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Josephson- (intergrain-) flux depinning was studied in a Josephson-junction network of granular
YBCO and YBCO/Ag superconductors. We measured temperatures and magnetic fields at which the
Josephson-flux depinning occurs and analyzed the corresponding relaxation processes. A direct relation-

ship between depinning of the Josephson vortices and dissipation of the transport (Josephson) critical
current was found. Special experimental techniques were applied to achieve those objectives, allowing

(a) detection of the Josephson-flux motion without the influence of the intragrain (Abrikosov) flux; and

(b) direct measurement of changes in the effective activation energy for the Josephson-flux motion and
corresponding changes in the Josephson critical current. The results were interpreted in the framework
of the models of granular superconductivity developed by Tinkham and Lobb [Solid State Phys. 43, 91
(1989)],and by Clem [Physics C 153-155, 50 (1988)]. The results support the idea given in those models,
that the pinning barrier for the Josephson-flux motion originates from the variation of the Josephson
coupling energy within the junction network.

I. INTRODUCTION

Granularity of bulk high-temperature ceramic super-
conductors modifies the electromagnetic properties of
those materials. Grain boundaries in high-T, ceramics
limit the transport critical current and allow easy
penetration of a magnetic field into the superconductor.
Attempts to separate the intergranular properties from
the intragrain ones led to the picture of high-T, ceramics
as an assembly of grains weakly coupled by Josephson-
type links. Studies of the response of zero-field-cooled su-
perconducting ceramics to applied fields' revealed that,
at low magnetic fields up to a certain intergrain field
H„., grain boundaries are shielded. At higher fields,
magnetic field penetrates the grain boundaries in the
form of Josephson vortices. Intergrain superconductivity
in Josephson links is completely extinguished above a
grain-decoupling field H, 2-, For a ceramic YBazCu307
(YBCO) at 77 K, for example, it was estimated that H„,
varies between 1 and 10 G, and H, 2 has values over a
range between 150 and 1000 G. That broad range of
values for both H, &- and H, 2 is caused by the sample
geoinetry (demagnetization effects) and by varying the
Josephson-coupling energy along the grain boundaries.
Understanding the basic transport and magnetic proper-
ties of the Josephson-junction network in granular super-
conductors requires knowledge of the relationship be-
tween the macroscopic superconducting properties of
high-T, ceramics [such as the transport (Josephson) criti-
cal current density and the sample magnetization at low
magnetic fields] and the intrinsic properties of grain

boundaries, including formation and pinning of the inter-
grain (Josephson) magnetic vortices. Such information
has not been provided by conventional transport and
magnetic measurement methods. At magnetic fields
higher than a grain-decoupling field H, 2., sample magne-
tization is essentially dominated by the intragranular flux
creep and flow. The suppression of the intragrain critical
current density J, by a magnetic field is believed to arise
from either an intrinsic melting of the intragranular flux
lattice or a thermally activated depinning of the in-
tragrain vortices. The values of the intragrain J,
were found to be associated with the existence of an ir-
reversibility line, which is characterized by temperatures
T;„andmagnetic fields H;„,above which J, is essentially
zero. In conventional type-II superconductors, H;„and
8,2 virtually coincide. In high-temperature supercon-
ductors, H;„is much lower than H, 2. Two m.ain theoret-
ical interpretations of the irreversibility line are that ei-
ther H;„is the melting field of the intragrain-vortex lat-
tice or it just represents a thermal depinning of the in-
tragrain vortices at high temperatures. Weak pinning
shifts the irreversibility line toward lower temperatures
and may broaden the transition. Irreversibility lines have
been investigated in ceramics, thin films, and single crys-
tals for applied magnetic fields up to 15 T using the fol-
lowing measurements: dc magnetization (by determin-
ing a temperature T;„atwhich the zero-field-cooling and
field-cooling magnetic moments coincide), the resistivity
criterion, I-V curves, ' the ac penetration depth, " and
the damping peaks of a vibrating superconducting sam-
ple. ' However, these kinds of experiments have not pro-
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vided any information about the intergrain-flux depin-
ning. The main reasons for that are the superposition of
an intergranular and intragranular magnetic flux at mag-
netic fields below the Josephson upper critical field
(grain-decoupling field) H, 2, and the low value of that
field.

The parameters that are essential for a proper estima-
tion of the transport critical current density J, - in the
Josephson-junction network of high-T, ceramics are the
magnetic fields H, 2~ and temperatures T, at which su-
perconducting grains are decoupled and J, . drops to zero.
Dissipation processes at grain boundaries due to the
intergrain-flux motion can be seen in the imaginary part
of the ac susceptibility measured as a function of temper-
ature ' however, its complicated dependence on the
frequency and amplitude of the ac field prevents one from
establishing a reliable relationship between the grain-
decoupling field and temperature. Measurement of the
hysteretic behavior of the magnetization for a ceramic
sample does not allow for precise determination of H,2,
due to superposition of the intergrain and intragrain hys-
teresis loops. ' On the other hand, the superconducting
grains in high-T, ceramics are believed to be connected
not only by Josephson-type weak links but also by non-
weakly-linked continuous microbridges, which have the
intrinsic properties of the grain-forming material. '

These microbridges, which constitute about 0.01—0.1%
of the grain-boundary area available for the current, are
responsible for the presence of the transport supercurrent
up to very high magnetic fields (5—10 T). This prevents
in practice the estimation of H, z for the weakly linked
parts of grain boundaries from measurements of the
transport critical current density as a function of applied
magnetic field, using the standard four-probe technique.

The rapid drop in J,~ at very low magnetic fields is
caused by decoupling of the Josephson weak links at
grain boundaries in bulk ceramic samples. According to
the Josephson weak-link model, the decoupling field H,2.
for the weak links is given by' '

intergrain flux-pinning —flux-flow critical line and to com-
pare them with temperatures and fields at which the in-

tergrain (transport) current J, drops to zero.
Studies of dc superconducting quantum interference

device (SQUID) magnetization in superconducting
ceramics and powers' revealed that fast cooling of
YBCO ceramics in a magnetic field causes more
intergrain- (Josephson-) flux trapping than slow (equilibri-
um) cooling. During subsequent warming, that addition-
al flux depins at a certain temperature whose value de-
pends on the magnetic field. This simple procedure pro-
vided us with the means to detect the intergrain-flux trap-
ping effects without the influence of the intragrain flux, to
determine temperatures and fields at which the intergrain
vortices depin, and to investigate the corresponding re-
laxation effects.

On the other hand, we developed a technique' to mea-
sure the intergrain (Josephson) critical current and its
dissipation due to the Josephson-flux motion. This
method employs a self-sustaining (persistent) super-
current flowing in a ceramic superconducting ring and a
contactless detection of the critical value of the persistent
current and its dissipation. Changes in the magnetic field
generated by the current were measured with a scanning
Hall-probe system.

In this paper, we present the results of studies of the
intergrain-flux motion in YBCO and YBCO/Ag granular
superconductors, and measurements of the intergrain
critical current and its dissipation as a function of tern-
perature, using the methods described above. The lead-
ing idea of these investigations was to determine the
physical properties of the Josephson-junction network in
granular high-T, superconductors, namely:

(a) The temperatures, magnetic fields, and relaxation
effects which characterize the Josephson-vortex depin-
ning, and their dependence on the inhomogeneity of the
Josephson-coupling energy within the junction network;

(b) The dissipation rate of the Josephson critical
current and its relationship to the Josephson-vortex
motion.

&D)2X '

where 40 is the flux quantum, A, is the penetration depth,
and (D) is the average grain size in the direction mutu-
ally perpendicular to the applied current and magnetic
field. The temperature dependence of H, 2~ in this formu-
la is governed by that of A, . Motion of the intergrain vor-
tices along the grain boundaries will reduce the transport
critical current density and consequently the temperature
and magnetic field at which the grains become decoupled.
The critical values of temperature and magnetic field at
which the transport critical current density is zero
separate two regimes which determine the transport
properties of superconducting ceramics; the intergrain-
(Josephson-) flux pinning and intergrain-flux flow re-
gimes. The intergrain-flux-pinning —flux-flow line drawn
on a (H, T) diagram is characterized by temperatures and
magnetic fields below those corresponding to the in-
tragrain "irreversibility" line. The problem is to deter-
mine temperatures and magnetic fields that pinpoint the

II. EXPERIMENTAL PROCEDURE

We measured changes in the dc magnetic moment as a
function of temperature for various applied magnetic
fields (over a range between 0 and 2000 G) in field-cooled
samples of YBCO and YBCO/Ag (2 wt% and 4 wt%)
ceramics. Those measurements were done in a Quantum
Design SQUID magnetometer. The measurements of the
Meissner field and transport critical currents were per-
formed on samples of a YBCO/Ag (2 wt%) composite
using a Hall-probe system.

A. Sample preparation

Ceramic samples were prepared using YBa2Cu307
obtained by the standard solid-state reaction technique
from powders of high-purity compounds: Y203, CuO,
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and BaCO3. The powders were calcined in an atmo-
sphere of flowing pure oxygen for 24 h at 925 C. The re-
sulting product was then pulverized and used to form
(under a pressure of about 7000 bar) cylinder-shaped and
disk-shaped samples for further studies. Those samples
were sintered in flowing oxygen at 925—930 C for 7 h and
cooled at variable rates down to room temperature
(3'C/min between 925 and 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.
Cylinder-shaped samples that were produced in this way
were about 4.5 mm in diameter and 8 —11 mm in length.
Disk-shaped samples had a diameter of 16 mm, and were
3.0—3.5 mm thick. A 6-mm-diam hole was then drilled
in the disk center (using a diamond tube-shaped drill
sprayed with water) in order to manufacture two samples:
a ring-shaped sample for critical-current studies, and an
inner piece, a pellet of 4.5 mm diameter, for the magneti-
zation measurements. The latter measurements were
done on six samples: ceramic YBCO cylinder-shaped
samples (YBCO nos. 1 and 2), and pellets cut from
YBCO, YBCO/Ag (2 wt%%uo), and YBCO/Ag (4 wt%)
ceramic disks [YBCO no. 3, YBCO/Ag (2 wt%) nos. 1

and 2, YBCO/Ag (4 wt%)].

B.Description of the measurement method

Special procedures were applied to measure the depen-
dence of the intergrain-magnetic-flux trapping and its ex-
pulsion on temperature for YBCO and YBCO/Ag ceram-
ic samples. Two different experimental techniques have
been used: (1) the measurement of dc magnetic moment
using a SQUID magnetometry, and (2) the measurement
of the magnetic-field profile above a superconducting
sample using a scanning Hall-probe system. When a
ceramic YBCO superconductor is cooled slowly down in
a small magnetic field starting at a temperature above T„
the Meissner currents cause partial expulsion of a mag-
netic field that penetrated the sample at temperatures
above T, [Fig. 1(a)]. The remaining field is trapped at the
grain boundaries (intergrain fiux) and inside the grains
(intragrain fiux). Fast cooling of the same sample in a
magnetic field down to low temperature (e.g., 10 K) re-
sults in an additional nonequilibrium magnetic-flux trap-
ping and a reduced Meissner expulsion [Fig. 1(b)]. Subse-
quent warming of the sample causes an expulsion of this
additional fiux at temperatures close to T, [Figs. 1(b) and
1(c)]. Those experiments were repeated for a pressed-
powder YBCO sample which was formed after pulveriz-
ing the ceramic one. It was found that fast and slow
cooling of this powder sample does not produce the same
effects as cooling of the ceramic YBCO superconductor
(Fig. 2). This provided strong evidence that the addition-
al magnetic flux trapped in the ceramic YBCO during the
fast cooling procedure is of an intergrain nature. The
measurements of the sample magnetic moment (in a
SQUID magnetometer) were performed during cooling,
for the slow cooling procedure (using a cooling rate of
about 0.05—0.1 K/min), and during warming (with a rate

of about 0.1 —0.5 K/min) after the fast cooling procedure
down to 10 K (using a cooling rate of about 3—4 K/min
at temperatures between 100 and 10 K).

Trapping the intergrain flux during fast cooling and its
depinning during warming were also detected by the
Hall-probe system, which was used to measure
magnetic-flux trapping and its expulsion across a super-
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FIG. 1. Dependence of the field-cooled (FC) and zero-field-

cooled (ZFC) magnetic moments at 10 G on temperature mea-

sured for ceramic YBCO no. 1 (a rod-shaped sample of 4.5 mm

in diameter and 10.7 mm in length). The magnetic field was ap-
plied along the axis of the rod. The arrows indicate the temper-
ature change during the measurements (warming or cooling).
The lines provide a guide for the eye. (a) The field-cooled mo-

ment measured during slow equilibrium cooling with an average
rate of 0.05—0.1 K/min (solid circles); open circles mark the
zero-field-cooled moment measured during warming; (b) The
field-cooled moment measured during warming (with a rate of
about 0.1 —0.5 K/min) after fast cooling from a temperature of
100 down to 10 K with an average rate of 3-4 K/min (solid cir-
cles); open circles mark the zero-field-cooled moment measured
during warming; (c) Comparison of the field-cooled moment
measured versus temperature after fast cooling down to 10 K
(solid circles) with that measured during slow cooling (open cir-
cles).
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conducting ceramic ring. Field cooling of the ring down
to temperatures below T, results in a Meissner expulsion
which can be measured by the Hall probe traveling across
the sample. The magnitude of the Meissner field in the
ring's center was determined as a function of temperature
for the fast and slow coo1ing procedures with cooling
rates of about 0.5 and 0.05 K/min, respectively. The
change in this field vs temperature allowed. us to specify
the amount of additional intergrain flux trapped in the
ring during fast cooling, and the temperatures at which
this flux was depinned. The same ring was then used to
measure the dependence of the intergrain critical current
on temperature for both the fast and slow field-cooling
procedures. The critical current was determined by in-
ducing a persistent current in the field-cooled ring, fol-
lowed by estimation of its critical value and dissipation
from measurements of the saturation and relaxation of
the magnetic field generated by the current. Changes in
the critical current and its decay were compared with
corresponding changes in the Meissner field.
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III. EXPERIMENTAL RESULTS

The measurements of the intergrain-flux trapping and
its depinning were done with a SQUID magnetometer on
cylinder-shaped and pellet-shaped samples of YBCO
ceramics and YBCO/Ag (2 and 4 wt%) composites, and
with a scanning Hall-probe system on a ring-shaped sam-
ple of YBCO/Ag (2 wt%%uo) composite.

A. dc magnetization (SQUID) measurements
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FIG. 2. Field-cooled magnetic moment measured as a func-
tion of temperature in the sample YBCO no. 2. The measure-
ments were taken during slow cooling with a rate of 0.05-0.1

K/min (open circles) and during warming after fast cooling
down to 10 K with a rate of 3—4 K/min (solid circles) at mag-
netic Selds of 4, 10, and 100 G. The arrows indicate the change
in temperature during the measurement (warming or cooling).
The lines provide a guide for the eye. (a)—(c) The results ob-
tained for the ceramic rod-shaped sample (4.5 mm in diameter
and 8 mm in length). (d) The results obtained for the pressed-
powder sample at 4 G (of the same dimensions as the ceramic
one) formed under a pressure of 7000 bar after pulverizing
(grain size, 1—5 pm) the ceramic sample.

We measured the dependence of the dc magnetic mo-
ment in field-cooled YBCO and YBCO/Ag ceramic su-
perconductors on temperature (over a range between 10
and 95 K}, magnetic field (over a range between 0 and 2
kG}, and time (relaxation rates measured for times up to
10 —10 sec}. Figure 3 shows the dependence of the mag-
netic moment on temperature measured for various mag-
netic fields (between 10 and 70 G) in ceramic YBCO,
after the fast cooling procedure (cooling down to 10 K}
was applied to the sample. The temperature at which the
intergrain flux starts to depin decreases with increasing
applied magnetic field. Depinning of the intergrain flux,
trapped during fast cooling at very low magnetic fields of
1.5, 2, and 3 G, revealed that the fraction of the trapped
intergrain flux which was expelled from the sample close
to T, decreases with decreasing applied field. Fast cool-
ing of the YBCO ceramic sample down to temperatures
close to T, reduces the amount of trapped intergrain flux
(Fig. 4), but it has little effect on the intergrain-flux depin-
ning temperatures. The dependence of the Meissner mo-
ment on time was measured in YBCO for both the fast
and slow cooling procedures in magnetic fields of 5 and
100 G. For the fast cooling, we found that close to T,
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is 87.5 K for 5 G and 71—73 K for 100 G). The measure-
ments of the magnetic moment of the fast-cooled YBCO
during subsequent warming revealed two characteristic
temperatures which indicate the change in the Meissner
moment (Fig. 3). The lower temperature (the "onset"
temperature) determines the beginning of that change.
The higher one (the "completion" temperature) corre-
sponds to the maximum Meissner moment measured dur-
ing the warming process. The onset temperature was es-
timated as the temperature at which the change in the
Meissner moment M is more than about 3—5% of the
difference M(10 K) —M(T„~&„;,„).This imposes an er-
ror of about +1—2 K on the value of this temperature.

FIG. 3. Dependence of the field-cooled magnetic moment on
temperature for the ceramic sample YBCO no. 3 (4.5 mm in di-
ameter and 3.5 mm thick) which was subjected to the fast cool-
ing procedure at various magnetic fields between 10 and 70 G.
Note the shift of the intergrain-flux depinning temperature to
low temperatures at higher magnetic fields.
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FIG. 4. Field-cooled magnetic moment measured as a func-
tion of temperature in the ceramic sample YBCO no. 1, which
was subjected to the fast field-cooling procedure at 5 G. The
measurements of the magnetic moment were taken during
warming after fast cooling from a temperature of 100 K down
to various temperatures between 10 and S2 K. Note that cool-
ing the ceramic sample down to temperatures close to T,
reduces the amount of trapped intergrain flux. The lines pro-
vide a guide for the eye.

FIG. 5. Field-cooled magnetic moment measured as a func-
tion of time in the ceramic sample YBCO no. 1 at 5 G for vari-
ous temperatures below T, . The increase of the Meissner mo-
ment in the field-cooled ceramic rod at 5 G as a function of time
is plotted for three difFerent temperatures. The measurements
were done during warming to the temperature of the measure-
ment after fast cooling from 100 down to 10 K. Note that S7.5
K corresponds to the maximum Meissner expulsion. The initial
change in the Meissner moment is logarithmic in time up to
about 10' sec.
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The onset and completion temperatures were found to
decrease if the applied magnetic field increases. The
dependence of these two temperatures on magnetic field
for YBCO ceramic samples is shown in Fig. 6. At very
low magnetic fields below 5G, the completion tempera-
tures approach a constant value.

The temperatures and magnetic fields which character-
ize intergrain-flux depinning for YBCO/Ag (2 wt%)
ceramic composites are shown in Fig. 7. The onset and
completion temperatures at low magnetic fields are
highest for YBCO ceramics. The completion tempera-
tures for the YBCO/Ag (4 wt %) composite are essential-
ly the same as those measured for YBCO/Ag (2 wt %) in
magnetic fields above 25G; however, the onset tempera-
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FIG. 7. Magnetic fields and temperatures which characterize
intergrain-flux depinning after the fast cooling procedure in the
ceramic composites of YBCO/Ag (2 wt%) no. 1 and no. 2

(represented by triangles and squares, respectively. The samples
are pellets of 4.5 mm in diameter and 3.5 mm thick. The open
and solid symbols denote temperatures and magnetic fields of
the onset and completion of the intergrain-flux depinning, re-
spectively.
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tures are about 10 K higher than those for YBCO/Ag (2
wt %) composites.
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FIG. 6. Magnetic fields and temperatures which characterize
intergrain-flux depinning in the ceramic samples YBCO no. 1

and no. 3 after the fast cooling procedure. Diamonds and cir-
cles represent the results for YBCO no. 1 and YBCO no. 3, re-
spectively. Sample no. 1 is a cylinder of 4.5 mm in diameter and
10.7 mm in length. Sample no. 3 is a pellet of 4.5 mm in diame-
ter and 3.5 mm thick. We could not detect any changes in the
Meissner expulsion measured over a temperature range 10—100
K after fast cooling in fields higher than 1700 G for sample no.
1 and higher than 900 G for sample no. 3. Open and solid sym-
bols denote temperatures and magnetic fields of the onset and
completion of the intergrain-flux depinning, respectively. Note
the good reproducibility of the results at low magnetic fields, up
to 400 G. At high fields, discrepancy between onset tempera-
tures for samples no. 1 and no. 3 could be caused by sample
geometry. Inset: The corresponding low-field results for YBCO
no. 1. Note the independence of the "completion" temperature
on magnetic fields less than 5 G.

B.Meissner-field and critical-current
(Hall-probe) measurements

We performed measurements of the Meissner-field
profiles across the superconducting ceramic ring of a
YBCO/Ag (2 wt%) ceramic composite. The sample was
either cooled fast or cooled slowly in a magnetic field. It
was observed that the change in the Meissner field as a
function of temperature measured above the ceramic ring
[Fig. 8(a)] is qualitatively the same as that found by dc
magnetization measurements [Figs. 2(a), 2(b), and 2(c)].
Our measurements revealed a corresponding change in
the transport critical currents estimated from the satura-
tion value of the persistent current induced in the ceram-
ic ring. The superconducting ring exhibits higher critical
currents for the slow-field-cooling regime in comparison
to those measured for the fast cooling procedure [Fig.
8(b)]. This happens in the temperature range where the
intergrain-flux depinning occurs. The sensitivity of the
method allowed us to observe changes in the Meissner
field and critical currents in applied fields above 20 G.
We could not detect any Meissner-field changes at fields
lower than 20 G.
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FIG. 8. (a) Temperature dependence of the Meissner field measured (using a Hall-probe system) in the center of a YBCO/Ag (2
wt %) ceramic ring-shaped sample (no. 2) cooled in a field of 40 6. For the fast cooling procedure, the data (open circles) were taken
during warming after fast cooling (with a rate of 0.5 K/min) from a temperature of 95 down 64 K. For the slow cooling procedure,
the data (solid triangles) were recorded during slow cooling (with a rate of 0.05 K/min) from a temperature of 83 down to 64K. The
difference in the Meissner field at temperatures below 83 K is caused by the extra intergrain-flux trapping at 64 K (after fast cooling
to this temperature) and subsequent depinning at temperatures higher than 71 K. (b) Temperature dependence of the critical current
in the ring-shaped sample YBCO/Ag (2 wt%) no. 2 subjected to the fast and slow cooling procedures at 40 6. The measurements
were performed by inducing a persistent current (up to its critical value) in the ring right after the measurement of the Meissner field,
and detecting the magnetic field generated by the current with a Hall probe. Note a decrease in the critical current for the fast cool-
ing procedure, caused by the intergrain-Aux depinning. The "apparent" critical current density J, (which is equal to the critical
current I, divided by the cross-sectional area of the sample) could be calculated according to the formula J, (A/cm )=I,
(A) X 30/cm . Note that the real critical current density must be higher since the total grain-boundary area available for the super-
current conduction is much less than the sample s cross-sectional area. (c) Temperature dependence of the activation energy for the
intergrain flux creep at 40 6 determined from measurement of the persistent-current dissipation. Higher activation energy corre-
sponds to higher magnitude of the critical current.

IV. DISCUSSION

The efFect of Josephson weak links on the electromag-
netic properties of the superconducting ceramics (includ-
ing Josephson magnetic-fiux penetration and pinning},
has been discussed by Clem, ' and Tinkham and Lobb.
Formulas were given for the intergrain penetration depth
A,J, the intergrain coherence length g, and for the lower
and upper Josephson critical fields H, &

and H,2, respec-
tively, derived in terms of A, . and gj. . It was suggested

that penetration of Josephson vortices along the junction
depends on their pinning within that junction, which can
arise either from discreteness of the Josephson-junction
array or from inhomogeneity of the junction coupling
strengths. Mee et al. calculated the dependence of the
Josephson-Qux-creep rate on temperature. The results
were achieved from an analysis of the thermally activated
motion of magnetic-Aux lines through a network of su-
perconducting grains connected by Josephson junctions
with potential barriers corresponding to the difFerences
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between the minima and maxima of the function

U(hy) = (—@o/2~)(I,coshy+Iby),

where I, is the maximum Josephson current and hy the
phase difference across the Josephson junction. A rela-
tion between the transport critical current density and
logarithmic flux-creep rate was derived for this model,
leading to a logarithmic decay rate of transport current
density. The measurements of the transport critical
currents derived from the saturation value of the per-
sistent current flowing in ceramic rings of YBCO/Ag
composites revealed the decay of the current and its loga-
rithmic dependence on time with an energy barrier pro-
portional to the critical current I, (Ref. 18}. That infor-
mation, however, did not provide a complete picture of
the relationship between the Josephson-flux motion and
the intergrain critical current density. The present work
reveals that, under certain conditions, the Josephson-
vortex motion and pinning can be separated from the
intragrain-vortex motion, and that the Josephson-flux
motion affects the magnitude and dissipation rate of the
transport critical current density. The measurements of
dc magnetic moment exhibits characteristics of the
Josephson-flux motion in YBCO ceramics and
YBCO/Ag ceramic composites. On the other hand, rnea-
surement of the Meissner-field profiles across a ring-
shaped sample of YBCO/Ag ceramics and measurement
of the critical value of the persistent current flowing in
that ring, indicate directly a relationship between the
transport critical current dissipation and the Josephson-
(intergrain-) flux pinning. dc magnetization measure-
ments helped us to understand the nature of the
intergrain-flux trapping and depinning. When a ceramic
superconductor is cooled slowly down to temperatures
below T, in a magnetic field, the Meissner currents cause
a partial expulsion of the intergrain flux from the sample
[Fig. 1(a}],resulting in an almost uniform distribution of
the trapped flux across the sample. During fast cooling
of the sample in the same magnetic field, the sample sur-
face is cooled faster than the sample interior. The result
is that initially the Meissner currents are built up on the
surface while the bulk of the sample remains in the nor-
mal state and contains a large amount of magnetic flux.
During fast cooling, the sample behaves more like a su-

perconducting ring whose inner hole diameter decreases
continuously with time. The Meissner currents flowing
on the outer and inner surfaces of this model ring expel
the magnetic flux outside the ring and into the ring's
inner hole [Fig. 9(a)]. The Meissner currents cause a con-
centration of intergrain flux in the sample center and
therefore are not able to remove the same amount of in-
tergrain flux as during the slow (equilibrium) cooling
[Figs. 1(b) and 1(c)]. As a consequence, the axial com-
ponent of the intergrain flux (parallel to the external field)
will form a gradient across the sample. This gradient has
a higher value than that for slow cooling [Fig. 9(b)]. The
gradient is supported by the Meissner currents. Because
of the higher density of flux between the grains in the
sample center, the motion of the individual vortices is
very limited, and flux creep could occur via collective
jumps of large flux bundles. The activation energy is

higher for flux-bundle creep than for a single flux jump.
This consequently maintains a steep intergrain-flux gra-
dient across the sample, and at low enough temperatures,
prevents intergrain-flux motion out of the sample. How-
ever, warming the sample up to temperatures close to T,
causes a gradual depinning of the intergrain flux (Fig. 3)
over a broad range of temperatures. Such behavior could
indicate a wide range of effective activation energies for
intergrain-flux creep. This could result not only from
variable coupling strength of the intergrain junctions but
also from the variable size of the intergrain-vortex bun-
dle.

The amount of intergrain flux which was trapped dur-
ing fast cooling (and subsequently depinned during warm-

ing) increases with the applied magnetic fleld (Fig. 3},
reaches a maximum at magnetic fields between 100 and
500 6, and decreases for magnetic fields higher than
about 500 G. The reduction of this amount at applied
magnetic fields above 500 6 could be caused by partial
decoupling of the grains at those fields.
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FIG. 9. (a) Schematic illustration of the intergrain-flux trap-
ping mechanism in the ceramic cylinder of a high-temperature
superconductor which was subjected to fast cooling in an ap-
plied magnetic field. The direction of the magnetic field is
parallel to the cylinder axis. During fast cooling, due to the low
thermal conductivity of a ceramic superconductor, the sample
surface is cooled faster than its interior. Therefore, the Meiss-
ner currents will build up on the surface, pushing the intergrain
magnetic flux inside the normal region at the sample center. (b)
Schematic illustration of the intergrain-flux gradient steepening
by the fast field-cooling procedure described in (a). R denotes
the radius of a cylindrical sample.
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The temperature to which a ceramic sample is cooled
quickly down in a magnetic field affects the amount of in-
tergrain flux trapped during the cooling process (Fig. 4).
The trapping is less effective for temperatures closer to
T, . At those temperatures, the Meissner currents, which
are responsible for trapping the excess intergrain flux at
the sample center [Fig. 9(b)], are not as strong as those at
a temperature of 10 K, and, therefore, one should expect
a reduction of the intergrain-flux amount in the sample.
The intergrain flux trapped during the fast cooling pro-
cedure is expelled from the sample when its temperature
is raised (Fig. 3) above a certain temperature called the
"onset temperature. " The process of flux expulsion
occurs gradually over a wide temperature range which
depends on magnetic field. The rate at which the inter-
grain flux is removed from the sample depends on tem-
perature (Fig. 5) and magnetic field. The flux expulsion
occurs with a maximum rate at a temperature called the

"completion temperature, " which corresponds to the
maximum Meissner moment. The onset and completion
temperatures decrease in an increasing applied magnetic
field. These temperatures, and the corresponding fields
are plotted in Figs. 6 and 7 for various cylinder- and
pellet-shaped samples of YBCO ceramics and YBCO/Ag
(2 wt %) ceramic composites. It is observed as a general
trend that the difference between the onset and com-
pletion temperatures increases rapidly with magnetic
field, reaching a maximum at fields between 200 and 400
G, and then decreases very slowly at higher magnetic
fields. The change in magnetic field from 0 up to about
200-400 G reduces the onset temperature by about
40-50 K. At higher fields, this temperature reaches an
approximately constant value of about 30 K. The com-
pletion temperatures, however, exhibit slow linear reduc-
tion in magnetic fields higher than 200—400 G, for all
cases studied. Figures 6 and 7 show good reproducibility
of the values of the onset and completion temperatures
determined for various samples of YBCO or YBCO/Ag
(2 wt %) ceramics. These measurements were performed
on samples of similar cylindrical geometry, i.e., 4.5 mm
in diameter and 3.5 —8.0 mm in length. Modification of
the intergrain pinning at junctions in YBCO ceramics
can be realized by adding small amounts of silver (2 —4
wt %) during the sintering process of YBCO. This causes
not only improvement of the intergrain contacts and con-
sequently enhancement of the intergrain critical current
but also reduction in the number of intergrain-magnetic-
flux pinning centers, and in the energy barrier for
intergrain-flux creep (Ref. 18). At low magnetic fields up
to about 100 G, YBCO and YBCO/Ag (2 wt%), materi-
als are characterized by the strongest and the weakest
intergrain-flux pinning, respectively. The samples for
which this comparison was made were cut out of the
center of disk-shaped samples (16 mm in diameter and
3.5 mm thick). The remaining ring-shaped samples were
used for the critical-current studies. Persistent currents
induced in those rings were applied to estimate the
critical-current value and its dissipation. The highest
current decay rates were recorded in the YBCO/Ag (2
wt%) composite and the lowest ones in the YBCO
ceramic. On the other hand, the highest critical current

1 dI
I, dint

kT

Higher activation energy corresponds to higher magni-
tude of the critical current [Fig. 8(c)]. Note that the
changes in the activation energy appear to be proportion-
al to those in the critical current.

Note that temperatures T, at which the intergrain
critical current drops to zero are about 1'—2' higher than

values were detected in YBCO/Ag (2 wt%) composite
and the lowest ones in YBCO ceramic. Therefore, low
onset temperatures for the intergrain-flux depinning im-

ply high dissipation rates of the transport current.
We attempted to correlate the measurements of the

inter grain-flux depinning with the measurements of
critical-current magnitude and its dissipation. In order
to make such a correlation reliable, i.e., independent of
the sample geometry and measurement method, all the
studies were performed on the same ring-shaped sample
and with the same technique (a scanning Hall-probe sys-
tem). Due to the sensitivity limit of the system, we were
able to detect changes in the intergrain-flux trapping and
corresponding changes in the critical current only in sam-
ples of the ceramic YBCO/Ag (2 wt %) composite (which
was characterized by the lowest intergrain-flux pinning
barrier and the highest current dissipation rates) and only
for magnetic fields higher than about 20 G.

The results are shown in Fig. 8. The changes in Meiss-
ner expulsion measured as a function of temperature in
the center of the ceramic ring, which was subjected to the
fast and slow cooling procedures at a magnetic field of 40
G, reveal similar features to the corresponding changes in
magnetic moment measured with a dc SQUID magne-
tometer. Note that the onset and completion tempera-
tures at 40 G for the ring-shaped sample [Fig. 8(a)] are
higher than those measured at 40 G in the sample cut
from the center of this ring (Fig. 7). The reason for that
is the sample geometry. It was previously reported that
the effective activation energy for intergrain-flux creep in
YBCO ceramics depends on sample geometry, and sug-
gested that intergrain-flux gradients are a possible cause
for the change in this energy (Ref. 4). The effective ac-
tivation energy was observed to decrease when sample di-
mensions were reduced. Cooling a ring-shaped sample of
YBCO/Ag (2 wt %) down to 64 K from a temperature of
95 K above T, with a rate of about 0.5 K/min results in
additional flux being trapped at the grain boundaries and
consequently in reduction of the Meissner expulsion (see
Fig. 8(a); fast cooling). Subsequent warming of this sam-

ple results in the intergrain flux being partly depinned at
temperatures between 70 and 82 K. Slow cooling (with a
rate of about 0.05 K/min) of the same sample causes less
intergrain-flux trapping than fast cooling. Depinning of
the intergrain flux which was trapped during the fast
cooling procedure affects the critical value of the per-
sistent current induced in the ring [Fig. 8(b)]. The per-
sistent current was found to decay logarithmically with
time from its maximum value. Dissipation of this current
is caused by intergrain-flux creep. The activation energy
E for intergrain-fiux motion was calculated using the for-
mula
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the "completion" temperatures at which the Meissner ex-
pulsion reaches its equilibrium value (Fig. 8}. This may
indicate that the dependence of the completion tempera-
ture on magnetic field represents that of T, on magnetic
field. For pure YBCO, the completion temperatures are
proportional to the magnetic fields over a range up to
about 100—150 G (Fig. 6). T, is also proportional to H,
as determined from measurements of the intergrain criti-
cal current versus temperature for various magnetic fields
(0-30 G) using persistent currents circulating in a ceram-
ic ring (Ref. 18).

In order to facilitate discussion of the efFects of granu-
larity on the superconducting properties of high-
temperature superconductors, Tinkham and Lobb and
Clem' adopted a simplified model of a granular material
as a three-dimensional array of cubic grains connected by
Josephson junctions of coupling energy E =fiI, /2e,
where I, is the associated junction critical current. Such
an array is able to pin the intergrain magnetic fiux if an
inhomogeneity of Ez exists in the medium. In polycrys-
talline YBCO superconductors, the grain boundaries act
as Josephson tunnel junctions and the transport critical
current I, through the sample can be treated as the aver-

age Josephson current across grain boundaries. The
magnetic-field dependence of the average current per
junction can be approximated by an envelope function of
Fraunhofer-like pattern, ' ' '

sin(m 4/4o)
I,(H) =I,(0)

where @=HA and AJ is the efFective field-penetrated
junction area. The temperature dependence of the criti-
cal current is linear at temperatures close to the junction
critical temperature T,J:

A current fiowing through Josephson junctions causes a
reduction of Uo by a factor proportional to the Lorentz
force density Fz, i.e., by Fz VX, where V is the vortex
volume and X the geometrical width of the energy bar-
rier.

Very close to T,J, Uo=kT, and it therefore appears
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where E 0 is the coupling energy at T=O, and H =0.
For magnetic fields higher than about 20—30 6 close

to Tcj the barrier Uo can be approximated by:
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Measurements of the critical current versus temperature
in YBCO for various magnetic fields over a range 0-30 6
(Ref. 18) showed that the linear temperature dependence
of I, is preserved at those fields. Therefore, one can
separate the magnetic-field and temperature dependence
of the average I, per junction into two separate factors:

sin(mH/Ho)

m H/Ho
(3)

Uo(T, H)=yE o 1—T
CJ

sin(nH/Ho }H/Ho.

where I p is the critical current at T=0, and H =0.
According to the arguments given by Lobb, Abraham,

and Tinkham and van der Zant et al. , the motion of
the inter grain magnetic vortices in the Josephson-
junction array can be thermally activated with an energy
barrier equal to Uo=yE, where the constant y & 1 de-
pends on the array geometry, and EJ is the average cou-
pling energy per junction. Using expression (3} the bar-
rier can be written as

0
0 20 40 60 80
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FIG. 10. Schematic representation of the intergrain- and
intragrain-flux pinning and depinning regions at low magnetic
fields. Indices g and j mark the intragrain and intergrain prop-
erties, respectively. T,J and H, » represent temperatures and
magnetic fields at which the Josephson (intergrain) current
drops to zero [T„i0}stands for T„atzero magnetic field]. The
curve marked Hd p j represents the onset of intergrain-flux de-

pinning. The data which characterize the intergrain-flux depin-

ning are those taken for the ceramic sample YBCO no. 2. Open
circles denote the temperatures and magnetic fields of the onset
of depinning. Solid circles mark the temperatures and magnetic
fields at which depinning occurs with the maximum rate (see
Fig. 5). Those symbols virtually coincide with temperatures and
magnetic fields at which the superconducting grains are decou-
pled. Open and solid triangles represent the irreversibility line
and the upper critical field measured in the pressed-powder
sample (which was produced after pulverizing the ceramic
YBCO no. 2 sample). The irreversibility line is characterized by
temperatures and magnetic fields at which the zero-field-cooling
and field-cooling magnetic moments coincide.
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that the dependence of T, on magnetic field is deter-
mined by that of the Josephson critical current [with a
sinH/H factor in Eq. (4)]. Note that the dependence of
the intergrain-flux depinning temperatures on magnetic
field (Figs. 6 and 7) resembles that of I, on magnetic
field. A representation of various regions of the inter-
granular and intragranular flux pinning in granular
high-temperature superconductors (based on the experi-
mental data for the YBCO no. 2 sample) is shown in Fig.
10. The curve marked H, 2 represents the change of the
grain-decoupling field with temperature or the change in
the intergrain critical temperature T, . with magnetic
field. The curve marked Hd p j represents the onset of
intergrain-flux depinning (and the corresponding decrease
in the intergrain critical current density). H, 2, (T) coin-
cides with temperatures and magnetic fields at which the
intergrain-flux depinning occurs with the maximum rate
(Fig. 5). Weak Josephson-flux pinning, which was ob-
served in YBCO/Ag (2 wt%) composites, will shift the
H, 2J( T) and Hd, z J. ( T) lines (over a range of field between
10 and 400 G) down to low temperatures.

V. CONCLUSIONS

Studies of the Josephson-flux motion and correspond-
ing dissipation of the Josephson critical current in the
Josephson-junction network of high-T, granular super-
conductors require special experimental techniques.
These techniques must ensure that:

(i) measurements of the Josephson-flux properties are
performed without the influence of the intragrain (Abri-
kosov) flux;

(ii) the measurements represent a true response of the
transport critical current, flowing through the
Josephson-junction network, to the motion of the Joseph-
son vortices.
The methods that satisfy the above requirements are:

(i) dc magnetization measurements of the Meissner mo-
ment of granular high-T, superconductors subjected to
fast and slow field-cooling procedures;

(ii) contactless detection of the critical-current magni-
tude and dissipation using persistent currents induced in
field-cooled ceramic rings and corresponding measure-
ment of the Meissner field.
The former technique was applied to measure the mag-
netic properties of the intergrain Josephson-junction net-
work in YBCO and YBCO/Ag superconductors, namely,
the temperatures and magnetic fields at which Josephson
vortices depin, and the corresponding relaxation effects.
These temperatures and magnetic fields depend on the
sample geometry and the intrinsic properties of the grain
boundaries. The effect of geometry is reflected through
the presence of intergrain-flux gradients, which reduce
the effective activation energy for intergrain-vortex
motion. Modification of the grain boundaries in YBCO
by adding silver during the sintering process has a pro-

nounced effect on the intergrain-flux depinning, resulting
in reduction of the pinning-barrier height and the number
of strong pinning centers. This means that in general the
superconductor-insulator-superconductor (SIS) junction
network in YBCO is characterized by large variation in
the coupling energy within the junction network, but on
the other hand little variation in the coupling energy
(with a large grain-boundary area available for
the current conduction as shown by the earlier
experiments' ) is a characteristic of the
superconductor —normal metal —superconductor (SNS)
junction network in YBCO/Ag. According to the mod-
els of Josephson-junction networks in high-T, granular
superconductors developed by Tinkham and Lobb and
Clem, ' the pinning barrier for the Josephson-flux motion
in the junction network originates from variation of the
Josephson-coupling energy E =%I, /2e. The measure-
ments of the dependence of intergrain-flux depinning
temperatures on magnetic field H (Figs. 6 and 7) show
that the functional dependence of those temperatures on
H resembles that of I, (H). Also. , the changes in the
effective activation energy for intergrain-flux creep (Fig.
8) correspond to those in the intergrain critical current.
These observations support the above models; however,
more work is required in order to determine the source of
the coupling-energy variation in SIS and SNS junction
networks of granular high-T, superconductors and its re-
lationship to Josephson-vortex motion.

We applied a technique which uses a self-sustaining su-
percurrent and a contactless detection of its magnitude
and dissipation, in simultaneous combination with mea-
surement of the intergrain-flux depinning, in order to
study the direct relationship between depinning (and
motion) of the Josephson magnetic vortices and dissipa-
tion (and magnitude) of the transport (Josephson) critical
current. Such information is of primary importance for
studies of the transport and magnetic properties of the
Josephson-junction network. The experiments allowed
detection of the Josephson-flux depinning without the
influence of the intragrain flux, and simultaneous direct
measurement of the intergrain critical-current magnitude
and dissipation (using the same granular sample and the
same measurement technique). The results also included
direct detection of the changes in activation energy for
the Josephson-flux motion and corresponding changes in
the Josephson critical current. Such an approach is espe-
cially useful for future studies of inhomogeneities in the
coupling energy within the Josephson-junction network
of granular superconductors.
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