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There have been many reports on magnetization measurements of the normalized logarithmic decay rate
S(T,H), which was observed to increase rapidly with temperafu@ose toT, in YBa,Cu;0;_ 5 (YBCO)
single crystals, epitaxial thin films, and granular bulk samgdgain aligned and with random orientation of
the graing. We investigated the origin d&&(T,H) by performing the following measurementg) the relax-
ation of the persistent current from its critical value, as a function of temperataral magnetic fieldH; (2)
the temperature dependence of the critical current at different magnetic fields. The measurements were carried
out on granular YBCO an®BCO (whereR stands for rare-earth elementing-shaped samples with ran-
domly oriented grains, which always exhibit an increas&(@f,H) with temperature close t6,. The results
revealed the correlation between the temperature dependence of the unperturbed pinning pdtgential,
=KkT/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-
guently the increase @ close toT.. The analysis of these results was made using the Tinkham-[ Szl
State Phys42, 91 (1989] model of flux pinning in a granular superconductor and their description of the
conceptual equivalence between the weak-lijdnbegaokar-Baratoff and continuum(Ginzburg-Landa)
flux-pinning models. According to the results of these studies, we conclude that the diverge®(de tf
close toT, observed in YBCO single crystals and epitaxial thin films could stem from filamentary supercon-
ducting structures caused, for instance, by phase separg#i@h63-18207)07513-9

I. INTRODUCTION who produced th&(T,H) curve over a temperature range of
5-70 K with S monotonically increasing with temperature
The magnitude of the effective critical current denslty above 20 K. Brawneet al* performed precision measure-
in high-temperature superconductors is limited by thements of the relaxation of the remanent magnetization in
magnetic-flux-induced rapid decay of the current. Large therYBCO single crystals over a temperature range of 2—70 K.
mal fluctuations at high operating temperatures, combined@he remanent magnetization was achieved by applying and
with the small flux pinning energy barrier, are believed to besubsequently switching off an external field of 6 T. The re-
responsible for this processAnother factor which limits],  sults show a sharp jump ®&T) at temperatures above 40 K.
is the sample’s granularity caused by the presence of th€ivale et al® and Thompsoret al® published the magnetic
grain boundaries, twin boundaries, or phase separation. relaxation data for proton-irradiated single crystals over a
this case the magnitude of the sample’s critical current igemperature range of 4—80 K and in a fiefdloT parallel to
restricted by the decoupling critical current of the Josephsothe ¢ axis. The results of Civalet al. show an increase of
tunnel or proximity junctions and the critical current of the normalized decay rat& with temperature above 60 K and
intergrain microbridges. those of Thompsoet al. at temperatures above 40 K.
Evaluation of the relaxation rate of the persistent current Goodyearet al® reported a divergence in the relaxation
has been usually carried out by measuring the sample’s magate S close toT. on over 300 epitaxial YBCO thin films.
netizationM as a function of time for different tempera- They measured the remanent magnetic relaxation, using a
turesT and magnetic fieldsl. There have been many reports Hall probe, in zero-field-cooled films after application of a
of the fast normalized decay rat8 in YBa,Cu;O0,_s  short magnetic field pulse sufficiently lar¢20—300 G par-
(YBCO), defined as(1/My)(dM/d Int), whose value in- allel to thec axis) to place the film in the critical state. An
creases dramatically with temperature closdto The rise  increase inS with temperature above 70-80 K was consis-
of S(T,H) close toT, has been observed in YBCO single tently found in all square-shaped and patterned ring-shaped
crystals(both as grown and irradiatgdepitaxial thin films, thin films. Darhmaouiet al® studied the logarithmic relax-
and grain-aligned melt-textured samples as well as in granwation of the self-field of persistent current circulating in a
lar ceramic YBCO> 14 ring-shaped YBCO thin film witif, (R=0) of 81 K. Mea-
The available results for single crystals are those of Yesurement of the time decay of the persistent current from its
shurunet al,® Brawneret al,* Civale et al,® and Thompson critical level was done on a zero-field-cooled ring using a
et al® They were obtained using either a superconductingHall probe.S(T,H) for this film increases with temperature
quantum interference devi¢8QUID) magnetometér®ora  at temperatures above 60 K. Enpugual ° derived the tem-
Hall probe? Yeshurunet al® measured the magnetic relax- perature dependence of the pinning potentiglT) from the
ation versus temperature in YBCO crystals after applying demperature dependence of the current-voltegé charac-
field of 600 G(parallel to thec axis) to the zero-field-cooled teristics of YBCO thin filmsUy(T) was calculated from the
sample. Their data were analyzed by Hagen and Griésseslope of In/ vs (1/T) curves according to the conventional
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flux creep model of Anderson and Kindy(T) decreases ments on bulk ceramic samples, where the total critical cur-
with an increasing temperature at temperatures above 50 Kent can be increased by increasing the sample’s cross-

implying an increase iB(T)=kT/Uy(T). sectional area, thus allowing detection of dissipation very
Some melt-processed grain-aligned YBCO bulk sample§|05_? toT.. _ _ .
are known to attain higher values &(T,H) close toT.. (i) Our studies have pointed out thadt ceramic samples

This was shown by Welcdh who reported an increase &  0f YBCO or RBCO (whereR stands for rare-earth elements

obtained from the magnetization relaxati®QUID) mea-  Which exhibit flux-creep-induced dissipation, are character-

surements in the presence of magnetic fields of 1-4 T and bfed by the increase @& with temperature close @ .

Keller et al12 who obtainedS from the time decay of the . Measurements o§(T,H) were performed by the detec-

remanent moment in the full critical state using a vibrating-f[Ion of d‘?C‘iy c_;f a self-supportingersisterg critical current

sample magnetometer. induced in a ring shaped sample. A Hall probe was used to
A rise of S(T,H) close toT, was shown to occur in record changes in a magnetic field produced by the current.

1 C . - .
randomly oriented polycrystallinecerami¢ YBCO by Mee Thg advantages of this technique "?‘fe.the following.
et alX and Junget a4 Mee et al. studied relaxation of per- (i) The temperature and magnetic field dependence of the

sistent current in YBCO rings of very low critical current C”t'.cal currentl (T, H) and that ofS(T,H) can be obtained
during the same experiment.

density. A measurement was performed on a zero-field=™",.. e . .
cooled ring, after a field as low gs 0.1 G was applied to the (ii) The method allows one to distinguish depairing criti-

sample and subsequently removed. The resulting magnet%fll current from depinning one and to compare their depen-
field at a point near the center of the ring was measured usin ence on temperature. .

a conventional niobium rf SQUID connected via a supercon- In this paper we present experimental resultsSET, H)
ducting flux transformer. An increase 8(T,H) at tempera- n granular(cedramlc) YBCO ?n%RBCO sam]lales overa tem- d
tures above 40 K was recorded. Jugtgal. reported a jump Berlaégre Gan mag?etllc I'el'h range o 6t5_95 K an
in S(T) above 80 K for a zero-field-cooled ceramic COMpOS-, . d f ' r\({a;p%c “g“ y: Y; gxpgnm/t;n S wetr%/ per-
ite of YBCO/Ag (2 wt. %). They used a Hall probe to detect '0rned  for afou3 7-5:  YBALULL, 5 _g(x wt. 96)
logarithmic relaxation of persistent current induced in aring-(YBCO/Ag X wt. %) composites (where x=2 and 4,
shaped sample of this composite. Critical persistent currer%:d rare-earth-element-substituted  samples  such  as

was generated by applying and subsequently reducing t d%afcung gGBCO%’YB%’g@C??FfO(ESBCO)a gg%
zero an external magnetic fields as low as 20 G. KY1-x)BaCU0;_5 ( ) with x=0.15 and 0.20.

Pauliuset al'® observed an increase in the decay rate ;I'h!slset ?L.Sf?mplﬁ_a“%\{\]ffd ust 50 |_r|1_vest|gdS(S’_#-l) |ntrTf1|a—
with increasing temperature close tdT, in the tenals of differentT,, different Jo(T), and different flux

inni trengths.
(Pr,Y,_,)Ba,Cu;0,_ 5 system for 8=x<0.4. They measured pinning s L
magnetic relaxation on zero-field-cooled samples in a mag-. We measuredl) t_he logarithmic time decays of the per-
netic field of 0.5 T using a SQUID magnetometer. A rise ofSistent current for different temperatures between 65 and 95

T K for zero-field cooling and field coolingover a magnetic
S(T) was recorded close t®, for all substitution levels. _ efineld range 1060 Bin order to determine variation of the
pinning potentialUy(T,H)=kT/S(T,H) with temperature

relaxation rateS close toT. is a feature which is independent T
of the type of YBCO ma(ierial, the sample geometrr)y, or theand magnetic field(2) the temperature dependence of the

relaxation measurement technique. However, little Wascritical persistent current for zero-field cooling and field
known about the origin of this fast relaxation p;rocess, in-cooling conditions. We found a correlation between the tem-

cluding the character of vortices which are responsible foperature dependen_ce of the pinning pot(_entlal and th‘."‘t of the
the dissipation of supercurrents closeTp. Kung et all6 critical current. This correlatlon was discussed using the
suggested that the behavior 8fT) depends on the type of model of granular superconductivity developed by Tinkham

pinning centerge.g., defects such as stacking faults and twinand Lobb:
boundariesand compositional inhomogeneig.g., minority
phases They stated that for measurements taken only at Il. EXPERIMENTAL PROCEDURE
lower temperatures the divergence S(fT) close toT. will
be missed, leading to the wrong or incomplete conclusions
for the temperature dependence of the normalized relaxation Critical currents and their decay were investigated using
rate at high temperatures. Paulietsal,'® on the other hand, ring-shaped samples and an axial scanning Hall probe. A
suggested that an increase $(fT) could be a reflection of self-supporting(persistent current was induced in the ring
the softening of the flux lattice on approaching the meltingby applying and subsequently removing an external magnetic
line. field in the direction perpendicular to the ring’s plane, using
The objective of this work was to study and to explain thea nonsuperconducting solenoid. The profile of the axial com-
phenomena that cause an increas& af temperatures close ponent of the magnetic field generated by the persistent cur-
to T.. We decided to investigat§(T,H) in ceramic poly- rent across the ring was recorded using a scanning Hall
crystalline samples rather than in single crystals or epitaxigbrobe. The magnitude of the critical current was inferred
thin films. The reasons for this are the following. from the maximum self-field of the persistent current at the
(i) Magnetic moments measured in tiny single crystalsring’s center using the Biot-Savart law. The decay rate of the
and thin films are very small close WM., thereby reducing persistent current from its critical value was deduced from
dramatically the accuracy of the relaxation measurements. the relaxation of the persistent current's self-field. This
(i) The magnetic response can be enhanced in measureiethod eliminated the contribution of normal currents to the

A. Description of the measurement method
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measured value of the critical current and allowed us to dissintered twice afl ;;,=930 °C. By varying the calcining and

tinguish between depairing critical currertwhich do not  sintering conditions, we were able to produce ceramics of

exhibit time decay and depinning oneswhose magnitude low and high intergrain critical current density and similar

decays with timg Measurements of the critical current and intragrainT, of the order of 90-91 K.

its decay were performed in the absence and in the presence YBCO/Ag composites with 2 and 4 wt. % of Ag were

of an external applied magnetic field using zero-field-coolingprepared by adding silver to YBCQvhich was calcined at

(ZFC) and field-cooling FC) procedures, respectively. Inthe T.,=925°Q before a single sintering process at

ZFC case, a bell-shaped profile of the persistent current's;,=925 °C in flowing oxygen.

self-field was recorded by an axial Hall probe after an exter- RBCO compounds [GdBaCu;0,_s (GBCO) and

nal field H was applied and subsequently removed. By in-EuBgCu;0,_ 5 (EBCO)] were calcined al ;=950 °C in air

creasing the magnitude dfl, it was possible to generate and sintered al ;=920 °C in flowing oxygen.

larger persistent currents of magnitudes up to a critical value. Pry15Y gsBaCus0;_5 [(Pry15Y 0.89BCO] and

The critical state was determined by detecting the saturatioRr, ,Y o Ba,CU0;_s [(Pry,Y9BCO] were manufactured

of the persistent current’s self-field with an increaskhgin by replacing the proper portion of ©; with Pr;O,; oxide.

the FC case, on the other hand, the ring was cooled b&low The powder was calcined at,=905 °C for a total time of

in the presence of a constant external fidldn the direction 137 h. The powder was recrushed and annealed 3 times dur-

perpendicular to the ring’s plane. At the ring’s center, theing this process, and then sintered in a disk form in flowing

magnetic field was recorded to be-H,,, whereH,, is the  oxygen atT,=920 °C.

Meissner field. Then an additional fieldl,; was applied and After sintering, a 6-mm-diam hole was cut in the disk

subsequently reduced to zero, in order to induce a persistenenter with a diamond tube-shaped drill sprayed with water.

current atH, using a procedure similar to that in the ZFC The resulting ring was then cut along its diameter in order to

case. The critical persistent current-htvas generated when form two bridges of width 1.0-1.5 mm close to the hole.

the persistent current’s self-field reached saturation with an

increasingH 4. For both ZFC and FC cases, the critical cur-

rent . was determined from the Biot-Savart law, using the

saturation value of the axial component of the persistent cur- \ye measured the temperature dependence of the critical

rent’s self-field at the center of the ring. _ _ currentl . over a temperature range 64-95 K in the absence
The rings studied here had the outer and inner diameterss the external magnetic fieldero-field-cooling ZFC) casd

of 15-16 and 6 mm, respectively, and were 3—-3.5 mm thickand in the presence of a constant figfitld-cooling (FC)

A 3.5-mm-deep notches were cut along the ring’s diametelgasg between 10 and 60 G. Figure 1 shows the results of

forming bridges of width 1-1.5 mm close to the inner hole inthese measurements for nine different granular ring-shaped

order to reduce the ring’s cross-sectional area available foggmples. The Hall probe used in these measurements could

the current and to force the current to circulate around thgjetect magnetic fields generated by the persistent currents of

inner hole of the ring. The notches also allowed us to genefmagnitude larger than about 10-20 mA. This condition

ate the persistent current using low applied fields and tqnerefore sets the criterion for the “zero-resistance” of
avoid unwanted contribution of the intragrain flux to the self-,o intergrain junction which is less than the intragrain

field of the current. The profiles of the persistent current’s
self-field were scanned over a distance of 22 mm and at
height of 2 mm with a Hall probe of the sensitive area of 0.4
mn¥ and with a sensitivity of 20-30 mG. The profiles were
found to be independent of the scanning directjoarallel or
perpendicular to the notchesMore details of this experi-
mental technique have been published eatfié?.

Ill. EXPERIMENTAL RESULTS

External magnetic fields cause a gradual reductio bf
Bxternal fields also are responsible for changed JT)
close toT, for YBCO andRBCO samples from linear be-
havior to a “concave” Ginzburg-Landau-like one.
Measurement of the dependence of the critical persistent
current on time revealed that the investigated samples belong
to two different groups which are characterized by either the
absence of the time decay of the persistent current’s self-field
(depairing critical currentor the presence of the decéye-
Polycrystalline ceramic samples of YBCO, YBCO/Ag, pinning critical current In the former case no decay crite-
and RBCO were prepared using the standard solid-state rerfion was determined by the sensitivity limit of the Hall
action method, from high-purity99.999% oxides and car- probe. The Hall probe could not detect changes in the per-
bonates. The general procedure included pressing a mixtugstent current less than about 10 mA per decade. Figures
of powders(using 2.5—-2.7 kbar of pressuyri@ order to form  1(a), 1(b), and 1c) present .(T,H) for the depairing critical
disks with diameter of 16 mm. This was followed by calcin- current. No dissipation of the critical current was recorded
ing the samples in air or flowing oxygen for 24 h at for both ZFC and FC cases. In the latter cddepinning
T.a=925-950 °C. The resulting product was pulverized anctritical currenj, the decay of the persistent current’s self-
new disk-shaped pellets, 16 mm in diameter and 3 mm thickfield was observed for the whole temperature range of 64—95
were formed under a pressure of 6.2 kbar. The disks werK and for both ZFC and FC cases. Figurdgs)+1(i) show
sintered in flowing oxygen af;,=920-930 °C for 7 h and |(T,H) for the depinning critical currents.
cooled at variable rates down to room temperat@r&C/min The experimental data revealed that the temperature de-
betweenT;, and 700 °C and 1 °C/min below 700 yC pendence of the critical current is independent of the process
YBCO sample No. 1 was produced &t,=925 °C and of the current dissipation. This can be seen in Fig. 1. The
T4in=925 °C using flowing oxygen during calcining. YBCO temperature dependence of the depairing critical current
sample Nos. 2 and 3 were calcinedlg;=950 °C in airand shown in Figs. 1a), 1(b), and Xc) is very similar to that for

B. Sample preparation
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FIG. 1. Temperature dependence of the critical curtgertlose toT. in granular(cerami¢ YBCO andRBCO (R=Eu, Gd, and Pr
samples measured at different magnetic fields. (b), and (c) present the depairing critical currenigl)—(i) show the results for the
depinning critical currents. Note the similarities between the temperature dependence of the depairing critical currents and that of the
depinning ones exhibited byp) and(d) for YBCO, (b) and (e) for YBCO/Ag, and(c) and(f) for EBCO and GBCO.

the depinning critical current in Figs.(d), 1(e), and if), Sis also independent of the position of the Hall probe along
respectively. the ring’s diameter.
The decay of the persistent current from its critical value
was measured for all the depinning critical current cases for
both zero-field-cooling and field-cooling procedures. We
found that the current decays logarithmically with time over |n order to generate a circulating persistent current in the
the waiting time range of 10-20 000 sec. The logarithmiczero-field-cooled granular ring-shaped superconductor, we
behavior dominates the decay process for all the samplgpplied an external magnetic fiehtl in the direction perpen-
studied. Therefore we decided to calculate the normalizedicular to the plane of the ring. A equal to the intergranu-
logarithmic decay rat& from shorter decay measurements, lar critical field H,,;, the magnetic field enters the bulk of
which lasted up to 1000 sec. Figure 2 shows the temperatut@e ring through high-angle grain boundaries. During the
dependence ob for six samples of YBCO, YBCO/Ag, and process of flux penetration into the hole of the ring, some
RBCO. For both ZFC and FC cases, decay rates increas@agnetic flux is trapped by the grain boundaries in the form
with temperature reaching high values n@dr. Diverging  of intergranular vortices. When the applied figtl is re-
behavior ofS close toT, is the same for all the investigated moved, persistent current is induced and the intergranular
compounds, and it is independentTf or the applied field. vortices remain trapped in the structure of intergranular weak

IV. DISCUSSION
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FIG. 2. Temperature dependence of the normalized decageltese toT . for the depinning critical currents in six different samples of
YBCO andRBCO (R=Gd and P). Note that the magnitude & at constant temperature increases with the applied magnetic field.

links. Persistent current exerts the Lorentz force on thesseries, with total normal resistanBg . They assumed that in
vortices and, thereby, reduces their effective pinning potenthe superconducting state the resistance is reduced to a value
tial for thermally activated motion in the radial direction R. HereR varies exponentially with the currehtroughly as
away from the center of the ring. This process drains energexp(hl/4ekT), taking into account the results of the
from the current and causes its dissipation. The maximummbegaokar-Halperin model of tHeV relation of a highly
dissipation is expected when the persistent current reaches idamped junction, with the normalized barrier height
critical value. v=2E,/KT as a parameter. Tinkham and Lobb identified the
Tinkham and Lobb’ described the process of dissipation Josephson barrier energ§ 2with the activation energgthe
of the current circulating in a simple granular rif@f induc-  unperturbed pinning potentjal,, so that the Ambegaokar-
tancel) which contains a large number of weak links in Halperin parametety, is modified toy,=Uy/kT. This was
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possible because of the conceptual equivalence between the The second regime was discussed by Tinktetral 2 It
weak link and continuum flux pinning models. They madewas attributed to the presence of large-scale inhomogeneities
the approximation thaR varies with the normalized current which stem from compositional variations, second phases,

i=1/1; according to the equation grain boundaries, twin boundaries, dislocations, etc. Within
, the discrete model, these inhomogeneities c&iyg® have a

R=Rexfd — yo(1-1)]. (1) range of various values in the different weak links. Also,

Forl=I., R reduces tdR,. they introduce geometrical irregularities in the coordination

When the persistent currents established in the ring, the number. These factors affect the core energy of a vortex.
induced and resistive voltages are balanced. This results Mariation in the core energy in different vortex sites and in

the equation the magnitude of E; provides the pinning energy
Uy~ 8(4E;) for the vortex.
—Ldl/dt=IR=IRexd — yo(1—i)]. (2 Tinkham and Lobb suggested the conceptual equivalence

between the pinning in the weak-link and continuum models

This equation governs the decay of the current. Its soluwith inhomogeneities. In the granular view the pinning arises
tion was obtained with simplifying approximation that the pecause of the variations &, from link to link. In the
decrease i is small. Integration of Eq(2) with the initial  conventional (Ginzburg-Landal continuum pinning view,

conditionl =1, att=0 gives on the other hand, the vortex pinning energy results from

variations of the order parameter from point to point. In both

i=1=(1yo)In(1+ yot/ ), 3 cases the depth of modulation comes from the degree of
with 7,=L/R, as a time constant. disorder in the material. The energy scale is the same in both
For y,>1, Eq.(3) reduces to points of view. Using the Ginzburg-Landau expression for
the critical current density, the Josephson coupling energy is
di/d Int=—1/y,=—kT/U, (4)  E;=(H?2/8m) (4w (ml2v3), whereH, and £ are the thermo-

dynamic critical field and the Ginzburg-Landau coherence

or length, respectively. This energy is, within a small numerical
_ factor, the characteristic Ginzburg-Landau energy

S=—KkT/Uq, (5

(HZ8m)(4x&)[In(\&)] (where \ is the Ginzburg-Landau
where S=(1/1;)(dI/d Indt) is the normalized logarithmic penetration depyhassociated with a length of a flux line
decay rate. Equatiof5) can be used to calculaté,(T), the  vortex, from which the pinning energies are derived. Ther-
unperturbed pinning potential, if the normalized logarithmicmally activated flux motion is described in terms of a char-
decay ratesS is known. acteristic pinning energyJ,. In the weak-link modelU,
The Tinkham-Lobb model provides a clear description ofscales with £, and in the continuum modél, scales with
the relaxation processes that take place in our granular ringé 5/8m(4m&%). In both cases, these energies are reduced in
where the logarithmic “steady-state” relaxation of the cur- proportion to the fractional modulation of the characteristic
rent from the critical level starts about 10 sec after the criti-€nergies from point to point.
cal current was established. This behavior is in contrast with We calculatedJ,(T,H) from the normalized logarithmic
that exhibited by some grain-aligned YBCO samples withdecay ratesS(T,H)=kT/Uq(T,H) shown in Fig. 2 for six
low-angle grain boundariessee, e.g., Ref. 18 In these different samples. These results are presented in Figs. 3 and
samples the steady-state logarithmic relaxation originates aft together with the corresponding ones fg(T,H). They
ter waiting approximately 1000 sec, and the normalized logareveal thatU, decreases monotonically with an increasing
rithmic decay rateS does not change with temperature closetemperature and approaches zero at temperatures close to
toT,. T% . An external magnetic fieltH suppresses)y(T). The
Tinkham and Lobb analyzed the origin of the intergraindependence ofJ, on temperature and magnetic field re-
vortex pinning in granular high-temperature superconductorsembles that of.(T,H).
using a highly simplified discrete model of grains of an ideal For all zero-field-cooled samples, except YBCO/A2
crystalline superconductor connected by weak links. Eachwt. %), the temperature dependence Igf appears to be
link was characterized by the Josephson coupling enBrgy Ambegaokar-Baratoff(AB) like. The temperature depen-
which is proportional to the link’s critical curredt,. Two  dence changes to a Ginzburg-Landé&BL) one [where
different pinning regimes were considerdd) pinning due  1.%(T.—T)*¥?] in the presence of an external magnetic field
to the existence of discreteness in the model @yginning  (the FC cask This is shown clearly in Fig. 5, wheitg(T) is
due to random variation dt; in the system. plotted ad 2/% versus temperature in order to identify the GL
The first regime was studied by Lol al® for a square  portion of thel .(T) curve.l(T) data taken in the absence of
and triangular arrays. They suggested that a Josephson van applied fieldthe ZFC casedemonstrate a crossover from
tex must overcome an energy barrier in order to move froman AB temperature dependence at low temperatures to a GL
one position to an equivalent neighboring positieae Fig. 1  one at high temperatures very close Tg. The AB—GL
in Ref. 19. Calculations showed that this energy barrier hascrossover temperature decreases with an increasing external
a maximum value of OR; for a square array and 0.083 magnetic field. Crossover effects in the temperature depen-
for a triangular lattice. The basic core energy of an isolatedience ofl .(T) in granular YBCO and epitaxial YBCO thin
vortex in a two-dimensional square lattice in zero field wasfilms were investigated by Darhmaoui and JéhgThe
computed by Tinkharet al,?° giving the value of £;. The ~ AB—GL crossover in ((T) was found to be similar in both
energy barrier of 02; is only 5% of the above value. types of YBCO. According to Clenet al?? the AB—GL
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FIG. 3. Comparison of the temperature dependence of the unperturbed pinning patg(ifiai) =k T/S(T,H) with that of the critical
currentl .(T,H) for granular YBCO and YBCO/Ag samples. Note the similarities between the temperature dependggCE Bf) and that
of 1(T,H).

crossover ifl ¢(T) is an indication of granularity of a super- The observation of the AB-GL crossover inl.(T) of
conductor whose grains are coupled by Josephson tunn¥BCO implies the presence of microdomain struct(se-
junctions. At the AB—~GL crossover temperature, the coher- perconducting microdomains coupled by Josephson tunnel
ence length4(T) equals the grain siza,. Below the cross- junctions. In YBCO thin films of T,.=90 K, the AB—GL
over temperaturel.(T) is governed by Josephson tunnel crossover temperature is 80—82 K, and therefore the effec-
junctions (AB behavioj. Above the crossover temperature, tive size of microdomainsi,=£(80-82 K=30-40 A. The

the supercurrent does not “see” the junctions dpfl) is  existence of microdomain structure in YBCO was recently
governed by the ability of the supercurrent to suppress theonfirmed by Etheriddgé in high-resolution electron micros-
superconducting gap parameter in the grai®Bk behavioy. copy studies. Similarities between the ABSL crossover
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FIG. 4. Comparison of the temperature dependence of the unperturbed pinning patg(fiai ) =k T/S(T,H) with that of the critical
currentl(T,H) for granular GBCO andPr; 15Yg5BCO and(Pry,Y,9BCO samples. Note the similarities between the temperature
dependence dfl4(T,H) and that ofl .(T,H).

effects inl.(T) exhibited by YBCO thin films and granular A microbridge model of electrical transport across the
YBCO imply that the grains of granular YBCO are con- grain boundaries was adopted in order to describe the inter-
nected by microbridges of the grainlike material. These mi-grain pinning and flux motion in granular high- supercon-
crobridges have the microdomain structure, and the intereuctors. One could visualize that the grain boundary contains
grain critical current flowing through the microbridges a large number of parallel microbridgéflaments in con-
experiences the AB-GL transition in the temperature de- tact with each other, each carrying different critical current.
pendence. An intergrain conduction through microbridgedn the AB regime, the microbridges can be described by a
was proposed by Larbalestiet al2* in order to explain the different effective Josephson coupling energy. This energy is
field-independent residual intergrain critical current in ce-determined by the Josephson junctions in the microdomain
ramic high-temperature superconductors. structure within a microbridge. In the GL regime, on the
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FIG. 5. [IC(T)]Z’3 vs temperature plotted for the case Ig{T) which was measured in granular YBCO aRBCO sampledFigs.
1(d)-1(i)]. The transition from an Ambegaokar-Baratoff forml@{T) to a Ginzburg-Landau ongsolid line9 is observed for all samples
[except YBCO/Ag(2 wt. %) in (b)] upon application of an increasing external magnetic field.

other hand, the microdomain structure is not “seen” by thethe order parametet),= 8[(H 2/87)(47&3)] (T .~ T)¥2
supercurrent flowing through a microbridge. The micro-since, close toT., H, and ¢ vary as T.—T) and as
bridges are then characterized by different order parameterT.— T) 2, respectively'®

According to the Tinkham-Lobb model of inhomoge-  Using the microbridge model, the absence of dissipation
neous intergranular pinning, the pinning bartigyin the AB  in some YBCO samples could be due to the separation of
regime arises from the variation of the Josephson couplingndividual microbridges by normal regions. This could pro-
energy,Uy,= 6(4E;)<(T.—T) close toT.. In the GL re- duce stronger pinning but limit the total intergrain critical
gime the pinning barried ; is determined by the variation of current. This concept is supported by the fact that the critical
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FIG. 6. Temperature dependence of the rafib.[T,H)/2e]/Uy(T,H) plotted for six different samples of YBCO aBCO (R=Gd and
Pr). Note that for all samples except YBCO/Ag the ratio decreases with an increasing temperature very Tlosdéoe the Ginzburg-
Landau regime of ;(T) dominates.

current in YBCO No. 1[Fig. 1(a)], which does not exhibit temperature. In the GL regim&} does not have any physi-
dissipation, is less than those in YBCO Nos. 2 anF§)s.  cal meaning: therefor&? /U, has to be replaced by the ratio
1(d) and Xg)]. (constx1)/U,, wherel .= (T.—T)*?is a GL critical current

In Fig. 6 we have plotted the ratio of the total coupling andU o (T.—T)¥2 In this case the rati¢constx| .)/U, de-
energy of junctiongsummed over the ring’s cross-sectional creases with an increasing temperature Bs—(T).
area Ey =1l (T,H)/2e=3E,(T,H) to the pinning barrier The ratio f:1,(T,H)/2e]/U, for YBCO Nos. 2 and 3 and
Uo=kT/S(T,H) as a function of temperature. In the AB for GBCO shows especially clearly the plateau at low tem-
regime ofl(T), one expectd x(T.—T) close toT, and  peratures wherd (T) is dominated by Josephson tunnel
Uo= 8(4E;)=(T.—T), leading toE}/U,, independent of junctions and the decrease with an increasing temperature
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close toT, wherel ((T) is the GL critical current. However, bridges are responsible for the variation of the Josephson
we have not attempted to fit the temperature dependence obupling energyE; along the grain boundaries. In the GL
U, [which is proportional to T.—T) in the AB regime and regime, however, the microbridges provide modulation of
to (TC—T)”2 in the GL regime close td.] to the experi- the order parameter. According to the Tinkham-Lobb de-
mental data shown in Figs. 3 and 4, due to the scattering dfcription of the intergrain pinning in a granular superconduc-
the data points. tor due to random disorder, there is a conceptual equivalence
The temperature dependence of the intergrain critical curef the pinning process in the ABwveakly linked and GL
rent in the zero-field-cooled YBCO/A( wt. %) composite  (continuun) regimes. The pinning is provided by the varia-
was interpretett as due to the Josephs6rl-S tunnel junc-  tion of the Josephson coupling energy in the former case and
tions[characterized by the AB form ¢f(T)] upto 80 Kand by the variation of the order parameter in the latter one. In
by the JosephsonS-N-S proximity junctions [with  the AB regime, the pinning potentid, decreases with an
| (T)=(T.—T)?] above 80 K[Fig. 1(e)]. This could happen increasing temperature a3 T) close toT,. In the GL
if oxygen-depleted superconducting laydid T.~80 K) regime,U, decreases ag(— T)? close toT,. Therefore, at
cross the intergrain microbridges. The external magnetithe AB—GL crossover temperature, there should be a con-
field convertsl;(T) into a GL one close tdl, for all the  version from the T.—T) dependence o), at lower tem-
samples studied except for YBCO/AQ wt. %) (Fig. 5; see  peratures to the'l'(C—T)”2 one close tal;.
also Fig. 5 in Ref. 21l This implies that .(T) close toT, in We believe that small variations B, or the order param-
YBCO/Ag (2 wt. %) is controlled by S-N-S junctions. eter at the grain boundaries of granular YBCO are respon-
S-N-Sjunctions could determine the variation of the Joseph-sible for the weak intergrain flux pinning and, consequently,
son coupling energ¥; in the intergrain microbridges and for the dissipation of the critical current. In ceramic YBCO

consequently the intergrain pinning potential. (with random orientation of the graipghe grain boundaries
are predominantly high-angle ones. In melt-textured grain-
V. SUMMARY AND CONCLUSIONS aligned YBCO, the grains form low-angle grain boundaries.

. . . ) It was determine®® that the low-angle grain boundaries pro-

‘We investigated the origin of the fast magnetic relaxationyige strong flux pinning sites. Therefore the dissipation of
(diverging normalized logarithmic decay ra# close toT;  the critical current is caused by the weaker intragrain flux
in YBCO. We used granular ring-shaped highsupercon-  pinning, with S and U, independent of temperature close to
ductors to study this phenomenon. The depinning criticair _ 18 Consequently, the divergence 8f(and the reduction
currents in granular samples always exhibit fast decays withf ) with an increasing temperature closeTtp, observed
time (divergingS) close toT., which implies that the unper- i, YBCO single crystals and epitaxial thin films, could stem
turbed pinning potentidl, goes to zero &f ;. The tempera-  from filamentary superconducting structures caused, for in-
ture dependence of the critical curréptexhibits a crossover stance, by phase separation. Phase separation in YBCO
from an AB dependence to a GL one, with the ABL  gingle crystals has been investigated by Osofskgl 2% and
crossover temperature decreasing with an increasing applie§yadriet al?’ These structures could have a similar effect

magnetic field. The decrease 0f, with an increasing tem-  on flux pinning as that of high-angle grain boundaries in
perature was observed for both AB and GL regime&,6f),  granular YBCO.

suggesting similar vortex pinning mechanism in these two
cases.
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