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Comparison of results of different methods for the analysis of flux creep behavior
in a melt-textured YBa,Cu30,_, sample showing a fishtail effect
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Magnetic investigations of the flux creep behavior of a melt-textured,€B#,_, 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, 2 &l 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 conten{S0163-18207)09434-4

[. INTRODUCTION to granular behavior. In contrast, the Josephson-junction
modef* assumes, that currents between large regions of
One phenomena in flux creep behavior of high-oxygen-poor material dominate at low fields. A, these
temperature superconductold TSC'’s) which still remains  regions start to decouple and abddg,,, they are all inde-
unclear is the appearance of a second peak—Dbeside the cgrendent so that the magnetization is dominated by intra-
tral peak atH=0—in the field dependence of the critical regional currents. Another model assumes that the oxygen-
current densityl,, which is called a “fishtail” and which is  deficient regions are microscopically snaft>®with a lower
characterized by the fieldd,, where the critical current H, value than for the fully oxygenated matrix. At low fields
starts to rise, an#fl ., WhereJ; reaches a maximum. This the order parameter is only slightly suppressed leading to
fishtail effect can be observed in nearly all kinds of HTSC’sweak pinning centers, but with increasing field the order pa-
and has also been known to appear in low-temperatureameter of these regions is much more strongly suppressed
superconductorslts appearance seems to be not only indethan the order parameter of the matrix, thus making these
pendent of the type of superconductor, but also independeminning centers stronger with field. In many papers the influ-
of the special type of sample, because it is found in singleence of changing oxygen content on the fishtail behavior is
crystals, ceramics, films, grain-oriented, powdered, and melidiscussed, but the role of oxygen is not quite clear. In many
textured samples. It is also present in under- and overdopezhses a correlation between fishtail and oxygen concentration
as well as in irradiated samples with point or columnar dedis found. For example, in extremely puré9.999%
fects. Corresponding to the numerous different samples witlyBa,Cu;O,_, (YBCO) single crystals it was shown that the
fishtails, there are numerous models which try to explain thidishtail can be reversibly suppressed by full oxygenation un-
effect. In the following some of these models, which areder high pressuré.There are also hints that not only the
important for the discussion of our results, are briefly re-content but also the arrangement of the oxygen defects is
viewed. important®® On the other hand, the second peak appears also
The first group of interpretations is based on the assumpn samples where oxygen defects play no rdeg.,
tion that the fishtail is caused by inhomogeneities in the oxyYBa,Cu,0Og),'%* which leads to the assumption that other
gen stoichiometry. In the granularity moflebxygen-  defects(e.g., impurities or structural defects like dislocations
deficient regions are assumed to become normal if ther stacking faults or strain fields around such defectay be
temperature is high enough. These normal regions increasesponsible for the fishtail.
in number and size with field and temperature. B ., In a quite different model, the fishtail is explained by a
these regions overlap, such that percolation sets in and leadsatching effect? Here pinning is maximal due to a match-
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ing of the vortex lattice with the impurity structure. At low play a role in the formation of the fishtail. Especially com-
fields the pinning centers are more dense than the vorticeplicated is the situation in melt-textured YBCO samples
The vortices can move relatively easily, because there arehere a rich variety of defects are present. Melt-textured
many energetically equivalent positions. At higher fields thesamples consist of a quasisingle crystalline ¥YBa&O,_,
vortex distance equals the mean defect spacing and the nurft23) matrix with Y,BaCuQ, (211) inclusions. The good tex-
ber of possible sites where the vortex can jump is reducedure together with the presence of these 211 particles lead to
which leads to enhanced pinning. Abotk,,, the current current densities of more than 4®/cm? at 77 K, which is
decreases because the order parameter is lowered near thech higher than in standard bulk material, and which

irreversibility line. makes these samples good canditates for a high current ap-
A further model takes into account a possible softening oplication of high-temperature superconductors.
the tilt modulus of the flux-line lattice,,. As Brandt34 In this paper we present magnetic flux creep measure-

has pointed out, in real superconductors flux lines are usualljnents on such a melt-textured sample which shows the fish-
pinned by more than one pinning center. In that case a sotgil effect. Different methods of analysis are used to get in-
flux-line lattice can be more strongly pinned than a rigid oneformation about the pinning behavior. It follows that the
It was shown that phononlike fluctuations may play an im-fishtail is related to the oxygen content in the sample, and
portant role by leading to a better adaption of the flux-linethat in terms of the collective pinning theolCPT) the
lattice to the defect structuré.In this interpretation the ef- sample behaves in the field and temperature range where the
fect is expected to appear mainly nédy,, because in that fishtail appears in a two-dimensional way, whereas pinning
field range the order parameter decreases strongly with'fieldis three dimensional at lower fields and temperatures.

A growing number of authors favor a model where the ~The paper is organized as follows: in Sec. Il experimental
increase of the critical current density with field is assumecdetails concerning the preparation and microstructure of the
not to be due to the appearance of field-induced pinninggample and the magnetic measurements are given. In Sec. 1l

centers, but caused by some genuine changes in the fluihe results of the magnetic measurements are presented. In
pinning properties®*6-2°The evidence for this hypothesis is Sec. IV the results of the static and in Sec. V of the dynamic

in many cases a scaling of the bulk pinning force withrelaxation measurements are analyzed. In Sec. VI the results
temperaturé>?! which points to the existence of only one are discussed and in Sec. VIl conclusions are given.
single pinning mechanism. In the simple assumption of a
static collective creep theory, an increase of the Larkin-
Ovchinnikov correlation volunfé with field could lead to Il. EXPERIMENTAL
fishtail behavior. In that case pinning would become stron-
ger, because at higher fields the vortex distance is smaller
leading to an increased vortex-vortex interaction and to long- A YBCO sample was prepared by the melt-texturing
range correlations. Also taking into consideration the strongrocedure® YBCO powder from Rhne-Poulence was, after
time dependence of the magnetic moment, it wasseveral heating steps in oxygen with intermediate grinding,
suggestetf > that the fishtail effect is connected to changespressed to a pellet by 250 MPa and sintered at 900 °C in
in the relaxation behavior at higher fields. Whereas the unexygen. Next the sample was heated for five minutes to
relaxed current density.(t=0) decreases smoothly with in- 1140 °C. During the following cooling(180 °C/hH to
creasing field, the anomalous increase of the relaxed curredD30 °C, the peritectic decomposition of 123 and 211 oc-
densityJ.(t) with field is caused by a lower relaxation rate at cured. Recrystallization of the 123 matrix happened during
higher fields. In that case a minimum in the normalized creephe following slow cooling(1 °C/h down to 980 °C leading
rate S is expected where the maximum ih(B) appears, to well-textured grains of up to 130 nimAfterwards the
because both would imply an increased pinning. Some ausample was cooled to 700 °C at 60 °C/h and finally furnace
thors have interpreted the fishtail effect by a dimensionatooled to room temperature. The oxygenation of the sample
crossover in the pinning behavitt-2 At low enough fields took place at 450 and 400 °C, both for 45 h. The volume
three-dimensiona(3D) behavior is always expected, when fraction of the 211 particles is 18%, and their mean diameter
the Josephson or magnetic coupling between the 2D vorticeabout 5um. They are homogeneously distributed in the 123
in different layers becomes stronger than the intraplane coumatrix, with density fluctuations, which have a periodicity of
pling, which fades out with increasing vortex distance. Theabout 75um. Large stresses around the 211 particles could
2D behavior in the fishtail regime can be concluded from thebe identified. Planar defects with a mean spacing @frBare
field dependence of the critical current density. found, which are parallel to thab plane. There are also
Finally, it was also mentioned that defects, like disloca-short randomly distributed microcracks around the inclu-
tions in the flux-line lattice itself, may cause the fishtail sions. The density of the twins is highest near the 211 par-
effect!® The elastic interaction between the flux-line lattice ticles. The large grains consist of quadratic subgrains with
and the defect structure below the maximumJgn may  very clean and crack-free boundaries. The tilting angle of the
change into a plastic deformation of the flux-line lattice atc axis of these subgrains against the meagiirection scat-
higher fields, where consequently a saturation of the currerters around 6 degrees. Details of the microstructure of this
density is observetf. sample were published by Diko, Pellerin, and OdfeAfter
Depending on the type and quality of the sample there arearrying out the magnetic measurements, the oxygen content
quite different possible mechanisms which may producevas increased by annealing the sample in flowing oxygen for
fishtails in superconductors. If the sample’s defect structurd0 h at 550 °C, followed by 15 h at 500 °C, and finally 20 h
is more complex, more than one of these mechanisms maat 450 °C. This procedure, called in the following “reoxy-

A. Sample preparation
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FIG. 1. Influence of a change in temperature and oxygen content <1ar
on the shape of magnetic hysteresis loops.
genation,” was performed to get information about the influ- : . ' Io 7'0 slo
ence of the oxygen content on the pinning behavior. 30 40 59|-(K)6
B. Magnetic measurements FIG. 2. Characterization of the fishtail l¢g) the fieldsB,y;, and

dc magnetic measurements were performed with a vibratSmaxand(b) by its relative strengtih M (B )/ AM(Byin) measured
ing sample magnetometéPAR 150A in the temperature before (O_) gnd_ after(dJ) reoxygenation. Inset: Definition of the
range 1.8—270 K in fields up to 7 T. For these measuremenfd'2racteristic fieldSmi, and By
a rectangular sample withx bx c=3.11x1.16x 1.75 mn?
was prepared from a larger grain. The applied fBldwas
always parallel to the meandirection. The superconducting
transition temperatur@ . onset was found to increase from
88 to 89.6 K after the reoxygenation process. The transitio

shoot of the field, which in turn leads to large changes in the
relaxation behavior—an(i) it is not necessary to hold both
field and temperature constant for a long time as in the case
|%)f the relaxation experiments. For the analysis it is necessary
to vary the sweep rate over a large range. However, because

width changed from 1.2 to 1.4 K. The high&g value indi- of the larae inductance of the superconducting coil the swee
cates an increase in oxygen content after reoxygenation. Thé g€ indu L up nducting col weep
rate could only be varied in a limited interval. Nevertheless,

relatively low transition temperature before reoxygenation is

due to the relatively short oxygenation process durin such measurements were performed before reoxygenation of
!

sample preparation. Because of this low value a relative he sample. Hysteresis loops were recorded at different tem-
large change i and in the pinning behavior was achieved ﬁ;atsu;_efﬁewgvsgi arz\g @Z?Te%fuiezeiﬂmg 2?evin?rirgf31§ ?o
by the reoxygenation process. Due to the microcracks in th P . in sh Ip f "~
sample the distribution of the oxygen in the sample was on 45 and 0.94 mT/s, a_nd increased again shortly after passing
large scale homogeneous, both before and after reoxygeﬂj.ese field values. This prqcedure made it pos_s|ble to de_ter—
ation. This is indicated by the rather small transition width, IN€ the change of the width of the hysteresis loops with

After zero-field cooling to 4.2 K and heating the sample todecreasmg sweep .rate at 1, 3dah T from one hysteresis
' !]oop. The waiting time after each step was long enough to

ensure that the superconducting system could adjust to the
sweep rate of 3.9 mT/s were recorded. At 1, 3] &nT the new condition. This was checked at 4.2 K, where the thus

field sweep was interrupted and the decay of magnetic rno6btained curves were compared with hysteresis loops, where
ment with time was monitored for at least 30 min. During P y PS,

this relaxation the field was kept constant by switching thethe different sweep rates were hold constant during the

superconducting coil into persistent mode. whole cycle.

It has been show®~3*that the same information about
the time dependence of the magnetic moment can also be . RESULTS
obtained by a “dynamic” method, where hysteresis loops
are recorded with different field sweep rates. This method The hysteresis loops show a pronounced fishtail effect,
has the advantage th@j the field sweep does not have to be which depends both on temperature and oxygen content. For
stopped for the relaxation measurements—such stoppingxample, in Fig. 1 hysteresis loops recorded at different tem-
might (especially at higher sweep ratdsad to a small over- peratures before and after reoxygenation are shown. With
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FIG. 3. Temperature dependence of the critical current density 2250 A AA / 6K -
at different fields in logarithmic representation determined after Eq. u mEs
(1) (& and in linear representation at 1.5) and 4.5 T(c). Open -300 L 4.2K |
symbols indicate measurements before and closed symbols indicate ....../
measurements after reoxygenation. ’ : : : :
4 5 6 7 8
increasing temperature the maximum width of the hysteresis In(s)

shifts to lower fields. After reoxygenation the fishtail is less

pronounced than before. The fishtail is characterized by two F!G- 4. Examples of the time dependence of the magnetization

fields (inset, Fig. 2. By, (denoting the field where the for the sample measured before reoxygenatioh & for selected

width of the hysteresis starts to increpa@dB,,,, (where jt ~ emperatures.

has its maximurn Both the maximum field . [Fig. 2(@)],

as well as the relative strength of the fishtail characterized bgppears betweer 30 and 55 K[Fig. 3(@)], indicating the

the relationAM (B a0/ AM(Bnmin) [Fig. 2(b)], whereAM is  fishtail regime. Due to the less pronounced fishtajl,is

the width of the hysteresis at the respective field, are reduceslightly reduced after reoxygenation at those high fi¢klg.

after the reoxygenation, whereas the fi8g;, remains un-  3(c)].

changedFig. 2@)]. In Fig. 4 the time dependence of the magnetic moment
Magnetic measurements in low fields show full screeningmeasured a5 T for several temperatures before reoxygen-

of the sample up to fields where, in untextured polycrystal-ation is given. Within experimental accuracy, this time de-

line materials, the so-called weak-link hysteresis is usuallypendence is logarithmic in time in the investigated time win-

found**indicating that the sample behaves in a nongranudow and allows the determination of a creep raid/dInt.

lar way. Therefore the critical current densitigscould be  From the vanishing of this creep rate the irreversibility tem-

determined by using the Bean formula for rectangularperatureT;, can be estimated. Before reoxygenatidp

shaped samplés =84, 79, and 76 K was found f@,=1, 3, and 5 T, respec-
tively.
Jo(Alcm?) =40/M . |/[b(1—b/3a)], (1) From the normalized creep rat8=(dM/dInt)M;.* a

mean effective activation enerd@¥) can be determined us-
where M, is the irreversible part of the magnetization, ing the flux creep theory of Andersdh®® At low tempera-
which is obtained fromM;,=M—M, with M ,=(M7 tures a small peak appears in the temperature dependence of
—M)/2, b the width anda the length of the sample. Be- S, which shifts to higher temperatures with decreasing field
cause the main planar defects are oriented parallel to th@eft side of Fig. 5. After a flat dip S starts to strongly
ab plane, they do not disturb the current flow for measure-increase when approaching the irreversibility line. The start
ments with applied fields parallel to tledirection. For ex- of the strong increase happens at temperatures, where the
ample, values of 1.810° and 2.0<10* Alcm? were ob- mean effective activation energy shows a maximum, which
tained for 35 and 70 Ktal T before reoxygenation. In Fig. 3 also shifts to higher temperatures for lower fie{dght side
the temperature dependence of the resulting critical currerdf Fig. 5). The temperature dependence of the unnormalized
density is given. FoH=1.5T, an exponential decrease of creep rate shows a pronounced maximum at low tempera-
J. is obtained up to 70 K. Practically no influence of the tures(Fig. 6), which shifts to lower temperatures for higher
reoxygenation process is found in this field regiffég. fields. Because of the weaker temperature dependence of the
3(b)]. At higher fields a hump in the temperature dependenceritical current density in the melt-textured sample, this shift
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FIG. 6. Temperature dependence of the creep rate determined
; ' ; from measurements before reoxygenation at 1, 3, and 5 T. Inset:
20 40 60 20 40 60 Activation energy distributions determined after Hagen, Griessen,
T(K) T(K) and SalomongRef. 41 from the temperature dependence of the

creep rate.
FIG. 5. Temperature dependence of the normalized cree(srate
(left) and the mean effective activation enexgg) determined after where a linear relation between effective activation enéigy
Anderson(Refs. 38 and 38(right) at 1, 3, and 5 T measured before and true pinning potential height, is assumed to exisV/ is
reoxygenation. the flux bundle volume anX is the hopping distance. The
driving force|F| is determined by the applied field and the
is smaller than usually found in untextured polycrystallinefield gradient in the sample and is proportional to the current
YBCO sampleé? At higher temperatures a clear field depen-densityJ. This linearU(J) relation is very crude, because it
dent anomaly is visible, which can be related to the fishtailimplies a V-notch-like pinning potential® For physically
Whereas for 1 T—a field below the onset of the fishtail—themore realistic potential shapes, nonlinésJ) relations are
creep rate is reduced smoothly with increasing temperature,t8e consequence. The Anderson-Kim relation is identical to
hump appears at higher fields, which is shifted to lower temthe tangent on the reaJ(J) curve at that current density,
peratures for increasing fiel@Fig. 6). which  corresponds to the momentary measuring
According to Hagen, Griessen, and Salonfoms activa- conditions*? Therefore large differences may appear be-
tion energy distributiorm(E) can be determined from the tween the linearly extrapolatddl, value and the real pinning
temperature dependence of the unnormalized creep rate. Beotential barrier height.
cause this theory takes only thermal activation into account, As pointed out by Maleyet al*® the true shape of the
the solid lines, which describe the temperature dependendé(J) relation can be determined by the relaxation data. In-
of the unnormalized creep rate, are extrapolated to zero fagtead of introducing the linear ansatz E2). for the effective
T=0. Within the investigated temperature interval no indi- activation energy into the solution of the flux diffusion equa-
cation for an appearance of quantum creep is obtained. DUén, which is for constant field and slab geometry given by
to the shoulder in the creep rate at higher temperatures, a
broad peak appears in the distribution function at higher en- 4m(dM/dt) =(2HXw,/d)exp(—U/KT), )
ergies for 3 and 5 T, which is not visible at l(ihset, Flg a rearrangement leads to
6). The appearance of a second peak indicates that in the
fishtail region, not an increased number, but a different type U=—kT(In|jdM/dt|—C) 4
of pinning centers with higher activation energy dominates. .
Unlike the oversimplified model of Anderson, which takesw'th
into account only a single mean barrier height, the model of _
Hagen, Griessen, and Salombnhassumes a more realistic C=In[HXvo/(2md)], ©
distribution of activation energies. However, this model alsowherev, is the attempt frequency for flux hopping addhe
has major shortcomings, because it still uses the Andersorthickness of the slab. In plotting for different temperatures
Kim ansatz®°%° U/k versusM,,, which is related td) via Eq. (1), the U(J)
relation can be determined for the different temperatures.
The unknown paramet&®, which is assumed to be tempera-
U=Uy—|F|VX, (2)  ture independent, is determined by the condition, that
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FIG. 7. Linear and double logarithmiinsets representation ofl{/k)/g over irreversible magnetization, which is directly proportional

(U/k)/g(TH(K)

(U/K)/g(T)(K)

(U/k)/g(T)(K)

6000

5000

4000

3000

2000

1000

6000

5000

4000

. 3000

2000

1000

6000

5000

4000

3000

2000

1000

M. REISSNER AND J. LORENZ

7/9

-400 -600

M (emu/cm3)
irr

-1200

InIM_ 1
irr

3T 18K 45K 11k 8K 6K ]
1 " 1 1 1 X 1 L
0 -500 -1000 -1500 -2000
M‘r (emu/cm3)
nr
T T ¥ 1 T
| T T T T T T i
8| .
.72K| - 9/8
5 c°r 172 1
TS | 1 ]
5 6 7 8 9
niM_ | ]
ire
34K ]
32K
27K
L ST 18K13K 11K 9K g Agk |
6K 4.2K
L H I 1 L 1 1 i 1 i
0 -500 -1000 -1500 -2000

M. (emu/cm3)
r

T T T T T v T T T
T T T
9+ 4
8000 _ i
78K
e 719
E st 4
" 5
6000 - 74K 2 ]
o =
< L E7f .
E
(=]
X" 4000 1 N \ -
= “¥66K 2 4 6
=<
2 InIM__| ]
58K irr
52K
2000 - 47K -
43K oo
1T 0K
o ——
0 1 I 1 I i
0 -100 -200 -300 -400 -500
Mm(emu/cmS)
7000 — T
6000 |-l 74K
| £
5000 | 5
3
= | 2
X 4000 | z
e L
2
S 3000
=<
3 -
2000
1000 |
——— |
0 1 i n 1 1 1 I 1 ’
0 -200 -400 -600 -800 -1000 -1200 -1400
Mm(emu/cm3)
T T T é T
74K 8l
6000 |- .
(=AE AR
2
3 =
—_ Sef
< g
= 4000 |- 5L
>
=
< F 0
2
2000 |- 4
3 31K
30K 16K 12K gK 4.2K
0 1 n 1 1 1 r 1 S

-1000

M. (emu/cm3)
It

to the current density, determined at 1, 3d& T measured befor@eft) and after(right) reoxygenation.

-1500

-2000

all points for the different temperatures have to lie on one—(T/T,)?] with T,=T, was used. McHenrgt al*® have ob-

smooth curve. The smoothness can only be reached in thgined better results in using the irreversibility temperature

low-temperature region, because at higher temperatures . instead of the transition temperatufe, although no

change in the pinning well height has to be taken into acyhegretical argument was given for this choice. In Fig. 7 the

count. Following a suggestion by Tinkh&mg(T)~[1

Iri

U(J) relations for 1, 3, ath 5 T are given, which were ob-
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which is valid for all J values, was given by Feigel'man,
Geshkenbein, and Vinokdt. In the case ofu=—1 the
Anderson and ofu=0 the Zeldov equation are obtained.
There are two ways of analyzing the experimentally de-
termined U(J) curves in terms of the collective pinning
- theory. One is to fit them by Ed7). In this case the full
region can be covered, but in the fitis constrained to be
independent of the current density. If the system changes its
pinning behavior with temperature, wropgvalues may be
the result of such a fit. This can be checked by fitting the
interpolation formula to different temperature intervals and

©
T
VO OT

6 1 . . P

a —o— C=209(T) =[1-(T/T)% by comparing the resulting values. The other possibility is

b —o— C=20g(M=[1- (VT to plot InU over InJ. According to Eq.(6) u appears as the
5F € —&—C=30g(M=[1-(TT)] . slope in such a double logarithmic representation. A possible

d = C=20gM=[1-(TT )" change ofu results in a deviation from linearity. However,
this method has the disadvantage that it is only applicable for
current densities which are much smaller than the critical
current density, a condition which is normally fulfilled in
IniMil most of the temperature range, because of the small field
sweep rate used in the experiment, the true critical current
FIG. 8. (U/k)/g determined &3 T before reoxygenation ana- density is never reached. The best proof is to fit just the
Iyzed by using differen€ and T values, as well as _different fqnc' low-temperature regime by the interpolation formula and to
tions for the temperature dependeiggd) of the pinning potential. compare the resulting value with the slope at low tempera-
tures, which appears in the double logarithmic plot.
tained before and after reoxygenation. All curves are calcu- |n the insets of Fig. 7 the double logarithmic representa-
lated with C=20 and withTx=T.. Because it is only a tion of theU(J) relations is shown. Fdl T aline with slope
logarithmic correction term, a variation of th€ value  7/9 fits the data for nearly the whole temperature range. This
changes the obtaindd(J) curves only slightly as shown in  corresponds to the pinning of large flux bundles in three
Fig. 8. Also the exchange df; by T;, does not improve the dimensions. Only at low temperatures a line with steeper
result. slope seems to fit the data better. The validity of this analysis
was checked by fitting the interpolation formula to the curve
[solid line in Fig. 9a)]. Taking into account the whole tem-
perature range, a value for the flux creep exponeaf 0.71
is obtained, which confirms the result of the graphical analy-
A logarithmic U(J) dependence was proposed from thesis. In contrast to the results at 1 T, a strong bending of the
analysis of resistivity measurements for a variety of differentJ(J) curves for 3 ad 5 T isfound in the double logarithmic
superconductors by Zeldaat al*® A more general equation representatioriinsets, Fig. 7. Now the data are represented
was suggested by Feigel'man al*” working from the basis much better by lines with slopes of 9/8 at low and 1/2 at high
of the collective pinning theory, where the pinning of ran- temperatures. This corresponds with the two-dimensional
domly distributed weak pinning centers is discussed by takpinning behavior, where the system changes with the tem-
ing the elasticity of the flux-line lattice into account. This perature from creep of single vorticés/g to collective vor-
theory predicts fod<J. an inverse power law tex creep(cvg. The change fronsvcto cvcappears at lower
temperatures fo5 T than for 3 T. A fit of theU(J) relations
6) at 3 and 5 T after Eq(7) fails. No single value fo was
found which could fit the whole temperature range satisfac-
torily. But if the U(J) curves are divided into two tempera-

whereU, is the activation energy fal=J.. The exponeng ; : :
depends upon the dimensionality and upon the particular ﬂutéurree gggi\r/]aelj’ :;h'iﬁhtﬁ;e ggtsid gfe ?ﬁéa;?g’b;:lzlsmés
creep regime. In the case of three-dimensidal) pinning 9(b)]

w=1/7, 3/2, and 7/9 are propos€dor pinning of single
vortices, of small flux bundlegsfb), and of large flux
bundles(lfb), respectively. I is smaller than the distance of
the superconducting layers, flux decouples into pancake
and two-dimensionalD) pinning takes place. In that cage
=9/8 and 1/2 are propos&d® for single vortex(svg and
collective vortex creefcvo), respectively. In a recent paper

it was shown that in the case ofca differentiation in small,
medium, and large bundle pinning leads ge-7/4, 13/16,
1/2. An interpolation formula

IV. ANALYSIS OF THE STATIC RELAXATION
MEASUREMENTS

U=Uc(J:/I)*,

A change from 3D behavior of pinning of large flux
bundles &1 T to single vortex pinning in two dimensions at
3 and 5 T ishard to understand. Therefore the data are
Thecked in more detalil in the following. In Fig. 10 the results
of the graphical analysis of th&(J) relations are given,
which were performed both in such a way that it was as-
sumed that the system behaves for all fields and temperatures
in a three-dimensional or in a two-dimensional way. The
area outside of the dotted lines indicates those temperatures
and fields where no relaxation measurements were carried
out. The horizontal bars indicate those temperature intervals,
U=U, (I /I)*—1], (7)  where linear dependences in the double logarithmic repre-



6280 M. REISSNER AND J. LORENZ 56

L L before reoxygenation
7 T L T T T T L) T T T T T T L
5000 [~ -
6} 3D 4 2D i
4000 [ - __5fs \— R
< Sl a2\ 79 Lt s N2 ]
= i a4 . .
L_/3000— sl - \ \_ .
2 [ ] o ] | :
X 2000 | - S : N ; :
= . : . | :
- - 1r : T —_— -
1000 [~ -1 0 1 1 L 1 1 Il Il 1 1 [l Il 1 1 1
I 10 20 30 40 50 60 70 10 20 30 40 50 60 70
ol i T(K) T(K)
P T T T TR T after reoxygenation
0 200 400 600 800 1000 L L A T T T T
-Mm(emu/cm3) or 3D T 2D i
LA B T R b
4T 82 79 T .
6000 - . & | /' Lol /8 W2
3} — . —_— D e— ) =
B 2+ / '.: + / 4
o o/ S
& 4000 | - !
£ i 10 20 30 40 50 60 70 10 20 30 40 50 60 70
2 T(K) T(K)
R4
S 2000 - . o
= FIG. 10. Analysis of thdJ(J) curves of Fig. 7 in terms of the
I . collective pinning theoryCPT) under the assumption that the pin-
ning is in the full temperature and field range three-dimensional
o - (left) or two-dimensionalright). The dotted lines indicate the range
1 1 1 ] 1 ] 1 ] in which relaxation measurements were performed. The horizontal
0 500 1000 1500 bars indicate those temperatures where a giuewmalue fits the
-Mirr(emU/Cm3) U(J) curves quite well. The dashed-dotted lines indicate the phase
boundaries.

FIG. 9. Examples of fits of th&J(J) relations by the interpola-
tion formula Eq.(7) performed at 1 Ta) and 3 T(b) before reoxy- Q=dIn J./dIn(dB,/dt) (8)

genation. In contrast to Fig. 7, for better visualization for each. . .
. : s determined from the sweep rate dependence of the width
temperature only one data point, which was taken 100 s after star{-

ing the relaxation, is shown.tAL T one uniqueu value describes of the hySIEXeS'S loops. It can be Shf_""’” tm_atls_closely
the full temperature rangé.6 to 72 K), whereas &3 T nosingle fit re_lated toS. The_ change of the effective activation energy
was possible. The fit has therefore been performed in two differentVith current density can be written as
temperature interval&@bove and below 53 K

p @ K U(J)=CkT 9

sentation are found, which correspond to distipctalues. . _ .

The results clearly indicate that the baéemd thus the corre- With Cg~In[XwoB,/d(dB,/dy)], whered is the slab’s thick-
sponding temperature regimeare longer in the 2D case for Ness.Cy depends on field and sweep rate, as well as on
B,=3 and 5 T, whereas fal T they are longer for the 3D sample geometry and is related to the cons@nised in the
case. Also the phase boundaries, which are found if a dimernalysis after Malegt al*® by

sional crossover is not acceptéaihshed-dotted lines in Fig.

10) are contrary to the ones expected from theBnyghere it Cy~In[dM/dt|—C. (10

is predicted that the system should change from single vorte . . .

creep to pinning of small flux bundles and further to pinningr<nsertlon of Eq.(7) into Eq. (9) and using Eq(8) for Q
of large flux bundles both with increasing temperature and€2ds, under the assumption that bothand ». are tempera-
field. In view of this analysis one has to conclude that thefure independent, to

system changes with increasing field from a 3D to a 2D

behavior. T/IQ=U_/k+ uCqT. (11

InaT/Q vsT plot Cy can be determined as the slope in the
low-temperature regimelJ . /k appears as the intersection at
T=0. Schnacket al>® showed thatC, can also be deter-
Instead of the normalized creep r&d¢he dynamic relax- mined without the assumption of a specific pinning model
ation raté® like the collective pinning theory Eq7), if it is assumed that

V. ANALYSIS OF THE DYNAMIC RELAXATION
MEASUREMENTS
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the current density and the explicit temperature dependence U J(T;Ba)P, (13)
of the activation energy can be separated according to

oo\ . where the exponerg depends, like the flux creep exponent
U(J,T:Ba) =h(T:Ba) T (I Jey). (12 m in Eqgs. (6), (7), on both dimensionality and flux creep
J.. is the true critical current density for which the activation regime. A consideratiofi of the current dependence of the
energy vanishes and which is—like the apparent critical curpinning potential leads top values of 1 (1/2), —1/2
rent densityl., which is determined from experiment after (—3/2), and 0¢ 1/2) for single vortex, small bundle, and
Eg. (1)—also a function of botil andB, . With this general large bundle pinning in 203D), respectively.
ansatz it is possible to ShO%Ihath appears as the slope at  In the “generalized inversion scheme(GIS) the true
T=0 in a—dIn J./dInT vs Q/T plot. A further assumption critical current densityl.; can be determined from the tem-
in the model is that the temperature dependence of the chaperature dependence of both the dynamic relaxation @ate
acteristic pinning energy is related to the true critical curreniand the apparent critical current density. With Egs. (9)
density by a power law and(12) the temperature dependencelgfis given by

T CQ(T')(1—dING(T")/dInT') +dInd./dInT’ dT’

‘JCI(T):‘JC(O)eXp 0 l+ngQ(T,) T

(14)

whereG(T)=(1+1t?)'(1—t?)™ with t=T/T,. | andm are determined by the temperature dependence of the prefactor in Eq.

(13) which relatesU, to J%,. Besidep, which fixes the parametetsandm, all quantities on the right-hand side of Ed4)

are obtained from the experiment. The selection of the free paramdterphysically relevant results is discussed below.
Technically the integral in Eq14) is approximated by a summation allowing the calculation of the temperature dependence

of J.; by the recursion formula

IN[Je(Ti+ DT ]+ Co/ 2 IN(Ti+1/Ti) — IN[G(Ti+ /G(TH HQ(Ti )+ Q(TH)]
1+0.50C,[Q(Ti11) +Q(T)]

Jel(Tir1)=J(Ti)Eexp (15

for givenp andCg values.

One problem is that one has to find the vallye for the
starting temperaturd,, which is usually the lowest tem- 015 | a i
perature reached in the experiment. It can be determined by )
solving the integral Eq(14) in the limits 0 toT,. In order to
do this it is necessary to find appropriate extrapolations for ¥ 010 3T ]
both Q(T) and J.(T) for this low-temperature range. Ac- i i
cording to Eq.(11) Q(T) can be approximated by a linear 0.05 |- N
extrapolation ofT/Q down to T=0. In contrast to this, the - ]
simple linear extrapolation of I3, to zero temperature is in e+t
contradiction to the collective pinning theory. Therefore a 2000 b
parabolic function obtained from integration of a linear ex- 5
trapolation ofdInJ./dT betweenT=0 and T, was used as —~1500
proposed by Wenetal® For T=0 one obtains < L 3T .
dind./dTir_o=—kCy/U,. Therefore with the knowledge of P 1000 } -
Cy andU, the temperature dependenceJgfcan be evalu- = - [
ated. Together with the extrapolat€{T) values Eq.(14) 500 "
can be solved to gel;; at To. With this value the tempera- [ | | | | l L]
ture dependence af;; in the temperature range where ex- ' ' ' ! ! ' '
perimental data fo@ andJ, exist is calculated by using Eg. 1020 30 40 50 60 70
(15 for different p values. The curves obtained are then T(K)
discussed in relation to their physical relevance in order to
get the correcp value and the dominant pinning regime.

Because the field sweep rate could be varied only by a FIG. 11. (a

factor~4 in the e>§periment, th_e precision of the O?tai@d for a field sweep rate of 3.9 mT/s measured3al before reoxy-
vglues was not high e”OU@ﬂF'Q- 11@)] to determlnng genation. The low-temperature part of the line is calculated accord-
with the necessary accuracy directly from the slope at loWng to Eq.(11). (b) Temperature dependence BQ. According

temperatures in thdinJ./dT vs Q plots, as proposed in the to Eq.(11) the slope on the low-temperature part of this curve gives
GIS. Therefore a different method of determining the COITeCl.C, . The shaded area indicates the range of lines, which are used

p value and the dominant pinning regime was followed byas possible linear approximations of this low-temperature part of
starting the analysis with E@11). In Fig. 11(b), an example the curve.

Temperature dependence of the dynamic creep rate
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FIG. 12. Temperature dependence of the true critical current FIG. 13. Temperature dependence of the apparent critical cur-
densityJ.; obtained by means of the generalized inversion schemeent densityJ, and of the true critical current densifl, obtained
(GIS) for 3D creep of large flux bundle$b) and from 2D pinning by means of the generalized inversion schef@ts) for 2D creep
of medium flux bundlegsmfb) together with the measured induced of medium flux bundles calculated for different values of the pa-
current densityl... The lines indicate the low-temperature extrapo- rameterC, . Whereas the value df,(T=0) is strongly changed by
lations as described in the text. the different values o€, the shape and the temperature whige

o becomes zero are relatively insensitive to this variatio@ jn
of the temperature dependenceTdf) is given for 3 T. The

shaded area indicates the range which can be used to ap- Neyertheless the analysis in terms of the GIS, like the
proximate the low-temperature part within the experimentalna|ysis after Malewt al,* points to 2D rather than to 3D
accuracy. The decrease BfQ at high temperatures, which hinning at high fields for the investigated sample. Whereas a
is due to thermal depinning, is ignored. The possible valueggyiation inC, leads to a relative large changedg(0), the

for uCq and U./k are restricted by the conditionls.>0  ghape of),,(T) and the temperature whedg, becomes zero
andC,>C. For each of these paick,(T) was determined gre not strongly influenced as shown in Fig 13. Therefore a
according to the aforementioned inversion scheme for th%hange inC, will not alter the conclusions concerning the

different pinning regimes characterized both by spegific  gimensjonality of the pinning.
andp values.T,=28 K was chosen for the starting tempera-
ture. For a givernu value the constant, follows from the
chosen value fouCy. Together with the corresponding,
value the temperature dependence of the apparent critical The change from 3D to 2D behavior follows mainly from
current densityd, below T, was determined. At zero tem- the analysis of thdJ(J) curves by inspecting deviations
perature the true and the apparent critical current densitiBom linearity in a double logarithmic representation. In
are equal. A further limitation for the value @, follows  many cases it was shown that such analysis gives physically
from the exclusion of unreasonable high values obtained reliable results. For example, in melt-textured YBCO
from the extrapolation procedure. Within these restrictionssamples which show 2D behavior because of strongly re-
Jo(T) was determined not only for the differeptbut also  duced oxygen contenf,for B,lic the 2D character is visible
for differentCg values. in the strong curvature of th&(J) relation, whereas for

If the reasonable range is restricted oy to values be- B,llab, where the vortices are parallel to the Gu@anes
tween 20 and 30 and fod(0) to values below 1 and therefore are not decoupled into pancakes, (&)
X 10" Alcm?, the analysis shows that only two solutions cancurves are straight lines with a slope .78 which corre-
be found. These are 3D pinning of large flux bundles and 2Csponds to the expected 3D pinning of large flux bundles. The
pinning of medium flux bundleg~ig. 12. In the first casd.;  only problem in such an analysis is that the radgel, is
becomes lower thad, for T>52 K, which is only possible excluded. But usually for temperatures higher than 10 K
in the flux-flow regime abov@&;,. The second case is more such an analysis works well. This is comprehensible, be-
reasonable, becausg; becomes zero at abouB K a tem-  cause the true critical current densily; is about four times
perature very close td,,. The curves in Fig. 12 are calcu- larger than the apparent critical current densityas shown
lated withCy= 27, which was finally assumed to be the mostin Fig. 12. Inclusion of the higld-regime is made possible
reasonable value. According to E() Cq is given by by fitting the interpolation formula Ed7) to theU(J) data.
(U/K)T, which can be extracted directly from the data in But in this caseu is kept constant in the temperature regime
Fig. 7 before applying the correction functigfT). Such an  regarded in the analysis. A change in pinning behavior can
estimation give€~ 27 for 3 T. Similar results are obtained therefore hardly be determined. In this case the obtaped
by analyzing tle 1 T data. Fo5 T the scatter in th&(T) values are always only mean values, averaged over all pin-
data is too large to make such an analysis meaningful. Theratng regimes present in the investigated temperature interval.
fore no statement concerning field dependence can be givekhe same problem arises in the analysis of the data within
within this type of analysis. the generalized inversion scheme. Here the exponent which

VI. DISCUSSION
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is characteristic for a given flux creep regime is an input — T
parameter for the analysis, which does not depend on tem-
perature. Therefore the result can also only be regarded as a
mean value over the investigated temperature range. Because
in most of the investigated temperature intervals 2D behavior
with a change fromsvc to cvc and only in the low-
temperature regime 3D pinning is obtained, it is not unex-
pected that the only meaningfdl,(T) curve obtained from

the analysis within the GIS gives 2D pinning of medium-
sized flux bundles.

A problem in both the analysis after Maley al*® and in
terms of the GIS(Ref. 55 is the correct choice of the pa-
rametersC andC,, respectivelyC was estimated to be 20
+2 for the present sample. A comparison of this value with
those reported in literature shows that a value of 20 is rela-
tively high. Kung et al®® found a value of about 16 for a
melt-powder-melt-growtiMPMG) YBCO sample of com-
parable size but little lowed, values.C=18 was used to
analyze another melt-texture-growthMTG) YBCO
compound® Lower values are found for single crystéfs.
Also for C4 which has to be larger tha@ according to Eq.

(10), values are usually reported below @efs. 56 and 6]1

in the case of thin films. But if the oxygen content in such
fims is reduced, an increase &, up to 24 can be
observed? If defects like oxygen vacanci®sor irradiation
damage® are introduced into the sample a strong increase
of C was found. Furthermore van der Beekal® have
shown thatC can be written within the flux-flow model of T
Bardeen and Stephen &5~In(2p,BJB.,uqd), wherep,, is 10 20 30 40 50 60 70
the normal-state resistivity. According to this equation a T(K)

higher value forC is expected for a sample with higher

critical current density. Taking into account that our sample F|G. 14. (a) Phase diagram obtained from the analysis of the
has a higher disorder because of the complex pinning struaj(J) curves(Fig. 7) in terms of collective pinning theory. At fields
ture, relatively high critical current density, and reduced oxy-and temperatures outside of the fishtail regime a change from 3D
gen content, the obtainegi value is at an upper limit but not pinning of small flux bundleg3D sfb to pinning of large flux
unbelievably high. Fortunately a variation of bathandC,  bundles(3D Ifb) with increasing field and temperature is obtained.
does not seriously influence the result concerning the dete/At fields and temperatures where the fishtail appears a change from
mination of flux creep regimes as discussed in Figs. 8 an@dD pinning of single vortices2D svg to collective pinning of

13. pancakes(2D cvg with increasing temperature is observed)

A further problem is choosing the correct temperature deFishtail regime characterized by the field where the fishtail starts to
pendence of the pinning potential which is taken into accoun@PPear Bmin) and where it shows its maximunBf,,). () Field
by the functiong(T). Although there are some suggestions dePendence of the maximum in the normalized creepSgjeand
how this function should look, it is, however, not univer&l, ©f the mean effective activation enerds) . determined after
Tinkhanf* has shown that in a Ginzburg-Landau treatmenlAnderson(Ref_s. 38, 39 The area outside of the dotted _Ilnes indi-
from the temperature dependence of the condensation eﬁgtes those fields and temperatures where no relaxation measure-
ergy, the coherence length and the flux-line-lattice spacin ments were performed. Results of the a.maly5|s of the measurements

32 %erformed beforgafter) the reoxygenation process are shown as
nearT; a (1—-t)*'4, and at lower temperatures, a much ﬂatterdashec(solid) lines
(1—t?) dependence is expected. Ossandbal ®2 have pro- '
posed a (%t2)*? dependence, which is a combination of sible changes in théJ(J) characteristics, which may be
both relations. Whereas (1t?) should be the first choice, it caused by a change in the pinning regime, could be over-
often only leads to good results if i=T/Ty for Tx the  looked when they are taken only as changeg(df). There-
irreversibility temperaturd;, is used instead of the theoret- fore we have decided not to determig€T) point by point
ical expected transition temperatufg.*>*8 A very thorough  but to choose a given function. In our case, because the low-
investigation of theg(T) function was carried out by Kung to-medium temperature range is essential for the analysis, the
et al,* where they determined the correction factor for eachfunction (1—t2) was chosen with=T/T.. Within our mea-
temperature from the condition that adjacent temperaturesuring accuracy no improvement is foundif is replaced by
should fit together as smoothly as possible. These factors,, (Fig. §).
were then fitted by a functiofl — (T/T)?]™, where values In Fig. 14a) the phase diagram is given, which was ob-
for m between 0.8 and 4.5 were obtained. Especially fortained from the analysis of the thus determing@J) rela-
those samples which show a fishtail effect, extreme valuesions (Figs. 7 and 8 It is characterized by a line, below
for m were obtained, which cannot be explained theoretiwhich the system behaves in a three-dimensional way and
cally. Such analysis always has the disadvantage that posbove which it behaves in a two-dimensional way. Below

B.(T)

B.(T)

B.(T)
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this line a change from pinning of small flux bundles to ning should also be visible in the field dependence of the
pinning of large flux bundles with increasing temperature isU(J) relations. Whereas pinning of large bundles in 3D
obtained. This behavior is in agreement with theoreticashould lead to &l ~2 dependenc&®® pinning by planar de-
propositions? and with the experimental results obtained fects like twin€® or 123-211 interfacé$ would lead to
from the analysis of fully oxygenated melt-textured samplesH %>, Such field scaling for all temperatures could not be
which show no fishtail effect’ At higher fields and tempera- found in our sample. Only between 3ca T attemperatures
tures a change from two-dimensional pinning of single panhigher than 50 K is a&H~ %% scaling obtained. This is the
cakes to collective pinning of two-dimensional vortices isregion aboveB,,., and (E)na Where 2Dcvc is dominant
obtained. This is the regime where the fishtail is present. AFig. 14. A similar failure of field scaling of theU(J)
comparison of this phase diagram with the one obtained fromurves in MPMG-YBCO samples with fishtail was reported
the analysis of the field dependence of the critical currenby Kung et al>®
density[Figs. 2 and 14)] indicates that the line which sepa- ~ Out of the many possible explanations about the reason
rates the 2D from the 3D regime is identical By, (T), for the fishtail discussed in the introduction, most can now be
which defines the onset of the fishtail. The fi@g,,, which  ruled out. If the fishtail is caused by a matching effect, the
describes the maximum of the fishtail, is in the region wheranaximum inJ. should be at that field where the flux-line-
the change fronsvcto cvcin two dimensions is found. After lattice spacing equals the mean defect distahcehich can
reoxygenation the lin8,,,,(T) shifts in the same direction as be estimated from the matching fieB,,~ ¢o/d%. B,
the border between 2Bvcand 2Dcvc The changes in pin-  which should be identical with the maximum fiel, ., lies
ning behavior are also visible in the results of the relativelybetween 2 and 5 T. This leads to a mean defect spacing of
simple analysis in terms of single barrier height mddeg. about 30 to 60 nm, a dimension much lower than most of the
14(c)]. characteristic defect lengths identified in the microstructural
In the following, the possible reasons for the obtainedanalysis. Only the spacing of twins around the 211 particles
change in dimensionality of the pinning is discussed. Such &here their density is much higher than in the undisturbed
change from 3D to 2D pinning behavior should appear if the123 matrix, becomes lower thangm. From the microstruc-
elastic shear energy within the planes becomes equal to thearal analysis it was further concluded that around the 211
tilt energy between the planes. In that case th&gpyedicts  inclusions large stresses are presénthese stresses are
He~ oy 2s™2 for the crossover field, wherg is the an-  highly inhomogeneous and maximal at the 123-211 inter-
isotropy constant and the distance of the Cuplanes. A  faces. Tensile stresses in thalirection up to 290 MPa and
decrease oH, with increasing anisotropy is expected from between 50 and 100 MPa in thaé plane are obtained. There
this equation. For example, such a crossover was found iare further shear stresses in thedirection of about 160
the high anisotropic material TI22G%,in Bi2212 single MPa. It has been argued that the large strain fields together
crystals?* in some exotic organic superconductétsnd in  with the positional disordered regions around the 211 par-
oxygen-reduced YBCO samplé&?®>"57%8ccording to the ticles in melt-textured YBCO samples lead to a high dislo-
above equation a crossover field of a few Tesla would recation density. A density of #0cm™2 as found in similar
quire an anisotropy ratio between 10 and 20. For YBCO withmelt-textured samplé% corresponds to a mean distance of
only small oxygen reduction this is of course high, but notabout 100 nm, which would also be in the correct order of
impossible. magnitude. But in the case of matching, the fishtail is ex-
Another aspect is that in such a model, wh&g,, is pected to be both independent of temperature and oxygen
assumed to be correlated with a 3D to 2D transition in thecontent, which is contrary to the findings in our sample.
pinning of the same type of pinning centers, the decrease of The role of oxygen defects in the appearance of the fish-
J. aboveB,, is caused simply by the usual weakening oftail was investigated by the reoxygenation process. In the
pinning, due to the suppression of the global order parameteyollective pinning theory the critical current density is pro-
by approaching the irreversibility lifeThis suggests that the portional to some power of the density of the pinning cen-
temperature dependence®f, should be equal to the tem- ters. If the pinning centers are oxygen vacandieshould be
perature dependence of the irreversibility field. Indeedreduced after the reoxygenation process. The reductidp in
sometimes for the temperature dependenc®,gf,, which  which correspond to a reduction in the width of the hyster-
can be written a8,,,,~By (1—t)" with t=T/T., an expo- esis loops is clearly visible in the fishtail regir(fg. 1). But
nent of n=3/2 is found, which resembles the temperaturebelowB,,,(T) the width and thereford, are not changed by
dependence of the irreversibility line. In contrast, in ourthe reduction in the number of oxygen defects.
sample the exponent changes with the temperature. For tem- This points to the existence of two different types of pin-
peratures below 40 K47 K) a value forn of 1/2 (1/2) and ning centers, one responsible for the fishtail and related to
for higher temperatures of 1 (3/2) is obtained befafte)  the oxygen content, and one insensitive to the reoxygenation
reoxygenation. A correlation d8,,,, with the irreversibility  process and dominating the field and temperature region out-
line does not appear to be the case. It is more reliable thatide of the fishtail regime. The absence of field scaling of
Bmax IS Not accidentally in the same field and temperaturdJ(J) for all temperatures may also be an indication of the
range where the change from 2Bcto 2D cvcappearsFig. existence of different pinning mechanisms caused by differ-
14), but is casually coupled to this change in pinning behav-ent types of pinning centers in the sample.
ior. The existence of two types of pinning centers is also
Furthermore, if a change in the relation of inter- to intra-found in the analysis of the relaxation measurements in terms
plane coupling of vortices would be the explanation of theof activation energy distributionénset, Fig. 6. Whereas at
found 3D to 2D crossover in our sample, the change in pind T only one peak is found in the distribution function, a
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second peak at higher temperatures appears for 3 and 5 duces the fishtail. These pinning centers behave in a 2D way.
Although the value of the energy where the second peaKRhis can be concluded from the analysis of thg€]) curves
appears cannot be taken as a representative one for the trimeterms of collective pinning theory, from thé~%° depen-
pinning potential well height because of the crude assumpdence of thdJ(J) curves at high temperatures, and also from
tions (e.g., the linear Anderson-Kim ansatz for the energythe determination of the temperature dependence of the true
current relatiopwhich are underlaid to such type of analysis, critical current density. In the activation energy distribution

a comparison of the relative strengths and statements corke peak which corresponds to these pinning centers appears
cerning relative changes of activation energies with temperaat higher energies than the background-pinning peak.

ture and field are usually correCt.”® The consequence of the higher energy together with the

Further evidence of two different pinning centers follows flatter field dependence &#(J), in comparison to the one
from the analysis of the dynamic relaxation rates in terms ofor the background pinning, is the appearance of the fishtail.
the GIS. If the fishtail is only a dynamic effect and not These pinning centers seem to be some kind of planar defect.
caused by a dimensional crossover or by the existence dfhis is in agreement with the fact that a field scalindgHof®°
other pinning centers, it should be visible onlyJpand not s predicted both in the case of twin boundary pinfifhas
in the true critical current density,,.%° Interestingly the well as pinning at the 123-211 interfafewhich are both
hump which appears in the temperature dependence of thganar defects. Finally, it should be mentioned that Sandi-
apparent critical current densifl. (Fig. 3) at higher fields is  umengeet al® published a very detailed investigation of the
also visible in the temperature dependence of the true criticahicrostructure in melt-textured samples with a fishtail effect,
current densityd.; (Fig. 12. where they found indications for such planar oxygen defects.

The background pinning—dominant in the field and tem-
perature range before the fishtail sets in—is also expected to
change with oxygen contefd strong increase in the number
of oxygen defects also induces a 2D pinning Magnetic hysteresis and flux creep investigations on a
charactet”5”%9. The alteration in oxygen content during the melt-textured YBCO sample showing a fishtail effect were
reoxygenation process is, however, too low to make thigperformed before and after changing the oxygen content. The
change visible. This background pinning behaves as usual imeasurements were analyzed in terms of the classical flux
YBCO in a 3D way, but in contrast to findings in YBCO creep theory from Anderson, in terms of activation energy
samples without a fishtail, where often single vortex creep iglistributions as well as by analyzing the hysteresis loops
found, a change from small- to large-flux-bundle pinningrecorded with different field sweep rates within the general-
takes place when field and/or temperature are increased. Tlwed inversion scheme. Within the collective pinning theory
crossover field from single vortex pinning to small-flux- the existence of two different types of pinning centers can be
bundle pinning By, is determined by the conditioh.  found. One is dominant in the low-field regime and is asso-
=ayy %, whereay=(¢,/Bgy)*?is the average distance be- ciated with usual 3D behavior. A change from small- to
tween the vorticed. .. is thec axis correlation length anglis ~ large-flux-bundle pinning is obtained when temperature and
the anisotropy parameter. In pure YBCO films the crossovefield are increased; no influence of a small change in oxygen
field was estimated to be 2 T.%% In our sample the anisot- content could be observed. The other pinning centers domi-
ropy parametety is much higher due to a much higher dis- nate at higher fields and temperatures where the fishtail ap-
order. Therefore for a given correlation lendth a lower pears. These are planar defects with higher activation ener-
transition field By, is to be expected. Because our lowestgies. They are strongly influenced by changing oxygen
field for the relaxation measurements was 1 T, it is not surcontent and show a 2D pinning behavior.
prising that a single vortex regime could not be detected.

In contrast to the background pinning the pinning centers
responsible for the fishtail are influenced more strongly by a
change in oxygen content. It should be mentioned that not We thank P. Diko for valuable discussions concerning the
only the change in content, but also the arrangement of theicrostructure and N. Pellerin and P. Odier for leaving the
oxygen defects may be important for the appearance of theample investigated in this work. Part of this work was sup-
fishtail®® Reduction in the number of oxygen defects re-ported by QNB Grant No. 4678.

VII. CONCLUSIONS
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