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Peak effect and its evolution from oxygen deficiency in YB#&u;0,_; single crystals

H. Kipfer, Th. Wolf, C. Lessing, A. A. Zhuko¥, X. Langon, R. Meier-Hirmer, W. Schauer, and H."Wu
Forschungszentrum Karlsruhe, Institut fliechnische Physik, and Universitarlsruhe, Postfach 3640, D-76021 Karlsruhe, Germany
(Received 3 November 1997; revised manuscript received 9 April)1998

The current density in bulk YBa,Cu;0,_ s frequently shows a maximum at fields far above the self-field.
The responsible defect structure for this peak eff@&f) are small clusters of oxygen vacancies, impurity
atoms, or dopants. The current density caused by these defects is studied during the evolution of the PE. Very
pure, twin-free crystals without g B) peak after high-pressure oxidation were subsequently oxygen reduced,
which increases the pinning strength, i.e., concentration and probable size of the vacancy clusters. The peak
that appears first very close below the melting line broadens, increases in height, and shifts to lower fields
going from the overdoped into the optimally doped region. Above the peakBigttie current becomes less
sensitive to the growing strength of the defect structure in accordance with a plastic deformation of vortices. In
the field region belovB, the very low current density is related to a collective interaction. The transition of
this elastic interaction beloB, into a regime of plastic deformation above, initiated by the thermal softening
of the shear modulus, results in the rise of the current density. The shift of this transition to lower magnetic
fields with increasing oxygen reduction as well as with decreasing temperature is related to the thermal
influence on the distribution of pinning energies that result in a temperature-dependent effective concentration
of pinning defects[S0163-182@8)05229-1

[. INTRODUCTION comes even more controversial if the mechanism of the PE is
addressed. All models proposed so far for the PE are based
The current densityj in bulk RBaCuw0O,_; (R  on the commorj(B) dependence that is only weakly influ-
=Y,Gd,Tm,Nd) shows frequently a maximum at appliedenced by the defect concentratiin The development of the
magnetic fields far above the self-field. This peak efféd  peak with increasingl—starting from a crystal that does not
or fishtail is of great interest from both fundamental andShow any PE—must also be described by the models. There-
technological aspects of high, superconductors. The static fore, in Sec. IV the evolution of the peak with increasing
and dynamic behavior of vortices are discussed as being r€xygen deficiency is investigated in highly pure Y 123 single
sponsible for the mechanism causing the PE. The very highryStals. In Sec. V the observed nonscaling of the current
current densities at 77 K at this maximut0® Alcm?, 2 T) density is r_elated toa temperature_—d_ependent 'effectlve defect
are of importance for the application Bf 123 bulk material concentration that explains the 3|m_|lar_ evolut_lon of the PE
. . . . . with decreasing temperature and with increasing oxygen de-
in the medium and higher field region. ficiency. Finally, this concept is used for the interpretation of
There are numerous othgfB) peaks that are related to ) '

h . d-3 the intrinsic pinning f he CuO the critical point in the phase diagram of the vortex state.
the twin structuré, = the Intrinsic pinning from the CUOQ - e rejaxation behavior of these crystals in tBeand T

planes;®or to second phase particl%élp the following we  yoqion where the PE develops shall be addressed in a subse-
address the PE iR 123 from weakly interacting uncorre- quent paper.

lated defects investigated as usual Bilc and the current
flowing within thea, b plane. The development of this PE in
pure twin-free single crystals with increasing defect concen-
tration from oxygen deficiency shows a dramatic change of YBa,Cu,0,_5 (Y 123) single crystals were grown from
the field dependence ¢f For a low concentration, the field CuO-BaO flux in ZrQ/Y crucibles by the slow cooling
B,, at which the current peak starts to increase with field, ismethod® Before the growth process, powders 0§04,

close to the irreversibility field;, . This new feature, which BaCQ;, and CuO with a purity better than 99.99% were
was first preliminary studied in Ref. 8, is accompanied by amixed and calcined several times in air between 850 and
field By, at whichj reaches its maximum, which increases 880 °C. Crystals were grown in the temperature range 1020—
with temperature. This is quite in contrast to the usual obser935.7 °C using cooling rates of 0.8—1.0 °C/h. At 935.7 °C
vation whereB, increases with decreasing temperature, verythe remaining flux has been separated from the crystals by
similar to the irreversibility field. In crystals with such a pouring off the flux into a porcelain capsule located inside
common behavior of the PE, the nearly temperaturethe furnace. After cooling down to room temperature, the
independent ratid,, /B, with sample specific values be- crystals were further annealed in a tubular furnace under
tween 2 and 5 is the basis for the scaling relation of theflowing oxygen. A second oxidation treatment at 175 bar
current. This observation points then to one dominant pinoxygen for about 300 h followed. The crystals were mea-
ning mechanism, but the corresponding defect structure isured in this highly oxidized state and after various reduction
still a matter of debate. For this reason, we discuss in Sec. Iteps. The oxygen content of each state was obtained using
the defect structure responsible for the PE. The topic bethe isotherms from Ref. 10 that results & 0.007 for the

II. EXPERIMENT
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TABLE I. Oxygen deficiencys, transition temperatur@,, and
transition widthAT, between 0.1 and 0.9 from the normal-state

signal and the sizes of the investigated twin-free crystals. f\g
(&}
Size 3
Crystal 8 T AT (K) axbxc (mnr) =
#1 0.007 89.90.5 0.66<0.66x0.053
0.03 91.720.5
#2 0.007 89.80.6 0.62<0.4x0.046 B(T)
0.009 90.5-0.3
0.010 90.90.4 FIG. 1. (a), (b), (c) Current densityj vs applied fieldB for
0.011 91.305 crystal #1 at different temperatures after an oxygen reductiah to
0.02 92.0-0.2 =0.03. The measurements were made immediately after the reduc-
0.03 92.0:0.6 tion (dashed linesand after the crystal had been stored at room
0.04 91705 temperature for 5 weekgsolid _Ilnes). The current density
<10* Alem? at the bottom of Fig. (B was measured a®
0.05 91.9-08 =0.007. The inset in Fig.(d) is explained in the text.
0.06 92.6:0.9
0.07 92.6:0.8

R 123 material!? In order to make the discussion more
clear, we stick to the twin-free single crystals from here on.

. - In the fully oxidized state the current density is low
high-pressure oxidized crystals. Some crystals are nearlg/

2 ; . ; <500 Alen? at 77 K, 1 T) and decreases monotonously
twin-free in the as-grown state with a monodomain area o

; . . . ith B without exhibiting a peak. A small oxygen reduc-
about 80% of their sample sizes. They were investigated bY|cI)n tOWI 52% O: Iplr:)dguces[,) a very pro)r?(/)%nced uPE

polarized light microscopy and the remaining twinned area?>5><104 Alcm? at 77 K, 2 T). From this structure with a

;/vere_trem(t)ved bytcu_;tmg. 'gattﬁ]le I. glvesf ttr;l]iav?Iues, thtel large number of pinning centers from oxygen vacancies sub-
ransition temperaturé, and the sizes of the two crystals sequent oxygenation below 400 °C leads back into the low
Turrent state. This completely reversible behavior supports

:qhuear?tri)t/;:c[ia\;lz \Iléelgel\/ltgoasnrgi/”sifsorvva;g::earpriigzl fr‘]r:gg;rils’w ?tﬁei;]nelﬂwe fact that the PE in these highly pure crystals is caused by
o - ; oxygen deficiency either by oxygen vacancies or by small
remaining flux. Except for Zr and Hf, which were present as *y9 clency el y oxygen v ! y

. oxygen vacancy clustefé® In less pure crystals the PE
the corrosion produ_ct Ba_ZrQonIy 200 Wt ppm Al could be results from other kinds of defects, for instance from impu-
detected. All other impurity concentrations were found to b

below 20 wt ppm Sities or dopants. Increasing the number of pinning centers
o . - by oxygen reduction in such samples influengesnly b
The magnetic momemn of an induced shielding current y 0Xyd uetion 1 Su pies Infuengesrty by

. - . means of the reversible properties, but hardly changes its
was measured with a vibrating sample magnetome®er prop y 9

ford | f ; fth ic i q irreversible behavior in the peak region.
ord Instrumentp as a function of the magnetic field an Measurements of the magnetic moment vs fiBldvith

te.mperatureT in the geometnBlc where the current flows e angle between theaxis andB as parameter demonstrate
w_|th|n thea,b plane. Th? curre_nt was determm_ed from thPtthat the PE is present in the whole angular regime. Especially
Qn‘ference ofm between increasing and decreasmg magnetigy, Blla,b, both currents flowing within the,b plane and
f'eéd'/(fm?’b measured at a caonstant Ielectr]lcc f'e'ﬂh along thec axis exhibit the PE? These observations are

= B t of a .OUt 0.1uVicm at the sample surtace. The only in agreement with uncorrelated statistically distributed
irreversibility fields correspond to the sargecriterion and  yefacts from which the PE results. The interaction strength
to a current of 100 Alcth TheT, values were obtained from o hese defects must be weak because the PE will be sup-
zero-field-cooled and field-cooled measurements USING Bressed or vanishes in the presence of strongly interacting

field of 5} 107 T. defects like correlated twins, uncorrelated second phase pre-
cipitates, or large clusters introduced by fast neutron irradia-
tion. The interaction of vortices with the stress field of point
defects or small clusters of oxygen vacancies, impurities, or
In this section a summary is given about the correlationdopants leading to uncorrelated weak pinning is in accor-
between the PE and the defect structure relevant to pinninglance with the experimental findings.
The peak of the current is observedRBa,Cu;0O;_ 5 single In the case where the PE develops from oxygen reduction
crystals, melt textured samples, ceramics, and thick filmsas in pure crystals, oxygen vacancies can be excluded as the
but not in thin films prepared as usual. Irradiation with fastresponsible defect structure from the following observation.
neutrons, protons, heavy ions, electrons;yamdiation may The twin-free crystals in the highly oxidized state show,
introduce the PE, and it may enhance the peak present befoadove 70 K, a monotonously decreasing current with field.
irradiation or the opposite, or even destroy it. A similar com-Then the crystals were deoxidized and afterwards rapidly
plex behavior, discussed in Sec. 1V, is observed for a variacooled down to room temperature. The dashed lines in Figs.
tion of the oxygen content or doping. The peak is cruciallyl(a)—1(c) that represent the current density measured imme-
dependent on the defect structure and is not intrinsic to thdiately after the reduction show af K a very weak current
crystal structure. It may be present in twinned and twin-freenaximum[Fig. 1(c)]. Then the crystal was stored at room

Ill. DEFECT STRUCTURE RESPONSIBLE FOR THE PE
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temperature for about 5 weeks, which does not change its  IV. EVOLUTION FROM OXYGEN DEFICIENCY
oxygen content but allows a short scale diffusion of oxygen

vacancies. This results in small clusters of oxygen vacancieﬁE in high- and also in loW, superconductors. The major
- h -C ) -
presumably as a precursor of an oxygen ordetfiithe cur (i}y of models are based on weak elementary pinning forces

rent resulting from these defects shows a well pronounce L . .
g P resulting in low currents at fields below whighstarts to

PE at 77 K[solid line in Fig. i h i . . . ; .
at [solid line in Fig. 1c)] Qemonstrat|ngt at point ipcrease. But all these models differ in their explanation

defects—at least oxygen vacancies—do not cause the peal .
iven for the anomalous rise of the current upBp, and

in agreement with Ertet al'® The difference between the '?h | v differ in thei lanations for the d
currents before and after aging decreases at lower temperaf-e.y abso pgr yVVI elr( ml el SXp ana |9nsfor € decrease
tures[Figs. Xa and Xb)]. At 69 K, for instance, the peak of | aboveb,. VVeak elementary pinning Iorcés cause an

was present also before aaing but not before oxvaen redu elastic collective interaction with the vortex lattice. This in-
vas preser ging ot Y9 Seraction is characterized by the size of a correlation volume
tion [solid line at the bottom of Fig.(#)].

. T . . _V.=R%L. (Refs. 15 and 1Bwithin which the order of the

This observation is explained by assuming a defect size coe N T ; .

distribution ranging from point defects to larger clusters re_vortex Iqtucg 'S St!” established?, s the transverse and,
L N o : the longitudinal size. The transverse size should transform

SP'“”Q in-a dlstrlbu_t|0n of the_plnnlng enerdy. The pin- with increasing field from the single vortex collective regime

ning potential of po_mt defectg is smeared (_)ut_abo_ve 50 K b R.<a) via the small bundle X>R.>a) into the large

fche thermgl oscillation of vortices. The depmmng line, .WhICh bundle regime X<R.); a~B~ 2 s the vortex lattice spac-

is determined by the energy of about KT, is now situatedng The field dependence of the current is determined by the

w|th|n the d|str|but.|on of pinning energig®PE’s). The pin- g dependence of, to bej ~V51/2-

ning energy .of point defects is on the lower and the one of |, the static collective pinning theor, thermally acti-

the clusters is on the higher energy part of the DPE. Theregateq relaxation, and the single vortex collective regime, as

fore, the effective density of the interacting defeclé.f)  \vell as the small bundle regime, are not considered. The rise

with a pinning energy larger than kT becomes smaller withof the current is related to the decreaseVgffrom the large

increasing temperature. At 69 K is sufficiently large to  bundle to the single vortex regime. The transition starts at a

cause the PE also immediately after oxygen reductioriield B, at whichR. becomes equal to the effective penetra-

[dashed line in Fig. ®]. Increasing temperature decreasestion depth\ ¢x=M\/(1-B/B)? and is completed @,. The

N Of these defects to about zero at 77 K where only a smalbrigin for this change from a localR.>\ ;) to a nonlocal

PE occurs[dashed line in Fig. (t)]. However, the same interaction R.<A¢g) is the dispersion of the tilt modulus

defects already cause at 69 K an increase from about zef944.

current to a pronounced peak. This means that at 69 K the In the dynamic modeéf for the PE based on the collective

depinning line lies in the low-energy part and at 77 K in thecreep theory? the increase of is related to the transition

high-energy part of the DPE. After room-temperature agingfrom the single vortex collective state with a high relaxation

the DPE shifts to h|gher pinning energies and the depinnin@a'te into the small bundle region. with a lower relaxation. In

line for 77 K is now fully within the distribution. The insetin this case the unrelaxed current is expected to decrease mo-

Fig. 1(@) demonstrates, for 69 and 77 K, qualitatively this hotonously withB and the PE is caused by the larger ther-

explanation. For simplicity, the temperature dependence dially activated decay df in the low-field single vortex col-

the DPE is neglected. The number of effective pinning cenlective regime where the interaction between vortices is
ters increased at 77 K, much more than at 69 K, which exneg_hglble. Th|§ dyne}m|c interpretation is opposite to all the
plains the larger rise of the current at 77 K. This explanationStat'C models in which both the relaxed and the unrelaxed

is further in accordance with the observation that crystalsCurrents are expected to show a PE. In the static case, relax-

that do not have a PE in the higher temperature region Shoatlon influences only thB andT dependences of the current,

this feature with decreasing temperatures due t intIikY:\)IUt the PE is caused by a different mechanism.
> feature ecreasing temperatures due to po € In another frequently used explanation, the increage®f

defects or clusters different ffom oxygen dgfects_ S_uch EEiirectly related to an increase of the strength of the elemen-
temperature-dependent_ effectlve_ concentration of pmmngary pinning forced®1° This is based on the assumption that
centers prevents a scaling behavior of the current which, N3 distribution of oxygen deficient regions acts as pinning

deed, is not observed in the temperature region shown igjtes that are superconducting bely and reach their nor-
Figs. 1a)-1(c) as discussed in Sec. V. . mal or reversible state fd approachingd,,. The decrease
Another observation additionally rejects point defects be | aboveB, is related to granularity from overlapping of
ing the origin of the PE. One crystal was exposed tadia-  the normal or reversible regions.
tion from a ®®Co source up to a dose of 4€ad. Besides Two earlier explanations leading to an increase of the
oxygen vacancies and interstitials, other point defects areurrent with B are a softening of the elastic moduli or a
introduced that are not mobile at room temperature, i.e., thegynchronization of the vortex lattié82! These mechanisms
do not agglomerate to small clusters. The current is increaseste not necessarily based on an elastic interaction of weak
by about 10% due to these added pinning centers, but only alementary pinning forces.
lower temperatures. In the higher temperature region, the ra- The defect concentratioN is in none of these models a
diation induced point defects do not affgcand they espe- sensitive parameter with respect to the field dependence of
cially do not change the PE. This finding is in full agreementthe current. In the static collective pinning theory the fields
with the result above, that in the higher temperature regiof8, and B, decrease with increasiny becauseR. shrinks
point defects are not able to introduce the PE. with a larger defect concentratidhFurther, the parametét

Several mechanisms were proposed for the origin of the
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is not at all discussed because comparisons between theories 0.0 ofg 014 016 ofg 1.0

and measurements are made on samples in which the con- B/B
centration is high and variations &f are of minor influence,
i.e., the PE has its well-known field dependence. In very pure FIG. 3. (a), (b) Current densityj vs applied field divided by
crystals, however, a variation of the defect concentration althe irreversibility field, B/By,, for crystal #2(3a at 72 K. The
lows a more detailed check of the proposed explanations fo#ashed lines are guides to the eye demonstrating the shift of the
the PE. In the following, the evolution of the peak with in- fieldsB, andB, to lower values with increasing Fig. 3b) shows
creasingN from oxygen reduction is discussed in naturally the same development of the peak effect igEMat 13.6 K from
twin-free, pure Y 123 single crystals. After high-pressureRef- 25. Here the fas.t neutron fluence that is proportional to the
oxygen loading, these samples show in the higher temper4léfect cascades was increased from1B'® m™2 to 2x10* m "2,
ture region a very small and monotonously decreasing cur-
rent with field. This about reversible behavior is in agree-above the noise level. It is situated close below the melting
ment with resistive measurements in the transition regimdine that is about 12 T. With increasing) the peak broadens,
from the vortex liquid into the solid state demonstrating aincreases in height, and shifts to lower fields. It approaches
vortex melting behaviof?> From this overdoped regimes(  its common field dependence férarger than about 0.03. In
=0.007) the crystals were subsequently deoxidized down tthe field region above the peak fielg, the current becomes
6=0.07, which is about the optimally doped region. Duringless sensitive to the increasing defect concentration. This
this reduction,T, approaches its maximum value, the transi-phenomenon becomes more pronounced if one accounts for
tion from the solid into the liquid vortex phase decreases tdhe decreasing melting fields with increasiAgThis is ap-
lower values, thé, T critical point up to which a first order proximately done by reducing the field with the correspond-
transition is present decreases to zero magnetic field, at  ing irreversibility fields[Fig. 3(@)]. Such a saturation behav-
and the concentration of oxygen vacancy clusters becomdsr is expected if, for instance, the pinning force becomes
higher by about one order in magnitude. For instancesfor larger than the shear force between vortices that then deter-
=0.017 the concentration of the introduced oxygen vacanmines the current. The saturation is experimental evidence
cies is 16° cm™3. Assuming a minimum cluster volume of for a plastic deformation leading to a highly disordered or an
ten unit cells results in an upper limit for the cluster concen-amorphous flux state that can be characterizedRpya
tration of about 18 cm™3. Further uncertainties come from aboveB,,. For 5 above 0.03, the field dependence abBye
the size distribution, a possible oxygen ordering, and fronstarts to change, i.e., the saturation does not result in one
different point or pointlike defects already present in thesingle curve in the higher field region of Figa® We relate
fully oxidized state. These defects may act as sinks for théhis deviation to a lower increase of the concentration due to
oxygen vacancies and therefore grow in size withThis  the growing size of the defects with
shifts their pinning energies to the higher temperature region. The evolution of the peak starting close below the melting
Furthermore, oxygen vacancy clusters may also becompointis in agreement with the softening of the effective shear
larger in size with further oxygen reduction, changing themodulus that approaches zero at the melting figld This
DPE and preventing a linear dependence betw®and the explanation, interpreting the peak to be a precursor of melt-
defect concentration. At present, the knowledge about thiihg, was drawn from resistive measurements made in quite
defect structure is very poor. Therefore, in the following wedifferent low- and high¥, superconductot$®2?* where a
discuss, for reasons of simplicity, only the rise of the con-very sharp increase of the current just beByyis observed.
centration of oxygen defect clusters with increasfhgnow-  The measurements shown in Fig. 2 are the first observations
ing that, in principle, all the variations mentioned above arethat the same phenomenon occurs for the PE in Y 123. The
involved. low currents in the field region up tB, wherej starts to
Figure 2 shows the development of the PE wétfirom  increase are related to an elastic vortex interaction with a
0.007 to 0.07 af=72 K for crystal 2 as an example. & large V., in satisfying agreement with results from relax-
=0.007, 72 K is the highest temperature where the peak iation measurements. The decreasing effective shear modulus

irr
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C& initiates the transition from the elastic to the plastic de- (a)
formation. It allows larger displacements of the flux lines, 1.0
the correlation volume shrinks and the pinning force that is
proportional toj starts to increase. At abo@#, the trans-
verse sizeR. is reduced to its minimum value. Above this
field, in the single vortex noncollective interaction regipn, 0.5
is expected to be determined either by the pinning force or
by the shear force between vortices. If a saturation is ob-
served the shear force must be overcome by the pinning 88K
force aboveB,. The shear force is expected to have a field 0.0 F | ! 0.0
dependence determined by the effective shear modulus. It is 0 1 0 1
zero atB;; andB,,, and has a maximum in between. From B/Bp B/Bp
B, to B,,, a transformation from the elastic collective inter- ) o ]
action belowB, to the plastic deformation of the flux lattice __'C: 4- (@, (b) Normalized current density vs normalized
aboveB, takes place. This is equivalent to a change from aapplled magnetic .fleld at dlﬁergnt temperatures. The crystal in Fig.
p . . 4(a) shows a scaling behavior in contrast to crystal[Fy. 4b)].
flux lattice with low disorder to an amorphous or glassy

state. In nearly defect-free crystals this transformation shoulgegime that should follow the small bundle regime above
happen close t&, in agreement with the observations from g ~

resistive measurements. With increashigstatic disorder is pThe change of the pinning mechanism betwBgrandB
added to the thermal disorder of the flux lattice. As a conse;g giso indicated by a change of tiE) characteristicspin
quence the shear force decreases and simultaneously the pjf;s field regior?® Below B, In E vs Inj shows a negative
ning fo_rce increases. For both reasons, the flagand Bp  curvature which corresponds to a positive expongnin

are shifted towards lower values and a broadening of thggjitative agreement with an elastic interaction from collec-
peak as well as an increase in height is expected. This evie creep or with the vortex glass state. But, in the field
lution with increasingN is almost finished if the concentra- region aboveB,,, E(j) characteristics show a power-law de-
tion exceeds a certain value above which the shear forcEendence or even a positive curvature that corresponds to
determines the current in the whole field regime except ahegativeu values in agreement with a single vortex noncol-
low fields where stronger interacting defects are dominatingjactive interaction. A similar observation of a transition from
In this final state, aboveéy=0.03, the PE shows its well- ap ejastic to a plastic deformation was recently made by

known field dependence. _ _ ~ Abulafia et al?® using local relaxation measurements.
The evolution of the PE in Y 123 is further in some quali-

tative agreement with the development of the peak in Tow-
superconductors. For instance, inSY, with defects from
fast neutron irradiation, thB,(N) andB,(N) dependences The temperature scaling of the currgiiB,T)/j(B,,T)
are similar[Fig. 3b)]. In the field region belowB,,, there is  =f(B/B,) is a well-known property in twinned and twin-
even a quantitative agreement with the static collective pinfree crystals. An example is shown in Fig(a4 The
ning modef® At fields aboveB,,, a pronounced saturation temperature-independent scaling functibrardly depends
behavior is also present. In the field region betwBgrand  on the kind of defects causing the PE. Deviations from the
B,, history effects of the current density support here, inscaling behavior may result from different origins. In the
addition, the transition from a crystalline to an amorphoushigher temperature region the pinning interaction of twins
state of the flux lattice. The static collective model is basedand other large scale defects suffer less from thermal oscil-
on a melting field very close tB.,. This is quite differentin lations of the vortices than pointlike defects or the oxygen
Y 123 with B,,<B, and a decrease @4, with B probably  vacancy clusters. Then these two- or three-dimensional de-
far aboveB,,. But from a more general point of view the fects become dominant and cause an upward turn of the scal-
softening ofC,, towardsB., may be replaced by the ther- ing function at low fielddFigs. 4a) and 4b) at 88 and 71.7
mally activated decrease of the effective shear modulus toK, respectively. Violation of the scaling at lower tempera-
wardsB,, or B;,, . With a corresponding condition f@, and  ture can be caused by the channeling of vortices along twin
replacingB., by B, the behavior of (B,N) in Y 123 can  walls or alternatively due to an enhanced effective tilt modu-
be transferred to the peak in loW: superconductors, i.e., the lus of the vortex latticé®~32 This results in a depression of
evolution of the PE with defect concentration inSi is  the current aroundB,, leading in some crystals to jdB)
equivalent to the PE from oxygen vacancy defects in Y 123plateau. Also, twin-free crystals always show a broadening
Different modifications of the static and dynamic collective of the peak at lower temperatures because the effective de-
pinning model were discussed in Refs. 26 and 27 for explainfect concentration increases with decreasing temperature. All
ing the PE in its fully developed state. these interferences, as well as the transition widti at

The occurrence of the peak closeBq, rejects the relax- determine a temperature window from about 60 to 80 K
ation modet’ based on the collective creep theory as thewhere a satisfying scaling behavior of the current with a PE
origin of the PE because it would require a single collectiveis usually observed. However, in the twin-free crystals where
vortex regime extended close to the melting line. Further, th¢he PE starts to evolve from oxygen reduction, no scaling is
region of plastic deformation above the peak field, verifiedobserved, in particular not in this temperature window as
by the saturation, is inconsistent with any elastic interactiordemonstrated in Fig.(®). With increasing temperature the

50K
88K

i(B) /i(B,)

V. SCALING BEHAVIOR AND PHASE DIAGRAM
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00 02 o4 o6  os 1.0 FIG. 6. Schematic drawing of the distribution of the pinning

energy DPE vs pinning enerdy for §=0.01(solid line) and 0.007
(dashed ling The concentration of effective pinning sites with
FIG. 5. Current density vs applied field divided by the irre- >kT is given by the shaded area for 0.01 at 74 K as an example.
versibility field, B/B;,, for a constant of 0.01 atT=74, 73, 72,  This concentration results in the same peak effect as$00.007 at
68, and 67 K(solid lineg. The evolution of the peak effect is very 72 K (dashed ling
similar for a constan of 72 K at §=0.007, 0.009, 0.01, 0.011,
0.02, and 0.03dashed lines tained for 0.007, 72 K, and for 0.01, 74 ig. 5 and a
pronounced one for 0.01, 67 K. Consequently, the DPE in
width of the peak shrinks and its position shifts towards the,:ig. 6 for 0.01(solid line results above 74 K in the same
irreversibility line. The temperature dependenceBgfand |y Ny (shaded areaas the DPE for 0.007 above 72 K
B, that is above 60 K opposite 8),(T) prevents the scaling (dashed ling However, at 67 K kT is at the low-energy side
behavior where the PE develops. Usually a nonscaling of thgf the DPE for 0.01N; is large and the PE is about fully
current may point to a comparable strength of two or Morejeveloped. This equivalent influence &fand T on Ngg is
defect structures with different temperature dependences. iy ther quantified in Fig. 7 where the currentf is shown
however, one defect structure dominates, violation of scalingt s—=0 01 vsT and atT=72 K vs 1— §. Both thes and the
may indicate a change of the pinning mechanism due t0 & gcgles are linear, which results My (1— 8)~Nea(T),
crossover between the characteristic length scales of the syzjiq in the temperature range where kT is within the DPE.
perconductor and the defect structure. Both possibilities dg,ch 4 possibility of a temperature-dependégi prevents a
not fit to the nonscaling behavior in Fig(4. Further, this  gc5iing behavior of the current because the dependence of
unexpected feature is not intrinsic to the development of thene cyrrent on the concentration of the active pinning sites is
PE _beca_luse I_ovTF-C superconductors show a very good scal-gitferent in different magnetic-field regimes. For instance,
ing in this region where the peak evolvesThe present non- B, and B, are shifted to lower values with increasifty;.
scaling behavior of the current with decreasih@t & con-  pyrther, in this field region betweey, and B, the influence
stant reminds one, however, of the evolution of the peaky the concentration opis much stronger than belo@, and
with mcreasmg& orN at a consFant .temperat.ure. ThIS. COr- aboveB.. This nonscaling behavior of the current is re-
respondence is demonstrated in Fig. 5 WhiB/Bir) IS gyricted to the higher temperature range whBgeand =
shown at6=0.01 with T as parametefsolid lineg and for oy hinit a temperature dependence oppositB;foor B,,. In
comparison aff =72 K with 5 as parametefdashed lin€s  the |ower temperature region, below the minimunBg( T),
The evolution of the PE a§=0.01 occurs from 74 10 67 K _ ¢ gcaling of becomes much better. Here kT is expected to
equivalent to the oxygen reduction from 0.007 to 0.03 at 73,5 pelow the DPE, i.e., all pinning sites contribute to the
K. For eachs below 0.04 there exists a temperature region in.,rent andN is no longer temperature dependent. For de-

which with decreasingl’ the PE develops equivalently as ¢oqt structures where kT is below the DPE uBg, the PE
with increasingé. A lower 6 value requires for this corre-

spondence a higher temperature region and vice versa. This 1-5

similarity points to an effective defect concentratidg; that 0.97 0.98 0.99 1.00
increases with decreasing temperature as already briefly ex- 5 -
plained in Sec. lll. The pinning enerdy from the oxygen — 107 f‘:‘ T=72K 3
defects is assumed to have a DPE. Thermal oscillations of i
the vortices reduce the maximum gradient of the effective
pinning potentials and broaden the distribution. Relaxation
measurements result ivalues between 0.3 and 0.5 in tBe
andT areas under discussion. Therefore, kT can be expected 3
to be within the distribution where pinning sites below kT do *' 8=0.01
not contribute to the current. Only the number of pinning 66 68 70 72 74

sitesNq¢ with U>KT is essential for the interaction with the T(K)

vortex lattice. The effective concentration rises with larger

values at constant as usual, but it increases also with de-  FIG. 7. Current density at the peak field,, for a constan® of
creasing temperatures at constant.e., a constant absolute 0.01 vs temperatur€ (filled squaresand for a constart of 72 K
density of oxygen defects. This behavior is qualitatively il- vs oxygen deficiency B(open squargsThe dashed line is a guide
lustrated in Fig. 6. The same tiny PE is ob- to the eye demonstrating the good agreement between both.
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- v \5:0.'007 field coincides with the temperature below whibh be-
12 | #2 plastic D \ i comes about constant and a scaling is observed. This corre-
B regime \ \ lation is not obvious becaus®, does not enter the above
; \ relation.
B 1 The (B,T) point where the depinning line is entirely
\ above the DPE anN 4+ becomes zero, is close By, for an
Vo] oxygen deficiency o6=0.007(Fig. 8. The temperature de-
, Vo pendences oB, andB,, in this region where the magnetic
B o ela§t|c ! moment is no longer accessible for experimental restrictions
S regime ' depend on whether®, T) for vanishingNg is in the vortex
0 P . i | solid or in the liquid regime. In the first case the temperature
50 60 70 80 90 ) :
dependences are given by extrapolations B T) and
T(K) Bp(T) (dashed linesthat then meet each other in the vicinity

FIG. 8. Temperature dependence of fields at which the currer@f Bm (Circle in Fig. §. The temperature dependences in the
densityj passes its maximunB(,), and at whichj starts to increase other case, where this point of zero effective pinning sites is
(Bg). Bn(T) is the melting line andB,(T) the upper critical in the vortex liquid regime, are indicated by the two thin
field. The solid lines are explained in the text. The measurementsolid lines in Fig. 8. Immediately below the melting line each
are made in crystal #2 with an oxygen deficiencysef0.007. defect structure causes a plastic interaction with the vortices

that transforms to an elastic interaction when with decreasing
is fully developed and scaling may be observed in the whold or T the effective shear modulus of the vortices rises. This
temperature range. This explanation for the nonscaling besecond possibility is supported by resistive measurerffents
havior is equivalent to assume a depinning line with a dif-where a small dip in the resistivity beloB, points to a PE
ferent temperature dependence than the pinning energies also forT>83 K. This observation is similar to results from
their distribution. If the DPE is above the depinning line, resistive measurements in Ioly- superconductors and in
scaling is observed whereas if it is within the distributionvery clean Y 123 crystals where a small number of twin
scaling fails. planes causes a PE as a precursor of metinge are not

The evolution of the PE with decreasing temperature at @ble to exclude the presence of remaining twins in our crys-
constants (solid lines in Fig. 5 rejects the frequently pro- tals. Therefore, the PE above 75 K may alternatively result
posed model of the origin of the peak based on the elemerfrom such a defect structure different from oxygen vacancy
tary pinning force. In this explanation the peak field corre-clusters. Then, around 75 K both peaks caused by different
sponds to the field where the superconducting region becormgefects merge with each other. In both cases the same se-
normal conducting or reversible. B&, decreases with de- quence is present below the melting point:  plastic deforma-
creasing temperature quite opposite to any phase boundatipn, the peak, and then the elastic regime. In this discussion,
between superconducting and normal conducting or reverselated to the region close 8,,, pronounced relaxation is
ible state. also expected to influence strongly tBeand T dependences

To summarize the discussion of Sec. V, a plot of h&  of the PE.
plane is shown in Fig. 8. The vortex liquid phase extends Recently, the phase diagram of the vortex matter in Y 123
from B, to By, (dashed lines The melting line was mea- was discussed by Deligiannés al3® The B, T region (circle
sured up to 4 T. The elastic interaction regime is settledn Fig. 8), where the extrapolatefi, meetsB,,, was related
belowB, and the plastic deformation abofg. In between, to a multicritical point as observed in Bi 22%2.In the
the current increases with and the vortex lattice transforms present interpretation this point is governed by the interplay
from a large bundle regime to a single vortex state above thbetween the DPE and kT. It separates weak disorder in the
peak field. This change of disorder is accompanied by &ortex structure below from a strong one above due to the
change of theée(j) characteristics. The nonscaling behavior change of the effective defect concentration in the vicinity of
of the current is present in the temperature region above 6this point. This is in accordance with a first-order transition
K whereB, andB, increase withl. Below the minimum of  from the vortex liquid into the solid state below and a second
the peak field B,) min, the scaling improves with decreasing one above the critical point. But in this picture the critical
temperature. In this region we expect an effective defect cornpoint may vanish completely if the defect concentration de-
centration approaching a constant value independerit, of creases further. In this cas&{)m, is expected to shift to
whereas above 60 Kl decreases with increasing tempera-higher fields with lower temperatures. Thi,T) point with
ture. This temperature dependencelNyf; is also supported Ngz=0 may then be situated in the solid phase and not at the
by the collective pinning model. The fiell, is predicted by  border. The PE may therefore vanish before reacBiggnd
the equationR, (B,)=\/(1—B,/B.,)Y? whereR, is pro-  a first-order transition is expected also for higher fields or
portional to the inverse defect concentratiorf a scaling  lower temperatures.
behavior holdsb,=B,/B., is temperature independent and  This interpretation is consistent with the experimental ob-
a plot of[1—b,(T)]*? should be independent @fand pro-  servation ofBy(T) if the defect structure from oxygen va-
portional to the effective defect concentration. Replad3gg  cancies is increased going from the overdoped into the opti-
by the extrapolate8, values[1—b,(T)]¥?>~N.¢ increases mally doped region. The development B(T) from this
from 70 to 60 K by about one order of magnitude. Below 600xygen reduction is shown in Fig. 9. With increasififrom
K this rise becomes much smaller. The minimum of the peal0.007 the temperature at whid, passes its minimum is

B(T)
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increasingB, cannot be studied in twinned crystals. The in-
fluence of the strongly interacting, correlated twin structure
on theB andT dependence of the current and its relaxation
exerted from the weakly interacting defects, is much too
strong. For this reason, naturally twin-free crystals were used
that show a first-order melting transition from the solid into
the liquid state of the vortices. These crystals show after
high-pressure oxidation a very tiny PE close to the irrevers-
ibility or melting line. With subsequent oxygen reduction the
peak broadens and increases in height. The peakBiglat
which j has its maximum, and the fiel|, at whichj passes
its minimum before it increases toward,, both shift to
lower values withd, i.e., with increasing concentration of
FIG. 9. FieldB, at which the current density passes its maxi- Oxygen vacancy CIusters.. I.?)elowo,. relaxation rate§ and
mum vs temperaturd for crystal #2 at differents values from voltage current characteristics are in agreement with a col-
0.007 to 0.06 as given in Table . lective pinning interaction. The observation tigy is close
to By, excludes a single vortex collective regime but favors a

shifted towards the melting line. At about=0.06(,) min large bundl_e regime below, with a transverse sizR, of_
approaches,, and the critical point vanishes. At this reduc- the correlation volum¥ larger than the London penetration
tion step, where the temperature region betwﬁ‘o&in and depth)\ This is in qua“ta“ve agreement with the very low
B,, becomes about zero, the scaling behavior starts to imand monotonously decreasing current viithip toB,,, i.e., a
prove considerably. This is related, as discussed above, to &rge and increasing (B) with a maximumR; at B, .
increase ofNg; with 8. In the final state the DPE is above kT ~ Above B, the current becomes nearly independent of the
and the effective concentration becomes constant. The PE ising strength of the defect structure. Such a saturation be-
then fully developed, scaling is observed close uptpand havior is a strong indication for a plastic deformation of the
the peak field an@, increase monotonously with decreasing vortices that results in a large disorder. This plastic deforma-
temperature. As a consequence of the larger disorder in theon in the region betweeB, andBy, is expected also from
vortex lattice the first-order melting transition has changedhe effective shear modulus of the vortex lattice that vanishes
into a second-order transition at this reduction step. The irat the transition into the liquid state. The two regimes, elastic
reversibility line is considerably lower than the melting line interaction belowB, with R;>\ and plastic deformation
observed at loweb values. As discussed aboveB )y, is  aboveB,, result naturally in a maximum current in the tran-
related to the condition where KT is below the DPE. Theresition region whereR, approaches its minimum value. This
fore, the increase off) i, towardsB,, is caused by a shift mechanism is discussed already as a precursor of melting in
of the DPE to higher energies from the growth of the oxygerlow- and highT . superconductors showing a very tiny peak
clusters withé. in resistive measurements immediately below the melting
line. The result of our investigation demonstrates that the
same development is responsible for the fishtail or peak ef-
fect. Then, with increasing strength of the defect structure

The maximum of the current densitys magnetic field  from oxygen reduction, the disorder in the vortex lattice in-
(peak effect or fishtail is investigated in YBgCu;O,_s;  creases and its amorphous regime broadens towards lower
single crystals with different values of the oxygen deficiencyfields.
8. Oxygen reduction results in an isotropic uncorrelated de- The development of the PE in twinned crystals is quite
fect structure interacting with the vortices. In very cleandifferent due to the constraints & by the twin spacing in
crystals the PE vanishes after high-pressure oxidation. Witthe elastic interaction regime. If this influence is strdhgis
increasing oxygen reduction, however, the PE reappears arabsent and appears only outside the trapping angle of the
evolves to its usugl(B) dependence. Oxygen vacancies cantwins.
be excluded as being the responsible pinning sites at high The evolution of the peak with increasing pinning
temperatures. The current, measured immediately after oxystrength from oxygen reduction at constans equivalent to
gen reduction and fast cooling to room temperature, indits evolution with decreasing temperature at constafithis
creased considerably in the field region of the peak after thbehavior is related to an increasing effective defect concen-
crystal had been stored at room temperature for severatation with decreasing temperature caused by a distribution
weeks. This room-temperature aging, which does not changaf the pinning energies. The thermal energy KT that lies
6 but allows the diffusion of oxygen vacancies, results in thewithin this distribution prevents the pinning sites with
formation of small oxygen vacancy clusters. In less pure<kT from contributing to the current. A scaling behavior of
crystals other weakly interacting defects from doping or im-the current is only observed in the temperature region where
purities are the responsible defect structure for the PE. IKT is below this distribution and, therefore, the effective con-
these samples oxygen reduction is of minor or even neglieentration of oxygen vacancy clusters becomes temperature
gible influence on thg(B) dependence. independent.

The pinning interaction between these defects and the The so-called critical point where the melting line and the
vortices, resulting in the anomalous rise of the current withpeak field meet each other is, in this interpretation, caused by

VI. SUMMARY
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the effective defect concentration that decreases with tem-
perature. Therefore the regime of elastic vortex interaction

extends to higher fields and approaches the melting line

H. KUPFERet al.

PRB 58

ACKNOWLEDGMENTS

This work was partly supported by the cooperation pro-
ram between the Deutsche Forschungsgemeins@Bedht

larger By,. Increasing strength of the defect structure thenng 436 RUS 113/417)j0and the Russian Fund for Basic
results in a lower critical point that vanishes if the region ofResearch(Grant No. 96-02-00235G We would like to
elastic vortex interaction decreases monotonously with temthank Mrs. A. Will and Mrs. B. Runtsch for performing

perature.

VSM measurements and for technical assistance.

*Also at Physics Department, Moscow State University, Mos-*3A. Erb et al, J. Low Temp. Phys105, 1033(1996.

cow 117234, Russia.

Iw. K. Kwok et al,, Phys. Rev. Lett73, 2614(1994).

2L. M. Fisheret al, in Proceedings of the EUCAS 19%dited by
D. Dew-Hughes, IOP Conf. Proc. No. 14@stitute of Physics,
and Physical Society, Bristol, 1995p. 319; A. A. Zhukov
et al, Phys. Rev. B56, 3481(1997).

3Th. Wolf et al, Phys. Rev. B56, 6308(1997.

4M. Oussenzt al, Phys. Rev. Lett72, 3606(1994.

SH. Kupfer et al, in Proceedings of the 8th International Work-
shop on Critical Currents in Superconductpeslited by T. Mat-
sushita and K. Yamafujiworld Scientific, Singapore, 1996p.
373.

6M. Murakami et al, in Proceedings of the 8th International
Workshop on Critical Currents in Superconduct¢Ref. 5, p.
57.

M. R. Koblischkaet al, Phys. Rev. B64, R6893(1996.

8H. Kupfer et al, in Proceedings of the 8th International Work-
shop on Critical Currents in SuperconductdiRef. 5, p. 3499.

9Th. Wolf et al, J. Cryst. Growtt96, 1010(1989.

0p. J. L. Hong and D. M. Smith, J. Am. Ceram. Sael, 1751
(199).

1A, A. Zhukov et al, Phys. Rev. B51, 12 704(1995.

24, Kipfer et al, Phys. Rev. B54, 644 (1996.

14M. Daeumlinget al. (unpublisheil

I5A. I. Larkin and Yu. N. Ovchinnikov, J. Low Temp. Phy34,
409 (1979.

16G. Blatteret al, Rev. Mod. Phys66, 1125(1994.

7. Krusin-Elbaumet al, Phys. Rev. Lett69, 2280(1992.

18M. Daeumlinget al, Nature(London 346, 332(1990.

19  Klein et al, Phys. Rev. B49, 4403(1994.

20A. B. Pippard, Philos. Magl9, 217 (1969.

213. Kramer, J. Appl. Physt4, 1360(1973.

22C. Lessing, Diploma thesis, University Karlsruhe, 1996.

233, Bhattacharya and M. J. Higgins, Phys. Rev. L&, 2617
(1993.

2N, R. Dilley et al, Phys. Rev. B66, 2379(1997).

25R. Meier-Hirmeret al, Phys. Rev. B31, 183(1985.

. Hiergeist and R. Hergt, Phys. Rev.35, 3258(1997.

. M. Panet al, Physica C279, 18 (1997).

. Klpfer et al,, Phys. Rev. B50, 7016(1994).

. Abulafia et al, Phys. Rev. Lett77, 1596(1996.

. Oussenet al, Phys. Rev. B51, 1389(1995.

. A. Zhukov et al,, Phys. Rev. B52, R9871(1995.

. F. Solovjovet al, Phys. Rev. B50, 13 724(1994).

. Deligianniset al, Phys. Rev. Lett79, 2121(1997.

. Khaykovichet al, Phys. Rev. Lett76, 2555(1996.



