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Summary:  

The focus of this project was to prepare and study the magnetic 
and transport properties of oriented, polycrystalline high T, 
superconductors, with special emphasis on their anisotropy. it had 
further been planned that the behavior of the magnetic flux, (so called 
vortices) would be analyzed in terms of the dynamics of these entities, 
subjected to the thermal and anisotropic conditions. During the period of 
this grant proposal, we have been able to achieve almost all the goals 
envisaged in the proposal. These are illustrated by the 10 publications 
directly related to the project, which have been published in quality 
international journals during this period. (List attached). We have also 
produced two Ph.D. theses in superconductivity during this period, one 
of which was submitted by the Research Officer, supported by this 
project. 

We have prepared very good quality melt textured high TT  
superconductors, which were required for performing the studies on 
anisotropy of the magnetization of these materials. We have also 
conducted and published the dc and ac magnetization studies of these 
-materials focusing on the properties of the vortices and obtained an 
understanding of the factors limiting the critical currents in various 
crystallographic directions. We have also studied in detail the dynamics 
of vortex motion in these materials by the methods of magnetic 
relaxation, field sweep rate dependence and ac susceptibility in 
superposed dc fields. Our studies have enabled us to draw a 
comprehensive picture that the barriers to vortex motion, and 
subsequent dissipation, are lowered in dc fields and in particular in 
crossed ac and dc fields the effects are drastic. We have also found that 
the decrease in critical currents with increasing fields can be explained 
on the basis of the so-called Critical state model for fields applied parallel 
to the c-axis, while the behavior perpendicular to the same is quite 
different. We have conducted transport measurements and identified the 
role of the (JxB) force as well as an angle independent, phase slip 
contribution to the dissipation. Our studies therefore constitute part of 
the major international effort to determine the electrodynamics of 
layered, anisotropic superconductors, the mechanisms determining the 
losses, and the anisotropy of their response. 



Introduction:  

The discovery of high T. superconductors in 1985-86 has spurred 
efforts in two major directions (a) To understand the mechanism of 
superconductivity, (b) to comprehend the complex and anisotropic 
magnetic and transport properties of these materials. Our efforts have 
been directed towards the second, (b), of the above. The specific need for 
this arises because the well understood electrodynamics of conventional 
superconductors was based on isotropy both of the superconducting (SC) 
order parameter, and the coherence and penetration depths. The layered 
and almost 2-D nature of the new materials made the older theories 
obsolete or at least incomplete. The need was to comprehend how the 
response varied magnetically when the essential entities, the quantum of 
flux "vortices", would themselves be quasi-discontinuous or would lose 
coherence as they traversed the inter-plane distance. 

In this context the major questions we chose to address 
experimentally were as follows : 

(1) How does the magnetic response to dc fields vary as the field is 
applied at different direction to the c-axis of the perovskite 
structure ? 

(2) How do the E(j) characteristics, which define the dissipation in a 
conductor, vary as the magnetic field or fields (superposed ac + dc 
fields) increase in magnitude, and in different applied directions ? 

(3) The barriers to vortex motion, the so called activation energy 
barriers U or pinning energies U0  are crucial for the loss less 
transport of current. These can be measured magnetically. How do 
these activation barriers vary in different conditions of orien-
tations , field, etc. 

(4) Investigation of vortex dynamics and the role of intra-granular 
and 	intergranular sources of dissipation; as well as the role of the 
Lorentz like (JxB) force in dissipation and the isotropic weak link 
dissipation. 



(5) 
	

Investigation of the ac response xac. as a function of the de field, 
sweep rate, and temperature. This is usually performed with a 
view to identifying the factors controlling the penetration of flux 
into the superconductor. 

Results:  

This section will be divided into four main sub-sections. 

a) Preparation of melt-texture grown, anisotropic samples and their 
magnetic 
characterization. 

b) DC magnetization studies including M(H), M(H), M(0). 
c) Transport measurements p(H,0). 
d) dc magnetization and the effects of superposed dc and ac fields. 

a) 	Melt Texture growth:  

The first task before us was to prepare the Y1Ba2Cu307-x 
superconductors which would possess overall bulk orientation and 
anisotropy. (The general method of power reaction yields granular, 
polycrystalline and isotropic materials). To prepare the melt texture 
grown materials we proceeded as planned except that since we had not 
been provided a tube furnace in the approved budget, we had to restrict 
ourselves in various ways. We were unable to provide a temperature 
gradient to the materials during the slow cooling step. However, we 
modified our existing box furnace so as to achieve the best results 
possible . Initially we reacted the YBCO powders at a temperature T 
950°C. These products were thoroughly ground, pelletized and again 
heated up to various temperatures in the range of 1050 to 1150°C, from 
which temperatures they were very slowly cooled down through their 
peritectic temperature. (1000°C) at the rate of 1-1.5°C/hr, till they 
reached about 950°C. From this point they were cooled at a relatively 
fast rate (100°C/hr) down to 400°C, where after they were furnace 
cooled. These steps were followed by oxygen annealing the samples so 
obtained. It was found that oxygen annealing in the temperature range 
450 - 650°C was sufficient, however pressures in the range of 5-6 p.s.i. 
were required. We also discovered that along with the rate of cooling, the 
other important factor was the substrate on which the samples were melt 
texture grown. It was found that the best results, in terms of the 



magnetic loop widths were obtained when the samples were placed on a 
curved Alumina substrates, making minimal contact with the substrate. 
These however did not yield the best anisotropic response. This feature 
viz. anisotropy, was quantified magnetically by measuring the 
magnetization with the applied field parallel to the c-axis and normal to 
it, respectively. The ratio of these two values provides a guide to the 
extent of anisotropic growth . On the width of the hysteresis loop widths 
provides a means to determine the critical current in that orientation 
and/or the sizes of the grains. We consistently found that in the 
conditions of our preparation the c-axis was found to lie normal to the 
surface of the pellet. Since the anisotropy factor usually did not rise 
above 3 in these materials we tried other substrates and crucibles. We 
obtained best results in flat bottomed Alumina crucibles with the 
pellets stacked one on top of the other. These provided us with the best 
results in terms of the anisotropy factor, i.e. the magnetic response was 4 
to 5 times higher along the c-axis (H I I C) as compared to the transverse 
case, H1C. (Figure 1). The main features of the melt textured samples as 
compared to the untextured ones, are apparent from the figure (a) much 
larger magnetization, (b) much better defined anisotropy. Another 
characteristic which further corresponds to the reported behavior is the 
relatively rapid decrease of M for H parallel to the c axis while the 
decrease is slow for H perpendicular to the same. All the experiments to 
be described in this report utilized, similarly self made superconductors. 
The texturing of the materials was checked also by electron microscopy 
(performed at the A.Q. Khan Research Lab. K.R.L). The large 
uninterrupted grain growth was evident from the micrographs (Fig.2). 
The samples were cut up into suitable sizes 1 x 4 x 4 mm3, and the 
critical temperatures were ascertained. The T, (zero resistance) was 
typically — 89.90°K. While the onset was at 93°K. The magnetization 
values for the best samples reached (for H I I C) 	23(emu/cc) at low 
fields, while the lower critical fields were in the region of 170-220 Oe at 
77K. 

DC Magnetization Measurements:  

a) 	The dc magnetization was measured using our vibrating sample 
magneto-meter and lock in amplifier system. In addition to the usual, 
commercially provided pick-up coils, which enabled us to measure the 
sample moment parallel to the magnetic field we also developed a set of 



coils to pick up the transverse component of magnetization. This has 
been outlined in Ref. [1 1. A special feature of this effort was that it 
provided us an ability to measure both components of magnetization 
simultaneously . i.e. the component of M parallel to the applied field H 
,as well as the one transverse to H .In particular one could monitor the 
rigidity with which the magnetic moment rotated when the sample was 
rotated. Our dc magnetization measurements included the studies of 
anisotropic response M(0 ) ,( 0 being the angle between the c axis and the 
applied field); the effects of field sweep rate on magnetization and 
magnetic relaxation effects. 

Studies on Anisotropy of magnetization. 

The effects of anisotropy were explored by the following method. 
Samples were either cooled in field or without field, down to the required 
temperature. The magnetization was then recorded continuously as the 
sample was rotated in situ, with respect to the field. This generated a 
typical M(0) pattern at a fixed field. These patterns were studied as a 
function of temperature and field. Alternatively, the sample was cooled 
in field and then the field was turned off. This result in the flux 
remaining trapped at the defect site, the so called pinning centers. The 
amount of flux remaining trapped is called the 'remnant moment', and 
varies with T, H, and equally importantly with 0. This anisotropy of flux 
pinning is an important parameter, being related to the strength of 
shielding currents which flow in either orientation. It is understood that 
remnant moment is maximum at H//c and decreases as H is rotated away 
from this direction. The angle and field dependence of the remanence 
were studied by us in detail and reported in Refs. [1,2,3 1. Figs.3 & 4 
illustrate typical behavior. The maximum (4)=0, H//c), and saturation and 
decrease with field are evident line. 

In the other type of measurements, the zero-field -cooled moment was 
rotated with respect to the field. Typical patterns are shown in Figs. 5 
and 6. As can be seen the moment varies harmonically with peaks 
occurring at 0 = nn /2; i.e. maximum diamagnetic signal for HI I c (0 = 
nit) and minima for 0 = (2n + 1) 7c/2, i.e for (H1c). It is also to be noted 
that the pattern remains unchanged on reversal of 0. The up going and 
down going peaks coincide. These features however change drastically 
when the field is increased. (Fig.6). We found that the peak positions 



shifted from multiples of ic/2, and the angular span in going from 
maxima to minima was no longer 7c/2. It was found that the moment 
decreased very rapidly on going away from the c-axis while it took a 
larger 0 interval to reach the maximum away from the ab-planes. These 
features are detailed in Ref.3 . We also found a marked hysteresis 
between up and down going data i.e. between increasing and decreasing 
angles. These features were explained by us using two conceptual 
models. These were as follows: 

(a) Anisotropy of flux line energies (self-energy and rotational 
energy). 

(b) Existence of "shoulder" and "core" regions of flux line 
distributions in the sample. 

The former effect (a) implies that while it is easier to form a flux line 
parallel to the ab planes as compared to the c axis, it is difficult to rotate 
the flux lines away from the ab planes. On the basis of detailed 
measurements in the field range 10< H < 5000 Oe we demonstrated how 
the development of various features in the M(0) were a consequence of 
these anisotropy of relevant energies. e.g. these effects contribute to the 
vary rapid decrease in M as 0 is moved away from the c-axis and delay 
the ability of the flux to be oriented away from the ab planes when the 
sample is rotated away from the ab planes. These features relate to the 
rotation of the sample in one sense only The latter effect, (b), on the 
other hand relate to the orientational gradient of the flux lines. In other 
words as the sample is rotated against a field it divides into two regions . 
One region close to the surface where the flux gradually rotates away 
from the surface field direction on rotation ,and hence develops an 
orientational gradient. While deeper within the flux is rigidly fixed to the 
original direction and rotates as such. We have shown how this effect 
determines the variation of M on the reversal of the sense of rotation. 
For a given field there is a certain minimum angle of rotation for which 
the change in orientation penetrates to the center of the sample. Until 
this angular rotation is achieved the "core" region survives with its 
unchanged magnetization. This leads to the hysterectic behavior on 
reversal. 



We developed the concepts of "core" and "shoulder" region to 
describe the magnetization behavior on rotation (Fig.7). When a sample 
is rotated with respect to the field the flux near the surface is able to 
change its orientation while that lying deeper within can not do so, till the 
field is large enough. The area near the surface where the flux changes 
its direction with rotation is called the "shoulder" while that lying 
deeper, where the flux remains essentially fixed in orientation, and 
rotates rigidly with the sample, is called the "core". As the sample is 
rotated the flux develops an orientation gradient in the "shoulder". The 
net M(0) behavior is a superposition of the "core" and "shoulder" 
responses. The "shoulder" region would generate an essentially angle 
dependent response (for isotropic materials) while the core generates a 
cos*0 type behavior. 

Typically the core survives on field cooling of the sample, and on 
rotation in low fields, while the shoulder extends deeper as the rotation is 
increased. For low fields (Fig.6a) the fit of the data to M = - ( MA  cos20 
MB  sin20) was very good, as expected theoretically for reversible 
(Meissner) response, while in large fields the core and shoulder concepts 
were employed to explain further anomalies. In particular the 
irreversible feature on reversing the sense of rotation, (Fig.6c,6d ) where 
the response is altered in the region 270 <0 <360, while it reproduces the 
up going behavior for 0<270, was also explained along the same lines. 
The results and discussion are detailed in Ref.2 and 3. 	. 

b) 	Field sweep rate effects: 
The effects of field sweep rate H on the magnetization M in a 

superconductor are understood to yield some fundamental information 
regarding the dissipation law in superconductors in the vortex state. e.g. 
the variation of the exponent n in a typical form 

E = a X' 	(1). 
It is understood that the variation of magnetization with the dc field 

sweep rate H generally yields a logarithmic form 
(alnM)/alnH) = C (2) 

where C is a constant depending on the field and temperature. 
Furthermore , this constant C can be shown to be approximately equal to 
1/n, where n is defined in Eqtn(1). The effects of sweep rate on 
magnetization can be described in simple form as follows. The sweep H, 



generates an electric field E, according to Maxwell's equation v x E = -
aH/at. In response to this field E, shielding currents J begin to flow 
according to the dissipation law e.g. E = aJn. The currents in turn 
generate a magnetic moment M which becomes a function of sweep rate 
i.e. M (J(E (H)). Since both, the magnetization changes with time M(t) 
and the effect M(H) depend on J(E) the effects dInM/dInH and 
dInM/dInt are expected to be related. This feature has been tested in our 
work. 

Increasing the sweep rate yields increasing width of the hysteresis 
loops (see fig.8 ) which follows from the above discussion. (note that 
larger loop widths imply larger shielding currents and magnetization). 
From the logarithmic fits of the data (Eqtn. 2 ) we obtained the values of 
C at various fields. (Fig.9). We also studied the anisotropy of the sweep 
rate effects. These are reported in Ref.4. A major finding in this respect 
was that there exists a pronounced anisotropy to these effects, being 
larger for HI IC and less for H1C.(See Fig.10) These effects were 
explained on the basis of comparisons between the flux creep and 
dynamic magnetization models. We also compared the values of C 
obtained from the above technique to the value of the flux creep or 
magnetic relaxation rate 

S = a(InM)/a(Int) 	(3). 
(The magnetic relaxation method will be described in a separate section.) 
A comparison showed that the two rates S and C appeared to converge 
at low fields as predicted theoretically but differ for larger fields. We 
found values for C to be in the range while values for S lie usually in the 
range 0.02 to 0.04. In addition to the variation of M with InH we 
compared the effects of sweep rate on the ac magnetization xa, , in 
superposed dc fields. The basic idea of the experiment was that since the 
ac magnetization values depend on the dc flux present in the sample at 
any instant i.e. xac  (Bdc); and Bdc(H), this would suggests that the ac 
response would itself be a function of the sweep rate , x„, = f (B(H)). This 
was tested by monitoring the ac susceptibility of our melt textures 
samples using a conventional ac susceptibility setup. This consists of a 
balanced pair of secondary coils , with the sample inserted into one of 
them. The ac field of the primary coil acts on the sample and output of 
the secondaries is fed to a lock-in amplifier. The whole assembly of the 
coils was placed inside the liquid nitrogen cryostat to keep the coils 



cooled , and finally the cryostat was placed within the pole pieces of the 
magnet. The ac response could be measured as the dc field was rammed 
up and down at different rates. It was clearly evident that the ac 
response varied with the sweep rate, become larger (i.e. more 
diamagnetic) for higher sweep rates. It was also evident that the 
response was instantaneous to our degree of resolution and was perfectly 
reversible . i.e. as the field sweep rate was varied x„, curves immediately 
retraced the loops corresponding to that sweep rate. There were no 
hysterectic or time lag effects involved. These data were found to be 
inconsistent with the classic critical state or flux creep picture. 
According to the flux creep picture, the system moves towards 
equilibrium by homogenizing the flux distribution via the flux creep 
process.. Thus it should not move away from it, if the rate of sweep is 
increased. These aspects are discussed in detail in Ref.4. While values 
for S lie usually in the range 0.02 to 0.04. In addition to the variation of 
m with lnH we compared the effects of sweep rate on the ac 
magnetization, in superposed de fields. The basic idea of the experiment 
was that since the ac magnetization values depend on the dc flux at any 
instant i.e. xac (Rik); and Bdc  (H). This clearly suggests that Lie  = f (B(H)) 
implying a rate dependence to the ac susceptibility as well. This was 
tested by monitoring the ac susceptibility of using a balanced coil set, 
and with the sample inserted in one of the secondary coils. Then the field 
was swept and xa, monitored as the output of the lock-in amplified. It 
was clearly evident that the ac response varied with the sweep rate 
become larger for higher sweep rates. It was also evident that the 
response was instantaneous to our degree of resolution and perfectly 
reversible. This latter observation is inconsistent with the prediction of 
the flux creep model which predicts a finite time for the sweep rate 
changes to effect the flux density and hence the ac response. In a similar 
vein the reversibility on changing the sweep rates is inconsistent with a 
flux creep picture. This would imply a movement of the system away 
from a more uniform to a less uniform state. In light of these 
observations we suggested that a dynamic magnetization model proposed 
earlier by Delin eta1.1.51was more appropriate to describe these effects. 

Magnetic Relaxation Studies: 
A major part of our effort was directed towards studying the time 

variation of dc magnetization, i.e. the magnetic relaxation of high T, 
superconductors. In these studies the field is ramped up to a certain 



value and then held steady. The magnetization is then recorded as a 
function of time. Changes occur with time as the flux penetrates (creeps) 
in to the sample over defect centers , called pinning centers and an 
inhomogenous distribution of flux occurs within the material From the 
usual logarithmic variation, 

M = M„ (1- S ln (1 t /T ) 	( 4 ) 
the value of the relaxation rate parameter S can be determined , as can 
be seenin Eqtn .3. Fig. 11 shows atypical fit of the M( t) data to the log 
function. We found that for our samples in the time window of t<1500 
sec., the log fit yielded good results and with reasonable values for the 
parameters. A further significance of these studies is that they enable the 
determination of an important physical quantity, the activation potential 
barrier U. To realize this we recall that the relaxation rate can be related 
to the height of the energy barriers U opposing the vortex 
motion via the relation, 

S = KT/U 	( 5  ) 
where KT is the thermal energy. It is also understood that in the simplest 
(linear) approximation, the activation barrier depends on the field and 
current as U = U0  - JBVX. (Here U0  is some intrinsic pinning potential, V 
is volume of flux bundle and X the jump distance of the flux bundle. 

We studied the effects of field in both textured and untextured 
high Tc  superconductors and found that the rate of relaxation S = (KT/U) 
varies in a non-monotonic way with field. Initially the effect of the field 
was observed to decrease the rate of relaxation while at higher fields the 
rate increased with H. This has been understood in terms of the value of 
the field fr, required for full penetration of the sample. For fields below 
and above it , the behavior of the relaxation rate is different. These 
effects were studied in single crystals, polycrystals and melt textured 
samples. Melt texture grown samples with their characteristically wide 
loops implying a large shielding current and critical state (non-
homogenous) magnetization , provided ideal opportunity to study the 
magnetic relaxation. 

There has been a great deal of discussion in the literature on the 
logarithmic time dependence, and the scale of the logarithmic time 
constant. We pave found in our measurements that, at least at relatively 
short times t :5_ 1500 sec., the variation is logarithmic M = M. (1-S In (1 + 
t/T) and the time constants z-  are macroscopic. These two major 



observations were found to hold consistently in a variety of samples. This 
may also be due to the limited field range of our observations. The point 
to emphasize is that as long as the activation potentials U, remains linear 
in J, (i.e. M), the time variation of M remains log like. Secondly, the time 
constants t obtained from the fit do not reflect the intrinsic or 
microscopic attempt times, (e.g. the typical time required by a pinned 
vortex to overcome a potential barrier.) Rather -c is a reflection of the 
macroscopic conditions such as sample size, sweep rate H and the E(J) 
relationship of the system. Typically we found T to lie in the range 0.1 - 1 
msec. The time constant was found to vary with sweep rate, becoming 
larger for slow sweep rates prior to holding of field and vice versa. This 
effect is consistent with the analysis of Gurevich and Kupfer 16jand that 
of Caplin eta1.171. Further details will be discussed in the section on 
crossed flux studies. 

Crossed Flux Studies:  
A large part of our experimental studies during the latter part of 

the reporting period was directed towards performing experiments in a 
crossed flux configuration. In this mode there is an applied field Hi  
(longitudinal field) along which the magnetization is being measured. In 
addition there is a field Ht  applied transverse to Hi  . The rationale 
behind these studies was that due to the very pronounced anisotropy of 
these samples, the effect of a transverse field would be quite different 
from that of the longitudinal one . There are at present few studies in 
this configuration and there appears to be a lack of consensus on the role 
of the transverse flux in either inhibiting or facilitating the entry of 
longitudinal flux. The question assumes importance in view of the many 
varied applications of superconductors where in addition to the ambient 
field there are strong parasitic transverse fields present. Furthermore, 
there are certain basic questions which relate to the presence of 
transverse families of flux lines. One of these is the issue of how two 
mutually orthogonal flux lines cross each other and under what 
conditions can they do so. Under certain conditions e.g. at low 
temperatures and strong pinning it is argued that. no cross flow may 
occur . While in other cases e.g. in the case of Bismuth based 
superconductors cross flow of vortices has been observed in magneto-
optical measurements. We addressed this cross question in the context of 
the relatively stronger pinning YBCO compounds albeit at the high 



temperature side of the phase diagram where pinning and coherence of 
vortices are understood to be weaker. 

The effect of the transverse field on the longitudinal moment Mi  
was studied as a function of Hi  and Ht. Furthermore, the effect of the 
crossed fields on the critical current (Jc  aim) was studied from the 
changes in the hysteresis loop widths while the effects on the dynamics 
(flux line motion ) were studied by comparing the magnetic relaxation 
with and without the transverse fields and the effects of the sweep rates 
in the same mode . 

In Fig.12 we display the effects of transverse fields of different 
magnitudes on the magnetization curves of a melt textured sample. In 
these data instead of applying another field, the transverse field was 
generated by cooling in a field in one direction, then rotating the sample 
to a transverse position and applying a field perpendicular to the initial 
direction. This has the effect of creating two mutually orthogonal 
families of flux lines. As the figure shows the effect of successively larger 
cooling fields is to decrease the loop widths in the longitudinal direction. 
In the present case, the longitudinal field direction corresponds to H//ab 
planes while the transverse is parallel to the c-axis. The loops shown are 
for the ab plane moment. For low fields the decrease in the moment was 
seen to be quite linear with the magnitude of the field cooled (transverse) 
moment. Thus our data showed (in contrast to some other studies at very 
low temperatures) that the effect of a transverse moment was to decrease 
the loop width and shielding currents, at low fields in particular. For-
higher fields the differences between the crossed and uncrossed 
hysteresis loops appears to diminish suggesting the expulsion of the 
cooled flux. Expulsion of the trapped flux was monitored using the 
double coil arrangement described previously. Similar studies were later 
conducted in the mode where both the fields are applied externally. No 
qualitative difference was seen compared to that described above. i.e. the 
longitudinal moment decreases rapidly as the transverse field is applied. 
This was interpreted by us as showing that even in the relatively stronger 
pinning system like YBCO at elevated temperatures the cross flow of 
vortices is possible. W e also noted (see Fig. ) that there was a certain 
flattening of the hysteresis loops at high fields in the crossed field 
configuration. This would indicate that for higher flux densities there is 
an inhibiting tendency of the transverse field. 



In addition to the magnetization studies we also investigated the 
change in the dynamics due to the crossed fields. The rationale for these 
was that if the transverse flux is affecting the movement of longitudinal 
flux, as evident from the hysteresis loops, then this should also reflect 
itself in the dynamics as well as the dissipation behavior. Hence magnetic 
relaxation studies were also conducted in the crossed field configuration. 
These magnetic relaxation studies, where M is measured as a function of 
time M(t) at a fixed field have been described above. As mentioned, the 
rate of relaxation S = (81nm/alnt) yields the activation barriers via: the 
relation S = (KT/U) . Hence the objective of these studies in the crossed 
flux mode was to ascertain how the presence of the transverse flux 
effected the movement of the vortices in so far as it is reflected in the 
relaxation rate. If the transverse flux decreases the flux pinning energies 
i.e. lowers the activation barriers U, then 
S = (KT/U) should increase. In other words the relaxation rate should 

increase if the crossed flux has decreased the activation barriers. 

The results of the these experiments were reported in Ref.8 and 
some of the data are displayed in Figurell, which shows the 
magnetization on a log scale. The linear fit is evident over the entire time 
range t < 900 sec. The different lines correspond to data at various 
transverse fields. We find the relaxation rate S increases from 0.023 
(uncrossed), to 0.083 (field cooled in 1000 Oe). This corresponds to a 
decrease in U from 280 mev to 80 mev. We find that the decrease in U is 
linear with the quantity Mc. where Mcrem  indicates the quantity of flux 
trapped during field cooling 

Similarly, experiments were conducted to observe how the sweep 
rate effect changed under the conditions of crossed flux. The underlying 
idea was that the lowered activation barriers apparent from the results 
of the previous section would imply that flux line can move with more 
ease in crossed flux condition. (Lowered activation potential barriers.) 
This should manifest itself as a change in the exponent n of the 
dissipation law 

E = a J" 
and consequently in the values of the sweep rate constant C obtained 
from 

(alnM)/alnH) = C =1/n. 



This is expected because smaller values of n indicate flux flow with 
lowered activation barriers. The experiments confirmed this trend. 
There was a pronounced decrease in the values of n obtained in the 
crossed configuration.(Fig.13). 
Thus the measurements of the dynamical features confirm the findings 
of the static measurements that crossed flux configuration leads to a 
lowering of the activation barriers. 

Conclusions: 

The studies conducted in this project provided us with a deeper 
understanding of the effects of the highly anisotropic, layered structure 
of the high Tc  compounds. We have been able to explain the differences 
that we observe in the reversible and irreversible components of 
magnetization, as a function of the orientation, in terms of the 
differences of self energy and pinning energies of the vortices 
respectively. We were also able to explain the shapes of the M(H) loops 
and variations of the critical currents on the basis of the critical state 
model. We also found that the behavior of the dynamics could be studied 
in the conventional magnetic relaxation and swept field experiments and 
the pinning potentials for various orientations and fields determined. 
Our crossed field studies on these compounds showed that the effect of a 
crossed field is to lower the barriers to activation of vortex motion and 
thereby increase dissipation. This latter behavior was reported for the 
first time and was related by us to the differences in the vortex 
coherence between low and high temperatures. 
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Abstract. We report on the measurement of magnetization in melt-textured 
YBa2Cu307„ samples, in the presence of a crossed remnant flux along the c axis. 
The ab plane magnetization curves become progressively flatter as the magnitude 
of the remanence increases. The remanence along the c axis decreases as the 
field in the ab plane increases, and with decreasing remanence the crossed flux 
magnetization curves merge with the uncrossed one. The c axis remanence is 
observed to help in both the entry and exit of the ab plane flux by effectively 
reducing the pinning barriers. The decrease of the remanence and flux pinning 
along the ab plane are discussed in terms of rotation and expulsion of flux, and the 
possibility of flux cutting. 

1. Introduction 

The use of the critical state model in analysing and 
explaining irreversible magnetization and critical currents 
in superconductors is a well established procedure [1-
3]. Most such work has however been in the context 
of unidirectional applied fields where the development 
of a magnetization and critical currents in response to a 
flux density gradient are determined. Of much interest 
and considerably more complexity is the matter of the 
distribution and mutual interactions amongst non-collinear 
families of vortices [4-8]. Such studies were initiated in 
the context of rotational viscosity and flux cutting [7,9] 
in the low-T, superconductors. In [10] and [11] it has 
been shown that the behaviour of remnant flux rotated 
against an external field could be explained in terms of 
a generalized critical state model [7] with a gradient of the 
flux orientation angle >,/i(x). While there is a large body 
of data on magnetization rotation experiments [12, 13] in 
high- T, materials, this has been in the context of anisotropy 
of magnetization, and has generally not addressed the 
questions regarding interactions or effects of non-collinear 
flux densities. Contrasting views have been expressed 
in the literature, regarding the possibilities of flux line 
cutting in the high-T, materials in the above situations. In 
some cases it has been argued [14, 15] that the barriers 
to flux line cutting are too high to make the process 
energetically feasible. Others however have observed [5, 6] 
that the possibility of curvature and twisting of flux lines 
strongly reduces these barriers. LeBlanc et a! [16] have 
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shown that flux cutting processes occur at least in the 
intergrain region of high-T, superconductors, when helical 
flux is made to transverse axial flux. 	The effect of 
simultaneously present crossed flux densities in high-T, 
materials obviously contains an additional parameter, viz. 
the effects of anisotropy, e.g. the remanence and pinning 
along the c axis are much larger than for the ab planes 
[17, 18]. Park et a! [19, 20] have shown that the presence 
of c axis remnant flux helps to stabilize flux pinning along 
the ab planes. This was manifested in the increased width 
of the ab plane hysteresis loops when a remanence was 
present along the c axis. 

It is the purpose of this study to observe the effects of 
crossed remnant flux on the magnetization and hysteresis in 
a transverse direction using bulk-textured high-T, material. 
The study is carried out at T = 77 K, a temperature much 
higher than that in [19] and [20]. Thus we may expect 
drastic differences in the behaviour of crossed flux, due to 
the weakening of flux pinning and smaller elastic moduli 
of the vortex lattice at elevated temperatures [6, 21]. Using 
a two-coil arrangement we monitor the changes in both the 
longitudinal (M If) and transverse (M 1 H) components 
as the field is varied, and compare the hysteresis loop widths 
in the crossed and uncrossed conditions. 

2. Experiment 

The experiments were performed on a family of melt-
texture-grown YBa2Cu307 _„ samples. The samples were 
prepared by the standard method [22] of very slow cooling 
(< 2 °Ch-i) through the peritectic temperature, after partial 
melting at 1100 °C, for about 30-40 min. After oxygen 

519 



S K Hasanain et a! 

annealing at 600 °C for 48 h, the samples were cut out 
in suitable sizes, typically 1 x 4 x 4 mm3. The texturing 
was checked by electron microscopy and large clear grain 
growth was visible. The best samples were selected on the 
basis of electron microscopy and magnetization anisotropy 
tests. 	The samples had a zero-resistance temperature 
close to 89 K, and a sharp diamagnetic transition between 
90 and 88 K. All d.c. magnetization measurements were 
made at T = 77 K using a commercial vibrating sample 
magnetometer (VSM). While the longitudinal moment (My) 
was measured with the commercially obtained set of pickup 
coils, the transverse moment (My) was measured with a 
self-wound set of coils, designed according to [23]. Details 
are given elsewhere [24]. Each component was measured 
using a separate lock-in amplifier. The sample vibration 
was along the z direction, while the field was applied along 
the x direction. By rotating the sample about the z axis, the 
c or ab directions can be made parallel to the applied field. 
The rotational head of the VSM allowed a 1° resolution of 
orientation. 

In our experimental set-up the crossed flux configura-
tion was obtained using only one magnetic field always ap-
plied along the x direction. Initially, the sample was field 
cooled at a particular angle 0 with respect to the c axis. 
The field was then turned off and the sample and remnant 
moment were rotated by rr/2 so that the y coil now read the 
remnant moment. The field (along x) was turned on again, 
but now at rr/2 to the initial crystallographic direction, e.g. 
if field cooling was along the c axis (0 = 0), the field was 
finally applied along the ab plane. The subsequent varia-
tions of Mx  and My are then recorded simultaneously. In 
this way the remnant and longitudinal flux densities act as 
two crossed flux families, one along the c axis and the other 
in the ab plane. The magnitude of the initial remanence 
could be varied by changing the magnitude of the cooling 
field HFC. 

The following discussion is divided into three parts. 
The first, 2.1, describes the basic anisotropy effects which 
characterize the sample, the second, 2.2, discusses the 
effects of crossed remnant flux on the hysteresis of 
the longitudinal flux while the third, 2.3, describes the 
magnetization curves obtained in the crossed flux condition. 

2.1. Anisotropy deterrnination uncrossed flux 

A series of important background tests was conducted to 
enable the characterization of the sample, and the extent 
of generation of transverse moments in the samples in the 
absence of a crossed flux. As regards the former of these 
tests, we have made systematic studies of field-cooled, 
zero-field-cooled and remnant moments and their angular 
dependence, which are reported elsewhere [25]. For the 
present discussion the data which are relevant are the 
variation of the remnant moment with cooling field HFC, 

for H both parallel and perpendicular to the c axis, and 
these are shown in figure 1. As reported by other authors 
[18], the remanence along both axes initially increases 
and then attains saturation at a field characteristics of the 
orientation. It is obvious that the c axis remanence saturates 
to a much higher value and at a significantly higher field. 

2.5 
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Figure 1. Remanent moment M'°" against cooling field 
HFc, for the field along the c axis (o; Mcrem) or along the a, 
planes (•; M,r). 

We obtain values for (Mc.r"'),/(Mrr), = 3 for most of th 
samples studied. Here (M;"`), represents the value of the 
axis remanence at saturation, while (Marr), represents th 
saturation value of the ab plane remanence. This clearl 
indicates stronger pinning for the H Il c case. Also, th 
field required for saturating the remanence along the c axi 
is HFc -a 500 Oe, while for Hd b we obtain saturation 
about 200 Oe. The remnant moment when rotated (again: 
zero external field) shows no depinning and generates MO 
oscillations of fixed amplitudes as expected for a fixe 
moment whose projection on the pickup coils varies 
M cos 0. By varying the angle 0 (between HFC and th 
c axis) and studying M„„, (0, 0) [25], we determined quit 
clearly that the remanence is strictly along the c axis fc 
0 = 0 and normal to it for 0 = rr/2, but at intermediat 
angles it is neither strictly along the field nor along the 
axis. 

Finally, in this context, we note that we careful; 
checked for the presence of any transverse moments wlci 
a field is applied along either the ab plane or the c 
This has to be ascertained so that the crossed flux studio 
can be analysed unambiguously; otherwise, variation of ti 
remanence along a transverse direction could be attribute 
[26] to a simple generation of transverse moments by tl 
field along x. The effects of transverse moment generatie 
were found to lie within 10% of the longitudinal mome 
and less than 2% of the remnant moment, at most. The 
were carefully corrected for in the M(//) loop analysis 
the crossed flux configuration. 

2.2. Hysteresis effects in crossed flux configuration 

In these measurements we determined the effect of t 
remnant flux on the shielding currents and hysteresis in t 
direction transverse to the remanence itself. As discussed 
the beginning, the idea is to ascertain whether the remm 
flux helps stabilize or decreases the transverse pinning. T 
remnant flux (along c or ab) is rotated to the y directie 
The field along x is raised to a certain value H and M1 (, 
is noted. Then the field is reduced to zero, and the value 
the remanence along x, M,(0), is noted. According to 
critical state model, the change AM), = M1(0) — 	ft 
is a measure of the shielding, and is related to the char 
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Figure 2. AM against HFc. AM is the change in Mab  as 
Hx  = 200 Oe is turned off (see the text for details). The 
crossed flux is along the c axis. Note the higher value of 
AM for the single-flux case indicated by the dashed line. 

in the flux density AB,. The larger AM is, the smaller 
AB is and the greater the shielding currents preventing a 
change in B on field suppression. This can be seen easily 
from the following equation for the flux change on field 
going to zero: 

	

AB, = 47r AM, + A H, 	 (I) 

where AM„ = Mx1  — Ms;  and AB, and A H, are defined 
similarly. Here the subscripts f and i denote the final and 
initial values respectively. Since Hi = 0, AM, > 0 and 
AB, < 0 in this part of the cycle, it follows that 

41rIAM11= (HO, 	 (2) 

A larger AM„, according to (2), obviously implies a smaller 
IA B,1 and a greater degree of pinning of the remanence. 
Hence a comparison of AM, values for a fixed value of 
Hi , but different values of HFc  (i.e. different transverse 
remanences) would depict the effect of the initial remnant 
flux (e.g. along c) on the longitudinal moments (e.g. along 
ab) and their shielding current. 

In figure 2 we show the data for the case where 0 = 0, 
i.e. the remanence is established along the c axis, and its 
effect on the ab plane AM, (defined above) is studied as a 
function of H FC . The value of the initial field applied along 
the ab planes, (14), in (2), is fixed at 200 Oe. Also shown 
in the figure is the comparable value for the ab plane AM„ 
for the case of no crossed remanence (i.e. the single-flux 
case) denoted by AMSF. 

It is apparent that in the crossed flux mode AM, is 
smaller, and by implication (2) 'ABA is larger, than for 
the case of no crossed remanence, i.e. the effect of the c 
axis crossed flux is to reduce the remanence along the ab 
plane. Thus, in our case, we do not find the c axis moment 
stabilizing the ab plane pinning or increasing the shielding 
currents. It is also apparent that AM, decreases up to the 
field HFC  2L," 600 Oe, which is just about the field where 
the c axis remanence is shown to saturate (see figure 1). 
Increasing HFC  beyond this value apparently makes no 
difference, since the magnitude of the c axis remanence 

200 400 600 800 1000 1200 

H (6e) 

Figure 3. The variation of A with H (see the text for 
details), 4 represents the difference of AM (as defined in 
figure 2) between crossed and uncrossed flux data for 
various cooling fields (HFc} and initial values of H1. (Note 
H = HFc = (Hi), for all points.) The solid line serves as a 
guide to the eye. 

remains constant. Thus it is clearly the magnitude of the 
c axis remanence which determines the decrease of the ab 
plane pinning or critical state currents. It would appear that 
even though these shielding currents for the two remanences 
must ideally flow in transverse planes, the presence of one 
leads to a reduction in the other. 

Further insight into the interaction of these crossed 
fluxes and the connection with the subsequent magnetiza-
tion loops is obtained by considering the data of figure 3. 
Here we have plotted the data for the case where both the 
cooling field HFc  and the initial field along the ab plane 
(H1).„ are being varied. Indeed IHFcl = l(11;)„ I = H. As 
previously, 0 = 0 and HFC  11 C. 

The quantity plotted in figure 3 is the difference 
between the AM for the crossed and uncrossed flux cases, 
i.e. 

A AMsF — AMCF 

where AMSF  = (M1(0) 	M1(Hi)xi represents magne- 
tization changes in the uncrossed flux mode (SF), while 
AMCF = [M,(0) — Alx (Hi ),) represents the same for the 
case of crossed flux (CF). The physical significance of the 
AM is the same as discussed earlier, except that (H1 ),, 
the initial field, is no longer a constant. Hence it is the 
difference of the AM, viz. A, which yields the physically 
interesting behaviour. From figure 3 it is clear that A in-
creases and goes through a maximum at about 400 Oe, and 
tends towards zero at higher fields. Since A is now the 
measure of the influence of the c axis remanence on A B„ 
we may interpret the peak in A as that arising from two 
competing effects. The first is the increase in initial value 
of /i1;em as H FC  is being increased (see figure 1). This 
tends to increase A up to some maximum field. At the 
same time, the increase in Hi  tends to decrease the value 
of the c axis remanence. (This latter point will be displayed 
clearly in the following data.) Thus these two competing 
tendencies in IT:"" lead to a field where the effect of the 
crossed remanence is maximal. For higher fields, while the 
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initial value of Mc' remains constant, the large x axis field 
results in the expulsion of the remanence and thus, when 
H, is turned off, the pinning effects and shielding currents 
tend towards the values obtained for the case of uncrossed 
flux. The reduction in hysteresis, and by implication in the 
pinning strength, in the case of crossed flux observed by 
us is consistent with recent work by LeBlanc et al [16]. 
They argued that in their case flux line cutting between the 
axial and circumferential flux leads to lowering of critical 
currents. In our work the flux lines are at a very large mu-
tual angle (7r/2), in which configuration the barriers to flux 
line cutting are expected to be low [6]. Therefore in our 
case there remains a strong possibility that the reduction of 
hysteresis and pinning occur via flux cutting events. 

2.3. M(H) loops in the crossed flux configuration 

The method for measurement of these data has already 
been defined. The field cooling is performed along the 
c axis, and the remnant moment is designated as M:;"". 
After turning off the field the remanence is rotated to the 
y direction. The remanence turns rigidly and there is no 
projection along the x coil. The field is now applied along 
the x axis, and both Mx  and My are noted. It is reiterated 
that before making these tests the background effects, such 
as transverse moment generation by the field Hx , have been 
checked and minimized by very careful alignment of the 
sample. 

The study has been conducted for four different fields, 

HFC = 150, 300, 500 and 800 Oe. However since the 
results for 500 and 800 Oe are almost the same, data for 
only three fields are being shown. It will be noticed that 
these low fields lie below or up to the maximum in Mg"'. 

Thus with increasing HFc in this range we expect to 
observe the effects of increasing c axis remanence on the 
M(H) loops of the ab plane. Figure 4(a) and (b) comprises 
three sets of magnetization data recorded simultaneously 
along the x and y directions respectively for three different 
cooling fields. While the x axis data are, as mentioned 
earlier, for the ab plane moment Mab(Hi), the y axis data 
are for the variation of the c axis remanence Mcrem(H,), 
where H, represents the longitudinal (x axis) field being 
applied. Also shown in the figure are the M„b(H),) data 
for the case of no remnant flux ,(single-flux case). The 
data are reported here for one of the samples, but very 
similar results have been obtained for another sample of 
the same composition but almost three times the remnant 
moment value. This is mentioned so as to point out that 
the behaviour being reported is quite general and is not 
confined to weaker-pinning samples. 

Several features are immediately apparent from the 
Mab(Hx ) curves in the crossed flux mode. The curves 
deviate systematically from the uncrossed flux data. With 
increasing values of H FC  and M7, the curves show a 
lowered value of the initial slope (see also figure 5), a 
smaller value of the maximum diamagnetic signal and an 
increasingly pronounced flatness of the M,,b(1/1) curves 
beyond the diamagnetic maximum. These features clearly 
indicate the ease of flux entry along the ab planes in the 
presence of a remnant flux along the c axis. As further 
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Figure 4. (a) Magnetization curves Mab (Hx ) in uncrossed 
and crossed flux conditions for various cooling fields 
parallel to the c axis: —, single-flux data; — —0  
HFc = 150 0e; — 	HFc = 300 Oe; 	, HFc = 500 Oe. 
(b) The decrease in c axis remanence Mr as H1  is 
increased: — 	HFc  = 150 Oe; — — HFc = 300 Oe; 
	, HFc  = 500 Oe (these data are taken simultaneously 
with those of (a)). 

evidence of this phenomenon, we note that not only are 
the initial slopes of the M„b (HA ) curves in increasing  H Fc 
lower, but so also is the extent of the linear portions. This 
can be seen in figure 5, where the low-field (14 < 350 Oe) 
part of the data has been plotted on an expanded scale. We 
find that flux entry along the ab planes begins at lower 
and lower fields as K.em is increased. Going back to 
figure 4(a) we observe the crossed flux curves eventually 
merging with the uncrossed flux (single-flux) data. This 
merging takes place at increasingly higher values of fix , as 
HFc is increased. It shifts from Hx  = 1250 to 1500 and 
1700 Oe as HFC is increased from 150 to 300 and 500 Oe. 
Both the flatness of the crossed flux curves and the shift 
of their merging point with the single-flux data indicate 
that the larger amount of flux entering the ab planes in 
the presence of a c axis remanence causes the differences 
between the crossed flux and single-flux data to persist up 
to higher fields. 

In figure 4(b), we note that the increase of II, is 
also accompanied by the continual decrease of the c axis 
remanence. This rapid decrease which we observe is 
again in contrast to the low-temperature data of Park et a, 
[19,20], where the remanence decays to zero after severa. 
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Figure 5. The low-field part of figure 4(a), Mat, against H1, 
shown on an expanded scale: —, single-flux data; 
— • —, HFG• = 150 Oe; — — HFc = 300 0e; 	 
HFc = 500 Oe. Tangents indicate the decreasing extent of 
the linear segments of the M(H) curve as HFc is increased. 

cycles of H. For all three field-cooled curves it appears 
that the remanence remains non-zero up to a larger value 
than the field 111 where the crossed and uncrossed flux data 
merge; e.g. at HFc = 150 0e, the curves merge at 1250 Oe, 
while Mc' = 0 at H = 1850 Oe. A similar trend is seen 

for HFC = 300 and 500 Oe. Thus it would appear that very 
small values of the transverse or crossed flux do not make 
any difference to the longitudinal magnetization (we note 
e.g. in the case of HFc = 500 Oe that at H,‘ = 1700 Oe 
where merging occurs Mcrem has decreased by only 80% of 
its initial value). 

It could be conjectured that the decreased diamagnetism 
along the x direction and the decreasing positive remanence 
along y may indicate a rotation [10, 11] of the c axis 
flux towards the field direction. In the low-field region 
H < 200 Oe, we find on careful analysis that the difference 
between the crossed and uncrossed flux data, at given field 
H1, is more than the corresponding change in Mc""' (as 111 
increases from zero to H). Thus even if all the decrease 
in the c axis moment were to be due to a rotation of this 
flux to the x direction, it could still not account for the 
full decrease of the moment along the x axis (i.e. the ab 
plane moment). Note that the x axis moment is negative; 
hence a rotation of the y axis moment towards the field 
would reduce the total Mx , i.e. make it less negative. In 
the higher-field region on the other hand the decrease in 
the c axis remanence is much more than the corresponding 
changes in Mab(Hi ). This is true for all three values of 

the cooling field HFc, and one of the representative sets 
of data is shown in figure 6. Shown in this figure are the 
changes in remanence Mcrem (filled circles) as the field H, is 
increased, A Mc/ = imcre. (0)_

mc
rem (H x )i where Mc""' (0) is 

the initial value, while Mcrem(Hx ) is the corresponding value 
at H = H1. Similarly the open circles show the difference 
between values of Mab in the crossed and uncrossed modes, 
i.e. 1\M~b = 

mu
s
b
F /ix) — A 4 

,c,bF(Hx )1 (the superscripts SF 
and CF represent single flux and crossed flux). For the 
data shown here HFC = 500 Oe, but very similar results 
have been obtained for HFc = 150 and 300 Oe. In 

the lower-field region (H1 < 200 Oe) in figure 6, the 

Figure 6. AM' against H„ for both c axis (•) and ab plane 
(0) data. AM' for the c axis indicates the change in 
remanence I Mcrem = IK.°m(0)— Wm (H.01, while 

• AM;i, 	 CF,, , IMLF (Hx )— 	kr-WI gives the difference between 
Mab for the uncrossed (SF) and crossed flux (CF) data. 
AM' is given in emu/gm. 

differences between AM; and AML „ appear to be small, 
but we stress that these differences are outside our range of 
error (indicated by the size of the symbols in figure 6), and 
furthermore appear systematically in both the IfFc = 150 
and 300 Oe data. In all these cases we find changes in 
Mab in the lower-field region to be slightly higher than 
the corresponding changes in Kern. Hence although the 
closeness of the AM; and AMLI, values implies that a 
rotation of the c axis remanence towards the ab plane is 
the main phenomenon in the low-field regime, the presence 
of non-negligible and consistent differences between AM: 
and AMa'h suggests that there may be a further ease of 
flux entry along the ab planes in the crossed flux mode. 
This latter point appears consistent with the lowered values 
of the shielding currents and hysteresis in the crossed flux 
mode, as has been discussed in the previous section. 

Beyond a field of 200 Oe however, the differences 
between the changes in Mcrem and Mut, become very 
significant and increase with increasing field. In this case 
there must be an expulsion of the trapped flux to account 
for the large changes in Mcrem which are not accompanied 
by corresponding changes in Mab. We note that there is 
a change in slope of the Mcrem(Hx ) data of figure 4(b) 
which also suggests that there are at least two different 
mechanisms effective in its decrease. The above discussion 
leads us to speculate that in the low-field region, where the 
x axis field is confined close to the surface, the boundary 
condition [10, 11] B(x = 0) = H„, (the externally applied 
field) probably ensures rotation of flux to the field (x 
direction), while on deeper penetration, where the remnant 
flux is expected have a higher density according to the 
critical state models, the field causes an expulsion of the 
remanence. Note that in the higher-field region of figure 4 
the continued decrease of 111,7' is accompanied by the 
usual (uncrossed flux) behaviour of M1, clearly showing 
the expulsion of the remanence. 

It is interesting that the y axis flux on being expelled 

would have to traverse the crossed x axis flux against the 
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B(x) flux density gradient, and flux cutting events could 
well facilitate the exit of the remanence in such a situation. 

3. Conclusion 

The role of a remnant flux along the c axis at 77 K is found 
to be significantly different from that reported [19, 20] at 
low temperatures. We find the crossed flux lowering the 
barriers to exit and entry of the longitudinal flux along the 
ab planes. We find a continuous decrease of the c axis 
remanence in this process which may be due to both rotation 
and expulsion of remnant flux. In the high-field region 
the expulsion of flux appears quite definite, while at lower 
applied fields the decrease may be due to rotation. It is 
important to note that the fields up to which we have worked 

< 2.5 kOe) are well above the penetration field Hci  
of the grains, and hence the effects are intragrain effects. 
Since flux cutting in high-T, materials has already been 
conclusively demonstrated [16] in the intergrain regions, 
we speculate that such events could be also effective in the 
intragrain region in our samples at the relatively elevated 
temperature of 77 K, and could play an important role in 
the ability of the remanence to cut through the longitudinal 
flux. 

Acknowledgment 

This work was supported by the Pakistan Science 
Foundation grant PSF/C-QU/PHYS(90). 

References 

[1] Bean C P 1962 Phys. Rev. Lett. 8 250; 1964 Rev. Mod. 
Phys. 36 31 

[2] Fietz W A, Beasley M R, Silcox J and Webb W W 1964 
Phys. Rev. 136 335 

[31 Kim Y B, Hempstead C F and Strnad A R 1962 Phys. Rev. 
Lett. 9 306 

[4] Brandt E H 1990 Physica B 165 & 166 1129 

[5] Sudbo A and Brandt E H 1991 Phys. Rev. Lett 67 3176 
[6] Brandt E H 1991 Int. J. Mod. Plzys. B 5 751 

[7] Clem J R 1982 Phys. Rev. B 26 2463 
Clem 1 R and Perez-Gonzalez A 1984 Phys. Rev. B 30 

5041 
[8] Perez-Gonzalez A and Clem I R 1990 Phys. Rev. B 42 

4100 
[9] Campbell A M and Evetts J E 1972 Adv. Phys. 21 

[10] Cave J R and LeBlanc M A R 1982 J. App!. Phys. 53 1631 
Boyer R, Fillion G and LeBlanc M A R 1980 J. Appl. 

Phys. 51 1692 
[11] Boyer R and LeBlanc M A R 1977 Solid State COMI7114/1. 

24 261 
[12] Fellner 1, Yaron U, Yeshuran Y, Chandrashekhar G V and 

Holtzberg F 1989 Phys. Rev. B 40 5239 
Goeckner H P and Kouvel J S 1994 Phys. Rev. B 50 3412. 

[13] Hasanain S K, Khosa G 1-1, Khan N A and lybal M Z 199. 
Supercond. Sci. Technol. 6 691 

[14] Nelson D R 1988 Phys. Rev. Lett. 60 1973 
Nelson D R and Seung H S 1989 Phys. Rev. B 39 9153 
Marchetti M C and Nelson D R 1990 Phys. Rev. B 41 

1910 
[15] Obukhov S P and Rubinstein M 1990 Phys. Rev-Len. 65 

1279 
Obukhov S P and Seung H S 1991 Phys. Rev. Lett. 66 

2279 
[16] LeBlanc M A R, Celebi S, Wang S X and Plechacek V 

1993 Phys. Rev. Lett. 71 3367 
[17] Yaron U, Feltner I and Yeshuran Y 1991 Phys. Rev. B 44 

12 531 
[18] Song Y, Helesley C E, Misra A and Gaines J R 1993 Phys 

Lett. 173A 489 
[19] Park S J and Kouvel I S 1993 Phys. Rev. B 48 13 995 
[20] Park S J, Kouvel J S, Radousky H B and Lin J Z 1993 

Phys. Rev. B 48 13 998 
[21] Ullmaier H 1975 Irreversible Properties of Type II 

Superconductors (Berlin: Springer) 
[22] Salama K, Selvamanickam V, Gao L and Sun K 1989 

App!. Phys. Lett. 54 2354 
[23] Mallinson J 1966 J. Appl. Phys. 37 2514 
[24] Amirabadizadeh A 1995 MPhil Dissertation Quaid-i-Azarr 

University 
[25] Khosa G H, Hasanain S K and Kayani A N Supercond. Sc 

Technol. submitted 
(26] Farrel D E, Williams C M, Wolf S A, Bansal N P and 

Kogan V G 1988 Phys. Rev. Len. 61 2805 

524 



Supercond. Sci. Technol. 8 (1995) 534-539. Printed in the UK 

Anisotropy of magnetization and flux 
pinning at 77 K in melt textured YBCO 

G H Khosat, S K Hasanaint and A N Kayani§ 

t Department of Physics, Government College, Jampur, Pakistan 
$ Department of Physics, Quaid-i-Azam University, Islamabad, Pakistan 
§ GIK Institute of Science and Technology, Topi, NWFP, Pakistan 

Received 13 January 1995, in final form 21 April 1995 

Abstract. We have studied the zero-field cooled (MzFc), field cooled (MF.c) and 
remanent magnetization (MREM)  variations as a function of orientation and field at 
77 K in melt textured YIBa2Cu307 _ x  superconductors. We find a lesser preference 
of the remanent flux for the c-axis, as compared with low temperatures, which Is 
interpreted as being due to more three-dimensional behaviour of vortices. The 
three-dimensional behaviour is more pronounced at higher fields. Field cooled 
magnetization does not in general satisfy the relation AA —FC = MZFC MREM, 
indicative of lack of rigidity and continued depinning of vortices during the (field 
cooled) magnetization rotation process. The differences between MFc and 
MZFC MREM are discussed as a function of field and rotation angle. Data are 
explained in terms of weaker pinning and decreased effects of anisotropy as 
compared with low temperatures. We also find evidence for intergrain flux pinning 
at H = 10 Oe in zero-field cooled magnetization. 

1. Introduction 

The study of magnetic anisotropy of high-T, superconduc-
tors has received considerable attention, particularly at low 
temperatures (T << To ). At such low temperatures the vor-
tex lattice is relatively stiff and the effects of fluctuations, 
entropic disturbances and topological excitations (kinks etc) 
are minimal [1,2]. This leads to a simplification of the 
analysis. Magnetization rotation experiments [3] have shed 
considerable light on these aspects, and the picture that 
emerges, at least at low temperatures, is that the pinned 
flux shows a marked preference for the c-axis. Further-
more it was shown that the net field cooled magnetization 
when rotated against an applied' field can be adequately 
represented by a simple equation-[4] 

MFc(e) = MZFC(e) + MREm(9). 	(1) 

Here MEE., MZFC  and MREM  refer to the field cooled, 
zero-field cooled and remanent moments, whereas 6 is 
the angle of rotation of the sample with respect to 
the applied field. Thus the above equation essentially 
implies a rigid field cooled moment, whose variation with 
angle consists of demagnetization factor and anisotropy 
effects, contained in Mz Fc(0) and a cos 0 type term in 

MREM(9 ). The latter arises due to the change in the 
projection of the fixed moment on the pickup coils. This 
rigidity of the field cooled moment, being due to stronger 
pinning, is therefore expected to be weaker at elevated 
temperatures [5]. 	This is one of the main questions 
investigated in this work, i.e. the extent to which the field 
cooled magnetization can be represented by equation (1) 

0953-2048/95/070534+06$19.50 © 1995 10P Publishing Ltd 

at higher temperatures. Secondly we expect that at a 
higher temperature (T close to 71.) the change in the 
dimensionality of the vortex lattice system [1, 6,7] should 
lead to significant differences compared with the low-
temperature behaviour. It is well known [7] that at low 
temperatures (T << TT) the very small coherence length 
normal to the ab-plane, 	leads to an effectively two- 
dimensional [8] behaviour of the vortices. 	At higher 
temperatures where becomes greater than the Cu-0 plane 
separation the system displays the characteristics of an 
anisotropic three-dimensional superconductor [6,9]. The 
change in dimensionality can be expected in particular to 
effect the marked preference of the remanent flux for the 
c-axis which has been observed at low temperatures. 

Since most applications of these superconductors 
become more practical for higher temperatures, e.g. T = 
77 K, it becomes important to understand the anisotropy of 
their response at these temperatures. With these features 
in mind we have investigated the magnetic anisotropy of 
melt texture grown superconductors at T = 77 K by the 
magnetization rotation method, and compared our results 
to those obtained at lower temperatures. 

2. Experimental procedure 

Samples of composition Y113a2Cu307, were grown by 
the standard melt texture growth procedure [10]. These 
samples were cooled slowly (2 °C h- I ) between 1040 °C 
and 950 °C in a uniform temperature environment, after 
heating up to 1140 °C in an alumina crucible. The samples 
were annealed for more than 60 h to replenish lost oxygen. 
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Electron microscopy results showed the platelet-like growth 
of grains. Uninterrupted grain growth along the ab-plane 
extended in some parts of the sample up to almost 1 mm. 
Average grain sizes were about 0.1 x 0.1 x 0.01 mm3. The 
sample used in the M(0) measurements was a small piece 
of volume 9.1 x 3.2 x 3.1 mm3. The critical temperature 
determined from DC resistivity and AC susceptibility was 
89 K. Magnetic measurements reported were carried out 
on a vibrating sample magnetometer (vsM) which enabled 
a rotation of the sample relative to the external field. The 
accuracy of the rotational head of the VSM enabled a 1° 
resolution of position. The experimental procedures were 
as follows. The sample was cooled to a low temperature 
(77 K) either in field cooled (FC) or zero-field cooled (zFc) 
conditions. In ZFC measurements the field was applied at 
77 K and the sample was rotated relative to the applied field 
H. The moment was measured as a function of the angle 
between the applied field H and the c-axis and at different 
values of H. In the FC process the sample was cooled in 
a fixed applied field, and subsequently MFC was measured 
as a function of 0. In the remanent moment measurements, 
the sample was cooled to low temperature in a fixed applied 
field which was then turned off and M REA!  was measured as 
a function of 8 for different values of H and q5, the angle 
of the c-axis with respect to the cooling field. In these 
particular measurements the remanent field of the magnet 
was not more than ±1 Oe in all cases. 

3. Results and discussion 

We have divided our results into three major parts. 

(1) Zero-field cooled magnetization (Mz Fc) measure-
ments. 

(2) Remanent magnetization (MREm)  measurements. 
(3) Field cooled magnetization (M FC ) measurements. 

The angular dependence for each case will now be 
discussed in turn. 

3.1. Angular dependence of MZFC 

Low-field ZFC measurements on the ,sample are shown in 
figure 1(a) for H = 30 Oe. As discussed in the literature 
[11, 12], the oscillatory behaviour Of the magnetization is 
evident. Since Ho  for this sample, as determined from the 
onset of deviation from linearity of the M—H loop, is at 
least 80 Oe for H II c and 35 Oe for H 1 c at 77 K, the 
applied field (H = 30 Oe) is below Ho. For H < Hit  
the oscillatory behaviour is understood [4] to be due to 
variation in the demagnetization factor N, on rotation of 
the sample. The solid lines in figure 1(a) and (b) are fitted 
to 

MZFC = —H(ACOS2 	B sin2 0) 	(2) 

where 

A= 	
1 	

and B= 	
1 

 
471'(1 — Pic) 	 47r(I — Nb) 

The values of the demagnetization factors are obtained 
from the fit to be N, = 0.48 and Nb = 0.26. N, 

0 	60 	120 180 240 300 360 

8 (deg) 

Figure 1. Angular dependence of zero-field cooled 
magnetization of a YBCO sample at 77 K for (a) H T  30 Oe 
(b) H = 10 Oe. The solid lines indicate the fit to 
equation (2). 

is obviously larger than Nb  due to the relatively small 
dimensions of the grains along the c-axis. There is sonic 
deviation from the fit for 0 = 7r/2 and 37r/2 and 9 = 71.  
and 27r, but otherwise the fit to equation (2) is quite good. 
The MZFC  data for very low fields, namely H = 10 Oe 
(figure 1(b)), show an interesting feature. While at a 
relatively high field (H = 30 Oe) the variation M(9) 
is described accurately by the MZFC  equation yielding 
the above quoted values of tsc and Nb, the same is not 
observed for the 10 Oe case. Here the behaviour indicates 
the presence of pinned flux. This is apparent from the 
deeper minimum at 6 = 7r, and shallower extrema at 9 = 0 
and 27r. As discussed elsewhere [5], this is a signature 
of pinned flux. This appears anomalous since H < H. 
However we feel that an interpretation consistent with other 
data at higher H is possible. At very low H the flux 
penetrating the weak links or intergrains in the sample is 
pinned, and gives a contribution (M R(&) — cos 0), which 
added to the demagnetization factor variations of MZFC 
gives the net curve in figure 1(b). At the higher field, 
H = 30 Oe, the weakened pinning strength of these 
regions allows for no intergrain trapped flux, and a smooth 
oscillation is observed. At intermediate fields, Ho  < H < 
200 Oe, we again see deviations from the MZFC  equation 
which may also be attributed to the presence of intraziair 
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Electron microscopy results showed the platelet-like growth 
of grains. Uninterrupted grain growth along the ab-plane 
extended in some parts of the sample up to almost 1 mm. 
Average grain sizes were about 0.1 x 0.1 x 0.01 mm3. The 
sample used in the M(0) measurements was a small piece 
of volume 9.1 x 3.2 x 3.1 mm3. The critical temperature 
determined from DC resistivity and AC susceptibility was 
89 K. Magnetic measurements reported were carried out 
on a vibrating sample magnetometer (vsM) which enabled 
a rotation of the sample relative to the external field. The 
accuracy of the rotational head of the vsm enabled a 1° 
resolution of position. The experimental procedures were 
as follows. The sample was cooled to a low temperature 
(77 K) either in field cooled (Fc) or zero-field cooled (zFc) 
conditions. In ZFC measurements the field was applied at 
77 K and the sample was rotated relative to the applied field 
H. The moment was measured as a function of the angle 0 
between the applied field H and the c-axis and at different 
values of H. In the FC process the sample was cooled in 
a fixed applied field, and subsequently M pc was measured 
as a function of O. In the remanent moment measurements, 
the sample was cooled to low temperature in a fixed applied 
field which was then turned off and M REAI  was measured as 
a function of 0 for different values of H and 49, the angle 
of the c-axis with respect to the cooling field. In these 
particular measurements the remanent field of the magnet 
was not more than ±1 Oe in all cases. 

3. Results and discussion 

We have divided our results into three major parts. 

(1) Zero-field cooled magnetization (Mz pc) measure-
ments. 

(2) Remanent magnetization (MREm) measurements. 
(3) Field cooled magnetization (MFc) measurements. 

The angular dependence for each case will now be 
discussed in turn. 

3.1. Angular dependence of MzFc 

Law-field ZFC measurements on the sample are shown in 
figure 1(a) for H = 30 Oe. As discussed in the literature 
[11, 12], the oscillatory behaviour of the magnetization is 
evident. Since lic1  for this sample, as determined from the 
onset of deviation from linearity of the M—H loop, is at 
least 80 Oe for H c and 35 Oe for H 1 c at 77 K, the 
applied field (H = 30 Oe) is below Hc1,  For H < Hri  
the oscillatory behaviour is understood [4] to be due to 
variation in the demagnetization factor N, on rotation of 
the sample. The solid lines in figure 1(a) and (b) are fitted 
to 
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The values of the demagnetization factors are obtained 
from the fit to be N, = 0.48 and Nb = 0.26. Pic 
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Figure 1. Angular dependence of zero-field cooled 
magnetization of a vac° sample at 77 K for (a) H = 30 Oe 
(b) H = 10 Oe. The solid lines indicate the fit to 
equation (2). 

is obviously larger than Nb due to the relatively small 
dimensions of the grains along the c-axis. There is some 
deviation from the fit for 0 = 7r/2 and 37x/2 and 0 = 7r 
and 27r, but otherwise the fit to equation (2) is quite good. 
The MzFc  data for very low fields, namely H = 10 Oe 
(figure 1(b)), show an interesting feature. While at a 
relatively high field (H = 30 Oe) the variation M(0) 
is described accurately by the Mz Fc equation yielding 
the above quoted values of N, and Nb, the same is not 
observed for the 10 Oe case. Here the behaviour indicates 
the presence of pinned flux. This is apparent from the 
deeper minimum at 8 =7r, and shallower extrema at 0 = 
and 27r. As discussed elsewhere [5], this is a signature 
of pinned flux. This appears anomalous since H < 11,1 . 
However we feel that an interpretation consistent with other 
data at higher H is possible. At very low H the flux 
penetrating the weak links or intergrains in the sample is 
pinned, and gives a contribution (M R(0) — cos 0), which 
added to the demagnetization factor variations of MzFC 
gives the net curve in figure 1(b). At the higher field, 
H = 30 Oe, the weakened pinning strength of these 
regions allows for no intergrain trapped flux, and a smooth 
oscillation is observed. At intermediate fields, He]  < H < 
200 Oe, we again see deviations from the MzFc  equation, 
which may also be attributed to the presence of intragrain 
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pinned flux [13]. However, at higher fields, H > 500 Oe, 
the variation is smooth and harmonic indicating the effects 
of intrinsic anisotropy [5, 13]. This clearly shows that at 
high enough fields the trapped flux component is negligible, 
similar to the decrease of BR  (rigidly rotating or trapped 
part of B) reported in [13]. 

3.2. Angular dependence of MREM 

Figure 2(a) shows the angular dependence of the remanent 
magnetization MRE m at various cooling angles 0. The 
sample is cooled to 77 K in 500 Oe at 49 = 0°, 30°, 60° 
and 90°. The remanent magnetization is obtained when the 
field is turned off and the angular data are noted during 
rotation of the sample up to 360°. The data show good 
agreement with the following equation [4]: 

MREM = MREM cos 6 cos 4) + MREM sin 0 sin 0. (3) 

Here MREM and M'AbEm  are the remanent values 
measured for 4) = 0° at el = 0° (H lI c) and for 0 = 90° 
and 9 = 90° (H 1 c) respectively. In these curves 
the positions of the minima Orni n  are observed to shift 
systematically as 0 is increased, i.e. Bmin = 7r + 0m,„(0), 
where 9min(4)) is an angle which is seen to depend on 
0. To understand these observations, we recall that in 
the vSM the measured magnetization is the component of 
M along the applied magnetic field. During the cooling 
process, when H is along the c-axis or perpendicular to 
it (0 = 0° and 4) = 90° respectively), the vortex lines 
are trapped and pinned parallel to the applied field. The 
obtained remanence is MREM  or MREM , and upon rotation 
we measure their components along the field direction 
MR EM  cos 9 or MREM  sin 0. If the initial orientation of the 
remanence depends on the initial cooling angle 0 (between 
H and c), then the minima are expected to shift away from 

(4) = 0) towards 270° (0 = 7r/2), i.e. the minimum 
corresponds to the angle 0 when MREM  becomes opposite 
to the initial H direction. The fact that we observe a shift 
in the minimum with 0 shows that the direction of flux 
trapping depends on the angle 0. In figure 2(b) we show 
the variation of the shift in the minimum 8,„i r,(0) with 0. 
It is seen that this shift 0,„;,,(0) is neither entirely linear 
(which would indicate the flux trapping strictly along the 
field direction) nor is it zero (as would be the case for flux 
trapping strictly along the c-axis, irrespective of 0). We 
observe that for 0 as large as 60°, Onim  is only 30°, i.e. 
the flux is still tilted preferentially close to the c-axis. For 

90°, the shift in the minimum is 90°, clearly indicating 
that the trapped flux now prefers to lie along the ab-plane. 
At intermediate angles (0° < 0 < 90°), the actual flux 
structure may be quite complex, for example as seen in 
decoration experiments [14, 15] where both vortex chains 
parallel to the field and a vortex lattice have been observed 
to coexist. The major noticeable feature of these data is 
that, unlike the low-temperature case, there is a shift in the 
position of 0mi n , clearly indicating that the remanent flux is 
not entirely along the c-axis but is closer to the direction of 
applied field. As mentioned in the introduction, this may 
be expected due to the increased interplane coupling (as 

0 	20. 	40 	60 
	

80 90 

0 (deg) 

Figure 2. (a) Angular dependence of the remanent 
magnetization for various cooling angles at 77 K and a 
cooling field of 500 Oe (Q, +, x and tA represent data for 

= 0°, 30°, 60° and 90' respectively). (b) The variation of 
the shift in the minimum, 9rmn(4)), with cooling angle for 
H = 500 Oe (Ornin(0) = emin n)• 

increases with temperature) and two-dimension to three 
dimension crossover, enabling flux orientation at angle. 
intermediate between c-axis and ab-plane. 

A similar trend is seen in figure 3, where MREM i 
plotted as a function of 0. The change in the remanen 
magnetization is not linear with 0 over the whole range 
For low H, MREM  is almost the same at 0' and 30°. The 
there is an almost linear decrease. For higher II (e.g 

k0e), the decrease is evident even for 0 = 30°. Thu 
the preference for the c-axis is also field dependent, i.e. E 

higher H the flux is tending to align close to the directio 
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Figure 3. The variation of remanent magnetization with 
cooling angle ¢ for the different indicated fields. The solid 
line serves as a guide to the eye. 

12 
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E 7 

t" 6  

5 

Figure 4. Dependence of remanent magnetization on the 
cooling field for H II c and H 1 c of the YBCO sample at 
77 K. The solid line serves as a guide to the eye. 

of the field. 
We obtain for our sample the anisotropy ratio 

MREM/MREM 	3. Yaron et a! [4] have quoted this ratio 
as being close to 5 for their low-temperature (4.2 K) data. 
Figure 4 shows the values of remanent moment, MREM 
and MRE M  at 77 K, as a function of the applied cooling 
field. MR EM  rapidly increases with the applied magnetic 
field until the saturation level is reached in the vicinity of 
800 Oe. On the other hand WA, attains saturation at 
about 300 Oe. These observations reflect the differences 
between the pinning strengths along the c-axis and the ab-
plane. According to [16], this behaviour can be due to 
the anisotropic nature of 141  (lower critical field). We find 
that for our sample the ratio of lift /Hcat is 2.3 and the ratio 
of the saturation fields is 2.67. Thus a good agreement is 
seen between the ratios of the saturating fields and of Hci  
in the two orientations. This tendency has been verified 

0 	100 	200 	300 	400 

e (deg) 

Figure 5. Angular dependence of field cooled 
magnetization for the cooling field of 20 Oe at cooling angle 
(a) = 0 and (b) ¢ = n/2 at 77 K. 

by repeating the measurements on a number of similar 
samples. 

3.3. Angular dependence of MFC 

We measure the field cooled magnetization M b-c  at various 
cooling angles and different applied fields H. Figure 5 
shows the M k-c data as a function of 0 for 0 = 0° and 90° 
at H = 20 Oe. This figure represents the data obtained 
when the sample was rotated from 6 = 0° to 360° and 
back to 6 = 0° for 0 = 0°; and for 0 =- 90', where 
the sample was rotated from 0 = 90° to 360° and back 
to 90°. Figure 5 illustrates that different amounts of flux 
are trapped during cooling when the sample is cooled with 
H II c and H 1 c. This can be seen from the difference 
in the amplitudes of oscillations for the curves (a) and (b). 
We can analyse these curves with the help of equation (4), 
which is a combination of equations (2) and (3), 

MFC 	—H [A cost  0 B sine  el + MREM  cos 0 cos 4) 
+Mitm  sin° sin 4'. 	 (4) 

The fit of the M Fc data in the range 7t < 0 < 27r 
to equation (4) is indicated by the solid line in figure 5. 
The data from 0 to 7r are excluded for obvious reasons. 
Due to the depinning taking place in this region, and the 
transient behaviour as discussed in [9], we may not expect 
the data in this range to give a good fit. While we are able 
to fit the MFc  data in the higher-9 range with equation (4), 
the values of the coefficients do not coincide with those 
found independently from Mz Fc and MREM  measurements. 
Thus the relation MFc = MTFC MREM is not valid in 
our case at a temperature of 77 K even at a low field 
like H = 10 Oe, if one uses the values of Mzf c and 
M REM  measured independently. Figure 6 illustrates the 
comparison of MFC, MZFC and  MREM data as a function 
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Figure 6. Angular dependence of MFc , MZFC  and MREM  for 
the cooling field H = 10 Oe. 0, • and v are MREM, MFC 
and MzFc respectively, while r and the solid line indicate 
MREM + MZFC and AM= MFC (MZFC + MREM) respectively. 

of 8 for 0 = 0° and H = 10 Oe. For the sake of 
comparison we have also plotted the difference AM = 

MF — (MZFC±MREM)• The difference between MFc and 
MREM is seen to be approximately constant for angles close 
to zero (0 < 0 < 7/2) and 27r (3.7r/2 < 8 < 2.7r). We also 
note that AM is a maximum for 8 = 7r, while M Fc  is 
close to MREM for 8 lying in the range 7r/2 < 9 < 37r/2. 
The difference for 7r/2 < 0 < 37r/2 and H « 11,1  is 
thus only due to Mzi-c. At 0 = 7r the negative value 
of MZ FC becomes large due to the demagnetization factor 
contribution. Hence the difference AM becomes more 
positive (AM = MFC — (MZFC±MREM) s-' — MZFC)• This 
leads to the observed maximum in AM at 9 = n. Figure 7 
shows the angular behaviour of MFc, MZFC,  MREM and 
AM for 0 = 0 and a higher field H = 100 Oe. (Very 
similar data are obtained for H = 500 Oe.) In contrast 
to figure 6, the Mi-c curve here appears very close to the 
MZFC curve in most of the angUlar regime. The solid 
line represents AM. There is a large difference between 
MFC and (MzFc MREM) which is due to very low 
remanence in the field cooled case. Indeed MFc 	MZFC 
and AM —MREm•  As MREM  gives maximum negative 
projection for 9 = 7r, AM is maximum positive as is shown 
in the figure. In these curves it appears that in the presence 
of relatively high external fields, the direction of vortices 
during rotation could be very different from the direction 
of original trapping. During rotation, the field exercises a 
force on the flux lines which can rotate or expel some of 
the flux lines from the sample. 

4. Conclusions 

The main feature to emerge from the study is that at a 
temperature close to Tc  (T/T, = 0.86), while the effects 
of anisotropy of magnetization and pinning are clearly 
apparent, there are very significant systematic differences 
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Figure 7. Angular dependence of MFC MZFc and MREM  for 
the cooling field H =100 Oe. The symbols have the same 
meaning as in figure 6. 

compared with the low-temperature behaviour referenced 
earlier. While the magnitudes of flux trapping clearly 
show stronger pinning along the c-axis, it can be seen that 
for fields applied at an angle to the c-axis the flux tends 
to align closer to the field direction. This, as discussed 
earlier, is in contrast to the low-temperature behaviour 
where the flux tends to align along the c-axis almost up 
to 0 = 90°. We do find, however, that the direction 
of flux pinning still shows weak preference for the t-

axis (at small angles). For example up to 0 = 60° 
the net alignment of the flux is at about 30° to the t-

axis. For 0 = 7r/2 (i.e. field cooling along the ab-plane), 
the direction of the remanence is clearly along the ab-
plane. These observations are indicative of the enhanced 
three-dimensional behaviour of the vortex lattice system at 
the higher temperature of our measurement. The almost 
continuous variation of the direction and magnitude of 
remanent flux with changing field directions is indicative 
of the ability of flux lines to align at angles intermediate 
between the c-axis and the ab-plane. This is in turn 
consistent with the three-dimensional behaviour of vortex 
lines expected at the elevated temperature of this study. 
and also shown in Pl. Furthermore our observations are it 
accordance with the work of Kogan er al [17], where it ha: 
been shown that the application of a field along direction: 
other than ab and c leads in general to the presence o1 
a transverse moment (M 1 H). Part of this transverse 
moment along c remains trapped when the field is turnec 
off, giving a net remanence aligned away from the origina 
H direction. 

We also observe that in the field region H 

the zero-field cooled data show deviations from the pun 
demagnetization factor oscillation of M(8) which can b, 
explained in terms of flux pinning. Since fields are belov 
Hit  and the state is zero field cooled, this can only be du,  
to the intergrain penetrated flux. Thus such measurement 
can also be used to identify the existence of intergrain flu 
pinning. 

The variation of the field cooled magnetization show 
that it does not satisfy the low-temperature equality  

•° 0  o 
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MFC = MZFC MREm. We understand this as occurring 
due to increased depinning when the sample is rotated 
against the applied field for the field cooled rotation 
MFc(0). We observe that while the data can be fitted to 
equation (4), the coefficients are not the same as those 
obtained independently from the MZFC  and MRE m (0) 
measurements. Thus it is clear that the field cooled 
moment cannot be described by the simple picture useful 
at low temperatures. Recent data by Goeckner and Kouvel 
[13] show that, in general, the magnetization rotation data 
exhibit both a frictional (MF ) and rotating component (MR ). 

While the former follows the field, the latter rotates with the 
sample. The magnitude of the frictional part increases with 
increasing H while MR decreases with H. This appears to 
be true in our case as well, where the higher-field data (FC) 
show no evidence of any pinned moments (after 0 = 7r) 
while the low-field data clearly show its presence. 

Finally we would like to comment that in magnetization 
rotation experiments, in general, one may actually have 
a generalized critical state with a gradient of the flux 
orientation, as originally discussed by Cave and LeBlanc 
[18]. This implies an outer region of the sample with 
flux direction closer to the applied field direction, and 
a central core region with flux still pinned along the 
original direction. While these ideas may not be directly 
applicable to the strong-pinning and highly anisotropic low-
temperature situation, they may be quite useful at higher 
temperatures. At present we are attempting an analysis of 
the transient region (0 < 7r), along these lines. 
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Abstract. We report magnetization measurements of melt-textured YiBa2Cu307_x  in a 
crossed-flux configuration (CFC), i.e. in the presence of two mutually perpendicular flux 
components. We have measured the M(H) loops of the a—b planes and their dependence 
on the field sweep rate in the presence of various remnant fluxes along the c axis. Furthermore, 
we have carried out magnetic relaxation studies of the a—b plane moment in the CFC, and 
compared the results with those obtained in the single-flux configuration (SFC), i.e. when there 
is no c-axis remanence. Our results in three different experiments show enhanced flux entry 
along the a—b planes in the CFC. We interpret this in terms of a suppression of the shielding 
currents and discuss flux cutting as a possible mechanism which can lead to it. 

1. Introduction 

Recently interest has revived in the vortex dynamics of high-Ta  superconductors in the 
crossed-flux configuration (CFC). By this we mean the simultaneous presence of two non-
parallel families of flux lines, which in most cases are taken to be mutually orthogonal. Such 
situations had been discussed [1] in the context of the low-T, materials for the analysis of 
the force-free configuration (J11 x B = 0), where Jp is the component of the current parallel 
to the magnetic induction B. In a CFC the current shielding one flux component is, over 
part of its path, parallel to the other component of flux. If Jp is larger than a critical value 
Jcu, flux-cutting events can occur, leading to a breakdown of the force-free configuration 
[1-3]. The concept of flux cutting and reconnection leading to dissipative processes in 
such configurations had been invoked. An associated discussion has had to do with the 
effect of the transverse flux density on the critical state currents of the longitudinal flux 
[1]. More recently this debate has focused on the possibility of flux cutting in the high-T, 
materials, and the effects of anisotropy and flux line curving on the flux-cutting barriers 
[4,5]. These ideas ha've obvious implications for the stability of an entangled glass or 
liquid of flux lines. The CFC is not purely of academic interest but is also important to 
understand because, in many magnetomechanical applications of superconductors, similar 
situations may be encountered. That is, there is an applied field and there are parasitic or 
remnant fields in some other direction, which affect the overall response. 

There exists considerable controversy regarding the role of transverse flux on the motion 
of flux in a longitudinal direction. Magnetic studies by Park and co-workers [6,7] on 
YBa2Cu307, (YBCO) single crystals [6,7] show that a strongly pinned remanence along 
the c axis inhibits flux entry along the a—b planes. These results are in direct contrast with 
those obtained by LeBlanc and co-workers [8,9] on sintered tubes of (YBCO) material, 
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Figure 1. Remnant moment Af:e" along the c axis (•) and the remnant moment Aar' along 
the a—b planes (0) against cooling field HFC. 

and by us [10] on melt textured samples of YBCO. LeBlanc and co-workers showed that 
flux-cutting events take place in a CFC, and the presence of a toroidal field suppressed 
the shielding currents for the axial field. Our studies also showed that the presence of a 
transverse flux along the c axis actually enhances flux entry in a longitudinal direction (i.e. 

along the a—b planes), by suppressing the shielding currents associated with the a—b plane 

moment. This apparent discrepancy will be discussed in detail in the conclusions. 

Recent magneto-optical investigations by Indenbom et al [11] show that, in a strongly 

correlated 3D system, the force-free configuration of current and vortices can be very stable, 
and a perpendicular field component does not penetrate through an array of longitudinal flux 

lines. In a weakly coupled 2D system such as BSCCO on the other hand, the transverse 
flux does not appear to influence the motion of the longitudinal flux lines. As pointed out 
in [11], a breakdown of the force-free configuration can occur in vortex systems with weak 

internal connections, such as 2D systems, or even in anisotropic 3D superconductors in 

which the transverse flux can penetrate from the ends, where the force-free configuration is 

locally not realized. In such a situation, vortex lattice cutting and reconnection appear to 

be an important mechanism, particularly when large intervortex angles can be established, 

since cutting barriers are minimal for mutually perpendicular flux lines [4]. 

In a previous experiment we measured the magnetization Mob of melt-textured samples 

along the a—b planes, in the presence of a field-cooled remnant flux along the c axis [10]. 

We clearly observed a decreased diamagnetic signal for Mat, as the magnitude of the remnant 

flux along the c axis was increased. Since the ease of flux entry in such a measurement 
can be related to a decrease in the effective activation barriers for flux movement, we 
have performed experiments which can give more quantitative results on the decrease in 
the activation barriers with increasing transverse flux density. In the present paper, we 
extend our previous investigations to include magnetic relaxation studies of the a—b plane 
moment in the presence of a remnant flux along the c axis and obtain the relaxation rate 

S = (1/ Mo)[a M a (In 0]. 
Additionally we have investigated the effects of various field sweep rates on the M(H) 

loops in the CFC, and compared the results with the single-flux case, i.e. in the absence 
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Figure 2. M(H) loops of the a—b plane for the single-flux case (curve a), as well as for different 
cooling fields parallel to the c axis: curve b, HFC = 100 Oe; curve c, Hpc = 200 Oe; curve 
d, Hpc = 300 Oe; curve e, Hpc = 400 Oe; curve f, Hpc = 500 0e; curve g, Hpc = 600 Oe. 
The loop for Hpc = 800 Oe has been measured but is not shown in the figure for clarity. 
The outer curve for the field-decreasing branch corresponds to the single-flux loop (curve a), 
while the inner curve corresponds to Hpc = 600 Oe (curve g). The other curves on the field 
decreasing branch lie between these two but are not shown for clarity. 
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Figure 3. Magnitude of the diamagnetic response IMabl of the a—b planes as a function of the 
remanence /11..‘"' along the c axis, 'Mob! has been extracted from figure 2 at three values of the 
a—b-plane field: 0, H,b = 600 Oe; V, Hub = 800 Oe; II, Hob = 1000 Oe. The straight lines 

, serve as a guide to the eye. 

of a c-axis remanence. These experiments yield valuable information on the dynamics of 
vortex motion in the CFC and have been used to extract the so-called sweep creep rate 
C = (11M)PM13(ln H)], as well as the E(J) behaviour in the crossed-flux mode for 
various remnant flux densities. 
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2. Experiments 

The experimental technique and details of sample preparation and characterization have 
been discussed in [10]. Here we outline the main points of the experimental procedure. 
The specimen used is a melt-textured YBa2Cu307, sample (3 mm x 3 mm x 3 mm). It 
has an anisotropy ratio P 	(Mcrem)s/(Marr)s ti 3. Here, 	s  (M crems)and (Margin), are the 
saturation values of the remnant magnetizations obtained by field-cooling along the c axis 
and the q—b planes, respectively, at T = 77 K (figure 1). The measurements have been 
made on a commercial vibrating-sample magnetometer (VSM), in which the magnetic field 
is applied along the x direction. The CFC is prepared as follows. The sample is field cooled 
along the c axis and, after reducing H to zero, the remnant flux /We"' obtained. The cooling 
field HFc has been varied between 0 and 1000 Oe. The variation in Win with cooling field 
HFc is shown in figure 1. After HFc is turned off and the remnant flux parallel to the c 
axis obtained, the sample is rotated through 90°, such that the a—b plane now lies along the 
x direction. It has been checked that the c-axis remanence rotates rigidly and does not give 
a projection on the VSM pick-up coils lying along the x direction. Following the rotation 
of Mcr.ent, a magnetic field is applied along the a—b planes, and the magnetization Mab(Hab) 
is measured. In the magnetic relaxation experiments, the a—b-plane field is ramped up to 
600 Oe at the rate of 5 Oe s-1, and the relaxation data are taken at this value of Hob. In the 
M(H, H) experiments, 14,1, is swept around a half-loop (0 —* Hmax  •—o. 0), the maximum 
field being 2500 Oe. These latter experiments have been performed at five different sweep 
rates varying between 8 and 187 Oe 	All studies have been carried out at 77 K. 

3. Results and discussion 

3.1. M(H) loops in the crossed-flux configuration 

The in-situ measurements of the a—b-plane moment Mob and the c-axis remanence Mcrem 
have been described and discussed in detail in [10]. Here we show in figure 2 only the 
variation in Mai, versus Hab for various magnitudes of K!'", as well as the single-flux 
loop of the a—b planes (i.e. with Mc`m = 0). (These loops were measured at a field sweep 
rate of 17 Oe s'.) We note that, as Kein is increased, the response of the a—b planes 
becomes less diamagnetic. This indicates that, in the presence of a c-axis remanence, a 
large amount of flux enters along the a—b planes. The loops become increasingly flatter as 
Kern is increased and seem to merge at some field larger than 2500 Oe. There exist finite 
differences between the virgin loop and the crossed-flux loops even at Hab = 2500 Oe. 
These differences persist on field reversal, indicating that the transverse flux has not been 
completely expelled. In [10] we showed that this enhanced entry of the a—b-plane flux is 
accompanied by a steady decrease in the c-axis remanence, which we argued was due to 
its expulsion following cutting. It has been shown in [10] that the differences between the 
Mob(H) loops in the crossed and uncrossed configurations could not be explained away by 
assuming a rotation of the c-axis flux towards the a—b planes. At low fields (H01, 200 Oe), 
the changes in M;`"' with field were too small to account for the difference between the 
a—b-plane magnetizations in the crossed and uncrossed modes. At higher fields, however, 
the change in Mc' increases steadily, while the differences between the a—b-plane loops 
in the crossed and uncrossed modes diminish towards zero. IV`" does not appear to rotate 
towards the a—b planes, as this would be reflected in persisting differences between the 
uncrossed- and crossed-flux loops. This leads one to believe that the c-axis flux is being 
expelled as the a—b-plane field increases to large values. 
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Figure 4. Magnetization relaxation data taken after a field ramp to Ho, = 600 Oe for the SFC 
(0), as well as for the CFC with HFC = 100 Oe (•), HFc = 200 Oe (7), HFc = 400 Oe 
(V), HFc = 600 Oe (0), HFc = 800 Oe (M) and HFc = 1000 Oe (4). The straight lines are 
fits to equation (1). 

From figure 2 the values of Mab  have been extracted at Hat, = 600,800 and 1000 Oe. In 
figure 3 these have been plotted as a function of K", the c-axis remanence at the start of 
the hysteresis loop. We do not use the width O Mab  of the hysteresis loop for our analysis, 
rather only the value of IMabl on the ascending field branch. This choice is motivated by the 
fact that the crossed flux leaves its signature primarily on the magnetization in the ascending 
field branch. In figure 3 we find that, for all three values of Ha b, Mab decreases linearly 
with increasing M7, its rate of change (with Mc"") being smaller for higher values of 
Hab. The convergence of the lines is reflective of the flatness of the M(H) loops for large 
remanences. According to the critical state model, Mab  is a measure of the appropriate 
shielding currents. Thus figure 3 indicates a continuous linear decrease in the shielding 
currents as the transverse remnant flux is increased. 

3.2. Magnetic relaxation studies in the crossed-flux configuration 

Although there exist extensive data on relaxation in the single-flux configuration (SFC) 
(both parallel and perpendicular to the c axis) [12-14], we have not come across studies of 
relaxation effects in a CFC. The relaxation or creep process is understood to take place over 
current-dependent activation energy barriers (Jeff  (J) [15, 16]. A suppression of the critical 
currents in the presence of crossed flux (as can be seen from figure 3) would obviously 
affect the height of these activation energy barriers. The detailed dependence would vary 
with the particular Ueff  (J) relationship which is valid in the temperature and field regimes 
under consideration. 

We have measured the temporal decay of the a-b-plane moment in a short time window 
of 900 s with a sampling time of 1 s, following a field ramp of 600 Oe at the rate of about 
5 Oe s-1. Figure 4 shows the Mab(t) curves for the single-flux case (Win = 0), as well 
as for six values of the crossed flux. (The closeness of the curves at high remanences is 
again only an artefact of the saturation of Ai,'" with HFC.) We find a logarithmic time 
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Figure 5. (a) Dependences of the relaxation rate S (0), and sweep creep rate C (V) on itf e"'. 
The Values of C and S have been obtained for 1-4b = 600 Oe. (6) Effective activation energy 

U,ff  for the motion of the a—b-plane flux as a function of 114;"" Ueff has been obtained from 

the values of S according to S = kT/Lle ff. 

dependence of the a—b-plane magnetization, with the data fitting the expression 

M(1) = Mal +Sln(1 + tit)]. 	 (1) 

well. Here S is the normalized relaxation rate and r is some macroscopic relaxation 
time. For relatively small time windows the collective creep model can be approximated 
to give a logarithmic time dependence for M(t) [17). In this approximation, the rate 
S = (1 /Mo)[3M/8(In in yields the activation barrier S = kT/Ueff(-1)• Typical forms 
for Ueff(J) are the classical linear (Anderson) form Ueff(J) = U0(1 — (J/Jc)l, and the 
non-linear dependence Ue ff(J) 	Uo(Jc/J)4 . With increasing field, one usually obtains a 
decrease in Ueff(J), reflecting the decreased value of the critical current  J. 

We find that the presence of crossed flux does not change the functional form of the 
M(t) dependence at least in the short time window. Its only effect seems to lie in an 
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Figure 6. (a) M„b(H„b, H„b) loops for the single-flux configuration with 	= 187 Oe s-I  
(curve a), 92 Oe s-I  (curve b), 33 Oe s-I  (curve c), 17 Oe s-1  (curve d) and 8 Oe s-  (curve e). 
(b) M„b(H„b, H„b) loops measured in the crossed-flux configuration with HFc = 800 Oe and 
H„b = 187 Oe s-1  (curve a), 92 Oe s-I  (curve b), 33 Oe s-I  (curve c), 17 Oe s-I  (curve d) 
and 8 Oe s-I  (curve e). 

enhancement of the relaxation rate, from S = 0.023 in the single-flux mode to S = 0.083 
in the presence of a transverse remanence of 5.7 emu g-1  (corresponding to a cooling field 
of 1000 Oe). This corresponds to a decrease in Ueff  from 280 to 80 meV. It is physically 
more relevant to represent S and Ucff as functions of the flux trapped along the c axis 
(figure 5). Here we can see that the variation in /Jeff  with Mcre'n is reasonably linear and 
is reminiscent of the linear behaviour of Mab(a J) with Mc" The relaxation rate on the 
other hand increases very strongly with increasing Mc"" at higher values of the remnant 
flux. The relaxation data have been taken at Hal, = 600 Oe, a field at which there is a 
significant amount of c-axis flux present in the sample, as can be seen from the differences 
between the single-flux loop and the crossed-flux loops in figure 2. 
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(III) and HFC = 1000 Oe (A). The straight lines are fits to a linear equation of the form 

In H„b = p In 'Mad + C where C is a constant and n the slope of the lines. n is thus the 

exponent of the power law 145 = AIM.b In • 

At a cooling field of 1000 Oe, S increases by about 300% of its value in the single-flux 
mode. The very rapid increase in S (and related decrease in Ueff ) due to the crossed flux 
motivates the obvious question as to the mechanism whereby the transverse flux facilitates 
the entry of the longitudinal flux. The most plausible explanation seems to be that the 
transverse flux enables the longitudinal flux to cut through and then to rejoin within the 
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Figure 9. Variation in the exponent it obtained from figure 8 as a function of the c-axis 
remanence for two different values of the a—b-plane field: 0, Heb = 600 0e; V, Nab = 1000 0e, 

sample. The angle (t9 = 7r/2) which nominally exists between the two flux families, and 
the relatively low degree of correlation or coherence of the lines also help to realize the 
process of cutting. While the former ensures that repulsive effects between vortex cores are 
minimized, the latter, as discussed in [2], makes it possible for transverse vortex segments 
to curve and tilt without entailing large displacements of the vortex elements at extended 
distances. 

3.3. Sweep rate dependence of magnetization in a crossed-flux configuration 

The effect of field sweep rate on the magnetization of high-Tc  superconductors has been 
well established [18-21]. Basically, the effect of ramping a magnetic field is to generate an 
electric field proportional to the sweep rate H, which in turn generates currents according to 
the particular E(J) dependence in that part of the phase space. The currents thus generated 
are manifested as additional magnetization. 

Various models which invoke flux diffusion and drift dynamics have been proposed to 
explain this dependence of the magnetization on the sweep rate of the applied field. It has 
been shown that the width of the hysteresis loop increases with increasing sweep rate. M 
is found to be logarithmically dependent on H: 

M = Mo(H, T)[1 + Cln(1://f/o)] 	 (2) 

where His.  the sweep rate of the applied field and Mo is the magnetization associated with 
the rate Ho. 

To investigate the effect of the crossed flux on the above relationship and the E—J 
dependence, we have carried out experiments in the CFC at five different sweep rates from 
8 to 187 Oe s-1. Each set of five Mab(Hub, Hat) loops has been obtained for a given value 
of M;e'n. There was a total of seven such sets measured, corresponding to cooling fields 
HFc = 0, 100, 200, 400, 600, 800 and 1000 Oe. In figure 6(a), the broadening of the 
Mab(Hab) loops with increasing sweep rates in the SFC is evident. Figure 6(b) shows the 
Mab(Hab. Huh) loops in the CFC for a cooling field of 800 Oe, corresponding to a remnant 
flux of 5.5 emu g-1. 
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We find that our M„b(I-1„b, 140 data fit equation (2) well (figure 7), for all values of 
the cooling fields and Hab = 600 Oe. The value of C has been obtained from these fits and 
is shown in figure 5(a) as a function of My". Like the relaxation rate S, C too increases 
with increasing transverse flux. The magnitude of C, however, is generally larger than that 
of S, although the difference does seem to decrease towards higher values of Mc'. In 
this context it is important to realize that the relaxation and the sweep-creep (M(H, H)) 
experiments explore the E—J—B surface under different conditions. In the relaxation 
experiments, E and J change during the measurement whereas B is approximately constant 
while, in the sweep-creep experiments, the electric field is constant, being proportional to 
H [22]. 

Further evidence of reduced pinning in the CFC has been obtained from the variation 
in the E—J behaviour with various magnitudes of the crossed flux. In a sweep-creep 
experiment, as the magnetic field is swept around the loop, an electric field is induced, and 
the dependence of the loop width AM on H provides valuable further information. Caplin 
et al [22] show that this electric field is directly proportional to the applied sweep rate. 
Taking AM„b a J, the Muh(Hab, Hub) loops can be translated into the E—J relationship at 
constant values of B. To do this we have plotted In Ho, versus In IM„b1 obtained from the 
Mab(Hab, Hub) loops at Hab = 600 and 1000 Oe for all six values of the transverse flux. 
The data for kb  = 600 Oe are shown in figure 8. Note that we have again used IM.b1 
instead of IAM„,b1 for reasons previously given. All data points can be fitted by a straight 
line, indicating a power-law relationship between Hub and Mob. Since H a E and M„b a J, 

the curves in figure 8 can be used to derive an E—J relationship of the form E 

Clearly, the absolute magnitudes of E and .1 are undefined within multiplicative factors, 
but we are interested only in the values of n which is the physically relevant parameter. 
(Note that, because of the logarithmic scales, the proportionality factors between H and E 

and Mab  and J do not affect the value of n.) 

Figure 9 shows the variation in the exponent n with increasing transverse flux for two 

values of the a—b-plane field Nab = 600 and 1000 Oe. We find a steady decrease of n 

with increasing Mc'. The relatively large values of n are in keeping with the fact that 
n can be shown to be approximately equal to 1/C [22], and C as determined by us is 

typically much smaller than unity (see figure 5(a)). The flattening off of n at higher Mc"" 

for Hub = 1000 Oe is most probably due to the lower effect of the remanence when the 
a—b-plane field becomes large. It is well known [23] that, in the limit where flux-pinning 
barriers become negligible to vortex motion (flux flow), n goes towards unity. Hence a 
decrease in n in the presence of crossed flux again suggests a reduction in the effective 
pinning barriers to the motion of the a—b-plane flux. 

4. Conclusions 

We find in three different experiments that a remnant flux pinned along the c axis facilitates 

flux entry along the a—b planes. This is due to suppression of the critical currents shielding 
the a—b-plane flux in the presence of transverse flux. We also measure a drastic enhancement 
in the relaxation rate'of the a—b-plane moment which, as indicated by our results, is due 
to a reduction in the current-dependent activation energy barriers. Ueff  decreases linearly 
with increasing transverse flux, as does the critical current J a M. The measurements 
using the sweep-creep technique also provide evidence of reduced pinning in the CFC. The 
increasing creep rate C as well as the decrease in the exponent n both indicate that in the 
CFC the barriers to the entry of longitudinal flux are lowered. 
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There is a basis of similarity between our results and those obtained by LeBlanc and 
co-workers [8,9], both studies being carried out on polycrystalline YBCO at T = 77 K. 
Both these results disagree, however, with the work of Park and co-workers [6, 7] on YBCO 
single crystals and melt-textured samples at T = 4.2 K. 

In YBCO there exists evidence of a correlated hexagonal flux line lattice at 4.2 K, and 
an uncorrelated flux line lattice at 77 K [24]. We argue along the lines of [5, 11] that it is 
the degree of coherence of the flux lines, which enhances or inhibits the entry (or exit) of 
a transverse flux component. For weaker coherence of the flux lines (e.g. due to increased 
thermal fluctuations), the possibilities of cutting are enhanced. It has been argued that, 
while for rigid flux lines (i.e. at lower temperatures) the barriers to flux cutting are too high, 
weakly correlated flux lines, on the other hand, can locally reduce these barriers owing to 
their ability to twist and curve, without causing large displacements of the entire flux line 
lattice [5). As obtained in [5], the barriers to flux cutting are drastically reduced by even 
a small amount of twist of the vortices. Hence, we believe that temperature and its effect 
on the morphology of flux lines may be the reason for the discrepancy between our results 
and those of Park and co-workers. 

We explain the suppression of the critical currents (and hence the energy barriers 
Ueff (J)) measured in our experiments in the context of flux cutting and reconnection. 
It has been reported earlier [8,9] that flux line cutting depresses the critical currents in 
the intergrain region of sintered YBCO samples. In our present experimental situation, the 
mutually perpendicular configuration of flux lines, as well as the relatively high temperatures 
(T = 0.87T,) are favourable for flux-cutting events. 
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Abstract. DC resistivity of a zero-field-cooled granular YBCO sample has been 
studied as a function of angle between the applied field and transport current, at 
various fields, currents and temperatures. In addition to the large 
angle-independent dissipation, a small angle-dependent part has been observed 
which has a sin2  0 behaviour. This part varies with increasing fields according to a 
modified flux flow expression, in line with the reported microwave surface 
resistance data. Interestingly, the exponent, n, of the field dependence obtained 
from a modified flux flow expression gives values close to the one at low currents 
and low temperatures, whereas it reduces towards 0.5 for large values of currents 
and temperatures close to T„. With increasing current and temperature, the 
behaviour of the flux flow in YBCO approaches that which has been reported for 
BSCCO. The behaviour is considered to be due to a decrease of the coherence of 
vortex segments at higher currents and temperatures. Furthermore, the deviation 
of the voltage from sin2  9 at low angles has also been studied at different currents 
and temperatures, which further supports our previous conjecture of 
Lorentz-force-mediated flux redistribution between inter- and intragrain regions. 

1. Introduction 

The granular network of high-T, superconductors has 
invariably made the transport properties quite complex. The 
network consists of superconducting grains embedded in 
a background of depressed superconductivity caused by 
weak links between the grains. The grains themselves 
have large critical currents and fields, while the intergrain 
region has much smaller values of the same. 	The 

low values of critical current and field have limited the 
valuable applications of oxide superconductors despite their 
high critical temperatures. The mechanism of dissipation 
in inter- and intragrain regions is still not completely 
understood [1-4]. Dissipation due to weak links [5, 6], 

fluctuations effects [7] and Kosterlitz—Thouless-type vortex 
depairing effects [8] arc some of the commonly discussed 
mechanisms in addition to the conventional flux flow 
resistivity [9]. There are reports both in favour of [10-
14] and against [15, 16] the role of flux flow in high-71. 
materials. Therefore the role of flux flow as a dissipative 
process in granular semiconductors remains a topic of much 
interest. The typical signature of flux flow, namely a sin2  

dependence of the electric fields (where 0 is the angle 

between J and B) has been observed both in DC resistivity 

[14, 17] and microwave surface resistance experiments [10-

12]. However there is a large part of the dissipation 

which is independent of angle between the field and current. 

For fields below I/ci , this contribution originates from the 

motion of fluxons in the weak-link region for lields belo 
I-41 . This so-called phase slip dissipation is understood I 

occur due to the time variation of the phase difference [It 
between the adjacent superconducting regions due to tY 
motion of a vortex. A number of theories [16] have bee 
proposed to explain the existence of the angle-independei 
dissipation in the high-field region. In addition to the angle 
independent part Co)ps  it is also evident that there is 
Lorentz-force-dependent part which varies as V ex sin2  
Blackstead and coworkers [10-12] have shown in the 

experiments using microwave techniques that the resistant 

in both YBCO and BSCCO polycrystalline materials hi 
a small flux flow component (pit ) in addition to a lar;., 

isotropic background. 	They showed [10-12] that tl 

dissipation fitted a modified flux flow expression of t.1 

form 
H 

P ff = (Pn — Pps) (
Hr2 

 

where pn  is the normal state resistivity and H,2 is tf 
higher critical field. They found using equation ( I) th 

the exponent n = I for the case of YBCO while it wi 

equal to 0.5 for BSCCO. This difference was explain( 

by them as originating in the two-dimensional nature 

the BSCCO vortex lattice. The effective decoupling 

the BSCCO vortex along the c-axis leading to a formatic 

of pancake vortices was suggested as a possible reasc 

why the exponent n in the two cases is different. In U 
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case of weaker c-axis coherence (the case of BSCCO), the 
movement of one almost decoupled vortex may not lead to 
the motion of the remaining segment of the vortex, thereby 
suppressing the field dependence (n < 1). However, in the 
case of a coherent vortex along the c-axis a larger segment 
is able to move, generating larger dissipation i.e. n 	1. 
In our previous work [14] we have reported results for the 
DC resistivity in the low and moderate field range which 
were in accordance with (1). However, we found that our 
data at 77 K fitted better to n = 0.5, even for YBCO. 
To understand the reason for the difference between the 
value of the exponent n, as determined by Blackstead's 
group [12] and ourselves for the same (YBCO) type of 
samples, is the basic motivation for the current work. To 
determine the conditions in which the modified flux flow 
in our YBCO samples begins to approach the form of [12], 
namely n = 1, we performed the resistivity measurements 
over a range of temperatures and currents. The underlying 
idea is that at higher temperatures and currents the disorder 
and consequent decoupling of the vortex segments should 
become more pronounced, possible leading to n -* 0.5, 
while for lower temperatures and currents the enhanced 
coherence could lead to n 	1. If this is so it would 
clearly indicate the dependence of the modified flux flow 
on the degree of coherence of the vortex lines. Secondly, 
we note that in the microwave experiments in BSCCO [10], 
the modified flux flow exhibited a maximum as a function of 
field H. This is clearly an artifact of the functional form of 
the modified flux flow form. Since this form was observed 
in the more two-dimensional, low-coherence samples, we 
speculate that in YBCO samples when the experimental 
conditions, e.g. higher temperatures and higher current 
density, reduce the coherence, a maximum may again be 
observed. 

We have also shown in our earlier work [14, 19] that at 
low field Het  < H < 4 k0e, there was an anomalous 
variation in the V(0) behaviour. As the angle B was 
increased from 0, the total dissipation initially decreased up 
to an angle which depended on the applied field. This effect 
has also been investigated as functions of temperature and 
current. Our previous conjecture, that the effect arises from 
a flux redistribution between inter- and intragrain regions 
finds further support. 

2. Experimental details 

We have used the same sample as was previously [14] 
studied i.e. YBa2Cu307 _x . 71. was 91 K. The dimensions 
of the sample were 2.4 x 1.5 x 12 mm3. As mentioned 
previously [14] this sample showed a predominance of the 
123 phase and typical magnetization loops at 77 K showed 
hysteresis in fields even in excess of 15 kOe. The deviation 
of the M(H) loop from linearity was at 75 Oe, while the 
cusp in the M(H) loop was at ti 225 Oe. We have carried 
our V(/)T  and V(9)/3- measurements in the temperature 
range 77 to 86 K. The fluctuations in temperature were of 
±0.2 K. The maximum current applied to the sample was 
500 mA. The standard four-probe method was used for all 
types of transport properties. The contacts were made with 
silver paste. The contact resistance at room temperature 
was 3 mC2. 

3. Results 

The V(1) characteristics of this sample have been studied 
in the low-field region 20 Oe < H < 800 Oe at 80 K, 83 K 
and 86 K. Typical data at 86 K are shown in figure 1. The 
data were fit to the expression 

V = cr(/ - fe ) t 	 (2) 

where 	is the current for the first measurable voltage 
recorded, typically 0.5 AV. The value of x lies in the range 
3.93 and 1.37 ± 0.03 for this temperature in the above 
field range. As is clear from figure 2, there is a very 
rapid drop in x in the low-field region which decreases 
very slowly after about 200 0e, a value which lies above 
I-41 . Similar trends were observed at lower temperatures, 
except that the decrease in x with H is slightly slower 
e.g. at 80 K, x decreases to about 2.1 at 800 Oe. It is 
noticeable particularly at T = 86 K, that as H increases 
beyond lic1 , the exponent x tends towards one. This trend 
is clearly noticeable as a function of temperature where 
the exponent x at H = 800 Oe decreases from 2.25 to 
1.4 as T increases from 80 to 86 K. The decrease in x 
with increasing temperature for H > Ho  is indicative 
of a decrease of the effect of flux pinning and increasing 
tendency of vortices to flow with the flux flow exponent 
i.e. n = 1. Values of x between four and two have 
been commonly reported [20-22] for the field region where 
the dissipation is mainly within the intergrain Josephson 
junction network. The phase slip dissipation derived on the 
basis of Ambegaokar an Halperin (AH) [23] theory predicts 

V a Vo[lAall-) ]1-2 	 (3) 

where 4, is the zeroth-order Bessel's function and a is 
a current- and temperature-dependent constant. Fitting 
our V(H) data at T = 86 K and 1 = 20 mA to the 
above expression, approximated for a small value of the 
argument, we obtained y = 0.32 ± 0.01. This is consistent 
with the results of reference [24] where the authors also 
find that y, the argument of the Bessel's function, has a 
H-I /3  dependence in the low-field region, and with the 
discussion in reference [25] where the field dependence of 
the exponent is shown to vary between zero and one. The 
latter work reports a y-1/2  dependence and suggests that 
the change from y = 0 to y = 1 is indicative of increasing 
interaction between vortices and change of the appropriate 
correlated volume of vortices. Thus it is clear that a value of 
y = 0.33 is consistent with the discussion in reference [25] 
for the lower-field regions, or smaller correlated volumes. 

3.1. Low-angle anomaly 

The second feature investigated is the low-angle anomaly 
in V(0), which we have reported earlier [14, 19]. As the 
zero-field-cooled (ZFC) sample is rotated with respect to 
the field, we noticed an initial decrease in voltage (figure 3) 
before it follows a sin' 0 pattern. As previously reported, 
this dip is not observable in field-cooled (FC) specimens 
nor does it appear when the angular rotation is reversed 
(27r -÷ 0). Furthermore this minimum vanishes at large 
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Figure 1. Voltage as a function of current for the YBCO 
sample at 86 K in different fields. Dotted lines are for the fit 
to power law (2). The values of x are 3.93, 3, 2.35, 1.45, 
1.4 and 1.37 for fields increasing from 20 Oe to 800 Oe. 
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Figure 2. Typical variation of the exponent x (where 
V oc (I — /0 )z ) as a function of applied field, for T = 86 K. 
The low-field behaviour is shown in the inset. 

fields H 1' 4 kOe at 77 K. Furthermore there was no 
such effect for H < 1-1,1 . All these observations led us 
to the conclusion that the effect was due to redistribution 
of flux between inter- and intragrain regions. Immediately 
after ZFC, the field is highly concentrated in the intergrain 
region, which on rotation, due to a finite J x B force 
(0 0 0), drives the flux into the grains. 	We have 
extended our experiments to higher temperatures and also 
varied the currents. In the temperature-dependent data the 
current was fixed at 50 mA, while the field was 2 kOe. 
The voltage decreased up to 0 = 15° for T = 77 K, 
and up to 10° for 80 K, while there was a continuous 
increase, i.e. no minimum, in V(0) at 86 K. This clearly 

Figure 3. The angular dependence of resistivity at 77 K 
and I = 50 mA in an applied field of 2 kOe. Note the local 
minimum in p at emin,  and the hysteresis between 
increasing and decreasing angles. 

shows that the occurrence of a minimum depends upon 
temperature. 	This behaviour is understandable in the 
sense that with increasing temperature, the flux increasingly 
enters the grains. This is enhanced by virtue of both low 
shielding currents and reduced pinning. Hence the inter-
and intragrain flux densities tend to become uniform and 
no redistribution of flux occurs at higher temperatures, e.g. 
at 86 K and H = 2 kOe. 

We have also investigated the current dependence of 
this effect. The temperature was fixed at 77 K while 
the field was kept at 2 kOe. V(0) curves were taken 
for 20 mA < I < 150 mA. It was clear from the data 
that 9„,;n  (the angle up to which the voltage decreased) 
changes with increasing current. 0„,;n  was as large as 20' 
for I = 20 mA, became 15° for 50 mA and was finally 
reduced to 10° for 100 mA. However, beyond 100 mA, up 
to 150 mA, there appeared to be no change in 0„,in . The 
decrease in 0,„;„ with increasing J implies that the driving 
force J x B = J B sin 0 becomes large enough at relatively 
small angles, so as to move the vortices into the grains. The 
constancy of the angle 9„,;n  (at 	10°) for higher currents 
(I > 100 mA) is not surprising since the flux redistribution 
requires a finite J x B force, i.e. a significant angle 0. 

The next point about the V(0) behaviour is the 
hysteresis between increasing and decreasing angles. Here 
we compare the data for 9 increased up to 27r and 
then decreased back from 27r to zero. The data for 
50 mA current (figure 3) shows hysteresis between zero 
and 90°. For higher currents, I = 75 mA, this range 
is reduced to about 45° while for I = 150 mA this 
hysteresis extends only up to 20°. Thus the irreversible 
behaviour of V (0) diminishes as we move towards higher 
currents. In all cases, the hysteresis follows the same 
pattern namely the dissipation in decreasing angle is less 
than the corresponding values in increasing angles. The 
hysteresis indicates that flux distribution effects between 
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inter- and intragrain persist beyond 0„,,,, up to 90° for the 
smaller currents. Secondly, the angular extent up to which 
the flux distribution produces the hysteresis depends upon 
the driving current. The higher the driving current, the 
earlier the flux distribution completes itself. Thus this effect 
gives clear evidence of the current dependence of the flux 
redistribution tendency. Lower dissipation on the return 
path indicative of a reduced flux density in the intergrain 
has also been confirmed by xcii  ,(H) measurements [26, 27]. 
We note in passing that we have observed a similar effect 
in BSCCO superconductors where the initial decrease on 
rotation is even more pronounced. 

3.2. pi, as a function of H 

The motivation for these measurements has already been 
defined in the introduction. We wanted to determine 
whether the exponent n of the field dependence varied 
in any systematic way with temperature and measuring 
currents. In particular could we reconcile the value of 
n = 0.57 at 77 K and I = 100 mA for our YBCO sample, 
with those reported by Blackstead and coworkers (n = 1) 
for the same system? 

In the measurements to be described, V (H) data were 
initially taken for 9 = 0°(./11B) as a function of field 
between H = 0 to 16 kOe. Subsequently, we warmed 
up and again zero-field cooled the sample to the same 
temperature, reset 0 at 90° and finally measured the voltage 
in an increasing field. Data were taken at 79.3, 80.7 and 
86 K. First we discuss the current dependence of the data 
at T = 79.3 K. Data were taken at I = 20, 50, 75, 100, 
125, 150 and 200 mA. Figure 4 shows data for pT , pp, and 
pff  as functions of field. pif  is the difference between the 
value of voltages obtained at B = 180° and 270', while 
pp, is the value at 0 = 180°. pT is equal to the sum of 
pp, and p fi . The data shown here are for I = 200 mA at 
79.3 K. The expressed used to fit pit  is the modified flux 
flow expression, i.e. equation (1). 

Since the equation requires the value of Hc2, this was 
obtained from the magnetization curves taken at different 
temperatures. The reversible magnetization was obtained 
from the hysteresis loops using the standard prescription 
[28], after incorporating the superconducting fraction n  =-
0.22. The intermediate field equation [29] 

, 
Mrev = y log — (4) 

was used to fit the data. A value Ha = 95 x 103  Oe was 
obtained for 79.3 K, while lower values were obtained fur 
the higher temperatures. The values for Ha and normal-
state resistivity pn  were used to determine n from the fit of 
pff  to (1). Interestingly we find for n a value close to 0.9 
for 20 mA, which consistently decreased as the current was 
increased. The variation of n with the current can be seen 
in figure 5. For the larger currents used, 200 mA, n has 
decreased to 0.4. Thus it is clear that the exponent n can 
be made to cover the entire range 0.4 < n < 0.9, i.e. the 
range of values quoted for BSCCO and YBCO samples, 
by varying the current. As discussed earlier in this text, 
we believe that the decrease of n reflects the increased lack 
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Figure 4. Total (Pr), phase slip (Po.) and flux flow (Pr) 
resistivities as functions of applied field at 79.3 K and 
I = 200 mA. The solid line is a fit of p, to (1) with 
n= 0.46 ± 0.01. 

of coherence of the vortex segments. The other noticeable 
feature in these data which is again very similar to that 
reported by Blackstead's group for the case of BSCCO, is 
the gradual development of a maximum in pH as a function 
of field with increasing currents. There is no maximum up 
to I = 75 mA, (n = 0.63), while a maximum develops 
around 10 kOe for the 100 mA data (n = 0.5). This peak 
becomes more pronounced with increasing currents, as can 
be seen in figure 4. For these data the peak occurs at 
H = 4500 Oe and this is followed by a clear decrease. 
Thus it is evident that our data for increasing current 
densities (I > 100 mA) begin to look identical to those 
reported by Blackstead and coworkers for BSCCO. On the 
other hand, at low current densities (I = 20 mA) our data 
are very close to theirs for YBCO, both in terms of the 
value of n and the absence of a maximum in p ff . 

A similar trend is noticeable when the data for p ff  
are compared at different temperatures. The data at 79.3, 
80.7 and 86 K were taken at currents I = 20 mA. The 
data for pif are fit to equation (2) and the values of Ha 
for each temperature are those obtained from the reversible 
magnetization data. The fit of the data to (I) is indicated in 
figure 6 for T = 86 K. Again we find that the exponent n 
decreases from 0.87 at 79.3 K, to 0.56 at 86 K. While 
there is no maximum in pit at T = 79.3 K, we do 
observe a very clear development of a maximum in pll  
at 86 K at H = 6 kOe. With increasing temperatures 

	

in this range, the ratio 	a rough estimate of the 
relative significance of the two parts of the dissipation, 
decreases, e.g. pH /pp, = 0.44 at T = 79.3 K. white it 
is 0.18 at T = 86 K, at the same field H = 84 kOe 
(figure 7). Qualitatively, a similar trend has also been 
observed for this ratio with increasing currents. Thus these 
data clearly indicate that both with increasing temperature 
and current, the exponent n decreases from the value of one. 
Furthermore a maximum in the flux flow resistivity p ff as 
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T = 77 K. Note that n decreases from almost unity at low 
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Figure 6. Total (pT ), phase slip (p,$ ) and flux flow (p,) 
resistivities as functions of applied field at 86 K and 
/ = 20 mA. The solid line is a fit of p, to (1) with 
n = 0.56 ± 0.02. 

a function of field is observed, indicating that for higher 
fields flux-flow-type dissipation is suppressed in favour of 
the angle-independent phase-slip-type dissipation pp,. 

The decrease of n with increasing current and 
temperature is understood by us as being reflective of a 
decrease in the coherence of the vortices or their division 
into smaller, decoupled segments. The increased degree 
of disorder, created by the thermal fluctuations or by the 
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Figure 7. The variation of pi  / pp. ratio as a function of 
temperature at different fields and I = 20 mA. At higher 
temperatures the relative significance of the pi  component 
decreases. (Qualitatively, a similar trend is observed with 
increasing currents.) 

larger values of current which has to follow a meandering 
path in the granular material, is expected to lead to a lack 
of coherence of vortices along their length. Thus while 
at 77 K and at low currents n = 1, it tends to 0.5 at 
higher currents or temperatures, similarly to the case of the 
BSCCO sample. There, this observation was attributed to 
the two-dimensional pancake-type vortices in the plane. We 
suggest that the similarity between the results for BSCCO 
and YBCO at higher currents and temperatures is consistent 
with the increased disorder driving the YBCO towards 
increased decoupling of the vortex segments. While no 
formal justification for the 111 /2  dependence of p fr  is 
known to us, we note that the intervortex separation 
is expected to vary roughly as B-112. Thus the H112  
dependence data may be reflective of the increasing density 
of vortices. 

4. Conclusion 

Our angle-dependent resistivity measurements on granular 
YBCO samples yield results which strongly support the 
model of a modified flux flow, incorporating both the 
dominant phase slip and a smaller flux flow (sine  8)part. 
The low-angle anomaly in V(0) is also seen to be reflective 
of the Lorentz force in the sense that for higher currents and 
fields, the angular extent of the anomaly is reduced. The 
variation of the flux flow exponent n with currents and 
temperatures indicates that with increasing disorder of the 
vortices, the behaviour of the YBCO becomes very similar 
to that reported for BSCCO. This clearly demonstrates the 
crucial role of degree of vortex coherence in determining 
the form of the dissipation. However, a clear reason for 
the value n = 0.5 with increasing disorder in the modified 
flux flow is not understood. 
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Abstract 

We have investigated the hysteresis in the AC susceptibility of granular YBCO superconductors when the DC field is 
cycled. A crossover point is observed where the susceptibility x' in decreasing fields becomes more diamagnetic than for 
increasing fields, and this is investigated as a function of temperature, AC field amplitude and frequency. The behavior is 
consistent with the variation of the AC penetration depth with these variables and with a reduced flux density of the 
intergrain regions on field reversal. The zero field cooled behavior of the second harmonic x2  as well as the behavior of x' 
in field cooled conditions, are also reported. The DC field dependence of x' is analyzed using the low amplitude, linear 
response region approximations. 

1. Introduction 

The use of a low amplitude AC field (superposed 
on a large DC field) to investigate the flux penetra-
tion in the mixed state of superconductors, is a well 
established technique [1,2]. In high-Tc  materials this 
technique has also been applied with success in a 
variety of experiments. Some efforts have also been 
directed towards investigating the hysteresis of the 
AC response when the DC field is cycled [3]. Li et 
al. [4] used the onset of irreversibility of the XVidc) 
as indicative of the lower critical field of the grains 
Hcis' Taylor et al. [5] explained the qualitative nature 
of the hysteresis at low fields in granular YBCO 
sample, as arising from the flux density changes in 
the intergrain region. This latter explanation was 
motivated by the observation that on decreasing the 

• Corresponding author. Fax: +92 51 21 0256. 

field the AC response was more diamagnetic than in 
increasing fields. They argued that while in the 
increasing field branch the DC flux is concentrated 
in the intergrain region, in the decreasing field branch 
the excess trapped flux within the grains has to close 
and does so by passing through the intergrain region. 
This reduces the effective flux density in the inter-
grain region and a higher AC response is observed. 

The above pattern of the hysteresis viz. larger x' 
in decreasing fields is therefore expected to be domi-
nant in materials where the granularity is large and 
the choice of operating variables is such that the AC 
flux penetration into the grains themselves is very 
small, i.e. the AC response is dominated by the 
intergrain behavior. As the AC penetration depth A 
increases (e.g. due to decrease of frequency or in-
crease of temperature as in the Campbell (linear) 
regime [1,6,7]), the AC response will begin to he 
reflective of the DC flux penetration into the grains 
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themselves. Thus by varying the parameters which 
control the penetration depth the AC response, in 
particular its hysteresis, can be made to be reflective 
of the inter or intragrain critical state properties. 

This is the focus of the present work. We shall 
show that the AC susceptibility hysteresis in moder-
ate DC fields (lick  < 1 k0e) reflects both the intra-
grain pinning and penetration as well as the lower 
field intergrain hysteresis discussed by Taylor et al. 
[5]. We observe a definite crossover point in the 
hysteresis of x'(H,) which defines the dominance 
of inter or intragrain effects. By varying the fre-
quency or amplitude of the AC field or the sample 
temperature, we are able to observe this crossover 
effect shift to lower DC field values as the intragrain 
penetration increases and persists down to lower 
field values. 

We have also investigated the harmonics x,, of 
the AC response in superposed DC fields, and their 
hysteresis. The DC field dependence of x' in the 
intragrain region (H> 250 0e) has been analyzed 
and compared to the behavior expected in the linear 
response regime. The effects of field cooling on the 
AC hysteresis and the cross over point have also 
been studied. 

Finally, the hysteresis behavior in the YBCO 
granular and melt textured samples is compared 
amongst themselves and also with a weaker pinning 
BSCCO sample to observe the effects of varying 
extent of pinning. 

2. Experiment 

Most of the experimental work has been per-
formed on two granular YBCO samples, labelled 
YCRA, and YCRE. These were prepared by standard 
solid state reaction technique and details have been 
reported previously [8]. The superconducting fraction 
identified by DC magnetization was approximately 
22% for both of them. The YCRA and YCRE sam-
ples had dimensions of (8 X 2.4 x 1.5 mm3) and 
(12 X 2.3 X 1.4 mm3) respectively. The resistive 
Tc(R = 0) was at T=89 K while the x'(T) and 
x"(T) gave onset point of transition at 91 K. 

A typical DC magnetization loop of the sample 
YCRA indicates significant flux pinning. The width 
of the M(H) loop, which is understood to be propor- 

tional to J, was found to obey an Anderson—Kim 
form [8] dm = [a/(B + B0 )) for H> 250 Oe. This 
is to be contrasted to the case of the Bi sample used. 
The composition for the BSCCO sample used was 
Bi ,,Plac,.,Sr2 Ca 2 Cu 30„ 6  and it was prepared by 
standard solid reaction technique. Thereafter it was 
annealed for over 100 h at a temperature of 865 K. 
The resistive T, was 110 K. For this sample the 
hysteresis loops are fully reversible above = 1.5 
KOc and the M( H) curve almost passes through 
zero, when the field is decreased to zero. Thus the 
BSCCO sample exhibits weaker pinning behavior 
characteristic of these materials. The difference of 
pinning will be seen to he reflective in the hysteresis 
response, both at low and high fields. The M(H) 
loop for the melt texture grown MT sample has a 
much larger hysteresis and reflects the stronger pin-
ning. (Details of the sample growth and its character-
istics are given else where [9].) Electron microscopy 
on the melt textured and granular YBCO samples 
gave average grain sizes of 150 and 5 tan respec-
tively. The presence of voids was also much less for 
the melt grown samples as compared to the granular 
samples. 

The measurements at 77 K were made in a glass 
cryostat while for the higher temperature measure-
ments we used an Oxford Instruments, DN-1710 
cryostat. The AC susceptibility x' was measured 
using a standard balanced coil and self made AC 
bridge whose output was fed to a lockin amplifier. 
The harmonics of x' were studied using a commer-
cial signal analyzer (Advantest model TR 9402). The 
AC field could be applied in the range 1-20 Oe 
while the DC field from the solenoidal electromagnet 
used was in the range 0 5H 5 1100 Oe. 

2.1. Hysteresis in 4, with DC field 

Firstly, we measured the variation of x' for 
increasing AC fields, at some fixed DC field. This 
was done to ascertain whether the sample is in the 
linear regime for the combination of T, H, hac  used. 
At T=77 K, f= 135 Hz and lid, = 500 Oe the AC 
magnetization was seen to be linear upto h„= 10 
Oe. For a lowered DC field Hdc  = 200 0e, the 
response was seen to be linear upto higher AC fields 
viz. h„= 18 Oe. At elevated temperatures the re-
sponse begins to get nonlinear even at lower AC 
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Fig. I. Variation of the in phase part of AC susceptibility x' with 
DC field for sample YCRA at h„„ = 4.5 0e, f = 510 Hz and 
T = 77 K in ZFC condition. 0 and • represent the increasing 
and decreasing field data, respectively. 

fields. This is consistent with the weakening of 
pinning and increased vortex oscillation amplitude 8 
with increasing temperatures, as discussed by Van 
der Beek et al. [7] for the low AC amplitude, linear 
response region. The temperature dependence will be 
discussed in more detail later. The high value of the 
DC field (Hdc  = 500 Oe) ensured that the linear 
response originated from the grains themselves. (Note 
that the lower critical field of the grains is lids  = 125 
Oe.) As later data will show the nonlinear response 
from the intergrain region is strongly suppressed at 
these high fields, but is significant in the region 
II < 100 Oe. 

Thus the AC field used in the hysteresis tests 
were always fixed at values below the nonlinearity 
onset field to ensure that the intragrain response was 
linear. In these experiments the DC field is swept, at 
a fixed f and h. from 0 to 1100 Oe and back, and 
hysteresis in xa, is studied. In Fig. 1 we show the 
x' (Hdc ) data for YCRA, for h.= 4.5 Oe, f= 510 
Hz and T= 77 K. In Fig. 1 the hysteresis of x' is 
noticeable. Before discussing this we note that if the 
field is reversed before H = 120 Oe there is no 
hysteresis in x'. Since Hog  = 125 Oe this clearly 
indicates that as long as the flux is confined to the 
intergrain region there is no hysteresis in x'. This is 
similar to the observation of Lee et al. [4]. We also 
notice the rapid initial decrease of x' as lid, is 
increased. This is understood to be due to flux 
penetration into the intergrain regions and break-
down of macroscopic shielding currents. This rapid 
initial variation changes into a slow change beyond  

approximately 150 Oe i.e., close to Hit . The fie 
dependence of x' in this region will be discuss( 
later. 

We observe (Fig. 1) that on reversing the field a 
values of x' are initially less diamagnetic than f( 
the field increasing branch. However as the field 
reduced below about 200 Oe, the value of x' 
observed to become more diamagnetic than in th 
increasing field branch. This is the trend observed b 
Lee et al. [4] and Taylor et al. [5] and has bee 
explained by the latter as being due to the cancella 
lion of part of the intergrain fields by the reverse,  
fields due to the closure loops of the trapped intra 
grain flux. It is apparent that when the field i 
reversed at e.g., I kOe, the response is initiall: 
dominated by the large quantity of flux trapped ii 
the grains, leading to a higher flux density B, an( 
consequently to a lower value of x' on the descend 
ing field branch. This trend changes at H — 200 Oe 
(the crossover point) where the net response may b( 
said to change from being dominated by the intra 
grain to the intergrain. This is understandable be. 
cause the reduced flux density in the grains implies z 
small AC penetration depth A [=  (82/4Tr )( aL

-1)]1/ 

[7] where a L  is the Labusch constant [10]. Thus al 
low flux densities B, AC response is dominated by 
the intergrain region. 

2./. I. Effect of AC amplitude 
We next studied the effect of variation of hx  on 

the crossover point. All the data was taken on one of 
the polycrystalline samples YCRA. At fixed fre-
quency f= 135 Hz and temperature T = 77 K there 
is a clear shift in the crossover point with varying 
AC field values e.g., at h.= 1.84 Oe the crossover 
occurs at Hd, = 300 Oe, whereas at h.= 3.75 Oe, 
7.44 Oe, and 9.92 Oe the crossover occurred at 

Hdc = 175 Oe, 110 Oe and 100 Oe respectively, 
while there is no crossover for h.= 15 Oe (i.e., x' 
is always less diamagnetic on the way back). In 
general we found that increasing hx  pushed the 
crossover point to lower DC field values. We explain 
this behavior by noting that the pinning of flux in the 
intergrain region is itself a function of h„. For large 
AC amplitudes the intergrain pinning is negligible 
and the hysteresis is dominated by the higher flux 
density of grains on field decrease. 

• 
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2.1.2. Effects of temperature 
We further studied the trend by varying the tem-

perature of the sample. Since increasing the tempera-
ture will act to increase the penetration depth in the 
grains we would expect the crossover point to shift 
to lower DC fields. At a temperature of 83 K, and 
hac = 7.44 Oe, the crossover had shifted to 74 Oe 
(from 110 Oe at 77 K). On further increasing the 
temperature no crossover could be seen. At this point 
we reduced the AC amplitude to 3.75 Oe, and again 
obtained a crossover at 70 Oe. (Note that at 77 K, 
the crossover for k, = 3,75 Oe occurs at 175 Oc.) 
Thus it is evident that the crossover shifts to lower 
AC and DC fields as the temperature is increased, 
consistent with larger penetration depth. 

2.1.3. Effects of frequency 
We further sought to confirm the trend of penetra-

tion into the grains using frequency as a variable. In 
the linear regime, A.,, a al-1 / 2  [7] for frequencies 
where viscous damping effects are nonnegligible i.e., 
with increasing frequency the higher velocities and 
increased viscous forces F — nu [11] damp out 
the AC field closer to the surface of the grains. Thus 
with increasing frequencies we expect the flux pene-
tration into the grains themselves to become negligi-
ble at relatively higher DC fields, as Aa, becomes 
progressively smaller. This implies that the crossover 
field (which essentially indicates the field below 
which the intergrain hysteresis dominates) should 
shift to higher values with increasing frequency. This 
is the actual trend we observe, Data were taken at 
77 K in the region 93 <f < 1060 Hz, with ha, = 4 
Oc. The crossover field increased (linearly) over this 
range of frequency from lick  = 85 to 225 Oe, consis-
tent with the expectations. 

2.2. DC field dependence of XL. 

We further analyzed the field dependence of x' 
in the light of linear response model. We recall that 
in this region the AC flux penetration is given by [7] 
813 =11„,e-"A. Averaging over x and using the 
approximation 	x, (where D is half the sample 
thickness), we obtain 

(88) ha, A/D. 	 ( I)  

Now using A = [(B2 / 47)(a,-1 )11 / 2 , and cx,,—
j, B/ ri  where r1  is the range of pinning we obtain 
A a B I / 2 . Using this dependence of A in (1), one 
obtains, (88) a B1 / 2 . This of course is an approxi-
mate result, in particular depending on our choice of 
j, = constant ( jc  is the AC current magnitude, which 
we have taken to be DC field independent). 

The general expression for x' in the low AC field 
linear regime [12] is 

1 	sinh u + sin a 

I 

 
4•Trx' 

cosh u + cos a 

where 

d 
- [ w 

27T  d 2 11 /  2  

d is the sample size and p the resistivity. 
Simplification of Eq. (1) for the case u = (// 

A 	1 yields 

47rx' — — 1. 	 (4) 

If the resistivity p follows a power law, e.g., if 
p= KB" (K is a constant factor), then substituting p 
in Eq. (3) and the so obtained u(B) in Eq. (4) yidlds 

B"12  
• = X0{I   , ( x0 = —1/47r). 	( 5) 

a 

Here a 's a frequency dependent constant. For exam-
ple in he thermally activated flux flow (TAFF) 
regime [13] where pa B, 

B
1/2 

• = X0 [1  -a i• 	 (6) 

Thus we have fit the data x'(H,,,) for both field 
increasing and decreasing branches to the expression 

X' = 	— lin/a]. We leave n and a as fit parame- 
ters to be obtained from the fit. 

In Fig. 2 we show the results for both increasing 
and decreasing field branches. Here h ac  = 4 Oe and 
f= 510 Hz. The data is fit above 200 Oe to exclude 
the contribution from the intergrain part. We obtain 
rt = 0.36, a = 20.2 for the field decreasing branch, 
while n = 0.32, a = 20.25 for the field increasing 

A p c2  

(2) 

(.3) 
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Fig. 2. Expanded part of Fig. I for the case of increasing DC field. 
Solid line is the fit to Eq. (6) (see text). 

branch. There is an implicit simplification when 
Eq. (5) is applied to the granular samples, i.e., while 
the actual flux penetration take place in both the 
inter and intragrain regions, Eq. (5) assumes a uni-
form flux penetration. Thus our application of Eq. 
(5) to the data implicitly uses a response averaged 
over the two regions. 

The value of ti = 0.36 obtained from our fit can 
be compared to the n = 0.5 predicted on the basis of 
p a B, in Eq. (5) and the discrepancy most probably 
is due to the effect of granularity discussed above. 

2.3. Effect of field cooling on XLc (dc) 

It is well known [14,15,16] that field cooling of a 
granular superconducting sample produces new rear-
rangement and distribution of flux density compared 
to the zero field cooling situation. Therefore we may 
expect field cooling to influence the AC susceptibil-
ity and its hysteresis. 

The field cooling tests were performed on the 
piece of granular YBCO sample labelled as YCRE. 
For zero field cooling condition, and ha, = 5.5 Oe, 
the x'(H) curve displayed the crossover effect at 60 
Oe. All field cooled data were also taken at ha, = 5.5 
Oe. The cooling fields used were 40, 80, 120 Oe 
respectively. After cooling the sample to 77 K in the 
required field (e.g. 40 Oe) and allowing to stabilize, 
the field was raised to the maximum value. For the 
40 Oe data the maximum field applied was 300 Oe, 
while for 80 and 120 Oe, the maximum field applied 
was 400 Oe. The data for HEc  = 40 Oe is shown in 
Fig. 3. 

Three features distinguished this data from 
zero field cooled ZFC data. Firstly the value of 
diamagnetic signal increased significantly compal 
to the ZFC data at the same AC and DC fields e. 
the value obtained at 40 Oe after field cooling 
12% higher than that for ZFC case. Similarly at 
80 Oe field cooling the value is 7% higher, while 
120 Oe there is again an almost 12% increase. TI1 
in contrast to the DC magnetization data whi 
always shows less diamagnetism in the field cool 
condition, the x data indicates lesser flux pencil 
tion or higher diamagnetism. 

Secondly we note that in the field cooled case t 
crossover effect moves to slightly higher DC fie 
values e.g., at firc  = 40 Oe the crossover occurs 
H — 70 Oe while for li fc  = 80 and 120 Oe it o 
curred at 90 and 120, respectively. Thirdly we no 
that after field cooling there is a field region whc 
x' actually increases slightly as /id, is increase,  
This trend is most evident in the HFc  = 120 Oe da 
where x' increases with H, between 120 and 2C 
Oe. For lower cooling fields the effect though prc 
sent is small. 

The first effect of field cooling, viz. higher x', 
explained by us on the basis that the flux trappe 
during cooling is primarily within the grains (due t 
their stronger pinning) while the intergrain flu 
density is actually lower than for the ZFC case 
Thus the low amplitude AC fields, (particularly 
low DC fields), being confined to the intergrai 
region, "see" a lower DC flux density and penetrat,  
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Fig. 3. Variation of x' with DC field sweep for the YCRE sample 

cooled in a DC field of 40 0e, h., = 5.5 Oe and f = 135 Hz 
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lesser (A a B). Secondly, we note that the field 
cooled flux density within the grains themselves is 
expected to be lower near the surface region as 
compared to the bulk. Thus the flux density profile 
of the F.C. grains should be quite different from that 
of the ZFC case in increasing fields, where the flux 
is more concentrated at the surface. This latter effect 
is borne out by the observation that even for H > kit  
(e.g. at 300 Oe), there is significant difference be-
tween ZFC and FC x' data. The x' value for the 
F.C. case is higher, i.e. more diamagnetic, for the FC 
case than for the ZFC case. The lowered DC flux 
density close to the grain surface results in a smaller 
penetration depth A„ and hence a more diamagnetic 
AC response, for the FC case. 

The second point viz. the shift of crossover effect 
to higher fields on field cooling is consistent with the 
above discussion. Lower DC flux density in the 
surface region of the grains, enables the contribution 
of the intergrain region to x' to remain significant 
up to even higher DC fields. Finally, the observation 
of a region of increasing x' with increasing lid, is 
also consistent with the above discussion. Once the 
applied field becomes higher than Haig , there is 
apparently a tendency [8] to move the flux from inter 
to intragrain regions (because of lower flux density 
in the surface region of the grains). This initially 
results in a reduced flux density in the intergrain 
region, which decreases A and SB and increases x'. 

As the field is further increased this effect is over 
come by the net increase in 6B and x' begins to 
decrease. (e.g. at 	225 Oe in the 120 Oe field 
cooled data). 

2.4. Harmonics 

We have also measured the variation of the first 
few harmonics [16,17] of the AC susceptibility for 
the YCRA sample. Basically the hysteresis in the 
harmonics has been studied to clarify the contribu-
tion of the intergrain and intragrain i'egions to the x' 
hysteresis, discussed earlier. 

The method of measurement has been described 
elsewhere [16]. Data was taken for both increasing 
and decreasing fields in the ZFC condition. 

Typical data for the second harmonic x2 , with 
f= 135 Hz, h. = 3.2 Oe is shown in Fig. 4. Inset 
shows the low field hysteresis. We observe that x2  

1 
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ild (0e)  

Fig. 4. Variation of the 2nd harmonic with DC field sweep, 
h. = 3.2 0c, and f m  135 Hz. Inset shows expanded portion at 
low fields. 0 and • represent the increasing and decreasing field 
data, respectively. 

initially increases rapidly and then decreases contin-
uously with increasing field and is almost negligible 
after — 100 Oe. In the decreasing field branch the 
signal becomes non zero at H 350 Oe and is 
consistently higher than the increasing field values 
down to H — 60 Oe. We explain these features in the 
following terms. The initial increase of X2  and its 
subsequent decrease after the maximum are well 
established [16,17]. (The decline after the maximum 
is understood to be due to the decrease of ../c  with 
field.) 

The almost negligible values of X2  at higher DC 
fields, where the intragrain flux penetration is domi-
nant, clearly shows that the intragrain response is 
linear. 

The hysteresis in x2  is also fully consistent with 
the previous discussion. Note that the values of X2 
in decreasing branch are higher than for the increas-
ing field branch i.e., the effective or local field in the 
intergrain region are lower in decreasing fields. This 
follows from the fact that the second harmonic am-
plitude decreases with increasing DC flux density in 
this field region, H > H ', where H ' denote the 
field for which X2  becomes maximum. Thus the 
higher values of X2  on decreasing field branch are 
indicative of lower effective fields. Note that if this 
contribution to the harmonics had been from the 
intragrain part, we would have obtained a lower 
value of x2  consistent with the higher flux density 
of grains due to the trapped flux in decreasing fields. 

The third and fourth harmonics were also studied 
and led to the same conclusion viz. lower intergrain 
flux density on field decrease. 
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2.5. Hysteresis effects in textured (123) and bismuth 
samples 

Finally we mention in comparison the hysteresis 
behavior in melt textured YBCO labelled as MT and 
the granular BSCCO samples. As discussed earlier 
the melt textured sample has larger grain sizes, 
higher density (less porosity) and larger flux pinning 
than the polycrystalline YCRA sample. The field 
dependence of x' for this sample was much less 
than for the YCRA sample e.g., between 0 and 
1 kOe there was barely a — 4.6% decrease of x' as 
compared to 75% for the YCRA. Secondly, there is 
no rapid penetration of AC field at very low fields 
which is the characteristic of the intergrain region. 
Finally for most of the field range there is nu hys-
teresis. On decreasing fields down to below 600 Oe 
from 1100 Oe there is a very small amount of 
hysteresis indicating slightly lower x' (higher DC 
flux density) in decreasing fields. At most there is 
1% hysteresis (4x7xj), where xo is the value of 
x' at H = 0 Oe. There is obviously no crossover 
effect in x'. 

The absence of the crossover effect and absence 
of hysteresis are explainable on the basis of low 
granularity and low intragrain penetration depth re-
spectively. The absence of an extended intergrain 
region implies that the x' response is essentially due 
to grains. The larger pinning forces in the case of the 
melt textured sample imply a smaller intragrain pen-
etration depth. This can be seen from the expression 
A, — [(B2/41r)( c/E I  )]1 / 2, i.e., A, decreases as the 
pinning force parameter a L  increases. Hence the AC 
field is more completely confined to the surface 

a 
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Fig. 5. x'(H) for Bi sample, with 	= 6 Oe, f = 135 Hz. 0 and 
• represent the increasing and decreasing field data, respectively. 

regions, where the magnetization is dominated by tht 
equilibrium behavior. Hence the reversibility in di( 
case of melt textured sample. We also conductec 
x'(Hd,) hysteresis test on the BSCCO sample will 
similar average grain sizes as in the case of YCRA 
The M(H) loop of the sample is fully reversible fot 
the fields greater than 1 kOe. The noticeable point is 
the weak pinning of this sample as well as its 
granularity. The behavior of the x' hysteresis in this 
sample is very similar to the strong pinning melt 
textured sample i.e., no hysteresis at high fields, and 
finally some small hysteresis below 175 Oe (Fig. 5). 
The sense of the hysteresis is also similar to that of 
the melt textured sample i.e., the value of x' in the 
decreasing branch is less. 

The absence of hysteresis or any crossover effects 
in this sample are understandable in terms of very 
weak pinning and hysteresis of both inter- and intra-
granular flux. The very small quantity of inter- and 
intragrain pinned flux ensured negligible hysteresis. 

Thus we conclude from the data on MT and 
BSCCO samples that at low AC fields hysteresis 
effects are negligible both in the relatively stronger 
pinning melt textured samples where A, is very 
small and only reversible surface flux is measured, 
and for the very weak pinning bismuth samples. The 
absence of flux density hysteresis even in the bulk of 
the bismuth sample, ensures a more or less hysteresis 
free AC response. It is in the moderate pinning and 
granular YBCO that one sees both the hysteresis and 
the crossover from intra- to intergrain dominated 
response. 

3. Conclusion 

We have seen that the AC susceptibility hysteresis 
in granular (ceramic and melt textured) samples 
varies in accordance with the role of both inter- and 
intragrain regions. At low amplitude AC fields the 
penetration depth A. is the main physical quantity 
which determines the response. Aa, in turn is under-
stood to depend on the flux density, temperature and 
frequency. Hence the net response, i.e., the sum of 
the inter- and intragrain responses exhibits a field 
dependence and hysteresis which reflects the effect 
of the above variables on A. We obtain a x' a [1 —
B'1 ] (n = 0.34 ± 0.05) dependence which appears ex- 

• • • 
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plainable on the lines of a power law behavior of the 
resistivity p a 82". The variation of the crossover 
point with temperature, ha, and f, are also consistent 
with the low amplitude (linear response) theory indi-
cating that as the intragrain penetration increases, the 
crossover point shifts to lower DC fields. The 
crossover point thus serves as a rough guide of the 
DC fields above which the intragrain flux density 
variation dominates the net response. The harmonic 
response also confirms the explanations outlined 
above viz. lowered flux density of the intergrain 
region in the field decreasing branch of the x1(11) 
data. 

Differences between FC and ZFC data, show that 
while DC magnetization indicates a higher flux den-
sity, the AC response is consistent with a lowered 
flux density, because the AC response is sensitive to 
the surface or intergrain region where the FC sam-
ples apparently have lowered flux density values. 

We observe that the complex pattern of hysteresis 
is observable in materials which have significant 
degree of intragrain penetration as well as some 
degree of intergrain pinning. The melt textured and 
BSCCO samples do not, show any such complex 
behavior for different reasons as explained in the 
text. 

Finally we note that this work has been confined 
to the low amplitude linear response regime. We 
intend to extend the studies to observe how the 
hysteresis behavior changes as the field begins to 
excite the non linear regime. 

Acknowledgement 

A. Mumtaz is supported by a grant from Pakistan 
Science Foundation PSF-C:QU-Phys-90; S. Shahzada  

is supported by a grant from Mrs. Mumtaz Riazuddin 
Pre-doctoral Fellowship. 

References 

[I] A.M. Campbell, J. Phys. C 2 (1969) 1492. 
[2] R.W. Rollins, H. Kupfcr and W. Guy, J. Appl. Phys. 45 

(1974) 5392. 
[3] K.H. Muller, Physica C 159 (1989) 717. 
[4] C.Y. Lee, L.W. Song and Y.H. Kao, Physica C 101 

(1992) 429. 
[5] K.N.R. Taylor. J. Wang and G.J. Russell, Mod. Phys. Lett. B 

7 (1993) 83. 
[6] A.M. Campbell and J.E. Evetts, Adv. Phys. 21 (1972) 199. 
[7] C.J. Van Der Beek, V.V. Geshkenbcin and V.M. Vinokur, 

Phys. Rev. B 48 (1993) 3393. 
[8] S.K. Hasanain and M. Asim, Int. J. Mod. Phys. B 8 

(1994) 4007. 
[9] G.H. Khosa, S.K. Hasanain and A.N. Kayani, Supercond. 

Sci. Technol. 8 (1995) 534. 
[10] R. Labusch, Crystal Lattice Defects 1 (1969) I. 
[11] J. Bardeen and M.J. Stephen, Phys. Rev. 140 (1965) I197A. 
[12] G. Blaster, M.V. Feigel'man, V.V. Geshkenbein, A.I. Larkin 

and V.M. Vinokur, Rev. Mod. Phys. 166 (1994) 1125. 
[13] P.H. Kes, J. Arts, J. Van der Berg, C.J. Van der Beck and 

J.A. Mydosh, Supercond. Sci. Technol. 1 (1989) 242. 
[14] D. Lopez and F. de la Cruz, Phys. Rev. B 43 (1991) 11478. 
[15] L. Ji, M.S. Rzchowski, N. Anand and M. Tinkham, Phys. 

Rev. B 47 (1993) 470; 
L. Ji, M.S. Rzchowski and M. Tinkham, Phys. Rev. B 42 
(1990) 4838. 

[16] S. Manzoor, S.K. Hasanain and M.A. Noman, Int. J. Mod. 
Phys. 9 (1995) 177. 

[17] C. Jeffries, Q.H. Lam, Y. Kim, L.C. Bourne and A. Zettl, 
Phys. Rev. B 37 (1988) 9840; 
K.H. Muller, J.C. Macfarlane and R. Driver, Physica C 158 
(1989) 69; 
S.F. Wahid and N.K. Jaggi, Physica C 194 (1992) 211. 



D 

PHYSICA 
ELSEVIER Physics C 272 (1996) 43-50 

  

  

   

Peak shifts in magnetization rotation 
effects of anisotropy and pinning 

S.K. Hasanain *, Sadia Manzoor, M. Aftab 
Department of Physics, Quaid-i-Azar University, Islamabad 45320, Pakistan 

Received 29 July 1996; revised manuscript received I October 1996 

Abstract 

Magnetization rotation experiments have been performed on a melt-textured YBa2Cu307 _, sample in the field cooled 

and zero field cooled conditions. The data show significant shifts of the maxima and minima front their expected positions in 

M(0), both in increasing angles as well us on the reversal of the sense of rotation. Our results have been explained using the 

concepts of the anisotropy of the flux line energy and the intrinsic torque within the framework of the generalized critical 

state model, which invokes the idea of a flux orientation gradient in addition to a gradient of flux density. 

1. Introduction 

Magnetization rotation measurements are among a 

wide variety of experiments performed on high Tc  
superconductors to explore their magnetic anisotropy 
[1-4]. In these experiments a sample with bulk 
anisotropy is rotated with respect to a fixed field 
direction and the magnetization component along the 
field direction is measured for different angles 0 
between the field and the reference c-axis. By vary-
ing the experimental parameters, e.g. field cooling, 
zero field cooling, temperature etc., one can obtain 
information both on the anisotropy of magnetization 
and pinning. Theoretical and experimental studies of 

pinning free samples have yielded additional infor-
mation on the intrinsic torque in the HTSC [5-7]. 
Related to this are the ideas of the anisotropy of self 

energy and line tension. The first of these viz. the 
self energy E of a vortex is understood to be mini- 

Corresponding author. 

mum for H lying in the ab-plane and maximum for 

H II  c-axis. The line tension (a2Er  2 
) (which is 

essentially a measure of the ease of rotation of the 
line at a given orientation), is however a maximum 
for H II ab-plane and minimum for H II c. In other 
words, moving a line away from the ab-plane is 
energetically more difficult than moving it away 
from the c-direction. 

It will be shown that our results for magnetization 
rotation in YBCO samples are explainable in terms 
of the anisotropy of these physical quantities. We 
shall show that the angular dependence of magneti-
zation, in particular the position of maxima and 
minima are shifted systematically from their ex-

pected positions in a manner consistent with the 
anisotropy of the line energy and line tension. While 
our samples are not pinning free, it will be seen that 

as long as the sense of rotation (clockwise or anti-
clockwise) is not changed, the peak position for the 
applied field Happ  I c are shifted towards lower 
angles while the peak at 0 = IT or Happ II c is almost 
unaffected. The field dependence of these shifts and 
their analysis form a major part of this study. A 
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second part of this study focuses on the hysteresis in 
M(0) on reversal of the sense of rotation and its 
temperature and field dependence. This latter aspect 
is explained in terms of a generalized critical state 
involving the gradients both of the flux density and 
the flux orientation. We show that the reversal of 
sense of rotation has a pronounced effect on the 
M(0) behavior thereafter. This effect of reversal is 
seen to be confined to a limited angular range, 
whereafter the peak positions occur at the same 
intervals, though not at the same positions as on the 
way up. 

At this point we shall elaborate the generalized 
critical state model referred to above. This model 
was developed originally by Boyer et al. [9,10], and 
has been widely used in both experimental and theo-
retical investigations [11-14]. In this picture when a 
hysterectic type-2 material is rotated with respect to 
a magnetic field, the penetration of flux within the 
superconductors occurs in the following way. The 
flux closest to the surface remains aligned along the 
field direction, while deeper within it is tilted away 
from the field and towards the original orientation of 
the sample. Thus with respect to orientation, the flux 
is divided into two regions, (a) a core region which 
lies deeper within the sample and where the flux 
rotates rigidly with the sample, and (b) a shoulder 
region where the flux orientation varies form being 
along the field at the surface to being parallel to the 
core direction at its extremity. Thus in the shoulder 
region there exists a gradient of the flux orientation 
aiii(x)/ax where i/i is the orientation of flux with 
respect to the field at a distance x inside the sample. 

As rotation progresses, the shoulder region ex-
tends inwards until either: 

(a) the flux density B(x) in the shoulder becomes 
zero at some I x I < D/2, where D is the sample 
dimension across which flux is penetrating, while the 
mid-plane of the sample is straddled by the core, or 

(b) the expanding shoulders meet at the mid-plane 
of the sample. 

(a) occurs if the applied field H app < H , the 
penetration field of the sample, while for (b) to 
happen H app H'. Once either of these states is 
reached, the sample is said to be in a quasi-steady 
state defined by a critical angle of rotation O. Fur-
ther rotation of the sample does not bring about any 
change in aig x)/ax. 

It follows from the above that for isotropic mate-
rials and Happ  Z H , rotation beyond k would be 
manifested ,by a constant value of M. For an 
anisotropic material however the region above k 
would also show variation in M as different orienta-
tions of the sample with respect to H produce 
different magnetizations. On the other hand for 
H < H • , where a core of pinned flux persists even 
above 0,, we would observe an in addition a super-
posed cos 0 type contribution from the rigidly rotat-
ing core region on a vibrating sample type mag-
netometer. 

In our context where we have a melt textured 
YBCO sample with bulk pinning and anisotropy, the 
above ideas of the generalized critical state imply 
that on rotation of the sample the flux could not in 
general be aligned along the applied field direction, 
e.g. if the orientation of the sample is at H I c (after 
rotation through 90°), then the flux lines within it 
would be tilted away from this H I c orientation as 
we go in deeper. Since the generalized critical state 
model takes into account flux density as well as flux 
orientation gradients, 

J = J 	 , 

where ell  and e i  are unit vectors parallel and 
perpendicular to the applied field respectively. The 
parallel and perpendicular components of the current 
density are defined as follows [12]: 

J=(B/1.40a0(x)/ax, 

J ,= (— ihoas( x)/ax. 

Both J11  and J are limited by a critical value Jc : 
for J ,> .1,, flux flow will ensue, and Ju  > 
leads to the onset of flux cutting. 

When the sense of rotation is reversed, hysteresis 
will be developed. This has been demonstrated by 
Cave et al. [11]. Essentially the idea is that on 
reversal of the sense of rotation, the original shoulder 
region gets divided into two parts (see Fig. 1). In the 
part close to the surface x < x0, flux has a angular 
gradient in one sense while for x> x0, where the 
changes have not yet propagated, the gradient retains 
the original sense. As the ° reversal is continued the 
new shoulder extends deeper and eventually extends 
over the entire sample. Thus it is obvious that M(0) 
behavior would exhibit hysteresis immediately fol-
lowing reversal of sense of rotation. 
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2. Experimental procedure 

The measurements have been carried out on a 
Y1 Ba2Cu 3  07 _ x  sample grown by the standard melt 
texture procedure. Details of preparation are given in 
Ref. [4]. The dimensions of the sample used were 
a = 3 mm, b = 3 mm and c = 1.8 mm where a, b, c 
refer to the crystalline a, b, c axes respectively. 

The magnetization measurements reported were 
carried out on a vibrating sample magnetometer 
(VSM) which enabled the rotation of he sample 
relative to the applied field. The sample was mostly 
rotated in 5°  or 10°  steps from its initial state and 
corresponding M values were obtained. The accu-
racy of B measurement is 1°. We obtained the data 
on the rotation of the sample under the zero field 
cooled (ZFC) condition and field cooled (FC) condi-
tion. The experimental procedures of these condi-
tions are described in Ref. [4]. 

3. Results 

3.1. Field cooling 

We first describe the data obtained after field 
cooling the sample. The data is shown in Fig. 2 for 
applied fields Happ equal to 23 Oe, 100 Oe and 200 
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Fig. 2. Variation of the field cooled magnetization M with angle 
for applied field parallel to the c-axis H09  = (a) 23 Oe, (b) 100 

ec 	Oe (c) 200 Oe. Data is shown for increasing angles (III) and upon 
reversal of rotation (0). 

D/2 
X 

Fig. 1. Flux orientation profiles 1/1(x) in the generalized critical 
state model for increasing angles (—), and upon reversal of 
rotation ( 	). 

Oe (Happ II c-axis). For the lowest field M(0) varies 
as a cosine function indicating rigidly pinned flux as 
one would expect from the core region. Note that 
there is no indication of a shoulder region at this 
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Fig. 3. Zero field cooled magnetization as a function of angle for 1tapp  parallel to the c-axis equal to (a) 23 0e, (b) 300 Oe, (c) 500 0e, and 

(d) 3 kOe. Filled circles (0) denote the data for increasing angles, and hollow circles (0) are for the data taken on reversal of rotation. 

Solid lines are fits to M = 	cosi° + MB sin2 0). In (a) the data could be fit to this equation for both increasing and decreasing angles. 

In (b) however, a good fit is obtained only for increasing angles. 

field. The data for Hvp = 100 Oe show the hystere-
sis between increasing and decreasing angles in the 
angular region 8 < 90°. The data indicate some de-
pinning of the field cooled flux on initial rotation. 
This appears to be consistent with the observation of 
an initial "transient regime" as discussed in Ref. 
[15], where apparently the magnitudes of the flux in 
the shoulder and core regions .undergo changes be-
fore reaching their steady state values. The core and 
shoulder regions can be identified with the "rota-
tional" and "frictional" components of the flux, BR  
and BF  of Ref. [15]. This comparison will be dis-
cussed in greater detail later. 

The evidence of the development of a shoulder 
region can be seen in this data from the presence of  

the peaks at 300° and 50°. We recall that in the 
absence of pinning, we expect to see peaks at 90° 
and 270° where HaP P is perpendicular to c. The 
emergence of these peaks close to Han  1 c implies 
that the data of Fig. 2 is to be viewed as a superposi-
tion of core and shoulder contributions. The lower 
critical field in the H II  c configuration, 1/01  is 110 
Oe for this sample. At fields larger than this (Ham, = 
200 0e), the depinning is much more pronounced. 
The peaks at 90°, 180° and 270°  are evident, and so 
is the hysteresis on reversal. Thus the core which 
exists due to field cooling is rapidly depleted and the 
variation of M(0) due to the equilibrium magnetiza-
tion becomes dominant. Data taken upto much higher 
cooling fields basically reinforce these conclusions. 
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3.2. Zero field cooling 

The ZFC data on the other hand shows a qualita-
tively different behavior (see Fig. 3). In contrast to 
the field cooled data, there is no evidence of depin-
ning in the low angle regime 0 < 90°. The absence 
of depinning is not surprising considering the com-
paratively elevated temperatures of our study. As 
shown in Ref. [15] the rigidly rotating component of 
the flux decreases strongly with increasing tempera-
tures, so that at the relatively high ambient tempera-
ture of 77 K, it can be considered to be negligible. 
We note that there may exist a "transient regime" at 

< 90°  associated with the development of the ori-
entational gradient of flux in the shoulder region (as 
has been discussed in the introduction). 

For Happ  S 100 Oe, there is almost no hysteresis 
between up and down going data and the peak 
positions are at 90°, 180°, 270°  and 360°. However 
for Happ  > Ho, it begins to be apparent that there is 
pronounced hysteresis between up and down going 
data. This aspect will be discussed later. We note 
that for Happ < 500 Oe, the peaks on the way up 
occur at regular 90°  intervals i.e., at 8 = 90°, 180°  
and 270°. Also that the oscillations are perfectly even 
and harmonic, and can be fit to 

Mc( —(sin2 0 + cos2 0). 

At a field of 500 Oe, the peak position for 
= 90°, 270°  (i.e. in the Han  c orientation) no 

longer occur at these angles. Both the peaks are 
shifted downwards by 10°. The peak for Happ  11 c 
(0 = 180°) still continues to occur at 180°. Thus the 
angular span in going from nominally Happ  11 c orien-
tation to Happ  1 c is reduced to 80°, while the angu-
lar span in going from Happ  1 c orientation to 
Happ  II c increases to 100°. This trend continues sys-
tematically with increasing field. The peak of the 
Happ c orientation is shifted downward by a maxi-
mum of 30° by the time Happ  is equal to 1200 Oe, 
while the Happ II c peak still occurs at 0 = 180°. 
Increasing the field further upto 3 kOe had no effect 
on the peak position. 

As a check to verify that the shift of the peak 
position, as elaborated above, was not dependent on 
the initial state of the sample, we initiated the experi-
ment with 8 = 90°  (instead of the usual case of 

= 0°). We again observed that the shifts in th 
peaks were maximum for the Happ  H ab-planes, an 
minimum for the Happ  11c orientations, as in th 
previous case. The field dependence of the phas 
shifts and the effects of reversal of rotation wer 
very similar to those observed when rotation wa 
initiated at 8 = 0°. 

It is immediately obvious from these data that the 
net orientation of the flux becomes parallel to tht 
ab-planes well before the field has aligned itself ii 
that direction. This tilting of the flux away from the 
field direction becomes as large as 30°. However nc 
such effect occurs when the sample approaches the 
Happ  II c orientation. We explain this behavior in the 
following way. When the sample is rotated towards 
the ab-planes, the mean flux orientation would ide-
ally follow the field. Thus if 0 < 90°, the response 
M would correspond to this angle. However due to 
the anisotropy of the line energy, there is an addi-
tional effect. Since the lines will reduce their self 
energy by aligning themselves along the ab-planes, 
they tend to do so, and become parallel to the 
ab-plane earlier than the sample as a whole. This 
results in the observed peak occurring at 0 < 90°  or 
270°. We note that this is not a torque due to the 
field, because there is no change in the phase shift as 
the field is increased from 1200 Oe to a maximum 
field of 3 kOe. We also observe that it is not a torque 
related to the pinning. Such an effect would be 
manifested in the flux tending to align closer to the 
c-axis along which the pinning is higher. The above 
arguments also explain the larger angular range in 
going from Happ  H ab-planes to H appll c orientations, 
and the 'constancy of the peak at 0 = 180°. As the 
sample is rotated towards the c-axis, the flux has to 
be rotated away from ab-planes. Due to larger val-
ues of line tension in ab-planes, this requires higher 
energy and consequently a larger rotation. There will 
now be no tendency for the flux to align itself 
parallel to c-axis because of the larger self energy in 
this direction. 

We observe that despite the fact that the sample 
has very pronounced hysteresis in the M(H) loops 
indicating the presence of flux pinning, the M(8) 
behavior exhibits a high degree of orientational free-
dom of the flux lines. (Note for example the equality 
of the peaks heights and the line shapes at 8 = 90°  
and 270°  or between 0 = 180°  and 360°). This could 
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occur in two ways: (a) complete absence of pinning, 
or (b) the presence of pinning leading to a shoulder 
in the sense described in the introduction. The flux 
lines in the shoulder are free to adjust themselves 
with respect to the field direction consistent with the 
angular gradient. 

The possibility (a) above, viz. no pinning is ruled 
out not only because of the M(H) loops characteris-
tics mentioned but also because of the hysteresis on 
reversal of sense of rotation. Both these effects 
testify to the existence of flux pinning in our sample. 
Thus our operating picture is one where the pinning 
determines the angular gradient and the anisotropy 
determines the magnitude of the magnetization for 
various orientations. The flux lines in the shoulder 
rotate frictionally with respect to the sample, in the 
terminology of Refs. [15,16], where they are identi-
fied as BF , the "frictional component" of the flux. 

We have also investigated the angular dependence 
of the deviation of M(8) from the low field behavior 
where there is no phase shift. The procedure we 
adopted is as follows. The low field data at Happ  = 
300 Oe was fit to the equation: 

M(0) = —[MA  cos2 0 + M B  sin2 0] 	 (1) 

Here MA  and MB  are the values of M for Happ c 

and Happ ab-planes respectively. A very good fit to 
Eq. (1) was obtained indicating the functional form 
of M(0) for ZFC case where there is no phase shift. 
We next used the obtained M(0) at Happ  = 1000 Oe, 
where there is a pronounced phase shift, and ob-
tained from it the values of MA  and MB  as the 
values at 0 = 180° and 0 = 270° — 8 (where S is the 
shift in the peak). Using these MA  and M B  values, 
magnetization M(0) values were generated accord-
ing to Eq. (1). This would be the form of M(0) if 
there had been no phase shift at this field. We call 
these values Mcalc • We next took the difference 
between the measured magnetization 'M(0) and 

Mcalc 

6'M( 0 ) =M( 0 ) Mcaic(°)• 

This deviation OM(0) is plotted in Fig. 4 for the 
region 0 = 180°  to 270°  and for 0 = 270° to 360°. It 
is clear that the deviations have a maximum around 
230°, i.e. around 40°  away from the direction of 
ab-planes. This variation interestingly enough looks 
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qualitatively similar to the behavior of intrinsic torque 
as a function of angle as described in Ref. [5] 
peaking around 30°-40° from the ab-planes. As 
pointed out by Farrell et al. [17], the detailed behav-
ior of this intrinsic torque with angle depends on the 
degree of anisotropy, with the maximum shifting 
towards 45°  with decreasing anisotropy. 

For the angular region 270°  5 0 5 360°, the peak 
in A M occurred at 300°, and the values of A M are 
negative in this range. This is in contrast to the 
values of A M in the range 180°-270°, where AM = 
M(0) Mcaic > 0. This indicates that I M(0) I < 
Mcaic I, or that the quantity of flux within the sam-

ple is higher at a given angle than the calculated 
value. This latter trend is also reasonable, because 
the region 180° 5 0 5 270° is where the sample is 
being moved towards the orientation Happ ab-
planes. As discussed earlier, flux entry becomes 
easier in this case, and the tilted flux orients itself 
readily along the ab-planes. In comparison the AM 
< 0 behavior for 270°  5 0 5 360°  (i.e. during rota-
tion away from the ab-planes) indicates that there is 
less flux inside the sample than the calculated values. 

3.3. Reversal of rotation 

The differences in the peak positions on the rever-
sal of the sense of rotation are understood to be due 
to the anisotropy of pinning. We show that the effect 
of reversing the sense of rotation (at e.g. 0 = 360°) is 
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to create an additional phase shift in the peak posi-
tions. This effect is completed at most on rotating by 
90°. This is the hysteresis associated with the change 
in the orientation of the flux in the shoulder region, 
as has been discussed in the introduction. It will be 
shown that rotations beyond this angle (•=--- 90°) re-
produce the effects on the way up in the sense of the 
angular span between successive peaks, and the 
changes in the same with applied field. 

As mentioned earlier, the irreversibility in M(0) 
on reversal is observed to occur for HaPP > H . The 
peak for the Happ II  ab-plane orientation becomes 
shifted. This can be seen for example in Fig. 2 
(H

aPP 
= 200 Oe), where the peak in the upgoing path 

is at 0 = 270°. The peak in decreasing angles is now 
at 280°, i.e. it occurs 10°  earlier than the actual 
orientation of the ab-planes along the field direction. 
On subsequent rotation, however, there are no fur-
ther shifts. The peak positions at 0 = 180° and 0 = 
90° also occur shifted by 10°  in the same sense. With 
increasing field the shift on reversal is increased, e.g. 
at Happ=  500 Oe, the peak occurs at 290° (i.e. after 
a 70° rotation from 360°). Since the peak on the way 
up was at 260°, (i.e. already shifted by 10°), the net 
difference in the peak positions is of 30°. We find 
that the angular span in going from Happ  H ab to 
Happ  c (100°), or vice versa (80°) is preserved on 
the reversal, once the initial changes (in the region 
6 = 360°  —> 270°) have been completed. This pattern 
is consistently followed at higher fields. At a field of 
2 kOe, the first peak after reversal occurs after a 
rotation of only 40°. Since the peak on the way up 
was at 240°, this amounts to a net shift of 80° (for 
HaPP ab). The angular span in going from the 
Happ  ab to Happ  c orientation is 120°  both on the 
way up and down, and is equal to 60° for the angular 
path Happ II  c to Happ  II ab. 

Thus the pattern to emerge is that the reversal of 
the sense of rotation alters the response in the region 
360° --0 270°. Thereafter the effects, at least in the 
sense of the angularspan between consecutive peaks, 
are identical to those on the way up. This means that 
the shifts produced by the reversal and the anisotropy 
related effects can be viewed separately. The shift in 
the peaks produced by reversing the sense of rotation 
adds to the shifts produced by the anisotropy of the 
line tension.  

4. Conclusions 

We have shown that the magnetization changes 
on rotation, specifically their deviations from perfect 
harmonicity and reversibility can be divided into two 
parts. The first part originates from the tendency of 
the flux lines to be aligned parallel to the ab-planes, 
and pushes the flux lines to be oriented thus before 
the actual 90° rotation from the c-axis has been 
completed. These deviations have been shown to 
reach a maximum at about 30° from the ab-planes 
and are zero for Have  II c orientation. There exists a 
strong similarity to the behavior of the intrinsic 
torque, suggesting that the peak shifts originate in 
the aforementioned tendency of the flux lines to lie 
parallel to the ab-planes. The second part of the 
behavior relates to the irreversibilities in the M(0) 
curves on reversal of the sense of rotation. We have 
shown that this essentially originates in a region of 
about 90° angular span, where the moments in the 
shoulder region gradually reverse their orientation 
gradient. Once this region is traversed, the subse-
quent maxima and minima occur at the same inter-
vals as in increasing angles. The increase and ulti-
mate saturation of the phase shifts with field, and the 
fact that these are large for Happ  1 c (and vice versa) 
indicate that these shifts are not essentially defined 
by the pinning. 

Our current analysis is in many ways complimen-
tary, and extends the existing picture of M(0) behav-
ior in high 7', materials. Detailed M(0) studies [16] 
have indicated that the magnetization can be divided 
into two parts viz. a frictional part BF , and a rota-
tional part BR. When the sample is rotated, B F  
rotates with the field, while B R  is rigidly fixed and 
rotates with the sample. In zero field cooled samples 
BR  is negligible, while in field cooled samples both 
components are present. It was also concluded it 
Ref. [16] that BF  represents the rotational stead) 
state, and is located in regions adjacent to the stir• 
faces of the sample. It is obvious that our division o 
the flux into a "shoulder" and 'core' region coin 
cides exactly with the description in terms of B F  am 
BR  respectively. This coincidence extends to the 
field and history dependence of the two components 
Our picture however enables one to start from 
more fundamental point, viz. the equations of th 
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generalized critical state, and gives a logical explana-
tion of the existence of these two components. We 
also note that the model we have used is built on the 
existence of a flux line orientation gradient, an im-
portant aspect which has not been stressed in the 
context of high 7; materials. This model can be used 
to analyze the angular gradients of the magnetiza-
tion, and to determine such useful quantities as the 
longitudinal critical current density Jo, and its rela-
tion to the transverse critical current density J„ . 
Some of these aspects will be addressed by us in 
future work. 
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