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Peak effect and its evolution from oxygen deficiency in YBa2Cu3O72d single crystals
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Forschungszentrum Karlsruhe, Institut fu¨r Technische Physik, and Universita¨t Karlsruhe, Postfach 3640, D-76021 Karlsruhe, German

~Received 3 November 1997; revised manuscript received 9 April 1998!

The current densityj in bulk YBa2Cu3O72d frequently shows a maximum at fields far above the self-field.
The responsible defect structure for this peak effect~PE! 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 aj (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 peak fieldBp the current becomes less
sensitive to the growing strength of the defect structure in accordance with a plastic deformation of vortices. In
the field region belowBp the very low current density is related to a collective interaction. The transition of
this elastic interaction belowBp 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.@S0163-1829~98!05229-1#
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I. INTRODUCTION

The current density j in bulk RBa2Cu3O72d (R
5Y,Gd,Tm,Nd) shows frequently a maximum at appli
magnetic fields far above the self-field. This peak effect~PE!
or fishtail is of great interest from both fundamental a
technological aspects of highTc superconductors. The stat
and dynamic behavior of vortices are discussed as being
sponsible for the mechanism causing the PE. The very h
current densities at 77 K at this maximum~105 A/cm2, 2 T!
are of importance for the application ofR 123 bulk material
in the medium and higher field region.

There are numerous otherj (B) peaks that are related t
the twin structure,1–3 the intrinsic pinning from the CuO
planes,4,5 or to second phase particles.6,7 In the following we
address the PE inR 123 from weakly interacting uncorre
lated defects investigated as usual forBic and the current
flowing within thea,b plane. The development of this PE
pure twin-free single crystals with increasing defect conc
tration from oxygen deficiency shows a dramatic change
the field dependence ofj . For a low concentration, the fiel
Bo , at which the current peak starts to increase with field
close to the irreversibility fieldBirr . This new feature, which
was first preliminary studied in Ref. 8, is accompanied b
field Bp , at which j reaches its maximum, which increas
with temperature. This is quite in contrast to the usual obs
vation whereBp increases with decreasing temperature, v
similar to the irreversibility field. In crystals with such
common behavior of the PE, the nearly temperatu
independent ratioBirr /Bp with sample specific values be
tween 2 and 5 is the basis for the scaling relation of
current. This observation points then to one dominant p
ning mechanism, but the corresponding defect structur
still a matter of debate. For this reason, we discuss in Sec
the defect structure responsible for the PE. The topic
PRB 580163-1829/98/58~5!/2886~9!/$15.00
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comes even more controversial if the mechanism of the P
addressed. All models proposed so far for the PE are ba
on the commonj (B) dependence that is only weakly influ
enced by the defect concentrationN. The development of the
peak with increasingN—starting from a crystal that does no
show any PE—must also be described by the models. Th
fore, in Sec. IV the evolution of the peak with increasin
oxygen deficiency is investigated in highly pure Y 123 sing
crystals. In Sec. V the observed nonscaling of the curr
density is related to a temperature-dependent effective de
concentration that explains the similar evolution of the
with decreasing temperature and with increasing oxygen
ficiency. Finally, this concept is used for the interpretation
the critical point in the phase diagram of the vortex sta
The relaxation behavior of these crystals in theB and T
region where the PE develops shall be addressed in a su
quent paper.

II. EXPERIMENT

YBa2Cu3O72d ~Y 123! single crystals were grown from
CuO-BaO flux in ZrO2/Y crucibles by the slow cooling
method.9 Before the growth process, powders of Y2O3,
BaCO3, and CuO with a purity better than 99.99% we
mixed and calcined several times in air between 850
880 °C. Crystals were grown in the temperature range 10
935.7 °C using cooling rates of 0.8–1.0 °C/h. At 935.7
the remaining flux has been separated from the crystals
pouring off the flux into a porcelain capsule located insi
the furnace. After cooling down to room temperature, t
crystals were further annealed in a tubular furnace un
flowing oxygen. A second oxidation treatment at 175 b
oxygen for about 300 h followed. The crystals were me
sured in this highly oxidized state and after various reduct
steps. The oxygen content of each state was obtained u
the isotherms from Ref. 10 that results ind50.007 for the
2886 © 1998 The American Physical Society
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PRB 58 2887PEAK EFFECT AND ITS EVOLUTION FROM OXYGEN . . .
high-pressure oxidized crystals. Some crystals are ne
twin-free in the as-grown state with a monodomain area
about 80% of their sample sizes. They were investigated
polarized light microscopy and the remaining twinned ar
were removed by cutting. Table I gives thed values, the
transition temperatureTc , and the sizes of the two crysta
from the same batch that were used for the investigation
the crystals were too small for a chemical analysis, a se
quantitative ICP-MS analysis was carried through with
remaining flux. Except for Zr and Hf, which were present
the corrosion product BaZrO3, only 200 wt ppm Al could be
detected. All other impurity concentrations were found to
below 20 wt ppm.

The magnetic momentm of an induced shielding curren
was measured with a vibrating sample magnetometer~Ox-
ford Instruments! as a function of the magnetic fieldB and
temperatureT in the geometryBic where the current flows
within the a,b plane. The current was determined from t
difference ofm between increasing and decreasing magn
field, Dm; j , measured at a constant electric fieldE
;dB/dt of about 0.1mV/cm at the sample surface. Th
irreversibility fields correspond to the sameE criterion and
to a current of 100 A/cm2. TheTc values were obtained from
zero-field-cooled and field-cooled measurements usin
field of 531024 T.

III. DEFECT STRUCTURE RESPONSIBLE FOR THE PE

In this section a summary is given about the correlat
between the PE and the defect structure relevant to pinn
The peak of the current is observed inRBa2Cu3O72d single
crystals, melt textured samples, ceramics, and thick fil
but not in thin films prepared as usual. Irradiation with fa
neutrons, protons, heavy ions, electrons, org radiation may
introduce the PE, and it may enhance the peak present be
irradiation or the opposite, or even destroy it. A similar co
plex behavior, discussed in Sec. IV, is observed for a va
tion of the oxygen content or doping. The peak is crucia
dependent on the defect structure and is not intrinsic to
crystal structure. It may be present in twinned and twin-f

TABLE I. Oxygen deficiencyd, transition temperatureTc , and
transition widthDTc between 0.1 and 0.9 from the normal-sta
signal and the sizes of the investigated twin-free crystals.

Crystal d Tc6DTc ~K!
Size

a3b3c (mm3)

#1 0.007 89.960.5 0.6630.6630.053
0.03 91.760.5

#2 0.007 89.860.6 0.6230.430.046
0.009 90.560.3
0.010 90.960.4
0.011 91.360.5
0.02 92.060.2
0.03 92.060.6
0.04 91.760.5
0.05 91.960.8
0.06 92.060.9
0.07 92.060.8
rly
f
y
s

s
i-

e
s

e

ic

a

n
g.

s,
t

ore
-
-

e
e

R 123 material.11,12 In order to make the discussion mo
clear, we stick to the twin-free single crystals from here o
In the fully oxidized state the current density is lo
(,500 A/cm2 at 77 K, 1 T! and decreases monotonous
with B without exhibiting a peak. A small oxygen reduc
tion to d50.04 produces a very pronounced P
~.53104 A/cm2 at 77 K, 2 T!. From this structure with a
large number of pinning centers from oxygen vacancies s
sequent oxygenation below 400 °C leads back into the
current state. This completely reversible behavior supp
the fact that the PE in these highly pure crystals is caused
oxygen deficiency either by oxygen vacancies or by sm
oxygen vacancy clusters.12,13 In less pure crystals the PE
results from other kinds of defects, for instance from imp
rities or dopants. Increasing the number of pinning cent
by oxygen reduction in such samples influencesj only by
means of the reversible properties, but hardly changes
irreversible behavior in the peak region.

Measurements of the magnetic moment vs fieldB with
the angle between thec axis andB as parameter demonstra
that the PE is present in the whole angular regime. Espec
for Bia,b, both currents flowing within thea,b plane and
along thec axis exhibit the PE.12 These observations ar
only in agreement with uncorrelated statistically distribut
defects from which the PE results. The interaction stren
of these defects must be weak because the PE will be
pressed or vanishes in the presence of strongly interac
defects like correlated twins, uncorrelated second phase
cipitates, or large clusters introduced by fast neutron irrad
tion. The interaction of vortices with the stress field of po
defects or small clusters of oxygen vacancies, impurities
dopants leading to uncorrelated weak pinning is in acc
dance with the experimental findings.

In the case where the PE develops from oxygen reduc
as in pure crystals, oxygen vacancies can be excluded a
responsible defect structure from the following observati
The twin-free crystals in the highly oxidized state sho
above 70 K, a monotonously decreasing current with fie
Then the crystals were deoxidized and afterwards rap
cooled down to room temperature. The dashed lines in F
1~a!–1~c! that represent the current density measured imm
diately after the reduction show at 77 K a very weak current
maximum @Fig. 1~c!#. Then the crystal was stored at roo

FIG. 1. ~a!, ~b!, ~c! Current densityj vs applied fieldB for
crystal #1 at different temperatures after an oxygen reduction td
50.03. The measurements were made immediately after the re
tion ~dashed lines! and after the crystal had been stored at roo
temperature for 5 weeks~solid lines!. The current density
,104 A/cm2 at the bottom of Fig. 1~a! was measured atd
50.007. The inset in Fig. 1~a! is explained in the text.
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2888 PRB 58H. KÜPFERet al.
temperature for about 5 weeks, which does not change
oxygen content but allows a short scale diffusion of oxyg
vacancies. This results in small clusters of oxygen vacan
presumably as a precursor of an oxygen ordering.14 The cur-
rent resulting from these defects shows a well pronoun
PE at 77 K@solid line in Fig. 1~c!# demonstrating that poin
defects—at least oxygen vacancies—do not cause the p
in agreement with Erbet al.13 The difference between th
currents before and after aging decreases at lower temp
tures @Figs. 1~a! and 1~b!#. At 69 K, for instance, the peak
was present also before aging but not before oxygen re
tion @solid line at the bottom of Fig. 1~a!#.

This observation is explained by assuming a defect s
distribution ranging from point defects to larger clusters
sulting in a distribution of the pinning energyU. The pin-
ning potential of point defects is smeared out above 50 K
the thermal oscillation of vortices. The depinning line, whi
is determined by the energy of about kT, is now situa
within the distribution of pinning energies~DPE’s!. The pin-
ning energy of point defects is on the lower and the one
the clusters is on the higher energy part of the DPE. The
fore, the effective density of the interacting defects (Neff)
with a pinning energy larger than kT becomes smaller w
increasing temperature. At 69 K,Neff is sufficiently large to
cause the PE also immediately after oxygen reduc
@dashed line in Fig. 1~a!#. Increasing temperature decreas
Neff of these defects to about zero at 77 K where only a sm
PE occurs@dashed line in Fig. 1~c!#. However, the same
defects already cause at 69 K an increase from about
current to a pronounced peak. This means that at 69 K
depinning line lies in the low-energy part and at 77 K in t
high-energy part of the DPE. After room-temperature agi
the DPE shifts to higher pinning energies and the depinn
line for 77 K is now fully within the distribution. The inset in
Fig. 1~a! demonstrates, for 69 and 77 K, qualitatively th
explanation. For simplicity, the temperature dependence
the DPE is neglected. The number of effective pinning c
ters increased at 77 K, much more than at 69 K, which
plains the larger rise of the current at 77 K. This explanat
is further in accordance with the observation that crys
that do not have a PE in the higher temperature region s
this feature with decreasing temperatures due to point
defects or clusters different from oxygen defects. Suc
temperature-dependent effective concentration of pinn
centers prevents a scaling behavior of the current which
deed, is not observed in the temperature region show
Figs. 1~a!–1~c! as discussed in Sec. V.

Another observation additionally rejects point defects
ing the origin of the PE. One crystal was exposed tog radia-
tion from a 60Co source up to a dose of 107 rad. Besides
oxygen vacancies and interstitials, other point defects
introduced that are not mobile at room temperature, i.e., t
do not agglomerate to small clusters. The current is increa
by about 10% due to these added pinning centers, but on
lower temperatures. In the higher temperature region, the
diation induced point defects do not affectj and they espe-
cially do not change the PE. This finding is in full agreeme
with the result above, that in the higher temperature reg
point defects are not able to introduce the PE.
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IV. EVOLUTION FROM OXYGEN DEFICIENCY

Several mechanisms were proposed for the origin of
PE in high- and also in low-Tc superconductors. The major
ity of models are based on weak elementary pinning for
resulting in low currents at fields below whichj starts to
increase. But all these models differ in their explanati
given for the anomalous rise of the current up toBp , and
they also partly differ in their explanations for the decrea
of j aboveBp . Weak elementary pinning forces cause
elastic collective interaction with the vortex lattice. This i
teraction is characterized by the size of a correlation volu
Vc5Rc

2Lc ~Refs. 15 and 16! within which the order of the
vortex lattice is still established:Rc is the transverse andLc
the longitudinal size. The transverse size should transfo
with increasing field from the single vortex collective regim
(Rc,a) via the small bundle (l.Rc.a) into the large
bundle regime (l,Rc); a;B21/2 is the vortex lattice spac
ing. The field dependence of the current is determined by
field dependence ofVc to be j ;Vc

21/2.
In the static collective pinning theory,15 thermally acti-

vated relaxation, and the single vortex collective regime,
well as the small bundle regime, are not considered. The
of the current is related to the decrease ofVc from the large
bundle to the single vortex regime. The transition starts a
field B0 at whichRc becomes equal to the effective penetr
tion depthleff5l/(12B/Bc2)

1/2 and is completed atBp . The
origin for this change from a local (Rc.leff) to a nonlocal
interaction (Rc,leff) is the dispersion of the tilt modulu
C44.

In the dynamic model17 for the PE based on the collectiv
creep theory,16 the increase ofj is related to the transition
from the single vortex collective state with a high relaxati
rate into the small bundle region with a lower relaxation.
this case the unrelaxed current is expected to decrease
notonously withB and the PE is caused by the larger the
mally activated decay ofj in the low-field single vortex col-
lective regime where the interaction between vortices
negligible. This dynamic interpretation is opposite to all t
static models in which both the relaxed and the unrela
currents are expected to show a PE. In the static case, re
ation influences only theB andT dependences of the curren
but the PE is caused by a different mechanism.

In another frequently used explanation, the increase ofj is
directly related to an increase of the strength of the elem
tary pinning forces.18,19 This is based on the assumption th
a distribution of oxygen deficient regions acts as pinn
sites that are superconducting belowB0 and reach their nor-
mal or reversible state forB approachingBp . The decrease
of j aboveBp is related to granularity from overlapping o
the normal or reversible regions.

Two earlier explanations leading to an increase of
current with B are a softening of the elastic moduli or
synchronization of the vortex lattice.20,21 These mechanism
are not necessarily based on an elastic interaction of w
elementary pinning forces.

The defect concentrationN is in none of these models
sensitive parameter with respect to the field dependenc
the current. In the static collective pinning theory the fiel
B0 and Bp decrease with increasingN becauseRc shrinks
with a larger defect concentration.15 Further, the parameterN
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is not at all discussed because comparisons between the
and measurements are made on samples in which the
centration is high and variations ofN are of minor influence,
i.e., the PE has its well-known field dependence. In very p
crystals, however, a variation of the defect concentration
lows a more detailed check of the proposed explanations
the PE. In the following, the evolution of the peak with i
creasingN from oxygen reduction is discussed in natura
twin-free, pure Y 123 single crystals. After high-pressu
oxygen loading, these samples show in the higher temp
ture region a very small and monotonously decreasing
rent with field. This about reversible behavior is in agre
ment with resistive measurements in the transition reg
from the vortex liquid into the solid state demonstrating
vortex melting behavior.22 From this overdoped regime (d
50.007) the crystals were subsequently deoxidized dow
d50.07, which is about the optimally doped region. Duri
this reduction,Tc approaches its maximum value, the tran
tion from the solid into the liquid vortex phase decreases
lower values, theB, T critical point up to which a first orde
transition is present decreases to zero magnetic field atTc ,
and the concentration of oxygen vacancy clusters beco
higher by about one order in magnitude. For instance fod
50.017 the concentration of the introduced oxygen vac
cies is 1020 cm23. Assuming a minimum cluster volume o
ten unit cells results in an upper limit for the cluster conce
tration of about 1019 cm23. Further uncertainties come from
the size distribution, a possible oxygen ordering, and fr
different point or pointlike defects already present in t
fully oxidized state. These defects may act as sinks for
oxygen vacancies and therefore grow in size withd. This
shifts their pinning energies to the higher temperature reg
Furthermore, oxygen vacancy clusters may also beco
larger in size with further oxygen reduction, changing t
DPE and preventing a linear dependence betweend and the
defect concentration. At present, the knowledge about
defect structure is very poor. Therefore, in the following w
discuss, for reasons of simplicity, only the rise of the co
centration of oxygen defect clusters with increasingd, know-
ing that, in principle, all the variations mentioned above
involved.

Figure 2 shows the development of the PE withd from
0.007 to 0.07 atT572 K for crystal 2 as an example. Atd
50.007, 72 K is the highest temperature where the pea

FIG. 2. Current densityj vs applied fieldB at 72 K in crystal #2
measured at different oxygen deficienciesd from 0.007 to 0.07 as
given in Table I.
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above the noise level. It is situated close below the melt
line that is about 12 T. With increasingd, the peak broadens
increases in height, and shifts to lower fields. It approac
its common field dependence ford larger than about 0.03. In
the field region above the peak fieldBp , the current becomes
less sensitive to the increasing defect concentration. T
phenomenon becomes more pronounced if one account
the decreasing melting fields with increasingd. This is ap-
proximately done by reducing the field with the correspon
ing irreversibility fields@Fig. 3~a!#. Such a saturation behav
ior is expected if, for instance, the pinning force becom
larger than the shear force between vortices that then de
mines the current. The saturation is experimental evide
for a plastic deformation leading to a highly disordered or
amorphous flux state that can be characterized byRc'a
aboveBp . For d above 0.03, the field dependence aboveBp
starts to change, i.e., the saturation does not result in
single curve in the higher field region of Fig. 3~a!. We relate
this deviation to a lower increase of the concentration due
the growing size of the defects withd.

The evolution of the peak starting close below the melt
point is in agreement with the softening of the effective sh
modulus that approaches zero at the melting fieldBm . This
explanation, interpreting the peak to be a precursor of m
ing, was drawn from resistive measurements made in q
different low- and high-Tc superconductors1,23,24 where a
very sharp increase of the current just belowBm is observed.
The measurements shown in Fig. 2 are the first observat
that the same phenomenon occurs for the PE in Y 123.
low currents in the field region up toBo where j starts to
increase are related to an elastic vortex interaction wit
large Vc , in satisfying agreement with results from rela
ation measurements. The decreasing effective shear mod

FIG. 3. ~a!, ~b! Current densityj vs applied field divided by
the irreversibility field,B/Birr , for crystal #2~3a! at 72 K. The
dashed lines are guides to the eye demonstrating the shift of
fieldsBp andB0 to lower values with increasingd. Fig. 3~b! shows
the same development of the peak effect in V3Si at 13.6 K from
Ref. 25. Here the fast neutron fluence that is proportional to
defect cascades was increased from 231019 m22 to 231021 m22.
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C66
eff initiates the transition from the elastic to the plastic d

formation. It allows larger displacements of the flux line
the correlation volume shrinks and the pinning force tha
proportional to j starts to increase. At aboutBp the trans-
verse sizeRc is reduced to its minimum value. Above th
field, in the single vortex noncollective interaction regionj
is expected to be determined either by the pinning force
by the shear force between vortices. If a saturation is
served the shear force must be overcome by the pinn
force aboveBp . The shear force is expected to have a fie
dependence determined by the effective shear modulus.
zero atBc1 andBm , and has a maximum in between. Fro
Bo to Bp , a transformation from the elastic collective inte
action belowBo to the plastic deformation of the flux lattic
aboveBp takes place. This is equivalent to a change from
flux lattice with low disorder to an amorphous or glas
state. In nearly defect-free crystals this transformation sho
happen close toBm in agreement with the observations fro
resistive measurements. With increasingN, static disorder is
added to the thermal disorder of the flux lattice. As a con
quence the shear force decreases and simultaneously the
ning force increases. For both reasons, the fieldsBo andBp
are shifted towards lower values and a broadening of
peak as well as an increase in height is expected. This
lution with increasingN is almost finished if the concentra
tion exceeds a certain value above which the shear fo
determines the current in the whole field regime excep
low fields where stronger interacting defects are dominat
In this final state, aboved50.03, the PE shows its well
known field dependence.

The evolution of the PE in Y 123 is further in some qua
tative agreement with the development of the peak in lowTc
superconductors. For instance, in V3Si, with defects from
fast neutron irradiation, theBo(N) and Bp(N) dependences
are similar@Fig. 3~b!#. In the field region belowBp , there is
even a quantitative agreement with the static collective p
ning model.25 At fields aboveBp , a pronounced saturatio
behavior is also present. In the field region betweenBo and
Bp , history effects of the current density support here,
addition, the transition from a crystalline to an amorpho
state of the flux lattice. The static collective model is bas
on a melting field very close toBc2 . This is quite different in
Y 123 with Bm!Bc2 and a decrease ofC44 with B probably
far aboveBm . But from a more general point of view th
softening ofC44 towardsBc2 may be replaced by the the
mally activated decrease of the effective shear modulus
wardsBm or Birr . With a corresponding condition forBo and
replacingBc2 by Birr , the behavior ofj (B,N) in Y 123 can
be transferred to the peak in low-Tc superconductors, i.e., th
evolution of the PE with defect concentration in V3Si is
equivalent to the PE from oxygen vacancy defects in Y 1
Different modifications of the static and dynamic collecti
pinning model were discussed in Refs. 26 and 27 for expla
ing the PE in its fully developed state.

The occurrence of the peak close toBm rejects the relax-
ation model17 based on the collective creep theory as
origin of the PE because it would require a single collect
vortex regime extended close to the melting line. Further,
region of plastic deformation above the peak field, verifi
by the saturation, is inconsistent with any elastic interact
-
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regime that should follow the small bundle regime abo
Bp .

The change of the pinning mechanism betweenBo andBp
is also indicated by a change of theE( j ) characteristics in
this field region.28 Below Bo ln E vs ln j shows a negative
curvature which corresponds to a positive exponentm in
qualitative agreement with an elastic interaction from colle
tive creep or with the vortex glass state. But, in the fie
region aboveBp , E( j ) characteristics show a power-law d
pendence or even a positive curvature that correspond
negativem values in agreement with a single vortex nonc
lective interaction. A similar observation of a transition fro
an elastic to a plastic deformation was recently made
Abulafia et al.29 using local relaxation measurements.

V. SCALING BEHAVIOR AND PHASE DIAGRAM

The temperature scaling of the currentj (B,T)/ j (Bp ,T)
5 f (B/Bp) is a well-known property in twinned and twin
free crystals. An example is shown in Fig. 4~a!. The
temperature-independent scaling functionf hardly depends
on the kind of defects causing the PE. Deviations from
scaling behavior may result from different origins. In th
higher temperature region the pinning interaction of tw
and other large scale defects suffer less from thermal os
lations of the vortices than pointlike defects or the oxyg
vacancy clusters. Then these two- or three-dimensional
fects become dominant and cause an upward turn of the s
ing function at low fields@Figs. 4~a! and 4~b! at 88 and 71.7
K, respectively#. Violation of the scaling at lower tempera
ture can be caused by the channeling of vortices along t
walls or alternatively due to an enhanced effective tilt mod
lus of the vortex lattice.30–32 This results in a depression o
the current aroundBp , leading in some crystals to aj (B)
plateau. Also, twin-free crystals always show a broaden
of the peak at lower temperatures because the effective
fect concentration increases with decreasing temperature
these interferences, as well as the transition width atTc ,
determine a temperature window from about 60 to 80
where a satisfying scaling behavior of the current with a
is usually observed. However, in the twin-free crystals wh
the PE starts to evolve from oxygen reduction, no scaling
observed, in particular not in this temperature window
demonstrated in Fig. 4~b!. With increasing temperature th

FIG. 4. ~a!, ~b! Normalized current densityj vs normalized
applied magnetic field at different temperatures. The crystal in F
4~a! shows a scaling behavior in contrast to crystal #2@Fig. 4~b!#.
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width of the peak shrinks and its position shifts towards
irreversibility line. The temperature dependence ofBp and
Bo that is above 60 K opposite toBirr(T) prevents the scaling
behavior where the PE develops. Usually a nonscaling of
current may point to a comparable strength of two or m
defect structures with different temperature dependences
however, one defect structure dominates, violation of sca
may indicate a change of the pinning mechanism due
crossover between the characteristic length scales of the
perconductor and the defect structure. Both possibilities
not fit to the nonscaling behavior in Fig. 4~b!. Further, this
unexpected feature is not intrinsic to the development of
PE because low-Tc superconductors show a very good sc
ing in this region where the peak evolves.25 The present non-
scaling behavior of the current with decreasingT at a con-
stantd reminds one, however, of the evolution of the pe
with increasingd or N at a constant temperature. This co
respondence is demonstrated in Fig. 5 wherej (B/Birr) is
shown atd50.01 with T as parameter~solid lines! and for
comparison atT572 K with d as parameter~dashed lines!.
The evolution of the PE atd50.01 occurs from 74 to 67 K
equivalent to the oxygen reduction from 0.007 to 0.03 at
K. For eachd below 0.04 there exists a temperature region
which with decreasingT the PE develops equivalently a
with increasingd. A lower d value requires for this corre
spondence a higher temperature region and vice versa.
similarity points to an effective defect concentrationNeff that
increases with decreasing temperature as already briefly
plained in Sec. III. The pinning energyU from the oxygen
defects is assumed to have a DPE. Thermal oscillation
the vortices reduce the maximum gradient of the effect
pinning potentials and broaden the distribution. Relaxat
measurements result inS values between 0.3 and 0.5 in theB
andT areas under discussion. Therefore, kT can be expe
to be within the distribution where pinning sites below kT
not contribute to the current. Only the number of pinni
sitesNeff with U.kT is essential for the interaction with th
vortex lattice. The effective concentration rises with larged
values at constantT as usual, but it increases also with d
creasing temperatures at constantd, i.e., a constant absolut
density of oxygen defects. This behavior is qualitatively
lustrated in Fig. 6. The same tiny PE is ob-

FIG. 5. Current densityj vs applied field divided by the irre
versibility field, B/Birr , for a constantd of 0.01 atT574, 73, 72,
68, and 67 K~solid lines!. The evolution of the peak effect is ver
similar for a constantT of 72 K at d50.007, 0.009, 0.01, 0.011
0.02, and 0.03~dashed lines!.
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tained for 0.007, 72 K, and for 0.01, 74 K~Fig. 5! and a
pronounced one for 0.01, 67 K. Consequently, the DPE
Fig. 6 for 0.01~solid line! results above 74 K in the sam
low Neff ~shaded area! as the DPE for 0.007 above 72 K
~dashed line!. However, at 67 K kT is at the low-energy sid
of the DPE for 0.01,Neff is large and the PE is about full
developed. This equivalent influence ofd and T on Neff is
further quantified in Fig. 7 where the current atBp is shown
at d50.01 vsT and atT572 K vs 12d. Both thed and the
T scales are linear, which results inNeff (12d);Neff(T),
valid in the temperature range where kT is within the DP
Such a possibility of a temperature-dependentNeff prevents a
scaling behavior of the current because the dependenc
the current on the concentration of the active pinning site
different in different magnetic-field regimes. For instanc
Bp andBo are shifted to lower values with increasingNeff .
Further, in this field region betweenBo andBp the influence
of the concentration onj is much stronger than belowBo and
above Bp . This nonscaling behavior of the current is r
stricted to the higher temperature range whereBo and Bp
exhibit a temperature dependence opposite toBirr or Bm . In
the lower temperature region, below the minimum ofBp(T),
the scaling ofj becomes much better. Here kT is expected
be below the DPE, i.e., all pinning sites contribute to t
current andNeff is no longer temperature dependent. For d
fect structures where kT is below the DPE up toBirr , the PE

FIG. 6. Schematic drawing of the distribution of the pinnin
energy DPE vs pinning energyU for d50.01~solid line! and 0.007
~dashed line!. The concentration of effective pinning sites withU
.kT is given by the shaded area for 0.01 at 74 K as an exam
This concentration results in the same peak effect as ford50.007 at
72 K ~dashed line!.

FIG. 7. Current densityj at the peak fieldBp for a constantd of
0.01 vs temperatureT ~filled squares! and for a constantT of 72 K
vs oxygen deficiency 1-d ~open squares!. The dashed line is a guide
to the eye demonstrating the good agreement between both.
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is fully developed and scaling may be observed in the wh
temperature range. This explanation for the nonscaling
havior is equivalent to assume a depinning line with a d
ferent temperature dependence than the pinning energie
their distribution. If the DPE is above the depinning lin
scaling is observed whereas if it is within the distributi
scaling fails.

The evolution of the PE with decreasing temperature a
constantd ~solid lines in Fig. 5! rejects the frequently pro
posed model of the origin of the peak based on the elem
tary pinning force. In this explanation the peak field cor
sponds to the field where the superconducting region bec
normal conducting or reversible. ButBp decreases with de
creasing temperature quite opposite to any phase boun
between superconducting and normal conducting or rev
ible state.

To summarize the discussion of Sec. V, a plot of theB,T
plane is shown in Fig. 8. The vortex liquid phase exten
from Bc2 to Bm ~dashed lines!. The melting line was mea
sured up to 4 T. The elastic interaction regime is sett
belowBo and the plastic deformation aboveBp . In between,
the current increases withB and the vortex lattice transform
from a large bundle regime to a single vortex state above
peak field. This change of disorder is accompanied b
change of theE( j ) characteristics. The nonscaling behav
of the current is present in the temperature region above
K whereBp andBo increase withT. Below the minimum of
the peak field (Bp)min , the scaling improves with decreasin
temperature. In this region we expect an effective defect c
centration approaching a constant value independent oT,
whereas above 60 KNeff decreases with increasing temper
ture. This temperature dependence ofNeff is also supported
by the collective pinning model. The fieldBo is predicted by
the equationRc (Bo)5l/(12Bo /Bc2)1/2 whereRc is pro-
portional to the inverse defect concentration.15 If a scaling
behavior holds,bo5Bo /Bc2 is temperature independent an
a plot of @12bo(T)#1/2 should be independent ofT and pro-
portional to the effective defect concentration. ReplacingBc2
by the extrapolatedBirr values,@12bo(T)#1/2;Neff increases
from 70 to 60 K by about one order of magnitude. Below
K this rise becomes much smaller. The minimum of the pe

FIG. 8. Temperature dependence of fields at which the cur
densityj passes its maximum (Bp), and at whichj starts to increase
(B0). Bm(T) is the melting line andBc2(T) the upper critical
field. The solid lines are explained in the text. The measurem
are made in crystal #2 with an oxygen deficiency ofd50.007.
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field coincides with the temperature below whichNeff be-
comes about constant and a scaling is observed. This co
lation is not obvious becauseBp does not enter the abov
relation.

The (B,T) point where the depinning line is entirel
above the DPE andNeff becomes zero, is close toBm for an
oxygen deficiency ofd50.007~Fig. 8!. The temperature de
pendences ofBo and Bp in this region where the magneti
moment is no longer accessible for experimental restricti
depend on whether (B,T) for vanishingNeff is in the vortex
solid or in the liquid regime. In the first case the temperat
dependences are given by extrapolations ofBo(T) and
Bp(T) ~dashed lines! that then meet each other in the vicini
of Bm ~circle in Fig. 8!. The temperature dependences in t
other case, where this point of zero effective pinning site
in the vortex liquid regime, are indicated by the two th
solid lines in Fig. 8. Immediately below the melting line ea
defect structure causes a plastic interaction with the vort
that transforms to an elastic interaction when with decreas
B or T the effective shear modulus of the vortices rises. T
second possibility is supported by resistive measuremen22

where a small dip in the resistivity belowBm points to a PE
also forT.83 K. This observation is similar to results from
resistive measurements in low-Tc superconductors and in
very clean Y 123 crystals where a small number of tw
planes causes a PE as a precursor of melting.1 We are not
able to exclude the presence of remaining twins in our cr
tals. Therefore, the PE above 75 K may alternatively res
from such a defect structure different from oxygen vacan
clusters. Then, around 75 K both peaks caused by diffe
defects merge with each other. In both cases the same
quence is present below the melting point: plastic deform
tion, the peak, and then the elastic regime. In this discuss
related to the region close toBm , pronounced relaxation is
also expected to influence strongly theB andT dependences
of the PE.

Recently, the phase diagram of the vortex matter in Y 1
was discussed by Deligianniset al.33 The B,T region~circle
in Fig. 8!, where the extrapolatedBp meetsBm , was related
to a multicritical point as observed in Bi 2212.34 In the
present interpretation this point is governed by the interp
between the DPE and kT. It separates weak disorder in
vortex structure below from a strong one above due to
change of the effective defect concentration in the vicinity
this point. This is in accordance with a first-order transiti
from the vortex liquid into the solid state below and a seco
one above the critical point. But in this picture the critic
point may vanish completely if the defect concentration d
creases further. In this case (Bp)min is expected to shift to
higher fields with lower temperatures. The (B,T) point with
Neff50 may then be situated in the solid phase and not at
border. The PE may therefore vanish before reachingBm and
a first-order transition is expected also for higher fields
lower temperatures.

This interpretation is consistent with the experimental o
servation ofBp(T) if the defect structure from oxygen va
cancies is increased going from the overdoped into the o
mally doped region. The development ofBp(T) from this
oxygen reduction is shown in Fig. 9. With increasingd from
0.007 the temperature at whichBp passes its minimum is
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shifted towards the melting line. At aboutd50.06(Bp)min
approachesBm and the critical point vanishes. At this redu
tion step, where the temperature region between (Bp)min and
Bm becomes about zero, the scaling behavior starts to
prove considerably. This is related, as discussed above, t
increase ofNeff with d. In the final state the DPE is above k
and the effective concentration becomes constant. The P
then fully developed, scaling is observed close up toTc , and
the peak field andBo increase monotonously with decreasi
temperature. As a consequence of the larger disorder in
vortex lattice the first-order melting transition has chang
into a second-order transition at this reduction step. The
reversibility line is considerably lower than the melting lin
observed at lowerd values. As discussed above, (Bp)min is
related to the condition where kT is below the DPE. The
fore, the increase of (Bp)min towardsBp is caused by a shif
of the DPE to higher energies from the growth of the oxyg
clusters withd.

VI. SUMMARY

The maximum of the current densityj vs magnetic fieldB
~peak effect or fishtail! is investigated in YBa2Cu3O72d
single crystals with different values of the oxygen deficien
d. Oxygen reduction results in an isotropic uncorrelated
fect structure interacting with the vortices. In very cle
crystals the PE vanishes after high-pressure oxidation. W
increasing oxygen reduction, however, the PE reappears
evolves to its usualj (B) dependence. Oxygen vacancies c
be excluded as being the responsible pinning sites at
temperatures. The current, measured immediately after
gen reduction and fast cooling to room temperature,
creased considerably in the field region of the peak after
crystal had been stored at room temperature for sev
weeks. This room-temperature aging, which does not cha
d but allows the diffusion of oxygen vacancies, results in
formation of small oxygen vacancy clusters. In less p
crystals other weakly interacting defects from doping or i
purities are the responsible defect structure for the PE
these samples oxygen reduction is of minor or even ne
gible influence on thej (B) dependence.

The pinning interaction between these defects and
vortices, resulting in the anomalous rise of the current w

FIG. 9. FieldBp at which the current densityj passes its maxi-
mum vs temperatureT for crystal #2 at differentd values from
0.007 to 0.06 as given in Table I.
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increasingB, cannot be studied in twinned crystals. The i
fluence of the strongly interacting, correlated twin structu
on theB andT dependence of the current and its relaxati
exerted from the weakly interacting defects, is much t
strong. For this reason, naturally twin-free crystals were u
that show a first-order melting transition from the solid in
the liquid state of the vortices. These crystals show a
high-pressure oxidation a very tiny PE close to the irreve
ibility or melting line. With subsequent oxygen reduction th
peak broadens and increases in height. The peak fieldBp at
which j has its maximum, and the fieldBo at which j passes
its minimum before it increases towardsBp , both shift to
lower values withd, i.e., with increasing concentration o
oxygen vacancy clusters. BelowBo , relaxation rates and
voltage current characteristics are in agreement with a
lective pinning interaction. The observation thatBo is close
to Birr excludes a single vortex collective regime but favor
large bundle regime belowBo with a transverse sizeRc of
the correlation volumeVc larger than the London penetratio
depthl. This is in qualitative agreement with the very lo
and monotonously decreasing current withB up toBo , i.e., a
large and increasingVc(B) with a maximumRc at Bo .

Above Bp the current becomes nearly independent of
rising strength of the defect structure. Such a saturation
havior is a strong indication for a plastic deformation of t
vortices that results in a large disorder. This plastic deform
tion in the region betweenBp andBirr is expected also from
the effective shear modulus of the vortex lattice that vanis
at the transition into the liquid state. The two regimes, ela
interaction belowBo with Rc@l and plastic deformation
aboveBp , result naturally in a maximum current in the tra
sition region whereRc approaches its minimum value. Th
mechanism is discussed already as a precursor of meltin
low- and high-Tc superconductors showing a very tiny pe
in resistive measurements immediately below the melt
line. The result of our investigation demonstrates that
same development is responsible for the fishtail or peak
fect. Then, with increasing strength of the defect struct
from oxygen reduction, the disorder in the vortex lattice
creases and its amorphous regime broadens towards l
fields.

The development of the PE in twinned crystals is qu
different due to the constraints ofRc by the twin spacing in
the elastic interaction regime. If this influence is strongBo is
absent and appears only outside the trapping angle of
twins.

The evolution of the peak with increasing pinnin
strength from oxygen reduction at constantT is equivalent to
its evolution with decreasing temperature at constantd. This
behavior is related to an increasing effective defect conc
tration with decreasing temperature caused by a distribu
of the pinning energies. The thermal energy kT that l
within this distribution prevents the pinning sites withU
,kT from contributing to the current. A scaling behavior
the current is only observed in the temperature region wh
kT is below this distribution and, therefore, the effective co
centration of oxygen vacancy clusters becomes tempera
independent.

The so-called critical point where the melting line and t
peak field meet each other is, in this interpretation, caused
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the effective defect concentration that decreases with t
perature. Therefore the regime of elastic vortex interact
extends to higher fields and approaches the melting line
larger Bm . Increasing strength of the defect structure th
results in a lower critical point that vanishes if the region
elastic vortex interaction decreases monotonously with te
perature.
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