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Anisotropic flux pinning in YBa ,Cus0-_ s single crystals: The influence of defect size
and density as determined from neutron irradiation
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Substantial information about the pinning of flux lines in ¥Ba&;0; _ 5 single crystals can be gained from
an interpretation of the changes in the critical temperafiyeand the magnetization loops after neutron
irradiation. After annealing the irradiated samples, a well-defined defect structure prevails. A careful interpre-
tation of the data allows one to arrive at conclusions on the unknown defect structure and flux pinning before
irradiation and annealing. The variation @f is explained by the mobility of smaller defects and their
interaction with the radiation-induced defect cascades. The results on the critical current densities lead to the
proposition that strong pinning prevails in most Y,Ba;O,_ s single crystals, even in the as-grown state.
Current theories for the summation of the elementary pinning forces are tested, but cannot consistently explain
the experimentally observed macroscopic pinning force. If the field is applied perpendicular to the crystallo-
graphicc axis, a significant influence of the smaller defects on the anisotropy of the crystal can be deduced
from an analysis of the critical current densiti€S0163-182@8)02817-3

[. INTRODUCTION sulting “room-temperature annealing” led to a reduction of
the observed critical currentsH(c) by about 10-20 %.
Neutron irradiation has been used for a long time to enComplementary experiments at Argonne National Labora-
hance flux pinning in superconductors. In addition to thistory considered critical currents after ambient temperature
application-oriented approach, the method yielded substar{reactoj irradiation and subsequent annealing of YBCO
tial information on the mechanisms of flux pinning in low- single crystals up to 300 °&!2 This leads to a removal of
T, superconductors? Soon after the discovery of high, smaller and less stable defects, while the defect cascades
superconductors, a significant influence of particle irradiatiomemain intact, as shown by TEMAIso, at these tempera-
on their properties was discovergspecially fast neutron- tures no oxygen is lost from the crystal, but the mobility of
induced defects in single crystals of YBasO,_ s (YBCO)  the point defects is dramatically enhanced. The authors of
cause a huge increase of the critical currents. Subsequentlyis study found a reduction ol‘i‘b;H”C (the critical current
the defect structure after neutron irradiation was examinedensity in theab planes with the field applied parallel to the
by transmission electron microscopyEM), and spherical crystallographiac direction,H,lic) by about 20%, and con-
defects with a size of a few nm were identifiéthe typical  cluded that the dominating contribution3p®"'® was due to
defect cascade regions. The size of these defects is compg@e large defect cascades. The data on magnetization mea-
rable to the coherence length of the highsuperconductors surements forH, perpendicular to thec direction yield
(HTSC's at elevated temperatures. Therefore, they create 3"/ The radiation-induced enhancement of this current
perfect situation for core pinning, the dominant process fordensity was almost completely removed after annealing,
flux pinning in these materials. Consequently the interpretawhich led the authors to assume that the critical currents in
tion of the experimental data was based on the effect of theghat field orientation were not caused by the defect cascades.
large defects:® Very little is known about the nature and The question why defect cascades should effectively pin flux
density of smaller defects, which are invisible to TEM. Es-lines in one crystal direction, but not in the other, remained
pecially the role of point defects and defect clusters waginanswered. In the following, an attempt to clear up the dis-
widely discussed, which have been shown to increase pirsrepancies was made by developing a qualitative model for
ning substantially after electrérand proton irradiatioh® of  the influence of the crystal anisotropy on flux pinnfghis
YBCO. These types of radiation do not produce significantmodel considers the joint influence of the layered structure
amounts of defect cascades, and the data were interpretedand the anisotropy of the order parameter on flux pinning. It
terms of collective pinning® The mobility of point defects Wwill be discussed and refined throughout the present paper.
strongly depends on temperature, which led to attempts t@ne basic feature is the possibility that pinning centers may
separate the contributions of small and large defects by arbe turned ineffective foH llab by the very small order pa-
nealing at various temperatures. Point defects in the oxygerameter between the Cy@lanes, where the flux-line cores
sublattice are rather mobile even at room temperature. Thigre situated due to the intrinsic pinning effect. There, the
stimulated an experiment, where a YBCO single crystal wasnagnitude of the order parameter is a function of the mate-
irradiated at 4.2 K, then stored and measured without warmsal anisotropy, which in turn is affected by the anisotropy of
ing it above 90 K!! This left the irradiation-induced defect the coupling strength and that of the properties of the charge
structure intact. Only after warming up to room temperaturecarriers. Therefore, the strength of flux pinning of a given
was the mobility of oxygen point defects restored. The re-defect forHllab may be influenced by changing the anisot-
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ropy of the material. This can, for example, be achieved byinfluence the results of the annealing process compared to
removing or introducing small defects, which smear out theannealing at 300 °Csee Ref. @ After each treatment, was
anisotropy of the Fermi surface by isotropic scattering of themeasured in a Quantum Design low-field superconducting
electrons(cf. the theoretical approath. The obvious need quantum interference devi¢&QUID) magnetometer. In the
for a further clarification of the role of small defects for flux fjrst experimentsT, was determined from dc magnetization
pinning led to a new set of experiments. In the present papemeasurements at 36T in 0.03 K steps on a time scale of
a study of flux pinning after sequential annealing and neutrophoyt 3 min per step. However, after the following treatment
|rrad|gt|on of one YBCO single crystal is presented. Thesteps flux pinning in the samples became more significant,
density of small defects is considered to be characterized bynd the unavoidable overshoot during temperature changes
the critical temperaturg@., and the anisotropic flux-pinning iy the instrument led to a large difference in thg values
properties are evaluated from magnetization measuremeniduced from the branches with increasing and decreasing
with the field applied along the two main crystallographictemperature. Therefore, an unambiguous evaluatio of
directions H,llc andH,llab. From this series of experiments \yas impossible. In order to avoid the history effect involved
the contributions of small and large defects can be distinin the dc measurements, the method had to be changed to
guished, because the concentration of large defects acCumgreasurements of the ac susceptibility at 30, where the
lates after each irradiation step, while smaller defects argansition in the in-phase signal was observed. Also, the tem-
removed by the interr_nediate_ annealing. The results give eViperature ramp was slowed down by introducing additional 10
_dence for the strong interaction between the defect structurgin breaks after each 0.03 K temperature step in the region
in the as-grown crystal and the irradiation induced defectsef jnterest. The equivalence of the results deduced from the
and support our model of anisotropic flux pinning. They method with the previous experiments was carefully checked
show, quite in contrast to expectation, a dominating influ-py extremely slow dc experiments, which then converged
ence of the TEM-invisible defectteither smaller than-1  towards the values from the ac measurements. In that way,
nm, or structurally indistinguishableon flux pinning for  the hysteresis between the branches with increasing and de-
H.llc at low neutron fluences, and a significant contributioncreasing temperature could be reduced to about 0.08 K,
of the defect cascades, if the field is applied perpendicular thich allowed us to characterize the relative changeg,in
the crystallographic axis. In this case, also a significant after each sample treatment with sufficient accuracy. The
contribution of the intrinsic pinning effect is found. An yajyes were always extracted from the magnetization data in
analysis of the dependence of the critical current densities fafcreasing temperatures by evaluating the intersection be-
Hqllc on the inductionB and the defect density will show tyeen the tangents of the data in the normal conducting re-
that pinning in all sample states, even in the as-growryion and of the steepest slope in the in-phase ac signal.
sample, is due to strong pinning, i.e., the pinning centers |n order to obtain information about flux pinning in the
cause relat|Ve|y Iarge distortions of the flux-line lattice Samp'e, magnetization data were measured after each treat-
(FLL). ment. They were collected in a noncommercial high-field
S.H.E. SQUID magnetometer in fields up to 8 T. Most of the
Il. EXPERIMENTAL DETAILS experiments consisted of field loops at constant temperature,
] from which the shielding currents were calculated by an ex-
‘The crystal(0.77<0.76x0.22 mnt, 0.813 mg used in  tended Bean formalist,which considers demagnetizing ef-
this experiment was grown by the self-flux methbdnd  fects to first order. This formalism relies on the full flux
selected from a number of single crystals from similarpenetration in the samples, and replaced the field-dependent
batches by choosing the one with the smlaslles_t hysteresis firrents in the sample by their average value. In this way, the
77 K and at the same time a rather high.™ It is heavily  time-dependent shielding currents were measured after a
twinned, with a twin boundary spacing of about 2. The  necessary waiting time of 10 min following each field
crystal quality is best characterized by the very lt@ﬁ””" at change. By convention, | will denote these as the critical
77 K, where the hysteresis loop is almost reversible. Granueurrent densitiesl,, which is probably appropriate for a
larity of the crystal can be ruled out from the comparison ofrelative comparison of results obtained from the same proce-
the magnetization slopes in the Meissner state and after fieldure, but has to be taken into account, if experiments with
reversal at 7.9 T. other time scales are to be compared. This static approach is
In order to obtain reproducible results from the magneticalso justified by the fact that discussions in the present paper
measurements, especially fbr,lab, the orientation of the depend on the functional dependenceJgfon B and the
crystal with respect to the field had to be accurately condefect density, which are not significantly changed by relax-
trolled. This was achieved by glueing the crystal to a largeation (cf. Ref. 18.
sample holdefsee Ref. 6 for detaijsfrom which it is never Field loops at temperatures of 5 and/7 K were mea-
removed during the experiments. This sample holder is theaured in order to obtain typical results for both the low- and
inserted into the actual sample rod of the magnetometer, erigh-temperature range. No change of the critical currents at
suring a reproducibility of better than 0.3°, which is vital for 5 K is expected by the small changesTof after the sample
experiments wittH lab. Vacuum grease was chosen as thetreatments, but in order to avoid this additional influence at
glue, because it is very temperature stable up to 250 °C in aligh temperatures, all the field loops-a¥7 K were made at
and not harmful to YBCO single crystals under our annealthe same reduced temperatuféT.=0.838, the ratio be-
ing conditions, as proved in separate experiméhisctu-  tween 77 K andl; of the untreated sample. In order to check
ally, the limitation of the annealing temperature to 250 °C inthe limited accuracy for setting the temperat@del K) in
air is a consequence of these tests. This does not significanttyur instrument, additional checks by varying the measure-



57 ANISOTROPIC FLUX PINNING IN YBaCuQO;_5. . . 10961

ment temperature by 0.1 K were made for one sample treathis dependence &f, on the oxygen deficiency was inves-
ment. They did not show significant changes in the results.tigated down to5=0, where for smalls again a decrease of
For measurements with field orientations close toabe T, from the maximum was observed. In standard crystals
planes, the reproducibility of the orientation is extremely im-(like the one used in the present wprk reduction of the
portant. The construction of the sample holder, as describeoxygen content always leads to a decreas@.inwhich in-
above, can ensure a reproducibility to within 0.1°. At a cer-dicates oxygen deficiency in the bulk of the material. Oxy-
tain stage, the sample holder broke during one experimengen is quite mobile in YBCO at ambient temperature, which
which led to a reduced orientation reproducibility and maddeads to a diffusion of defects in the sublattice. They may
it impossible to evaluate the results for the magnetizatiorcluster or get caught by the strain field of a larger defect,
measurements dt=5 K andHllab. However, the data at which acts as a sink for mobile point defects. These larger
77 K did reproduce to within a few percent after repeatingdefects are also present in YBCO single crystals, especially
the measurement with a new sample rod. Also, they werén the form of twin boundaries, or other growth defects like
symmetrical and did not show any signs of misorientation, aslislocations, stacking faults, etc. At elevated temperatures,
for instance, a sudden increase of the magnetic moment atthe mobility of small defects is enhanced, clusters may dis-
certain field, or extremely large moments in decreasing exsolve, and only defect sinks with large strain fields will be
ternal field. From this, the calculation of critical current den-able to trap them.
sities at 77 K appears to be reliable. Under the neutron irradiation, a wide spectrum of defects
The irreversibility lines(IL's) were estimated from the is created in the crystal by elastic collisions of the neutrons
temperature-dependent magnetization at fixed external fieldsith the atoms. Depending on the energy transferred from
of 0.1, 1, 3, 5, and 7 T. They were determined by comparinghe neutron to the primary recoil atom, point defects or larger
the raw output data of the magnetometer, taken during thdefect structures are created. In an avalanchelike process a
periodic sample movement. Due to relaxation effects and theuge number of atoms is displaced, leading to local melting
inhomogeneity of the magnetic fielt10 3%) different  of the crystal, and resulting in a spherical region of amor-
output voltages are observed at the same sample positiophous material with a mean diameter-e8 nm. These cas-
when the sample moves up and down, respectively. The sueades have been thoroughly characterized by TBihere
of the squares of these differendgaken at each coordinate their concentration was found to be proportional to the neu-
of the sample movemenis a characteristic parameter, and tron fluence, with a neutron mean free path of 20 cm before
shows a very significant and sharp signature of the irreverssascade productiofi.e., 1#? m~2 cascades at a fast neutron
ibility line. At the irreversibility temperature, this “hyster- fluence of 2< 10°* m~2, E>0.1 MeV). This ensures an iso-
esis parameter” abruptly goes to zero. If the merging pointropic distribution of the defects in the comparatively small
of the zero-field-cooled and field-cooled branches of thesingle crystal. During the cascade process, a large number of
magnetic moment are considered, the IL is found at muclhigh-energy atoms escapes from the cascade region into the
lower temperatures, and is less well defined, in accordancsurrounding crystal, which is also confirmed by the vacancy
with the longer time scales associated with this evaluatiortype of these regions, i.e., their inwardly directed strain
procedure(e.g., Ref. 19 field.* Oxygen, as the most mobile component in the system,
The sample was irradiated with neutrons in the centrals expected to contribute the largest fraction of these addi-
irradiation facility of the TRIGA reactor in Vienngfor a  tional radiation generated interstitials. According to rough
description of the neutron energy distribution see Ref. B0  calculations of the defect mobility in the oxygen sublattice,
the reactor, the sample was sealed in a quartz container most of these defects anneal even during irradiation or in a
air. The temperature during irradiation is around 60 °C, thevery short time afterwards. The remaining defect structure
irradiation time at full reactor powesi3 h 39 min for gast  determines the physical properties of the superconductor as
neutron fluence of X10°* m™2 (E>0.1 MeV). After irra-  observed in our experiments. Following the discussion
diation, the sample was left in the reactor for about oneabove, a certain surplus of interstitials is expected in the
week, at a temperature of about 40 °C during reactor operaulk, at the expense of the depleted cascades, which will be
tion and at ambient temperature for the rest of the time. Afterelevant especially in the oxygen sublattice.
that, the sample was stored at room temperature for times In the following annealing step, defect clusters can dis-
varying between two days and six weeks, depending on thsolve under thermal activation and point defects will diffuse
availability of the magnetometers. Repetition of the measurethrough the crystei> Compared to the preirradiation anneal-
ments after extended storage times did not show any influing, now large defect cascades exist, which are stable against
ence of room-temperature storage on the results. annealing and will act as defect sinks. Concerning the distri-
bution of small defects, the additional interstitials will be
able to recombine with previously existing vacancies, which
IIl. DEFECT STRUCTURES even leads to a reduction of defects in the bulk, again at the
In our previous work, a strong interaction between the€XPense of the completely destroyed cascade regions.
defect structure prior to irradiation and the radiation-induced
defects was invoked to consistently explain the experimental
data® This qualitative picture is based on estimates of the
defect mobility and the processes of defect creation. The role Each sample state was characterized by measuring the
of oxygen in YBCO has been widely discussed. In standardritical temperature. The results as a function of the neutron
single crystals an oxygen deficiency occurs, which leads to #uence are shown in Fig. 1. For our analysis, we will use the
small reduction ofT, compared to its maximum. Recently, value of T, as the characteristic signature of the density of

IV. CRITICAL TEMPERATURE
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indicate the sequence of the treatments. FIG. 2. Magnetic moments &t=5 K andH,lic. The dashed

line shows the exact calculation of the Bean penetration field, the

small defects in the crystal. This can be done because th#tted line shows a more relaxed criterion, which allows for errors
defects in the oxygen sublattice will always be a significaniof a few percent in the calculation df, from the magnetization.
fraction of all small defects, and they show the well-knownOpen symbols are the data after annealing8fd at 250 °C.
sensitive correlation td.2% On this basis, the interpretation
of the data in Fig. 1 is rather straightforward considering thefal data at low neutron fluences, where the influence of the
defect dynamics discussed in the previous section. In theascades is not so important.
as-grown crystal, an unknown number of point defects exists
in the oxygen sublattice, which leads to a slightly depressedV. IN-PLANE CRITICAL CURRENT DENSITIES— H,lic
T. compared to a optimum-doped YBCO crystaln this
context it should be noted that the absolute value¥ oin
the present work are significantly higher than the optimum- Once the variation of the small defect density is charac-
doped samples in Ref. 23, which may be due to the smallerized by theT ., measurements, their effect on flux pinning
gold contamination of the crystal. During the first annealinghas to be evaluated. Annealing leads to a removal of small
step, clusters of interstitials dissolve, point defects are mobidefect structures, leaving only twin boundaries and defect
lized and are, with a certain probability, caught at defectcascades intact. In a previous experintetitis was used to
sinks. This leads to a buildup of larger defects, and, at theliscriminate between the various contributions to flux pin-
same time, to a reduction of the point-defect concentrationning. The crystal was irradiated and subsequently annealed.
Because the crystal is oxygen deficient, not all defects in th@he difference between the critical currents before and after
oxygen sublattice can be removed, which limits the increasannealing was attributed to the small defects, while the re-
of Te. maining critical current density after annealing was supposed

During the irradiation process, the defect structure deio be due to the defect cascades. This interpretation depends
scribed in the previous section is introduced, which leads t@n the linear superposition of the elementary pinning forces
a significant reduction of .. Upon annealing after the irra- from all kinds of defects. Competitive or synergistic effects
diation, some recombination of vacancies and interstitials aef the various defects are neglected. Therefore, in the present
well as trapping of defects in sinks occur. Especially thework a series of sequential irradiation and annealing experi-
oxygen distribution in the crystal is improved compared toments was chosen, in order to distinguish more exactly be-
the state before irradiation and annealing. The previouslyween the two contributions. In this experiment, the small
existing vacancies in almost the complete volume of thedefects formed during each irradiation step build up from
sample are saturated to some extent at the expense of a log@mos} zero after annealing, while the number of the stable
ered oxygen content in the cascade regions. Only this modelefect cascades accumulates. It has to be mentioned that the
can explain the observed dependence& ofn irradiation and  expression “small defects” in this section addresses all de-
annealing, and therefore appears to be correct. fects that argat least almost completelyemoved by an-

Calculations of the defect dynamics were nfddesing a  nealing, regardless of their actual size. Even large oxygen-
simplified model. These calculations consider the oxygerdeficient regions are microscopically invisible, but are strong
sublattice in a homogeneous system, i.e., the effect of twipinning centers. These clusters can also be removed by an-
boundaries and cascades is neglected. This is probably perealing. Therefore, the actual size of the defects will be dis-
missible in the case of the twin boundaries, as their density isussed in more detail in the next subsection.
very low compared to the defect concentrations we are inter- From the dependence of the critical current densities on
ested in. The presence of the cascades, as described aboWe irradiation and annealing processes, direct conclusions
may probably not be neglected for both effects, i.e., for thecan be drawn about the mechanisms involved. The magneti-
additional creation of interstitials during the cascade procesgation loops forH jlic at low temperatures are shown in Fig.
and for the trapping of defects during annealing. Neverthe2, the dashed straight line denotes the position of the Bean
less, the calculations qualitatively reproduce the experimenpenetration field. For increasing field%, cannot be evalu-

A. Experimental results
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fluence afT=5 K. Open symbols denote values after annealing OfcrystaIDl (this work). For comparison, data on crystal HWO01 from
crystalD1 Ref. 6 are included. The arrows, marked A and B, link the corre-

sponding measurements, if small defects dominate the flux pinning.
ated from data above this line in terms of a simple model 12 .
based on an extended Bean formalism. The dotted line sho fas': tri]eutron fluerice Omé?lz trrp t(dgltali‘rom ﬁzf' fz '?
a more relaxed criterion, where a small error due to the Ioga@ out the same as for crys@all (this study. If small defects

rithmic peak in the calculation of the penetration field is?etei]mme quxdp!nnlg_g,_the sgme i/alue shoul!d be cr)]bse_rved
tolerated®® or the second irradiation ob1 after annealing. This is

shown by arrowA in Fig. 4. After the third irradiation, the

terminel. . b nificant irati ¢ I %’ensity of small defects iD1 should correlate to the addi-
ermineJc, because no significant concentration of smaller; o1 “neutron fluence, ie.. 21071 m 2, Assuming that

defects is present. After irradiation, the combined effect ofga (or invisible) defects determing,, this has to be simi-
both, small and large defects, is visible. Due to the unknowrjy; 1 the current density of HWOL1 at this fluence, which is
mechanism of summation of the elementary pinning forceg,ery well fulfilled (arrow B in Fig. 4.

fp to the eXperImentally observed maCI’OSCOpIC plnnlng force The eiementary pinning force due to core pinning is pro_
Py, a clear separation is not possible. Figure 3 shows th@ortional to the intersecting volume of the defect and the
in-plane critical current densities fét,=7 T andT=5K, as  vortex. If pinning by small defect®f the order to one niris
evaluated from the magnetization loops Fbylic. This is the  assumed, their density would have to be very high, in order
only field atT=5 K, whereJﬁb;HHC can be evaluated for all to yield a stronger effect than the larger cascades, which
sample states from magnetization measurements by the eRave roughly ten times larger elementary pinning forces. In
tended Bean modellf a small error of less than 5% due to this case, the force of the larger pins acting on the FLL
the partial penetration is neglected, the data can also b&ould have to be less than their actual elementary pinning
evaluated down t¢d,=5 T and lead to similar resulisA force, because the gradient in the FLL would already be
significant contribution of the large defects to the macro-Stabilized by the large number of smaller defects. When the
scopic pinning force is clearly visible from the increasglpf Small defects are no longer able to support the macroscopic
after the second irradiation, but is not fully responsible forp!nhnmgbforce, thﬁ !arger bdef('acts canncl)lt hold .tfh'ﬁ gr?dlent
the observed critical current density, which can be seen b?'t er, because their number Is too small, even If the elemen-

o . o _tary pinning force is very strong. The second possibility is,
Fhe significant decrease df after annealing. With increas- i -+ the so-called “small” defects are actually large, but mi-

Broscopically invisible. This would correspond to the exis-
fraction of the critical current density can be related to th prea’y P

o : >0 10 N&eance of defect clusters, which are removed upon annealing.
small defects. This is illustrated by the dotted lines in Fig. 3’They will be discussed later on.

ues in the irradiated and annealed states is found with indefects can on|y be expected if the density of Strong pinning

creasing neutron fluence. centers is high enough. The onset of this regime around 77 K
Examples of the critical current density fét,=1 T at  may occur at the third irradiation stépt a fast neutron flu-

T~77 K are shown in Fig. 4. At this temperature the sampleence of 4x 10?* m~2). TheJ. value now falls almost exactly

is penetrated by flux at almost all fields, which allows us toon the linear extrapolation of the “cascade contribution”

calculateJ, from the magnetization data for almost the com-derived from thel, values after annealin@lot-dashed line in

plete accessible field range. The critical current density afteFig. 4), and also coincides with the expected contribution of

the second irradiation is almost equal to that after the firstsmall defectgarrow B in Fig. 4.

Because the cascades are twice as many after the second .

irradiation, their contribution td, has to be extremely small. B. Summation models

This is illustrated by the comparison with a previous irradia- A major task is the identification of the relevant summa-
tion experiment without annealing,, of the crystal HWO1 at  tion process of the elementary pinning fordgsto the mac-
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roscopic pinning forcePy=—J.XB. Few successful at- d ,2)

tempts for this summation exist, which can roughly be JB=02~, (2D 4
divided into two sections. The first is valid for strong el- 66

ementary pinning forces, while the second, based on collec-

tive pinning, basically is only applicable to weak pinning e given. In these equatiortgs and c,4 are the elastic
forces?® The terms strong and weak pinning are, in this con-moduli of the flux (line) lattice for shear and tilt, respec-
text, neither due to the absolute value of the elementary pintively. In Ref. 30, these formulas are stated to describe the
ning force nor to the thermal stability of pinning, but to the System for large correlation radilarge flux-line bundles
relative maximum distortiomolao the force causes in the W|th a crossover to the direct Summation, if the Correlation

flux-line lattice, wherea, is the flux-line lattice parameter radius decreases to the sizeapf _

1.07( @0/5)1/2_ A more complex approach is ch'osen in Ref. 32, where
In the group related to strong pinning, two approaches ar@asically the same result for the regime of large flux bundles

commonly considered. The first is the direct summation/S achieved, but the presence of stronger pinning or weaker

where the macroscopic pinning force is simply the sum of allttice potential leads to a “small bundle” regime and, fi-

elementary pinning forces, characterized by the averaggally to the “single vortex pinning” region. For reasons of

force f, and the defect densityly. This formalism neglects compactness, the formulas are not given here, but will be
the influence of the flux-line lattice. considered only for the functional dependencelgfon B

andNy in the following.

Because of the large number of material constants neces-
sary for the calculations | will try to use only functional
) ) ) _ dependences, whenever possible. Nevertheless, especially for

I the influence of the flux-line lattice cannot be ignored, the calculation of the elastic constants of the FLL, a set of
only one approach has been used for a stron%r%nmrjg SitUgnaterial parameters is needed, which is described in the fol-
tion, i.e., the statistical dilute pinning summatiorf,"which - |oying. The effective width of the pinning centdris calcu-
is thoroughly discussed in Ref. 29. The validity of this ap-|5ted from Faert Eap.  FOr  the calculations uoH
proach has been seriously questioriedy., Ref. 3pbecause _q 1 )\ab(t)=)\eab(0a)(1—t2)‘1’2 with  t=T/T, and
of the obvious success of the collective-pinning mddeind Na5(0)=140 nm are assumed. The same temperature depen-
especially because the “pinning threshold,” which definesyance is used fox .. with A (0)=1.04 um 3 The elemen-

.. . . . . c» Cc . "

the lower limit of f, for effective pinning in the framework 51 ninning forces are calculated from the product of the
Of. the d'IUt.e pinning model. This parameter IS Inconsistent, ,, yensation energy densifyoH2/2 and the intersecting
with gxperlmental data. Nevertheless, the “pinning threSh'volume between the flux-line core of diameteand the av-
old” is only one feature of the model, and expresses theerage spherical defect, with a cascade radius of 3 nm. This is

rr?ggienl S gvr:nrll;nl:atl?ﬁs,ﬂ?ut rnortnthoive ﬁft:he phl)i/smbsl Ol;rflg)i( a common procedure, but one has to be aware that the results
P g. Therelore, the theory may well be applicable “are upper limits of more exact calculations. Aoe5 K an

lute strong pinning situations, i.e., with large local lattice elementary pinning force ofp~3><10*12 N is obtained.

distortions due to the pins, but without an overlap of these_ - N : §
distortion fields from various pinning sites. The saturation or. his leads t0 aip~3 nm at 1 T,u, being roughly propor

; —-1/2
collective effects due to strongly overlapping strain fieldstlonal toB 7

cannot be described theoretically at present. The dilute pin- In 3‘ first Stﬁp' th? depengelncejé; onBis c(;jalc_url]ated .
ning model gives according to the various models and compared with experi-

ment. Due to the influence of thermal activation, which was

not assessed in our experiments, the interpretation of the data
i @) has to be made in the framework of static pinning. In that
as’ way, a fraction of the defects with high pinning energy pro-

vide stable pinning, and will sustain the flux gradient after
the comparatively long time before the measurement starts.
This is only a first-order approximation, but justifiable in
view of the other approximations made in the evaluation of
the data. Since thermal activation corrections can be ne-

The group of weak pinning scenarios is based on th lected at low temperatures, the analysis will start at 5 K.

i ii~gab;Hlic ; ;
collective-pinning approact?, which has been significantly he 'crltlc'al'current densities, . fgr various anngallng
modified by various authors, leading to a broad range oftnd irradiation steps are shown in Fig. 5 as a functioB of
expressions, which are widely used in literature. The basid "€ Most interesting feature of the plot is the similarity of
approach is concisely presented in a reviéwyhere the the curves, which will be discussed in the next subsection. At
equations for the three-dimensior(8D) flux-line lattice first, | will use the slope of the curves in an attempt to iden-

tify the responsible summation mechanism. The direct sum-
mation Eg.(1) follows a power lawJ.a1/B, dilute limit

Je-B=Ng-f,. (1)

Up
I

JCB~Ndf§<

ON)

p

In this equation, the ratio,/f, of the maximum distor-
tion uy and the corresponding elementary pinning force de
scribes the influence of the elasticity of the FLd.is the
range of the pinning force, typically of the order &f

NZf4 ; ; -05 ;
J,8=0.0039- g P_ (3D) ) summation, Eq(2), gives roughlyB™"> The exponent is
d“CgeCas actually not a constant, but a consequence of the FLL con-

tribution u,/f,, which is calculated from elastic thedfy
and also for the 2D case of decoupled planes with thicknesssing the nonlocal elastic constamts, c44, (Ref. 35 and
t Ces->° The limitation of the elastic theory to small distortions
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scribes the field dependence &f. The calculated values
T=5K, Hilc v ] could be enhanced by adjusting the parameters, but this also
v has some physical limits. One can assume a higher defect
density than that deduced from TEM, which might yield in
the “best” case a factor of 5. Additionally, the FLL may be
softer than calculated, which could be feasible considering
the layered character of the material and would lead to some
reduction ofc,, Unfortunately, this possibility is very lim-
ited because the stability of the FLL to the creation of Fren-
kel pairs is proportionally weakened, which makes it impos-
sible to increasaly/f, by more than a factor of-3. The
same argument holds for an increase of the elementary pin-
ning force, which would have exactly the same effect. The
last parameter that can be increased in@yis the range of
the pinning potentiatl, which is already set to rather gener-
ous 2.5 nm in the calculations above. Considering this, an
B (T) overall factor of 15 could be gained by extending the range
of material parameters slightly beyond the plausible values.
This is still significantly below the factor of 100 missing
between calculations and experiment.
€ Another attempt was made by introducing the 2D ap-
proach into the dilute pinning summatiam, was calculated
under the conditiorc,,=0, and corrections for the elemen-
tary pinning force per pancake were made. Also, the defect
is not stringentup to 0.5a,), because of the high nonlocal- density in this picture has to be increased by the number of
ity of the lattice. The same holds for the 3D collective ap-superconducting planes intersecting a large defeet, a
proach, Eq(3), which is roughly described by the exponent Maximum of three in our cageThis approach did not im-
—3.75 (no exact calculations are availapleThe 2D Prove the situation, but actually made the f[t to the_ experi-
collective-pinning approach, E¢4), yields the same depen- mental data even worse. Therefqre, the stat|§t|cal dlyute pin-
dence as the direct summation, i.e.B1The widely used "NG approach cannot be considered to give satisfactory
collective-pinning approach from Ref. 32 gives three distinct{:?stgts for the summation of elementary pinning forces in our
contributions in the 3D regime, starting with the field- '

independent sinale vortex regime. A verv wide ranae for th In an attempt to improve the situation, the other theories
ndependent single vortex regime. ery wide range 1o ere tested with respect to the defect density. As expected,
field dependence is mathematically possible in the smal

) X X : he collective approaches did not even closely resemble the
bundle regime, ranging from an increase propca)rtlonzB 10 oxperimental results, especially because of the bad fit to the
an exponential decay of the form éxpconstx B*), but this  field dependence, and also because the experimental depen-
regime is typically limited to very small field ranges. The dence ofJ, on the defect density is linear rather than qua-
large bundle pinning regime in this formulation is governedgratic, as expected from the collective-pinning theory. Inter-
by a potential lawB 3. The 2D formalism in the approach of estingly, the data for the sample after irradiation and
Ref. 32 features single pancake collective pinning, whichannealing were well described by the direct summation, Eq.
again is field independent,and a 2D collective-pinning re- (1), at least for high fields above 5 T. The mismatch at low
gion with J.a1/B, corresponding to Ed4). For fields higher fields is given by the square root of the field, i.e., roughly a
than a crossover fielB:P, three-dimensional collective pin- factor of 2.5 aB=1 T. This is by far better than the possible
ning is predicted. Comparing all these equations with Fig. 5yalues using Eq(2). Still, the field dependence df differs
the only reasonable explanation of the results can be found igignificantly from the experimentally observed data.
the dilute limit statistical summation, E¢).3 The present theories cannot satisfactorily explain the ob-
The same analysis was made for the defect density. Aserved dependence df™"'° on field and defect density.
previously discussed,J, after annealing the irradiated While collective approaches completely fail due to the pres-
samples depends only on large, stable defects, which consigfce of strong pinning forces, the available strong pinning
to the largest part of the radiation generated defect cascadd§eories are not able to consistently describe the experimen-
As their density is known to within a factor of unitgr may  tal data. This seems to indicate a strong need for further
be slightly underestimated, cf. Ref), 4he attempt to use the theoretical investigation of the summation problem.
cascade density as the pinning center density seems feasible
in this case. FolT=5 K, an average elementary pinning
forcef,=3X 107" N (rg4p=3 nm), and a density of defects ~ The most prominent feature of Fig. 5 is the similarity
according to the TEM observations are assumed. In the stdetween all the curves, disregarding whether the sample is
tistical dilute limit summation, critical current densities are untreated, or irradiated and/or annealed. Considering the ex-
found, which are smaller than the experimental ones by @ected defect structures in the sample, this behavior is worth
factor of 100. A fit including this factor of 100 to the data of a detailed discussion. Almost all present interpretations use
the annealed sample at a neutron fluence¢fl??* m™2is  the collective-pinning approach to describe flux pinning in
shown as the dotted line in Fig. 5. This result is not veryHTSC's single crystals. This approach is based on the action
encouraging, in view of the fact that only this approach de-of weak pinning centers, which have to be present at large

Jcab;H//c (109 Am-2)

FIG. 5. Critical current density2®H® of crystalD1 as a func-
tion of the inductionB at T=5 K. Open symbols denote values
after annealing. Solid lines show the limiting cases of the slope, th
dotted line is a fit to the dilute pinning summation, with a defect
density enhanced by a factor of 100.

C. Weak vs strong pinning
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untreated sample. If the fishtail is to be explained by proper-
ties of the defect structure, it is extremely difficult to find the
same explanation for the very different defect structures of
many unirradiated crystdfSand irradiated samples, which
haveJ; values larger by more than an order of magnitude.
Therefore, | favor interpretations of the fishtail effect in
terms of properties of the flux-line lattice. In the present
work, the fishtail is not observed in the unirradiated sample,
.- | but develops as a consequence of the radidfid@n the
B1 ~ A other hand, the defect cascades which are responsible for a
i large part of pinning in the irradiated samples, are certainly

Jcab;H//C (Am-Z)

. |
- ~~—a

106' | strong pinning centers with distortions of the FLL of the
F T~77 K, Hilc E order ofug/ay~0.25. Therefore, interpretations of the fish-
o1 1 ) tail effect in terms of collective-pinning models are not sup-
T ported by the present data.
B (T) The critical current density in the unirradiated sample at
FIG. 6. Critical current density2®"° of crystalD1 as a func- high temperature is extremely low, and the magnetization
tion of the inductionB at T~77 K. Open symbols denote values curve actual_ly looks rever§|ble for_ almost the complete ex-
after annealing. perimental field range. Still, the field dependence strongly
resembles that at low temperature, which has been identified

densities to cause the experimentally observed current de®S Strong pinning. From the very lod values, a rather high
sities. The plausibility of this approach has often beeruality of the present crystal can be deduced, which is much
shown, also for YBCObeginning in 1991Ref. 39]. better than that of many cry.sta.ls for which weak pinning hag
For the sample used in this study, however, it was shownt,’ee” assumed. As strong pinning has.beer.1 show_n to describe
that the present summation theories do not explain the critithe data of the present crystal, collective pinning in standard
cal currents at low temperature. On the other hand, the pinY BCO single crystals has to be seriously questioned. If this
ning centers after annealing the irradiated sample, are wefi!SO applies to very high quality detwinned crystals available
identified to be the defect cascades. The pinning action ofoW. will have to be checked separately. The nature of the
these defect cascades is certainly strong, as they distort tff0ng pinning centers will also have to be investigated fur-
FLL by up to a few tenths of the lattice parametgr Con- ther. ConS|St¢nt with 're'c_ent wofk*3the a_ssumpt|on of oxy-
sistently, the strong pinning summation models are able t§€n clust_ers in the vicinity of stable lattice de_fects seems to
explain at least some features of the data. On the other hanfi€ Plausible in the context of the defect mobility, on which
the same field dependence &f for all sample states is a the present work depends_. '!'hese clusters cpuld be_large
clear signature that all states are subject to the same sumnf20ugh to cause strong pinnirig:1 nm), are microscopi-
tion model. This implies that strong pinnirwaysprevails cally invisible, and can dlssoua}te durlng anneallng: There-
in our sample, even if it is neither annealed nor irradiated. fore, they could well be responsible for pinning, also in clean
A marked effect of neutron irradiation on the functional Standard YBCO single crystals. If, and to which extent twin
behavior of, vs B is only visible at 77 K(Fig. 6). Thermal boundaries could be candidates _for this type of defect, will
activation certainly cannot be neglected in the following dis-2/S0 be the scope of further studies.
cussion of this dependence. Nevertheless, the following dis-

cussion is based on a static picture, as discussed previously. VI. OUT-OF-PLANE CRITICAL CURRENT

In this approach, the decayed shielding currents, after the DENSITIES— H llab

time set by the experiment, are interpreted in the framework

of a critical state model. Because of the experimental problems with the sample

In the as-grown and annealed state, the first data points ugyientation, which were already discussed in the Sec. II, only
to 1 T follow a power-law behavior witd.aB?, similar to ~ experiments al ~77 K are considered in this section. The
that for T=5 K (Fig. 5. In the as-grown sample the expo- critical current densityd™'" as a function of fast neutron
nent 8 is close to—1 (direct summatioy after annealing it fluence is shown in Fig. 7. In contrast to the data for the
changes to—0.6 (consistent with dilute statistical summa- other field orientation, a clear increaselgfis observed after
tion), which is in both cases some indication for strong pin-the second irradiation, which proves the relevance of the
ning, similar to the discussion of the low-temperature datalarge defects for flux pinning in this geometry. After the third
For higher fields the resolution of our experimental setup idrradiation, the critical current density decreases to that after
reached. Thel, values of the irradiated sample, though, in- the first irradiation. If the data are compared to the experi-
crease witB in low fields, and decrease extremely fast afterment on the crystal HW03we find thatJS™'2° in the older
a peak. This fishtail behavior is not discussed in detail in theerystal is lower by almost an order of magnitude, although
present paper, although | would like to point out that expla-the size of the in-plane current densities is comparable in
nations depending on the creation of new pinning centers iboth crystals. Obviously, huge sample-to-sample variations
oxygen-deficient regions do not seem to be convincing in thexist, which will be tentatively explained in the following.
presence of the strongly pinning cascades, which are normal After annealing, the current densities drop by almost one
conducting at all temperatures. For all measurements on amrder of magnitude. Therefore, the large defects were ini-

nealed samples, the currents are much higher than in theally supposed to be ineffective for that field directidiihe
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' v direction are forced in between the Cu@lanes by the in-
8+ 77K H,jlab 1 trinsic pinning effect. At this site the superconducting order
parameter is very low, or even close to zero, which implies a

< Bl i strongly reduced condensation energy and a l@rdmth of
E i which reduce the pinning force for this sliding motion. If flux
S pinning due to a defect of a specific size is considered, we
= 4r iy automatically obtain a huge anisotropy of the measured criti-
3 cal current densities for the two field directiodd™"'® and
= 2l 21 JeHIab Eor the caseHlic the flux lines have to cross the
::31 CuG, planes, where the full local condensation energy in a
o, O ] volume (~r3.£., for small defectshas to be supplied, caus-
0 1 2 3 4 ing comparatively strong flux pinning. The described move-
neutron fluence (10%' m?, E>0.1MeV) ment of flux lines forH jllab is only hindered by the strongly

reduced pinning force from the same def@dt Fig. 1 in Ref.

FIG. 7. Critical current density$'"'*" as a function of neutron  6). This reduction strongly depends on the size of the order
fluence atT~77 K. The open symbols denote values after a”nea|'parameter between the planes, e.g., on how close the super-
Ing. conductor is to two-dimensionality. In a two-dimensional

system, no core pinning effect is possible for Josephson vor-
significant increase after annealing and reirradiataimost ~ tices. Therefore, a tiny increase of the order parameter be-
a factor of 2 after the second irradiatioproves, however, tween the planes can strongly enhance the observed critical
the importance of the large defects. currents by introducing core pinning. This effect is important

The observed effects can be explained consistently by thter the addressed difference "' between the older
qualitative approach developed in Ref. 6, which is confirmedcrystal HWO01 and 1 of the present work. While the values
by the present experiments. Flux lines in the direction paralef J2”H!° of the unirradiated crystdd1 are much smaller at
lel to theab planes are heavily influenced by the anisotropy77 K (indicating the higher quality of the crystal due to a
of the material. The magnetic-field distribution is dominatedlack of large defects and comparable after irradiation,
by the two different\ values in and across the planes, lead-J5H12" js almost an order of magnitude larger in crysgl.
ing to an elliptical shape of the flux line. Assuming an an-The magnetization foHlic is relatively independent of
isotropic superconductor, this also causes anisotropic elastigariations in the interlayer order parameter, because each
moduli of the flux line lattice. Especially the tilt modulus is flux line sees the average of all positions perpendicular to the
significantly harder for bending the flux lines out of the layers, while a strong influence of this parameter can be ex-
planes than for in-plane deformations. Another importantected for flux lines parallel to the layers. This implies that
factor is the modification of the flux-line core by the aniso- the newer crystaD1 is more three-dimensional in character
tropic coherence lengtl§, which leads to an elliptic core, than the older HWO1. At first sight this seems quite implau-
with the short axist, perpendicular to the Cufplanes, and  sible, as the layers in the higher quality crystal should be
the long axisé,,, parallel to the planes. On the other hand, better defined. An explanation of the data can be based on a
the description in terms of an anisotropic superconductor istudy of the layered structure of YBCO as a function of
not sufficient, because it does not include the layered struazharge-carrier densifi?, where the authors conclude, that by
ture of the material, which additionally changes the flux-lineoptimum doping of YBCO the CuO chains become super-
geometry. The order parameter between the planes is signittonducting, i.e., the interplanar order parameter is signifi-
cantly lower than in the plane, which leads to the well-cantly enhanced. These considerations have been supported
known intrinsic pinning effect. No details about the resultingby specific-heat measuremeftswhich show a strong in-
local variations of¢ and\ are available, but generally larger crease of the specific-heat jurdyC(T.)/ T, with increasing
values than the experimentally determined averages are e¥xygen concentration. From a comparison of Thevalues
pected between the planes. A consistent treatment is onbind from the almost reversible magnetization curves at 77 K
available for two-dimensional systems, where the flux-lineandH_ic in crystalD1, one may conclude that the doping is
cores between the planes vanish, resulting in Josephsjetter than in HWO1, leading to a higher interplanar order
vortices?* This may be relevant for YBCO at low tempera- parameter with the described effects on flux pinning for
tures, but is not expected in the high-temperature regimey_jab.
around 77 K, to which the experiments discussed in this The interp|anar order parameter can also be Changed by
chapter refer. the scattering of the conduction electrons by defects in the

The consequences for flux pinning in the geomeigyab  crystal. The anisotropy is due to the electronic mass tensor,
are quite important. On one hand, the intrinsic pinning effecthe Fermi surface, and the electron-phonon coupling. By iso-
strongly pins the vortices against movements across thgopic scattering of the electrons some fraction of the anisot-
CuG; planes, which is important in transport measurementgopy can be removed, leading to a smearing of the layered
(e.g., Ref. 45, where the critical current densiti”"'®" is  structure of the superconducting properties. The in-plane
measured. In magnetic measurements, this quantity is usualtyaximum of the order parameter will be slightly reduced,
not accessible, because the smaller critical current densityut at the same time the interplanar minimum will be in-
JE?H”ab, describing the sliding of the flux lines along the creased. Due to the small absolute value of the interplanar
planes, limits the magnetic moment. Flux lines in this fieldorder parameter small changes in the anisotropy will induce
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a relatively large increase of the minimum, which enhances ' ' ' ' '
the pinning properties folf jllab. 2.0}e T~77K, Hjlab
This mechanism is responsible for the effect of irradiation ’
and annealing 0d<"'3 . For this field direction, small de-
fects are comparatively useless for flux pinning, due to the
reduced order parameter between the planes. By isotropic
scattering, though, they increase the interplanar order param-

—u—®= 10" m?
15¢ —o— D= 2x10" m? |

—a— @ = 4x10"' m*

JCC;H//ab (108 Am-Z)

eter, and thereby enhance the pinning effect of the large de- 10r PRSI |
fects. After annealing, the small defects are removed, the L \'\.\.
maximum anisotropy of the system is restored, and therefore, 05l t’ ﬂmg;n:x:-:.»<.§,§‘_
the interplanar order parameter becomes minimal again, [ -t

which in turn minimizes the flux-pinning effect of the large O 2 4 6 8

defects. With the next irradiation step, new large defects are
introduced, and also a large number of small defects, which
reduce the anisotropy, and enable flux pinning by the cas- FIG. 8. Critical current densityS 2" as a function of the in-
cades. ductionB for the sample after irradiation and prior to annealing.
Another interesting feature is observed in the dependence
of J&M12b on the fluence. We find a distinct maximum after first, where a low density of pinning centers is present, each
the second irradiation, and a significant decrease afterwardpinning center holds more than one vortexer some bend-
The maximum of], with increasing defect density has also ing length of the flux lattick because the intrinsic pinning
been observed in the experiment on HWO1, but at signifieffect makes the flux-line cores queue up between the,CuO
cantly higher fluences. It was interpreted as an overloadinglanes. If the elementary pinning force is strong enough, the
of the lattice with pinning centers. The flux-line lattice at- intrinsic pinning force may be the limiting factor. In this
tempts to accommodate optimally to the defect structure, butase, flux lines move around a pinned one in a shear mecha-
this attempt is limited by the internal lattice forces. If too nism. During this movement, they have to cross the intrinsic
many defects are present, they will have a competing effeqeinning barrier, which will lead to a field independeht, if
on the flux lines, leading to a decreased macroscopic pinnintpe average angle, at which the flux lines cross the barriers, is
force J.X B. Especially under the influence of thermal acti- field independent. If the pin density roughly matches the
vation the critical currents will decrease rapidly, because oflux-line density(again divided by the bending lengttpin-
the resulting low-energy separation between the possible pirting may be higher than allowed by the intrinsic contribu-
ning configurations. Why this effect occurs much faster intion. For higher pin densities, the competitive effect of the
crystalD1 than in HWO1, can also be seen from consider-different pinning centers leads to a reduction of effective
ations of the interplanar order parameter. Due to the intrinsi@ins, and again to a limitation by intrinsic pinning. The con-
pinning effect, the flux lines are confined to their positionssistency of this approach is supported by a comparison with
between the CuPplanes. Adaption to the array of pinning the data on HWO01. As mentioned before, the difference in
centers, therefore, is only probable by bending parallel to thdS"'3 between the two crystals can be explained by a
planes, which is governed by the corresponding elastic corhigher interplanar order parameter in the higher-quality crys-
stantcy,. This elastic constant is highly dispersive and de-tal D1. This implies a higher intrinsic pinning effect in
creasegapproximately proportional ta_ %) with the inter- HWOL, but also a much weaker elementary pinning force of
planar penetration depth. At present further calculations arthe defects. Consistentlylg?H”ab in this crystal is limited
impossible, because the local values in the interplanar only by f, and is not field independent for any defect den-
regions are unknown. Obviously, they should lie between theity.
measured average values for this direction and the corre- Presently, the question for the physical reason of the spe-
sponding Josephson penetration length if two-dimensionalitgific fishtail shape oﬂgiH”ab(B) has to be left unanswered, if
is assumed. The possible variationXyf is, therefore, quite the matching argument considered above cannot be sup-
large and may well explain the change in the stiffness of theported. Again, the cause of the pinning anomaly has to be a
flux lines against bending. The higher interplanar order pafeature of the FLL, and not of the defect structure of the
rameter in the crystdDd 1 leads not only to higher elementary sample, in order to be consistent with the obserygdalues.
pinning forces and a highe]?””ab, but also to less flexible Defects caused by oxygen deficiency cannot dominate pin-
flux lines. This feature initially increasek. for low defect ning for one specific fluence value and be less efficient be-
densities, but also causes an earlier saturation of the macrtww and above.
scopic pinning force with increasing density of pinning cen-

B(T)

ters.
In Fig. 8, the very weak field dependence and comparable VI IRREVERSIBILITY LINES
size ofJg*H”ab at neutron fluences of ¥y m 2 and at 4 The irreversibility line is a parameter often used to de-

X 10°* m~2 prior to annealing, is compared to the higher scribe high-T. superconductors for technical purposes. Vari-
values at X107 m~2, which show a much stronger varia- ous techniques can be employed for its assess(aemnt Ref.
tion with field. 19), which lead to comparable results under the careful ob-
In a slightly speculative approach, this behavior may beservation of the characteristic time scales and resolution of
attributed to two different situations for flux pinning. In the the experimental quantity. Considering the irreversibility line
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fluence. The open symbols denote values after annealing.
FIG. 9. Reduced irreversibility temperatures Foy=0.1, 1, and

7 T parallel to thec direction as a function of neutron fluence. The P me2 . .
open symbols denote values after annealing. fluence 210~ m~“ The most remarkable feature in this

data set is the changeﬁj”,‘;b after annealing. While annealing

. A . fter the first irradiation reduce8?, it is strongly enhanced
(IL) as a measure for the stability of pinning against thermaE sr gy

e it should b ibl . I lain th y annealing after the second neutron irradiation. Two coun-
actlvat|pn, It shou d be possible to conS|sten'Fy explain t eteracting processes connected with the reduction of the inter-
data with the previously developed model. Figure 9 show

. - e Planar order parameter occur during annealing. The first is
the reduced irreversibility temperatutip=T; /Tc as afunc- e decrease of the elementary pinning force, which is the

tion of the fast neutron fluence for some fields applied pargominating process for annealing after the first irradiation,
allel to thec axis. The data for the lowest field, 0.1 T, dependanq the second is the softening of the flux lines, which is
predominantly on changes 8t, which are scaled away by rejevant for dense pinned centers after the second irradiation.
the reduced temperature. Because of the closenes,ahe | this way a consistent explanation of the observed effects
interpretation of these data in terms of flux pinning is Notcan pe found. Considering the low number of relevant data
simple due to the additional strong influence of the reversiblgyints the significance of this explanation still needs further
properties. The increase ®f; at high temperatures, for ex- confirmation. In order to decide if the approach is valid, a
ample, can be responsible for the increastjoéifter anneal-  number of experiments at additional neutron fluences be-
ing. In generalty, is shifted up with the first annealing step tween 16 and 2< 10?* m~2 are necessary.

prior to irradiation. This can be interpreted by the movement

of small defects into defect sinks, where they create larger

pinning centers, which support thermally stable flux pinning. VIll. CONCLUSIONS

The decrease df, after the first irradiation step is consistent

. . X Reactor neutron irradiation has been used to introduce
with the removal or weakening of a large portion of these

. ) additional defect structures into a YBCO single crystal. Part
defects(O vacanciep after the cascade process, while the ot hig gefect structure, the large defect cascades, is well
density of the introduced cascades is still too low to alloW o ratarized in size and concentration by TEM. These de-
thermally stable flux pinning. With increasing neutron flu- to (s are large enough to cause significant local distortions in
ence, the dcefect density, and withtff,, increases. After  the flux-line lattice and, therefore, act as strong pinning cen-
annealing,T;, decreases for all fields above 1 T, consistenters, Little is known about the other defects in the system,
with a removal of smaller and medium-sized defect clustersywhich are TEM invisible. It has been shown experimentally
A decreasing size of the cascade areas could also be iAnd is also expected from theoretical considerations, that
volved, as the clusters of small defects situated in theoint defects and a large fraction of clusters can be removed
strained regions close to the cascade can move to the amajy annealing aff =250 °C. Therefore, after annealing, only
phous central region and release some of the inwardly dithe large defect cascades are left in the sanfipbside twin
rected strain. SUbStantla"y more data at intermediate neutrqﬁbundarieS, which have a Comparative|y weak effect on flux
fluences would be necessary for a more detailed analysis. pinning and few other thermally stable defecfBhis is also
abFlgure 10 shows the reduced irreversibility temperaturegonfirmed by the radiation- and annealing-induced variation
tir for the field directionHllab. This parameter was very of T.. After irradiation and subsequent annealifig,is sig-
small for the untreated sample. After the first annealing treatnificantly enhanced due to the recombination of the previ-
ment, a huge increase is found, probably also due to theusly existing oxygen vacancies and the interstitials created
clustering of smaller defects. Following neutron il’radiationduring the cascade process. A slow decreasg. afuring the

t3P again increases significantly. Consistently with the criti-experiments is due to a buildup of stable defects.

cal current measurementﬁ,b develops a peak at the second  After annealing, a well-defined defect structure prevails in
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the samples, which allows an analysis in terms of elastiplanes. In that way, flux pinning foH jllab is due to the
theory. In a first step, various summation models were testeldrge defects, but is enhanced strongly by the presence of a
in order to explain the critical current densities fégic as a large number of small defects. After annealing the small de-
function of field and the defect density. Consistent results fofects are removed and the pinning effect of the cascades is
the defect density could only be achieved from the direcdrastically reduced. After an additional irradiation, new cas-
summation. The field dependend®"'°(B) at T=5 K did cades are created and the flux pinning of all large defects is
not show the correspondingBLblependence, but followed a 29@in enhanced by the newly introduced small defects. The
power lawB? with an exponen~ — 0.5. This power law is intrinsic plnmn.g.effect in this f|gld (_jlrecnon addltlonally im-
characteristic of the statistic dilute pinning summation,proves the efficiency of each pinning center by allowing the

which cannot explain the dependence on defect densitqueuing-up of more than one flux line behind each defect.

. . . . "Yrhis leads to a dramatic increase of the IL in this field direc-
which leaves us without a consistent theoretical explanation he fi | f £ 28 m2
of the results. tion even at the firstsmall) neutron fluence of X0 m™ <. At

. 1 _2 .
The power lawB =95 for Hilc and atT=5 K is not the highest neutron fluence ¥4L0?* m~2), the density of

. inning centers is too high due to the intrinsic pinning effect
changed by any sample treatment, but is observed at al e>zEa)nd the FLL cannot adapt to all defects. The resulting com-

perimental steps. This infers a similar mechanism for the

. A . é)etitive effect of the defects on the FLL reduces the macro-
summation of elementary pinning forces in all these sampl

states, even though flux pinning is supposed to be dominateg OP'¢ PINNing force, especially in the presence of thermal

e : ctivation.

by the strongly pinning defect cascaded after annealing and If the el i inning f ¢ h and
by the TEM invisible defects after irradiation. If the invisible € elementary pinning forces are strong enqlﬂ%b an
defects were causing weak pinning, they would have to fol '
low a different summatioe.qg., collective pinning which is
obviously not the case. Therefore, strong pinning at variou
defect densities is found to prevail in the sample.

At high temperatures close to 77 K, the field dependenc
of J. also follows a power law witl8 between—0.6 and—1 ,
for the sample before irradiation. After irradiation anotherf'eld'

type of behavior is always present, which does not follow a_. In summary, neutron irradiation and anneallrjg of YBCO
power law, but a distinct fishtail maximum. From the simi- single crystals was used to explore many basic features of

larity of the power law with the low-temperature case, strongfqu pinning. The conclusm_)ns fadllc presented here, indi- .
ate that a careful analysis has to be made before applying

pinning is also highly plausible at high temperatures. Pinningc . T .
after irradiation is not weakened, and therefore, the ﬁshtaipollectlve—pmnlng theory to YBCO single crystals. They

behavior seems to be a flux-line lattice effect caused bgUPPOt the_interpretation of the fishtail_eff_e_ct in terms of_a
strong pinning lux-line lattice property and not by a significant change in

The data forH_llab confirm our model for anisotropic the defect structure due to a change in the external field. The

flux pinning in layered superconductors. The layered strucghata 1;OI’Ha||£':1b ful!y s'uppfort th? mOdfl’I?%C%rd'tr;]g to er]llcc?
ture of the superconductors pins the flux lines intrinsically € elementary pinning force IS controlied by the small de-

between the superconducting Cuflanes, but at the same fects in the sample._The sr_nall defe(_:ts change the interlayer
time reduces the condensation energy at this location. Thi?:rder parameter by isotropic scattering of the electrons.
effect severely Ilm!ts .the available elementary pinning ACKNOWLEDGMENTS
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the density of these pinning centers is not optindgd
can be limited by the intrinsic pinning effect. From the treat-
gnent dependend@nnealing/irradiationof the data, one can
infer that the fishtail effect for this field direction also has to
ge a property of the flux-line lattice and is not due to addi-
tional defects, which become activated by increasing the
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