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The second peak in the magnetizatiffishtail) of superconducting single crystals was investigated for
magnetic fields parallel to the crystallographic ¢ axis. SeveBa,Cu;O;_ 5 crystals and one X8a,CugO;4
crystal were studied by various experimental techniques. We observe a similar behavior of the fishtail effect
independent of the initial state of our samples. In order to assess the dependence of the fishtail on the defect
size and concentration, the defect structure was modified by reactor neutron irradiation and additional anneal-
ing treatments. Our results emphasize the important role of normal conducting regions, which are created by
clustering of defects, typically of oxygen vacancies. Evidence in favor of strong pinning is presented.

I. INTRODUCTION lattice parameteny=1.07/®,/B is equal to the distance
between the defects. This effect has originally been called
Since the discovery of the high-temperature superconthe matching effect
ductors(HTSC's) one feature in the magnetization curves of ~ Another possibility for a peak effect in conventional

these materials has been especially controversial in the litype-II superconductors, e.g., in Pbin or PbNa alloys, is the
erature: the fishtail effect. This Effect, which is also CaHEdeXistenCe of a second Superconducting phase' with lower su-
the second peak effectefers to an increase of the critical perconducting parametefsipper critical fieldH.,, critical
current densityl. with increasing magnetic field. An incred- temperaturd,).* In this case, the induction where the maxi-

ible amount OT publications ldealing W.ith this phenomenonmum critical current densityl. occursB,,,,, depends on
has been published, but the interpretation of the effect still '?emperature X

rather controversial. Therefore, a closer look at the most re- ; . .
| . ; ) Co A third mechanism which often led to sharp peaks near
liable experimental studies and plausible theoretical interpre-, " . L .

%Cz in weakly pinning superconductors is due to a very

tations seems to be necessary. The various concepts will Il sh dul f the flux line latti hich
presented in a survey of the field in Sec. II. Then, details ofMall Shear modulus of the flux line latticgs, which actu-
our own experiments will be given in Sec. Ill, where we ally vanishes atc,(T). The resulting peak effect in the

describe our samples, measurement procedures, and aspediéical current density can be understood in terms of the
of the evaluation process related to the determination of theollective-pinning theory.A particularly complete study of
critical current density. In order to show that the effect isthis effect was made by Meier-Hirmet al° using radiation-
widely insensitive to the sample preparation, we use severdhduced point defects in A8i single crystals, which varied in
types of HTSC crystals, produced by various methods, antheir concentration by more than three orders of magnitude.
measure them in different experimental setups. Additionally,They found sharp peaks developing nédy, in the initial
we modify the pinning defect structure in some crystals bystate and at low defect concentrations, which broadened and
reactor neutron irradiation to low fluences and by annealingshifted to lower fields with increasing defect density, and
The results are presented in Sec. IV, together with a criticalinally vanished when even more defects were introduced.
discussion of the standard interpretations of the fishtail efVery good agreement with the static collective-pinning
fect. We check the currently available models with respect téheory was obtained at low defect densities. At higher defect
our own data and find that a consistent explanation is not yetoncentrations the behavior was attributed to plastic flow of
available, although many features of the effect can be exthe flux lines.
plained in a qualitative way. Since the discovery of the fishtail feature in HTSC's,
where it is predominantly observed in the
RBa,Cu;0;_ s-system, several explanations have been pro-
posed, relying on both static and dynamic mechanisms.
An increase of the critical current density with increasingStatic interpretations explain the effect by an increase of the
field was already observed in some low-temperature supemacroscopic pinning force, in agreement with one or more of
conducting materialLTSC), where at least three different the mechanisms observed in LTSC’s. The dynamic models
mechanisms were identified depending on the nature of thare based on the field dependence of the flux-creep rate, but
defects still assume that the unrelaxed current density decreases mo-
In NbTi, a regular array of normal conducting precipitatesnotonously withB.
causesemperature independepeaks whenever the flux line The first attempt to explain the fishtail featBirén

IIl. SUMMARY OF PREVIOUS WORK
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YBa,Cu;0;_ 5 (Y-123) single crystals was made within the measurements. The scaling fiet,,, is the position of the
static interpretation. In this picture, small oxygen-deficientsecond maximum. From these scaled curves, three regimes
regions in the sample turn normal conducting at a temperaof distinctly different behavior in the vortex dynamics were
ture far below the bulk critical temperatufie.. This pro-  defined, which led to the assumption of three basically dif-
duces additional pinning centers in increasing external fieldferent mechanisms of flux pinning.

which may act discretely at low densities, but become mul- The dynamic aspects of the problem are the basis for the
tiply connected at higher defect density and divide the crystahext attempt to explain the featd&From torque measure-
into “grains,” thereby leading to the strong suppression ofments the so-called “true” critical current density was cal-
Jc in fields above the second peak. In connection with thiscylated within the generalized inversion scheth&his cur-
model, other§® were formulated, which basically argue via rent does not increase with increasing field, which is
oxygen deficiency and granularity. The strongest argumen{onsidered as a proof for the validity of the dynamic ap-

in favor of these explanations is that they allow one to Uny,roach. The authors suggest that the fishtail is only due to a
derstand the temperature dependence of the peakHfigld,  yery high relaxation rate at low fields. From their model
.., the field where the maximum df is observed. Very 50 jations and experimental observations they find no

soon, however, the first paper appedreeporting that the crossover of pinning regimes as concluded in Ref. 15. This is

peak did not disappear even after long oxygenation et so confirmed by the observation of a fishtail in a Pb-
ments, when the oxygen content was supposed to be opti-

. . 5 . . i
iz The concept o ety s ha o be dhopped, 151 OYPACA0r . sngle ol she e v
when Gordeeet al1° showed fishtail behavior in a transport g pinning ¢ > >
measurement from three- to one-dimensional pinnirgn terms of Ref. 15

Another possibility within the static approach refers to theand therefore would remove the fishtail, if it were caused by

microscopic defect structure of single crystals. The so-calle§ C,Lofesfgrir baet\évlﬁereer;agénsntlgg rigllineef?elcr:]t Eczea?]ejr?éfrerglg\tlgé’.
“matching theory! suggested that the flux line lattice pap P

: statistically distributed defect structure, which pins more
(FLL) parameteiay, would optimally match the random de- . : .

o L . strongly when the flux line lattice softens. From the anisot-
fect structure at some specific magnetic field, ild,ay.

ropy of the magnetization with respect to the external field

However, while this idea seems to be quite plausible from it ! S .
equivalence to the matching effect in LTSC's, some math‘?he authors argue that the fishtail is present independently of

ematical modeling would be necessary to ascertain its applfh€ orientation of the applied field to tleaxis, while the
cability. peak correlated to the twin structure disappears, jf the mis-
Other groups proposed that the fishtail was affected by thalignment anglex between field and crystallographicaxis
sample shapé'® or that the second peak was based on ds bigger than a certain angle-8°). Asfound in a previous
softening of the vortex lattic& which would allow a better paper’’ the fishtail broadens anH .., is shifted to higher
adaption of vortices to the defect structure, equivalent to th&alues with increasing.. Fully oxygenized twin-free single
same argument in LTSC'’s. This effect could lead to an in-crystals did not exhibit any peak. By reducing the oxygen
crease of the macroscopic pinning force, but is also based atpntent the authors changed the defect structdensity
plausibility arguments, without mathematical backing. and/or siz¢ and investigated the resulting;, values. The
Although a lot of effort has been put into the approachespeak develops first at high fields near the irreversibility field.
mentioned so far, none of them succeeded to explain th&/ith increasing oxygen deficiency the peak broadens, be-
origin of the fishtail effect consistently. Thus, the dynamiccomes higher and shifts to lower fields. For external fields
properties of HTSC’s were studied more intensely. In thisabove the peak fieltl .4, the curves ofl. merge indicating
case the time-dependent shielding current deldgjteplaces an independence af; on the defect density. In analogy to
the critical current densityl.. Very early, the normalized the interpretation of older data on,;8i>? they conclude
relaxation rate of flux creep was investigated in the framethat for fields below the peak the static collective-pinning
work of the collective-pinning theofy®in the form given  theory qualitatively explains the field dependence of the cur-
by Blatter et all” They suggested that the existence of therent density, while abovel .., the saturation behavior gives
second peak was related to a nonequilibrium crossover froraxperimental evidence for plastic interactions, in contradic-
the single vortex regime to collective pinning of vortex tion to the collective model. In between, a continuous tran-
bundles. The magnetization is very low at low fields becaussition from elastic to plastic interaction takes place. This
of the higher relaxation rat8 Therefore, in this model the publication provides strong arguments that the peak is due to
normalized relaxation rat& is expected to be the mirror pinning by clusters of oxygen vacancies, in accordance with
image of the magnetization curve. Refs. 29 and 30, and excludes a significant contribution from
This model was soon questiortédecause the minimum single vacancies.
of the normalized relaxation rat® is usually observed at Two different flux-creep mechanisms above and below
fields significantly below the position of the magnetizationthe peak were also inferred to explain the dependence of the
maximum, and because samples with and without the fishtapinning potentiall on the critical current density, by ex-
feature show qualitatively the same relaxation behavior. Irperiments using local Hall probe arra¥/sin particular, be-
Refs. 18 and 19 the explanation of the fishtail effect is basetbw the peak the collective creep theory can be applied,
on a change of the elastic properties of the vortex lattice. while above the data show good agreement with the disloca-
In another approach, a universal behaffiof®in the flux-  tion mediated mechanism of plastic crééHence, the au-
creep rate as a function of the reduced external figld ( thors conclude that the origin of the fishtail effect is a cross-
=H/Ha0 was found from vibrating-sample magnetometerover from elastic to plastic creep. For the temperature
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TABLE |. Sample overview.

Sample code Type Dimension (mMm Mass(mg§ Tc (K) Experiment§ Treatmenf
D208-12° Y-123 0.843<0.679x0.065 0.2515) 89.91 S nna
D208-13° Y-123 0.7830.41X0.096 0.20P3) 91.1 S

M3944° Y-123 1.06<0.644x<0.313 1.3989) 83.1 S, M,H NNN
Gott1 Yb-123  1.576<0.608<0.0381 0.2684) 89.11 S, T,M

Gott2 Yb-123 1.57&0.75x0.052 0.508) 88.93 S

Nd15¢ Nd-123  1.51%0.4375<0.185 93.1 S, M

Plal’ Y-124 0.8<0.46x0.07 78.88 S nNa

aS indicates SQUID, T is Torque, M is Magneto-optics, H is Hall probe array.

Py indicates low fluence neutron irradiation@~2, N is high fluence neutron irradiatior 10'm~2, a is
annealing, 250 °C, 8 h.

°B. W. Veal, Argonne National Laboratory, USA.

K. Winzer, University of Gttingen, Germany.

M. Murakami, ISTEC, Japan.

f3. Karpinski, ETH Zuich, Switzerland.

dependence of the peak, they reporBagh,o<[1—(T/T)*H crystals is oxygen deficienty13944 with 6=0.2 and T,

The reversible production or removal of the fishtail peak=83.1 K. Additionally, other types of crystals were included
was also demonstrated by varying the parameters of the oxya the experiments, a NdB&w;O; s (Nd-123, two
genation process in ultrapure crystai&*with a purity of  YbBa,Cu;O;_s (Yb-123) and a Y;Ba,CugOss (Y-124)
better than 99.995 at.%. Annealing a crystal under highsingle crystal. In a previous study we have checked the in-
pressure oxygen removes the second peak. Reannealing tiigence of different contaminations from the crucible on the
same crystal according to the standard method under one bfghtail effect of Y-123 crystals, but could not find a signifi-
oxygen reinstalls the fishtail peak. According to Lindemercant dependence on the crucible material @4 or Au),
et al® the overall oxygen content is the same for both an-even though the substitution of Al and Au has significantly
nealing treatmentsq= 0.09). Thus, Erket al. conclude that different metallurgical consequences. For Riga,Cu;0;_ 5
only a locally altered oxygen distribution or oxygen orderingcrystals, oxygen deficiency seems to be the dominating type
must be responsible for this effect. This can be interpreted agf defect, maybe with a contribution by the Nd-Ba antisite-
clustering of oxygen vacancies, which act as additional pindefect in Nd-123 and a significant contribution from twin-
ning centers when they become normal conductofgRef.  ning. Neither oxygen deficiency nor twinning exist in the
6). They conclude that in high-quality single crystals of Y-124 systent/ and, indeed, the hysteresis in ultrapure crys-
YBa,Cu;0,_ 5 the fishtail effect is due to clusters of oxygen tals grown in BaZrQ@ crucibles is extremely small, down to
vacancies. These clusters will always be present in less punery low temperature€ Our crystal was grown in a Y0,
single crystals due to cation impurities, which cause clustererucible and showed a strong fishtail effect evef at5 K.
ing of defects even under high-pressure oxygenation condiFhe identification of the defects responsible for flux pinning
tions. This work very convincingly describes the defect typein all these systems is still difficult. Even the extremely thor-
responsible for the fishtail effect in very pure crystals. Weough characterization of ultrapure Y-123 single crystals by
intend to complement this work in the range of impure sys-Erb et al. (e.g., Ref. 29 led only to the identification of
tems in an attempt to identify the common underlyingoxygen clusters as pinning relevant defects, but did not pro-
mechanism of the vortex-defect interaction and placing lesside sufficient data on the resulting defect size and density.
emphasis on the identification of specific defects, whichDespite all the progress in the field the relevant defects can-
cause the fishtail effect. not be analyzed by microscopical methods. On the other

We will show, that the fishtail effect is consistent with a hand, we can be sure that a wide variety of possible defects
crossover between pinning regimes, but that the currentljs covered by the set of samples selected for the present
considered models cannot fully explain the results, as alreadstudy, which is further widened by the well-defined variation
mentioned in another context in Ref. 30. of the defect structure after neutron irradiation.

IIl. EXPERIMENTAL DETAILS B. Irreversibility line and critical current density

For all samples, the magnetic moment as a function of
field and temperature was measured in a superconducting

Several YBaCu;0;_ 4 single crystals were investigatdt.  quantum interference devig&QUID). Additionally, torque
Some of their physical properties and the sample codes amagnetometry, magneto-optical investigatidibeth at the
summarized in Table |. The crystallographic quality of all Vrije Universiteit Amsterdam and local Hall-probe mea-
samples was studied by x-ray diffraction and found to besurementgBar Illan University were applied in some cases
excellent. Furthermore, magneto-optical images showed unin order to check the reliability of the resultsee Table)l A
form flux penetration patterns, which indicates homogeneousomparative study of the various setups and experimental
current paths and a good sample quality. One of the Y-128nethods was presented in Ref. 39. The main experimental

A. Samples
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work was carried out in Vienna, where all the crystals were L L
investigated by SQUID magnetometry in the dah T set- 41 Pla1 .
ups at temperatures from 5 to 80 K. The magnetic moments ! [;:A\\ 5K, H//c
at fixed temperatures with the external magnetic field aligned sl o e ]
parallel to the crystallograph'ﬁ: axis, were measured and the ] \00\0 A SN
shielding current densitieds in the ab planes were calcu- s ol ».\_:‘_’j_’;‘_’:c.’:e:ej.’:ezﬂ:‘?:c’;"]g
lated. < =
. - : ~0~0-0-0-0-0-0-8=8=5=p

Furthermore, the temperature dependence of the irrevers- = f i P e
ibility line (IL) was obtained by zero-field-cooling, measure- g2 § V««Vj/)/ 1
ments in various fields up to 8 T. The experimental assess- I // ST
ment of the irreversibility line is affected by the al ﬁ‘yz —o— 1Mot m 1
“experimental time window” and the resolution of the ex- £ —a—1*10"" m*
perimental technique employed, because of the high relax- [ —v—8h 250°C
ation in the HTSC'’s and the necessary criterion for defining -6 e
J.=0 0 2 4 6 8

s=0.
The definition of the irreversibility point in our work is HH (T)

based on a simple but very accurate metffstt;* which o

takes advantage of the movement of the sample between the FIG- 1. Low-temperature magnetization curves of a Y-124 crys-
pickup coils in the slightly inhomogeneous field of the mag-té,‘l’ before and g.fter irradiation and annegllng. The dashed line in-
netometer. This leads to a small “ripple field” superimposeddicates the position of the Bean penetration field.

to the external dc field, which amounts to about 0.1% of the_ ) i .

applied field and corresponds to a frequency of around 0.05€fly, it consists of a number of strongly pinning defect
Hz2 In the reversible regime, the SQUID response is thecascades with a density proportional to the fast neutron

same for both directions of the sample movement. When fufluencel® eg. at a neutron fluence of A0
pinning sets in, characteristic distortions appear in thd'€Utrons/M(E>0.1 MeV) the cascade density amounts to
curves, which reflect the hysteretic behavior of the magnetil X 10?2 m™*. The applicability of these numbers for various
zation, and are history dependent. This can be parametrizddTSC's can be inferred from a similar sty on
by comparing the SQUID output voltages at the same samplBi2SrCaCuyOg single crystals. The size of the cascades is
position but for different directions of the sample movement.comparable to the coherence length of the HTSC’s at el-
For measurements at constant field, the sum of squares 8vated temperatures, which makes them perfectly suitable for
these differences at roughly hundreds of sample position§ore pinning. Also, various small defects, e.g., point defects,
abruptly decreases at one specific temperature, which defin@gint defect clusters, and interstitials, are generated during
the irreversibility temperature. In this way, tle=0 crite- the irradiation process. S_ome fraction of the smaller defects
rion can be approximately defined as*2a®® Am~2 (de- May agglomerate to build another type of large defects,
pending on the sample size and the external ield which is also capable of strong flux pinning. N

The evaluation of); is based on an extended Bean Under annealing8 h at 250°C, in aiy, the mobility of
model#**3where the current density is evaluated in terms ofdefects is strongly enhanced in the crystals, but no oxygen
Bean’s critical-state modéf, but the generated local self- 0SS occurs at this low temperature. Thus, only the small
field Heer and the influence of the anisotropy of the samplesdefects and agglomerates, which can be dissolved, are af-

at different field orientations are also included to first order.fected by this treatment. Mobilized point defects migrate
through the crystal until they are caught at strong defect

traps, e.g., the cascade regions or twin boundaries. It has
C. Neutron irradiation and annealing been showff that the defect cascades are stable up to at least

In order to modify the defect structure of the material we400 °C. During annealing, the crystals remain glued onto a
treated selected crystals by fast neutron irradiation and arf@mple holder aluminum platelet with high vacuum grease,
nealing. It has been shown that fast neutron irradidtiéh?® ~ Which is stable in air for temperatures up to 250°C and not
represents a powerful tool for changing the relevant defecf@rmful to the samples. It has been shown CP”S'SMI
structure for flux pinning by the formation of large strongly the removal of small defects is the dominating effect under
pinning collision cascades and agglomerates of smaller dédnnealing.
fects. The irradiation typically leads to improved pinning
properties at the expense of slightly decreaSipat low and IV. RESULTS AND DISCUSSION
intermediate fluences.

The samples were irradiated in the central core position of
the TRIGA reactor in Vienna. The neutron energy spectrum The typical fishtail shape is most commonly observed in
and the flux density at this position are given in Ref. 47. Thethe magnetization curves. In order to give an example, data
samples were encapsulated in small quartz tubes under nasn a Y-124 single crystal ai=5 K are shown in Fig. 1 for
mal atmosphere. During irradiation the tube was contained iwvarious crystal treatments. A distinct fishtail is observed in
a small aluminum can immersed in the cooling water of thethe untreated and the weakly irradiated Lt 2 E
reactor. At full reactor power the temperature of the samples>0.1 MeV) crystal, even at this low temperature. Although
rises to 50—60 °C. The resulting defect structure and its gernit is not observed after irradiation to higher fluences, it is
eral effect on flux pinning are considered in detail in Ref. 30.useful for the distinction between the static and the dynamic

A. Defects after irradiation and annealing
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FIG. 2. Shielding current density of a Y-123 crysfdl. (un- FIG. 3. Shielding current density of a Y-123 crysfdl, (un-

treated =89.9 K] determined from magnetization curves &t =
=50 K, before and after low fluence neutron irradiation and annealrtreated =83.1 K] at 20 K, before and after low fluence neutron

ing. irradiation.

effects of irradiation and annealing on the defect structure
interpretation of the fishtail effect. Because relaxation isare not only counteracting each other, but that the underlying
comparatively weakteé K (T/T.~0.06) and cannot account mechanisms are qualitatively different.
for the observed effect, these data present a strong argument Another example for the effect of low fluence irradiation
in favor of a static explanation of the fishtail. at intermediate temperatures is shown in Fig. 3. The very

The anomalous magnetization at low temperatures in ousmall neutron fluence significantly increasksat low fields

experimental window is observed only in some untreated oand leaves it almost unchanged in the field range above the
very lightly irradiated crystals. At higher temperatures thepeak, which makes the peak effect almost invisible. A simi-
effect is observable in almost all measurements. With indar behavior has been observed in all our samples after low
creasing fluences, the peak shifts to lower fields, where ifluence irradiation.
sometimes cannot be detected in magnetic measurementsAccording to previous worké3®we can be sure that the
(when the peak field is comparable to or lower than the Beatarge defect cascades introduced by neutron irradiation are
penetration fieldH*). An example of this behavior is given by far too few at the low fluences to have a significant effect
in Fig. 2, where data on a Y-123 single crystal are shownon flux pinning. Point defects only contribute in the form of
This figure nicely illustrates the dependence of the fishtaiclusters. These clusters can be formed either at new defect
peak on the various types of defects present due to thsites or at previously existing defect regions. After irradia-
sample treatment. The as-grown crystal shows a distindion, we find that the increase 8{ is very large at low fields,
maximum in theJi(H) dependence. After the first neutron but not significant at high fields. This provides a clue for the
irradiation, which was made in order to determine the golddefect evolution under irradiation and annealing, respec-
content of the sampt® by neutron activation analysis tively. In all present theoretical approaches, the product of
(NAA), strong irradiation effects were observed. Unfortu-the defect density and thequare of theelementary pinning
nately, the associated fast neutron fluence could not be eferce Ny- f,, determines the influence of the defect structure
actly determined for that irradiation position. Therefore, an-on the shielding currents, wheie=1 for the direct summa-
other irradiation followed in a position with a known fast tion model, andi=2 for most other theories. It would be
neutron fluence (% 10°° m~2), which is estimated to be of rather coincidental, if this factor would exactly cancel in all
the same order of magnitude as that for the NAA. The resultour experiments. Therefore, we conclude from our data that
were surprising. While the effect of neutron irradiation wasonly one of the two parametersy or f,, will significantly
attributed to the typical large defect cascades until recéftly, change due to low fluence irradiation, and that this change is
the density of these defects is by far too low to have a distess important in high fields. Both alternatives, i.e., clustering
tinct effect on flux pinning at these very small fast neutronof newly created defects at previously existing sites or the
fluences. Nevertheless, the shielding current density isreation of new defects, are possible, but cannot be distin-
strongly enhanced at low fields. The second peak is still disguished considering only the data after irradiation.
cernible after the NAA and is only visible as a small bump in  However, the defect evolution responsible for the data in
the curve after the second irradiation. At high fields only aFig. 1 is easier to resolve from the situation after annealing.
very small effect is visible. Even more interesting is the be-Loosely bound clusters dissolve and point defects move into
havior after annealing the crystal at 250 °C. The fishtail restable defect sinks, which are enlarged to some extent. We,
appears, although in lower fields than before, while at theherefore, assume that under annealing the overall number of
same timeJg at high fields is significantly reduced. The defects is reduced, and that some fraction of the previously
maximum values are now of the same order as in the unexisting defects is enlarged, i.e., their elementary pinning
treated crystal, but occur at lower fields, with a significantlyforce is enhanced. This picture is consistent with the experi-
smaller slope towards zero. From this, it is obvious that thenental data, if the reduction df at high fields is attributed
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to the decreasingdensity of pinning centers. The simulta- N '/g
neously increasing size of the defects is not effectivelfor ’ (a)

because the elementary pinning forfgis limited by the S ors | M3944, 60K, H||c —
FLL stability—this applies when the elementary pinning — 77 [ —s—asgrown 7
force is strong enough to pull a vortex from its position in A [ oo 1710% m? v
the FLL. A limit of this kind is quite plausible if simple 2 010 ot e / 1
numerical calculations in the elastic the8ty* are consid- = [ e s 1
ered, where the maximum distortion of the FLL due to a ?I 0.05 - /o/o y
typical pinning force is evaluated as a function of the exter- o ;70—;//
nal field. At low fields even after annealing, enhanced values 0.00 - v .
of Jg are found compared to the unirradiated crystal. They Lot 1
are due to the increase if},, i.e., to a lower density of AN
stronger pinning centers. - (b)! ]
After irradiation J; showed a qualitatively different be- 3 I . Vv\ ]
L P

havior from that after annealing. This allows us to decide ‘*‘g

between the two scenarios described above. The correct sce- >

nario is a minor change of the pinning center density after o ! NN
the low fluence irradiation accompanied by a large increase = )
of the elementary pinning force of some of the previously o ; —_
existing defects. This is consistently explained by the migra- o o]
tion of point defects to these sites. The limitation in the in- 0
crease of the elementary pinning force is again set by the

stability of the FLL.

'.I n 1 L 1 L 1 L 1 L Il
00 0.2 0.4 06 08 1.0
B (T)

B. Defect evolution and the fishtail FIG. 4. The relative relaxation rate of the oxygen-deficient

Following this qualitative description of the defect struc- Y-123 crystal[ T, (untreategl =83.1 K] at T=60 K and after neu-
ture after irradiation and annealing we concentrate on th&on |rr§d|aF|0n(a) and the shielding currents as _determlned from
interaction between the FLL and this defect structure, in orMagnetization measurements for the same conditions
der to clarify the mechanisms leading to the obserded
data. After the low fluence neutron irradiation, predomi-much more easily thermally acivated. Therefore, our argu-
nantly f, is increased, which shifts the fishtail peak to lower ments explain the strong enhancement of the fishtail effect at
values. The field dependence 6f at high fields is not high temperatures.
changed, but the same dependence now extends to lower Relaxation rates from Hall measurements determined for
fields. In our modelJg in the high-field regime is dominated sample M3944 are shown in Fig(a. A smooth increase of
by the stability of the FLL. Therefore, the increasefgfis  the relaxation rate with field is observed at all fluences, with
consistent with the extension of this regime to lower fields.a possible dip only for the unirradiated crystal. It is obvious
Below this regime, i.e., below the peakJg, increasingf,  that this dip 0.4 T) occurs below the peak of the magne-
means a larger maximum distortiorg of the FLL. This de- tization curve (~0.5 T) shown in Fig. &). For the other
fines the fraction of actually pinning defects, which roughly treatments, no dip is visible in the relaxation rate, but a sig-
should beu%w/aﬁ. Therefore, increasing, leads to an in- nificant fishtail feature reappears after irradiation to a higher
crease oflg in the region below the peak. The peak effectneutron fluence, at rather low fields-0.5 T). Therefore, a
itself is in these terms explained by an increaseugfa,  direct correlation between the relaxation rate and the second
with B at low fields and the regime whefg is limited by the  peak cannot be observed, exactly as in other measurements
FLL stability at high fields. on unirradiated samples. We do not have relaxation measure-

Another possible explanation for the fishtail “peak” is a ments on other irradiated crystals, but the shielding current
suppressiomf Jg in the region of the minimum, which could densities]g of all crystals reflect the same behavior.
be caused by the competitive effect of neighboring pinning A distinct peak effect is observed ify of the samples
centers on the flux lines. This is possible when the distortiorirradiated to a high fluence. Some care has to be taken when
fields caused by the pinning centers overlap. The maximundeciding whether this is due to an actual decreas@;aoh
in Jg is then due to “matching’(in a statistical sense only lower fields or is just an artifact of demagnetizing effedts.
where an optimum fit of the FLL positions to the defectsis calculated from the decreasing slope of the magnetization
occurs. curve in this field range. Due to the averaging procedure over

The fishtail according to these models has to be due to the field distribution in the sampf2J4(B) might be errone-
rather uniform defect structure, because in the presence ofa@us at fields, below which the local field at the corner of the
highly inhomogeneous defect structure the locally differentsample falls below zero. The line indicating this border is
peaks would average out. shown as the dashed line in Fig(bt Clearly, our data

The arguments as described above refer to the static rgoints are above this line. In addition, the average induction
gime and are based on the conclusions drawn from Fig. 1. I the sample would have to be around 0.5 T, in order to
the presence of thermal activation, the less stable configuraccount for the observed lody, which is impossible. There-
tions at low fields and especially in the high-field regime arefore, the peak effect is positively identified as a true peak
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FIG. 6. The field at the peak position as a function of tempera-
ture for various untreated crystals described in Table I. For com-
parison, the prediction of a transition from collective pinning to
plastic vortex movemer(dotted line,f .0 is included.

FIG. 5. The irreversibility line of the oxygen-deficient Y-123
crystal[ T (untreatedl =83.1 K] after sequential neutron irradiation
of the sample.

effect of J;, and has to be explained in our model. In the
as-grown crystal, one defect structuraost likely interme- ~ This approach is qualitatively consistent with our interpreta-
diately sized clusters of O vacanciés dominant. By the tion of the effect, but some quantitative features are not. We
low fluence irradiation, the pinning strength of the defects isagree that the macroscopic pinning force is enhanced by the
increased. At the same time, a rather inhomogeneous defei@duction of correlated volumes in the FLL in increasing
structure is created, because the number of new interstitial§eld, but the description in terms of present collective-
which may recombine with vacancies, is rather high in thePinning modelde.g., Ref. 17is not sufficient. Even though
vicinity of the few defect cascades. Their density is very lowmany of the experimentally observed features are explained
(~5x107° m~3) and their pinning contribution can be ne- by the collective-pinning approach, it has been shown that it
glected in this fluence range. For the high fluence irradiationdoes not describe the dependence of the pinning force in
the density of cascades is proportionally increased and a ho-123 crystals as a function of the density of pinning
mogeneously distributed structure of these strong pinnin@enterso’-O
centers is created. This is reflected in the lowered relaxation A quantitative evaluation of the crossover from collective
rate, and causes the fishtail effect to reappear at lower field@nning to the regime of plastic vortex movement was at-
and higher absolute values 8f. It should be pointed out, tempted in Ref. 31, where the peak field was reported to
that the data cannot be explained by the effect of the irradiadepend on temperature through a functidpaec= (1
tion onT., which is only lowered by roughly two degrees at —t*)** In a comparison of this function to our daig. 6)
the highest fluencécf. the inset in Fig. h we find complete disagreement. The good fit reported in Ref.
The massive impact of strong pinning centers at high neu31 is due to the fact that only high temperatures were mea-
tron fluences manifests itself also in the irreversibility line sured in that experiment. In Ref. 26 even an upturn of the
(IL). The IL gives information about the pinning situation in Peak field at high temperatures was found for their very
the case of extreme thermal activation, where only the largegveakly pinning overdoped Y-123 crystals.
defects are still active pinning centers. This is illustrated in
Fig. 5,_again for crystal M3944, in order to allpw a compari- V. CONCLUSIONS
son with Fig. 4. Wheready(60 K) and the fishtail effect
[Fig. 4(b)] are only slightly changed by the last irradiation, We compared published data and models to new data,
the IL moves to significantly higher temperatures, in goodwhich were obtained after neutron irradiation and annealing
agreement with the observed decrease of the relaxation at & various HTSC single crystals. All of the crystals showed
K [see Fig. 4a)]. The effect of lower fluence irradiation, and similar features, although they differed considerafobyygen
also of annealing, on the IL is not as unambiguous as for theontent;R=Y,Nd,Yb; R-123,Y-124). None of the models
current densities, and, therefore, does not allow safe conlun the literature is able to explain the full temperature and
sions. As observed befolef. Refs. 46 and 30 neutron ir- field dependence of the fishtail effect in our samples, al-
radiation may lead to an increase or a decrease of the irréhough many of their basic features are consistent with the
versibility fields, depending on the respective sample. This islata. Especially the static collective-pinning approach, where
also true for the annealing treatment. A plausible interpretathe reduction of the correlated volume with increasing field
tion of these data might allow one to draw further conclu-leads to enhanced flux pinning and a crossover to a badly
sions on the defect structure in the specific samples. Weorrelated vortex structurglastic regime might be useful.
refrain from doing so, because it would be quite speculativiNevertheless, a quantitative comparison with all the pro-
at the moment and also beyond the scope of this work. ~ posed models leads to inconsistencies with our data.
Recent paper&.g., Refs. 31, 26roposed an explanation For example, the low-temperature field dependencé; of
of the fishtail effect in terms of a plastic flow of the FLL. (especially for the Y-124 crystahnd the missing correlation
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between fishtail and relaxation behavior rule out explanaconfiguration because of a mismatch between the pinning
tions exclusively based on dynamical effects. Furthermoregefects and the flux line lattice. At high fields either is
the creation of additional pinning centers at high fields andig/ay=0.5, which limits the elementary pinning force, or,
temperatures can be dismissed, because it is inconsisteaternatively, all available defects are occupied. In both cases
with the results after low fluence irradiation and annealingwe expect a saturation of the macroscopic pinning force,
Under this treatment, the fishtail effect is suppressed by thevhich leads to a decrease &f, as explained in terms of the
irradiation and reinstalled after annealing, which cannot bestandard models. In any case, the resulting peak effect is not
explained in this framework. only determined by a specific defect density, but also by the
Hence, we developed a qualitative model, which is con-elementary pinning force of the defects. This leads to a dis-
sistent with our data and the generally accepted theoreticalppearance of the effect in very inhomogeneous defect struc-
treatment of the flux line lattice. In our approach, we do nottures, e.g., after neutron irradiation. The fishtail can reappear
depend on a specific type of defect, but instead describ&hen the defect structure is homogenized by subsequent an-
which features of the vortex lattice and of the defect structurenealing, or if a new dominant defect structure evolves, e.g.,
lead to the observed effects. This seems to be a better apfter high fluence irradiation.
proach than that of many previous studies, because we ob- We are, therefore, proposing qualitative explanations of
served the fishtail effect in a large variety of samples withthe fishtail effect, which are consistent with all our experi-
strongly differing properties. mental data and with data published in the literature. Never-
Js at high fields is not significantly changed after low theless, more detailed theoretical work as well as further ex-
fluence irradiation, and the influence of annealingJgris  perimental studies are necessary to validate some specific
qualitatively different from that of irradiation. This infers assumptions.
that the main effect on the shielding current density after
|rrgd|a§|on is t'helllncrease in the elementary pinning forpe, ACKNOWLEDGMENTS
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