
PHYSICAL REVIEW B VOLUME 48, NUMBER 10 1 SEPTEMBER 1993-II
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Studies of the dependence of the intergrain critical currents on temperature (60—90 K) and magnetic
field (0—100 0) were performed for samples of YBa2Cu307 z ceramics (YBCO) and of a 2-wt. % Ag-
doped YBazCu307 5 composite (YBCO-Ag). The measurements were done using ceramic rings in a per-
sistent mode and a scanning cryogenic Hall probe. This technique allowed us to satisfy conditions not
available in the studies of critical currents before. A self-sustaining supercurrent (sensitive to any resis-
tive dissipation) was used to detect the intergrain critical current I, . Its magnitude and relaxation were
measured using a contactless method (a Hall probe). The results of the measurements of I, on tempera-
ture close to the intergrain T,* confirmed the presence of the superconductor-insulator-superconductor
tunnel intergrain junctions in YBCO and the superconductor —normal-metal —superconductor proximity
junctions in YBCO-Ag. For YBCO, the I,(T)=const(1 —T/T, ) dependence is not afected by the ap-
plied magnetic field, however, for YBCO-Ag the I, ( T) =const(1 —T/T,*) dependence is not preserved,
suggesting a strong e8'ect of magnetic Aux creep on critical currents. The intergrain T, is about 5 K
lower than the intragrain T, and about 4 K lower than the "zero-resistance T,"measured using a con-
ventional I-V technique. Dissipation of a persistent current measured in the YBCO-Ag ring provided
strong evidence that the transport current is controlled by an intergrain Aux creep with the energy bar-
rier proportional to I, . The results revealed that the intergrain critical current density J,„in YBCO-Ag
has lower values than J,T of YBCO, and the observed higher total critical currents are due to a larger
surface area of grain-boundary conduction in this composite.

I. INTRODUCTION

The transport and magnetic properties of supercon-
ducting Y-Ba-Cu-0 (YBCO) ceramics or polycrystalline
oriented thin films are affected by grain boundaries
present in those materials. At low magnetic fields up to
200—300 G grain boundaries in ceramic YBCO behave
like junctions between weakly coupled superconducting
grains. ' At higher fields weak links are decoupled but
there still exists a second non-weak-linked component of
intergrain conduction which is not decoupled by the
magnetic field. This component is believed to arise from
regions of strong conduction within each grain boundary
such as microbridges of intrinsic intragranular material.
Studies on aligned bulk polycrystalline YBCO (Ref. 4)
showed that the fraction of a non-weak-linked material is
enhanced by grain alignment but still only 0.01-0.1% of
the grain-boundary area is occupied by strongly linked
microbridges. Therefore, weak links are responsible for
low critical current density J, and the extreme sensitivity
of J, to small magnetic fields. In spite of intensive studies
of grain boundaries in YBCO, there are still several prob-
lems, crucial for the understanding of their superconduct-
ing properties which remain unsolved.

The first one concerns the intrinsic nature of supercon-
ducting weak links. It is unclear whether the intergrain
junctions are the superconductor-insulator-super-

conductor (SIS)-type Josephson tunnel junctions or the
superconductor —normal-metal —superconductor (SNS)-
type Josephson (DeGennes) proximity junctions. Related
to that is the question what is the mechanism by which
the Ginzburg-Landau order parameter (which is
equivalent to the density of Cooper pairs or to the ampli-
tude of the pair wave function) is suppressed at the grain
boundary. Resolving these questions could help to ex-
plain to what extent the low critical current densities of
YBCO ceramic samples are related to the intrinsic
characteristics of grain boundaries.

The second problem concerns magnetic-field effects on
critical current of intergrain junctions. %'hile it was well
documented that the intragrain J, is controlled by the in-
tragrain flux creep, no evidence was provided for an in-
tergrain Aux-creep-controlled transport current. The ad-
ditional problem is to distinguish between the current
limiting behavior of grain boundaries in low magnetic
fields and the changes in the transport current caused by
the intergrain Aux trapping and depinning. The measure-
ments that are necessary for proper characterization of
those effects include the dependence of the transport crit-
ical current I, on temperature for various magnetic fields
and the dependence of I, on magnetic fields for various
temperatures. The essential experimental condition is to
measure the real response of I, to changing temperature
or magnetic field. This is especially important at temper-
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atures close to T, . However, many experimental
methods that were used to estimate the transport critical
current density do not satisfy that requirement. The
techniques widely applied to high-T, ceramics and films
for that purpose are (1) the I Vfou-r-probe technique
or (2) the ac magnetic induction method. ' ' There are
several reasons that make those two methods unreliable.

The problem with the I -V method is the Joule heating
at the contacts and the value of minimum resistance, that
can be measured usually in a range of about 10 —10
ohm. The latter is related to sensitivity of instruments
and to a voltage (or an electric field) criterion of 0.1 —2

pV (1—10 pV/cm) used to define the critical current. As
a consequence, this method does not make a clear distinc-
tion between very low resistance and superconductivity.
Its insensitivity to a resistive dissipation of supercurrent
at temperatures close to T, seems to be the main reason
for the observed discrepancy in the I, vs temperature
dependence reported by different groups for ceramic or
thin-film high-T, materials.

The ac induction technique, on the other hand, uses ac
susceptibility measurements and critical state model
(Bean's critical state equation) to estimate critical
currents. According to the Bean's critical state model, '

superconducting samples respond to the external magnet-
ic field with shielding currents that How at the level of
critical current density J, . In the case of ceramic sam-

ples diamagnetic shielding consists of two components:
intergrain and intragrain ones. At low magnetic fields,
superconducting ceramic samples exhibit strongly nonun-
iform distribution of intergrain shielding supercurrents
because of the magnetic interaction between shielding
current loops and demagnetization effects at the sample
edges. The estimation of intergrain J, in this case can be
provided only via the invocation of a suitable critical
state model. For this model to be valid, it must include
sample geometry and intragrain shielding currents Aow-

ing on the grain surface. These multiple factors make the
ac induction methods very dificult to apply to ceramic
high-T, samples at low magnetic fields.

In this paper, we show that persistent supercurrents
Aowing in a superconducting ring provide better alterna-
tives. The magnitude of those currents and their critical
value was determined using a contactless magnetic-field
measurement method. Persistent current generates a
magnetic field above the sample and the value of this
current can be derived from the Biot-Savart equation.
Persistent supercurrent induced in a ring is a self-
sustaining current and therefore is sensitive to any
change in the intrinsic resistance of the intergrain junc-
tion or to a magnetic-Aux motion. The objective of this
work was to measure the intergrain critical current as a
function of temperature and magnetic field for a pure
ceramic YBCO and a YBCO-Ag composite in an attempt
to reveal the intrinsic character of grain boundaries.
Measurements of sample response to an applied magnetic
field were performed in order to determine changes in the
transport intergrain current caused by the intergrain
magnetic-Aux trapping and depinning. Studies of both
the critical currents and Aux motion were done on the
samples using the same magnetic measurement tech-

nique, the scanning cryogenic Hall probe. The ring-
shaped samples made of a pure ceramic YBa2Cu307
and a 2-wt. % Ag-doped YBa2Cu307 s ceramic compos-
ite were investigated. The results obtained allowed for
better understanding of the transport and magnetic prop-
erties of intergrain junctions in ceramic YBCO and
ceramic YBCO-Ag composites. The results also provided
a strong evidence for an intergrain Aux-creep controlled
transport current.

II. EXPERIMENTAL PROCEDURES

Different procedures were applied to measure the
dependence of intergrain critical current I, on tempera-
ture over a range of 60—90 K (for various magnetic fields
between 0 and 100 G) and on magnetic field over a range
of 0—100 G (for various temperatures between 60 and 90
K). The leading idea of this experiment was to measure
the critical value of a persistent current induced in a su-
perconducting ring. An induction of a persistent current
requires a magnetic Aux to be present in the ring central
hole. The easiest way to do that is to apply an external
magnetic field to the ring above T„cool it in a field down
to a certain temperature below T, and then remove the
external field. However, the magnetic Aux trapped in this
ring is a combination of a Aux supported by the persistent
current and a magnetic vortex field trapped in the bulk of
the ring. The persistent current leads to a single max-
imum of the axial component of trapped magnetic field in
the center of the ring, whereas, vortices trapped in the
bulk of the ring give rise to two maxima near the ring
perimeter, and correspondingly to a minimum in the
center of the ring. ' ' Those vortices are of intragrain
(Abrikosov) and intergrain (Josephson) nature, and the
vortex field is superposed on the field profile generated by
the persistent current. In order to avoid the contribution
of the vortex field, the measurements of the critical
current were performed on ceramic rings containing two
parallel narrow constrictions (bridges) and at low applied
magnetic fields up to 10—20 G. The bridges allow the
creep of magnetic Aux from outside into the ring central
hole at low magnetic fields and minimize trapping of in-
tergrain vortices in the bulk of the ring. The critical
currents were determined in zero-field-cooled (ZFC) and
field-cooled (FC) rings.

For the zero-field-cooled case, after cooling the ring
down to a certain temperature below T„ the external
magnetic field (0—20 G) was applied. This was followed
by the measurement of the profile of the axial component
of the trapped field (supported by the persistent current)
when the external field was reduced to zero. The trapped
field profiles were studied as a function of the applied
magnetic field in order to determine the saturation value
of the axial component of the field trapped in the center
of the ring [Fig. 1(a)]. That saturation value [Fig. 1(b)]
was then used to calculate the intergrain critical current
I, using the Biot-Savart equation. Saturation of the
trapped field normally was achieved by applying magnet-
ic fields up to about 15 G.

In the field-cooled case, the measurement of I, was
based on the following procedure. After cooling the rings
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below T, in a magnetic field (0—100 G), the additional
external magnetic field (0—15 G) was applied. This was
followed by the measurement of the axial component of
the trapped field profile (supported by the persistent
current) when this additional applied field was reduced to
zero. In this case, the trapped field was superposed on
the Meissner field. Similarly to the zero-field-cooled case,
the critical value of the persistent current was determined
from the saturation value of the axial component of the
field trapped in the ring's center (Fig. 2).

The profiles of the axial magnetic field produced by the
persistent current circulating in a superconducting ring
were measured across the ring by an axial cryogenic Hall
probe (with sensitivity of 20—30 mG at temperatures
60—90 K, and of sensitive area 0.4 mm ) over a tempera-
ture range of 60—90 K. We did not register any magnetic
field generated by the Hall probe at a level of O. l mG.
The probe was connected to a gaussmeter and a comput-
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FIG. 1. (a} The profiles of magnetic field measured at 78.5 K

by a Hall probe above the zero-field-cooled ring of YBCO-Ag.
The upper four curves show the profiles of the diamagnetic
shielding measured at applied fields of 6.0, 8.4, 10, and 11 G.
Note that the amount of the magnetic flux in the ring's hole in-
creases with the increasing applied field. The corresponding
four lower curves represent the magnetic field supported by a
persistent current when the external field is reduced to zero.
Note that the amount of flux encircled by the current saturates
when the current reaches a critical value. The distances +8,—8 mm, and +3, —3 mm mark the ring's outer and inner
edges, respectively. (b) The dependence of the magnetic field
trapped in the ring's center on applied field, measured at 70.5
and 78.5 K. The magnitude of the trapped field is proportional
to the persistent current I circulating around the ring, and its
saturation value is proportional to the intergrain critical current
I, .
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FIG. 2. The profiles of magnetic field measured at 78.5 K by
a Hall probe above the YBCO-Ag ring cooled below T, in a
field of 20 G. The dotted curve shows the profile of the Meiss-
ner field at 20 G. The upper four curves show the profiles of
that Meissner field superposed on the shielding fields when the
additional field of 4, 5, 7, and 8 G was applied to the ring at a
temperature of 78.5 K. Note that the amount of the magnetic
flux in the ring's hole increases with this additional field. The
corresponding four lower curves represent the Meissner field at
20 G superposed on the trapped field that was supported by a
persistent current when the additional external field was re-
moved. Note that the saturation value of the trapped field is
proportional to the intergrain critical current value at an ap-
plied field of 20 G.
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er controlled system which allowed the measurements of
magnetic-field profiles over a scanning distance of 22 mm
and the measurements of fast decays of the magnetic
field. A solenoid was used to generate magnetic fields
(0—100 G) in a direction perpendicular to the ring plane.
The probe measured the component of the magnetic field
perpendicular to the plane of the ring-shaped sample at a
distance of 1.9—2.0 mm from the ring surface, as mea-
sured at room temperature. Variation of that distance
with temperature at low temperature (over a range
77—200 K) was tested using a copper wire wound ring-
shaped coil instead of the sample. This coil was able to
produce magnetic field profiles, similar to those generated
by persistent current in a superconducting ring, with the
magnitude at the coil's center over a range 0—10 G. It
was found that the changes in a magnetic field recorded
by the Hall probe were within 0.5 —1.0% of the reading
over the whole applied temperature range of 120 K. We
studied the dependence of the intergrain critical currents
on temperature and magnetic field in the ceramic rings of
YBCO and 2-wt. % Ag-doped YBCO composite. Those
rings had the outer and inner diameters of 16 and 6 mm,
respectively, and were 3.0—3.5 mm thick. Two parallel
constrictions (cuts) were made along the ring diameter,
forming bridges of the cross-sectional area of about
3.0—3.5 mm . Temperature of the ring was controlled
with both a carbon-glass and platinum resistance ther-
mometers and an inductionless foil resistor as a heater.

The material for the ring-shaped samples was prepared
from powders of high-purity oxides Yz03 and CuO, and
carbonate BaCO3 using the standard solid-state reaction
technique. The powders were calcined in Aowing pure
oxygen for 24 h at 925'C. The resulting product was pul-
verized and a new disk-shaped pellet was formed under a
pressure of about 7000 bar. The disk (16 mm diam,
3.0—3.5 mm thick) was then sintered in fiowing oxygen at
925'C for 7 h and cooled at variable rates down to room
temperature (3'C/min between 925 —700 C and 1 'C/min
below 700 C). In the case of YBCO-Ag composites,
silver powder was added to YBCO before the sintering
process. After sintering a 6-mm-diam hole was cut in
the disk center using a diamond drill sprayed with water.
The resulting ring was then cut along its diameter in or-
der to form two bridges of width 1.0—1.5 mm close to the
ring inner hole (Fig. 3).

III. EXPERIMENTAL RESULTS

We studied the dependence of the intergrain critical
current density on temperature and magnetic field in
YBCO and 2-wt. %%uoAg-dope dYBCOcontinuou scerami c
rings. Three kinds of measurements were performed: (1)
the dependence of the critical current I, on temperature
measured in the zero-field-cooled rings, (2) the depen-
dence of the critical current I, on temperature measured
in the field-cooled rings at constant magnetic field, and (3)
the dependence of the critical current I, on applied mag-
netic field measured in the field-cooled-rings at constant
temperature. We also investigated dissipation of the per-
sistent current flowing in the rings at various tempera-
tures.

A. Dependence of I, on temperature
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Figure 4 presents the dependence of I, on temperature
over a range of 60—90 K measured in the YBCO continu-
ous ceramic ring for the zero-field cooling and for the
field-cooling in magnetic fields of 10, 20, and 30 G. The
Hall probe can detect magnetic field generated by a per-
sistent current of magnitude larger than about 10—20
mA. This condition therefore sets the criterion for the
"zero resistance" T, of the intergrain junctions. In the
ZFC case, T,' =87.5 K+0.5 K, which is about 4 K lower
than T, of the superconducting grains, determined by dc
magnetization measurements. Applied magnetic fields of
10, 20, and 30 G reduce T,' further down to 86.5, 84.5,
and 82.5 K (+0.5 K), respectively, i.e., approximately by
2.0 K per 10 G.

Figure 5 shows the dependence of I, on temperature
over a range of 60—90 K measured in the continuous ring
of 2-wt. % Ag-doped YBCO ceramic composite for the
ZFC case and for the field-cooling in magnetic fields of
20, 40, and 60 G. T, is less sensitive to magnetic field

Pk Happlied

Persistent
Current

30G

0
60

0p V 0
p 0

p p V
v

p ~v
pp V 0

pp Tv
&ch~~pp v 0~W~pa rQ

70 eo 90

Scanning
Direction

FIG. 3. Schematic picture of the ring's geometry used in the
studies of critical current I, . Scanning direction denotes the
direction of motion of a cryogenic Hall probe across the ring.

Temperature (K)

FIG. 4. The dependence of the intergrain critical current I,
in the YBCQ ceramic ring on temperature {over a range be-
tween 64 and 87 K) measured for the zero-field cooling (ZFC)
and field cooling at 10, 20, and 30 G. Note that the linear
dependence of I, on temperature close to T, seen for the ZFC
case is preserved at those magnetic fields.
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FIG. 5. The dependence of the intergrain critical current I,
in the 2-wt. % Ag-doped YBCO ring on temperature (over a
range between 64—87 K) measured for the zero-field-cooled and
field cooled (at 20, 40, and 60 G) samples. Note that the mag-
netic field modifies the temperature dependence of I, close to
r,*

than that for YBCO ceramic ring. T,* decreases from
86.5 K +0.5 K for the ZFC case down to 85.5, 84.5, and
83.5 K (+0.5 K) for magnetic fields of 20, 40, and 60 G,
respectively, i.e., approximately at a rate of 0.5 K per 10
G.

The intragrain T, for those rings equals about 92.0 K
+0.5 K as determined by dc magnetization and resis-
tance measurements as a function of temperature. T, is
insensitive to small magnetic fields (0—100 G) applied in
these studies. Note that the intragrain shielding of the
rings can be detected by a Hall probe at temperatures up
to about 90.0 K+0.5 K.

B. Dependence of I, on magnetic field
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The dependence of the critical current I, on magnetic
field up to 60-80 G were measured in the YBCO and
YBCO-Ag rings at various temperatures between 60 and
90 K. The results are presented in Figs. 6(a) and 6(b).
Strong suppression of I, with magnetic field is visible at
low magnetic fields. At fields higher than a certain value
H*, I, approaches a constant value. H* increases if tem-
perature of the sample is reduced. This behavior is ob-
served as a general trend at temperatures about 5 —10 K
below T,* in the YBCO and YBCO-Ag rings. However,
at temperatures closer to T,*, intergrain transport current
in those rings is completely suppressed by magnetic fields
of the order of 10—60 G.

C. Dissipation of persistent current I
We measured the dependence of the persistent inter-

grain current I Aowing in the zero-field-cooled YBCO
and 2-wt. % Ag-doped YBCO rings, on time over a range
up to 10 sec at constant temperature and applied mag-
netic field. In the case of the YBCO ring, we were not
able to measure decay in the persistent current because
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FIG. 6. The dependence of the intergrain critical current I,

on magnetic field (up to 100 G) measured at various tempera-
tures in the continuous rings of YBCO and 2-wt. % Ag-doped
YBCO. (a) I,(H) for the YBCO ring measured at a tempera-
ture of 67.5, 70.0, 77.5, and 80.5 K. Note the sinH!H behavior
of I,(H) at low fields and a saturation of I, at magnetic fields
above 35—45 G. (b) I, (H) for the 2-wt. %%uoAg-dope dYBCOring
measured at a temperature of 77, 82, and 85 K. The saturation
of I, (H) occurs at magnetic fields above 60—70 G.
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FIG. 7. The dependence of the persistent current decay rate
on temperature measured in the zero-field-cooled 2-wt. % Ag-
doped YBCO ring. As expected, the decay rates achieve high
values at temperatures close to the intergrain T, =86.5 K.

the system could not detect changes in the current less
than about 10 mA per decade, due to the sensitivity limit
of the Hall probe used in these studies. However, dissipa-
tion of persistent current was observed in the 2-wt. %%uo

Ag-doped YBCO ring. The decay rates of the current
were measured in the zero-field-cooled sample up to 10
sec and found to be logarithmic. The decay rate in-
creases with increasing temperature of the sample (Fig. 7)
and reaches high values close to T,*. The persistent
current decreases down with time from its maximum
(critical) value. The current can regain the original value
if additional magnetic Aux is supplied through the ring's
bridges into the ring's central hole. This can be easily
done by applying the original external magnetic field to
the ring and subsequently reducing its magnitude to zero.

(2) What does the magnetic dependence of I, imply
about the grain-boundary microstructure?

(3) How does the pinning and motion of magnetic flux
at the grain boundaries affect the intergrain transport
current?

Ceramic high-T, superconductors have been modeled
by an array of weakly coupled superconducting grains. '

This model assumes the presence of two superconducting
media: the weak links between grains (grain boundaries)
and the grains themselves. The critical current I, is
therefore limited by the intergrain junctions and depends
on their intrinsic properties such as the type of junction,
its geometry and inhomogeneity. ' The grain boundary
I, in YBCO ceramics turned out to be sensitive to the
grain misorientation angle (even if the Cu-O planes in
the adjacent crystals are essentially parallel), to local vari-
ations in structure and/or composition (foreign phases,
microprecipitates) and to random variation in the inter-
grain junction thickness. It was suggested that the
weak-link behavior of grain boundaries in YBCO ceram-
ics could be that of a Josephson tunnel (SIS) junc-
tion, ' ' with the critical current determined by the
weakest junction on the current percolative path. For a
Josephson junction the dependence of the critical current
I, on temperature T is described by the Ambegaokar and
Baratoff formula: '

I, (T)= tanh
h(T) b,(T)

2e R~

for the maximum (dc) Josephson current where b, is the
energy gap and R& is the tunneling resistance per unit
area of the junction when both grains in the normal state.

The magnetic field penetrating the barrier of a Joseph-
son junction reduces the tunneling current. If the junc-
tion is rectangular and the field is normal to an edge of
length L, the critical current is described by the
Fraunhofer pattern'

IV. DISCUSSION
sin(mH /H„)

I,i(H) =I,i(0) (2)

The experiments presented above provide important
information on the intrinsic nature of the intergrain su-
perconducting junctions in YBCO ceramics and YBCO-
Ag ceramic composites and on the intergrain Aux-creep-
controlled transport current in those materials. The mea-
surements of the intergrain critical current on tempera-
ture and magnetic field revealed different character of the
grain boundaries in pure YBCO ceramics in comparison
to those in YBCO-Ag ceramic composites. Decays of the
persistent current studied at various temperatures
showed that the process of current dissipation is thermal-
ly activated.

Since the results obtained were based on the measure-
ment of a true supercurrent, there are several problems
related to the microstructure of the grain boundary and
its electrical and magnetic properties, that require discus-
sion. The problems that should be considered are as fol-
lows:

(l) What model of the grain boundary should be used
to describe behavior of I, in high-T, ceramics.

where FIp is given by

Np
Hp=

ppdL
(3)

here @p is the Aux quantum, pp is the permeability of free
space, and d=2X+t is the effective junction thickness,
A, ( T) being the London penetration depth and t the bar-
rier thickness.

The Josephson junction coupling strength is defined by
the Josephson coupling energy between two grains

AI,&( T)
Ei( T)= (4)

Close to T, the Ambegaokar and Baratoff formula [Eq.
(1)] can be approximated by the relation

I, (T)=const(T, —T) .

However, Clem et al. revealed that the dependence of
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I, . on temperature depends on the ratio between the junc-
tion coupling energy E and the condensation energy E„

EJ( T)

E,(T) '

where E, ( T) is given by Eq. (4) and E, ( T) is

H, (T)
E, (T)=

Here V is the volume of a grain and H, is the thermo-
dynamical critical field. If e«1 (weak-coupling limit)
the temperature dependence of I, . close to T, is linear.
For E »1 (strong-coupling limit) I, varies with tempera-
ture like the critical current of individual superconduct-
ing grains according to the Ginzburg-Landau approach

YBCO composites. These results were plotted on a loga-
rithmic scale in order to determine the value of a in the
equation I, =const(1 —T/T,*

) for temperatures close to
the superconducting transition temperature T,* of the in-
tergrain junction. For the zero-field-cooled YBCO sam-
ple a= 1.0+0. 1 [Fig. 8(a)]. Field cooling at 10, 20, and
30 G does not substantially change a. The estimated
value of o. equals 1.0+0. 1 at 10 G and 1.1+0.1 at higher
fields. The dependence of I, on temperature agrees with
that represented by Eq. (5) for a Josephson tunnel (SIS)
junction. Intergrain junctions in YBCO were found to be
oxygen depleted, using electron-energy-loss spectrosco-
py. The insulating layer between superconducting grains
may therefore be formed by an oxygen deficient YBCO.
On the other hand, for the zero-field-cooled 2-wt. % Ag-
doped YBCO sample a=2.0+0.2 [Fig. 8(b)], close to T,*

I, (T)=const(T, —T) ~ (8)

Ambegaokar and Halperin pointed out that thermal
fluctuations in suKciently weak Josephson links can lead
to a very significant reduction in the zero resistance tern-
perature at which I, =0. The energy of a Josephson
junction can be represented by the formula:

U = Ez [cosy—+ [I/I, (T)]y], .

where I is the applied current and y is the superconduct-
ing phase difference across the junction. Change in the
phase difference y by +2~ results in an energy minimum
for the junction. This means that the phase-slip process
by +2m can be thermally activated with a barrier height
defined by

Ur, =2E&=fiI, (T)/e, (10)

I, (T) o-(T, —T) exp[ 2dz/gz(T)], —

and leads to a nonzero voltage across the junction pro-
portional to the phase-slip rate.

Gross et al. and Keene suggested that thermally
activated phase slippage can occur in YBCO grain-
boundary Josephson junction, causing a reduction of the
Josephson coupling energy and a depression of the mea-
sured critical temperature of the junction below that of
the superconducting grains forming the junction.

If the superconducting grains are separated by a thin
layer of normal metal instead of an insulator, the depen-
dence of I, fiowing through that junction (SNS proximi-
ty junction) on temperature can be written in the De
Gennes form

4

10 .
YBCO

0.1

0.01
0.01

10 .

0.1
I

ZFC
10G

a 20G
30G

YBCO-Ag

I,~
(T)=const( T, —T). (12)

Measurements of I, as a function of temperature close to
T, have been used to determine what type of intergrain
junctions exists in YBCO ceramics.

Figure 8 presents the dependence of I, on 1 —TjT,*
for ceramic samples of YBCO and 2-wt. % Ag-doped

where 2d& is the metal layer thickness and
g&(T) ~ T '~ represents the penetration distance of
pairs into the normal metal. Close to T, this formula can
be replaced by a simple expression:

0.01
0.01

FIG. 8. The dependence of I, on the reduced temperature
(1—T/T,*) plotted for the rings of YBCO and 2-wt. % Ag-
doped YBCO, in order to determine the value of a in the equa-
tion I, =const(1 —T/T,*) . (a) The results for the YBCO ring;
a=1.0+0. 1 for the zero-field cooling and field cooling at 10 G.
Field-cooling at 20 and 30 G gives a=1.1+0.1. (b) The results
for the 2-wt. %%uoAg-dope dYBCOrin g;a=2.0+0.2 forzero-
field cooling. Field cooling produces random values of a which
may be attributed to the intergrain Aux creep in this sample.
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and the dependence of I, on temperature follows that of
Eq. (12) for a proximity (SNS) junction. However, the
critical current dependence on temperature measured at
magnetic fields of 20, 40, and 60 G revealed that a as-
sumes random values independent of the applied field.
This could be caused by magnetic-flux motion close to
g )fc

The dependence of I, on magnetic field measured in
the YBCO and 2-wt% Ag-doped YBCO rings is pre-
sented in Figs. 6(a) and 6(b). The behavior of I, for the
Josephson junction measured as a function of applied
magnetic field resembles a Fraunhofer-like diffraction
pattern with minima that correspond to the integral
values of fiux quantum @0 [Eq. (2)]. In superconducting
ceramics, we deal with multiple grain connections and
the geometry of junctions is not uniform across the sam-
ple. This means that magnetic flux penetrating the junc-
tion will approach No for various magnetic fields depend-
ing on the junction geometry. The resulting superposi-
tion of currents from various junctions, therefore, will
not exhibit oscillations, but possibly a steplike behavior
visible in Figs. 6(a) and 6(b).

I, (H), measured in the YBCO and YBCO-Ag samples
at low magnetic fields, is strongly suppressed by a mag-
netic field according to Eq. (2). However, at fields higher
than certain field H*, I, approaches a constant value.
This behavior was explained as due to the microstructure
of grain boundaries. Conductivity of grain boundaries is
believed to arise from two different channels of intergrain
conduction. Weak links (Josephson tunnel junctions or
proximity junctions) between superconducting grains
provide a major channel that occupies about 99.9% of
the grain-boundary area available for the current, but
cannot carry the supercurrent at high magnetic fields.
The second channel is set up by microbridges of intrinsic
intragranular material (strong links) across the grain
boundaries. Those microbridges occupy less than 0.1%
of the grain-boundary area but can carry supercurrent
up to very high magnetic fields.

The measurements of persistent current dissipation
were completed for the zero-field-cooled ring of 2-wt. %
Ag-doped YBCO composite. The decay of current circu-
lating around the ring was found to be logarithmic in
time. The logarithmic decay rates, measured as a func-
tion of temperature (over a range between 64 and 86 K),
are plotted in Fig. 7. They reach higher values at temper-
atures close to T,*, as expected. The experimental pro-
cedure, that was applied to generate a persistent current
around the ring, allows for an intergrain flow of magnetic
flux from outside the ring into the ring's inner hole. That
flux flow occurs through the ring narrow bridges at exter-
nal magnetic fields up to 10-15 G, and results in flux
trapping in the ring's grain boundaries when the applied
field is removed. When the current starts to circulate in
the ring, the Lorentz force stimulates thermally activated
motion of intergrain vortices in the radial direction out of
the ring (by reducing the vortex pinning potential). The
motion of vortex lines generates an electric field in the
direction of the current. It means that the ring offers
resistance to the low of transport current and power is
being dissipated in the superconductor. The flux encir-

cled by the current in the ring's center will move out into
the ring's bulk as soon as fluctuation of the current
occurs. Therefore, the observed decay rate of magnetic
flux trapped in the ring's hole represents also the relaxa-
tion of intergrain-vortex field trapped in the ring s
bridges. According to the Anderson's theory of flux
creep, the rate at which vortices jump over the pinning
barriers is given by

v =vaexp( E lk—T), (13)

where vo is an attempt frequency and E is an effective ac-
tivation energy. Thermally activated motion of vortices
in a superconducting ring is assisted by the applied driv-
ing force, which arises from the macroscopic persistent
current of density J circulating around the ring and is
given by the Lorentz-like relation

F BzJV (14)

where X is the effective geometrical width of the energy
barrier, Eo is presumed to be the height of the energy
barrier for thermally activated motion of a vortex, and
the term FX represents the decrease in the height of the
barrier due to applied forces.

According to the model of the thermally activated flux
motion, the relaxation of the intergrain-vortex field H
trapped in the ring's bridges can be expressed by

1 dH(t) kT
H(0) d 1nt E

where H(0) is the initial trapped field, and t is time. As
discussed earlier, the same relaxation rate applies to the
dissipation of the persistent current circulating in the
ring and the decay of the magnetic flux encircled by this
current. The decay rate of the current can be written in
agreement with Eq. (16) as

1 dI(t) kT
I, d lnt E (17)

Figure 7 presents the values of the persistent current de-
cay rates measured as a function of temperature in the
zero-field-cooled 2-wt. % Ag-doped YBCO ring. Those
values were then used to calculate the dependence of
efFective activation energy E on temperature (Fig. 9). E
varies between about 1.2 and 0.1 eV for a temperature
range between 64—85 K (at 77 K, E =0.8 eV).

It is noticeable that the E ( T) curve resembles the I, ( T)
one in Fig. 5, taken for the zero-field-cooled ring of 2-
wt. % Ag-doped YBCO. This suggests that E could be
proportional to I, . Such possibility was considered by
Mee et a/. ,

' while analyzing the thermally activated
motion of magnetic flux lines through a network of super-
conducting grains connected by Josephson junctions. A
relation between the critical current density and the loga-
rithmic flux-creep rate was derived for this model, assum-

where Bz is the local magnetic field in the bulk of the
ring, parallel to the ring's axis and V is the vortex
volume. In this case, the effective activation energy E is a
decreasing function of F and can be represented by

Eo FX Eo BzJVX
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FIG. 9. The dependence of the effective activation energy E
for the intergrain Aux creep (and the persistent current dissipa-
tion) on temperature (over a range between 64 and 86 K) calcu-
lated [Eq. (17)] for the zero-field-cooled ring of 2-wt. % Ag-
doped YBCO composite. Note a resemblance of this depen-
dence to that of I, on temperature measured in the zero-field-
cooled sample (Fig. 5).

FIG. 10. The ratio between the total coupling energy
E&=%I,(T)/(2e) and the effective activation energy for the in-
tergrain Aux creep E, plotted as a function of temperature (a
range between 64 and 86 K) for the zero-field-cooled 2-wt. %
Ag-doped YBCO ring. Note the systematic scattering around a
certain constant value which could be caused by the dependence
of the cosy in Eq. (9) on temperature.

ing that the potential barriers for the intergrain Aux
motion arise from the differences between the maxima
and minima of the Josephson junction energy U [Eq. (9)],
and that there are linear relationships between the ener-
gies of the barrier and the junction critical current. The
above considerations apply also to proximity junctions.
According to DeGennes the current-phase and energy-
phase relationships for a proximity SNS junction are
similar to those for a tunnel SIS junction. The difference
between the tunnel and proximity case lies in the
behavior of the pair potential within the junction. For an
SIS junction the pair potential is the same as that in the
bulk superconducting material. However, the pair poten-
tial within an SNS junction is much smaller than that in
the bulk.

We calculated the ratio between the total coupling en-
ergy defined as EzT=AI, /(2e) and the activation energy
E (Fig. 9). The values of EzT/E plotted as a function of
temperature in Fig. 10 exhibit a weak temperature depen-
dence and oscillate around a fixed value represented by a
straight dotted line. This systematic oscillation of the
data points at temperatures close to T,* could be caused
by the dependence of the coscp term on temperature in
the formula for the junction energy [Eq. (9)]. The
cosy= f ( T) problem was intensively studied during the
seventies in conventional superconductors. Substantial
variation of the cosy term was observed in Sn-O-Sn
Josephson tunnel junctions at temperatures close to T,'.

We attempted to estimate the intergrain junction criti-
cal currents I, in 2-wt. % Ag-doped YBCO composite
taking EJ [Eq. (4)] equal to E. The average I,~ equals
about 0.45 mA at a temperature of 64 K. I, - decreases
down with increasing temperature and reaches a value of
about 0.05 mA at 85 K.

The essential question that remained is why the total

critical current in 2-wt. % Ag-doped YBCO composite
achieves such high values (about 4 times higher than in
YBCO at 64 K; the ZFC case) but the activation energy
for the thermal dissipation of the current is so low. For
comparison, rough estimation of the lower limit of the
activation energy in the zero-field-cooled YBCO ring
gives values of about 3 and 5 eV for temperatures of 77
and 64 K, respectively. High total critical currents in 2-
wt. % Ag-doped YBCO should not implicate, in this
case, a high critical current density J,T. This is a surpris-
ing result. It means that the intergrain critical current
density J,T in YBCO-Ag composite is actually less than
that in YBCO.

The role that silver plays in YBCO-Ag composites is
still not completely clear. It was previously reported that
the presence of silver in the intergranular space of ceram-
ic YBCO enhances critical current density J,T through
intergrain junctions usually by a factor of 2—3 at 77 K
and zero applied magnetic field for a substitution level
over a range of 3—10 wt. %. The results of this
work show that J,T in 2-wt. % Ag-doped YBCO has
lower values than that of YBCO (due to low activation
energy for thermal dissipation of current). Low J,T
means low pinning energy of intergrain magnetic Aux in
this composite. Therefore, the observed high total criti-
cal current in 2-wt. %%uoAg-dope dYBCOmus t be aconse-
quence of a large effective area of a grain boundary avail-
able for the supercurrent conduction. Grain boundaries
in YBCO ceramics are known to transmit supercurrent
through narrow channels and therefore, they limit the
supercurrent carrying capacity of YBCO ceramics in
spite of the higher J,T (higher pinning energy of inter-
grain Aux) than that in 2-wt. % Ag-doped YBCO.

The effect of silver on transport properties of YBCO
ceramics is believed to arise from a modification of sinter-
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ing conditions [by reducing the melting temperature of
YBCO (Refs. 37 and 38)], which creates a uniform grain-
size distribution, and from a silver-induced modification
of the intrinsic properties of grain boundaries. Related to
that is the question whether silver coats grain boundaries
as suggested by Weinberger et al. or it facilitates oxy-
genation of intergrain junctions during the sintering pro-
cess as suggested by Goyal, Burns, and Funkenbusch.
Our investigation confirmed that the addition of silver
into YBCO leads to transformation of SIS-type junctions
into SNS ones, and to a reduction in the pinning potential
of the intergranular Aux. The sintering conditions of
YBCO+Ag produce better intergrain electrical contact,
which results in higher magnitude of supercurrent that
can Aow through a cross-sectional area of a supercon-
ducting ceramic, however, the shortage of strong pinning
centers for the intergrain Aux is the reason for the ob-
served dissipation of the intergrain critical current.
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V. CONCLUSIONS

In order to study the electromagnetic properties of
grain boundaries in YBCO ceramics and its composites
(including the eÃect of intergrain flux creep on intergrain
transport currents), two important experimental condi-
tions must be satisfied. The supercurrent used to probe
the grain boundaries must be a self-sustaining one so it is
sensitive to any resistive dissipation. On the other hand,
its properties must be measured using a contactless
method. The experimental setup used to fulfill that re-
quirement, uses persistent supercurrents induced in su-
perconducting ceramic rings and a Hall probe to detect
the critical values of that current and its dissipation rates.
The following important information was obtained using
this method:

(1) The dependence of I, on temperature close to T,*
confirms that the intergrain junctions in YBCO behave
like SIS-type tunnel junctions [I,=const(1 —T/T, ')] and
that the grain boundaries in YBCO-Ag composites have
characteristics of SNS-type proximity junctions
[I,=const(1 —T/T, ') ]. In YBCO, this behavior does
not change with magnetic field, however, it is affected by
the field in the YBCO-Ag composite, suggesting the
inhuence of Aux pinning on critical currents. The
suppression of the intergrain junction T,* by magnetic
field in YBCO-Ag is smaller than the corresponding
change in T,* for YBCO.

(2) T,* of the intergrain junctions was found to be
about 5 K lower than the intragrain T, and about 4 K
lower than the zero resistance T, determined from a
four-probe I Vmeasurements (-Fig. 11). This means that
the I - V method generally overestimates I, and may affect
the temperature dependence of I, close to T, .

(3) The dependence of I, on applied magnetic field H
shows, as expected, the sinH /H behavior at low magnet-

FIG. 11. The resistance of the zero-field-cooled 2-wt. /o Ag-
doped YBCO ring-shaped sample measured as a function of
temperature (over a range between 77 and 295 K) using the I-V
four-probe technique. A constant current source supplying a
current of 10—100 mA and nanovoltmeter of a noise level 20 nV
has been used in this experiment. The lack of sensitivity inherit-
ed in this technique prevented the measurement of the low level
resistance and gave a false indication that the intergrain zero
resistance T, is about 91.0 K+0.5 K. Note that the YBCO-Ag
ring cannot support a persistent current of 10—100 mA at tem-
peratures above 86.5 K+0.5 K.

ic fields for all rings. For YBCO and YBCO-Ag rings, I,
approaches a constant value at higher fields, which may
be an indication of the presence of microbridges of intrin-
sic material across grain boundaries.

(4) Studies of the decay rates of persistent current flow-
ing in the zero-field-cooled superconducting ring of
YBCO-Ag provided strong evidence for intergrain Aux-
creep-controlled transport current. The calculated ac-
tivation energy for intergrain Aux creep is roughly pro-
portional to the initial value of the intergrain critical
current I, over a range of temperatures between 64 and
83 K. In spite of the lower activation energy, the results
show higher total critical currents in 2-wt. % Ag-doped
composite than in YBCO. This suggests that intergrain
J,~ in the YBCO-Ag composite is actually lower than
that in YBCO and the observed higher total critical
current I, in YBCO-Ag is due to a larger surface area of
grain-boundary conduction in this composite.
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