. We observe that the sample voltage passes
through a maximum value at ~ 17 mA for both magnetic field values as I,y 1S
decreased with d//df = 1.25 mA/s. The I — V curves measured at H = 20 mT
exhibit nearly the same behavior as in case of H = 10 mT, except an increase in
measured dissipation. A similar physical case is also observed in the / — V' curves
measured for dZ/d¢ = 0.625 mA/s (Fig. 5.3(b)). The behavior of both the RCD and
RCI branches in all / — V' curves are highly non-linear upon cycling driving

current.

When the current /.« 1s applied to the sample, the observation of a measurable
dissipation in the / — V curves implies that the surface and intergranular weak-
links are disrupted by the external magnetic field, and hence the flux lines are
ready to move. Therefore, due to the spatial distribution of the flux lines inside the
sample, the Lorentz force can cause the motion of flux lines along the
intergranular region, so that it results in an measurable dissipation at the
beginning of measurement of / — V" curves. Note that the current values where the
voltage reaches a maximum do not change with increasing the external magnetic
field from 10 to 20 mT. This implies the presence of channel-like flow patterns in
the undoped YBCO sample which widens as H is increased from 10 mT to 20 mT.
In the / — V curves for the YBCO/Ag sample given in Fig. 4.7, we observe that the
sample voltage decreases non-linearly as I,y 1s applied and does not exhibit any
broad variation seen in RCD branches of the 7/ — V' curve of undoped YBCO given
in Fig. 5.3. This can be taken as an indication of the presence of foreign atoms

inside the YBCO material. Indeed, the presence of Ag in the superconducting
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structure of YBCO is responsible for this behavior observed in the / — V' curves of

YBCO/Ag.

5.2 Transport Relaxation (V' — ¢ curves) Measurements

It is well known that there are two different mechanisms which govern the
transport phenomena in type-II superconductors: The interaction between flux
lines, and the interplay between the flux lines and pinning centers [3, 5, 6, 12].
Short- and long-range correlations between the flux lines can cause several
interesting phenomena, which can be investigated by slow and fast transport
relaxation measurements [ 10, 43, 45, 152]. Thus, the flux dynamics and its details
can be monitored by the time evolution of the voltage response to an applied
current (i.e., the V' — ¢ curves). During the relaxation measurements, the applied
transport current can be interrupted or reduced to a finite value to create a
quenched state along the sample [47, 153]. Thus, the details of re-organization
process associated with transition from steady state response to disordered state
can be investigated. Further, the type of driving current modulation also plays a
crucial role in V' — ¢ curve measurements, which help to explore new accessible

states of the flux line configuration [2, 49, 50].
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5.2.1 Evolution of the }V—¢ curves of the YBCO/Ag sample

5.2.1.1 Time effects for I; > I,

Now, we discuss the V' — ¢ curves presented in Figs. 4.11-4.17, which show that
one of the main features of the V' — ¢ curves is the rapid increase in voltage
dissipation measured at beginning of the relaxation process. As a first
approximation, as in the case of the discussion for the / — V' curves, we suggest
that the Ag atoms destroy partly the natural structure of the junction network by
reducing the intergranular flux pinning. Introduction of Ag into the structure could
be responsible for the rapid initial increase in ¥ — ¢ curves. Thus, the doping Ag
into YBCO with can lead to metallic flow paths which form easy motion channels
for flux lines and, therefore, the flux lines re-organize themselves very rapidly; so
this process results in an increase in measured dissipation [28, 42]. Before the
sample voltage levels off, the rapid increase in the voltage dissipation slows down
in time and exhibits a shoulder in some V' — ¢ measurements. We correlate this
physical case to both the competition between pinning and depinning process and
to the saturation in the number of new flow channels. In addition, the size of the
resistive channels including the silver paths does not change during the time
evolution of the sample voltage and this leads to developing of a constant flow
rate for the flux lines along the sample. At high and moderate dissipation levels, it
can be suggested that the presence randomly distributed Ag atoms inside the
superconducting structure is one of the major important factors, which affects the

line shape and the general behavior of the V' — ¢ curves.
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The strong competition between pinning and depinning manifests itself, in
particular, at low dissipation levels. We suggest that the smooth V' — ¢ curves
measured at zero magnetic field (Fig. 4.14(a)) can be taken as a typical example
for this strong competition. On the other hand, Fig. 4.15(b) shows that there is no
smooth gradual increase in the sample voltage with time, although the measured
dissipation is less than 1 uV. The rapid increase in the voltage dissipation can be
correlated to the presence of external magnetic field. As soon as the magnetic
field is applied, the flux lines distribute themselves very rapidly along sample,
since the surface and intergranular weak-links are already weakened by addition
of Ag to YBCO ceramic. Therefore, initially, the flux lines are in a stationary
state, and the flux lines are ready to move before the transport current is applied.
Thus, in the presence of external magnetic field, at early times of the relaxation
process, a rapid increase in the voltage can be expected even at low dissipation
levels. A similar discussion for with the rapid increase in measured dissipation is

also valid for the evolution of V' — ¢ curves in Fig. 4.16 and Fig. 4.17.

The V — ¢ curves presented in Fig. 4.15(b) and Fig. 4.16 show that, following the
rapid increase in the voltage, the voltage decreases slightly with time before
leveling off. We suggest that the moving flux lines try to penetrate into the grains
and some of them succeed to penetrate. We note that the penetrated flux lines can
be found spatially within the London penetration depth of the grains in a pinned
position. Since the mentioned decrease in the measured dissipation is very small,
it is possible that the flux lines are mostly expelled from the grains. Furthermore,

due to the strong competition between pinning and depinning, the size of the
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ordered state decreases gradually with time, depending on the magnitude of /.
This results in a decrease in the number of the flux lines participating in the

motion.

5.2.1.2 Time evolution of the quenched state created for 7; > I,

In the V' — ¢ curves (Figs. 4.11-4.17), the initial current /; is suddenly reduced to a
value I, less than /). In some cases, we observed sharp drops in the time evolution
of the sample voltage correlated to the glassy state relaxation, and in other cases
the sample voltage varied smoothly with time. As can be seen from Figs. 4.11,
4.12, and 4.14(a), as I; is switched to zero, the sample voltage becomes abruptly
zero, within the time response of the experimental set-up. This observation
suggests that the local heating in the sample has negligible effect on the measured
voltage [28, 42, 153]. Otherwise, a significant thermal relaxation which decays
with time would be observed in the ¥ — ¢ curves. In addition, the V' — ¢ curve in
Fig. 4.11 shows that, for /; = 8 mA, the measured voltage becomes approximately
equal to zero. In this quenching process, the sample expels almost all the current-
induced flux lines and behaves like a single macroscopic slab, since the magnetic

screening is almost completed.

The bold solid lines in Figs. 4.11-4.14, 4.15(a) and 4.16 are the curves
calculated from Eq. 2.13, which is an empirical relation of V(¢) = V(0) exp(-/t,)*

where ¢, is a characteristic time and the exponent « is a constant which depends

on the external magnetic field (plus the self-field of the transport current) and
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temperature. There is a reasonable agreement between the experimental V' — ¢
curves and the empirical relation in Eq. 2.13. The characteristic time ¢, obtained
by fitting Eq. 2.13 to the experimental data of Figs. 4.11, 4.12 and 4.13 is plotted
as a function of /; in Figs. 5.4(a)-5.4(c), respectively. A value of ~ 1 is found for
the exponent o which depends weakly on the current /,. Figure 5.4 demonstrates
that 7, tends to increase with increasing /. We suggest that the magnitude of I,
determines the general behavior of the created quenched state with time and ¢,
controls the relaxation process. High values of I, require relatively higher values
of #,, that is, in the relaxation of the quenched state, the redistribution of the
transport current (or the associated vortices) along the sample evolves within very
short time in different order of the penetrated states. Therefore, in the glassy state
relaxation, we expect that the increase in /; can result in an increase in the value of

to.
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Figure 5.4 Variation of the characteristic time ¢, with current /,. The values of ¢,
were extracted from the V' — ¢ curves given in (a) Fig. 4.11, (b) Fig. 4.12 (c¢) Fig.
4.13. The dashed lines are a guide for the eyes.

In some V — ¢ curves (see Fig. 4.17) after a sharp drop in the sample voltage, the
measured dissipation levels off in a very short time by reaching a steady state. We
suggest that the flux lines redistribute themselves very rapidly in a distribution of
energy landscape and find accessible stable states easily. Due to the number of the
flux lines participating the motion, the presence of Ag atoms inside the

superconducting structure can help the flux lines to explore the stable states. We
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note that the quenched state can lead to the observation of switching effect in the
V' — t curves under certain experimental conditions (see the V' — ¢ curve measured

with , = 12 mA in Fig. 4.16).

Another interesting observation in the V' — ¢ curves is the voltage hump observed
at the onset of relaxation in the quenched state (see for instance the V' — ¢ curves
given in Figs. 4.11-4.13, 4.15(a) and 4.17). We correlate the voltage hump with a
transient effect in the measured dissipation, which appears due to simultaneous
operation of both pinning and depinning processes. It can be suggested that these
two effects balance each other for a short while by causing a gradual change in
measured voltage. Then, the transient effects disappear and a decay in the sample
voltage appears with time. This is an indication of the fact that pinning dominates

mostly the flux dynamics and is more effective with respect to depinning.

In the V' —t curves in Figs. 4.13, 4.14(a), 4.15(b) and 4.16, a smooth voltage decay
is observed, instead of a sharp drop, as the initial current /; is dropped to I,. We
note that the smooth voltage decays are generally observed when /, is comparable
to /1, and at low dissipation levels below 1 pV. In this case, the amount of flow
channels decreases gradually in time, and the measured dissipation reflects slow
dynamic competition between the pinning and depinning processes together with
a gradual increase in the diamagnetic response of the sample. On the other hand,
V' — t curves measured at the zero magnetic field (Fig. 4.14(a)) demonstrate that
the smooth voltage decays result in a constant voltage level, which is pratically

independent of time for all values of /; considered. This implies that the amount
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of flow channels does not change with time and thus the number of the current-

induced flux lines remains constant.

In the following, to understand better the transport relaxation measurements of the
YBCO/Ag sample, we present a typical example for the V' — ¢ curves of undoped
YBCO sample in Fig. 5.5 [28]. The initial stage of the relaxation process in the
V' — t curve of undoped YBCO given in Fig. 5.5 is similar to that of Ag-doped
YBCO (see Fig. 4.11). However, when the current /; (= 50 mA) is reduced to I,
(= 34 mA), two-stage voltage decays appears in the relaxation process. First, the
voltage decreases gradually for a while, and, then, at # ~ 65 s, it exhibits a smooth

transition evolving to lower dissipation values as the time progresses. The solid
line in Fig. 5.5 is the best fit Eq. 2.13 to the experimental data in the range ¢ > 65
s. The parameters ¢, and o as found from the fitting procedure are ~ 11 s and ~ 1,
respectively. Our earlier V' — ¢ measurements carried out on superconducting
polycrystalline samples of YBCO [28] demonstrated that the evolution of V' — ¢
curves is always highly non-linear as in Ag-doped YBCO investigated here. This
suggests that the difference between the V' — ¢ curves of Ag-doped and undoped
YBCO samples depends on the structural composition, chemical, and anisotropic
states. Of course, the main parameter which affects the time evolution of sample

voltage is the doping level of Ag into YBCO.
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Figure 5.5 The V — ¢ curve for the undoped YBCO sample measured at 7= 89 K
and H =0 for /; = 50 mA and /; = 34 mA. The inset shows schematic presentation
of the applied current. The bold solid line is the curve calculated from Eq. 2.13.
[28].

5.2.2 Current and magnetic field induced voltage oscillations

Experimental studies reveal that setting the flux lines in motion by different kinds
of current modulations causes different motional re-organizations in type-II
superconductors [1-4, 42, 48-50, 154]. Fast transport measurements using bi-
directional square wave (BSW) currents showed clearly the current driven re-
ordering of vortices [1]. D’anna et al. [1] suggested that the instabilities observed
in detwinned single crystalline sample of YBCO arises from the entry surface
barrier which influences the coherent motion of the vortices entering or leaving
the large faces of the crystal. Kwok et al. [154] reported peculiar voltage

oscillations in time to ac sinusoidal type driving current just below the melting (or
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freezing) line of single crystalline sample of YBCO. They attributed the
oscillatory instability in the YBCO sample to the strong competition between the
driving and pinning forces together with relaxation effects and the long range
spatial correlations in the vortex solid. Gordeev et al. [2, 49] and Rassau et al.
[155] showed that the observation of regular voltage oscillations having low
frequency depends strongly on temporal asymmetry of the drive and also its
magnitude. The unusual instabilities were explained in terms of transitions
between ordered and disordered states of vortex matter. In order to observe the
periodic oscillations in response, the asymmetric current pulses are essential
feature in producing such instabilities. In our case, one of the main conditions to
observe the periodic voltage oscillations in the V' - ¢ curves is to apply symmetric

BSW current to the sample [28, 42, 50].

Due to the BSW current, the oscillatory driving force can cause a coherent motion
of flux lines along weak pinning centers, and, after the forth and back repetitive
oscillations, the flux line system becomes spatially more ordered in time. The
regular voltage oscillations, without observation of any instability (i.e., voltage
jumps or drops) or noise, evince for the formation of this ordered state. The
voltage response associated with voltage oscillations lies typically in the range of
10°-107 V [2, 50, 155]. This suggests that total number of the flux lines
contributing to the oscillations is nearly constant and the change in the measured
voltage can be related to the periodic variations in the average velocity of flux
lines. The repetitive voltage oscillations seen in the V' - ¢ curves of the YBCO/Ag

sample (Fig. 4.18 and Fig. 4.19) are quite smooth and no voltage drop or jump are
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observed for the positive or negative cycles of BSW drive. We suggest that the
current-induced flux lines fluctuate between the ordered and disordered states by

subjecting the same pinning forces in average.

The V - ¢ curves in Fig. 4.19 demonstrate that the amplitude of BSW current is one
of the main parameters which affect the voltage oscillations. Regular sinusoidal
oscillations disappear by increasing the amplitude of BSW current from 16 to 18
mA (i.e., 0.125 % increase). This implies that the Lorentz force dominates the
pinning force, and depinning wins mostly this competition. As can be seen from
Fig. 4.19(b), the sample voltage tends to increase or decrease in time for positive
or negative cycles of BSW drive. We suggest that this observation can be related
to the relaxation effects, short and long range correlations between the current-
induced flux lines during the time interval corresponding to the half periods of

BSW current [42, 155].

Another important parameter in the observation of voltage oscillations is the
magnitude of applied magnetic field. It is seen from the V - ¢ curves in Fig.
4.20(b) and Fig. 4.20(c) that the external magnetic field causes a significant
change in the line shape of voltage oscillations, and the oscillations undergo a
significant change due to the increase in magnetic field. We address two different
regimes in the V - ¢ curves in Fig. 4.20(b) and Fig. 4.20(c): The first one is regular
sinusoidal voltage oscillations with low amplitude (i.e., ~ 0.2 uV) and the second
one corresponds to the regime which resembles the variation of BSW drive with

relatively large amplitude (i.e., ~ 0.6 pV). We suggest that, in the first regime, the
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motion of flux lines makes regular transitions between ordered and disordered
states, and that the second regime is related to the motional re-organization of flux
lines due to the continuous dynamic annealing of the BSW current during the time
evolution of sample voltage. Therefore, the corresponding states annealed by the
BSW current can lead to increase in measured dissipation and fluctuations with
time. The abrupt rise in the sample voltage after regular oscillations can be due to
sudden increase in the fraction of the moving flux lines. Note that the first voltage
jump (or drop) occur at ~ 38 s and ~ 43 s for H = 16 mT and H = 20 mT,
respectively (see Figs. 4.20(b) and 4.20(c)). The difference can be attributed to the
increase in the Lorentz force acting on flux lines, as the magnitude of external

magnetic field is increased from 16 mT to 20 mT.

The V - ¢ curves in Figs. 4.18-4.20 demonstrate that the voltage oscillations are
quite symmetric and follow the polarity change of the BSW drive. Since we used
symmetric BSW currents, there should be an equality between flux exit and flux

entry during regular oscillations of flux lines (or current induced flux lines).

Recently, Kalisky ef al. [156] observed peculiar spatiotemporal oscillations in the
vortex matter of single crystalline sample of Bi,Sr,CaCu,0s.« (BSCCO) generated
in the absence of external ac magnetic field. Oscillatory behavior in space and
time of the magnetic induction has been explained in terms of flux wave
phenomenon which appears near the order-disorder phase transition under suitable
conditions. Barness et al. [157, 158] pointed out that the oscillatory temporal

relaxation observed in single crystalline sample of BSCCO involves ordinary flux
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creep and annealing transient vortex states. It is assumed that the magnetic
diffusion equation governs the relaxation process evolving in the BSCCO sample.

The magnetic diffusion equation can be described by the Maxwell equations:

OB/ox =—u,J , (5.1)

where J is the current density and /4 is the magnetic permeability of free space,

and
OB/ot =-0E/ot, (5.2)

where £ = Ry Jexp(-U/kgT) is the electric field, Rp = Rn(B/B.;) is the flux flow
resistivity, and U is the pinning potential [156-158]. Assuming a logarithmic

current density (J) dependence of U,
J,
uW)=0, 1n(7°), (5.3)

one can get easily

oB 1 8[1) 83}

—=——|D,— 5.4
ot u, Ox T ox 4

for the relaxation process in one dimension [156-158]. Here Dy= Ry (JIJ.)" is the

diffusion coefficient with n = Uy/kgT. Barness et al. [156] showed that, under
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suitable conditions, the coupling between the annealing of disordered state and
conventional flux creep could produce the oscillatory behavior of magnetic
induction in time. Their experimental studies reveal that the oscillations appearing
in magnetic induction can be related to periodic transformations in the vortex

matter between ordered and disordered states.

A similar analysis can be done for the electric diffusion equation and the same

Maxwell equations (Eq. 5.1 and Eq. 5.2) can be reduced to

OE 0’E
—=f(E 5.5
5 /¢ )ax2 (5.5)
1 |OE . o .
where f(E)=— YAk In this case, we suggest that combination of electric
Hy

diffusion equation with conventional flux creep theory and the logarithmic current
dependence of pinning potential can give similar time dependent oscillatory
behavior of electric field (or voltage) for the time intervals corresponding to the

positive and negative cycles of the BSW current with long P values, i.e., 0 < ¢ <

Py/2,and Py2 <t <Py, respectively.

The voltage oscillations in the YBCO/Ag sample can be described by an empirical

expression

V(t) = A + B sin(wtt¢), (5.6)
where 4 and B are the constants, w is the frequency and ¢ is the phase angle. The

bold solid lines in Figs. 4.18-4.20 are the best fits of Eq. 5.6 to the experimental
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data. We note that the fitting procedure was performed for each period of
repetitive voltage oscillations separately. As is seen from the V' —¢ curves given in
corresponding figures, there is a reasonable agreement between the experimental
data and calculated curves. Further, the curve fitting shows that the phase angle ¢
generally takes different values for the observed repetitive oscillations. Table 5.1
shows the values of phase angle ¢ found from the experimental ' — ¢ data given
in Fig. 4.18. The phase angle ¢ takes negative values for all period values of

BSW current and tends to decrease from first period to the final one.

Table 5.1 The phase angles ¢ obtained by fitting Eq. 5.6 to the V' — ¢ data in Fig.
4.18.

T=8 K, H=0mT, /=15 mA
BSWP,=10s BSW P, =145 BSW P,=20s
Period of Phase Angle (¢) | Phase Angle (¢) | Phase Angle (¢)
response (P)
P, -1.40 /2 -0.72 /2 -0.52 /2
P, -1.20 /2 -0.76 n/2 -0.60 /2
P; -1.40 n/2 -0.76 n/2 -0.62 /2
Py -1.66 n/2 -0.86 m/2 -0.64 n/2
Ps -1.84 /2 -0.94 /2 -0.68 m/2
Ps -2.08 /2 -0.98 /2 -0. 64n/2
P, -2.28 /2 -1/2 -0.70 m/2
Pg -2.50 /2
Py -2.72 n/2

The phase angles ¢ found from the best fits of Eq. 5.6 to the experimental data in

Fig. 4.19 exhibit similar behavior. Table 5.2 shows the variation of ¢ with each
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period of response. The V' — ¢ curves in Figs. 4.18 and 4.19 are measured at zero
field. We suggest that the current-induced flux line system is prepared within a
certain time interval (i.e., P;) of a corresponding cycle. For each cycle, the initial
conditions in preparing the flux line system are determined by the former one and
so on. Therefore, it is natural to expect such a phase difference between

successive voltage oscillations.

Table 5.2 The phase angles ¢ obtained by fitting Eq. 5.6 to the V' — ¢ data in Fig.
4.19.

T=89K, H=0mT, =16 mA
BSW P,=20s
Period of Phase Angle (¢)

response (P)

P, -0.54 /2

P, -0.58 /2

P, - 0.60 n/2

P, -0.64 /2

Ps -0.68 /2

However, the best fits of Eq. 5.6 to the experimental ' — ¢ data in Fig. 4.20 are
obtained when the phase angle ¢ takes approximately constant values for each
period of response (Table 5.3). This implies that the phase angle ¢ does not
change much in time along the whole relaxation process. It is seen from the Table
5.3 that the value of the phase angle ¢ is essentially independent of the applied

magnetic field. The physical descriptions is as follows: The order parameter in the
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intergranular region of the YBCO/Ag sample is easily suppressed by the external

magnetic field and some of the flux lines penetrate into the grains along the easy

motion channels and some of them are pinned inside the grains. We note that, in

the presence of external magnetic field and at this temperature (7 = 89 K), the

grains are not fully superconducting islands. Therefore, the motion of flux lines

can give a regular and ordered response to the change in the polariy of BSW

current, and, thus, the initial and final conditions in preparing the flux line system

corresponding to each cycle can remain nearly constant in time.

Table 5.3 The phase angles ¢ obtained by fitting Eq. 5.6 to the V' — ¢ data in Fig.

4.20.

T=89K, BSWP,=10s, I=4mA

H=10 mT H=16 mT H=20mT
Period of Phase Angle () | Phase Angle | Phase Angle (¢)
response (P) (@)

P, -0.42 /2 - 0.40 /2 -0.38 /2
P, -0.44 /2 -0.40 /2 -0.40 /2
P; -0.42 /2 -0.42 /2

Py -0.40 /2

Ps -0.38 /2

Ps -0.36 /2

P, - 0.36 /2

Py -0.36 /2

Py -0.36 /2
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5.2.3 Relationship between voltage oscillations and charge density waves

The oscillations of voltage response generally follow the period of the BSW
driving current. Typical examples for the FFT of V' — ¢ curves in Figs. 4.18(a)-
4.18(c) are shown in Figs. 5.6(a)-5.6(c). The fundamental periods (Pvosc,FFT)

obtained from FFTs are 9.89 s, 14.10 s and 19.72 s, which are in good agreement
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Figure 5.6 Fast Fourier Transform (FFT) of the V' - ¢ curves given in Fig. 4.18(a)
— 4.18(c). The fundamental frequency is marked on each curve. The fundamental
period Pvosc, rrr found from FFTs is given for each curve with the period of

applied BSW currents.
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with the periods of the BSW drive, i.e., Py = 10, 14 and 20 s, respectively. These
findings suggest the presence of a dynamic physical case, which resembles the
sliding charge-density waves (CDWs) by an external drive [2, 49, 153, 155]. The
regular voltage oscillations may be described as the transit of periodic vortex
density fluctuations [2, 49, 153, 155]. It has been suggested that the system of
weakly pinned vortices resembles the pinned CDW state [2, 49, 153, 155].
Experimental studies on CDW revealed that, in a current or voltage controlled
experiment, coherent current or coherent voltage oscillations appear across the
sample after a threshold value of the driving current or voltage [159-166]. In the
present study, we suggest that a physical mechanism concerning the density
fluctuations of flux lines (or self magnetic field (SMF) lines) can be introduced as
a possible mechanism for coherent voltage oscillations. Such coherent density
fluctuations of flux lines (or SMF lines) can develop along the YBCO/Ag sample

and can result in similar effects as in the case of the CDW’’s.

5.3 Magnetovoltage Measurements

Systematic experimental studies have been made to understand the physical
mechanisms responsible for the hysteresis effects in the magnetoresistance of
superconducting materials [51, 55-57, 103, 167-173]. The hysteretic effects in
magnetoresistance measurements appear mostly in the clockwise direction as the
external magnetic field is swept up and down [51 — 57, 167-173]. Generally, the
low and high field strong irreversibilities observed in polycrystalline HTSC

samples are interpreted in terms of flux trapping developing in both intergranular
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and intragranular regions [51 — 57, 167-173]. Ji et al. [53] proposed an analytical
model, so called two-level critical state model, by calculating the macroscopic and
local fields for ordered and disordered polycrystalline HTSC samples. In this
model, it was assumed that the flux dynamics is maintained by percolative paths
through the grains. The model explains the microwave losses in granular materials
and also describes the magnetic hysteresis effects. Furthermore, a model for high
field magnetoresistance of granular samples was developed by Beloborodov et al.
[174], which gives a reasonable agreement with the experimental results
concerning the negative magnetoresistance observed in granular superconducting
Al sample [175]. Recently, Palau et al. [176] showed that the irreversibility
effects arise from the return field from grains into the grain boundaries. Balaev et
al. [177] reported that the broadening of the resistive transition of polycrystalline
composite samples of YBCO+CuO and its magnetoresistance measured at very
low magnetic fields could be explained well by the Ambegoakar-Halperin model
[178]. Zuo et al. [179] considered a similar model to explain the resistive
transition and magnetoresistance effect observed in an organic superconductor (k-

(BEDT-TTF),Cu[N(CN),]Br).

We note that the transport critical current density J, of polycrystalline high T¢
superconductors has been found strongly hysteretic at low applied magnetic fields
[135, 136, 179]. The intragranular flux-trapping model was developed to calculate
Jo«(H) and fit the experimental J. — H data in both YBCO and BSCCO ceramic
superconductors [101, 181, 182]. However, these models have disregarded the

magnetization of the intragranular medium. In those studies, it was assumed that
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the superconducting grains are embedded in non-superconducting host, without
any intergranular shielding effects. Mahel and Pivarc [54] used the two level
magnetic system model [53] to explain the hysteresis effects in magneto-
resistance measurements of HTSCs under low magnetic fields in transport and
magnetic measurements at different temperatures. Chen and Qian [183] reported
irreversible behavior of the critical current density J.(H) and magnetovoltage V(H)
of YBa,Cu3O7. « at low magnetic fields (H < 50 mT). The hysteresis effects in
those measurements were attributed to trapped flux in the loop comprised between
superconducting grains and weak links. On the other hand, the peculiar high field
hysteresis effects observed in granular type-II superconductors were explained
mainly in terms of flux trapping evolving inside the grains [51, 53-57, 101, 102,

183-185].

In this study, the experimental V' — H data of YBCO/Ag were mainly interpreted
and analyzed by considering the two-level magnetic system. The general behavior
of V' — H curves was also examined by considering the method proposed by
Balaev et al. [54-57]. By using this model, it is possible to distinguish the
contribution from both intergranular region or intragranular region to the

measured dissipation in V'— H curves.
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5.3.1 Hysteresis effects in V' — H curves and intra- and inter-granular flux

trapping

In our measurements, the V' — H curves demonstrate two distinct regimes for the
field increase branch (FIB) in forward region. First, rapid increase in the measured
voltage at low magnetic fields; second, at moderate field values, a saturation in
the measured voltage (see Figs. 4.21— 4.29). Upon cycling the external magnetic
field, all ' — H curves exhibit clockwise hysteresis effects which can be correlated

to the two-level magnetic system.

To a first approximation, the initial rapid increase in V' — H curves corresponds to
the destruction of the highly ramified weak-link structure between the
superconducting grains. The external magnetic field with the critical fields of

weak-link structure controls predominantly the coupling states between the grains

[51, 52, 53-57].

It is well known that polycrystalline bulk HTSC samples show typical weak-link
behavior which can be easily destroyed even at small external magnetic fields. A
weak-link structure is generally assumed to behave like a type-II superconductor
with its own penetration depth, Hclw, H.,Vand edge (surface like) screening
current flowing along the edge of the junction [52]. It should be noted that
irreversibilities are related to the flux trapping in the junction network. The

critical magnetic fields H.Vand H," can be obtained from low-field
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magnetization measurements (M — H) [51, 52]. Hy" represents the characteristic
magnetic field at which the first flux penetrates the sample through the weak
links. For H > H.,,", the weak link structure is completely destroyed by the
external magnetic field. As H is increased above chw, the flux lines would
penetrate the superconducting grains. For 0 < H < H,", it is quite normal to
expect that the flux lines evolve in the form of Josephson type, whereas, for H >
Hy", the flux lines penetrated into the grains will evolve gradually from

Josephson to Abrikosov-type with a reduced size [52, 55].

In the V' — H curves, the expected resistive response of a granular sample depends
on the magnitude of transport current and also the external magnetic field. At low
enough applied currents less than the critical current /., zero resistance state is
satisfied along the sample if H < H,;" and no dissipation is observed in the ¥V — H
curves. In this case, it can be assumed that the sample behaves like a quasi-single
superconducting slab and the shielding current circulates around periphery of the
sample within the penetration depth A;. As H is increased with a certain sweep
rate dH/d¢, the flux lines driven by the Lorentz force associated with the transport
current will penetrate the sample gradually from its surface into grain boundaries
and sample pores, so that it results in an increase in the measured dissipation. At
low magnetic field values, the flux motion is inhibited by the screening currents
flowing between the grains surrounding by the intergranular region of the sample.
When the first weak-link is broken by the flux lines in Josephson character, the
critical current density increases in the neighboring area of the sample and

disrupts the other weak-links as a cooperative phenomenon which we do not
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observe in our magnetic measurements. Thus, the density of flux lines per unit
area will increase over the weak link structure and flux motion will end in highly
superconducting grains which resist strongly against the flux penetration [52]. In
this process, the measured dissipation increases rapidly until the external magnetic
field reaches the Josephson de-coupling field Hy," of the weak-link network. If
the external magnetic field is less than the first critical field of grains (H. ), since
He g >> H,", further increase in the applied magnetic field will not produce any
extra dissipation because most of the grains are disconnected from each other and
the intergranular region of the sample is in normal state for of H > H.,,". It can
be assumed that, at relatively low magnetic fields, the normal state resistance of a
type-1I superconductor is independent of the applied magnetic field [169]. This
implies that the resistance of the intergranular region will not change until the
external magnetic field exceeds H.i,. We note that low-field M — H measurements
reveal that Hclw and chw have values in the order of a few 0.1 mT and ~ 1 mT,
respectively, at liquid helium temperatures [51, 52]. These junction parameters are

temperature dependent and increase with decreasing temperature.

The number of the flux lines is controlled by the sweep rate of external magnetic
field dH/d¢ which is an important parameter for the evolution of V' — H curves
[51]. The lowest dH/dt value used in our measurements is 0.50 mT/s and the range
of external magnetic field is between 0 — 60 mT. Therefore, the penetration rate of
flux lines from the sample surface to its interior will be extremely large and the
weak-link network will be destroyed within a very short time, i.e., t < 2 s. If the

grains become de-coupled, a measurable voltage dissipation is observed.
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The V — H curves of undoped YBCO (see Fig. 4.30) reveal that the
superconducting state is not destroyed up to a critical field H.,"* when H is
increased (for the FIB). For the FDB, the sample recovers the superconducting
state at a critical magnetic field value H.2" when H is decreased. The zero
voltage dissipation (for the FDB branch) is a measure of re-formation of the
coupling between the superconducting grains. The values of H.™ and H "
depend on the magnitude of transport current. For instance, for / = 30 mA, H. """
is ~ 42 mT in the ¥ — H curve in Fig. 4.30 for undoped YBCO, whereas, H. """ of
V' — H curve in Fig. 4.28 for the YBCO/Ag sample is ~ 10 mT. This suggests that
the flux pinning properties in the intergranular region of YBCO are weakened by
adding Ag into the superconducting structure, and enhances the formation of

isolated superconducting grains in sample.

It can be deduced from the detailed discussion (see section 5.1) on the 7 — V'
curves measured by using both the standart and reverse procedures that the other
parameter which affects the evolution of the V' — H curves is the addition of Ag
into the structure. The experimental / — V' curves demonstrate that the weak-link
structures in the intergranular region and also on the surface of the YBCO sample
are weakened by introducing Ag. It is seen from the comparison of the V' — H
curves for YBCO/Ag (Fig. 4.28) and undoped YBCO (Fig. 4.30) that the presence
of Ag in the superconducting structure causes a marked decrease in hysteresis
effects. In addition, although the instabilities in the V' — H curves of undoped
YBCO are quite small, the voltage drops and plateau regions in both of decreasing

branches (FDB and RDB) become more significant for the YBCO/Ag sample.

136



The long-lived plateau regions in the decreasing branches of the V' — H curves of
YBCO/Ag imply that the number of flux lines joining the motion does not change
and the dynamic process locks to a state for a long time, although the Lorentz
forces increases. However, an opposite case is observed in the V' — H curves of
undoped YBCO sample. This means that number of the pinning centers in the
junction network of undoped YBCO is greater than that of YBCO/Ag. In the case
of undoped YBCO sample, the flux lines do not lock to a state for a long time and
move locally from one pinning regime to another. Thus, the dynamic process
associated with the motion of flux lines in undoped YBCO is forced to change its

state gradually within a short time.

It is seen from the V' — H curves that the long-lived plateau regions in the
decreasing branches of YBCO/Ag become more significant as dH/d¢ is increased
from 0.50 to 2.60 mT/s. This implies that the number of the mobile flux lines does
not change for a while and a constant flow rate of flux lines evolves although the
external magnetic field is continuously varied. In this process, the drop in the
sample voltage is a measure of the drop in the number of flux lines, and, also, of
flux pinning. We suggest that high dH/dr values make locally the correlated flux
motion unstable. However, at low values of dH/d¢, the flux lines find enough time
to change their states gradually and, therefore, sharp drops or jumps are not
observed in the V' — H curves. At this point, it should be emphasized that the same
physical mechanisms responsible for the step wise structure of the 7 — V' curves

also control the evolution of the V' — H curves.
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The strong irreversibilities in observed low-field magnetization measurements can
be taken as an indication of flux trapping in the junction network. In granular
samples of HTSCs, it is generally argued that the superposition of external
magnetic field and local magnetic fields (induced by a magnetic dipole moment of
neighbor superconducting grains in the inter-grain boundaries) determine the
specific character of magnetovoltage measurements [51, 53-57]. For the FIB in
the forward region (FR), when the external magnetic field is increased with a
given dH/dt¢, the superconducting grains will show a negative diamagnetic
response to the variation of H. Within the description of two-level magnetic
system, the effective field B; averaged over the local fields in the intergranular
region will be greater than the value H [53-57]. On the other hand, for the FDB,
when H is decreased, the diamagnetic response of superconducting grains will be
positive and the effective field B; will be less than the value H. Therefore, the
dissipation measured for the FIB and FDB will give the result of V(H") > V(H °)
which is the origin of the hysteresis effects observed in ¥ — H curves [53-57].
Thus, we can correlate nearly absence of irreversible behavior in the V' — H curves
at relatively high fields (see Fig. 4.21-4.23) to the equality of effective fields (B;)
evolving in the intergranular region for the FIB and FDB. At this point, we note
that the same discussion on the irreversible behavior of V' — H curves is essentially

valid for when the polarity of external magnetic field is reversed.

We now return to our V' — H data and analyze the hysteresis effects in more detail
within the two-level magnetic system proposed by Balaev et al. [55]. Figure 5.7

shows the current and magnetic field sweep rate dependences of the hysteresis

138



width (AH) as a function of H . These AH — H ~ curves were extracted from the
V' — H data in Figs. 4.21-4.23. Every extracted data point in the AH — H ~ curves
corresponds to a constant value of measured voltage in the forward region of the
V' — H curves (see Fig. 2.10). It is seen from Fig. 5.7(a) that all curves collapse
nearly on a single curve at low field values of H ~. The departure from the single
curve starts at H ~ = 6.5, 15 and 22 mT for dH/df = 0.50, 1.30 and 2.60 mT/s,
respectively. We note that, for all sweep rates above these values of H ~, AH

depends on the magnitude of transport current.

According to Eq. 2.19, the current dependence of AH can be taken as an
indication of the contribution of the magnetization of intergranular region (M;) to
AH. However, it is seen from Fig. 5.7 that the temperature (7' = 88K) at which the
measurements were done is close to 7.. At T < T, the Josephson coupling energy
between the grains should decrease and, thus, the flux trapping capability of the
junction network should decrease accordingly. In addition, the presence of Ag
atoms in the structure causes the formation of normal regions at the grain
boundaries or S-N-S junctions and can reduce enormously the Josephson coupling
energy between grains. Further, as mentioned above (and in Chapter 2), at a given
temperature, low driving currents and low magnetic field values, which are
comparable to the junction parameters, are required to observe the current

dependence of AH.

It appears that current dependent AH presented in Fig. 5.7 is a contradiction to the

intra- and inter-granular flux trapping model proposed by Balaev et al. [55]. We
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suggest that, at 7 < 7. where the superconducting fluctuations are high, the

hysteretic behavior of the '— H curves should be controlled mainly by the flux
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Figure 5.7 AH =f (H ) curves of the YBCO/Ag sample determined at 7= 88 K

for different current values and magnetic field sweep rates of a) dH/dr= 0.50 mT/s

b) dH/d= 1.30 mT/s ¢) dH/d= 2.60 mT/s. The data were extracted from the V' — H
curves in Figs. 4.21-4.23.
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pinning in grains which are not fully superconducting regions. In this description,
the transport current can affect the flux lines pinned inside the grains and reinforce
the flux motion through them. Therefore, a current dependence of AH should be

expected.

Another parameter which makes AH current dependent is the sweep rate of
external magnetic field (dH/df). At low values of dH/dt, some of the flux lines
find enough time to penetrate into the grains with the help of Lorentz force and
keep their motion through the weak pinning channels by following reversible
paths upon cycling the external magnetic field. However, as dH/d¢ is increased
from 0.50 to 2.60 mT/s, the AH becomes approximately current independent (see
Fig. 5.7(c)). We suggest that, at high dH/d¢ values, the flux penetration is
prevented by the localized shielding currents circulating around the grains
(negative diamagnetic response) in parallel to the rate of variation of external
magnetic field. The penetrated flux lines can be pinned by the pinning centers
inside the grains and can not find enough time to move through the grains. Thus, a
relative increase in the flux pinning can evolve as compared to that observed at
low values of dH/d¢, which can cause relatively large irreversibility effects in the

V' — H curves (see Fig. 4.23).

Figures 5.8 and 5.9 show that AH =f(H ~ ) data extracted respectively from the V'
— H curves given in Figs. 4.24-4.26 and Figs. 4.27-4.29 collapse on the same
curve and are practically independent of the transport current, but depends on

dH/dt. Inspection of Eq. 2.15 and the current independence the AH =f(H ™)
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curves reveal that the flux trapping in grains dominates the evolution of the V' — H
curves. We suggest that the contribution from the pinning of junction network to
the hysteresis loops at 7= 84 and 82 K is negligible. Further, the transport current

does not affect the flux lines pinned inside the grains.

Figure 5.10 shows the variation of AH ., with dH/d¢, where AH ,.x corresponds to

the maximum values of the AH =f (H ) curves presented in Figs. 5.7-5.9.
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Figure 5.10 The variation of AHy.x with dH/d¢ determinated at different

temperatures: a) 7= 88 K, b) 7= 84 K and ¢) 7 = 82 K. AH .« is the maximum
value of the AH — H curves presented in Figs. 5.7-5.9.
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At T = 88 K, AHpn,x increases with increasing dH/dt (Fig 5.10(a)). However, this
significant dependence of AH..x on dH/d¢ diminishes with decreasing the
temperature from 7' = 88 to 84 K. The similarity between the AH =f (H ~ ) curves
in Fig. 5.10(b) and 5.10(c) implies that the same physical mechanism controls (the

flux trapping evolving inside the grains) the evolution of the V' — H curves

measured at 7= 82 and 84 K.

Figure 5.11 shows the variation of AH with H ~ for the undoped YBCO sample
determined at different transport currents. The data were extracted from the V' — H
curves in Fig. 4.30. It is seen that all data points fall on the same curve for H~ =
25 mT, except those for / =30 mA. The AH =f(H ") curve determined for 7/ = 30
mA follow the same curve when H > 42 mT. At low currents (/ = 30, 40 and 50
mA), there is a current dependence of AH. We attribute this dependence to the
flux pinning in the junction network and also to the contribution of the
magnetization of intergranular region M; to AH. Since AH is a measure of the
difference between the forward and backward magnetizations (see Eqs. 2.18 and
2.19), the magnetic states evolved for / = 30 mA should be different up to H ~ 42
mT as compared to that observed for other current values. In this description, the
diamagnetic response of the sample reaches its highest value, and the flux

penetration and motion nearly disappear for H < 42 mT.

Finally, we comment on the general behavior of AH =f (H ") curves. It is seen
from Figs. 5.8, 5.9 and 5.11 that AH generally tends to increase linearly with

increasing A . This implies that the net magnetization due to the difference
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between forward and backward magnetizations enhances with H ~. However a
decrease in AH with respect to H ~ can be correlated to the beginning of decrease

in difference between forward and backward magnetizations.
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Figure 5.11 AH =f (H ") curves of undoped the YBCO/Ag sample determined at

T =82 K for different current values and magnetic field sweep rate dH/d¢ = 1.00
mT/s. The data were extracted from the V' — H curves in Fig. 4.30.
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CHAPTER 6

CONCLUSION

In this study, systematic transport and transport relaxation measurements were
made in Ag doped polycrystalline Y;Ba;CuzO7. sample (YBCO/Ag) as functions

of transport current (/), temperature (7) and external magnetic field (H).

The current-voltage measurements (/ —J curves) with different current sweep rates
(dZ/dt), the transport relaxation measurements (V' — ¢ curves) by using dc and bi-
directional square wave (BSW) currents, and the magnetovoltage measurements
(V- H curves) with different sweep rates of the external magnetic fields (dH/dr)
were carried out to investigate the effects of Ag-doping on the flux dynamics in
YBCO. In order to understand better the flux dynamics evolving in YBCO/Ag,
the results of present measurements were compared to our previous studies on

polycrystalline samples of undoped YBCO and MgB,.

Standard and reverse procedures were used in the measurements of / — V' curves.
In the standard procedure, the dc driving current is cycled up [current increase
(CI) branch] and down [current decrease (CD) branch]; whereas, in the reverse
procedure, the current is first cycled down [current decrease (RCD) branch] and,

then, up [current decrease (RCI) branch]. The reverse procedure enables us to
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investigate the flux motion evolving from the outer surface of the sample to its

interior.

Upon cycling transport current, the / — V' curves of the YBCO/Ag sample exhibit
hysteresis effects for both procedures and are sensitive to the variation of dZ/dr.
The experimental data reveal that the irreversibilities in the / — V' curves of
undoped YBCO are more prominent than those of YBCO/Ag. Furthermore, there
are no considerable hysteresis effects in the / — V' curve of MgB,, a behavior
attributed to the absence of weak-link structure. We suggest that the physical
origin of the rather small hysteresis effects in the / — V' curves of the YBCO/Ag
sample can be related to the destruction of weak-link structure due to the Ag-
doping into the superconducting structure. Ag destroys partly the intergranular
pinning properties of YBCO ceramic by increasing grain coupling. As a
consequence, the irreversibilities in the / — V' curves of YBCO/Ag decrease
considerably. On the other hand, at moderate dissipation levels, we could not
observe any difference between the data obtained by using the standard and
reverse procedures. This suggests that the surface effects are also weakened by
addition of Ag into the superconducting structure. The hysteresis effects in the / —
V' curves of YBCO/Ag were explained in terms of different degree of the
inhomogeneous flux motion between the current-increase and current-decrease

branches.

One of the main observations in the / — V' curves of YBCO/Ag is the peculiar

voltage jumps and drops. It was found that these instabilities depend strongly on
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the magnitude of external parameters d//d¢ and H. The voltage jumps and drops in
I — V curves disappear as d//dt is reduced from 1.25 to 0.312 mA/s so that the / —
V' curves become more smooth. We suggest, at low values of d//dt, that the flux
lines distribute themselves easily and find enough time to go to accessible states.
It was observed that the instabilities increase significantly as the external
magnetic field is increased from 10 to 20 mT This behavior was correlated with
the increase in the number of the flux lines per unit area of junction network and
also to the accumulation of flux lines along the grain boundaries. Such a case can
make the flux lines unstable and can reinforce the plastic motion along easy
motion channels. In addition, the instabilities and short and long lived plateau
regions observed in / — V curves were explained in terms of plastic flow of flux
lines along easy motion channels which are considered mainly as metallic silver

paths in the YBCO/Ag sample.

Nonlinear transport phenomena and time effects in the YBCO/Ag sample were
investigated by the time evolution of sample voltage (¥ — ¢ curves) on long time
scales. The general behavior of the V' — ¢ curves was discussed in the frame of
dynamic competition between pinning and depinning mechanisms. At early times
of the relaxation process, the sample voltage rises sharply and levels off within a
very short time. After reducing the initial current (/;) to a finite value (1), the
sample voltage first decreases and levels off within a very short time. The rapid
voltage drops in the V' — ¢ curves observed in the quenched state were attributed to
the rapid dynamic reorganization of flux lines traversing the sample edges. When

the driving current (/;) was interrupt to zero, it was observed that the measured
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voltage becomes zero. This finding indicated that there is no residual voltage to be
relaxed and no heating effects associated with current contacts or hot-spot in the
sample. The initial voltage drop in the quenched state shows a decay

exponentially, as in the case of glassy state.

Furthermore, the time evolution of the V' — ¢ curves of YBCO/Ag in the quenched
state is quite different from that of undoped YBCO. At high and moderate
dissipation levels, the random distribution of Ag atoms in superconducting
structure is one of the major reasons which affect the line shape and the general
behavior of V' — t curves. Ag suppresses easily the superconducting order
parameter along the intergranular regions and forms additional easy motion
channels for the flux lines. That is why the rapid rise in the sample voltage at
early times of relaxation process is observed and also the sudden drop in the
sample voltage evolves in the V' — ¢ curves as the initial transport current /; is

reduced to a lower value £,.

We also investigated the influence of bi-directional square wave (BSW) current
on the evolution of V' — ¢ curves as functions of the amplitude and period of the
BSW current at different temperatures and external magnetic fields. It was
observed that slow transport relaxation measurements result in regular sinusoidal
voltage oscillations. The symmetry in the voltage oscillations was attributed to the
elastic coupling between the flux lines and the pinning centers along grain

boundaries and partly inside the grains. This case was also correlated to the
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equality between flux entry and exit along the YBCO/Ag sample during regular

oscillations.

It was shown that the voltage oscillations can be described well by an empirical
expression V(f) ~ sin(wt+¢) (see Eq 5.6).We found that the phase angle ¢
generally takes different values for the repetitive oscillations. We suggest that, for
each cycle observed, the initial conditions of the flux lines joining the motion are
determined by the distribution of flux lines formed by the former cycle and, thus,
every cycle prepares new initial condition for the next cycle. Therefore, it is

natural to expect such phase difference between successive oscillations.

Fast Fourier Transform analysis of the V' — ¢ oscillations showed that the
oscillation period is comparable to that (P;) of the BSW current. This finding
suggests a physical mechanism associated with charge density waves (CDWs),
and, indeed, the weakly pinned flux line system in YBCO/Ag resembles the
general behavior of CDWs. At certain values of P, amplitude of BSW current, H
and 7, the YBCO/Ag sample behaves like a double-integrator, since it converts

the BSW current to sinusoidal voltage oscillations in time.

The magnetovoltage measurements (V' — H curves) were carried out as functions
of the transport current (/), sweep rate of the external magnetic field dH/dz, and
temperature (7). Upon cycling H, all V' — H curves measured for different values
of I exhibit a clockwise hysteresis effects It was observed that the evolution of the

V' — H curves depends on dH/dz. We note that the rate of number of the flux lines
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penetrating into the sample is controlled mainly by dH/d¢. At low values of dH/d¢,
the irreversibilities and instabilities together with plateau regions in the V' — H
curves decrease markedly. However, the measured voltage dissipation is
independent of dH/d¢ values considered in this study. At low values of dH/dz, the
flux lines find enough time to change their states gradually and, therefore,
instabilities such as sharp drops or jumps are not observed in the V' — H curves.
This also explains why the hysteresis effects increase with increasing dH/dz. The
hysteresis effects in the V' — H curves increase as the temperature is decreased
from 88 K to 82 K, which can be correlated directly to the increase in the flux

pinning.

The hysteresis effects in the V' — H curve were interpreted in terms of two-level
magnetic system, which considers the superposition of the external magnetic field
and the local magnetic fields in the inter-grain boundaries induced by magnetic
dipole moment of neighbor superconducting grains. The general behavior of the
V' — H curves was also examined in details by using a model proposed by Balaev
et al. [176]. The analysis of the V' — H curves revealed that the irreversibilities
arise mainly from the flux trapping inside the grains. Furthermore, our analysis
showed that the flux trapping in the junction network has a negligible effect on the

evolution of the V' — H curves.

The V — H curves of the YBCO/Ag sample were also compared to those of

undoped YBCO sample. The presence of Ag in the superconducting structure

causes marked decrease in hysteresis effects. Another interesting finding is the
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pronounced decrease in the number of voltage drops/jumps and plateau regions in
V' — H curves of undoped YBCO. This implies that the addition of Ag into YBCO

material leads to a decrease in flux pinning properties in the intergranular region.

Finally, many experimental observations have demonstrated that the optimum
addition of Ag into YBCO improves its magnetic and transport properties. Ag
does not react with decomposed phases and tends to stay on the grain boundaries
as a metallic form. It is naturally expected that the addition of Ag into YBCO can
cause an increase in the number of formation of superconductor — metal-
superconductor (S-N-S) junctions between the grains. Thus, the coupling between
grains increases, and the grain boundary resistivity decreases markedly. The
improved grain connectivity of a superconducting material (i.e., HTSC cuprates)
is important for practical applications. Therefore, it will be interesting to dope
YBCO with other non-magnetic metallic materials such as Au, Al, Ca, etc. in

different amounts. In the future, we are planning to make such studies.
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In this thesis, current-voltage (I – V) curves with different sweeping rates (dI/dt) of transport current in Ag-doped YBa2Cu3O7-x sample (YBCO/Ag) were investigated. During the measurements, the transport current was cycled up and down. In addition, in measuring the I – V curves, two different procedures were applied: Standard and reverse procedures. At moderate dissipation levels, we did not observe any difference between these two procedures. This experimental observation suggests that the surface effects are weakened by adding Ag into the superconducting matrix.


The time effects were investigated by means of transport relaxation measurements (V – t curves). At well-defined values of transport current (I), temperature (T) and external magnetic field (H), an abrupt rise in the sample voltage was observed at the early stage of the relaxation process. After reducing the initial current to a finite value, the sample voltage levels off within a very short time. The rapid voltage drops observed in the V – t curves were attributed to the rapid dynamic reorganization of flux lines traversing the sample edges. These observations were also interpreted as easy suppression of superconducting order parameter due to the presence of Ag. As the transport current was reduced to a finite value, the time evolution of the quenched state YBCO/Ag is quite different from that of undoped YBCO. This difference in the V – t curves was interpreted in terms of presence of Ag which destroys the order parameter in the whole sample. 


We also investigated the influence of bi-directional square wave (BSW) current on the evolution of the V – t curves at different periods (P), temperatures and external magnetic fields. The nonlinear voltage response seen in the V – t curves to the BSW current with sufficiently short periods or sufficiently low amplitude reflects itself as regular sinusoidal-type voltage oscillations, which were discussed mainly in terms of the dynamic competition between pinning and depinning.


Magnetovoltage (V – H curves) measurements were performed at selected values of the magnitude of transport current (I), temperature (T) and magnetic field-sweep rate (dH/dt) to investigate the intergranular region and weak-link profile. It was observed that there were clockwise (CW) hysteresis effects in the forward region (FR) of V – H curves, and counterclockwise (CCW) effects in the reverse region (RR).


Keywords: Type-II superconductors, Ag-doped YBa2Cu3O7-x, I – V curves, magnetovoltage, transport relaxation curves, time effects, magnetic field effects, vortex dynamics.
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ÖZET


Ag KATKILI YBa2Cu3O7-x SERAMİK SÜPERİLETKENLERDE UYGULANAN AKIM VE MAGNETİK ALAN TARAFINDAN İNDÜKLENEN ZAMAN ETKİLERİ

Altınkök, Atılgan 


Doktora, Fizik Bölümü


Tez Danışmanı:  Prof. Dr. Kıvılcım KILIÇ


Eylül  2011, 171 Sayfa


Bu tezde, gümüş (Ag) katkılı YBa2Cu3O7-x  örnek (YBCO/Ag) üzerinde  taşıma akımının farklı akım tarama hızlarında (dI/dt) akım–voltaj (I – V) eğrileri incelendi. Ölçümler süresince, taşıma akımı yukarı ve aşağı bir döngü içerisinde  uygulandı. Buna ek olarak, I – V eğrilerinin ölçümünde iki farklı yöntem uygulandı: Standart ve ters yöntem. Bununla birlikte, orta harcanım düzeyinde, bu iki yöntem arasında hiçbir fark gözlenmedi. Bu deneysel gözlem, YBCO süperiletken matrise gümüşün katılmasıyla, yüzey etkilerinin zayıfladığını işaret etmektedir.

Zaman etkileri, taşıma durulma ölçümleri (V – t eğrileri) yardımıyla incelendi. Taşıma akımı (I), sıcaklık (T) ve uygulanan manyetik alanın (H) belirli değerlerinde, durulma sürecinin başlangıcında Ag katkılı örneğin voltajında ani bir artış gözlendi. Başlangıç akımını sonlu bir değere azalttıktan sonra, örneğin voltajı çok kısa bir zaman içerisinde düştü. V – t  eğrilerinde görülen hızlı voltaj düşmesi örneği boydan boya geçen akı çizgilerinin hızlı dinamik yeniden organizasyonu ile ilişkilendirildi. Bu gözlemler, gümüşün varlığından dolayı YBCO’ da süperiletken düzen parametresinin kolaylıkla bastırılmasına atfedildi. Taşıma akımı sonlu bir değere düşürüldüğünde, YBCO/Ag örneğinde, ani çakılma durumunun (quenched state) zamanla gelişiminin saf YBCO’dan oldukça farklı olduğu görüldü. V – t eğrilerindeki bu farklılık, bütün örnek boyunca düzen parametresini bozan Ag’nin varlığına dayanarak yorumlandı. 


Ayrıca V – t eğrilerinin gelişimi üzerine iki yönlü kare dalganın (İKD) etkilerini farklı periyot (P), sıcaklık ve dış manyetik alan değerlerinde incelendik. Yeterince kısa periyotlu ve yeterince düşük genlikli İKD akımı uygulanarak ölçülen, V – t eğrilerinde, lineer olmayan voltaj tepkisi düzgün sinüzoidal tipte voltaj osilasyonları olarak gözlendi. Bu deneysel gözlem akı tutulma (pinning) ve tutulmaması (de-pinnig) süreçleri arasındaki dinamik rekabete dayanılarak tartışıldı. 

YBCO/Ag örnekte taneler arası bölgeyi ve zayıf eklem profilini incelemek için manyetovoltaj ölçümleri (V – H eğrileri) taşıma akımının büyüklüğünün, sıcaklığın ve manyetik alan tarama hızının (dH/dt) fonksiyonu olarak ölçüldü.      V – H eğrilerinin ileri bölgesinde saat yönünde histerisis etkileri ve ters bölgesinde saat yönünün tersi histerisis etkileri gözlendi.

Anahtar Kelimeler: Tip-II süperiletkenler, Ag katkılı YBa2Cu3O7-x, I–V eğrileri, manyetovoltaj, taşıma durulma eğrileri, zaman etkileri, manyetik alan etkileri, akı dinamiği. 
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CHAPTER 1


INTRODUCTION


The pinning and motion of flux lines in a type-II superconductor are quite interesting and include many fascinating properties. The dynamic ordering and also the steady state properties of flux lines in a type-II superconductor can be probed via experimental techniques such as fast [1-10] and slow [11-14] transport measurements. Recent studies provide detailed understanding of the non-equilibrium physics [1, 2, 15], dynamic phase transitions [15-17], metastability [3, 5, 9, 18], and transient effects [3, 5] in type-II superconductors and have brought a new physical insight into the dynamic competition between the pinning and depinning. It has been demonstrated that the presence of weak disorder can promote the short-lived metastable states [12], whereas introducing of strong pinning centers may cause the formation of the long-lived ones, which can be probed by means of the fast transport measurements carried out on sufficiently short time scales [7]. Experimental observations reveal that the presence of strong metastability reflects itself as memory effects [19], history dependence [6], irreversibility [20, 21], current-induced annealing [12, 13, 22], and glassy state relaxation [3, 6, 19, 20]. The driving (transport) current can release the vortex system out of the metastable state and thus enable exploration of new accessible stable states in a distribution of energy landscape [6, 14].


In order to determine the current carrying capacity of superconductors, one way is to measure the current-voltage (I – V) curves. The measurements of   I – V curves also provide important information on the dissipation mechanisms in superconducting materials. In addition, the evolution of the I – V curves exhibits several interesting features upon cycling the transport current.  It was observed that significant instabilities such as voltage jumps and drops and hysteresis effects (which evolve as counterclockwise (ccw) or clockwise (cw) in character)  could appear in the I – V curves of type-II superconductors [3, 7, 21, 23-33]. Furthermore, depending on the sweep rate of the transport current (dI/dt), prominent time effects develop in the I – V curves of superconductors at low and moderate dissipation levels [9, 11, 34-41]. Depending on the value of dI/dt, the decrease or increase in the height of hysteresis loop in the I – V curves and the change in the measured dissipation are indications of the time effects. The current sweep rate dependence of the I – V curves in high temperature superconductors (HTSCs) has been attributed to the presence of giant flux creep and high operating temperatures [41].

Recent transport relaxation (V – t curves) studies [42-46] showed that there are remarkable time effects in transport measurements of type-II superconductors which deserve further investigation. The V – t curves introduce a new method to monitor all details of flux dynamics evolving in the structure as the time progresses. The evolution of non-linear V – t curves in polycrystalline samples of HTSCs is generally interpreted in terms of the formation of resistive and non-resistive flow channels and spatial re-organization of flux lines (or current- induced flux lines) in a multiply connected network of weak-link structure [42, 43]. In other words, such a dynamic re-organization of flux lines causes an enhancement or suppression in the superconducting order parameter depending on the magnitude of the driving current and the coupling strength of weak-link structure with the chemical and anisotropic states of the sample.

On the other hand, recent experimental studies show that a quenched disorder in the moving entity (i.e., flux lines or current-induced flux lines) which is unstable in time can be created by interrupting the driving current [6, 14] or the applied magnetic field during the course of the experiment [47], and, thus, a non-equilibrium system can be obtained. The time evolution of the quenched state which shows many interesting properties can be investigated via V – t measurements  [3, 5, 6, 14]. It is observed that the relaxation of the quenched state reflects itself as a decaying response, which reminds the classical spin glasses, i.e., the glassy state relaxation [3, 5, 6, 14].


The flux lines in motion induced by different kinds of current modulations cause different motional re-organization in type-II superconductors. Fast transport measurements performed by using bi-directional square wave (BSW) currents showed nicely the current-driven re-ordering of vortices [48]. Gordeev et al. [2, 49] demonstrated experimentally that asymmetrical square wave currents cause slow voltage oscillations on long time scale in a de-twinned single-crystalline Y1Ba2Cu3O7-x (YBCO) sample.  A similar study on polycrystalline YBCO sample has been carried out by Kilic et al. [50] by using BSW current. They observed that regular sinusoidal type oscillations evolve in well-defined ranges of amplitudes and periods of the BSW drive, and temperature.

Time effects were observed in the evolution of hysteresis loops in magnetoresistance (or magnetovoltage) measurements. The sweep rate of the applied magnetic field (dH/dt) plays a crucial role in this type of measurements, because it controls the number of the flux lines penetrating into the superconducting material [51, 52]. It is well known that strong irreversibilities appear in the magnetovoltage (V – H) curves upon cycling applied magnetic field. The hysteresis loops observed in the V – H curves evolve generally in cw character and include the details of the pinning and depinning processes developed inside the material. We note that there is a close relation between the V – H curves (resistivity technique) and magnetization (M – H) curves (magnetic technique) so that the same physical mechanisms should control the measured voltage dissipation [51, 52]. 

In granular superconductors, the two level critical state model [53] could explain successfully the irreversibility effects and the evolution of V – H curves. In this model, it is assumed that the sample is composed of intergranular junction network and superconducting grains. The measured voltage dissipation is correlated to the flux motion and flux trapping evolving in both intergranular and intragranular regions, due to the magnitude of the applied magnetic field [51, 53-57].  

In this thesis, the transport properties together with the time effects in silver (Ag) doped polycrystalline ceramic superconducting sample of Y1Ba2Cu3O7-x (YBCO/Ag) were investigated. In the Ag-doped YBCO samples used in this study, the amount of Ag corresponds to 3 wt % of the weight of Cu in undoped YBCO compound. There are several reasons of doping YBCO with Ag. In 1990’s, it was found that doping of YBCO with Ag is one of the best ways to improve the superconducting properties of Y1Ba2Cu3O7-x [58-65]. It was shown that mechanical properties of YBCO could be improved [65-67] and its normal state resistivity could be reduced enormously [68, 69] by doping with Ag. In addition, the intergranular critical current density Jc was considerably increased by doping with Ag [70-72]. The experimental studies established that Ag diffuses into the grain boundary as a metal during thermal processing and it is responsible for the enhancement of coupling between the grains [64]. In other words, number of weak links in the structure is decreased by increasing the grain connectivity.  The improvement in the grain structure of YBCO is strongly related to the amount of Ag added. Enough amount of Ag is responsible for providing interconnection between the grains by filling into the pores in the structure. 


In order to understand the mechanisms of flux pinning and flux motion, systematic current–voltage (I – V curves) measurements with various sweeping rates (dI/dt) of driving current were performed in YBCO/Ag in the neighborhood of the critical temperature Tc as functions of temperature (T), applied magnetic field (H), and maximum current driving Imax. Two different procedures; the standard procedure where the transport current (I) is cycled up and down (from the zero to a max current value and then to the zero again) and the reverse procedure where I is cycled down and up (from a max current value to zero and then to the max current value again) were used to measure the I – V curves. We note that the reverse procedure used in I – V curves enables us to investigate the details of flux motion from the outer surface of the superconducting sample to its interior, i.e., the surface pinning effect.

The time effects induced by the driving current and magnetic field were investigated by means of voltage–time (V – t) curves in YBCO/Ag sample. The V – t curves give all details of time evolution of organization of flux lines inside the sample and also average response of how the transport current distributes itself along sample. In the first part of transport relaxation measurements, the V – t curves were measured for direct currents. In the second part, the influence of BSW current with various ranges of its amplitude and period on the flux dynamics was investigated in details at different temperatures and external magnetic fields.  In order to understand the mechanisms of irreversible properties of YBCO/Ag, the magnetovoltage (V – H curves) measurements with different sweeping rate dH/dt of external magnetic field were carried out at different temperatures below Tc by varying the transport current I. 

Finally, for a better understanding of the influence of Ag on the superconducting properties, the experimental results obtained for YBCO/Ag were compared with those of undoped YBCO sample. Finally, we would like to note that experimental methods introduced in this thesis provide a useful tool to investigate how the doping of Ag into the superconducting YBCO affects the flux dynamics and reorganization of transport current. 

This thesis consists of six chapters, which provide the reader with a background on the subject before the experimental results are presented. The chapter 2 includes the basic properties of the superconductivity and the presentation of some of the pioneering theories of superconductivity. In chapter 3, the sample preparation of Ag doped YBCO and experimental set-up are given. This chapter also contains a description of the procedures used to perform the low temperature measurements and a detailed analysis of sample characterization, which includes scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and x-ray diffraction (XRD), is given. In chapter 4, current–voltage characteristic (I – V) measurements, voltage–time (V – t) measurements, the effect of BSW driving current on V – t curves and magnetovoltage (V – H) measurements are presented. In chapter 5, the experimental results are discussed. Finally in chapter 6, the experimental results and findings of this work are summarized.
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CHAPTER 2

SUPERCONDUCTIVITY

2. 1 Basic Concepts of Superconductivity

Superconductivity was first discovered in Hg (at a critical temperature of             Tc = 4.2 K) as a sudden disappearance of measurable electrical resistance. The discovery was made in 1911 by the Kamerlingh Onnes group [73] when studying the low temperature behavior of pure metals. The new state observed in mercury was called as superconducting state. Afterwards, it was discovered that many other metallic elements exhibit superconductivity at very low temperatures. However, the industrial applications of these low critical temperature (Tc) superconductors (LTSCs) were restricted by the cost of the liquid helium and the complicated operation of the cooling system. After twenty two years later, another intrinsic property of a superconductor was called as the Meissner effect which is the exclusion of external magnetic field from the interior of the superconductor, i.e., perfect diamagnetism discovered by the Meissner and Ochsenfeld [74].

In the 1920s and 1930s, new superconducting alloys and compounds were discovered. In 1957, in a theoretical study of the effects of applied magnetic field on superconductors, Abrikosov [75] discovered that there are two types of superconductors: Type-I, where the magnetic flux is completely expelled from the interior of the superconducting sample for values less than a critical magnetic field value Hc; and type-II, where the magnetic flux is completely expelled for small fields (below Hc1) and partially in higher external fields (up to Hc2). Such a state in type-II superconductor is called as mixed state or vortex state.


The critical temperatures remained rather low as ~ 23 K in Nb3Ge [76] until 1986. In 1986, Bednorz and Muller discovered high Tc superconductivity in the ceramic material of La-Ba-Cu-O [77]. They found evidence for superconductivity at about 30 K in LaBaCuO ceramics. In February 1987, Wu and Chu discovered superconductivity in YBa2Cu3O7-x ceramics with a Tc of about 90 K [78]. This was the existence of a superconductor with a critical temperature above that of liquid nitrogen, which is much cheaper coolant than the liquid helium. In 1988, Bi2Sr2Ca2Cu3O10, Tl2Ba2Ca2Cu3O10 and; in 1993,  HgBa2Ca2Cu3O8 cuprate oxides were discovered with Tc ≈ 110 K, 120 K, and 134 K, respectively [79-81]. The HgBa2Ca2Cu3O8+x compound under 15 GPa hydrostatic pressure shows the onset of superconductivity at 164 K, the highest Tc known today [82]. Thus a new class of materials, cooper oxide ceramics with a layered perovskite structure had rapidly arisen. In 2001, a new intermetallic superconductor was discovered by Nagamatsu et al. [83]: The magnesium diboride MgB2 with Tc = 39 K. Further, newly found Fe-based superconductors have Tc above 30 K, for instance, Sr0.5Sm0.5FeAsF has a Tc of 56 K [84]. 


2.1.1 Meissner effect

In 1933, Meissner and Ochsenfeld measured the flux distribution of metal superconductors cooled down to their Tc in a external magnetic field (H). They found out that a material in the superconducting state never allows the magnetic field lines to exist in its interior provided that the external magnetic field (H) is less than a critical field value Hc and it exhibits perfect diamagnetism, i.e., B = 0, where B is the magnetic induction inside the sample [85]. 

This property could not be explained by the basic properties of perfect conductors and therefore was called as Meissner effect. The magnetic behavior of a superconductor in an external magnetic field is shown in Fig. 2.1. The expulsion of applied magnetic field lines is a result of the existence of induced circulating currents in a superconductor which generate an induced magnetic field opposite in direction, but equal in magnitude to the external field H, so that the total magnetic induction inside the superconductor is zero. The state of perfect diamagnetism evolves at the conditions only if T  <  Tc and H  <  Hc. The pattern of the external magnetic field lines depends on the shape of the specimen, which is characterized by the demagnetizing factor ND of the geometry. 

The magnetic induction B inside a magnetic material can be written as [86]
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Figure 2.1 The Meissner effect. (a) Magnetic field applied at H < Hc to a superconductor at the condition  T > Tc. (b) The magnetic field lines are excluded by the superconductor  yielding B = 0 inside the superconductor when both conditions H  <  Hc  and T  <  Tc are satisfied. Applied magnetic field lines are represented as arrows.


Here, (o is the magnetic permeability in vacuum, 
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is the external magnetic field and
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 is the magnetization of the sample. In the Meissner state, since the magnetic induction inside the superconductor is zero, Eq. 2.1 can be written as 
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Here, χ is defined as magnetic susceptibility M / H and thus,
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The result of 
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 is a measure of perfect diamagnetism and therefore, it can be concluded that type-I superconductors are perfect diamagnetic materials at the conditions of H  <  Hc  and T  < Tc.

2.1.2 London theory


The Meissner effect was explained by London [87]. He showed that the Meissner state can be described in terms of supercurrents (Js) circulating in a thin surface layer of the superconductor which opposes to the external magnetic field. The thickness of this surface layer turned out to be a temperature-dependent material parameter called the London penetration depth, λL. The external magnetic field is thus allowed to penetrate in a distance of order of λL into the superconductor. The London equations describing perfect conductivity and flux expulsion are given by [86]
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and
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where 
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Here, 
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 is supercurrent density,
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is the local electrical field and 
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 is the total magnetic induction. The parameters me, ns, e are the mass, charge density and charge of superelectrons, respectively. As mentioned above, λL is a temperature dependent parameter, i.e, 
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for T ≤ Tc. The penetration depth diverges at the critical temperature, indicating that the number of superconducting charge carriers goes to zero at Tc.

By using Eq. 2.5 and the Maxwell equation 
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[86], we can obtain 
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Equation 2.7 can be solved in one dimension for a semi-infinite superconductor in the shape of rectangular prism in a field parallel to its cross section area by using suitable boundary conditions. The local field penetrated into the superconductor can be found as
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where B(x) is the magnetic flux density at a distance x inside the metal, B(0) is the flux density at the surface of the sample. Note that at the surface of the sample            B(x = 0) = H.  The position dependence of magnetic induction given in Eq. 2.8 is shown in Figure 2.2.
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Figure 2.2 Variation of magnetic flux density from the surface to the interior of a superconductor [88].


The London equations predict an exponential decay of the flux density from the surface of a superconductor to its interior and also describe many features of the superconducting state well, but they do not explain why a material becomes superconducting. 

2.1.3 Type-I and type-II superconductors

There are two kinds of superconductors namely type-I and type-II, which are classified with respect to their magnetic properties. The magnetization of a type-I superconductor is shown in Figure 2.3 [89]. When the external magnetic field H is lower than the critical field Hc, the magnetization is given by M = −H (see        Eq. 2.2) and the superconductor shows perfect diamagnetism (the Meissner state): B = 0. The transition from the superconducting state to the normal state occurs at H = Hc with a discontinuous variation in the magnetization to M = 0 when B = μ0H.
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Figure 2.3 Magnetic field dependence of magnetization for type-I superconductor [89].

In 1957, Abrikosov published a paper describing some new phenomena related to the Ginzburg-Landau theory, quite different from the behavior of type-I superconductors [75]. He pointed out the existence of some new materials which exhibit a continuous increase in flux penetration starting at a first critical field Hc1  by reaching B = μ0H at a second critical field Hc2, instead of showing a discontinuous disappearance of superconductivity at the thermo-dynamical critical field Hc. Later, it was understood that the behavior of these materials could not be described simply due to impurities in their chemical composition. The experimental studies showed that they possess entirely new and different electric and magnetic properties and therefore, they were called as type-II superconductors [52].

Figure 2.4(a) shows that, in an idealized type-II superconductor,
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are uniquely related to one another [89]. According to this figure, the state of perfect diamagnetism, 
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 = 0, exists only below Hc1. For H > Hc1, the flux lines start to penetrate into the structure in a complicated way. As H > Hc2, the magnetization becomes totally zero so that the magnetic fields inside and outside the material are equal to each other and the material returns to its normal state. As the magnetic field is decreased slowly below Hc2, the reverse magnetization path will exactly retrace the forward one. However, no real material exhibits the exact retracing of such an idealized curve. Structural imperfections, chemical impurities and anisotropic states of the material act as barriers for both flux entry and exit through the material, referred to as flux pinning, and bring strong irreversibilities in the M – H curves [52]. 

A real type-II superconductor has a more complicated magnetization curve, which is shown in Figure 2.4(b). A noticeable difference is the absence of sudden change in magnetization M as H passes through Hc1. Only the slight deviation from linearity of the M – H curve is a measure of that the diamagnetic state is no longer perfect and ( is less than -1. In this case, it can be suggested that the magnetic flux lines have already started to penetrate into the material. The increase of H leads to more extensive flux penetration, and, at Hc2, the state of full penetration is achieved: B  =  μoH and the material becomes normal.
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Figure 2.4 (a) Magnetization of an ideal type-II superconductor. The M – H curve is reversible upon cycling of H. The state of perfect diamagnetism exists below Hc1, whereas, for H > Hc2, the material is in the normal state. (b) Magnetization of a real type-II superconductor. The M – H curve is reversible only above Hirr. The magnetic flux at H  =  0 is “trapped” or “pinned” in the material [90]. Numbers show different branches of the magnetization curve. 

In the superconducting state, some of the flux lines are trapped within the material due to the presence of the imperfections and defects. When H is reduced from Hc2, the flux lines are free to move at first, and, so, the M - H curve retraces its path until a field point Hirr referred to as irreversibility field [52]. When the flux pinning becomes stronger, B declines slower than the variation of H, and, M deviates from the forward curve. As H is further decreased, B remains high due to the large flux pinning evolving inside sample and further, since B = μo(H+M), M rises to a positive value. At the end of the reverse cycle, when H = 0, the value of B remains finite due to the magnetic flux trapped by the superconductor


While the type-I superconductors are composed entirely of the metallic elements, type-II superconductors may be metal alloys or even some pure metals such as Niobium (Nb) and Vanadium (V), and also oxide compounds. Most metals and metal alloys have their critical temperature Tc below 25 K and are referred to as low temperature superconductors (LTSCs), while oxide superconductors (cuprates), MgB2 and newly found Fe-based superconductors have their Tc above 30 K and are referred to as high temperature superconductors (HTSCs).

2.1.4 The mixed state


Structural imperfections or chemical impurities inside the superconducting material act as barriers for flux motion and this case is called as flux pinning. Apart from the normal and superconducting states, type-II superconductors exhibit a new state called the mixed state (or vortex state), which allows the existence of normal regions in the material. In the mixed state, the Meissner effect is no longer present and the magnetic flux may penetrate partially the superconductor. However, the superconductivity does not disappear completely. The existence of the mixed state can be explained by the fact that the material tries to keep itself in a state with the lowest total free energy. When the surface energy between the normal and superconducting regions is negative, the appearance of normal regions will reduce the total free energy and lead to more favorable energy states [91]. The mixed state is an intrinsic feature of type-II superconductors and exists for magnetic fields such that Hc1 < H < Hc2. It was predicted by Abrikosov [75] that the magnetic flux would penetrate the sample in a regular array of flux tubes, named fluxons, each one having the quantum of flux 
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 Wb (h: Planck’s constant and e: electron charge). Figure 2.5 shows the mixed state of a superconductor at Hc1 < H < Hc2. 
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Figure 2.5 The mixed state, showing normal cores and encircling supercurrent (Is) vortices. The vertical lines represent the flux threading the cores. The surface current maintains the bulk magnetism. [91]


The flux tubes forming in the shape of cylinder parallel to the external magnetic field thread the superconductor and include normal regions. These cylindrical normal cores are arranged in a regular pattern forming a lattice called as “flux line lattice”. Within each core of flux tube, the magnetic flux has the same direction as that of the applied magnetic field and is shielded from the neighboring superconducting regions by a circulating induced current Is. These supercurrents together with the surface current circulating at the perimeter of specimen maintain the bulk diamagnetism as shown in Fig. 2.5.


2. 2 Phenomenological Theories of Superconductivity


2.2.1 Ginzburg – Landau theory

Although the London theory explains the Meissner effect, it is unable to explain the coexistence of the normal and superconducting states in the mixed state of type-II superconductors. Ginzburg – Landau (G – L) theory is one of the phenomenological theories, which describes many properties of the superconductors. The G – L theory was based on the Landau theory of second order phase transitions [92]. It considers a phenomenological Hamiltonian which depends only on the symmetries of the system together with an order parameter taken into account. In this theory, it is assumed that a macroscopic wave function ψ(r) is taken to be equivalent to order parameter and the free energy of the superconductor is expressed in terms of ψ(r). In addition, it is assumed that 
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is equal to the density of the Cooper pairs ns. The free energy ƒ of a superconductor can be written as 
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where the subscripts n and s refer to normal and superconducting states, respectively, α, β and ε are phenomenological parameters. The behavior of free energy near the critical temperature Tc requires that α and β are temperature-dependent parameters. Conventionally ε is taken as 1/2(me) and e* is the effective charge (which turns out to be twice the electronic charge). Minimizing Eq. 2.9 with respect to ψ(r) over all space gives
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Eq. 2.10 is known as Schrödinger-like Ginzburg – Landau equation and also defines a characteristic length depending on the variation of the order parameter 

[image: image25.wmf]2


y


. This characteristic length is known as the coherence length
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 which depends on temperature. The Ginzburg–Landau coherence length ξGL is given as 
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. On the other hand, minimizing Eq. 2.9 with respect to vector potential A gives a relation associated with supercurrent density Js:
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Here the pair charge and mass are q* = 2e and m* = 2m, Re denotes the real part.  Another length scale which is referred to penetration depth 
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 can be found from Eq. 2.11. The Ginzburg – Landau penetration depth (λGL) which depends on temperature is given as 

[image: image30.wmf]a


m


b


l


2


0


4


e


m


e


GL


=


.

The G–L parameter which classifies the superconductors is defined as                           κ = λGL(T)/ξGL(T). The ratio κ = λGL(T)/ξGL(T) determines whether the superconducting material behaves as a type-I 
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[86].

2.2.2 BCS theory of superconductivity


The properties of type-I superconductors were modeled by a theory developed by Bardeen, Cooper, and Schrieffer in the 1950’s [93]. In this theory, it was assumed that, at T < Tc and H < Hc, an attractive force exists between electrons so that electrons can travel through the superconductor in pairs with opposite spins [93]. In this interaction between electrons, the attractive force developed was attributed to Coulombic attraction between the electrons and the crystal structure. This is because moving electron in the lattice creates a slight positive charge around it originating from the lattice atoms. This positive charge density then attracts a second electron (Figure 2.6 and   Figure 2.7). This pair of electrons known as a Cooper pair travels through the lattice [94]. The crystal lattice must have small thermal vibrations in order to make the Cooper pairs exist and this explains why superconductivity occurs at low temperatures. As the superconductor is warmed above Tc, the Cooper pairs separate into individual electrons and the material becomes non-superconducting.


The Cooper pairs act like bosons and can condense into a state with zero electrical resistance. The effective net attraction between two electrons produces a pair binding energy on the order of milielectron volts, enough to keep them paired at temperatures below Tc.
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Figure 2.6  Passing electron attracts the cation lattice, causing a distortion in the lattice [95].
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Figure 2.7 Another electron passing in the opposite direction is attracted to this lattice distortion (phonon): The electron-phonon interaction [95].

2.3 Theoretical Models for Non-Linear Current–Voltage measurements         (I – V Curves)

Transport measurements have always a central place in characterizing the superconductors. One of them is to measure the current–voltage (I – V) curves below Tc. The critical current which is a very important parameter for practical applications is extracted from the analysis of I – V curves of superconductors. Figure 2.8 shows a schematic representation of sample voltage V versus current I (alternatively, electric field E versus current density J) [96].

The E – J curve (or I – V curve) includes three different regimes: First, thermally assisted flux flow (TAFF) in the low current region and second, the flux flow in the high current region. The third regime is the flux creep which lies between the two regimes. The flux creep and flux flow regimes were commonly used in describing the I – V curves of low temperature superconductors. The new term TAFF was defined to understand the general behavior of the I – V characteristics of high-Tc ceramic superconductors [97]. 


In Fig. 2.8, the critical current Ic is marked at the point where the sample voltage V = 1 μV, or equally, E = 1 μV/cm. In fact, it is quite reasonable to define Ic and the corresponding critical current density Jc as the point where the flux flow regime is just about to begin. 
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Figure 2.8 A schematic representation of the I – V curves (or E – J curves) of superconductors. The curve has a linear region at low I, followed by a highly nonlinear region at intermediate values of I, and finally a linear relation again. The definition of Ic or Jc is given on the curve by using the criterion of V = 1 μV, or    E = 1 μV/cm [97].

2.3.1 Thermally assisted flux flow (TAFF), flux creep and flux flow in superconductors

In a perfect (type-I) superconductor, the flux lines would be able to move easily and adjust their density according to the applied magnetic field. However, an energy barrier is created due to impurities and inhomogeneties in a real type-II superconductor, which prevents the flux motion. The energy of flux lines and type of pinning centers and also their distributions determine the pinning and de-pinning processes. The flux lines can be pinned by only suitable pinning centers.  


At low dissipation levels corresponding to the first regime of thermally assisted flux flow (TAFF) regime in I – V curve (Fig. 2.8), the measured voltage is caused mainly by the creep of flux lines. However, in addition to this process, increase in the temperature will provoke thermal fluctuations and, hence, the flux motion along the sample. Such a case will lead to the temperature dependence of resistivity ((T) in Arrhenius type which is a measure of TAFF:                          ((T) = ((0)exp(-Uo/ kBT), where Uo is the activation energy and kB is the Boltzmann constant [97]. The TAFF process affects significantly both the transport and magnetic measurements of HTSC cuprates. 

When a transport current with density J is applied to a type-II superconductor, it interacts with the flux lines and creates a Lorentz force  
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 is the unit vector along the flux quantum (o. In order to observe a flux motion in the flux creep regime, the energy of flux lines should be less than (or comparable to) the effective pinning energy. In addition to 
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, the thermal activation makes the flux bundles jump from one pinning site to another by causing a measurable dissipation (Figure 2.9) [98]. In this regime, the current density is not larger than Jc and also the Lorentz force 

[image: image36.wmf]L


F


r


is weaker than the pinning force

[image: image37.wmf]0


F


r


. Under these conditions, it can be anticipated that most of the flux lines do not participate the flux movement. 
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Figure 2.9 Different stages of flux motion, depending on the magnitude of transport current J. The presence of current in a magnetic field generates a Lorentz force FL which tilts the staircase allowing the flux lines to hop out of their wells more easily [98]. Here Fo is the pinning force and x is the position of moving flux line system.


As the current density is increased, the depth of the pinning wells becomes relatively smaller because the effective pinning potential depends explicitly on J. At a certain value of J = Jc, the Lorentz force becomes equal to (or greater than) the pinning force (FL ≥ Fo), and all flux lines start to move as is shown in Fig. 2.9. This is known as flux-flow regime which corresponds to a correlated motion of whole flux line system. Jc is called the critical current density which is a very important parameter for practical applications since it gives the maximum current carrying capacity of the superconductor.


2.3.2 Proximity effect 

The proximity effect occurs when a superconductor (S) is in contact with a normal metal (N). If the contact between the superconductor and normal metal is sufficiently good in quality, the order parameter associated with the wave function ((r) of the superconductor close to the interface will alter. The superconducting region will induce superconductivity in the metal which is in the normal state before the contact. This induced superconductivity exists only in a thin surface layer of the normal metal near the S – N interface. The distance measured from the S to N in the interface is in the order of the coherence length ξ [99].

When a normal metal and a superconductor are in good contact, it is assumed that the Cooper pairs penetrate into the normal metal from the superconductor, then stay and live there for a while [99]. This results in a reduction of the Cooper pair density in the superconductor. This also means that some part of a material, which is not a superconductor, can have a superconducting state under certain conditions. Thus, the proximity effect for a S – N structure gives rise to an induced superconductivity below Tc and it is the strongest at the temperatures T << Tc [99].

In  a  granular  superconducting   material,  such as  polycrystalline samples  of HTSC  cuprates,  the junction type  between  the grains  evolves  mostly in the form of Superconductor–Insulator–Superconductor (SIS) junction and rarely Superconductor–Normal–Superconductor (SNS) one. The effective junction type of granular systems can be found from the comparison of experimental temperature dependence of Ic with the relationship
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,where m is an exponent [100]. For instance, if m = 1, the effective junction inside the granular system is assumed to be mostly SIS type or if m = 2, the intergrain junctions develop mostly in SNS type. In addition, due to the sample preparation, the intergrain junction can be of Superconductor–Insulator–Normal Metal–Superconductor type (SINS) for m = 1.5.

2.4 Transport Relaxation and Glassy State 

In the glassy state, it is assumed that there are several energy states developed inside the material, which affect dramatically the motion of flux lines. Such an energy landscape includes a broad distribution of both long- and short-lived metastable states separated by several energy barriers [14, 19, 20, 27, 28, 42, 47]. The energy barriers between the neighboring energy states can be small while the difference between the more distant barriers can be higher. In a polycrystalline superconducting sample, the energy landscape corresponds to the frustrated superconducting domains coupled by weak links, and such a description can lead to the concept of the superconducting glass model.  Due to the driving force FL together with thermal activation, the flux lines can easily overcome the neighboring barriers, but may fall in a deeper energy well. Thus, bundle of flux lines remaining at the bottom of deeper wells can not overcome these wells and give no contribution to the measured voltage. In this process, it is observed that the sample voltage decreases as the time progresses. The relaxation of sample voltage with time can be correlated with decrease in the number of the flux lines which lose their capability of motion [47].


 In glassy state relaxation, the time evolution of the sample voltage is described by [14, 19, 20, 27, 28, 42, 47] 
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where to is the characteristic time. Some experimental observations provide evidence that the glassy state relaxation fits to a stretched exponential time dependence [44-46] in the form:
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Here the exponent ( is a constant which depends on temperature and magnetic field. Equation 2.13 describes well the time decay in the remnant magnetic moment of ordinary spin glasses. In this expression, the time evolution and degree of ordering of individual magnetic moments can be determined mainly via the exponential term. A glassy state (or quenched disorder) in superconducting state can created by decreasing of current (or external magnetic field) to a finite value or zero. The decrease in sample voltage corresponding to quenched disorder which evolves to low dissipation values can be described well by the expression given by Eq. 2.13. It is noted that such a time dependence of glassy state is reminiscent of spin glasses. 

2.5 Magnetoresistance in Granular Superconductors

2.5.1 The two-level magnetic system and intra- and inter-granular flux trapping model


In this model, it is assumed that the granular sample is composed of superconducting grains and weak-link junction network [53-57, 101-103]. It is based on the fact of two distinct critical current densities: The larger one locally evolving inside the grains (i.e., intra-grain current density) and the other one, which is relatively lower than that in the grains, is the macroscopic intergranular current density. Since the gradient of flux density inside the grains is larger than that in the intergranular region, the analytical solution of the usual critical state model is manipulated on the basis of magnetic states associated with both intra-grain and inter-granular regions of the sample. The two-level magnetic system was originally proposed by Ji et al. [53], and, later, was extended by Mahel and Pivarc [54] to explain the hysteresis effects in HTSC cuprates.


In the following, we introduce the two-level magnetic system which has been modified and adopted to HTSC cuprates by Balaev et al. [55-57]. In this model, it is assumed that the pinning in Josephson barriers (i.e., inter-granular boundaries) is weak and the magnetic ﬂux is trapped mainly in the superconducting grains. It is also assumed that the contribution of grain boundaries to the diamagnetic response of the sample is negligibly small. In this case, for H > Hc1w, where Hc1w is the first critical field of the junction network, a local field  Bi  develops along the junction network, which is equal to the vector sum of the applied magnetic field H and the field Bg induced by the magnetization of the grains:
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Here G is a coefficient depending on the location and shape of the superconducting grains and Mg is the magnetization of HTSC grains [54-57, 101-103].


The effective ﬁeld Beff in the intergranular region can be found as an average of the distribution of local field Bi over all grain boundaries: 


Beff  = <Bi> = (o[H – Mg(H) f(H)]. 

                       (2.15)


Here f(H) is the average value of G over the junction network and depends on the magnitude of the external magnetic field. The magnetization Mg(H) is produced by the shielding currents and the associated flux gradient evolving inside the sample. 


In the case of flux trapping in junction network, the pinning of flux lines requires the magnetization of intergranular region Mi, and the local field
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 in the junction network which is the superposition of the external field
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induced by the grains. In the region of grain boundaries considered, 
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. Thus, the effective field Beff W in the junction network can be found by averaging the distribution of local field BiW and can be written as [55]

Beff W = <BiW> = (o (H – [Mg (H) f(H) – Mi (H,I)] ).

           (2.16)


At low applied magnetic field values, when the self-field induced by the transport current is comparable to the first and second critical fields Hc1w and Hc2w of the junction network, respectively, we note that the magnetization of intergranular region of HTSC sample (Mi) becomes current (I) dependent.


In the hysteresis loops of  V – H curves, the equality of voltage values V(H+) and   V(H –)  corresponding  to the  increasing  and  decreasing  fields  H+  and H –, respectively, indicates the equality of effective fields, i.e.,  Beff(H+) = Beff(H –) (Fig. 2.10). When the pinning in the junction network is small, the contribution to the total magnetization from this medium will be small too, and, therefore, the equality can be written by using Eq. 2.15 [55]

H+ –  Mg(H+)f(H+) = H– – Mg(H –)f(H –).


           (2.17)


The width of the hysteresis loop (H = H – – H+ observed in the V – H curve for a given value of measured sample voltage V can be written as


(H = [Mg(H –)f(H –) – Mg(H+)f(H+)].



(2.18)


It can be seen from Eq. 2.15 that the value of Beff is determined only by the applied magnetic field and the magnetization of grains, and, therefore, (H in Eq. 2.18 must be independent of the transport current [55].
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Figure 2.10 Schematic plot for magnetovoltage (V – H curve). The increasing and decreasing external magnetic fields corresponding to the same sample voltage value are labeled as H+ and H –, respectively. (H is the difference between H+ and H – for a given value of measured sample voltage. (H = H – – H+ is the width of the hysteresis loop.

If the flux trapping in the intergranular medium is negligible, then, (H expected to be independent of the variation in the transport current. However, if (H becomes current dependent, this may imply that there is a flux pinning in the junction network which contributes to the effective field (Beffw) in the intergranular region, and, thus, Beffw will change with the transport current. In this case, (H can be written [55]

(H = [Mg(H –)f(H –) – Mi (H –, I)] – [Mg(H+)f(H+) – Mi (H+, I)].                   (2.19)


In order to observe the current dependent (H – H – curves, at a given temperature, the self-field induced by the transport current and the applied magnetic field must be sufficiently low and comparable to the corresponding junction parameters since Mi << Mg.


2.6 YBa2Cu3O7-x (YBCO-123) System 


The most extensively studied high temperature superconductor cuprate is YBa2Cu3O7-x, or shortly YBCO-123 with Tc ≈ 90 K. This compound was discovered in 1986 by Wu et al. [78] and is the first compound of which Tc exceeds the boiling point of liquid nitrogen (i.e., 77 K at 1 atm). It exhibits one of the most interesting and complex relationships between chemistry, crystal structure and physical properties of any ceramic material studied.


It was found that the oxygenation procedure of YBCO-123 samples is very crucial in obtaining best superconducting properties. In a typical sample preparation procedure, YBCO-123 is formed with oxygen content close to six and then has to undergo a phase transition from tetragonal to orthorhombic structure, including the characteristic formation of twin boundaries. In principle, it is extremely difficult to reach the x = 0 state within reasonable time periods [104-107]. Figure 2.11 shows tetragonal and orthorhombic phases of YBa2Cu3O7-x
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Figure 2.11 Structures of (a) tetragonal YBa2Cu3O6, (b) orthorhombicYBa2Cu3O7 (xy is ab-plane, z is c-axis of the unit cell) [108].

 As the other high-Tc superconductors, YBCO-123 is a type-II superconductor. The flux of charge carriers along their CuO2 layers causes a high anisotropy in these materials, whose physical properties in the ab-plane are different than those along the c-axis direction. The main superconducting characteristics of YBCO-123 are summarized in Table 2.1.

Table 2.1 Main superconducting parameters of YBa2Cu3O7−x (YBCO-123) in the ab-plane and along the c-axis direction at zero temperature. ξ is the coherence length, λ the penetration length,  Jc is the  critical current density, and Hc1 and Hc2 are the lower and upper critical magnetic fields, respectively (data extracted from references [108-110]).


		

		ab-plane

		c-axis



		ξ(0) (nm)

		1.5–4.3

		0.3–0.7



		λ(0) (nm)

		100–140

		500–800



		Jc(0) (A/cm2)

		3–12x108

		5–25x107



		Hc1(0) (mT)

		2–23

		8–9



		Hc2(0) (T)

		230–624

		70–122





2.7 Grain Boundaries in YBCO

It is believed that conductivity of grain boundaries of YBCO-123 arises from two different channels of intergrain conduction. Weak links (Josephson tunnel junctions or proximity junctions) between the superconducting grains are the major channel that occupies about 99.9 % of the grain boundary area available for the current but can not carry the supercurrent at high magnetic fields [90]. The second channel is produced by microbridges of intrinsic intragranular material (strong links) across the grain boundaries. Those microbridges occupy less than 0.1 % of the grain boundary area but they can carry supercurrent up to very high magnetic fields. The grain boundaries in YBCO-123 are structurally and compositionally heterogenous on a scale of 1-5 nm, which is comparable to the coherence length ξ of YBCO-123 at 77 K. Low angle grain boundaries consist of grain boundary dislocation cores and conductive, grain like channels [111].


Any change in the orientation of grain boundaries on the atomic scale strongly affects the coupling between the grains, leading to a local decrease of Jc due to grain boundaries. Thus grain boundary misorientation controls the macroscopic Jc characteristics of YBCO-123 ceramic. The Jc of bulk polycrystalline YBCO-123 has a maximum value of 103 A/cm2 at 77 K which is about 1000 times less than that (Jc = 106 A/cm2) obtained for thin films and single crystals of YBCO-123. This large difference has various origins:


(i) The strong dependence of Jc on crystallographic orientation, which is due to the intrinsic anisotropic properties of the YBCO-123 structure,

(ii) The oxygen content due to oxygen self-diffusion,

(iii) The oxygen content dependence on the grain boundary  misorientation,

(iv) The quality of grain boundaries, either clean or damaged.

All these parameters are present simultaneously inside the grains and for each grain boundary in the YBCO-123 structure. Therefore, Jc results from a combination of these physical properties.


The superconducting transition profile of YBCO-123 is also related to grains and it can be divided into two regimes [31, 112]. The first regime, called the main transition regime, corresponds to drop of resistance in the grains. It depends mainly on the chemical composition and on the oxygen stoichiometry of the grains. The second regime is lying immediately below the main one and covers the temperature range down to zero resistance. The current transport in this regime is controlled by the grain boundaries (weak links) and corresponds to the temperature range where the Josephson coupling energy of the weak link is insufficient to overcome the thermal energy. This regime becomes broader in the presence of defects in the grain boundaries (intergranular phases, misorientations, oxygen deficiency, or cationic deficiency).


2.8 Effect of Doping Ag in YBCO-123

It is known that doping of silver in YBCO-123 ceramics improves significantly its plastic, mechanical and electrophysical properties [113-115]. This is one of the important methods of forming articles of arbitrary form of bulk, film or wire YBCO-123 samples. In the doping process, there is no chemical reaction between Ag and the YBCO-123 lattice and Ag atoms are not incorporated into the YBCO-123 lattice.


Ag can fill the intergranular spaces and improve both mechanical and electrical properties of YBCO-123 ceramic. Ag addition in YBCO-123 shows sizable enhancement in the critical current density Jc and reduction in the normal state resistivity. Moreover, improvement in the flexibility and chemical stability of YBCO-123 were reported without reduction in the superconducting transition temperature Tc [116-118]. The Jc enhancement implies better compactness, grain alignment, grain growth and flux pinning due to stress field in the YBCO/Ag composites. The improvement in Jc can be attributed either to improved coupling between the superconducting grains or to stronger pinning of the intergranular vortices induced by the presence of silver. With silver doping, the grain size is increased and inter-grain current is decreased in YBCO-123 samples [119], because Ag provides conductive paths between superconducting grains. Ag doping reduces the thickness of effective grain boundaries and the critical current density of the sample increases. Thus, doping Ag into YBCO-123 reduces the “weak link” effects [120]. The presence of Ag between the YBCO-123 grains can also provide a plastic flow region and relax undesirable residual stresses in the ceramic sample resulting from the grain anisotropy of superconductors [121]. 


The normal state resistivity of the YBCO-123 samples decreases with Ag doping. Normal state resistivity and critical temperature of YBCO-123 samples contain important information associated with its granularity. The normal state resistivity of a granular superconductor depends on mainly the distribution of grains, the grain dimensions and inter-grain contacts [73].

Silver can be doped into YBCO-123 by different ways: By mixing with metallic Ag [113-115], by mixing with AgO2 [122-124], by electrochemical methods [125-127], by diffusion of Ag [128, 129], and by mixing with AgNO3 [121]. The first two methods result in a random non-uniform distribution of Ag in the composite, the third and fourth methods result in a non-random distribution of Ag on the grain surface.


In this work, the last method (by mixing YBCO-123 with AgNO3) has been chosen, because AgNO3 can distribute more uniformly in the YBCO-123 structure and it is more efficient than mixing YBCO with pure Ag. The decomposition temperature of AgNO3 (Td = 440 oC) is lower than the sintering temperature of YBCO-123 samples and it is higher than the melting point of AgNO3 (Tm = 212 oC). According to these special conditions, the mixture is brought to the AgNO3 melting point, at this stage the grains of YBCO-123 are wetted by the melt of AgNO3. This allows better homogenization of the composite. In the next stage the mixture is heated above Td thus AgNO3 decomposes and pure Ag is deposited on the grain boundaries.
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CHAPTER 3


EXPERIMENTAL SET-UP


3.1 Sample Preparation


The polycrystalline YBCO-123 samples were prepared by the conventional solid state reaction method [50] using high purity powders of Y2O3, BaCO3, CuO and AgNO3 (Aldrich Co). All the powders are of %99.99 purity. The powders were weighted in the stoichiometric proportions by using an electronic balance (Sartorius CP2245).  The amount of Ag added was equal to 3% weight of nominal composition of Cu in YBCO-123. The powders were mixed and grinded in an agate mortar for approximately 2 hours in order to obtain a homogenous mixture. The mixed powder was put in a alimuna (Al2O3) crucible for calcination. The latter process was carried out at 930 OC for 12 hours in a microprocessor controlled tube furnace (Carbolite CTF 12/100/90). 


 After the calcination, the powder was reground and pestled in an agate mortar for approximately 1 hour. Then, the powder was pressed with a pressure of 10 Tons/cm2 into a disc shaped pellet with a diameter of 10 mm and thickness of ~ 1.8 mm [Lightpath Optical (UK) LTD] in a stainless steel die for 5 minutes. 

In order to obtain the desired orthorhombic phase (i.e., the YBCO-123 phase),  the pellets were put again into the furnace and were sintered under oxygen (O2) atmosphere with a pressure of  ~ 1 atm at 950 OC for 12 hours. The pellets were cooled down to the room temperature with a low cooling rate of 1 OC/min (Fig. 3.1(a)). The latter process (including grinding and sintering) outlined above was repeated twice to raise the quality of the samples. 


In the final step, to satisfy the sufficient O2 absorption, the pellets were annealed at 550 OC for 12 hours at O2 atmosphere and then cooled down to room temperature with a rate of 1 OC/min (Fig. 3.1(b)).
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Figure 3.1 Schematic thermal profile of (a) sintering and (b) annealing of Ag doped YBCO-123 sample.


The prepared Ag-doped and undoped YBCO-123 polycrystalline bulk samples were cut by using diamond saw in the shape of rectangular prism with typical dimensions of length ℓ = 4.0 mm, width w = 0.8 mm, thickness t = 0.4 mm. Such low sample dimensions are necessary to eliminate any Joule heating effects on the current leads. 

3.2 Structure Analysis


There are several ways to characterize the crystalline and morphological structure of a material. In this work, three methods were employed to study material structure: Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS) and X-Ray Diffraction (XRD). The topography and morphology of a polycrystalline superconducting YBCO/Ag sample was studied by SEM. Information on the structures and phases of the sample was obtained through      X-ray diffraction patterns, and the composition of the YBCO/Ag sample was analyzed using EDS.


3.2.1 Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) of YBCO-123 samples


The microstructures of undoped and Ag-doped YBCO-123 samples were investigated by SEM (JEOL 6390 – LV). Images were obtained by detecting the secondary electrons emitted from the samples while an electron beam impinged on the surface of the bulk samples.


Figs. 3.2 (a) and 3.2 (b) show typical SEM micrographs for undoped YBCO-123 and Ag-doped YBCO-123 samples, respectively. It can be observed that Ag particles are preferentially distributed along intergranular region of superconducting structure forming amorphous metallic regions between grains. Porosity is observed over the samples in both samples. 



[image: image5.jpg]



















     (a)


    Ag
   




             (b)     Ag










Figure 3.2 SEM photomicrographs of (a) undoped and (b) 3 wt % Ag-doped polycrystalline YBCO-123 bulk samples. White shiny regions observed in SEM are the images of Ag. The magnification of SEM images is 1500.

The grain size of undoped and Ag-doped YBCO-123 samples was estimated by using SEM photomicrographs. We found that the grain size of the undoped sample varies between 3.75 – 33.75 µm, whereas, for the Ag-doped sample, it varies between 2.5 – 25 µm. The grain size of the undoped sample is generally greater than the doped sample.

Energy Dispersive Spectroscopy (EDS) is a chemical microanalysis technique used in conjunction with SEM. In this study, EDS analysis was carried out to investigate stoichiometry and chemical composition of the Ag-doped YBCO-123 sample. EDS analysis showed that amount of silver in YBCO/Ag is ~ 3.48 wt %.  Note that this value is comparable to the amount of doping of Ag into the superconducting structure.


3.2.2 X-ray diffraction (XRD) 


In this thesis, the XRD data were collected at room temperature using a Rigaku D/Max-IIIC diffractometer with Cu Kα radiation (λ = 1.542 Å)  over the range 2θ = 3º – 60º with a scan speed of 0.2º min−1. The XRD patterns of the undoped and Ag-doped polycrystalline YBCO/Ag samples are presented in Figure 3.3. The reflections indexed in the patterns (Joint Committee on Powder Diffraction Standards (JCPDS) file) match almost the orthorhombic structure of YBCO-123 material and belong to the YBCO orthorhombic unit cell.
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For the Ag-doped YBCO sample, we could clearly identify two silver peaks of Ag(111), Ag(200) reflections which indicate the presence of silver as a separate metallic phase [129]. The lattice parameters a, b and c were obtained from 2θ values by least square refinement of Bragg equation, which are given in table 3.1. The obtained lattice parameters are in agreement with published results [130-132] (see Table 3.2).


Figure 3.3 X – ray diffraction (XRD) patterns of (a) undoped, (b) Ag-doped YBCO-123 samples.

Table 3.1 The lattice parameters a, b and c for undoped and Ag-doped samples.


		

		       YBCO

		     YBCO/ Ag (3%)



		a (Å)

		3.8176

		3.8236



		b (Å)

		3.8882

		3.8923



		c (Å)

		11.6789

		11.6942





Table 3.2 The lattice parameters a, b and c for Ag-doped samples (data extracted from ref. [130])

		Ag (%)

		0.5

		2.5

		5.0



		a (Å)

		3.8225

		3.8227

		3.8240



		b (Å)

		3.8892

		3.8904

		3.8900



		c (Å)

		11.6760

		11.6790

		11.681





3.3 Measurement Set-up


The transport measurements were carried out using the four point probe technique. This method consists of attaching four contacts to the sample. The four contact configuration is fundamental because it enables us to minimize the contribution of spurious voltage signals due to current contacts. Copper wires with diameter of 0.5 mm for current and voltage pads were attached to the sample by using good quality silver paint (Electroday, 1415). The contact resistance measured by using the three point method was of the order of 10-2 Ω below Tc and 10-1 Ω at room temperature. 


After making contacts, the sample was placed carefully into a closed cycle refrigerator [Oxford instruments, (OI) CCC1104]. Thus, the samples are ready to be measured. 
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A block diagram of the measurement set-up is given in Fig. 3.4. All measurements were carried out under PC control via an IEEE - 488 interface card. A temperature stability better than 0.01 K was maintained during the measurements (OI, ITC-503 temperature controller). The temperature was measured by using a calibrated 27 Ohm-Rhodium-Iron thermocouple (OI, Calibration number 31202). In the experiments Keithley-2182A (nanovoltmeter) with a resolution of 1 nV and Keithley 6221 (current source) were used in measuring the sample voltage and applying the current, respectively. The nanovoltmeter was triggered for a maximum of 61/2 digits, and its buffer was read directly within the integration time of 100 ms in order not to cause any artificial effect. The measured sample voltage is the average value of 5 readings for each data point. In all measurements under external magnetic field, the magnetic field was generated by an electromagnet (OI, N100 electromagnet).

Figure 3.4 Block diagram of the experimental set-up used in the measurements. 


3.4 Current-Voltage Characteristics (I – V Curves) Measurements

In order to determine the current carrying capacity of the samples, current-voltage (I – V) characteristics were measured at temperatures near Tc of the samples by using the experimental set-up in Fig. 3.4. The critical current density (Jc) of an Ag-doped YBCO-123 polycrystalline bulk sample, whose results are presented in this study, is  ( 40 A/ cm2 at T = 88 K by using the 1 (V/cm criterion.

In the I–V measurements, the standard and reverse procedures were applied in measuring the I–V curves in Ag-doped YBCO-123 samples. In the standard procedure, the transport current (I) is increased from zero to a maximum value (Imax) and then decreased from Imax to zero. Thus, current-increase (CI) and current-decrease (CD) branches are obtained, respectively. In the reverse procedure, first Imax is applied and then it is decreased to zero; in final stage, the applied current is increased from zero to Imax. Thus, the reverse current-decrease (RCD) branches and reverse current-increase (RCI) branches were obtained. During the evolution of the I – V curves, the sweep rate of transport current (dI/dt) is taken constant. 


3.5 Electrical Transport Relaxation (V – t Curves) Measurements

The slow transport relaxation measurements (V – t curves) were carried out by applying dc currents to the samples. An initial current (I1) is applied to the sample and the evolution of the sample voltage was measured as a function of time. In order to create a quenched state, after reaching the steady state, the initial current I1 was reduced to a finite value I2 (or interrupted) for the rest of the relaxation process. 


The time evolution of the sample voltage (V – t curves) was also measured by applying bi-directional square wave (BSW) current [with long period (P) and different amplitudes] at zero magnetic field (H = 0) and by applying magnetic field (H). For our purpose, the commercial current source (Keithley-6221) and the nanovoltmeter (Keithley-2182A) are adequate to produce such BSW currents, and to read low voltage levels with high precision. Just after the driving current is applied, we started to measure the sample voltage developing along the sample as a function of time. Thus, monitoring of all details of the time evolution of the sample-voltage including the transient effects becomes possible.


3.6 Magnetovoltage (V – H curves) Measurements

The magnetovoltage (V – H curves) measurements were carried out as functions of the temperature (T), magnitude of the transport current (I), and the sweep rate (dH/dt) of the applied magnetic field 
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          CHAPTER 4

EXPERIMENTAL RESULTS


In this chapter, experimental results of the transport, transport relaxation and magneto-voltage measurements are presented. 


4.1 Resistivity versus Temperature Measurements on the Ag-Doped YBCO Sample

A typical example for the resistivity versus temperature (( – T curve) of Ag-doped YBCO (YBCO/Ag) sample is given in Fig. 4.1. The critical temperature Tc of the sample at zero magnetic field is found as ( 92 K from the derivative of the resistivity with respect to temperature (i.e. the d( / dT – T curve) which is given in the inset of Fig. 4.1. The width of transition region (Tc is about 0.3 K at zero applied field, which is consistent with those of given in the literature [31]. The ( – T curve in the normal state shows nearly a metallic behavior and the resistivity decreases with decreasing temperature until the superconducting transition occurs. Note that the normal state resistivity ((n) of the YBCO/Ag sample at room temperature is less than 0.1 m(-cm. This value is much smaller than that of undoped polycrystalline YBCO sample with (n ~ 1.5 m(-cm and reflects directly the effect of Ag doping on transport properties of YBCO ceramics. 
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Figure 4.1 The resistivity of the bulk polycrystalline YBCO/Ag sample as a function of temperature. The inset shows the derivative of resistivity with respect to temperature (d( / dT). (g is defined as the grain boundary resistivity.

The zero temperature intercept of the normal state resistivity (~ 10 ((-cm) can be attributed to the grain boundary resistivity (g. The magnitude of (g reveals that the coupling between grains is enhanced significantly by adding of Ag to YBCO. 

4.2 Current – Voltage Characteristic (I – V Curve) Measurements 

Figure 4.2 shows example for the hysteretic and non-linear I – V curves of the YBCO/Ag sample measured using the standard procedure at temperatures            T = 85 K, 84 K and 82 K with current sweep rate dI/dt = 0.312mA/s and applied magnetic  field  values  of  H = 10 mT  and  H = 20 mT.  The  magnetic  field  was
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Figure 4.2 The I – V  curves of  the YBCO/Ag sample measured using the standard procedure with dI/dt =  0.312 mA/s and applied magnetic field H  = 10 mT and 20 mT,  at  (a) T  = 85 K, (b) T  =  84 K, (c) T  =  82 K. The arrows show the direction of sweeping of the applied current. CI and CD with the arrows indicate the current-increase and current-decrease branches of the I-V curves upon cycling of the transport current, respectively.
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). Each I – V curve consists of two branches: The current-increase (CI) branch measured as the current is increased from zero to a maximum current value Imax (= 30 mA) and the current-decrease (CD) branch measured as the current is decreased from Imax to zero. Upon cycling the transport current, all I – V curves exhibit a hysteretic and non-linear behavior. We also observed several drops and jumps in the I – V curves, especially for those obtained at H = 20 mT. The voltage drops and jumps are quite prominent in the  I – V curves measured at H = 20 mT and temperatures T = 82 K, 84 K and 85 K. However, the I – V curves measured at H = 10 mT exhibit more stable behavior when compared to those measured at H = 20 mT. The results indicate that such instabilities (jumps and drops in the sample voltage) depend mainly on the magnitude of the applied magnetic field. On the other hand, upon cycling the transport current, upward and downward curvatures were observed in the CI and CD branches of the I – V curves, respectively. 


The voltage dissipation observed in the I – V curves in Fig. 4.2(a) and Fig. 4.2(b) increases with increasing the magnitude of external magnetic field, which can be attributed to the magnetoresistance effect. However, at T = 82 K the I – V curves measured at H = 20 mT nearly collapse on the ones at H = 10 mT, (Fig. 4.2(c)), although a voltage increase is expected when H is increased from 10 to 20 mT. As a first approximation, this observation can be correlated with the constant flow of flux lines along the sample, and we suggest that the measured voltage falls in the regions where the magnetoresistance does not change, i.e. steady state region. 

Figure 4.3 shows the hysteretic I – V curves of the YBCO/Ag sample measured at T = 84 K with different sweep rates (dI/dt) varied from 1.25 to 0.312 mA/s for     H = 10 mT and 20 mT.  We note that the line shape of I – V curves dramatically 
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Figure 4.3  The I - V curves of the YBCO/Ag sample measured by the standard procedure at T = 84 K and H  = 10 mT with (a) dI/dt = 1.25 mA/s, (b) dI/dt = 0.625 mA/s, and (c) dI/dt = 0.312 mA/s; at T = 84 K and H = 20 mT with (d) dI/dt = 1.25 mA/s, (e) dI/dt = 0.625 mA/s and (f) dI/dt = 0.312 mA/s. The arrows show the direction of sweeping of the applied current.


changes by varying  dI/dt. Figure 4.3 (a) reveals that the voltage corresponding to the CI branch of the I – V curve measured at H  = 10 mT increases non-linearly with the current and then a voltage jump occurs at I  ~ 14 mA. The non-linear behavior is also observed for the CD branch together with a voltage drop at around 12 mA, which can be considered to have the same origin with the voltage jump on the CI branch. On the other hand, as dI/dt is decreased from 1.25 mA/s to 0.312 mA/s, the voltage jumps or drops and plateau regions developing on the      I – V curves disappear [Fig. 4.3(c)]. As the external magnetic field is increased from 10 mT to 20 mT, in addition to the enhancement in the measured dissipation, the voltage jumps and drops become more pronounced for both the CI and CD branches of the I – V curves [Figs. 4.3(d)-4.3(f)]. Furthermore, the number of the voltage jumps and drops also increased as compared to those observed at H = 10 mT. It seems that, in one hand, the magnitude of external magnetic field provokes the instabilities together with the variation of current sweep rate, in the other hand, it affects directly the line shape of the I – V curves. Finally, the instabilities on the I – V curves measured for dI/dt = 0.312 mA/s at H= 20 mT in Fig. 4.3(f)  are not observed as in the case in Fig. 4.3(c). 

In order to study the effect of the maximum current (Imax) on the evolution of the  I – V curves, Imax was increased from 20 mA to 40 mA. The measurements were repeated under the same experimental conditions as in Figs. 4.3(d)-4.3(f).  It is seen from Figs. 4.4(a)-4.4(c) that the stepwise behavior of the I – V curves remains in the current range 20 – 40 mA. For dI/dt = 0.312 mA/s, the number of voltage drops and jumps decreases and the instabilities disappear 
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Figure 4.4  The I – V  curves of the YBCO/Ag sample measured at T = 84 K and  H  = 20 mT by the standard procedure for (a) dI/dt  = 1.25 mA/s,  (b) dI/dt  =  0.625 mA/s, and (c) dI/dt = 0.312 mA/s. The maximum current Imax was 40 mA. The arrows show the direction of sweeping of the applied current.


below 20 mA for both the CI and CD branches of the I – V curves. We also observe that the maximum voltage dissipation (Vmax) measured at  Imax = 40 mA is practically independent of the current sweep rate. 

Figure 4.5 shows the results of I – V measurements made under the same experimental condition as in Fig. 4.4, but Imax was taken as 50 mA. The I – V curve measured with dI/dt = 1.25 mA/s, exhibits a stepwise structure in the whole current range considered. For current sweep rates of 0.625 and 0.312 mA/s, the stepwise behavior becomes more rounded and the I – V curve demonstrates a negative differential resistance. 

Figure 4.6 shows a set of I – V curves for the YBCO/Ag sample measured under the same experimental condition as in Fig 4.3, but at a lower temperature (T = 82 K) and Imax = 40 mA. At this temperature, voltage drops and jumps, and plateau regions develop for both the CI and CD branches of the I – V curves (Figs. 4.6(a)-4.6(c)). As in the case of I – V measurements represented above, the instabilities decrease with decreasing dI/dt. The maximum dissipation measured at Imax = 40 mA is essentially independent of dI/dt, for instance, the sample voltage measured at Imax = 40 mA is ~ 7 (V for all current sweep rates employed in the measurements. As the external magnetic field is increased from 10 mT to 20 mT, the voltage instabilities shift to relatively lower values of the applied current (Figs. 4.6(d)-4.6(f)). For instance, for dI/dt = 0.625 mA/s, the first voltage jump appears at about 15 mA for the CI branch of the I – V curve measured at H = 10 mT (Fig. 4.6(b)) whereas, for H  = 20 mT, it occurs at about  13 mA (Fig. 4.6(e)). 
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Figure 4.5 The I - V curves of the YBCO/Ag sample measured at T = 84 K and  H  = 20 mT by the standard procedure for (a) dI/dt = 1.25 mA/s,  (b) dI/dt = 0.625 mA/s, and (c) dI/dt = 0.312 mA/s. The maximum current Imax was 50 mA. The arrows show the direction of sweeping of the applied current.
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Figure 4.6 The I - V curves of the YBCO/Ag sample measured at T = 82 K by the standard procedure for dI/dt = 1.25, 0.625 and 0.312 mA/s at H = 10 mT (a)-(c) and at H  = 20 mT (d)-(f). The maximum current Imax is taken as 40 mA. The arrows show the direction of sweeping of the applied current.


On the other hand, despite the increase in instabilities, the increase in magnetic field does not cause any difference in the measured dissipation as the current is swept from 0 to Imax = 40 mA (Fig. 4.6). This finding supports our suggestion that the measured dissipation associated with flux motion stays within the region where the magnetoresistance does not change, as mentioned earlier (see Fig. 4.2(c)).

Figure 4.7 shows the I – V curves of YBCO/Ag sample measured under the same experimental conditions given in Fig. 4.3. However, the I – V curves in Fig. 4.7 are measured by using the reverse procedure. In the reverse procedure, the applied current is first decreased from Imax to 0 (the reverse current decrease branch, RCD), and then, increased from 0 to Imax (the reverse current increase branch, RCI). Measurements of the I – V curves by the reverse procedure provide a useful tool to study the surface effects and the penetration of the transport current (or associated vortices) from the outer surface of the YBCO/Ag sample. 

Figure 4.7, presents the results of such measurements on the YBCO/Ag sample at T = 84 K, H = 10 and 20 mT, and at the current sweep rate dI/dt varied from 1.25 to 0.312 mA/s. Upon cycling the transport current, the I – V curves exhibit hysteretic behavior as those obtained by using the standard procedure. However, there are some difference between the I – V curves obtained by the standard procedure (Fig. 4.3) and reverse procedure (Fig.4.7). First, the voltage jumps, drops and plateau regions for the RCI and RCD branches are more pronounced than those for the CI and CD braches. 

[image: image11.wmf]0


20


40


60


80


100


120


140


0


1


2


3


4


T=89 K


H=0


I


2


=0 mA


I


2


=30 mA


I


2


=32 mA


I


2


=26 mA


I


2


=22 mA


I


2


=14 mA


I


2


=34 mA


I


2


=18 mA


I


2


=36 mA


I


1


=40 mA


V(


m


V)


t(s)




Figure 4.7 The I – V curves of the YBCO/Ag sample measured at T = 84 K by the reverse procedure for dI/dt = 1.25, 0.625 and 0.312 mA/s at H  = 10 mT (a)-(c) and at H  = 20 mT (d)-(f). Imax is taken as 20 mA. The arrows show the direction of sweeping of the applied current.


Second, the measured dissipation in the I – V curves depicted in Figs. 4.7(a) – 4.7(f) is higher than those in Fig. 4.3, especially for H = 10 mT. It is also seen from Figs. 4.7(a)-(c) that a measurable voltage (~ 2 (V) develops immediately for all dI/dt values considered as Imax = 20 mA is applied to the sample. At the beginning of the RCD branch, the sample voltage achieves values of  ~ 2 (V and ~ 3 (V for H = 10 and 20 mT, respectively.  In addition, the instabilities in the RCD branch measured at H = 20 mT for dI/dt = 0.312 mA/s begin to appear at about 17 mA.

Figure 4.8 shows the I – V curves measured by using the reverse procedure at       T = 82 K and H = 10 mT, for  dI/dt = 1.25, 0.625 and 0,312 mA/s. In order to asses the effect of temperature on the I – V curves, the maximum current Imax was taken the same (20 mA) as in Fig. 4.7. It is seen from the RCD branch of the I – V curve in Fig. 4.8(a) that a voltage drop evolves at about I = 12 mA.  However, for the RCI branch of the same I – V curve, an abrupt voltage jump appears at I ~ 16 mA, which is greater than the voltage drop observed for the RCD branch. Differently from the I – V curves measured at T = 82 K (Fig. 4.7(a)), both the RCD and RCI branches almost collapse on the same curve for I < 10 mA (Fig. 4.8 (a)). For the other current sweep rates, the I – V curves are rather smooth and do not show any voltage drops or jumps upon cycling the applied current. Another observation is that the voltage dissipation measured at Imax = 20 mA for the RCI is somewhat smaller than that of measured for RCD one.
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Figure 4.8 The I - V curves of the YBCO/Ag sample measured at T = 82 K and    H = 10 mT by reverse procedure for (a) dI/dt = 1.25 mA/s,  (b) dI/dt = 0.625 mA/s, (c) dI/dt = 0.312 mA/s. Imax was 20 mA. The arrows show the direction of sweeping of the applied current.

In order to observe the effect of maximum current Imax on the evolution I – V curves, the applied maximum current was increased from 20 mA to 30 mA. Figure 4.9 shows the I – V curves measured at the same experimental conditions as those in Fig. 4.8. It is observed that there is an increase in the number of 
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Figure 4.9 The I – V curves of the YBCO/Ag sample measured at T = 82 K and  H = 10 mT by reverse procedure for (a) dI/dt = 1.25 mA/s,  (b) dI/dt = 0.625 mA/s, (c) dI/dt = 0.312 mA/s. Imax was 30 mA. The arrows show the direction of sweeping of the applied current.


instabilities on the I – V curves obtained for dI/dt = 1.25 and 0.625 mA/s. However, for dI/dt = 0.312 mA/s, the I – V curves do not show any instability. The results show that low current sweep rates results in smooth curves of both RCD and RCI branches. But we expect that the instabilities observed in the I – V curves will begin to appear with increasing the value of  Imax.


In line with this expectation, the maximum current Imax was increased  from 30 to 50 mA and I – V measurements were carried out at the same experimental conditions considered in Fig. 4.9 by applying H = 10 and 20 mT. Figure 4.10 shows the experimental results. The number of instabilities on the RCD and RCI branches of the I – V curves increases as the magnetic field is increased from 10 to 20 mT, and the current values where the instabilities occur shift to lower values.  For instance, the first voltage jump on the RCI branch of I – V curve measured for dI/dt = 0.312 mA/s at H = 10 mT appears at about 43 mA whereas, at H = 20 mT, the first voltage jump appears at I ~ 21 mA. Thus, the I – V curves exhibit instabilities even at low values of dI/dt. To prevent such instabilities in the I – V curves, it seems that dI/dt should be decreased below 0.312 mA/s for Imax = 50 mA. Note also that the I – V curves in Figs. 4.10(d)-4.10(f) are more reversible when compared to those in Figs. 4.10(a)-4.10(c), as the applied magnetic field is increased from 10 mT to 20 mT. More reversibility implies that the flux lines can follow nearly the same flow paths for the RCD and RCI branches and the flux motion associated with those branches does not differ much from each other. 
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Figure 4.10 The I – V curves of the YBCO/Ag sample measured at T = 82 K by reverse procedure for dI/dt = 1.25, 0.625 and 0.312 mA/s at H  = 10 mT (a)-(c) and at H  = 20 mT (d)-(f). Imax was 50 mA. The arrows show the direction of sweeping of the applied current. 

4.3 Time Effects and Transport Relaxation Measurements 

The steady state response of the polycrystalline YBCO/Ag sample to a driving current can be changed dramatically by increasing the magnitude of the driving current or reducing it to a finite value or interrupting it completely, which leads to several implications on the evolution of the V – t curves. In measuring the V – t  curves, a dc driving current I1 (the initial current) was applied to the sample for a while (i.e., 60 s) to achieve a steady state, and, then, suddenly changed from I1 to a  lower finite value (I2) which was kept in the rest of the relaxation process, up to 120 s. In the mean time, the sample voltage is recorded continuously as a function of time.

4.3.1 Time evolution of sample voltage (V – t curves)


Figure 4.11 shows the V – t curves measured at T = 89 K and H = 0 for I1 = 50 mA and I2 =  0, 8, 22, 26, 30, 34, and 42 mA. As I1 is applied to the sample, at the beginning of the relaxation process, there is a rapid increase in the sample voltage up to ~ 3 s, and, then, following a small shoulder at ~ 12 s, which can be considered as an onset of a steady state of moving entity, the sample voltage levels off.  When the driving current is abruptly reduced from I1 to I2, the sample voltage first drops sharply, then, after a small hump, the sample voltage decreases smoothly, and, for t > 80 s, it becomes practically independent of time. However, as the initial current is switched to zero, the sample voltage drops abruptly to zero, 
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Figure 4.11 The V – t  curves of the YBCO/Ag sample measured at T = 89 K and H = 0 for selected currents of I2 with I1 = 50 mA. The bold solid lines, for t > 60 s, are the curves calculated from Eq. 2.13 The inset shows a schematic representation of the driving current applied to the sample.

without exhibiting any relaxation. This indicates that, within the time response of the experimental set-up used in the study, there is no residual (or trapped) voltage inside the sample to be relaxed. The bold solid lines in Fig. 4.11 (for t > 60 s) are the curves calculated from Eq. 2.13 by taking to as fitting parameter.


Figure 4.12 shows the V – t curves of the YBCO/Ag sample measured at T = 89 K and H = 0, for I1 = 40 mA and I2 = 0, 14, 18, 22, 26, 30, 32, 34, and 36 mA. At the beginning of the relaxation process, the sample voltage response to the initial current I1 is similar that in Fig. 4.11 Within about ~ 8 s, the initial rapid increase slows down and levels off at about t = 12 s, which implies the presence of a 
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Figure 4.12 The V – t curves of the YBCO/Ag sample measured at T = 89 K and H = 0 for selected currents of I2 with I1 = 40 mA.  Bold solid lines, for t > 60 s, are the curves calculated from Eq. 2.13. The inset shows a schematic representation of applied current.

current-induced correlated motion. When the initial current I1 is suddenly reduced to I2, a sharp drop in the sample voltage is observed and the sample voltage decreases smoothly to a finite value as the time progresses. In addition, there is a hump in the V – t curves at the beginning of relaxation process, for all current values, except I2 = 0 and 36 mA. The bold solid lines in Fig. 4.12 are the curves calculated from Eq. 2.13 by taking to as fitting parameter and α = 1.
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To further assess the effect of the initial current I1, V – t measurements were carried out at a lower value of I1. Figure 4.13 presents the V – t curves of the  YBCO/Ag sample measured at the same experimental conditions as those in Fig. 4.12, but for I1 = 30 mA and I2 = 10, 18, 22, and 26 mA. Although the general 

Figure 4.13 The V – t curves of the YBCO/Ag sample masured  at T = 89 K and H = 0 for selected currents I1 = 30 mA and I2 =10, 18, 22 and 26. Bold solid line, for t > 60 s, is the curve calculated from Eq. 2.13. The inset shows a schematic representation of applied current.

behavior of  the V – t curves are similar to that in Figs. 4.11 and  4.12,  there are some differences to be noted. First, as I1 is suddenly decreased to I2  = 26 mA, no sharp drop is observed in the sample voltage, which decays smoothly with time. Second, when I1 (= 30 mA) is reduced to I2, the humps observed in the V – t curves for high values of I1 (Figs. 4.11 and 4.12) now disappeared for all values of I2 (see Fig. 4.13).  In addition, the measured sample voltage tends to decay towards lower dissipation values as the time evolves. This implies that the dynamic process associated with pinning and depinning still continues inside the sample and the process develops in favor of pinning. The bold solid line given in Fig. 4.13 is the curve calculated from Eq. 2.13 by taking to as fitting parameter.


In order to assess the effect of temperature on the evolution of the V – t curves, measurements were performed at T = 88 K and H = 0, but the other experimental conditions were the same as in Fig. 4.11. Figure 4.14(a) presents the V – t curves of the YBCO/Ag sample measured at 88 K and H = 0, for I1 = 50 mA and I2 = 46, 42, 38, 34, 30, 18, and 0 mA. The initial current I1 was taken as 50 mA, because for I1 < 50 mA the sample voltage was too small to be measured by the measurement system used in the study. It is seen from Fig. 4.14(a) that there is a gradual non-linear increase in the sample voltage at early times of the relaxation process. As the time progresses, the sample voltage levels off at t ~ 16 s. When I1 is suddenly reduced to I2, the sample voltage decreases smoothly with time for all values of I2. This is in contrast to the V – t measurements made at  T = 89 K (see Fig. 4.11), in which the sample voltage showed a sharp drop before decaying. The smooth decay in sample voltage in Fig. 4.14(a), takes a certain time ts, which depends on the value of I2 and, then, the voltage becomes independent of time. Here, ts is the time elapsed from the beginning of the voltage decay to the time where the voltage levels off. The variation of ts with I2 is given in Fig. 4.14(b): There is a non-linear relation between ts and I2. The bold solid lines in Fig. 4.14(a) are the curves calculated from Eq.2.13 by taking to as fitting parameter.
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Figure 4.14(a) The V – t curves of the YBCO/Ag sample measured at T = 88 K and H  =  0 for I2 = 46, 42, 38, 34, 30, 18, and 0 mA.  The inset shows a schematic presentation of applied current. Bold solid lines are the curves calculated from Eq. 2.13.
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Figure 4.14(b) The variation of time ts with I2. The data are extracted from the    V – t curves given in Fig. 4.14(a). The full line through the experimental data is a guide for the eyes.

4.3.2 The effect of external magnetic field on the evolution of V –  t curves

The influence of the external magnetic field on the V – t curves can be seen from the Figs. 4.15 – 4.17.  Here, low temperature and low initial current values were selected in obtaining the V – t curves, because the voltage dissipation measured under external magnetic field increased markedly when compared to that measured at zero magnetic field.

Figure 4.15(a) presents the V – t curves measured at T = 85 K and H = 10 mT for I1 = 20 mA and I2 = 16 mA, and 12 mA. At the initial stage of the relaxation process, the voltage rise is quite sharp and the sample voltage levels off within a very short time (less than ~ 1 s) as compared to that extracted from V – t curves measured at H = 0 (see Fig. 4.11). When the current is abruptly reduced from I1 to I2, the voltage drops sharply and a steady state is reached rapidly. These observations could be related to destruction of the coherent state of weak link structure due to the application of magnetic field. 


Figure 4.15(b) shows the V – t curve measured at the same experimental conditions as in Fig. 4.15(a), but for I1 = 6 mA and I2 = 4 mA. A very rapid voltage rise is observed at the beginning of the relaxation process as in the Fig. 4.15(a). The smooth voltage decay resembles that observed for V – t curves in Fig. 4.13 for I2 = 26 mA and Fig. 4.14(a).
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Figure 4.15(a) The V – t curves of the YBCO/Ag sample measured at T = 85 K and H = 10 mT, for I1 = 20 mA and I2 = 12 and 16 mA. The bold solid line is calculated from Eq. 2.13.


Figure 4.15(b) The V – t curve of the YBCO/Ag sample measured at T = 85 K and H = 10 mT, for I1 = 6 mA and I2 = 4 mA. 
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The measurements were performed at the same experimental conditions given in Fig. 4.15(a) but at T = 84 K. Figure 4.16 shows the V – t  curves of YBCO/Ag measured at T  =  84 K and H  = 10 mT for I1 = 20 mA and I2 = 12 mA and 16 mA. The initial increase of the voltage response is very sharp , then the sample

Figure 4.16 The V – t curves of the YBCO/Ag sample measured at T = 84 K and       H = 10 mT for I1 = 20 mA and I2 = 12 and 16 mA. The bold solid line is calculated from Eq. 2.13.

voltage decreases slightly with time and becomes nearly constant up to about 60 s. When I1 is reduced to I2 = 16 mA, the sample voltage decrease smoothly with a line shape similar to that in V – t curves in Figs. 4.14(a) and 4.15(b). However, for I2 = 12 mA, an abrupt voltage drop, which resembles a switching case, is observed, and the measured dissipation is nearly constant in the time interval of 60 - 120 s, indicating that the relaxation effects disappear.
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The external magnetic field is increased to H = 14 mT to further observe its effect on the V – t curves. Figure 4.17 shows the V – t curves of YBCO/Ag measured at T = 84 K and H = 14 mT, for I1 = 20 mA and I2 = 4, 8, 12, and 16 mA. 

Figure 4.17 The V – t curves of the YBCO/Ag sample measured at T = 84 K and H = 14 mT for I1  =  20 mA and I2  =  4, 8, 12, and 16 mA. 

The relaxation process at early times is similar to that of observed in Fig. 4.16. However, the initial decrease in the sample voltage in the time interval of 0 - 60 s is not so prominent as in Fig. 4.16. When the initial current I1 is reduced to I2, the sample voltage drops abruptly and the quenched state levels off within a very short time.  


4.4 Voltage Oscillations in YBCO/Ag Sample and Influence of Bidirectional Square Wave (BSW) Current on the Evolution of V – t Curves

In this section, we investigate the influence of bi-directional square wave (BSW) current with various periods (P), and amplitude on the voltage-time (V – t) curves in polycrystalline YBCO/Ag sample at different temperatures (T) and external magnetic fields (H). It was observed that a non-linear response seen in V – t curves to BSW current with sufficiently short periods or sufficiently low amplitude reflects itself as regular sinusoidal – type voltage oscillations.

4.4.1 Influence of the period of BSW current on V – t curves 


Figures 4.18(a) - 4.18(d) illustrate the time evolution of the sample voltage measured at T = 89 K for a BSW current of amplitude 15 mA at periods PI = 10, 14, 20 and 40 s at zero magnetic field. The upper panel in Fig. 4.18 depicts the time dependence of the driving current. The sample voltage response to the BSW current evolves in the shape of regular sinusoidal voltage oscillations for all periods, except the one for PI = 40 s. The V – t curve measured for BSW current with PI = 40 s (Fig. 4.18(d)) exhibits oscillations resembling the variation of BSW current with time (Fig. 4.18(a)). It is also observed that the amplitude of voltage oscillations increases gradually with increasing the period PI, which can be attributed to the relaxation effects intervening during the process. In addition, the difference between the periods of the BSW current drive and sample voltage response is negligibly small, which can cause a phase difference between them.
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Figure 4.18   Time evolution of the sample voltage measured for a BSW current with amplitude I = 15 mA and period PI: a) 10 s, b) 14s, c) 20 s, and d) 40 s. The measurements were made at T = 89 K and H = 0. The top panel shows schematically the BSW current applied to the sample. 
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To assess the influence of the amplitude of BSW current on the evolution of voltage oscillations, V – t measurements were carried out at T = 89 K and H = 0 for BSW current with a period PI = 20 s and amplitudes of I = 16 mA and 18 mA (Fig. 4.19). Figure 4.19(a) shows the regular sinusoidal–type voltage oscillations evolving for I = 16 mA, which are similar to those in Figs. 4.18(a)-4.18(c). The current-induced oscillations are essentially symmetric with respect to zero axis, and the measured voltage amplitude is about 0.3 μV. The V – t curve measured for 

Figure 4.19 Time evolution of the sample voltage measured at T = 89 K and       H = 0 for BSW current with a period PI = 20 s and amplitudes a) I = 16 mA,  b) I = 18 mA. The top panel represents schematically the BSW current applied to the sample. 


I = 18 mA (Figure 4.19(b)) reveals that the amplitude of voltage oscillations increased slightly and the line shape of voltage oscillations resembles that of the BSW current in time.


The effect of the external magnetic field (H) on the evolution of the voltage oscillations is demonstrated in Fig. 4.20. The measurements were performed at    T = 89 K for external magnetic fields of H = 10, 16 and 20mT. The amplitude and period of the BSW current were I = 4 mA and PI = 10 s, respectively. The V – t curve measured at H = 10 mT exhibits sinusoidal–type regular voltage oscillations (Fig 4.20(a)). However, the line shape of the oscillations in the V – t curves measured for H = 14 and 16 mT differs from that measured for H = 10 mT. Figures 4.20 (b) and 4.20(c) demonstrate that the voltage response of the sample evolves in two stages. In the early stage of the voltage response, the oscillations have the regular sinusoidal–type line shape with a low amplitude of ~ 0.2 μV, and, as the time progresses, the oscillations change their character. The first voltage jump (or drop) occurs at  ~38 s and ~ 43 s on the V – t curves measured at H = 16 mT and H = 20 mT, respectively. After the time values where the voltage jump (or drop) occured, the time variation of the voltage response of the sample (with a relatively larger amplitude of ~ 0.5 μV) resembles the line shape of the BSW current.
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Figure 4.20   Time evolution of the sample voltage measured for BSW current (with amplitude I = 4 mA and period PI = 10 s) at T = 89 K and external magnetic fields: a) H = 10 mT, b) H = 16 mT, and c) H = 20 mT. The top panel shows schematically BSW current. 


4.5  Magnetovoltage (V – H Curves) Measurements 

The magnetovoltage (V – H curves) measurements on the YBCO/Ag were carried out for a constant dc transport current (I) by sweeping the external magnetic field up [field increased branch (FIB) of the forward region (FR)] and down [field decreased branch (FDB) of the forward region (FR)] in the range 0 – 60 mT. The V – H curve measurements were also made, after the polarity of the magnetic field is reversed [reverse region (RR)]. In all V – H measurements, the applied magnetic field was perpendicular to the transport current (
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). The V – H curves were measured at selected values of temperature, transport current, and magnetic field sweep rate (dH/dt).


4.5.1 Hysteresis effects in the V – H curves measured at different sweep rates of the external magnetic field (dH/dt) 

Figure 4.21(a) shows the hysteretic V – H curves measured at T = 88 K for selected values of the dc transport current I = 10, 15, 20, 30, and 40 mA with a fixed magnetic field sweep rate dH/dt = 0.50 mT/s. The measurements were carried out in five stages for each value of I. The corresponding stages are observed   better   in   the  replotted  of V – H  curve  taken  for I = 20  mA  in  Fig. 4.21(b). The external magnetic field is cycled up (FIB) and down (FDB) in the FR and, then, the external magnetic field is cycled up and down in the RR. In the final stage, the magnetic field was increased from 0 to 60 mT (FIB in the FR) and the measurement was finished at Hmax = 60 mT. In the FR, at the beginning of the measurements for FIB, the V – H curve starts from zero for all current values and reaches a nearly steady state as the magnetic field is increased towards 60 mT. As the magnetic field is decreased from Hmax = 60 mT to 0, for the FDB in the FR, 

[image: image28.emf]0



20



40



60



80



100



120



140



0.0



0.5



1.0



1.5



I



2



= 10 mA



I



2



= 18 mA



I



2



= 22 mA



I



2



= 26 mA



T=89 K



H=0



I



1



= 30 mA



V(



m



V)



t(s)






0 20 40 60 80 100 120 140


0.0


0.5


1.0


1.5


I


2


= 10 mA


I


2


= 18 mA


I


2


= 22 mA


I


2


= 26 mA


T=89 K


H=0


I


1


= 30 mA


V(





V)


t(s)




[image: image29.emf]0



20



40



60



80



100



120



140



(a)



0.0



0.2



0.4



0.6



0.8



H=0



I



2



= 0 mA



I



2



= 18 mA



I



2



= 30 mA



I



2



= 34 mA



I



2



= 38 mA



I



2



= 42 mA



I



2



= 46 mA



I



1



= 50 mA



T=88 K



V(



m



V)



t(s)






0 20 40 60 80 100 120 140


(a)


0.0


0.2


0.4


0.6


0.8


H=0


I


2


= 0 mA


I


2


= 18 mA


I


2


= 30 mA


I


2


= 34 mA


I


2


= 38 mA


I


2


= 42 mA


I


2


= 46 mA


I


1


= 50 mA


T=88 K


V(





V)


t(s)


[image: image30.emf]0



20



40



60



80



100



120



140



0



1



2



3



4



(a)



T=85 K



H=10 mT



I



2



=12 mA



I



2



=16 mA



I



1



=20 mA



V(



m



V)



t(s)






0 20 40 60 80 100 120 140


0


1


2


3


4


(a)


T=85 K


H=10 mT


I


2


=12 mA


I


2


=16 mA


I


1


=20 mA


V(





V)


t(s)


Figure 4.21(a) Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 88 K for selected values of the transport current I = 10, 15, 20, 30 and 40 mA, with a fixed magnetic field sweep rate dH/dt = 0.50 mT/s. The arrows show the direction of sweeping of the external magnetic field. 

Figure 4.21(b) Replotted of magnetovoltage (V – H) curve given in Fig. 4.21(a) for better observation of the stages of hysteresis cycle. The current is taken as I = 20 mA.

a clockwise (cw) hysteresis effect appears over the whole magnetic field range considered and the sample stays in a resistive state down to H = 0. We note that, for H > 30 mT, the V – H curves are essentially reversible. As the magnetic field is decreased down to zero (FDB in the FR), the measured sample voltage dissipation does not become zero. This finding indicates that there is a residual voltage at H = 0 which increases with increasing the transport current from 10 to 40 mA. 


A similar case is observed in the reverse region (RR) where the polarity of magnetic field is reversed. In the third stage of V – H curves, a non-linear increase in the measured voltage dissipation is observed and voltage dissipation becomes approximately constant as in the FR. In the fourth stage of V – H loops, the measured dissipation decreases with decreasing the magnitude of 
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 in the counterclockwise (ccw) direction and passes through a minimum before 
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 becomes zero. After the minimum value, although |
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| is decreased, the sample voltage increases non-linearly and reaches a maximum value at H = 0. In fifth stage of the evolution of hysteresis loops where the magnetic field is again reversed (FR), the sample voltage increases non-linearly with increasing H and collapses on the FIB of the first stage.  After the fifth stage, whole plot of hysteresis loop is completed (see Fig. 4.21(b)). Note that the voltage drops and jumps evolve at low magnetic field values. 


In order to assess the effect of dH/dt on the V – H curves, dH/dt was increased and the measurements described in Fig. 4.21 were repeated. The V – H curves measured at T = 88 K for I = 15, 20, 30 and 40 mA with dH/dt = 1.30 and 2.60 mT/s are presented in Figs. 4.22 and 4.23, respectively. The V – H curves in Fig. 4.22 exhibit a similar behavior to those in Fig. 4.21(a). In other words, increasing dH/dt from 0.50 mT/s to 1.30 mT/s does not cause any pronounced change in the line-shape of the V – H curves. However, we note that an increase in dH/dt results 
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Figure 4.22 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 88 K for selected values of the transport current I = 10, 15, 20, 30 and 40 mA, with a fixed magnetic field sweep rate dH/dt = 1.30 mT/s. The arrows show the direction of sweeping of the external magnetic field. 


in increase in the number of the instabilities in the V – H curves. It is seen from the V – H curves given in Fig. 4.23 that the voltage drops and jumps and also the plateau regions are quite prominent. In addition, a comparison of V – H curves in Figs. 4.21-4.23 with each other reveals that the voltage dissipations measured at given values of I and H are practically independent of dH/dt in the range 0.50- 2.60 mT/s. 
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Figure 4.23 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 88 K for selected values of the transport current I = 10, 15, 20, 30 and 40 mA, with a fixed magnetic field sweep rate dH/dt = 2.60 mT/s. The arrows show the direction of sweeping of the external magnetic field. 


In order to asses the effect of temperature on the V – H curves, the temperature was decreased from 88 to 84 K. Figures 4.24-4.26 show the V – H curves measured at 84 K for I = 30, 40, 50, and 60 mA and dH/dt = 0.50, 1.30 and 2.60 mT/s, respectively. As the temperature is decreased from 88 to 84 K, the measured voltage dissipation decreases. The V – H curves are not reversible in contrast  to  those  in  Figs.  4.21  and  4.22.  We  observe  significant  increase  in 
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Figure 4.24 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 84 K for I = 30, 40, 50 and 60 mA, and dH/dt = 0.50 mT/s. The arrows show the direction of sweeping of the external magnetic field.

Figure 4.25 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 84 K for I = 20, 30, 40, 50 and 60 mA, and dH/dt = 1.30 mT/s. The arrows show the direction of sweeping of the external magnetic field. 
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irreversibilities and an enhancement in the height of hysteresis loop. In Fig. 4.24, it is seen that the instabilities observed in the V – H curves become more frequent at low magnetic field in the range -20 mT < H < 20 mT. As the magnetic field approaches to 60 mT, the only instabilities that remain are the voltage drops in the FDBs. However, the voltage dissipation measured for the FIBs varies smoothly with increasing H. At higher values of dH/dt, in addition to the voltage drops and jumps, we see that wide voltage plateau regions develop in the V – H curves. Figure 4.25 shows that the voltage drops and plateaus are more prominent than those observed in Fig. 4.24. The voltage instabilities and voltage plateau regions are observed in all branches of the V – H curves measured with dH/dt = 2.60 mT/s (Fig. 4.26). 


Figure 4.26 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 84 K for I = 20, 30, 40, 50 and 60 mA, and dH/dt = 2.60 mT/s. The arrows show the direction of sweeping of the external magnetic field.
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Figures 4.27-4.29 show the V – H curves measured at 82 K for I = 20, 30, 40, 50, and 60 mA, and dH/dt = 0.50, 1.30 and 2.60 mT/s, respectively. The V – H curves exhibit several different features as functions of dH/dt and transport current. For the V – H curves measured with dH/dt = 0.50 mT/s and I = 20 and 30 mA (see Fig. 4.27) the variation of measured dissipation with H is smooth with a few voltage drops and jumps just below 60 mT. The number of the voltage drops in the FDBs in the forward region (FR) and reverse region (RR) tends to increase with increasing the transport current (see for instance the FDB of V – H curve for I = 60 mA). In addition, as the magnetic field is decreased, the voltage measured for the FIB in FR becomes zero at H ~ 8 mT, and 3 mT for I = 20 mA and I = 30 

Figure 4.27 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 82 K for I = 20, 30, 40, 50 and 60 mA, and dH/dt = 0.50 mT/s. The arrows show the direction of sweeping of the external magnetic field.


mA, respectively, so that below these H values the superconducting state is maintained. The V – H curves measured with dH/dt = 1.30 mT/s show that the voltage drops and plateaus regions in the FDBs of the FR and RR develop for all current values considered (Fig. 4.28). A further increase in dH/dt (i.e, 2.60 mT/s) results in significant instabilities as in Fig. 4.29. Furthermore, the symmetry in the curves obtained for the FR and the RR is destroyed. However, there is no considerable change in the dissipation measured for all current values when dH/dt is increased from 0.50 to 2.60 mT/s.
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Figure 4.28 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 82 K for I = 30, 40, 50 and 60 mA and dH/dt = 1.30 mT/s. The arrows show the direction of sweeping of the external magnetic field.


In detailed measurement of the I – V  curves, it was observed that there is a negligible difference between the measured voltage dissipation of the I – V  curves given in Fig. 4.2(c) and Fig. 4.6, so that they do not demonstrate any magnetoresistance effect as the external magnetic field is varied from 10 to 20 mT. The reason can be easily understood from the V – H curves given in Figs. 4.27-4.29. 
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Figure 4.29 Magnetovoltage (V – H) curves of the YBCO/Ag sample measured at T = 82 K for I = 20, 30, 40, 50 and 60 mA and dH/dt = 2.60 mT/s. The arrows show the direction of sweeping of the external magnetic field.


Figure 4.30 shows a set of V – H curves of undoped YBCO sample measured at   T = 82 and dH/dt = 1.00 mT/s with  I = 30, 40, 50, 60, 70, and 75 mA [51]. The curves exhibit several different features as a function of the transport current. One of them is the strong irreversibilities appearing upon cycling the external magnetic field. The irreversible behavior of the V – H curves for the undoped YBCO sample is more pronounced when compared to those observed in the Ag-doped YBCO sample. In the case of increasing  the magnetic field for both forward and reverse directions, the resistive state becomes observable after a certain critical value of the external magnetic field, Hcup, and the dissipation sharply increases and tends to saturate; whereas, in the case of decreasing the magnetic field in both forward and reverse directions, the sample becomes less resistive, and it recovers the zero resistance state at another critical value of the external magnetic field (Hcdown) which is much greater than  Hcup.
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Figure 4.30 Magnetovoltage (V – H) curves of the undoped YBCO sample measured at T = 82 K for I = 30, 40, 50, 60, 70 and 75 mA and dH/dt = 1.00 mT/s. The arrows show the direction of sweeping of the external magnetic field [51].
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CHAPTER 5

DISCUSSION

In this chapter, the experimental results of I – V curves, V – t curves, voltage oscillations, and V – H curves measured for the Ag-doped Y1Ba2Cu3O7-x (YBCO/Ag) polycrystalline sample are discussed in terms of flux dynamics evolving mainly in the intergranular region and partly in the intragranular region of the sample. The interplay between the pinning and depinning process and the effect of doping Ag on the electrical transport properties and transport relaxation in YBCO/Ag ceramics are investigated in detail.

5.1 Current – Voltage (I – V) Characteristics Measurements

5.1.1 Flux dynamics and hysteresis effects

Electrical transport properties, particularly the current–voltage characteristics (I – V curves), provide important information on the critical current density (Jc), practical applicability of the material, and the dissipation mechanisms of type-II superconducting materials. Therefore, measuring the I – V curves has a great importance in characterizing the superconducting materials. To determine Jc, the  I – V measurements must be independent of how fast the data is collected [9, 11, 34-38]. In another words, the I – V curves must be independent of the sweeping rate of applied current dI/dt [11]. However, it is well known that the presence of giant flux creep in some high temperature (HTSCs) cuprates makes the I – V curves and hence the corresponding Jc value time dependent [34]. One of the main reasons of the presence of giant flux creep is the high operating temperatures of HTSCs.  In this case, the measured dissipation depends on the time scale and also the time constant of experimental set-up, and the time elapsed to plot the whole    I – V data [11, 34]. Therefore, in addition to the speed of measurement system, dI/dt must be considered as an important parameter in the I – V measurements. 

Zhang et al. [35] showed that numerical solutions of the non-linear diffusion equation in one dimension, which considers flux creep phenomena, gives apparent dI/dt dependent I – V curves. Ding et al. [34] showed experimentally that the dI/dt controls the evolution of I – V curves of Ag-Bi-2223 tapes and found that the critical current Ic decreases linearly with increasing dI/dt.  Similar studies related to the numerical solution of non-linear diffusion equation were conducted by several authors [38-41]. It was reported that slow or fast ramping rates of the transport current affects the line shape of the I – V curves, Ic, and flux profiles evolving along the sample [38-41]. Xiao et al. [9] investigated the flux dynamics of a strongly pinned vortex lattice in 2H-NbSe2 and observed that both the I – V curves and Ic become strongly dI/dt dependent for the magnetic field cooled sample of 2H-NbSe2. 


Due to the presence of different flux pinning mechanisms, hysteresis effects in the I – V curves for both LTSCs [29, 133,134] and HTSCs [31, 135-138] were observed upon cycling the transport current, as in the case of magnetization measurements (M – H curves). We note that the physical mechanisms responsible for the hysteresis effects in the  I – V curves are different from those in the M – H curves [11, 52]. 


Many experimental observations on both LTSCs and HTSCs reveal that the hysteresis loops in the I – V curves can be clockwise (cw) [26, 29, 30] or counter-clockwise (ccw) [3, 7, 21, 23-25, 28, 31, 33, 43] in character, owing to the different pinning regimes inside the sample and the experimental conditions considered in the measurements. Several explanations have been proposed to explain the hysteresis effects in the I – V curves. Self-Joule heating originating from the contacts where the transport current is applied [31], inelastic quasi particle scattering [139], dynamical metastability of the vortex matter in single crystalline samples [3,6,48], different pinning regimes associated with inhomogeneity of the sample (i.e., in polycrystalline samples) [24, 51] can cause ccw hysteresis effects in the I – V curves of superconductors. The hysteresis effects were also explained in terms of position-dependent shielding currents in the frame of the critical state model [133] and also the change in the number of the mobile flux line dislocations [140]. In addition, the hysteresis effects in the     I – V curves have been explained by the presence of several dynamical phases of the vortices, which are related to the plastic flow, immobile or pinned vortex configuration etc. [134, 141, 142].

In order to identify the hysteresis effects in the I – V curves obtained by using both the standard and reverse procedures, we first focus on the data presented in Figs. 4.2 – 4.10. As a first approximation, it can be suggested that the heating effects at current contacts can cause similar hysteresis effects seen in I – V curves [24, 143]. Indeed, at high currents, the power dissipated at current contacts can be high enough to cause such effects. However, a careful examination of the data in  Fig. 4.3, Fig. 4.7 and Fig. 4.8 reveals that the height of the hysteresis loops depends on dI/dt and decreases with decreasing dI/dt. Further, at low current sweep rates, much more time is spent to measure and plot the whole I – V data. Therefore, the heat produced by the contacts should increase and cause an enhancement in the height of the hysteresis loop. On the contrary, we observed that the height of the loops decreases somewhat with reducing dI/dt.  In addition, the power dissipated at the current leads (with the contact resistance ~ 10-3 () below the transition temperature is  ~ 9x10-7 W  for currents in range up to 30 mA  (see the I – V curve in  Fig. 4.2), and, this would cause no marked effect on the line-shape of the I – V curves and would not be a source of instability seen in the  I – V curves.

Another possible mechanism which can cause hysteresis effects in the I – V curves is the hot spot and local heating effects [24, 143, 144]. It can be suggested that, at the temperatures below Tc, the presence of Ag atoms along the grain boundaries can behave as resistive regions as compared to superconducting grains. At high driving current values, such resistive regions can be a source of local heating centers leading to an enhancement in the measured dissipation. It is expected that the more heat is produced on the sample at the smaller values of dI/dt. As is mentioned above, the measured dissipation can increase at low current sweep rates since more time is spent to obtain the whole I – V curve. In this case, both the hysteresis effects and voltage instabilities should increase. However, we generally observed that such effects, in particular, the voltage instabilities decrease with decreasing dI/dt and smooth I – V curves are obtained. This implies that the doping with Ag has a positive contribution to the superconducting properties of YBCO ceramic by improving the grain connectivity. We, therefore, suggest that the hot spot and local heating effects can be easily ruled out and can not be a source of hysteresis effects observed in the I – V curves in this study. 

It is well-known that the low-field magnetization measurements (M – H curves) are related to the intergrain currents which correspond to the flux trapping within the junction network. [51, 145, 146]. The pinning of the vortices in a junction network will depend on the amount of the disorder in the coupling strength between the grains. In addition to this, the applied magnetic field or the magnetic field induced by the transport current should be less than the first critical field of the grains Hc1,g. In fact, in a granular structure, it is extremely difficult to satisfy ideal and reversible junctions which are not consistent with low field M – H data which show irreversibility effects [24, 51]. We suggest that doping of Ag destroys partly the intergranular pinning properties of the YBCO ceramic by increasing the grain coupling. 

In both magnetic and transport measurements, at low dissipation levels, the flux lines enter into the intergranular region after overcoming the surface weak-links and demagnetizing factor of the sample. It is expected that the presence of metallic regions (or paths) formed by Ag atoms along grain boundaries act as easy motion channels for flux lines. Thus, the flux lines can move easily in those regions without encountering any obstruction until they meet the pinning centers or superconducting grains.

At this point, as a relevant parameter, the grain boundary resistivity ((g) can help us to make a quantitative discussion of addition of Ag into the YBCO sample. First of all, we note that (g is very sensitive to all kinds of defects and to the anisotropic effects associated the misoriented grains inside the sample [51]. As mentioned in the previous chapter, in most practical cases, it is reasonable to assume that (g is proportional to the residual resistivity of the granular sample, which is obtained by extrapolating the ( - T curve from above Tc to T = 0 K. For further quantitative analysis, it is required to assume that the residual resistivity is largely dominated by the grain boundaries. The value of grain boundary resistivity (g of our YBCO/Ag sample found from  (  – T measurement is ~ 10 ((-cm (see Fig. 4.1). This implies that the grain connectivity between the grains increases by addition of Ag into the superconducting matrix of YBCO. It should be noted that the resistivity of Ag at T  =  300 K is ~ 1.6 ((-cm which is much lower than that of  (g of YBCO/Ag.  This difference can be attributed to the formation of S-N-S junctions in addition to the ones of S-I-S type which are expected naturally to be developed in a polycrystalline structure during the sample preparation. We also note that the junctions of S-N-S and S-I-S type (or S-N-I-S) and also other kinds of defects should coexist in the granular structure of YBCO [51]. Therefore, under these conditions, (g should be always greater than the resistivity of Ag. The addition of Ag into the YBCO matrix leads to a decrease the normal state resistivity ((n ~ 90 ((-cm) as compared to that of undoped YBCO ((n ~ 1500 ((-cm) [147]. 

The presence of S-N-S type junctions between the superconducting grains [99, 100] can bring the possibility of proximity effect on the evolution of hysteresis effects in the I – V curves. Indeed, as is outlined in Chapter 2, the induced superconductivity can exist only in a thin surface layer (in order of the coherence length) of the normal metal near the S-N interface. However, the influence of the proximity effect on the measured transport properties of the YBCO/Ag sample must be negligible due to following reasons. First, the measurement temperatures considered in this study are very high and close to Tc of the sample. Second, the magnetic field values applied to the sample are much larger than the first (Hc1w) and second (Hc2w) critical fields of the weak-link structure, i.e., H >> (Hc1w, Hc2w). Therefore, it is possible that the grains are decoupled at these temperature and magnetic field values. Thus, the influence of proximity effect on transport measurements can be ruled out. In conclusion, it can be suggested that the hysteresis effects observed in the I – V curves of the YBCO/Ag sample do not solely arise from the Josephson junction phenomena. 


Now, we are in a position to discuss the hysteresis effects in the I – V curves in more detail. We suggest that the hysteresis effects evolving in the I – V curves of undoped HTSCs granular samples are related to the presence of weak-link structure. To verify this, we consider the I – V curves of undoped polycrystalline YBCO sample [148] and also those of the newly found superconducting polycrystalline material MgB2 [149]. It is well known that the presence of weak-links is a great problem in HTSCs cuprates and can cause a significant decrease in the current carrying capacity of the superconducting material. Therefore, many attempts have been made to improve the weak-links connecting the grains and also to produce weak-link free superconducting materials. 

Figure 5.1 shows typical I – V curves of polycrystalline YBCO and MgB2 samples measured with dI/dt = 1.25 mA/s at zero magnetic field. Figure 5.1(a) reveals that the I – V curve of undoped YBCO is quite smooth without any instability over the current range considered. It is also evident from Fig. 5.1(a) that a pronounced hysteresis develops in the I – V curves of undoped YBCO sample upon cycling the transport current. It should be noted that the hysteresis effects in the I – V curves of undoped YBCO are more pronounced than that of Ag-doped YBCO sample. It can be suggested that one of the main reasons responsible for this difference is the presence of weak-link structure in undoped YBCO sample, which has negative effects on both its transport and magnetic properties. 
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Figure 5.1 (a) Hysteresis effect observed in I – V curve of polycrystalline sample of YBCO measured at T = 88 K and zero magnetic field for dI/dt = 1.25 mA/s (b) Hysteresis effect observed in I – V curve of polycrystalline sample of MgB2 measured at T = 34 K and zero magnetic field for dI/dt = 1.25 mA/s [148, 149].


Figure 5.1(b) demonstrates that there are no measurable hysteresis effects in the    I – V curves of polycrystalline sample of MgB2, so that the current increase and decrease branches of the I – V curve collapse on the same curve and represent a reversible behavior upon cycling the transport current [149]. This implies that the current induced flux lines follow the same flow paths along the sample and see nearly same pinning potential. We also attribute this reversible behavior in the      I – V curves of MgB2 sample to the absence of weak-link structure. Indeed, many experimental observations reveal that the transport current (or associated vortices) in the MgB2 sample are not limited by the weak-links between the grains [149, 150]. Therefore, the reversible I – V curves of MgB2 can be an indication of the absence of any weak-link problem, which can be ruled out in many magnetic and transport measurements. In view of discussion, we suggest that the physical origin of the negligible hysteresis effects observed in the I – V curves of the YBCO/Ag sample can be related to the destruction of weak-link structure, and improvement of the grain connectivity achieved by doping of YBCO with Ag. 

In some cases, the voltage difference between the CI and CD branches (or RCD and RCI branches in reverse procedure) becomes negligible. This implies that dI/dt should be reduced below the lowest value of 0.312 mA/s used this study, and slow current sweep rates should be preferred for practical applications of Ag-doped YBCO. Finally, upon cycling the transport current up and down, it can be suggested that the hysteresis effects in the I – V curves of the YBCO/Ag sample arise from the different degrees of inhomogeneous flux motion between the CI and CD branches [24, 51]. 


5.1.2 Instabilities in the I – V curves: Voltage jumps and drops 

One of the main observations in the CI or RCI branches of the I – V curves of the YBCO/Ag sample is the prominent voltage jumps and drops (see Figs 4.3 and 4.7). These instabilities tend to appear in all I – V curves of YBCO/Ag and it seems probable that they originate from doping of Ag into YBCO. We performed hundreds of I – V measurements by using both the standard and reverse procedures at different temperatures, external magnetic fields, and dI/dt. We observed that most of the I – V curves exhibit these instabilities, which strongly depend on external parameters such as dI/dt, Imax, T and H considered in measurements. In particular, the magnitude of dI/dt controls mainly the evolution of these instabilities. When the ramping rate of transport current is high enough, the flux lines have less time to depin from one state to a more ordered one. Thus, the measured sample voltage does not change in a given range of transport current, although the Lorentz force acting on flux lines changes. Such a physical case would lead to the observation of several plateau regions in the I – V curves, where the dissipation does not vary with increasing the transport current [11, 24]. At these plateau regions, the number of flux lines does not increase or decrease, and the flux line system is locked partly to a state for a while. After the evolution of plateau regions, the observation of small voltage jumps can be due to the continuous increase in the Lorentz force acting on flux lines. The voltage jumps can be correlated with sudden depinning of some of the flux lines and correspond to their ordered state (or correlated motion). On the other hand, at low current sweep rates, the flux lines can find enough time to make such transitions without showing instabilities. Hence, the instabilities in the measured voltage disappear and the both branches of the I – V curves become smoother. 

Furthermore, a negative differential resistance in the I – V curves of the YBCO/Ag sample appears as the current is varied (see Figs 4.6 and 4.10). The negative differential resistance can be explained as follows: First, the flux lines under the Lorentz force depin and flow defectively leading to an enhancement in measured dissipation. Second, a slight drop in measured dissipation is an indication of pinning of flux lines although the Lorentz force increases. That is, the competition between pinning and depining results in favor of pinning. In a general description, such voltage jumps and drops in I – V curves can be correlated to the increase or decrease in the number of the mobile flux lines, respectively, or attributed to the change in the average velocity of the flux lines.


It is also seen from the I – V curves of the YBCO/Ag sample that increase in the applied magnetic field provokes the instabilities in the measured voltage. The increase in magnetic field can cause an increase in the nucleation centers for flux lines inside the sample. Since the penetration of the flux lines into the superconducting grains becomes difficult due to high shielding circulating currents around the periphery of the grain, they will try to distribute themselves spatially along the intergranular region where the Ag atoms exist. A partial penetration of flux lines into the grains via the weakest points of the grains can develop and some of them can be pinned there.  Due to the increasing transport current with a given dI/dt, the Lorentz force stimulates the flux motion, and, therefore, can make the flux lines accumulated along intergranular region unstable.  In such a physical case, the increase in the number of mobile flux lines per unit area can trigger easily the instabilities observed in the I – V curves of YBCO/Ag.  

It can be suggested that the instabilities in the I – V curves of the YBCO/Ag originate from the phase slip centers due to the presence of Ag, or other impurities in the intergranular region. Elmuradov et al. [151] observed similar stepwise structure and ccw hysteresis effects in the I – V curves of NbN wire with multi-contact configurations. The stepwise structure in those I – V curves was attributed to the phase slip lines and was confirmed by numerical simulations using time-dependent Ginzburg-Landau theory [151]. The magnitude of the order parameter at the regions of phase slip centers can be reduced locally by imperfections and, even, can drop to zero. In this case, the current can be carried by normal electrons. The phase difference of the order parameter can vary at these regions from one place to another and manifest itself as a stepwise structure in the I – V curves. However, at high current sweep rates, the Lorentz force acting on vortices becomes relatively greater than the one at low values of dI/dt, and, the distance traveled by the vortices becomes relatively greater than the correlation length, which is generally comparable to the size of the phase slip centers [151]. It is expected that the vortices moving at high current sweep rates will pass rapidly those centers without causing any stepwise structure in the I – V curves. Therefore, we conclude that the stepwise structure can not originate from the phase slip center effects. 

5.1.3 Reverse procedure in the I – V curves


Measurements of the I – V curves using the reverse procedure enable us to study the surface effects and the penetration of the transport current (or associated vortices) from the outer surface of the YBCO/Ag sample [27, 28]. As soon as the current Imax is applied to the sample, a measurable dissipation develops immediately, which is comparable to the one observed for the standard procedure with I = Imax. Such a fast developing dissipation can be correlated with the presence of Ag atoms, which weakens the localized surface weak links. Thus, the flux lines find conductive silver paths (or channels) and penetrate easily into the superconducting material from its outer surface, and their final motion terminates in the superconducting grains. It can be suggested that the flux lines inside the sample are ready to move without encountering any obstruction along their travel. 

To better understand the physical case described above, it is necessary to give a typical example for the I – V curves of undoped polycrystalline YBCO sample measured by the reverse procedure.  Figure 5.2 shows such an I – V curve of undoped YBCO sample measured at T = 85 K and H = 0 for dI/dt = 1.25 mA/s. It is evident from Fig. 5.2 that no measurable voltage develops immediately as the transport current Imax is applied to the sample. The dissipation starts from zero at   I = Imax and increases almost linearly with decreasing the transport current. After the voltage passes through a broad maximum at about 45 mA, it decreases non-linearly with decreasing I and becomes zero at ~ 20 mA. For the RCI branch, after a certain threshold current value (~ 42 mA), a non-linear increase in the sample voltage is observed with increasing I, as in the case of the standard procedure. It should be noted that a significant hysteresis loop evolves in the I – V curves of undoped YBCO sample measured by using reverse procedure.
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Figure 5.2 Hysteresis effect observed in the I – V curve of polycrystalline sample of undoped YBCO measured at T = 85 K and H = 0 for dI/dt = 1.25 mA/s [148].


A physical description associated with the I – V curve of undoped YBCO obtained by the reverse procedure is given in the following: As the transport current Imax is applied to the sample, a large shielding current around the its periphery develops immediately and prevents the penetration of flux lines into the sample. That is why we do not observe any voltage dissipation at the beginning of the measurement. The increase in voltage dissipation is an indication of that the flux lines first overcome the demagnetizing factor of the sample and then the localized surface weak-link structure, which acts as surface pinning centers. Of course, in the Ag-doped YBCO sample, the physical case would be different: It appears that the presence of randomly distributed Ag atoms does not permit the formation of large shielding currents around the sample, but, reduces them to much smaller sizes. Thus, it makes the flux motion relatively easier from the sample surface to the interior, and it results in an enhancement in the measured dissipation. 
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We now consider the I – V curves of undoped YBCO sample measured by the reverse procedure in the presence of external magnetic field. Figure 5.3 shows typical hysteretic I – V curves of undoped YBCO. It is evident from the I – V curves of the undoped YBCO sample measured at H = 10 and 20 mT ( Fig. 5.3(a))  that   the   dissipation   on   the   RCD   branch   appears  at  ~  1 (V  and  ~  4 (V, 


Figure 5.3 The I – V curves of the undoped YBCO sample measured by the reverse procedure at T = 84 K, and H = 10 and 20 mT for (a) dI/dt = 1.25 mA/s (b) dI/dt = 0.625 mA/s. The arrows show the direction of sweeping of the applied current [28].


respectively, as soon as Imax is applied. We observe that the sample voltage passes through a maximum value at ~ 17 mA for both magnetic field values as Imax is decreased with dI/dt = 1.25 mA/s. The I – V curves measured at H = 20 mT exhibit nearly the same behavior as in case of H = 10 mT, except an increase in measured dissipation. A similar physical case is also observed in the I – V curves measured for dI/dt = 0.625 mA/s (Fig. 5.3(b)).  The behavior of both the RCD and RCI branches in all I – V curves are highly non-linear upon cycling driving current.


When the current Imax is applied to the sample, the observation of a measurable dissipation in the I – V curves implies that the surface and intergranular weak-links are disrupted by the external magnetic field, and hence the flux lines are ready to move. Therefore, due to the spatial distribution of the flux lines inside the sample, the Lorentz force can cause the motion of flux lines along the intergranular region, so that it results in an measurable dissipation at the beginning of measurement of I – V curves. Note that the current values where the voltage reaches a maximum do not change with increasing the external magnetic field from 10 to 20 mT. This implies the presence of channel-like flow patterns in the undoped YBCO sample which widens as H is increased from 10 mT to 20 mT.  In the I – V curves for the YBCO/Ag sample given in Fig. 4.7, we observe that the sample voltage decreases non-linearly as Imax is applied and does not exhibit any broad variation seen in RCD branches of the I – V curve of undoped YBCO given in Fig. 5.3. This can be taken as an indication of the presence of foreign atoms inside the YBCO material. Indeed, the presence of Ag in the superconducting structure of YBCO is responsible for this behavior observed in the I – V curves of YBCO/Ag.


5.2 Transport Relaxation (V – t curves) Measurements

It is well known that there are two different mechanisms which govern the transport phenomena in type-II superconductors: The interaction between flux lines, and the interplay between the flux lines and pinning centers [3, 5, 6, 12]. Short- and long-range correlations between the flux lines can cause several interesting phenomena, which can be investigated by slow and fast transport relaxation measurements [10, 43, 45, 152]. Thus, the flux dynamics and its details can be monitored by the time evolution of the voltage response to an applied current (i.e., the V – t curves). During the relaxation measurements, the applied transport current can be interrupted or reduced to a finite value to create a quenched state along the sample [47, 153]. Thus, the details of re-organization process associated with transition from steady state response to disordered state can be investigated. Further, the type of driving current modulation also plays a crucial role in V – t curve measurements, which help to explore new accessible states of the flux line configuration [2, 49, 50]. 

5.2.1 Evolution of the V – t  curves of the YBCO/Ag sample

5.2.1.1 Time effects for I1 > I2

Now, we discuss the V – t curves presented in Figs. 4.11-4.17, which show that one of the main features of the V – t curves is the rapid increase in voltage dissipation measured at beginning of the relaxation process. As a first approximation, as in the case of the discussion for the I – V curves, we suggest that the Ag atoms destroy partly the natural structure of the junction network by reducing the intergranular flux pinning. Introduction of Ag into the structure could be responsible for the rapid initial increase in V – t curves. Thus, the doping Ag into YBCO with can lead to metallic flow paths which form easy motion channels for flux lines and, therefore, the flux lines re-organize themselves very rapidly; so this process results in an increase in measured dissipation [28, 42]. Before the sample voltage levels off, the rapid increase in the voltage dissipation slows down in time and exhibits a shoulder in some V – t measurements. We correlate this physical case to both the competition between pinning and depinning process and to the saturation in the number of new flow channels. In addition, the size of the resistive channels including the silver paths does not change during the time evolution of the sample voltage and this leads to developing of a constant flow rate for the flux lines along the sample. At high and moderate dissipation levels, it can be suggested that the presence randomly distributed Ag atoms inside the superconducting structure is one of the major important factors, which affects the line shape and the general behavior of the V – t curves.

The strong competition between pinning and depinning manifests itself, in particular, at low dissipation levels. We suggest that the smooth V – t curves measured at zero magnetic field (Fig. 4.14(a)) can be taken as a typical example for this strong competition.  On the other hand, Fig. 4.15(b) shows that there is no smooth gradual increase in the sample voltage with time, although the measured dissipation is less than 1 (V. The rapid increase in the voltage dissipation can be correlated to the presence of external magnetic field. As soon as the magnetic field is applied, the flux lines distribute themselves very rapidly along sample, since the surface and intergranular weak-links are already weakened by addition of Ag to YBCO ceramic. Therefore, initially, the flux lines are in a stationary state, and the flux lines are ready to move before the transport current is applied. Thus, in the presence of external magnetic field, at early times of the relaxation process, a rapid increase in the voltage can be expected even at low dissipation levels. A similar discussion for with the rapid increase in measured dissipation is also valid for the evolution of V – t curves in Fig. 4.16 and Fig. 4.17.

The V – t curves presented in Fig. 4.15(b) and Fig. 4.16 show that, following the rapid increase in the voltage, the voltage decreases slightly with time before leveling off. We suggest that the moving flux lines try to penetrate into the grains and some of them succeed to penetrate. We note that the penetrated flux lines can be found spatially within the London penetration depth of the grains in a pinned position. Since the mentioned decrease in the measured dissipation is very small, it is possible that the flux lines are mostly expelled from the grains. Furthermore, due to the strong competition between pinning and depinning, the size of the ordered state decreases gradually with time, depending on the magnitude of I1. This results in a decrease in the number of the flux lines participating in the motion.

5.2.1.2 Time evolution of the quenched state created for I1 > I2

In the V – t curves (Figs. 4.11-4.17), the initial current I1 is suddenly reduced to a value I2 less than I1. In some cases, we observed sharp drops in the time evolution of the sample voltage correlated to the glassy state relaxation, and in other cases the sample voltage varied smoothly with time. As can be seen from Figs. 4.11, 4.12, and 4.14(a), as I1 is switched to zero, the sample voltage becomes abruptly zero, within the time response of the experimental set-up. This observation suggests that the local heating in the sample has negligible effect on the measured voltage [28, 42, 153]. Otherwise, a significant thermal relaxation which decays with time would be observed in the V – t curves. In addition, the V – t curve in Fig. 4.11 shows that, for I1 = 8 mA, the measured voltage becomes approximately equal to zero. In this quenching process, the sample expels almost all the current-induced flux lines and behaves like a single macroscopic slab, since the magnetic screening is almost completed. 

The bold solid lines in Figs. 4.11-4.14, 4.15(a) and 4.16 are  the   curves calculated from Eq. 2.13, which is an empirical  relation of V(t) = V(0) exp(-t/to)( where to is a characteristic time and  the exponent ( is a constant which depends on the external magnetic field (plus the self-field of the transport current) and temperature. There is a reasonable agreement between the experimental V – t curves and the empirical relation in Eq. 2.13. The characteristic time to obtained by fitting Eq. 2.13 to the experimental data of Figs. 4.11, 4.12 and 4.13 is plotted as a function of I2 in Figs. 5.4(a)-5.4(c), respectively. A value of ~ 1 is found for the exponent ( which depends weakly on the current I2. Figure 5.4 demonstrates that to tends to increase with increasing I2. We suggest that the magnitude of I2 determines the general behavior of the created quenched state with time and to controls the relaxation process. High values of I2 require relatively higher values of to, that is, in the relaxation of the quenched state, the redistribution of the transport current (or the associated vortices) along the sample evolves within  very short time in different order of the penetrated states. Therefore, in the glassy state relaxation, we expect that the increase in I2 can result in an increase in the value of to. 
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Figure 5.4 Variation of the characteristic time to with current I2. The values of to were extracted from the V – t curves given in (a) Fig. 4.11, (b) Fig. 4.12 (c) Fig. 4.13. The dashed lines are a guide for the eyes. 


In some V – t curves (see Fig. 4.17) after a sharp drop in the sample voltage, the measured dissipation levels off in a very short time by reaching a steady state. We suggest that the flux lines redistribute themselves very rapidly in a distribution of energy landscape and find accessible stable states easily. Due to the number of the flux lines participating the motion, the presence of Ag atoms inside the superconducting structure can help the flux lines to explore the stable states. We 


note that the quenched state can lead to the observation of switching effect in the V – t curves under certain experimental conditions (see the V – t curve measured with I2 = 12 mA in Fig. 4.16).  


Another interesting observation in the V – t curves is the voltage hump observed at the onset of relaxation in the quenched state (see for instance the V – t curves given in Figs. 4.11-4.13, 4.15(a) and 4.17). We correlate the voltage hump with a transient effect in the measured dissipation, which appears due to simultaneous operation of both pinning and depinning processes. It can be suggested that these two effects balance each other for a short while by causing a gradual change in measured voltage. Then, the transient effects disappear and a decay in the sample voltage appears with time. This is an indication of the fact that pinning dominates mostly the flux dynamics and is more effective with respect to depinning.

In the V – t curves in Figs. 4.13, 4.14(a), 4.15(b) and 4.16, a smooth voltage decay is observed, instead of a sharp drop, as the initial current I1 is dropped to I2. We note that the smooth voltage decays are generally observed when I2 is comparable to I1, and at low dissipation levels below 1 μV. In this case, the amount of flow channels decreases gradually in time, and the measured dissipation reflects slow dynamic competition between the pinning and depinning processes together with a gradual increase in the diamagnetic response of the sample.  On the other hand, V – t curves measured at the zero magnetic field (Fig. 4.14(a)) demonstrate that the smooth voltage decays result in a constant voltage level, which is pratically independent of time for all values of I2 considered. This implies that the amount of flow channels does not change with time and thus the number of the current- induced flux lines remains constant.  

In the following, to understand better the transport relaxation measurements of the YBCO/Ag sample, we present a typical example for the V – t curves of undoped YBCO sample in Fig. 5.5 [28]. The initial stage of the relaxation process in the    V – t curve of undoped YBCO given in Fig. 5.5 is similar to that of Ag-doped YBCO (see Fig. 4.11). However, when the current I1 (= 50 mA) is reduced to I2  (= 34 mA), two-stage voltage decays appears in the relaxation process. First, the voltage decreases gradually for a while, and, then, at t ~ 65 s, it exhibits a smooth  

transition evolving to lower dissipation values as the time progresses. The solid line in Fig. 5.5 is the best fit Eq. 2.13 to the experimental data in the range t > 65 s. The parameters to and ( as found from the fitting procedure are ~ 11 s and ~ 1, respectively. Our earlier V – t measurements carried out on superconducting polycrystalline samples of YBCO [28] demonstrated that the evolution of V – t curves is always highly non-linear as in Ag-doped YBCO investigated here. This suggests that the difference between the V – t curves of Ag-doped and undoped YBCO samples depends on the structural composition, chemical, and anisotropic states. Of course, the main parameter which affects the time evolution of sample voltage is the doping level of Ag into YBCO. 
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Figure 5.5 The V – t curve for the undoped YBCO sample measured at T = 89 K and H = 0 for I1 = 50 mA and I2 = 34 mA. The inset shows schematic presentation of the applied current. The bold solid line is the curve calculated from Eq. 2.13. [28].

5.2.2 Current and magnetic field induced voltage oscillations

Experimental studies reveal that setting the flux lines in motion by different kinds of current modulations causes different motional re-organizations in type-II superconductors [1-4, 42, 48-50, 154]. Fast transport measurements using bi-directional square wave (BSW) currents showed clearly the current driven re-ordering of vortices [1]. D’anna et al. [1] suggested that the instabilities observed in detwinned single crystalline sample of YBCO arises from the entry surface barrier which influences the coherent motion of the vortices entering or leaving the large faces of the crystal. Kwok et al. [154] reported peculiar voltage oscillations in time to ac sinusoidal type driving current just below the melting (or freezing) line of single crystalline sample of YBCO. They attributed the oscillatory instability in the YBCO sample to the strong competition between the driving and pinning forces together with relaxation effects and the long range spatial correlations in the vortex solid. Gordeev et al. [2, 49] and Rassau et al. [155] showed that the observation of regular voltage oscillations having low frequency depends strongly on temporal asymmetry of the drive and also its magnitude. The unusual instabilities were explained in terms of transitions between ordered and disordered states of vortex matter. In order to observe the periodic oscillations in response, the asymmetric current pulses are essential feature in producing such instabilities. In our case, one of the main conditions to observe the periodic voltage oscillations in the V - t curves is to apply symmetric BSW current to the sample [28, 42, 50].


Due to the BSW current, the oscillatory driving force can cause a coherent motion of flux lines along weak pinning centers, and, after the forth and back repetitive oscillations, the flux line system becomes spatially more ordered in time. The regular voltage oscillations, without observation of any instability (i.e., voltage jumps or drops) or noise, evince for the formation of this ordered state. The voltage response associated with voltage oscillations lies typically in the range of             10-6-10-7 V [2, 50, 155].  This suggests that total number of the flux lines contributing to the oscillations is nearly constant and the change in the measured voltage can be related to the periodic variations in the average velocity of flux lines. The repetitive voltage oscillations seen in the V - t curves of the YBCO/Ag sample (Fig. 4.18 and Fig. 4.19) are quite smooth and no voltage drop or jump are observed for the positive or negative cycles of BSW drive. We suggest that the current-induced flux lines fluctuate between the ordered and disordered states by subjecting the same pinning forces in average. 


The V - t curves in Fig. 4.19 demonstrate that the amplitude of BSW current is one of the main parameters which affect the voltage oscillations. Regular sinusoidal oscillations disappear by increasing the amplitude of BSW current from 16 to 18 mA (i.e., 0.125 % increase). This implies that the Lorentz force dominates the pinning force, and depinning wins mostly this competition. As can be seen from Fig. 4.19(b), the sample voltage tends to increase or decrease in time for positive or negative cycles of BSW drive. We suggest that this observation can be related to the relaxation effects, short and long range correlations between the current- induced flux lines during the time interval corresponding to the half periods of BSW current [42, 155].  

Another important parameter in the observation of voltage oscillations is the magnitude of applied magnetic field. It is seen from the V - t curves in Fig. 4.20(b) and Fig. 4.20(c) that the external magnetic field causes a significant change in the line shape of voltage oscillations, and the oscillations undergo a significant change due to the increase in magnetic field. We address two different regimes in the V - t curves in Fig. 4.20(b) and Fig. 4.20(c): The first one is regular sinusoidal voltage oscillations with low amplitude (i.e., ~ 0.2 μV) and the second one corresponds to the regime which resembles the variation of BSW drive with relatively large amplitude (i.e., ~ 0.6 μV). We suggest that, in the first regime, the motion of flux lines makes regular transitions between ordered and disordered states, and that the second regime is related to the motional re-organization of flux lines due to the continuous dynamic annealing of the BSW current during the time evolution of sample voltage. Therefore, the corresponding states annealed by the BSW current can lead to increase in measured dissipation and fluctuations with time. The abrupt rise in the sample voltage after regular oscillations can be due to sudden increase in the fraction of the moving flux lines. Note that the first voltage jump (or drop) occur at ~ 38 s and ~ 43 s for H = 16 mT and H = 20 mT, respectively (see Figs. 4.20(b) and 4.20(c)). The difference can be attributed to the increase in the Lorentz force acting on flux lines, as the magnitude of external magnetic field is increased from 16 mT to 20 mT. 


The V - t curves in Figs. 4.18-4.20 demonstrate that the voltage oscillations are quite symmetric and follow the polarity change of the BSW drive. Since we used symmetric BSW currents, there should be an equality between flux exit and flux entry during regular oscillations of flux lines (or current induced flux lines).

Recently, Kalisky et al. [156] observed peculiar spatiotemporal oscillations in the vortex matter of single crystalline sample of Bi2Sr2CaCu2O8+x (BSCCO) generated in the absence of external ac magnetic field. Oscillatory behavior in space and time of the magnetic induction has been explained in terms of flux wave phenomenon which appears near the order-disorder phase transition under suitable conditions. Barness et al. [157, 158] pointed out that the oscillatory temporal relaxation observed in single crystalline sample of BSCCO involves ordinary flux creep and annealing transient vortex states. It is assumed that the magnetic diffusion equation governs the relaxation process evolving in the BSCCO sample. The magnetic diffusion equation can be described by the Maxwell equations: 
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,                                               (5.1)


where J is the current density and (0 is the magnetic permeability of free space, and 
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where E =  RF Jexp(-U/kBT) is the electric field, RF = RN(B/Bc2) is the flux flow resistivity, and U is the pinning potential [156-158]. Assuming a logarithmic current density (J) dependence of U, 
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one can get easily 
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for the relaxation process in one dimension [156-158]. Here Df = RF (J/Jc)n  is the diffusion coefficient with n = Uo/kBT. Barness et al. [156] showed that, under suitable conditions, the coupling between the annealing of disordered state and conventional flux creep could produce the oscillatory behavior of magnetic induction in time. Their experimental studies reveal that the oscillations appearing in magnetic induction can be related to periodic transformations in the vortex matter between ordered and disordered states. 


A similar analysis can be done for the electric diffusion equation and the same Maxwell equations (Eq. 5.1 and Eq. 5.2) can be reduced to
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where
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. In this case, we suggest that combination of electric diffusion equation with conventional flux creep theory and the logarithmic current dependence of pinning potential can give similar time dependent oscillatory behavior of electric field (or voltage) for the time intervals corresponding to the positive and negative cycles of the BSW current with long PI values, i.e., 0 ( t < PI/2, and    PI/2 ( t < PI , respectively.


The voltage oscillations in the YBCO/Ag sample can be described by an empirical expression 


V(t) = A + B sin(wt+(), 
  

     (5.6)


where A and B are the constants, w is the frequency and ( is the phase angle. The bold solid lines in Figs. 4.18-4.20 are the best fits of Eq. 5.6 to the experimental data. We note that the fitting procedure was performed for each period of repetitive voltage oscillations separately. As is seen from the V – t  curves given in corresponding figures, there is a reasonable agreement between the experimental data and calculated curves. Further, the curve fitting shows that the phase angle (  generally takes different values for the observed repetitive oscillations. Table 5.1 shows the values of phase angle (  found from the experimental V – t data given in Fig. 4.18. The phase angle (  takes negative values for all period values of BSW current and tends to decrease from first period to the final one.  


Table 5.1 The phase angles (  obtained by fitting Eq. 5.6 to the V – t data in Fig. 4.18. 


		T = 89 K,  H = 0 mT,  I =15 mA

		

		



		 

		 BSW Pı = 10 s

		 BSW Pı = 14 s

		 BSW Pı = 20 s



		Period of response (P)

		 Phase Angle ( )

		 Phase Angle ( )

		 Phase Angle ( )



		P1

		-1.40 π/2

		-0.72 π/2

		-0.52 π/2



		P2

		-1.20 π/2

		-0.76 π/2

		-0.60 π/2



		P3

		-1.40 π/2

		-0.76 π/2

		-0.62 π/2



		P4

		-1.66 π/2

		-0.86 π/2

		-0.64 π/2



		P5

		-1.84 π/2

		-0.94 π/2

		-0.68 π/2



		P6

		-2.08 π/2

		-0.98 π/2

		-0. 64π/2



		P7

		-2.28 π/2

		- π/2

		-0.70 π/2



		P8

		-2.50 π/2

		 

		 



		P9

		-2.72 π/2

		 

		 





The phase angles (  found from the best fits of Eq. 5.6 to the experimental data in Fig. 4.19 exhibit similar behavior. Table 5.2 shows the variation of  (  with each period of response. The V – t curves in Figs. 4.18 and 4.19 are measured at zero field. We suggest that the current-induced flux line system is prepared within a certain time interval (i.e., PI) of a corresponding cycle. For each cycle, the initial conditions in preparing the flux line system are determined by the former one and so on. Therefore, it is natural to expect such a phase difference between successive voltage oscillations.

Table 5.2 The phase angles (  obtained by fitting Eq. 5.6 to the V – t data in Fig. 4.19.


		T = 89 K,  H = 0 mT,  I = 16 mA 



		 

		BSW Pı = 20 s



		Period of response (P)

		 Phase Angle ( )



		P1

		- 0.54 π/2



		P2

		- 0.58 π/2



		P3

		- 0.60 π/2



		P4

		- 0.64 π/2



		P5

		- 0.68 π/2





However, the best fits of Eq. 5.6 to the experimental V – t data in Fig. 4.20 are obtained when the phase angle (  takes approximately constant values for each period of response (Table 5.3). This implies that the phase angle ( does not change much in time along the whole relaxation process. It is seen from the Table 5.3 that the value of the phase angle ( is essentially independent of the applied magnetic field. The physical descriptions is as follows: The order parameter in the intergranular region of the YBCO/Ag sample is easily suppressed by the external magnetic field and some of the flux lines penetrate into the grains along the easy motion channels and some of them are pinned inside the grains. We note that, in the presence of external magnetic field and at this temperature (T = 89 K), the grains are not fully superconducting islands. Therefore, the motion of flux lines can give a regular and ordered response to the change in the polariy of BSW current, and, thus, the initial and final conditions in preparing the flux line system corresponding to each cycle can remain nearly constant in time. 

Table 5.3 The phase angles (  obtained by fitting Eq. 5.6 to the V – t data in Fig. 4.20.


		T = 89 K,  BSW Pı = 10 s,  I = 4 mA

		

		



		 

		H = 10 mT

		H = 16 mT

		 H = 20 mT



		Period of response (P)

		 Phase Angle ( )

		 Phase Angle ( )

		 Phase Angle ( )



		P1

		- 0.42 π/2

		- 0.40 π/2

		- 0.38 π/2



		P2

		- 0.44 π/2

		- 0.40 π/2

		- 0.40 π/2



		P3

		- 0.42 π/2

		- 0.42 π/2

		 



		P4

		- 0.40 π/2

		 

		 



		P5

		- 0.38 π/2

		 

		 



		P6

		- 0.36 π/2

		 

		 



		P7

		- 0.36 π/2

		 

		 



		P8

		- 0.36 π/2

		 

		 



		P9

		- 0.36 π/2

		 

		 





5.2.3 Relationship between voltage oscillations and charge density waves
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The oscillations of voltage response generally follow the period of the BSW driving current. Typical examples for the FFT of V – t curves in Figs. 4.18(a)-4.18(c) are shown in Figs. 5.6(a)-5.6(c). The fundamental periods (PVosc,FFT) obtained from FFTs  are 9.89 s , 14.10 s and 19.72 s, which are in good agreement 

Figure 5.6 Fast Fourier Transform (FFT) of the V - t curves given in Fig. 4.18(a) – 4.18(c). The fundamental frequency is marked on each curve. The fundamental period PVosc, FFT found from FFTs is given for each curve with the period of applied BSW currents.


with the periods of the BSW drive, i.e., PI = 10, 14 and 20 s, respectively. These findings suggest the presence of a dynamic physical case, which resembles the sliding charge-density waves (CDWs) by an external drive [2, 49, 153, 155]. The regular voltage oscillations may be described as the transit of periodic vortex density fluctuations [2, 49, 153, 155]. It has been suggested that the system of weakly pinned vortices resembles the pinned CDW state [2, 49, 153, 155]. Experimental studies on CDW revealed that, in a current or voltage controlled experiment, coherent current or coherent voltage oscillations appear across the sample after a threshold value of the driving current or voltage [159-166]. In the present study, we suggest that a physical mechanism concerning the density fluctuations of flux lines (or self magnetic field (SMF) lines) can be introduced as a possible mechanism for coherent voltage oscillations. Such coherent density fluctuations of flux lines (or SMF lines) can develop along the YBCO/Ag sample and can result in similar effects as in the case of the CDW’s. 


5.3 Magnetovoltage Measurements


Systematic experimental studies have been made to understand the physical mechanisms responsible for the hysteresis effects in the magnetoresistance of superconducting materials [51, 55-57, 103, 167-173]. The hysteretic effects in magnetoresistance measurements appear mostly in the clockwise direction as the external magnetic field is swept up and down [51 – 57, 167-173]. Generally, the low and high field strong irreversibilities observed in polycrystalline HTSC samples are interpreted in terms of flux trapping developing in both intergranular and intragranular regions [51 – 57, 167-173].  Ji et al. [53] proposed an analytical model, so called two-level critical state model, by calculating the macroscopic and local fields for ordered and disordered polycrystalline HTSC samples. In this model, it was assumed that the flux dynamics is maintained by percolative paths through the grains. The model explains the microwave losses in granular materials and also describes the magnetic hysteresis effects.  Furthermore, a model for high field magnetoresistance of granular samples was developed by Beloborodov et al. [174], which gives a reasonable agreement with the experimental results concerning the negative magnetoresistance observed in granular superconducting Al sample [175]. Recently, Palau et al. [176] showed that the irreversibility effects arise from the return field from grains into the grain boundaries. Balaev et al. [177] reported that the broadening of the resistive transition of polycrystalline composite samples of YBCO+CuO and its magnetoresistance measured at very low magnetic fields could be explained well by the Ambegoakar-Halperin model [178]. Zuo et al. [179] considered a similar model to explain the resistive transition and magnetoresistance effect observed in an organic superconductor ((-(BEDT-TTF)2Cu[N(CN)2]Br ). 

We note that the transport critical current density Jc of polycrystalline high Tc superconductors has been found strongly hysteretic at low applied magnetic fields [135, 136, 179]. The intragranular flux-trapping model was developed to calculate Jc(H) and fit the experimental Jc – H data in both YBCO and BSCCO ceramic superconductors [101, 181, 182]. However, these models have disregarded the magnetization of the intragranular medium. In those studies, it was assumed that the superconducting grains are embedded in non-superconducting host, without any intergranular shielding effects. Mahel and Pivarc [54] used the two level magnetic system model [53] to explain the hysteresis effects in magneto-resistance measurements of HTSCs under low magnetic fields in transport and magnetic measurements at different temperatures. Chen and Qian [183]  reported  irreversible behavior of the critical current density Jc(H) and magnetovoltage V(H) of YBa2Cu3O7- x at low magnetic fields (H < 50 mT). The hysteresis effects in those measurements were attributed to trapped flux in the loop comprised between superconducting grains and weak links. On the other hand, the peculiar high field hysteresis effects observed in granular type-II superconductors were explained mainly in terms of flux trapping evolving inside the grains [51, 53-57, 101, 102, 183-185]. 

In this study, the experimental V – H data of YBCO/Ag were mainly interpreted and analyzed by considering the two-level magnetic system. The general behavior of V – H curves was also examined by considering the method proposed by Balaev et al. [54-57]. By using this model, it is possible to distinguish the contribution from both intergranular region or intragranular region to the measured dissipation in V – H  curves.

5.3.1 Hysteresis effects in V – H curves and intra- and inter-granular flux trapping


In our measurements, the V – H curves demonstrate two distinct regimes for the field increase branch (FIB) in forward region. First, rapid increase in the measured voltage at low magnetic fields; second, at moderate field values, a saturation in the measured voltage (see Figs. 4.21– 4.29). Upon cycling the external magnetic field, all V – H curves exhibit clockwise hysteresis effects which can be correlated to the two-level magnetic system. 


To a first approximation, the initial rapid increase in V – H curves corresponds to the destruction of the highly ramified weak-link structure between the superconducting grains. The external magnetic field with the critical fields of weak-link structure controls predominantly the coupling states between the grains [51, 52, 53-57].  


It is well known that polycrystalline bulk HTSC samples show typical weak-link behavior which can be easily destroyed even at small external magnetic fields. A weak-link structure is generally assumed to behave like a type-II superconductor with its own penetration depth, Hc1W, Hc2Wand edge (surface like) screening current flowing along the edge of the junction [52]. It should be noted that irreversibilities are related to the flux trapping in the junction network. The critical magnetic fields Hc1Wand Hc2W can be obtained from low-field magnetization measurements (M – H) [51, 52]. Hc1W represents the characteristic magnetic field at which the first flux penetrates the sample through the weak links. For H > Hc2W, the weak link structure is completely destroyed by the external magnetic field. As H is increased above Hc2W, the flux lines would penetrate the superconducting grains. For 0 < H (  Hc2W, it is quite normal to expect that the flux lines evolve in the form of Josephson type, whereas, for H > Hc2W, the flux lines penetrated into the grains will evolve gradually from Josephson to Abrikosov-type with a reduced size [52, 55].


In the V – H curves, the expected resistive response of a granular sample depends on the magnitude of transport current and also the external magnetic field.  At low enough applied currents less than the critical current Ic, zero resistance state is satisfied along the sample if H < Hc1W and no dissipation is observed in the V – H curves. In this case, it can be assumed that the sample behaves like a quasi-single superconducting slab and the shielding current circulates around periphery of the sample within the penetration depth (L. As H is increased with a certain sweep rate dH/dt, the flux lines driven by the Lorentz force associated with the transport current will penetrate the sample gradually from its surface into grain boundaries and sample pores, so that it results in an increase in the measured dissipation. At low magnetic field values, the flux motion is inhibited by the screening currents flowing between the grains surrounding by the intergranular region of the sample. When the first weak-link is broken by the flux lines in Josephson character, the critical current density increases in the neighboring area of the sample and disrupts the other weak-links as a cooperative phenomenon which we do not observe in our magnetic measurements. Thus, the density of flux lines per unit area will increase over the weak link structure and flux motion will end in highly superconducting grains which resist strongly against the flux penetration [52]. In this process, the measured dissipation increases rapidly until the external magnetic field reaches the Josephson de-coupling field Hc2W of the weak-link network.  If the external magnetic field is less than the first critical field of grains (Hc1,g), since Hc1,g >> Hc2W, further increase in the applied magnetic field will not produce any extra dissipation because most of the grains are disconnected from each other and the intergranular region of the sample is in normal state for of  H ( Hc2W.  It can be assumed that, at relatively low magnetic fields, the normal state resistance of a type-II superconductor is independent of the applied magnetic field [169]. This implies that the resistance of the intergranular region will not change until the external magnetic field exceeds Hc1,g. We note that low-field M – H measurements reveal that Hc1W and Hc2W have values in the order of a few 0.1 mT and ~ 1 mT, respectively, at liquid helium temperatures [51, 52]. These junction parameters are temperature dependent and increase with decreasing temperature. 


The number of the flux lines is controlled by the sweep rate of external magnetic field dH/dt which is an important parameter for the evolution of V – H curves [51]. The lowest dH/dt value used in our measurements is 0.50 mT/s and the range of external magnetic field is between 0 – 60 mT. Therefore, the penetration rate of flux lines from the sample surface to its interior will be extremely large and the weak-link network will be destroyed within a very short time, i.e., t < 2 s. If the grains become de-coupled, a measurable voltage dissipation is observed. 


The V – H curves of undoped YBCO (see Fig. 4.30) reveal that the superconducting state is not destroyed up to a critical field Hcup  when H is increased (for the FIB).  For the FDB, the sample recovers the superconducting state at a critical magnetic field value Hcdown when H is decreased. The zero voltage dissipation (for the FDB branch) is a measure of re-formation of the coupling between the superconducting grains. The values of Hcup and Hcdown depend on the magnitude of transport current. For instance, for I = 30 mA, Hcdown is ~ 42 mT in the V – H curve in Fig. 4.30 for undoped YBCO, whereas,  Hcdown of V – H curve in Fig. 4.28 for the YBCO/Ag sample is ~ 10 mT. This suggests that the flux pinning properties in the intergranular region of YBCO are weakened by adding Ag into the superconducting structure, and enhances the formation of isolated superconducting grains in sample. 


It can be deduced from the detailed discussion (see section 5.1) on the I – V curves measured by using both the standart and reverse procedures that the other parameter which affects the evolution of the V – H curves is the addition of Ag into the structure. The experimental I – V curves demonstrate that the weak-link structures in the intergranular region and also on the surface of the YBCO sample are weakened by introducing Ag. It is seen from the comparison of the V – H curves for YBCO/Ag (Fig. 4.28) and undoped YBCO (Fig. 4.30) that the presence of Ag in the superconducting structure causes a marked decrease in hysteresis effects. In addition, although the instabilities in the V – H curves of undoped YBCO are quite small, the voltage drops and plateau regions in both of decreasing branches (FDB and RDB) become more significant for the YBCO/Ag sample. The long-lived plateau regions in the decreasing branches of the V – H curves of YBCO/Ag imply that the number of flux lines joining the motion does not change and the dynamic process locks to a state for a long time, although the Lorentz forces increases. However, an opposite case is observed in the V – H curves of undoped YBCO sample. This means that number of the pinning centers in the junction network of undoped YBCO is greater than that of YBCO/Ag. In the case of undoped YBCO sample, the flux lines do not lock to a state for a long time and move locally from one pinning regime to another. Thus, the dynamic process associated with the motion of flux lines in undoped YBCO is forced to change its state gradually within a short time. 


It is seen from the V – H curves that the long-lived plateau regions in the decreasing branches of YBCO/Ag become more significant as dH/dt is increased from 0.50 to 2.60 mT/s. This implies that the number of the mobile flux lines does not change for a while and a constant flow rate of flux lines evolves although the external magnetic field is continuously varied. In this process, the drop in the sample voltage is a measure of the drop in the number of flux lines, and, also, of flux pinning. We suggest that high dH/dt values make locally the correlated flux motion unstable. However, at low values of dH/dt, the flux lines find enough time to change their states gradually and, therefore, sharp drops or jumps are not observed in the V – H curves. At this point, it should be emphasized that the same physical mechanisms responsible for the step wise structure of the I – V curves also control the evolution of the V – H curves.


The strong irreversibilities in observed low-field magnetization measurements can be taken as an indication of flux trapping in the junction network. In granular samples of HTSCs, it is generally argued that the superposition of external magnetic field and local magnetic fields (induced by a magnetic dipole moment of neighbor superconducting grains in the inter-grain boundaries) determine the specific character of magnetovoltage measurements [51, 53-57]. For the FIB in the forward region (FR), when the external magnetic field is increased with a given dH/dt, the superconducting grains will show a negative diamagnetic response to the variation of H. Within the description of two-level magnetic system, the effective field Bi averaged over the local fields in the intergranular region will be greater than the value H [53-57]. On the other hand, for the FDB, when H is decreased, the diamagnetic response of superconducting grains will be positive and the effective field Bi will be less than the value H. Therefore, the dissipation measured for the FIB and FDB will give the result of V(H+) > V(H –) which is the origin of the hysteresis effects observed in V – H  curves [53-57]. Thus, we can correlate nearly absence of irreversible behavior in the V – H curves at relatively high fields  (see Fig. 4.21-4.23) to the equality of effective fields (Bi) evolving in the intergranular region for the FIB and FDB. At this point, we note that the same discussion on the irreversible behavior of V – H curves is essentially valid for when the polarity of external magnetic field is reversed.


We now return to our V – H data and analyze the hysteresis effects in more detail within the two-level magnetic system proposed by Balaev et al. [55]. Figure 5.7 shows the current and magnetic field sweep rate dependences of the hysteresis width ((H) as a function of H –.  These (H – H – curves were extracted from the  V – H data in Figs. 4.21-4.23. Every extracted data point in the (H – H – curves corresponds to a constant value of measured voltage in the forward region of   the V – H curves (see Fig. 2.10).   It is seen from Fig. 5.7(a) that all curves collapse nearly on a single curve at low field values of H –. The departure from the single curve starts at H – = 6.5, 15 and 22 mT for dH/dt = 0.50, 1.30 and 2.60 mT/s, respectively. We note that, for all sweep rates above these values of H –, (H depends on the magnitude of transport current. 


According to Eq. 2.19, the current dependence of (H can be taken as an indication of the contribution of the magnetization of intergranular region (Mi) to (H. However, it is seen from Fig. 5.7 that the temperature (T = 88K) at which the measurements were done is close to Tc. At T ≲ Tc, the Josephson coupling energy between the grains should decrease and, thus, the flux trapping capability of the junction network should decrease accordingly. In addition, the presence of Ag atoms in the structure causes the formation of normal regions at the grain boundaries or S-N-S junctions and can reduce enormously the Josephson coupling energy between grains. Further, as mentioned above (and in Chapter 2), at a given temperature, low driving currents and low magnetic field values, which are comparable to the junction parameters, are required to observe the current dependence of (H.


It appears that current dependent (H presented in Fig. 5.7 is a contradiction to the intra- and inter-granular flux trapping model proposed by Balaev et al. [55]. We suggest that, at T ≲ Tc where the superconducting fluctuations are high, the hysteretic behavior of the V – H curves should be controlled mainly by the flux
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Figure 5.7 (H =f (H – ) curves of the YBCO/Ag sample determined at T = 88 K for different current values and magnetic field sweep rates of a) dH/dt= 0.50 mT/s b) dH/dt= 1.30 mT/s c) dH/dt= 2.60 mT/s. The data were extracted from the V – H curves in Figs. 4.21-4.23.


pinning in grains which are not fully superconducting regions. In this description, the transport current can affect the flux lines pinned inside the grains and reinforce the flux motion through them. Therefore, a current dependence of (H should be expected. 


Another parameter which makes (H current dependent is the sweep rate of external magnetic field (dH/dt). At low values of dH/dt, some of the flux lines find enough time to penetrate into the grains with the help of Lorentz force and keep their motion through the weak pinning channels by following reversible paths upon cycling the external magnetic field. However, as dH/dt is increased from 0.50 to 2.60 mT/s, the (H becomes approximately current independent (see Fig. 5.7(c)). We suggest that, at high dH/dt values, the flux penetration is prevented by the localized shielding currents circulating around the grains (negative diamagnetic response) in parallel to the rate of variation of external magnetic field. The penetrated flux lines can be pinned by the pinning centers inside the grains and can not find enough time to move through the grains. Thus, a relative increase in the flux pinning can evolve as compared to that observed at low values of dH/dt, which can cause relatively large irreversibility effects in the V – H curves (see Fig. 4.23).  


Figures 5.8 and 5.9 show that (H =f (H – ) data extracted respectively from the V – H curves given in Figs. 4.24-4.26 and Figs. 4.27-4.29 collapse on the same curve and are practically independent of the transport current, but depends on dH/dt. Inspection of Eq. 2.15 and the current independence the (H =f (H – ) 
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		Figure 5.8 (H =f (H – ) curves of the YBCO/Ag sample determined at T = 84 K for different current values and magnetic field sweep rates a) dH/dt = 0.50 mT/s b) dH/dt = 1.30 mT/s c) dH/dt = 2.60 mT/s. The data were extracted from the V – H curves in Figs. 4.24-4.26

		Figure 5.9 (H =f (H – ) curves of the  YBCO/Ag sample determined at T = 82 K for different current values and magnetic field sweep rates a) dH/dt = 0.50 mT/s b) dH/dt = 1.30 mT/s c) dH/dt = 2.60 mT/s. The data were extracted from the V – H curves in Figs. 4.27-4.29.





curves reveal that the flux trapping in grains dominates the evolution of the V – H curves. We suggest that the contribution from the pinning of junction network to the hysteresis loops at T = 84 and 82 K is negligible. Further, the transport current does not affect the flux lines pinned inside the grains.
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Figure 5.10 shows the variation of (Hmax with dH/dt, where (Hmax corresponds to the maximum values of the (H =f (H – ) curves presented in Figs. 5.7-5.9. 


Figure 5.10 The variation of (Hmax with dH/dt determinated at different temperatures: a) T = 88 K, b) T = 84 K and c) T = 82 K. (Hmax is the maximum value of the (H – H– curves presented in Figs. 5.7-5.9. 

At T = 88 K, (Hmax increases with increasing dH/dt (Fig 5.10(a)). However, this significant dependence of (Hmax on dH/dt diminishes with decreasing the temperature from T = 88 to 84 K. The similarity between the (H =f (H – ) curves in Fig. 5.10(b) and 5.10(c) implies that the same physical mechanism controls (the flux trapping evolving inside the grains) the evolution of the V – H curves measured  at T = 82 and 84 K.

Figure 5.11 shows the variation of (H with H – for the undoped YBCO sample determined at different transport currents. The data were extracted from the V – H curves in Fig. 4.30. It is seen that all data points fall on the same curve for H – ≳ 25 mT, except those for I = 30 mA. The (H =f (H – ) curve determined for I = 30 mA follow the same curve when H ≥ 42 mT. At low currents (I = 30, 40 and 50 mA), there is a current dependence of (H. We attribute this dependence to the flux pinning in the junction network and also to the contribution of the magnetization of intergranular region Mi to (H. Since (H is a measure of the difference between the forward and backward magnetizations (see Eqs. 2.18 and 2.19), the magnetic states evolved for I = 30 mA should be different up to H ~ 42 mT as compared to that observed for other current values. In this description, the diamagnetic response of the sample reaches its highest value, and the flux penetration and motion nearly disappear for H ≲ 42 mT.  


Finally, we comment on the general behavior of  (H =f (H – ) curves. It is seen from Figs. 5.8, 5.9 and 5.11 that (H generally tends to increase linearly with increasing H–. This implies that the net magnetization due to the difference between forward and backward magnetizations enhances with H –. However a decrease in (H with respect to H – can be correlated to the beginning of decrease in difference between forward and backward magnetizations.
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Figure 5.11 (H =f (H – ) curves of undoped the YBCO/Ag sample determined at      T = 82 K for different current values and magnetic field sweep rate dH/dt = 1.00 mT/s.  The data were extracted from the V – H curves in Fig. 4.30.
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CHAPTER 6

CONCLUSION

In this study, systematic transport and transport relaxation measurements were made in Ag doped polycrystalline Y1Ba2Cu3O7-x sample (YBCO/Ag) as functions of transport current (I), temperature (T) and external magnetic field (H). 

The current-voltage measurements (I –V curves) with different current sweep rates (dI/dt), the transport relaxation measurements (V – t curves) by using dc and bi-directional square wave (BSW) currents, and the magnetovoltage measurements (V- H curves) with different sweep rates of the external magnetic fields (dH/dt) were carried out to investigate the effects of Ag-doping on the flux dynamics in YBCO. In order to understand better the flux dynamics evolving in YBCO/Ag, the results of present measurements were compared to our previous studies on polycrystalline samples of undoped YBCO and MgB2.

Standard and reverse procedures were used in the measurements of I – V curves. In the standard procedure, the dc driving current is cycled up [current increase (CI) branch] and down [current decrease (CD) branch]; whereas, in the reverse procedure, the current is first cycled down [current decrease (RCD) branch] and, then, up [current decrease (RCI) branch]. The reverse procedure enables us to investigate the flux motion evolving from the outer surface of the sample to its interior. 

Upon cycling transport current, the I – V curves of the YBCO/Ag sample exhibit hysteresis effects for both procedures and are sensitive to the variation of dI/dt. The experimental data reveal that the irreversibilities in the I – V curves of undoped YBCO are more prominent than those of YBCO/Ag. Furthermore, there are no considerable hysteresis effects in the I – V curve of MgB2, a behavior attributed to the absence of weak-link structure. We suggest that the physical origin of the rather small hysteresis effects in the I – V curves of the YBCO/Ag sample can be related to the destruction of weak-link structure due to the Ag- doping into the superconducting structure. Ag destroys partly the intergranular pinning properties of YBCO ceramic by increasing grain coupling. As a consequence, the irreversibilities in the I – V curves of YBCO/Ag decrease considerably. On the other hand, at moderate dissipation levels, we could not observe any difference between the data obtained by using the standard and reverse procedures. This suggests that the surface effects are also weakened by addition of Ag into the superconducting structure. The hysteresis effects in the I – V curves of YBCO/Ag were explained in terms of different degree of the inhomogeneous flux motion between the current-increase and current-decrease branches.

One of the main observations in the I – V curves of YBCO/Ag is the peculiar voltage jumps and drops. It was found that these instabilities depend strongly on the magnitude of external parameters dI/dt and H. The voltage jumps and drops in I – V curves disappear as dI/dt is reduced from 1.25 to 0.312 mA/s so that the I – V curves become more smooth. We suggest, at low values of dI/dt, that the flux lines distribute themselves easily and find enough time to go to accessible states. It was observed that the instabilities increase significantly as the external magnetic field is increased from 10 to 20 mT This behavior was correlated with the increase in the number of the flux lines per unit area of junction network and also to the accumulation of flux lines along the grain boundaries. Such a case can make the flux lines unstable and can reinforce the plastic motion along easy motion channels. In addition, the instabilities and short and long lived plateau regions observed in I – V curves were explained in terms of plastic flow of flux lines along easy motion channels which are considered mainly as metallic silver paths in the YBCO/Ag sample. 

Nonlinear transport phenomena and time effects in the YBCO/Ag sample were investigated by the time evolution of sample voltage (V – t curves) on long time scales. The general behavior of the V – t curves was discussed in the frame of dynamic competition between pinning and depinning mechanisms. At early times of the relaxation process, the sample voltage rises sharply and levels off within a very short time. After reducing the initial current (I1) to a finite value (I2), the sample voltage first decreases and levels off within a very short time. The rapid voltage drops in the V – t curves observed in the quenched state were attributed to the rapid dynamic reorganization of flux lines traversing the sample edges. When the driving current (I1) was interrupt to zero, it was observed that the measured voltage becomes zero. This finding indicated that there is no residual voltage to be relaxed and no heating effects associated with current contacts or hot-spot in the sample. The initial voltage drop in the quenched state shows a decay exponentially, as in the case of glassy state.

Furthermore, the time evolution of the V – t curves of YBCO/Ag in the quenched state is quite different from that of undoped YBCO. At high and moderate dissipation levels, the random distribution of Ag atoms in superconducting structure is one of the major reasons which affect the line shape and the general behavior of V – t curves. Ag suppresses easily the superconducting order parameter along the intergranular regions and forms additional easy motion channels for the flux lines. That is why the rapid rise in the sample voltage at early times of relaxation process is observed and also the sudden drop in the sample voltage evolves in the V – t curves as the initial transport current I1 is reduced to a lower value I2. 

We also investigated the influence of bi-directional square wave (BSW) current on the evolution of V – t curves as functions of the amplitude and period of the BSW current at different temperatures and external magnetic fields. It was observed that slow transport relaxation measurements result in regular sinusoidal voltage oscillations. The symmetry in the voltage oscillations was attributed to the elastic coupling between the flux lines and the pinning centers along grain boundaries and partly inside the grains. This case was also correlated to the equality between flux entry and exit along the YBCO/Ag sample during regular oscillations. 

It was shown that the voltage oscillations can be described well by an empirical expression V(t) ~ sin(wt+() (see Eq 5.6).We found that the phase angle (  generally takes different values for the repetitive oscillations. We suggest that, for each cycle observed, the initial conditions of the flux lines joining the motion are determined by the distribution of flux lines formed by the former cycle and, thus, every cycle prepares new initial condition for the next cycle. Therefore, it is natural to expect such phase difference between successive oscillations.

Fast Fourier Transform analysis of the V – t oscillations showed that the oscillation period is comparable to that (PI) of the BSW current. This finding suggests a physical mechanism associated with charge density waves (CDWs), and, indeed, the weakly pinned flux line system in YBCO/Ag resembles the general behavior of CDWs. At certain values of PI, amplitude of BSW current, H and T, the YBCO/Ag sample behaves like a double-integrator, since it converts the BSW current to sinusoidal voltage oscillations in time.

The magnetovoltage measurements (V – H curves) were carried out as functions of the transport current (I), sweep rate of the external magnetic field dH/dt, and temperature (T). Upon cycling H, all V – H curves measured for different values of I exhibit a clockwise hysteresis effects It was observed that the evolution of the V – H curves depends on dH/dt. We note that the rate of number of the flux lines penetrating into the sample is controlled mainly by dH/dt. At low values of dH/dt, the irreversibilities and instabilities together with plateau regions in the V – H curves decrease markedly. However, the measured voltage dissipation is independent of dH/dt values considered in this study. At low values of dH/dt, the flux lines find enough time to change their states gradually and, therefore, instabilities such as sharp drops or jumps are not observed in the V – H curves. This also explains why the hysteresis effects increase with increasing dH/dt. The hysteresis effects in the V – H curves increase as the temperature is decreased from 88 K to 82 K, which can be correlated directly to the increase in the flux pinning. 

The hysteresis effects in the V – H curve were interpreted in terms of two-level magnetic system, which considers the superposition of the external magnetic field and the local magnetic fields in the inter-grain boundaries induced by magnetic dipole moment of neighbor superconducting grains. The general behavior of the  V – H curves was also examined in details by using a model proposed by Balaev et al. [176]. The analysis of the V – H curves revealed that the irreversibilities arise mainly from the flux trapping inside the grains. Furthermore, our analysis showed that the flux trapping in the junction network has a negligible effect on the evolution of the V – H curves. 

.


The V – H curves of the YBCO/Ag sample were also compared to those of undoped YBCO sample. The presence of Ag in the superconducting structure causes marked decrease in hysteresis effects. Another interesting finding is the pronounced decrease in the number of voltage drops/jumps and plateau regions in V – H curves of undoped YBCO. This implies that the addition of Ag into YBCO material leads to a decrease in flux pinning properties in the intergranular region.  


Finally, many experimental observations have demonstrated that the optimum addition of Ag into YBCO improves its magnetic and transport properties. Ag does not react with decomposed phases and tends to stay on the grain boundaries as a metallic form. It is naturally expected that the addition of Ag into YBCO can cause an increase in the number of formation of superconductor – metal- superconductor (S-N-S) junctions between the grains. Thus, the coupling between grains increases, and the grain boundary resistivity decreases markedly. The improved grain connectivity of a superconducting material (i.e., HTSC cuprates) is important for practical applications. Therefore, it will be interesting to dope YBCO with other non-magnetic metallic materials such as Au, Al, Ca, etc. in different amounts. In the future, we are planning to make such studies.
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