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Comparison of results of different methods for the analysis of flux creep behavior
in a melt-textured YBa2Cu3O72x sample showing a fishtail effect

M. Reissner and J. Lorenz
Institute of Applied and Technical Physics, Technical University of Vienna, A-1040 Vienna, Austria

~Received 30 December 1996!

Magnetic investigations of the flux creep behavior of a melt-textured YBa2Cu3O72x sample with a pro-
nounced fishtail effect are reported. To get information about the influence of oxygen on the pinning behavior,
the sample was measured before and after a change in oxygen content by annealing. From the time dependence
of the magnetic moment measured at fields of 1, 3, and 5 T and at temperatures between 4 and 72 K, the
current density dependence of the effective activation energy was determined and interpreted in terms of
collective pinning theory. The results are compared with those obtained from the simpler analysis within
Anderson’s flux creep theory, as well as with the results of an analysis in terms of activation energy distribu-
tions. Finally, measurements of the hysteresis loops recorded with different field sweep rates were analyzed
using the ‘‘generalized inversion scheme.’’ The nature of the fishtail is discussed in comparison with existing
models, which try to explain this effect. From all these analyses, a phase diagram for the pinning in the
investigated sample is proposed, which is based on the assumption that two different types of pinning centers
exist, which behave in different ways. Those that dominate in the field and temperature regime where no
fishtail appears may be denoted as ‘‘background’’ pinning centers. They show a three-dimensional behavior
with a change from small-flux-bundle pinning to large-flux-bundle pinning at higher temperatures. The pinning
behavior in this field and temperature regime is not influenced by a change in the oxygen content. In contrast,
the pinning centers that dominate in the field and temperature regime where the fishtail appears have higher
activation energies and show a two-dimensional pinning behavior with a change from single vortex creep to
collective vortex creep with increasing field and temperature. These pinning centers are strongly influenced by
the oxygen content.@S0163-1829~97!09434-4#
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I. INTRODUCTION

One phenomena in flux creep behavior of hig
temperature superconductors~HTSC’s! which still remains
unclear is the appearance of a second peak—beside the
tral peak atH50—in the field dependence of the critic
current densityJc , which is called a ‘‘fishtail’’ and which is
characterized by the fieldsHmin , where the critical curren
starts to rise, andHmax, whereJc reaches a maximum. Thi
fishtail effect can be observed in nearly all kinds of HTSC
and has also been known to appear in low-tempera
superconductors.1 Its appearance seems to be not only ind
pendent of the type of superconductor, but also indepen
of the special type of sample, because it is found in sin
crystals, ceramics, films, grain-oriented, powdered, and m
textured samples. It is also present in under- and overdo
as well as in irradiated samples with point or columnar
fects. Corresponding to the numerous different samples w
fishtails, there are numerous models which try to explain
effect. In the following some of these models, which a
important for the discussion of our results, are briefly
viewed.

The first group of interpretations is based on the assu
tion that the fishtail is caused by inhomogeneities in the o
gen stoichiometry. In the granularity model2 oxygen-
deficient regions are assumed to become normal if
temperature is high enough. These normal regions incre
in number and size with field and temperature. AtHmax,
these regions overlap, such that percolation sets in and l
560163-1829/97/56~10!/6273~15!/$10.00
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to granular behavior. In contrast, the Josephson-junc
model3,4 assumes, that currents between large regions
oxygen-poor material dominate at low fields. AtHmin these
regions start to decouple and aboveHmax they are all inde-
pendent so that the magnetization is dominated by in
regional currents. Another model assumes that the oxyg
deficient regions are microscopically small,2,3,5,6with a lower
Hc2 value than for the fully oxygenated matrix. At low field
the order parameter is only slightly suppressed leading
weak pinning centers, but with increasing field the order
rameter of these regions is much more strongly suppres
than the order parameter of the matrix, thus making th
pinning centers stronger with field. In many papers the infl
ence of changing oxygen content on the fishtail behavio
discussed, but the role of oxygen is not quite clear. In ma
cases a correlation between fishtail and oxygen concentra
is found. For example, in extremely pure~99.999%!
YBa2Cu3O72x ~YBCO! single crystals it was shown that th
fishtail can be reversibly suppressed by full oxygenation
der high pressure.7 There are also hints that not only th
content but also the arrangement of the oxygen defect
important.8,9 On the other hand, the second peak appears
in samples where oxygen defects play no role~e.g.,
YBa2Cu4O8!,

10,11 which leads to the assumption that oth
defects~e.g., impurities or structural defects like dislocatio
or stacking faults or strain fields around such defects! may be
responsible for the fishtail.

In a quite different model, the fishtail is explained by
matching effect.12 Here pinning is maximal due to a match
6273 © 1997 The American Physical Society
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6274 56M. REISSNER AND J. LORENZ
ing of the vortex lattice with the impurity structure. At low
fields the pinning centers are more dense than the vorti
The vortices can move relatively easily, because there
many energetically equivalent positions. At higher fields
vortex distance equals the mean defect spacing and the n
ber of possible sites where the vortex can jump is reduc
which leads to enhanced pinning. AboveHmax the current
decreases because the order parameter is lowered nea
irreversibility line.

A further model takes into account a possible softening
the tilt modulus of the flux-line latticec44. As Brandt13,14

has pointed out, in real superconductors flux lines are usu
pinned by more than one pinning center. In that case a
flux-line lattice can be more strongly pinned than a rigid o
It was shown that phononlike fluctuations may play an i
portant role by leading to a better adaption of the flux-li
lattice to the defect structure.15 In this interpretation the ef-
fect is expected to appear mainly nearHc2 , because in tha
field range the order parameter decreases strongly with fie1

A growing number of authors favor a model where t
increase of the critical current density with field is assum
not to be due to the appearance of field-induced pinn
centers, but caused by some genuine changes in the
pinning properties.10,16–20The evidence for this hypothesis
in many cases a scaling of the bulk pinning force w
temperature,15,21 which points to the existence of only on
single pinning mechanism. In the simple assumption o
static collective creep theory, an increase of the Lark
Ovchinnikov correlation volume22 with field could lead to
fishtail behavior. In that case pinning would become str
ger, because at higher fields the vortex distance is sm
leading to an increased vortex-vortex interaction and to lo
range correlations. Also taking into consideration the stro
time dependence of the magnetic moment, it w
suggested16,23 that the fishtail effect is connected to chang
in the relaxation behavior at higher fields. Whereas the
relaxed current densityJc(t50) decreases smoothly with in
creasing field, the anomalous increase of the relaxed cur
densityJc(t) with field is caused by a lower relaxation rate
higher fields. In that case a minimum in the normalized cre
rate S is expected where the maximum inJc(B) appears,
because both would imply an increased pinning. Some
thors have interpreted the fishtail effect by a dimensio
crossover in the pinning behavior.24–28At low enough fields
three-dimensional~3D! behavior is always expected, whe
the Josephson or magnetic coupling between the 2D vort
in different layers becomes stronger than the intraplane c
pling, which fades out with increasing vortex distance. T
2D behavior in the fishtail regime can be concluded from
field dependence of the critical current density.

Finally, it was also mentioned that defects, like disloc
tions in the flux-line lattice itself, may cause the fisht
effect.19 The elastic interaction between the flux-line latti
and the defect structure below the maximum inJc may
change into a plastic deformation of the flux-line lattice
higher fields, where consequently a saturation of the cur
density is observed.29

Depending on the type and quality of the sample there
quite different possible mechanisms which may produ
fishtails in superconductors. If the sample’s defect struct
is more complex, more than one of these mechanisms
s.
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play a role in the formation of the fishtail. Especially com
plicated is the situation in melt-textured YBCO sampl
where a rich variety of defects are present. Melt-textu
samples consist of a quasisingle crystalline YBa2Cu3O72x

~123! matrix with Y2BaCuO5 ~211! inclusions. The good tex-
ture together with the presence of these 211 particles lea
current densities of more than 104 A/cm2 at 77 K, which is
much higher than in standard bulk material, and wh
makes these samples good canditates for a high curren
plication of high-temperature superconductors.

In this paper we present magnetic flux creep measu
ments on such a melt-textured sample which shows the fi
tail effect. Different methods of analysis are used to get
formation about the pinning behavior. It follows that th
fishtail is related to the oxygen content in the sample, a
that in terms of the collective pinning theory~CPT! the
sample behaves in the field and temperature range wher
fishtail appears in a two-dimensional way, whereas pinn
is three dimensional at lower fields and temperatures.

The paper is organized as follows: in Sec. II experimen
details concerning the preparation and microstructure of
sample and the magnetic measurements are given. In Se
the results of the magnetic measurements are presente
Sec. IV the results of the static and in Sec. V of the dynam
relaxation measurements are analyzed. In Sec. VI the re
are discussed and in Sec. VII conclusions are given.

II. EXPERIMENTAL

A. Sample preparation

A YBCO sample was prepared by the melt-texturi
procedure.30 YBCO powder from Rhoˆne-Poulence was, afte
several heating steps in oxygen with intermediate grindi
pressed to a pellet by 250 MPa and sintered at 900 °C
oxygen. Next the sample was heated for five minutes
1140 °C. During the following cooling~180 °C/h! to
1030 °C, the peritectic decomposition of 123 and 211
cured. Recrystallization of the 123 matrix happened dur
the following slow cooling~1 °C/h! down to 980 °C leading
to well-textured grains of up to 130 mm3. Afterwards the
sample was cooled to 700 °C at 60 °C/h and finally furna
cooled to room temperature. The oxygenation of the sam
took place at 450 and 400 °C, both for 45 h. The volum
fraction of the 211 particles is 18%, and their mean diame
about 5mm. They are homogeneously distributed in the 1
matrix, with density fluctuations, which have a periodicity
about 75mm. Large stresses around the 211 particles co
be identified. Planar defects with a mean spacing of 8mm are
found, which are parallel to theab plane. There are also
short randomly distributed microcracks around the inc
sions. The density of the twins is highest near the 211 p
ticles. The large grains consist of quadratic subgrains w
very clean and crack-free boundaries. The tilting angle of
c axis of these subgrains against the meanc direction scat-
ters around 6 degrees. Details of the microstructure of
sample were published by Diko, Pellerin, and Odier.31 After
carrying out the magnetic measurements, the oxygen con
was increased by annealing the sample in flowing oxygen
10 h at 550 °C, followed by 15 h at 500 °C, and finally 20
at 450 °C. This procedure, called in the following ‘‘reoxy
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56 6275COMPARISON OF RESULTS OF DIFFERENT METHODS . . .
genation,’’ was performed to get information about the infl
ence of the oxygen content on the pinning behavior.

B. Magnetic measurements

dc magnetic measurements were performed with a vib
ing sample magnetometer~PAR 150A! in the temperature
range 1.8–270 K in fields up to 7 T. For these measurem
a rectangular sample witha3b3c53.1131.1631.75 mm3

was prepared from a larger grain. The applied fieldBa was
always parallel to the meanc direction. The superconductin
transition temperatureTc onset was found to increase fro
88 to 89.6 K after the reoxygenation process. The transi
width changed from 1.2 to 1.4 K. The higherTc value indi-
cates an increase in oxygen content after reoxygenation.
relatively low transition temperature before reoxygenation
due to the relatively short oxygenation process dur
sample preparation. Because of this low value a relativ
large change inTc and in the pinning behavior was achieve
by the reoxygenation process. Due to the microcracks in
sample the distribution of the oxygen in the sample was o
large scale homogeneous, both before and after reoxy
ation. This is indicated by the rather small transition wid
After zero-field cooling to 4.2 K and heating the sample
the measuring temperature, hysteresis cycles with a fi
sweep rate of 3.9 mT/s were recorded. At 1, 3, and 5 T the
field sweep was interrupted and the decay of magnetic
ment with time was monitored for at least 30 min. Durin
this relaxation the field was kept constant by switching
superconducting coil into persistent mode.

It has been shown32–34 that the same information abou
the time dependence of the magnetic moment can also
obtained by a ‘‘dynamic’’ method, where hysteresis loo
are recorded with different field sweep rates. This meth
has the advantage that~i! the field sweep does not have to b
stopped for the relaxation measurements—such stop
might ~especially at higher sweep rates! lead to a small over-

FIG. 1. Influence of a change in temperature and oxygen con
on the shape of magnetic hysteresis loops.
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shoot of the field, which in turn leads to large changes in
relaxation behavior—and~ii ! it is not necessary to hold bot
field and temperature constant for a long time as in the c
of the relaxation experiments. For the analysis it is necess
to vary the sweep rate over a large range. However, bec
of the large inductance of the superconducting coil the sw
rate could only be varied in a limited interval. Neverthele
such measurements were performed before reoxygenatio
the sample. Hysteresis loops were recorded at different t
peratures, where a few tenth of a Tesla in advance of 1
and 5 T the sweep rate was reduced in two steps from 3.
2.45 and 0.94 mT/s, and increased again shortly after pas
these field values. This procedure made it possible to de
mine the change of the width of the hysteresis loops w
decreasing sweep rate at 1, 3, and 5 T from one hysteresis
loop. The waiting time after each step was long enough
ensure that the superconducting system could adjust to
new condition. This was checked at 4.2 K, where the th
obtained curves were compared with hysteresis loops, wh
the different sweep rates were hold constant during
whole cycle.

III. RESULTS

The hysteresis loops show a pronounced fishtail effe
which depends both on temperature and oxygen content.
example, in Fig. 1 hysteresis loops recorded at different te
peratures before and after reoxygenation are shown. W

nt

FIG. 2. Characterization of the fishtail by~a! the fieldsBmin and
Bmax and~b! by its relative strengthDM (Bmax)/DM(Bmin) measured
before ~s! and after~h! reoxygenation. Inset: Definition of the
characteristic fieldsBmin andBmax.
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6276 56M. REISSNER AND J. LORENZ
increasing temperature the maximum width of the hyster
shifts to lower fields. After reoxygenation the fishtail is le
pronounced than before. The fishtail is characterized by
fields ~inset, Fig. 2!: Bmin ~denoting the field where the
width of the hysteresis starts to increase! andBmax ~where it
has its maximum!. Both the maximum fieldBmax @Fig. 2~a!#,
as well as the relative strength of the fishtail characterized
the relationDM (Bmax)/DM(Bmin) @Fig. 2~b!#, whereDM is
the width of the hysteresis at the respective field, are redu
after the reoxygenation, whereas the fieldBmin remains un-
changed@Fig. 2~a!#.

Magnetic measurements in low fields show full screen
of the sample up to fields where, in untextured polycrys
line materials, the so-called weak-link hysteresis is usu
found,35,36 indicating that the sample behaves in a nongra
lar way. Therefore the critical current densitiesJc could be
determined by using the Bean formula for rectangul
shaped samples37

Jc~A/cm2!540uM irru/@b~12b/3a!#, ~1!

where M irr is the irreversible part of the magnetizatio
which is obtained fromM irr5M2M rev with M rev5(M↑
2M↓)/2, b the width anda the length of the sample. Be
cause the main planar defects are oriented parallel to
ab plane, they do not disturb the current flow for measu
ments with applied fields parallel to thec direction. For ex-
ample, values of 1.53105 and 2.03104 A/cm2 were ob-
tained for 35 and 70 K at 1 T before reoxygenation. In Fig.
the temperature dependence of the resulting critical cur
density is given. ForH51.5 T, an exponential decrease
Jc is obtained up to 70 K. Practically no influence of th
reoxygenation process is found in this field regime@Fig.
3~b!#. At higher fields a hump in the temperature depende

FIG. 3. Temperature dependence of the critical current den
at different fields in logarithmic representation determined after
~1! ~a! and in linear representation at 1.5 T~b! and 4.5 T~c!. Open
symbols indicate measurements before and closed symbols ind
measurements after reoxygenation.
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appears between;30 and 55 K@Fig. 3~a!#, indicating the
fishtail regime. Due to the less pronounced fishtail,Jc is
slightly reduced after reoxygenation at those high fields@Fig.
3~c!#.

In Fig. 4 the time dependence of the magnetic mom
measured at 5 T for several temperatures before reoxyge
ation is given. Within experimental accuracy, this time d
pendence is logarithmic in time in the investigated time w
dow and allows the determination of a creep ratedM/dlnt.
From the vanishing of this creep rate the irreversibility te
peratureTirr can be estimated. Before reoxygenationTirr
584, 79, and 76 K was found forBa51, 3, and 5 T, respec
tively.

From the normalized creep rateS5(dM/dlnt)Mirr
21 a

mean effective activation energy^E& can be determined us
ing the flux creep theory of Anderson.38,39 At low tempera-
tures a small peak appears in the temperature dependen
S, which shifts to higher temperatures with decreasing fi
~left side of Fig. 5!. After a flat dip S starts to strongly
increase when approaching the irreversibility line. The s
of the strong increase happens at temperatures, where
mean effective activation energy shows a maximum, wh
also shifts to higher temperatures for lower fields~right side
of Fig. 5!. The temperature dependence of the unnormali
creep rate shows a pronounced maximum at low temp
tures~Fig. 6!, which shifts to lower temperatures for highe
fields. Because of the weaker temperature dependence o
critical current density in the melt-textured sample, this sh

ty
.

ate

FIG. 4. Examples of the time dependence of the magnetiza
for the sample measured before reoxygenation at 5 T for selected
temperatures.
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56 6277COMPARISON OF RESULTS OF DIFFERENT METHODS . . .
is smaller than usually found in untextured polycrystalli
YBCO samples.40 At higher temperatures a clear field depe
dent anomaly is visible, which can be related to the fisht
Whereas for 1 T—a field below the onset of the fishtail—t
creep rate is reduced smoothly with increasing temperatu
hump appears at higher fields, which is shifted to lower te
peratures for increasing field~Fig. 6!.

According to Hagen, Griessen, and Salomons41 an activa-
tion energy distributionm(E) can be determined from th
temperature dependence of the unnormalized creep rate
cause this theory takes only thermal activation into acco
the solid lines, which describe the temperature depende
of the unnormalized creep rate, are extrapolated to zero
T50. Within the investigated temperature interval no in
cation for an appearance of quantum creep is obtained.
to the shoulder in the creep rate at higher temperature
broad peak appears in the distribution function at higher
ergies for 3 and 5 T, which is not visible at 1 T~inset, Fig.
6!. The appearance of a second peak indicates that in
fishtail region, not an increased number, but a different t
of pinning centers with higher activation energy dominat
Unlike the oversimplified model of Anderson, which tak
into account only a single mean barrier height, the mode
Hagen, Griessen, and Salomons41 assumes a more realist
distribution of activation energies. However, this model a
has major shortcomings, because it still uses the Ander
Kim ansatz38,39

U5U02uFuVX, ~2!

FIG. 5. Temperature dependence of the normalized creep raS
~left! and the mean effective activation energy^E& determined after
Anderson~Refs. 38 and 39! ~right! at 1, 3, and 5 T measured befo
reoxygenation.
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where a linear relation between effective activation energyU
and true pinning potential heightU0 is assumed to exist.V is
the flux bundle volume andX is the hopping distance. Th
driving force uFu is determined by the applied field and th
field gradient in the sample and is proportional to the curr
densityJ. This linearU(J) relation is very crude, because
implies a V-notch-like pinning potential.42 For physically
more realistic potential shapes, nonlinearU(J) relations are
the consequence. The Anderson-Kim relation is identica
the tangent on the realU(J) curve at that current density
which corresponds to the momentary measur
conditions.42 Therefore large differences may appear b
tween the linearly extrapolatedU0 value and the real pinning
potential barrier height.

As pointed out by Maleyet al.43 the true shape of the
U(J) relation can be determined by the relaxation data.
stead of introducing the linear ansatz Eq.~2! for the effective
activation energy into the solution of the flux diffusion equ
tion, which is for constant field and slab geometry given

4p~dM/dt!5~2HXn0 /d!exp~2U/kT!, ~3!

a rearrangement leads to

U52kT~ lnudM/dtu2C! ~4!

with

C5 ln@HXn0 /~2pd!#, ~5!

wheren0 is the attempt frequency for flux hopping andd the
thickness of the slab. In plotting for different temperatur
U/k versusM irr , which is related toJ via Eq. ~1!, theU(J)
relation can be determined for the different temperatur
The unknown parameterC, which is assumed to be temper
ture independent, is determined by the condition, t

FIG. 6. Temperature dependence of the creep rate determ
from measurements before reoxygenation at 1, 3, and 5 T. In
Activation energy distributions determined after Hagen, Griess
and Salomons~Ref. 41! from the temperature dependence of t
creep rate.
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FIG. 7. Linear and double logarithmic~insets! representation of (U/k)/g over irreversible magnetization, which is directly proportion
to the current density, determined at 1, 3, and 5 T measured before~left! and after~right! reoxygenation.
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all points for the different temperatures have to lie on o
smooth curve. The smoothness can only be reached in
low-temperature region, because at higher temperatur
change in the pinning well height has to be taken into
count. Following a suggestion by Tinkham44 g(T);@1
e
he

a
-

2(T/TK)2# with TK5Tc was used. McHenryet al.45 have ob-
tained better results in using the irreversibility temperat
Tirr instead of the transition temperatureTc , although no
theoretical argument was given for this choice. In Fig. 7
U(J) relations for 1, 3, and 5 T are given, which were ob
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56 6279COMPARISON OF RESULTS OF DIFFERENT METHODS . . .
tained before and after reoxygenation. All curves are ca
lated with C520 and withTK5Tc . Because it is only a
logarithmic correction term, a variation of theC value
changes the obtainedU(J) curves only slightly as shown in
Fig. 8. Also the exchange ofTc by Tirr does not improve the
result.

IV. ANALYSIS OF THE STATIC RELAXATION
MEASUREMENTS

A logarithmic U(J) dependence was proposed from t
analysis of resistivity measurements for a variety of differ
superconductors by Zeldovet al.46 A more general equation
was suggested by Feigel’manet al.47 working from the basis
of the collective pinning theory, where the pinning of ra
domly distributed weak pinning centers is discussed by t
ing the elasticity of the flux-line lattice into account. Th
theory predicts forJ!Jc an inverse power law

U5Uc~Jc /J!m, ~6!

whereUc is the activation energy forJ5Jc . The exponentm
depends upon the dimensionality and upon the particular
creep regime. In the case of three-dimensional~3D! pinning
m51/7, 3/2, and 7/9 are proposed47 for pinning of single
vortices, of small flux bundles~sfb!, and of large flux
bundles~lfb!, respectively. Ifj is smaller than the distance o
the superconducting layers, flux decouples into panca
and two-dimensional~2D! pinning takes place. In that casem
59/8 and 1/2 are proposed48,49 for single vortex~svc! and
collective vortex creep~cvc!, respectively. In a recent paper50

it was shown that in the case ofcvca differentiation in small,
medium, and large bundle pinning leads tom57/4, 13/16,
1/2. An interpolation formula

U5Uc@~Jc /J!m21#, ~7!

FIG. 8. (U/k)/g determined at 3 T before reoxygenation ana
lyzed by using differentC andTK values, as well as different func
tions for the temperature dependenceg(T) of the pinning potential.
-

t

-

x
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which is valid for all J values, was given by Feigel’man
Geshkenbein, and Vinokur.51 In the case ofm521 the
Anderson and ofm50 the Zeldov equation are obtained.

There are two ways of analyzing the experimentally d
termined U(J) curves in terms of the collective pinnin
theory. One is to fit them by Eq.~7!. In this case the fullJ
region can be covered, but in the fitm is constrained to be
independent of the current density. If the system change
pinning behavior with temperature, wrongm values may be
the result of such a fit. This can be checked by fitting t
interpolation formula to different temperature intervals a
by comparing the resultingm values. The other possibility is
to plot lnU over lnJ. According to Eq.~6! m appears as the
slope in such a double logarithmic representation. A poss
change ofm results in a deviation from linearity. Howeve
this method has the disadvantage that it is only applicable
current densities which are much smaller than the criti
current density, a condition which is normally fulfilled i
most of the temperature range, because of the small fi
sweep rate used in the experiment, the true critical curr
density is never reached. The best proof is to fit just
low-temperature regime by the interpolation formula and
compare the resultingm value with the slope at low tempera
tures, which appears in the double logarithmic plot.

In the insets of Fig. 7 the double logarithmic represen
tion of theU(J) relations is shown. For 1 T aline with slope
7/9 fits the data for nearly the whole temperature range. T
corresponds to the pinning of large flux bundles in thr
dimensions. Only at low temperatures a line with stee
slope seems to fit the data better. The validity of this analy
was checked by fitting the interpolation formula to the cur
@solid line in Fig. 9~a!#. Taking into account the whole tem
perature range, a value for the flux creep exponentm of 0.71
is obtained, which confirms the result of the graphical ana
sis. In contrast to the results at 1 T, a strong bending of
U(J) curves for 3 and 5 T isfound in the double logarithmic
representation~insets, Fig. 7!. Now the data are represente
much better by lines with slopes of 9/8 at low and 1/2 at h
temperatures. This corresponds with the two-dimensio
pinning behavior, where the system changes with the te
perature from creep of single vortices~svc! to collective vor-
tex creep~cvc!. The change fromsvcto cvcappears at lower
temperatures for 5 T than for 3 T. A fit of theU(J) relations
at 3 and 5 T after Eq.~7! fails. No single value form was
found which could fit the whole temperature range satisf
torily. But if the U(J) curves are divided into two tempera
ture intervals, which are fitted separately, the samem values
are obtained as in the case of the graphical analysis@Fig.
9~b!#.

A change from 3D behavior of pinning of large flu
bundles at 1 T to single vortex pinning in two dimensions a
3 and 5 T ishard to understand. Therefore the data a
checked in more detail in the following. In Fig. 10 the resu
of the graphical analysis of theU(J) relations are given,
which were performed both in such a way that it was
sumed that the system behaves for all fields and tempera
in a three-dimensional or in a two-dimensional way. T
area outside of the dotted lines indicates those temperat
and fields where no relaxation measurements were car
out. The horizontal bars indicate those temperature interv
where linear dependences in the double logarithmic rep



-
r

e
.

rte
ng
n

th
2D

idth

gy

on

he
at
-
el

ch
ta

re

-
nal
e
ntal

ase

6280 56M. REISSNER AND J. LORENZ
sentation are found, which correspond to distinctm values.
The results clearly indicate that the bars~and thus the corre
sponding temperature regimes! are longer in the 2D case fo
Ba53 and 5 T, whereas for 1 T they are longer for the 3D
case. Also the phase boundaries, which are found if a dim
sional crossover is not accepted~dashed-dotted lines in Fig
10! are contrary to the ones expected from theory,52 where it
is predicted that the system should change from single vo
creep to pinning of small flux bundles and further to pinni
of large flux bundles both with increasing temperature a
field. In view of this analysis one has to conclude that
system changes with increasing field from a 3D to a
behavior.

V. ANALYSIS OF THE DYNAMIC RELAXATION
MEASUREMENTS

Instead of the normalized creep rateS the dynamic relax-
ation rate53

FIG. 9. Examples of fits of theU(J) relations by the interpola-
tion formula Eq.~7! performed at 1 T~a! and 3 T~b! before reoxy-
genation. In contrast to Fig. 7, for better visualization for ea
temperature only one data point, which was taken 100 s after s
ing the relaxation, is shown. At 1 T one uniquem value describes
the full temperature range~16 to 72 K!, whereas at 3 T nosingle fit
was possible. The fit has therefore been performed in two diffe
temperature intervals~above and below 53 K!.
n-

x

d
e

Q5dln Jc /dln~dBa /dt! ~8!

is determined from the sweep rate dependence of the w
of the hysteresis loops. It can be shown thatQ is closely
related toS.54 The change of the effective activation ener
with current density can be written as

U~J!5CgkT ~9!

with Cg; ln@Xn0Ba /d(dBa /dt)#, whered is the slab’s thick-
ness.Cg depends on field and sweep rate, as well as
sample geometry and is related to the constantC used in the
analysis after Maleyet al.43 by

Cg; lnudM/dtu2C. ~10!

Insertion of Eq.~7! into Eq. ~9! and using Eq.~8! for Q
leads, under the assumption that bothUc andm are tempera-
ture independent, to

T/Q5Uc /k1mCgT. ~11!

In a T/Q vs T plot Cg can be determined as the slope in t
low-temperature regime.Uc /k appears as the intersection
T50. Schnacket al.55 showed thatCg can also be deter
mined without the assumption of a specific pinning mod
like the collective pinning theory Eq.~7!, if it is assumed that

rt-

nt

FIG. 10. Analysis of theU(J) curves of Fig. 7 in terms of the
collective pinning theory~CPT! under the assumption that the pin
ning is in the full temperature and field range three-dimensio
~left! or two-dimensional~right!. The dotted lines indicate the rang
in which relaxation measurements were performed. The horizo
bars indicate those temperatures where a givenm value fits the
U(J) curves quite well. The dashed-dotted lines indicate the ph
boundaries.
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the current density and the explicit temperature depende
of the activation energy can be separated according to

U~J,T;Ba!5h~T;Ba! f ~J/Jct!. ~12!

Jct is the true critical current density for which the activatio
energy vanishes and which is—like the apparent critical c
rent densityJc , which is determined from experiment afte
Eq. ~1!—also a function of bothT andBa . With this general
ansatz it is possible to show,55 thatCg appears as the slope
T50 in a 2dln Jc /dlnT vs Q/T plot. A further assumption
in the model is that the temperature dependence of the c
acteristic pinning energy is related to the true critical curr
density by a power law
-
d

fo
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Uc}Jct~T;Ba!p, ~13!

where the exponentp depends, like the flux creep expone
m in Eqs. ~6!, ~7!, on both dimensionality and flux cree
regime. A consideration56 of the current dependence of th
pinning potential leads top values of 1 (1/2), 21/2
(23/2), and 0(21/2) for single vortex, small bundle, an
large bundle pinning in 2D~3D!, respectively.

In the ‘‘generalized inversion scheme’’~GIS! the true
critical current densityJct can be determined from the tem
perature dependence of both the dynamic relaxation ratQ
and the apparent critical current densityJc . With Eqs. ~9!
and ~12! the temperature dependence ofJc is given by
n Eq.

.
dence
Jct~T!5Jc~0!exp E
0

T CgQ~T8!~12dlnG~T8!/dlnT8!1dlnJc /dlnT8

11pCgQ~T8!

dT8

T8
, ~14!

whereG(T)5(11t2) l(12t2)m with t5T/Tc . l andm are determined by the temperature dependence of the prefactor i
~13! which relatesUc to Jct

p . Besidep, which fixes the parametersl andm, all quantities on the right-hand side of Eq.~14!
are obtained from the experiment. The selection of the free parameterp for physically relevant results is discussed below

Technically the integral in Eq.~14! is approximated by a summation allowing the calculation of the temperature depen
of Jct by the recursion formula

Jct~Ti11!5Jct~Ti!exp
ln@Jc~Ti11!/Jc~Ti!#1Cg/2$ ln~Ti11 /Ti!2ln@G~Ti11!/G~Ti!#%@Q~Ti11!1Q~Ti!#

110.5pCg@Q~Ti 11!1Q~Ti !#
~15!
rate

ord-

es
used
t of
for given p andCg values.
One problem is that one has to find the valueJct for the

starting temperatureT0 , which is usually the lowest tem
perature reached in the experiment. It can be determine
solving the integral Eq.~14! in the limits 0 toT0 . In order to
do this it is necessary to find appropriate extrapolations
both Q(T) and Jc(T) for this low-temperature range. Ac
cording to Eq.~11! Q(T) can be approximated by a linea
extrapolation ofT/Q down to T50. In contrast to this, the
simple linear extrapolation of lnJc to zero temperature is in
contradiction to the collective pinning theory. Therefore
parabolic function obtained from integration of a linear e
trapolation ofdlnJc /dT betweenT50 andT0 was used as
proposed by Wen et al.56 For T50 one obtains
dlnJc /dTuT5052kCg /Uc . Therefore with the knowledge o
Cg andUc the temperature dependence ofJc can be evalu-
ated. Together with the extrapolatedQ(T) values Eq.~14!
can be solved to getJct at T0 . With this value the tempera
ture dependence ofJct in the temperature range where e
perimental data forQ andJc exist is calculated by using Eq
~15! for different p values. The curves obtained are th
discussed in relation to their physical relevance in orde
get the correctp value and the dominant pinning regime.

Because the field sweep rate could be varied only b
factor;4 in the experiment, the precision of the obtainedQ
values was not high enough@Fig. 11~a!# to determineCg
with the necessary accuracy directly from the slope at
temperatures in thedlnJc /dT vs Q plots, as proposed in th
GIS. Therefore a different method of determining the corr
p value and the dominant pinning regime was followed
starting the analysis with Eq.~11!. In Fig. 11~b!, an example
by

r

-

o

a

t

FIG. 11. ~a! Temperature dependence of the dynamic creep
for a field sweep rate of 3.9 mT/s measured at 3 T before reoxy-
genation. The low-temperature part of the line is calculated acc
ing to Eq. ~11!. ~b! Temperature dependence ofT/Q. According
to Eq.~11! the slope on the low-temperature part of this curve giv
mCg . The shaded area indicates the range of lines, which are
as possible linear approximations of this low-temperature par
the curve.
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of the temperature dependence ofT/Q is given for 3 T. The
shaded area indicates the range which can be used to
proximate the low-temperature part within the experimen
accuracy. The decrease ofT/Q at high temperatures, whic
is due to thermal depinning, is ignored. The possible val
for mCg and Uc /k are restricted by the conditionsUc.0
and Cg.C. For each of these pairsJct(T) was determined
according to the aforementioned inversion scheme for
different pinning regimes characterized both by specificm
andp values.T0528 K was chosen for the starting temper
ture. For a givenm value the constantCg follows from the
chosen value formCg . Together with the correspondingUc
value the temperature dependence of the apparent cr
current densityJc below T0 was determined. At zero tem
perature the true and the apparent critical current dens
are equal. A further limitation for the value ofCg follows
from the exclusion of unreasonable highJct values obtained
from the extrapolation procedure. Within these restrictio
Jct(T) was determined not only for the differentp but also
for different Cg values.

If the reasonable range is restricted forCg to values be-
tween 20 and 30 and forJct(0) to values below 1
3107 A/cm2, the analysis shows that only two solutions c
be found. These are 3D pinning of large flux bundles and
pinning of medium flux bundles~Fig. 12!. In the first caseJct
becomes lower thanJc for T.52 K, which is only possible
in the flux-flow regime aboveTirr . The second case is mor
reasonable, becauseJct becomes zero at about 73 K a tem-
perature very close toTirr . The curves in Fig. 12 are calcu
lated withCg527, which was finally assumed to be the mo
reasonable value. According to Eq.~9! Cg is given by
(U/k)T, which can be extracted directly from the data
Fig. 7 before applying the correction functiong(T). Such an
estimation givesCg;27 for 3 T. Similar results are obtaine
by analyzing the 1 T data. For 5 T the scatter in theQ(T)
data is too large to make such an analysis meaningful. Th
fore no statement concerning field dependence can be g
within this type of analysis.

FIG. 12. Temperature dependence of the true critical cur
densityJct obtained by means of the generalized inversion sche
~GIS! for 3D creep of large flux bundles~lfb! and from 2D pinning
of medium flux bundles~mfb! together with the measured induce
current densityJc . The lines indicate the low-temperature extrap
lations as described in the text.
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Nevertheless the analysis in terms of the GIS, like
analysis after Maleyet al.,43 points to 2D rather than to 3D
pinning at high fields for the investigated sample. Wherea
variation inCg leads to a relative large change inJct(0), the
shape ofJct(T) and the temperature whereJct becomes zero
are not strongly influenced as shown in Fig 13. Therefor
change inCg will not alter the conclusions concerning th
dimensionality of the pinning.

VI. DISCUSSION

The change from 3D to 2D behavior follows mainly fro
the analysis of theU(J) curves by inspecting deviation
from linearity in a double logarithmic representation.
many cases it was shown that such analysis gives physic
reliable results. For example, in melt-textured YBC
samples which show 2D behavior because of strongly
duced oxygen content,57 for Baic the 2D character is visible
in the strong curvature of theU(J) relation, whereas for
Baiab, where the vortices are parallel to the CuO2 planes
and therefore are not decoupled into pancakes, theU(J)
curves are straight lines with a slope of;0.78 which corre-
sponds to the expected 3D pinning of large flux bundles. T
only problem in such an analysis is that the rangeJ;Jc is
excluded. But usually for temperatures higher than 10
such an analysis works well. This is comprehensible,
cause the true critical current densityJct is about four times
larger than the apparent critical current densityJc as shown
in Fig. 12. Inclusion of the high-J regime is made possible
by fitting the interpolation formula Eq.~7! to theU(J) data.
But in this casem is kept constant in the temperature regim
regarded in the analysis. A change in pinning behavior
therefore hardly be determined. In this case the obtainem
values are always only mean values, averaged over all
ning regimes present in the investigated temperature inter
The same problem arises in the analysis of the data wi
the generalized inversion scheme. Here the exponent w

nt
e

FIG. 13. Temperature dependence of the apparent critical
rent densityJc and of the true critical current densityJct obtained
by means of the generalized inversion scheme~GIS! for 2D creep
of medium flux bundles calculated for different values of the p
rameterCg . Whereas the value ofJct(T50) is strongly changed by
the different values ofCg , the shape and the temperature whereJct

becomes zero are relatively insensitive to this variation inCg .
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56 6283COMPARISON OF RESULTS OF DIFFERENT METHODS . . .
is characteristic for a given flux creep regime is an inp
parameter for the analysis, which does not depend on t
perature. Therefore the result can also only be regarded
mean value over the investigated temperature range. Bec
in most of the investigated temperature intervals 2D beha
with a change fromsvc to cvc and only in the low-
temperature regime 3D pinning is obtained, it is not un
pected that the only meaningfulJct(T) curve obtained from
the analysis within the GIS gives 2D pinning of medium
sized flux bundles.

A problem in both the analysis after Maleyet al.43 and in
terms of the GIS~Ref. 55! is the correct choice of the pa
rametersC andCg , respectively.C was estimated to be 2
62 for the present sample. A comparison of this value w
those reported in literature shows that a value of 20 is r
tively high. Kung et al.58 found a value of about 16 for a
melt-powder-melt-growth~MPMG! YBCO sample of com-
parable size but little lowerJc values.C518 was used to
analyze another melt-texture-growth~MTG! YBCO
compound.59 Lower values are found for single crystals.60

Also for Cg which has to be larger thanC according to Eq.
~10!, values are usually reported below 20~Refs. 56 and 61!
in the case of thin films. But if the oxygen content in su
films is reduced, an increase ofCg up to 24 can be
observed.61 If defects like oxygen vacancies62 or irradiation
damages63 are introduced into the sample a strong incre
of C was found. Furthermore van der Beeket al.64 have
shown thatC can be written within the flux-flow model o
Bardeen and Stephen asC; ln(2rnBJ/Bc2m0d), wherern is
the normal-state resistivity. According to this equation
higher value forC is expected for a sample with highe
critical current density. Taking into account that our sam
has a higher disorder because of the complex pinning st
ture, relatively high critical current density, and reduced o
gen content, the obtainedC value is at an upper limit but no
unbelievably high. Fortunately a variation of bothC andCg
does not seriously influence the result concerning the de
mination of flux creep regimes as discussed in Figs. 8
13.

A further problem is choosing the correct temperature
pendence of the pinning potential which is taken into acco
by the functiong(T). Although there are some suggestio
how this function should look, it is, however, not universal65

Tinkham44 has shown that in a Ginzburg-Landau treatm
from the temperature dependence of the condensation
ergy, the coherence length and the flux-line-lattice spac
nearTc a (12t)3/2, and at lower temperatures, a much flat
(12t2) dependence is expected. Ossandonet al.62 have pro-
posed a (12t2)3/2 dependence, which is a combination
both relations. Whereas (12t2) should be the first choice, i
often only leads to good results if int5T/TK for TK the
irreversibility temperatureTirr is used instead of the theore
ical expected transition temperatureTc .45,58A very thorough
investigation of theg(T) function was carried out by Kung
et al.,58 where they determined the correction factor for ea
temperature from the condition that adjacent temperatu
should fit together as smoothly as possible. These fac
were then fitted by a function@12(T/TK)2#m, where values
for m between 0.8 and 4.5 were obtained. Especially
those samples which show a fishtail effect, extreme val
for m were obtained, which cannot be explained theor
cally. Such analysis always has the disadvantage that
t
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sible changes in theU(J) characteristics, which may b
caused by a change in the pinning regime, could be ov
looked when they are taken only as changes ofg(T). There-
fore we have decided not to determineg(T) point by point
but to choose a given function. In our case, because the
to-medium temperature range is essential for the analysis
function (12t2) was chosen witht5T/Tc . Within our mea-
suring accuracy no improvement is found ifTc is replaced by
Tirr ~Fig. 8!.

In Fig. 14~a! the phase diagram is given, which was o
tained from the analysis of the thus determinedU(J) rela-
tions ~Figs. 7 and 9!. It is characterized by a line, below
which the system behaves in a three-dimensional way
above which it behaves in a two-dimensional way. Belo

FIG. 14. ~a! Phase diagram obtained from the analysis of
U(J) curves~Fig. 7! in terms of collective pinning theory. At fields
and temperatures outside of the fishtail regime a change from
pinning of small flux bundles~3D sfb! to pinning of large flux
bundles~3D lfb! with increasing field and temperature is obtaine
At fields and temperatures where the fishtail appears a change
2D pinning of single vortices~2D svc! to collective pinning of
pancakes~2D cvc! with increasing temperature is observed.~b!
Fishtail regime characterized by the field where the fishtail start
appear (Bmin) and where it shows its maximum (Bmax). ~c! Field
dependence of the maximum in the normalized creep rateSmax and
of the mean effective activation energy^E&max determined after
Anderson~Refs. 38, 39!. The area outside of the dotted lines ind
cates those fields and temperatures where no relaxation mea
ments were performed. Results of the analysis of the measurem
performed before~after! the reoxygenation process are shown
dashed~solid! lines.
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6284 56M. REISSNER AND J. LORENZ
this line a change from pinning of small flux bundles
pinning of large flux bundles with increasing temperature
obtained. This behavior is in agreement with theoreti
propositions52 and with the experimental results obtain
from the analysis of fully oxygenated melt-textured samp
which show no fishtail effect.57 At higher fields and tempera
tures a change from two-dimensional pinning of single p
cakes to collective pinning of two-dimensional vortices
obtained. This is the regime where the fishtail is present
comparison of this phase diagram with the one obtained f
the analysis of the field dependence of the critical curr
density@Figs. 2 and 14~b!# indicates that the line which sepa
rates the 2D from the 3D regime is identical toBmin(T),
which defines the onset of the fishtail. The fieldBmax, which
describes the maximum of the fishtail, is in the region wh
the change fromsvcto cvc in two dimensions is found. After
reoxygenation the lineBmax(T) shifts in the same direction a
the border between 2Dsvcand 2Dcvc. The changes in pin-
ning behavior are also visible in the results of the relativ
simple analysis in terms of single barrier height model@Fig.
14~c!#.

In the following, the possible reasons for the obtain
change in dimensionality of the pinning is discussed. Suc
change from 3D to 2D pinning behavior should appear if
elastic shear energy within the planes becomes equal to
tilt energy between the planes. In that case theory66 predicts
Hcr;f0g22s22 for the crossover field, whereg is the an-
isotropy constant ands the distance of the CuO2 planes. A
decrease ofHcr with increasing anisotropy is expected fro
this equation. For example, such a crossover was foun
the high anisotropic material Tl2201,26 in Bi2212 single
crystals,24 in some exotic organic superconductors,25 and in
oxygen-reduced YBCO samples.27,28,57,67,68According to the
above equation a crossover field of a few Tesla would
quire an anisotropy ratio between 10 and 20. For YBCO w
only small oxygen reduction this is of course high, but n
impossible.

Another aspect is that in such a model, whereBmin is
assumed to be correlated with a 3D to 2D transition in
pinning of the same type of pinning centers, the decreas
Jc aboveBmax is caused simply by the usual weakening
pinning, due to the suppression of the global order param
by approaching the irreversibility line.6 This suggests that th
temperature dependence ofBmax should be equal to the tem
perature dependence of the irreversibility field. Inde
sometimes for the temperature dependence ofBmax, which
can be written asBmax;B0 (12t)n with t5T/Tc, an expo-
nent of n53/2 is found, which resembles the temperatu
dependence of the irreversibility line. In contrast, in o
sample the exponent changes with the temperature. For
peratures below 40 K~47 K! a value forn of 1/2 (1/2) and
for higher temperatures of 1 (3/2) is obtained before~after!
reoxygenation. A correlation ofBmax with the irreversibility
line does not appear to be the case. It is more reliable
Bmax is not accidentally in the same field and temperat
range where the change from 2Dsvcto 2D cvcappears~Fig.
14!, but is casually coupled to this change in pinning beh
ior.

Furthermore, if a change in the relation of inter- to intr
plane coupling of vortices would be the explanation of t
found 3D to 2D crossover in our sample, the change in p
s
l

s

-

A
m
t

e

y

d
a

e
he

in

-
h
t

e
of
f
er

,

e
r
m-

at
e

-

-

-

ning should also be visible in the field dependence of
U(J) relations. Whereas pinning of large bundles in 3
should lead to aH23 dependence,16,69 pinning by planar de-
fects like twins70 or 123-211 interfaces71 would lead to
H20.5. Such field scaling for all temperatures could not
found in our sample. Only between 3 and 5 T attemperatures
higher than 50 K is aH20.5 scaling obtained. This is the
region aboveBmax and ^E&max where 2Dcvc is dominant
~Fig. 14!. A similar failure of field scaling of theU(J)
curves in MPMG-YBCO samples with fishtail was report
by Kung et al.58

Out of the many possible explanations about the rea
for the fishtail discussed in the introduction, most can now
ruled out. If the fishtail is caused by a matching effect, t
maximum inJc should be at that field where the flux-line
lattice spacing equals the mean defect distanced, which can
be estimated from the matching fieldBm;f0 /d2. Bm ,
which should be identical with the maximum fieldBmax, lies
between 2 and 5 T. This leads to a mean defect spacin
about 30 to 60 nm, a dimension much lower than most of
characteristic defect lengths identified in the microstructu
analysis. Only the spacing of twins around the 211 partic
where their density is much higher than in the undisturb
123 matrix, becomes lower than 1mm. From the microstruc-
tural analysis it was further concluded that around the 2
inclusions large stresses are present.31 These stresses ar
highly inhomogeneous and maximal at the 123-211 int
faces. Tensile stresses in thec direction up to 290 MPa and
between 50 and 100 MPa in theab plane are obtained. Ther
are further shear stresses in thec direction of about 160
MPa. It has been argued that the large strain fields toge
with the positional disordered regions around the 211 p
ticles in melt-textured YBCO samples lead to a high dis
cation density. A density of 1010 cm22 as found in similar
melt-textured samples72 corresponds to a mean distance
about 100 nm, which would also be in the correct order
magnitude. But in the case of matching, the fishtail is e
pected to be both independent of temperature and oxy
content, which is contrary to the findings in our sample.

The role of oxygen defects in the appearance of the fi
tail was investigated by the reoxygenation process. In
collective pinning theory the critical current density is pr
portional to some power of the density of the pinning ce
ters. If the pinning centers are oxygen vacanciesJc should be
reduced after the reoxygenation process. The reduction iJc
which correspond to a reduction in the width of the hyst
esis loops is clearly visible in the fishtail regime~Fig. 1!. But
belowBmin(T) the width and thereforeJc are not changed by
the reduction in the number of oxygen defects.

This points to the existence of two different types of pi
ning centers, one responsible for the fishtail and related
the oxygen content, and one insensitive to the reoxygena
process and dominating the field and temperature region
side of the fishtail regime. The absence of field scaling
U(J) for all temperatures may also be an indication of t
existence of different pinning mechanisms caused by dif
ent types of pinning centers in the sample.

The existence of two types of pinning centers is a
found in the analysis of the relaxation measurements in te
of activation energy distributions~inset, Fig. 6!. Whereas at
1 T only one peak is found in the distribution function,
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56 6285COMPARISON OF RESULTS OF DIFFERENT METHODS . . .
second peak at higher temperatures appears for 3 and
Although the value of the energy where the second p
appears cannot be taken as a representative one for the
pinning potential well height because of the crude assu
tions ~e.g., the linear Anderson-Kim ansatz for the ener
current relation! which are underlaid to such type of analys
a comparison of the relative strengths and statements
cerning relative changes of activation energies with temp
ture and field are usually correct.73–79

Further evidence of two different pinning centers follow
from the analysis of the dynamic relaxation rates in terms
the GIS. If the fishtail is only a dynamic effect and n
caused by a dimensional crossover or by the existenc
other pinning centers, it should be visible only inJc and not
in the true critical current densityJct .

80 Interestingly the
hump which appears in the temperature dependence o
apparent critical current densityJc ~Fig. 3! at higher fields is
also visible in the temperature dependence of the true cri
current densityJct ~Fig. 12!.

The background pinning—dominant in the field and te
perature range before the fishtail sets in—is also expecte
change with oxygen content~a strong increase in the numb
of oxygen defects also induces a 2D pinni
character57,67,68!. The alteration in oxygen content during th
reoxygenation process is, however, too low to make
change visible. This background pinning behaves as usu
YBCO in a 3D way, but in contrast to findings in YBCO
samples without a fishtail, where often single vortex cree
found, a change from small- to large-flux-bundle pinni
takes place when field and/or temperature are increased.
crossover field from single vortex pinning to small-flu
bundle pinning Bsb is determined by the conditionLc
5a0g21, wherea05(f0 /Bsb)

1/2 is the average distance be
tween the vortices.Lc is thec axis correlation length andg is
the anisotropy parameter. In pure YBCO films the crosso
field was estimated to be;2 T.61 In our sample the anisot
ropy parameterg is much higher due to a much higher di
order. Therefore for a given correlation lengthLc a lower
transition fieldBsb is to be expected. Because our lowe
field for the relaxation measurements was 1 T, it is not s
prising that a single vortex regime could not be detected

In contrast to the background pinning the pinning cent
responsible for the fishtail are influenced more strongly b
change in oxygen content. It should be mentioned that
only the change in content, but also the arrangement of
oxygen defects may be important for the appearance of
fishtail.8,9 Reduction in the number of oxygen defects r
re

J.
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duces the fishtail. These pinning centers behave in a 2D w
This can be concluded from the analysis of theU(J) curves
in terms of collective pinning theory, from theH20.5 depen-
dence of theU(J) curves at high temperatures, and also fro
the determination of the temperature dependence of the
critical current density. In the activation energy distributio
the peak which corresponds to these pinning centers app
at higher energies than the background-pinning peak.

The consequence of the higher energy together with
flatter field dependence ofU(J), in comparison to the one
for the background pinning, is the appearance of the fish
These pinning centers seem to be some kind of planar de
This is in agreement with the fact that a field scaling ofH20.5

is predicted both in the case of twin boundary pinning70 as
well as pinning at the 123-211 interface,71 which are both
planar defects. Finally, it should be mentioned that San
umengeet al.81 published a very detailed investigation of th
microstructure in melt-textured samples with a fishtail effe
where they found indications for such planar oxygen defe

VII. CONCLUSIONS

Magnetic hysteresis and flux creep investigations on
melt-textured YBCO sample showing a fishtail effect we
performed before and after changing the oxygen content.
measurements were analyzed in terms of the classical
creep theory from Anderson, in terms of activation ener
distributions as well as by analyzing the hysteresis loo
recorded with different field sweep rates within the gener
ized inversion scheme. Within the collective pinning theo
the existence of two different types of pinning centers can
found. One is dominant in the low-field regime and is as
ciated with usual 3D behavior. A change from small-
large-flux-bundle pinning is obtained when temperature a
field are increased; no influence of a small change in oxy
content could be observed. The other pinning centers do
nate at higher fields and temperatures where the fishtail
pears. These are planar defects with higher activation e
gies. They are strongly influenced by changing oxyg
content and show a 2D pinning behavior.
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ported by ÖNB Grant No. 4678.
, H.
E.

nd
1A. M. Campbell and J. E. Evetts, Adv. Phys.21, 199 ~1972!.
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