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Origin of the fast magnetic relaxation close toTc in YBa2Cu3O72d

I. Isaac and J. Jung
Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1

~Received 9 October 1996!

There have been many reports on magnetization measurements of the normalized logarithmic decay rate
S(T,H), which was observed to increase rapidly with temperatureT close toTc in YBa2Cu3O72d ~YBCO!
single crystals, epitaxial thin films, and granular bulk samples~grain aligned and with random orientation of
the grains!. We investigated the origin ofS(T,H) by performing the following measurements:~1! the relax-
ation of the persistent current from its critical value, as a function of temperatureT and magnetic fieldH; ~2!
the temperature dependence of the critical current at different magnetic fields. The measurements were carried
out on granular YBCO andRBCO ~whereR stands for rare-earth elements! ring-shaped samples with ran-
domly oriented grains, which always exhibit an increase ofS(T,H) with temperature close toTc . The results
revealed the correlation between the temperature dependence of the unperturbed pinning potential,U0

5kT/S, and that of the critical current. Such correlation suggests that variations of the Josephson coupling
energy, or the order parameter, along the grain boundaries are responsible for weak flux pinning and conse-
quently the increase ofS close toTc . The analysis of these results was made using the Tinkham-Lobb@Solid
State Phys.42, 91 ~1989!# model of flux pinning in a granular superconductor and their description of the
conceptual equivalence between the weak-link~Ambegaokar-Baratoff! and continuum~Ginzburg-Landau!
flux-pinning models. According to the results of these studies, we conclude that the divergence ofS(T,H)
close toTc observed in YBCO single crystals and epitaxial thin films could stem from filamentary supercon-
ducting structures caused, for instance, by phase separation.@S0163-1829~97!07513-9#
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I. INTRODUCTION

The magnitude of the effective critical current densityJc
in high-temperature superconductors is limited by
magnetic-flux-induced rapid decay of the current. Large th
mal fluctuations at high operating temperatures, combi
with the small flux pinning energy barrier, are believed to
responsible for this process.1 Another factor which limitsJc
is the sample’s granularity caused by the presence of
grain boundaries, twin boundaries, or phase separation2 In
this case the magnitude of the sample’s critical curren
restricted by the decoupling critical current of the Joseph
tunnel or proximity junctions and the critical current of th
intergrain microbridges.

Evaluation of the relaxation rate of the persistent curr
has been usually carried out by measuring the sample’s m
netizationM as a function of timet for different tempera-
turesT and magnetic fieldsH. There have been many repor
of the fast normalized decay rateS in YBa2Cu3O72d
~YBCO!, defined as~1/M0!~dM/d lnt!, whose value in-
creases dramatically with temperature close toTc . The rise
of S(T,H) close toTc has been observed in YBCO sing
crystals~both as grown and irradiated!, epitaxial thin films,
and grain-aligned melt-textured samples as well as in gra
lar ceramic YBCO.3–14

The available results for single crystals are those of Y
shurunet al.,3 Brawneret al.,4 Civaleet al.,5 and Thompson
et al.6 They were obtained using either a superconduct
quantum interference device~SQUID! magnetometer3,5,6or a
Hall probe.4 Yeshurunet al.3 measured the magnetic rela
ation versus temperature in YBCO crystals after applyin
field of 600 G~parallel to thec axis! to the zero-field-cooled
sample. Their data were analyzed by Hagen and Gries7
550163-1829/97/55~13!/8564~12!/$10.00
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who produced theS(T,H) curve over a temperature range
5–70 K with S monotonically increasing with temperatur
above 20 K. Brawneret al.4 performed precision measure
ments of the relaxation of the remanent magnetization
YBCO single crystals over a temperature range of 2–70
The remanent magnetization was achieved by applying
subsequently switching off an external field of 6 T. The r
sults show a sharp jump inS(T) at temperatures above 40 K
Civale et al.5 and Thompsonet al.6 published the magnetic
relaxation data for proton-irradiated single crystals ove
temperature range of 4–80 K and in a field of 1 T parallel to
the c axis. The results of Civaleet al. show an increase o
normalized decay rateS with temperature above 60 K an
those of Thompsonet al. at temperatures above 40 K.

Goodyearet al.8 reported a divergence in the relaxatio
rateS close toTc on over 300 epitaxial YBCO thin films
They measured the remanent magnetic relaxation, usin
Hall probe, in zero-field-cooled films after application of
short magnetic field pulse sufficiently large~20–300 G par-
allel to thec axis! to place the film in the critical state. An
increase inS with temperature above 70–80 K was cons
tently found in all square-shaped and patterned ring-sha
thin films. Darhmaouiet al.9 studied the logarithmic relax
ation of the self-field of persistent current circulating in
ring-shaped YBCO thin film withTc (R50) of 81 K. Mea-
surement of the time decay of the persistent current from
critical level was done on a zero-field-cooled ring using
Hall probe.S(T,H) for this film increases with temperatur
at temperatures above 60 K. Enpukuet al.10 derived the tem-
perature dependence of the pinning potentialU0(T) from the
temperature dependence of the current-voltageI -V charac-
teristics of YBCO thin films.U0(T) was calculated from the
slope of lnV vs ~1/T! curves according to the convention
8564 © 1997 The American Physical Society
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55 8565ORIGIN OF THE FAST MAGNETIC RELAXATION . . .
flux creep model of Anderson and Kim.U0(T) decreases
with an increasing temperature at temperatures above 5
implying an increase inS(T)5kT/U0(T).

Some melt-processed grain-aligned YBCO bulk samp
are known to attain higher values ofS(T,H) close toTc .
This was shown by Welch11 who reported an increase ofS
obtained from the magnetization relaxation~SQUID! mea-
surements in the presence of magnetic fields of 1–4 T an
Keller et al.12 who obtainedS from the time decay of the
remanent moment in the full critical state using a vibratin
sample magnetometer.

A rise of S(T,H) close toTc was shown to occur in
randomly oriented polycrystalline~ceramic! YBCO by Mee
et al.13 and Junget al.14 Meeet al.studied relaxation of per
sistent current in YBCO rings of very low critical curren
density. A measurement was performed on a zero-fie
cooled ring, after a field as low as 0.1 G was applied to
sample and subsequently removed. The resulting magn
field at a point near the center of the ring was measured u
a conventional niobium rf SQUID connected via a superc
ducting flux transformer. An increase ofS(T,H) at tempera-
tures above 40 K was recorded. Junget al. reported a jump
in S(T) above 80 K for a zero-field-cooled ceramic compo
ite of YBCO/Ag ~2 wt. %!. They used a Hall probe to dete
logarithmic relaxation of persistent current induced in a rin
shaped sample of this composite. Critical persistent cur
was generated by applying and subsequently reducing
zero an external magnetic fields as low as 20 G.

Pauliuset al.15 observed an increase in the decay rateS
with increasing temperature close toTc in the
~PrxY12x!Ba2Cu3O72d system for 0<x<0.4. They measured
magnetic relaxation on zero-field-cooled samples in a m
netic field of 0.5 T using a SQUID magnetometer. A rise
S(T) was recorded close toTc for all substitution levels.

The results quoted above suggest that the fast norma
relaxation rateS close toTc is a feature which is independen
of the type of YBCO material, the sample geometry, or
relaxation measurement technique. However, little w
known about the origin of this fast relaxation process,
cluding the character of vortices which are responsible
the dissipation of supercurrents close toTc . Kung et al.

16

suggested that the behavior ofS(T) depends on the type o
pinning centers~e.g., defects such as stacking faults and tw
boundaries! and compositional inhomogeneity~e.g., minority
phases!. They stated that for measurements taken only
lower temperatures the divergence ofS(T) close toTc will
be missed, leading to the wrong or incomplete conclusi
for the temperature dependence of the normalized relaxa
rate at high temperatures. Pauliuset al.,15 on the other hand
suggested that an increase ofS(T) could be a reflection of
the softening of the flux lattice on approaching the melt
line.

The objective of this work was to study and to explain t
phenomena that cause an increase ofS at temperatures clos
to Tc . We decided to investigateS(T,H) in ceramic poly-
crystalline samples rather than in single crystals or epita
thin films. The reasons for this are the following.

~i! Magnetic moments measured in tiny single cryst
and thin films are very small close toTc , thereby reducing
dramatically the accuracy of the relaxation measuremen

~ii ! The magnetic response can be enhanced in meas
K,
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ments on bulk ceramic samples, where the total critical c
rent can be increased by increasing the sample’s cr
sectional area, thus allowing detection of dissipation v
close toTc .

~iii ! Our studies have pointed out thatall ceramic samples
of YBCO orRBCO ~whereR stands for rare-earth elements!,
which exhibit flux-creep-induced dissipation, are charact
ized by the increase ofS with temperature close toTc .

Measurements ofS(T,H) were performed by the detec
tion of decay of a self-supporting~persistent! critical current
induced in a ring shaped sample. A Hall probe was used
record changes in a magnetic field produced by the curr
The advantages of this technique are the following.

~i! The temperature and magnetic field dependence of
critical currentI c(T,H) and that ofS(T,H) can be obtained
during the same experiment.

~ii ! The method allows one to distinguish depairing cri
cal current from depinning one and to compare their dep
dence on temperature.

In this paper we present experimental results forS(T,H)
in granular~ceramic! YBCO andRBCO samples over a tem
perature and magnetic field range of 65–95 K a
0–100 G, respectively. The experiments were p
formed for YBa2Cu3O72d , YBa2Cu3O72d /Ag~x wt. %!
~YBCO/Ag x wt. %! composites ~where x52 and 4!,
and rare-earth-element-substituted samples such
GdBa2Cu3O72d ~GBCO!, EuBa2Cu3O72d ~EBCO!, and
~PrxY12x!Ba2Cu3O72d ~PYBCO! with x50.15 and 0.20.
This set of samples allowed us to investigateS(T,H) in ma-
terials of differentTc , different Jc(T), and different flux
pinning strengths.

We measured~1! the logarithmic time decays of the pe
sistent current for different temperatures between 65 and
K for zero-field cooling and field cooling~over a magnetic
field range 10–60 G! in order to determine variation of th
pinning potentialU0(T,H)5kT/S(T,H) with temperature
and magnetic field;~2! the temperature dependence of t
critical persistent current for zero-field cooling and fie
cooling conditions. We found a correlation between the te
perature dependence of the pinning potential and that of
critical current. This correlation was discussed using
model of granular superconductivity developed by Tinkha
and Lobb.17

II. EXPERIMENTAL PROCEDURE

A. Description of the measurement method

Critical currents and their decay were investigated us
ring-shaped samples and an axial scanning Hall probe
self-supporting~persistent! current was induced in the ring
by applying and subsequently removing an external magn
field in the direction perpendicular to the ring’s plane, usi
a nonsuperconducting solenoid. The profile of the axial co
ponent of the magnetic field generated by the persistent
rent across the ring was recorded using a scanning
probe. The magnitude of the critical current was inferr
from the maximum self-field of the persistent current at t
ring’s center using the Biot-Savart law. The decay rate of
persistent current from its critical value was deduced fr
the relaxation of the persistent current’s self-field. Th
method eliminated the contribution of normal currents to
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8566 55I. ISAAC AND J. JUNG
measured value of the critical current and allowed us to
tinguish between depairing critical currents~which do not
exhibit time decay! and depinning ones~whose magnitude
decays with time!. Measurements of the critical current an
its decay were performed in the absence and in the pres
of an external applied magnetic field using zero-field-cool
~ZFC! and field-cooling~FC! procedures, respectively. In th
ZFC case, a bell-shaped profile of the persistent curre
self-field was recorded by an axial Hall probe after an ex
nal field H was applied and subsequently removed. By
creasing the magnitude ofH, it was possible to generat
larger persistent currents of magnitudes up to a critical va
The critical state was determined by detecting the satura
of the persistent current’s self-field with an increasingH. In
the FC case, on the other hand, the ring was cooled belowTc
in the presence of a constant external fieldH in the direction
perpendicular to the ring’s plane. At the ring’s center, t
magnetic field was recorded to beH2HM , whereHM is the
Meissner field. Then an additional fieldHad was applied and
subsequently reduced to zero, in order to induce a persis
current atH, using a procedure similar to that in the ZF
case. The critical persistent current atH was generated whe
the persistent current’s self-field reached saturation with
increasingHad. For both ZFC and FC cases, the critical cu
rent I c was determined from the Biot-Savart law, using t
saturation value of the axial component of the persistent
rent’s self-field at the center of the ring.

The rings studied here had the outer and inner diame
of 15–16 and 6 mm, respectively, and were 3–3.5 mm th
A 3.5-mm-deep notches were cut along the ring’s diame
forming bridges of width 1–1.5 mm close to the inner hole
order to reduce the ring’s cross-sectional area available
the current and to force the current to circulate around
inner hole of the ring. The notches also allowed us to gen
ate the persistent current using low applied fields and
avoid unwanted contribution of the intragrain flux to the se
field of the current. The profiles of the persistent curren
self-field were scanned over a distance of 22 mm and
height of 2 mm with a Hall probe of the sensitive area of 0
mm2 and with a sensitivity of 20–30 mG. The profiles we
found to be independent of the scanning direction~parallel or
perpendicular to the notches!. More details of this experi-
mental technique have been published earlier.14,18

B. Sample preparation

Polycrystalline ceramic samples of YBCO, YBCO/A
andRBCO were prepared using the standard solid-state
action method, from high-purity~99.999%! oxides and car-
bonates. The general procedure included pressing a mix
of powders~using 2.5–2.7 kbar of pressure! in order to form
disks with diameter of 16 mm. This was followed by calci
ing the samples in air or flowing oxygen for 24 h
Tcal5925–950 °C. The resulting product was pulverized a
new disk-shaped pellets, 16 mm in diameter and 3 mm th
were formed under a pressure of 6.2 kbar. The disks w
sintered in flowing oxygen atTsin5920–930 °C for 7 h and
cooled at variable rates down to room temperature~3 °C/min
betweenTsin and 700 °C and 1 °C/min below 700 °C!.

YBCO sample No. 1 was produced atTcal5925 °C and
Tsin5925 °C using flowing oxygen during calcining. YBCO
sample Nos. 2 and 3 were calcined atTcal5950 °C in air and
-
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sintered twice atTsin5930 °C. By varying the calcining and
sintering conditions, we were able to produce ceramics
low and high intergrain critical current density and simil
intragrainTc of the order of 90–91 K.

YBCO/Ag composites with 2 and 4 wt. % of Ag wer
prepared by adding silver to YBCO~which was calcined at
Tcal5925 °C! before a single sintering process
Tsin5925 °C in flowing oxygen.

RBCO compounds @GdBa2Cu3O72d ~GBCO! and
EuBa2Cu3O72d ~EBCO!# were calcined atTcal5950 °C in air
and sintered atTsin5920 °C in flowing oxygen.

Pr0.15Y0.85Ba2Cu3O72d @~Pr0.15Y0.85!BCO# and
Pr0.2Y0.8Ba2Cu3O72d @~Pr0.2Y0.8!BCO# were manufactured
by replacing the proper portion of Y2O3 with Pr6O11 oxide.
The powder was calcined atTcal5905 °C for a total time of
137 h. The powder was recrushed and annealed 3 times
ing this process, and then sintered in a disk form in flowi
oxygen atTsin5920 °C.

After sintering, a 6-mm-diam hole was cut in the dis
center with a diamond tube-shaped drill sprayed with wa
The resulting ring was then cut along its diameter in orde
form two bridges of width 1.0–1.5 mm close to the hole.

III. EXPERIMENTAL RESULTS

We measured the temperature dependence of the cri
currentI c over a temperature range 64–95 K in the abse
of the external magnetic field@zero-field-cooling~ZFC! case#
and in the presence of a constant field@field-cooling ~FC!
case# between 10 and 60 G. Figure 1 shows the results
these measurements for nine different granular ring-sha
samples. The Hall probe used in these measurements c
detect magnetic fields generated by the persistent curren
magnitude larger than about 10–20 mA. This conditi
therefore sets the criterion for the ‘‘zero-resistance’’Tc* of
the intergrain junction which is less than the intragrainTc .
External magnetic fields cause a gradual reduction ofTc* .
External fields also are responsible for changes inI c(T)
close toTc for YBCO andRBCO samples from linear be
havior to a ‘‘concave’’ Ginzburg-Landau-like one.

Measurement of the dependence of the critical persis
current on time revealed that the investigated samples be
to two different groups which are characterized by either
absence of the time decay of the persistent current’s self-fi
~depairing critical current! or the presence of the decay~de-
pinning critical current!. In the former case no decay crite
rion was determined by the sensitivity limit of the Ha
probe. The Hall probe could not detect changes in the p
sistent current less than about 10 mA per decade. Fig
1~a!, 1~b!, and 1~c! presentI c(T,H) for the depairing critical
current. No dissipation of the critical current was record
for both ZFC and FC cases. In the latter case~depinning
critical current!, the decay of the persistent current’s se
field was observed for the whole temperature range of 64
K and for both ZFC and FC cases. Figures 1~d!–1~i! show
I c(T,H) for the depinning critical currents.

The experimental data revealed that the temperature
pendence of the critical current is independent of the proc
of the current dissipation. This can be seen in Fig. 1. T
temperature dependence of the depairing critical curr
shown in Figs. 1~a!, 1~b!, and 1~c! is very similar to that for
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FIG. 1. Temperature dependence of the critical currentI c close toTc in granular~ceramic! YBCO andRBCO ~R5Eu, Gd, and Pr!
samples measured at different magnetic fields.~a!, ~b!, and ~c! present the depairing critical currents;~d!–~i! show the results for the
depinning critical currents. Note the similarities between the temperature dependence of the depairing critical currents and th
depinning ones exhibited by~a! and ~d! for YBCO, ~b! and ~e! for YBCO/Ag, and~c! and ~f! for EBCO and GBCO.
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the depinning critical current in Figs. 1~d!, 1~e!, and 1~f!,
respectively.

The decay of the persistent current from its critical va
was measured for all the depinning critical current cases
both zero-field-cooling and field-cooling procedures. W
found that the current decays logarithmically with time ov
the waiting time range of 10–20 000 sec. The logarithm
behavior dominates the decay process for all the sam
studied. Therefore we decided to calculate the normali
logarithmic decay rateS from shorter decay measuremen
which lasted up to 1000 sec. Figure 2 shows the tempera
dependence ofS for six samples of YBCO, YBCO/Ag, and
RBCO. For both ZFC and FC cases, decay rates incre
with temperature reaching high values nearTc* . Diverging
behavior ofS close toTc is the same for all the investigate
compounds, and it is independent ofTc* or the applied field.
r

r
c
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d
,
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S is also independent of the position of the Hall probe alo
the ring’s diameter.

IV. DISCUSSION

In order to generate a circulating persistent current in
zero-field-cooled granular ring-shaped superconductor,
applied an external magnetic fieldH in the direction perpen-
dicular to the plane of the ring. AtH equal to the intergranu
lar critical field Hc1J, the magnetic field enters the bulk o
the ring through high-angle grain boundaries. During t
process of flux penetration into the hole of the ring, so
magnetic flux is trapped by the grain boundaries in the fo
of intergranular vortices. When the applied fieldH is re-
moved, persistent current is induced and the intergran
vortices remain trapped in the structure of intergranular w
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FIG. 2. Temperature dependence of the normalized decay rateS close toTc for the depinning critical currents in six different samples
YBCO andRBCO ~R5Gd and Pr!. Note that the magnitude ofS at constant temperature increases with the applied magnetic field.
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links. Persistent current exerts the Lorentz force on th
vortices and, thereby, reduces their effective pinning pot
tial for thermally activated motion in the radial directio
away from the center of the ring. This process drains ene
from the current and causes its dissipation. The maxim
dissipation is expected when the persistent current reache
critical value.

Tinkham and Lobb17 described the process of dissipatio
of the current circulating in a simple granular ring~of induc-
tanceL! which contains a large number of weak links
e
n-

y
m
its

series, with total normal resistanceRn . They assumed that in
the superconducting state the resistance is reduced to a v
R. HereR varies exponentially with the currentI , roughly as
exp(hI/4ekT), taking into account the results of th
Ambegaokar-Halperin model of theI -V relation of a highly
damped junction, with the normalized barrier heig
g052EJ/kT as a parameter. Tinkham and Lobb identified t
Josephson barrier energy 2EJ with the activation energy~the
unperturbed pinning potential! U0, so that the Ambegaokar
Halperin parameterg0 is modified tog05U0/kT. This was
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possible because of the conceptual equivalence betwee
weak link and continuum flux pinning models. They ma
the approximation thatR varies with the normalized curren
i5I /I c according to the equation

R5Rnexp@2g0~12 i !#. ~1!

For I5I c , R reduces toRn .
When the persistent currentI is established in the ring, th

induced and resistive voltages are balanced. This resul
the equation

2LdI/dt5IR5IRnexp@2g0~12 i !#. ~2!

This equation governs the decay of the current. Its so
tion was obtained with simplifying approximation that th
decrease inI is small. Integration of Eq.~2! with the initial
condition I5I c at t50 gives

i512~1/g0!ln~11g0t/tn!, ~3!

with tn5L/Rn as a time constant.
For g0@1, Eq. ~3! reduces to

di/d lnt521/g052kT/U0 ~4!

or

S52kT/U0 , ~5!

where S5(1/I c)~dI/d lndt! is the normalized logarithmic
decay rate. Equation~5! can be used to calculateU0(T), the
unperturbed pinning potential, if the normalized logarithm
decay rateS is known.

The Tinkham-Lobb model provides a clear description
the relaxation processes that take place in our granular ri
where the logarithmic ‘‘steady-state’’ relaxation of the cu
rent from the critical level starts about 10 sec after the cr
cal current was established. This behavior is in contrast w
that exhibited by some grain-aligned YBCO samples w
low-angle grain boundaries~see, e.g., Ref. 18!. In these
samples the steady-state logarithmic relaxation originates
ter waiting approximately 1000 sec, and the normalized lo
rithmic decay rateS does not change with temperature clo
to Tc .

Tinkham and Lobb analyzed the origin of the intergra
vortex pinning in granular high-temperature superconduc
using a highly simplified discrete model of grains of an ide
crystalline superconductor connected by weak links. E
link was characterized by the Josephson coupling energyEJ
which is proportional to the link’s critical currentI c . Two
different pinning regimes were considered:~1! pinning due
to the existence of discreteness in the model and~2! pinning
due to random variation ofEJ in the system.

The first regime was studied by Lobbet al.19 for a square
and triangular arrays. They suggested that a Josephson
tex must overcome an energy barrier in order to move fr
one position to an equivalent neighboring position~see Fig. 1
in Ref. 19!. Calculations showed that this energy barrier h
a maximum value of 0.2EJ for a square array and 0.043EJ
for a triangular lattice. The basic core energy of an isola
vortex in a two-dimensional square lattice in zero field w
computed by Tinkhamet al.,20 giving the value of 4EJ . The
energy barrier of 0.2EJ is only 5% of the above value.
the
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The second regime was discussed by Tinkhamet al.20 It
was attributed to the presence of large-scale inhomogene
which stem from compositional variations, second phas
grain boundaries, twin boundaries, dislocations, etc. Wit
the discrete model, these inhomogeneities causeEJ to have a
range of various values in the different weak links. Als
they introduce geometrical irregularities in the coordinati
number. These factors affect the core energy of a vor
Variation in the core energy in different vortex sites and
the magnitude of EJ provides the pinning energy
U0;d(4EJ) for the vortex.

Tinkham and Lobb suggested the conceptual equivale
between the pinning in the weak-link and continuum mod
with inhomogeneities. In the granular view the pinning aris
because of the variations ofEJ from link to link. In the
conventional~Ginzburg-Landau! continuum pinning view,
on the other hand, the vortex pinning energy results fr
variations of the order parameter from point to point. In bo
cases the depth of modulation comes from the degree
disorder in the material. The energy scale is the same in b
points of view. Using the Ginzburg-Landau expression
the critical current density, the Josephson coupling energ
EJ5(H c

2/8p)~4pj3!~p/2)!, whereHc andj are the thermo-
dynamic critical field and the Ginzburg-Landau coheren
length, respectively. This energy is, within a small numeri
factor, the characteristic Ginzburg-Landau ener
~H c

2/8p!~4pj3!@ln~l/j!# ~where l is the Ginzburg-Landau
penetration depth! associated with a lengthj of a flux line
vortex, from which the pinning energies are derived. Th
mally activated flux motion is described in terms of a ch
acteristic pinning energyU0. In the weak-link modelU0
scales with 4EJ , and in the continuum modelU0 scales with
~H c

2/8p!~4pj3!. In both cases, these energies are reduce
proportion to the fractional modulation of the characteris
energies from point to point.

We calculatedU0(T,H) from the normalized logarithmic
decay ratesS(T,H)5kT/U0(T,H) shown in Fig. 2 for six
different samples. These results are presented in Figs. 3
4 together with the corresponding ones forI c(T,H). They
reveal thatU0 decreases monotonically with an increasi
temperature and approaches zero at temperatures clo
Tc* . An external magnetic fieldH suppressesU0(T). The
dependence ofU0 on temperature and magnetic field r
sembles that ofI c(T,H).

For all zero-field-cooled samples, except YBCO/Ag~2
wt. %!, the temperature dependence ofI c appears to be
Ambegaokar-Baratoff~AB! like. The temperature depen
dence changes to a Ginzburg-Landau~GL! one @where
I c}(Tc2T)3/2# in the presence of an external magnetic fie
~the FC case!. This is shown clearly in Fig. 5, whereI c(T) is
plotted asI c

2/3 versus temperature in order to identify the G
portion of theI c(T) curve.I c(T) data taken in the absence o
an applied field~the ZFC case! demonstrate a crossover from
an AB temperature dependence at low temperatures to a
one at high temperatures very close toTc . The AB→GL
crossover temperature decreases with an increasing ext
magnetic field. Crossover effects in the temperature dep
dence ofI c(T) in granular YBCO and epitaxial YBCO thin
films were investigated by Darhmaoui and Jung.21 The
AB→GL crossover inI c(T) was found to be similar in both
types of YBCO. According to Clemet al.22 the AB→GL
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FIG. 3. Comparison of the temperature dependence of the unperturbed pinning potentialU0(T,H)5kT/S(T,H) with that of the critical
currentI c(T,H) for granular YBCO and YBCO/Ag samples. Note the similarities between the temperature dependence ofU0(T,H) and that
of I c(T,H).
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crossover inI c(T) is an indication of granularity of a supe
conductor whose grains are coupled by Josephson tu
junctions. At the AB→GL crossover temperature, the cohe
ence lengthj(T) equals the grain sizea0. Below the cross-
over temperature,I c(T) is governed by Josephson tunn
junctions ~AB behavior!. Above the crossover temperatur
the supercurrent does not ‘‘see’’ the junctions andI c(T) is
governed by the ability of the supercurrent to suppress
superconducting gap parameter in the grains~GL behavior!.
el

e

The observation of the AB→GL crossover in I c(T) of
YBCO implies the presence of microdomain structure~su-
perconducting microdomains coupled by Josephson tun
junctions!. In YBCO thin films of Tc>90 K, the AB→GL
crossover temperature is 80–82 K, and therefore the ef
tive size of microdomainsa05j~80–82 K!530–40 Å. The
existence of microdomain structure in YBCO was recen
confirmed by Etheridge23 in high-resolution electron micros
copy studies. Similarities between the AB→GL crossover



ture

55 8571ORIGIN OF THE FAST MAGNETIC RELAXATION . . .
FIG. 4. Comparison of the temperature dependence of the unperturbed pinning potentialU0(T,H)5kT/S(T,H) with that of the critical
current I c(T,H) for granular GBCO and~Pr0.15Y0.85!BCO and ~Pr0.2Y0.8!BCO samples. Note the similarities between the tempera
dependence ofU0(T,H) and that ofI c(T,H).
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effects inI c(T) exhibited by YBCO thin films and granula
YBCO imply that the grains of granular YBCO are co
nected by microbridges of the grainlike material. These
crobridges have the microdomain structure, and the in
grain critical current flowing through the microbridge
experiences the AB→GL transition in the temperature de
pendence. An intergrain conduction through microbridg
was proposed by Larbalestieret al.24 in order to explain the
field-independent residual intergrain critical current in c
ramic high-temperature superconductors.
i-
r-

s

-

A microbridge model of electrical transport across t
grain boundaries was adopted in order to describe the in
grain pinning and flux motion in granular high-Tc supercon-
ductors. One could visualize that the grain boundary conta
a large number of parallel microbridges~filaments! in con-
tact with each other, each carrying different critical curre
In the AB regime, the microbridges can be described b
different effective Josephson coupling energy. This energ
determined by the Josephson junctions in the microdom
structure within a microbridge. In the GL regime, on th
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FIG. 5. @I c(T)#
2/3 vs temperature plotted for the case ofI c(T) which was measured in granular YBCO andRBCO samples@Figs.

1~d!–1~i!#. The transition from an Ambegaokar-Baratoff form ofI c(T) to a Ginzburg-Landau one~solid lines! is observed for all samples
@except YBCO/Ag~2 wt. %! in ~b!# upon application of an increasing external magnetic field.
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other hand, the microdomain structure is not ‘‘seen’’ by t
supercurrent flowing through a microbridge. The micr
bridges are then characterized by different order parame

According to the Tinkham-Lobb model of inhomog
neous intergranular pinning, the pinning barrierU0 in the AB
regime arises from the variation of the Josephson coup
energy,U05d(4EJ)}(Tc2T) close toTc . In the GL re-
gime the pinning barrierU0 is determined by the variation o
-
rs.

g

the order parameter,U05d[(H c
2/8p)(4pj3)]}(Tc2T)1/2

since, close toTc , Hc and j vary as (Tc2T) and as
(Tc2T)21/2, respectively.16

Using the microbridge model, the absence of dissipat
in some YBCO samples could be due to the separation
individual microbridges by normal regions. This could pr
duce stronger pinning but limit the total intergrain critic
current. This concept is supported by the fact that the crit
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FIG. 6. Temperature dependence of the ratio [\I c(T,H)/2e]/U0(T,H) plotted for six different samples of YBCO andRBCO ~R5Gd and
Pr!. Note that for all samples except YBCO/Ag the ratio decreases with an increasing temperature very close toTc where the Ginzburg-
Landau regime ofI c(T) dominates.
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current in YBCO No. 1@Fig. 1~a!#, which does not exhibit
dissipation, is less than those in YBCO Nos. 2 and 3@Figs.
1~d! and 1~g!#.

In Fig. 6 we have plotted the ratio of the total couplin
energy of junctions~summed over the ring’s cross-section
area! EJ*5\I c(T,H)/2e5SEJ(T,H) to the pinning barrier
U05kT/S(T,H) as a function of temperature. In the A
regime of I c(T), one expectsI c}(Tc2T) close toTc and
U05d(4EJ)}(Tc2T), leading toEJ* /U0, independent of
l

temperature. In the GL regime,EJ* does not have any physi
cal meaning: therefore,EJ* /U0 has to be replaced by the rati
~const3I c!/U0, whereI c}(Tc2T)3/2 is a GL critical current
andU0}(Tc2T)1/2. In this case the ratio~const3I c!/U0 de-
creases with an increasing temperature as (Tc2T).

The ratio [\I c(T,H)/2e]/U0 for YBCO Nos. 2 and 3 and
for GBCO shows especially clearly the plateau at low te
peratures whereI c(T) is dominated by Josephson tunn
junctions and the decrease with an increasing tempera
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close toTc whereI c(T) is the GL critical current. However
we have not attempted to fit the temperature dependenc
U0 @which is proportional to (Tc2T) in the AB regime and
to (Tc2T)1/2 in the GL regime close toTc# to the experi-
mental data shown in Figs. 3 and 4, due to the scatterin
the data points.

The temperature dependence of the intergrain critical c
rent in the zero-field-cooled YBCO/Ag~2 wt. %! composite
was interpreted21 as due to the JosephsonS-I -S tunnel junc-
tions@characterized by the AB form ofI c(T)# up to 80 K and
by the JosephsonS-N-S proximity junctions @with
I c(T)}(Tc2T)2# above 80 K@Fig. 1~e!#. This could happen
if oxygen-depleted superconducting layers~of Tc'80 K!
cross the intergrain microbridges. The external magn
field convertsI c(T) into a GL one close toTc for all the
samples studied except for YBCO/Ag~2 wt. %! ~Fig. 5; see
also Fig. 5 in Ref. 21!. This implies thatI c(T) close toTc in
YBCO/Ag ~2 wt. %! is controlled by S-N-S junctions.
S-N-S junctions could determine the variation of the Jose
son coupling energyEJ in the intergrain microbridges an
consequently the intergrain pinning potential.

V. SUMMARY AND CONCLUSIONS

We investigated the origin of the fast magnetic relaxat
~diverging normalized logarithmic decay rateS! close toTc
in YBCO. We used granular ring-shaped high-Tc supercon-
ductors to study this phenomenon. The depinning criti
currents in granular samples always exhibit fast decays w
time ~divergingS! close toTc , which implies that the unper
turbed pinning potentialU0 goes to zero atTc . The tempera-
ture dependence of the critical currentI c exhibits a crossove
from an AB dependence to a GL one, with the AB→GL
crossover temperature decreasing with an increasing ap
magnetic field. The decrease ofU0 with an increasing tem-
perature was observed for both AB and GL regimes ofI c(T),
suggesting similar vortex pinning mechanism in these t
cases.

These results were interpreted using the model of a gra
lar superconductor whose grains are coupled by a large n
ber of parallel microbridges. These microbridges can sup
different critical currents. In the AB regime, the micro
ys
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rt

bridges are responsible for the variation of the Joseph
coupling energyEJ along the grain boundaries. In the G
regime, however, the microbridges provide modulation
the order parameter. According to the Tinkham-Lobb d
scription of the intergrain pinning in a granular supercond
tor due to random disorder, there is a conceptual equivale
of the pinning process in the AB~weakly linked! and GL
~continuum! regimes. The pinning is provided by the vari
tion of the Josephson coupling energy in the former case
by the variation of the order parameter in the latter one.
the AB regime, the pinning potentialU0 decreases with an
increasing temperature as (Tc2T) close toTc . In the GL
regime,U0 decreases as (Tc2T)1/2 close toTc . Therefore, at
the AB→GL crossover temperature, there should be a c
version from the (Tc2T) dependence ofU0 at lower tem-
peratures to the (Tc2T)1/2 one close toTc .

We believe that small variations inEJ or the order param-
eter at the grain boundaries of granular YBCO are resp
sible for the weak intergrain flux pinning and, consequen
for the dissipation of the critical current. In ceramic YBC
~with random orientation of the grains!, the grain boundaries
are predominantly high-angle ones. In melt-textured gra
aligned YBCO, the grains form low-angle grain boundari
It was determined25 that the low-angle grain boundaries pr
vide strong flux pinning sites. Therefore the dissipation
the critical current is caused by the weaker intragrain fl
pinning, withS andU0 independent of temperature close
Tc .

18 Consequently, the divergence ofS ~and the reduction
of U0! with an increasing temperature close toTc , observed
in YBCO single crystals and epitaxial thin films, could ste
from filamentary superconducting structures caused, for
stance, by phase separation. Phase separation in YB
single crystals has been investigated by Osofskyet al.26 and
Quadri et al.27 These structures could have a similar effe
on flux pinning as that of high-angle grain boundaries
granular YBCO.
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