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A contactless method for determining the local critical current density J,(B) and the efFective
magnetic permeability p, of ceramic superconductors is presented. Using this method we have carried
out systematic investigations of the magnetic field and temperature dependence of the local critical
current density in YBapCu307 p samples with difFerent microstructures. The results show that
the character of Josephson junctions in sintered ceramics changes as a function of heat treatment
temperature. In spite of the differences in the values of J,(B) and in the types of Josephson junctions,
the dependence of J,(B) for various kinds of ceramics has a common universal behavior. Using a
scaling procedure it is possible to plot all experimental values of J,(B),obtained for samples prepared
by solid-state sintering, on a single curve. At low magnetic fields this universal function is nearly
constant with field and at higher fields it varies as B . The universal behavior of J,(B) breaks
down as the field exceeds the first critical magnetic field of the grains, when the function J,(B)
approaches a constant value. The universal behavior is completely defined by the critical current
properties of individual Josephson junctions, a set of which forms the network of weak links in
ceramics. Flux pinning therefore does not need to be considered when describing the current carrying
capabilities of isotropic sintered ceramics which are weak linked. Analogous universal properties of
J,(B) are observed in nontextured samples prepared by melt-processing technology.

I. INTRODUCTION

The discovery of high-T, superconductors has
prompted many research groups to investigate these ma-
terials which may be described as a Josephson medium.
Many papers have been devoted to the kinetic properties
of ceramics and, in particular, to their current carrying
capability. High-T, materials are interesting not only for
their potential applications, but also for their unusual
electrodynamic properties.

It is clear that the electrodynamic properties of ce-
ramics are defined by the current carrying capability of
these materials. The properties of ceramics difFer greatly
from those of traditional low-temperature superconduc-
tors, requiring a difFerent approach to investigations of
their physical nature. The difference between high-T,
and conventional materials is greatly exaggerated at low
magnetic fields, H ( H, q~, where H, q~ is the first criti-
cal magnetic field of the grains. This paper will therefore
focus on this magnetic field region.

Earlier, a contactless method was developed to de-
termine the local critical current density in ceramic sam-
ples using the measured surface impedance. This method
was proposed ideologically by Campbelis based on Bean's
critical state model. The main equation of this model

connects the magnetic-field distribution H inside the
superconductor with the local critical current density
J,(H) as follows:

curl H = (4~/c)J, (H),
where c is the speed of light. This formula correctly de-
scribes the critical state in homogeneous superconducting
materials. Ceramics, however, are inherently heteroge-
neous materials consisting of a large number of grains
connected by a network of weak links. It is commonly
accepted that weak links are localized both at the con-
tacts between grains and at twin boundaries within the
grains. In describing the current carrying capability it
is necessary to take into account intergranular as well as
intragranular currents, but the transport J, is limited by
the intergranular currents. J, is obtained by averaging
the intergranular currents over a volume which includes
a large number of grains but is small in comparison with
the entire specimen volume.

The intragranular currents are accounted for by the pa-
rameter p, , which represents the efFective magnetic per-
meability of the ceramic medium when the network of
weak links is broken down. According to Dersch and
Blatter, ~

p, is defined by the volume fraction of a sample
which is penetrated by a magnetic field. p, is equal to
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unity in the absence of intragranular currents, for ex-
ample, when a sample is in the normal state. When
intragranular currents exist, some fraction of the grain
volume will be screened, decreasing the effective perme-
ability. In addition, intragranular currents at the sample
surface will cause a large drop in the induction 8 at the
surface (see Fig. 1).

The critical state model was modified by Dersch and
Blatter7 to apply to such nonuniform materials as high-

T, ceramics. According to their model, the distribution
of the magnetic induction 8 (B is the magnetic field
averaged over a volume of the sample which contains a
large number of grains) is described by the equation

curl B = (4x/c) pJ, (B) .

The authors of Ref. 7 have pointed out the necessity to
account for the strong dependence of the critical current
density on 8 and have noted that the magnetic perme-
ability p, lies near 0.5. The strong dependence of J, on
8 results from the sensitivity of Josephson intergranular
currents to magnetic fields. The contactless method hss
shown that the function J,(B) varies in most cases as
8 s~z at intermediate magnetic fields. s Approximately
the same result was obtained by Peterson and Ekin. s As
will be shown later, these materials may be modeled as
single spherelike Josephson junctions. s

At low magnetic fields, as H approaches zero, J,(B)
becomes independent of field strength. s s io ii This oc-
curs only when the magnetic flux through the junction is
less than the magnetic flux quantum Oo, under these con-
ditions the maximum undissipative current of the junc-
tion remains nearly constant, and J, remains indepen-
dent of 8

Although many papers have been devoted to this
theme, the majority of the published studies were made
by the well-known four-probe method which yields the
average critical current density. It is important to note
that the four-probe method ignores the self-field of the
transport current, while the contactless method proposed
in Ref. 2 has no such shortcomings. However, the re-
sults obtained in Ref. 2 have some essential limitations.
Among these, only the product pJ, (B) could be deter-

(E/2

FIG. 1. The distribution of magnetic induction inside a
ceramic plate having thickness d and y, = 0.5 (schematically).

mined instead of the value of J, which is desired. In
addition, the technique applied to cylindrical specimens
only. In this paper we consider a modified method which
allows measurement of the local critical current density
J,(B) and magnetic permeability y, separately, for either
plate-shaped (disc) or cylindrical samples.

Employing this method we have measured the depen-
dence of J, on 8 for a variety of ceramic samples pre-
pared by solid-state sintering and melt texturing. In spite
of large variations in ceramic microstructure, J„andy„
we have observed a universal behavior of J,(B) for most
of the isotropic sintered samples. In the field region 0 &
8 & pH, is the behavior of J,(B) for sintered specimens
may be described by a single universal function.

II. EXPERIMENTAL PROCEDURE

Several groups of YBazCusQ7 —b samples were pre-
pared by difFerent techniques. The main group (sam-
ples 1—21) was synthesized from pure YzOs, BaCQs, and
CuO powders. The powders were ground in a centrifugal
mill, pressed to 92 MPa, and sintered overnight in flow-

ing oxygen. The resulting samples were ground and par-
ticles larger than 1 pm were removed. This powder was
pressed and heated a second time under identical condi-
tions. The final samples were fabricated by a subsequent
grinding and sintering. To obtain specimens with difFer-
ent grain sizes we varied the heat treatment temperature
Tp, from 870'C to 960'C. Plate-shaped samples hsd a
thickness d in the range of 0.5—2 mm. Samples 14—21
were prepared with the addition of 5 mass % Ag.

The second group (samples 22—27) was formed by melt-
processing technology. YBagCusOr s powders were syn-
thesized by a solid-state reaction of reagent-grade YzOs,
BaCOs, and CuO powders. These were ball milled in
a plastic bottle with distilled water and zirconia media
for 24 h, dried at 90'C, and granulated using a 40-mesh
sieve. The powder was then calcined in air at 925'C
for 18 h, cooled, and reground with a mortar and pestle.
The powder was then screened through a 40-mesh sieve,
recalcined at 925'C for 18 h, cooled, and divided into
two parts.

The powder was then reground with mortar and pestle
and screened through 200-mesh (75 pm) and 325-mesh
(45 pm) sieves. A 50% mixture of 200- and 325-mesh
powders was pressed at 92 MPa to make 2lx3x3 mm
bars. The bars were heated to 1050'C, held for 2.5 h,
cooled to 980'C, held for 100 h, cooled to 550'C, and
held for 36 h, then cooled to room temperature. Heat
treatment eras carried out in flourin oxygen.

The last group (samples 28—34) was prepared via a sol-
gel process employing polyacrylic acid (PAA). Aqueous
solutions containing Y, Ba, and Cu frere prepared from
acetate salts in 1:2:3stoichiometry. The cation molarity
for the solution was in a 0.15 M: 0.30 M: 0.45 M Y:Ba:Cu
ratio, respectively. The PAA was mixed into the cation
solution so that ~ 1:1cationic charge to carboxylic ion
ratio was attained. The mixture was gelled at 60'C and
dried for 18—24 h at 80'C. Organic burnout (ashing) was
conducted at 600'C for 5 h. The resultant powder con-



10 988 L. M. FISHER et al.

TABLE I. Summary of preparation methods for
YBaqCu307 g samples.

Sample
gx'oup

1

Sample
number

1—21

22-27

28—34

Powder synth-
esis method

Solid
state

Solid
state

Sol-gel
from acetates

Heat
treatment

Sintered
in 02

Melt textured
in Og

Sintered
in 02

dc coil

sisted of 100—200-pm agglomerates made up of submicron
particles.

Addition of CuO and Ag to a few samples were made
by treating the cation solution prior to gelation. The
CuO was synthesized by a flow-growth method using an
equimolar NasCOs-KqCOs mixture. The Ag was added
as a nitrate salt.

The ashed powder was ground to pass a 325-mesh sieve
and calcined at 850'C for 24 h in flowing air. The result-
ing powder was reground and passed through a 325-mesh
sieve before pressing into bars at 20 MPa. The bars were
sintered using a heating rate of 100 K/h to 930'C hold-
ing for 6 h, cooling at 100 K/h to 570'C, holding for a
6-h anneal, then cooling at 200 K/h. This heat treat-
ment was done under flowing 02. Table I summarizes
the sample preparation techniques.

The microstructure and phase content of the samples
were investigated using SEM, optical microscopy, and x-
ray diffraction using Cu K radiation. Grain sizes were
determined from SEM micrographs of polished cross sec-
tions. Both the length and thickness of the grains were
measured directly from the micrographs, and the average
grain sizes represent measurements of approximately 100
grains. Other characteristics were measured including
geometric density and superconducting transition width
determined by resistive and magnetic methods.

To obtain the function J,(B) the specimen was put
into a pick-up coil as indicated in Fig. 2 to measure the
surface impedance. The dc magnetic field was applied
either using a coil, as shown in Fig. 2, or by means of
an electromagnet capable of reaching 2 T. The measure-
ments were carried out at liquid nitrogen temperature,
using a frequency f = u/2vr = 1300 Hz, and in the mag-
netic field region of 0—1500 Oe. The magnitude of the
ac probe field was less than 1 Oe for measuring sintered
ceramic samples. To diminish the influence of the signal
connected with losses in grains on the surface impedance,
we continuously decreased the amplitude of the ac field to
0.02 Oe at dc fields higher than H, ig. For melt-processed
samples, the ac field amplitude was between 1 and 100
Oe. The measurement process was computer controlled,
allowing rapid data acquisition and calculations.

III. THEORY OF THE MEASUREMENT
METHOD

Consider the penetration of a magnetic field into spec-
imens having two different geometries: a flat plate and
a cylinder. These sample geometries are the most con-
venient experimentally, and some results have been pub-
lished in Refs. 1 and 2 for cylindrical samples. To conduct
the measurement, the sample is placed in a magnetic field
having the form

'8 = H+ hcosut . (3)

The field '8 is directed parallel to the plate surface or,
for cylindrical samples, along the cylinder axis. Let one
of the following conditions be fulfilled:

h « B'/p or h « H .

Here B' is the flux where J, begins to decrease from its
low-field plateau value. Under these circumstances we
can neglect the influence of the ac probe field on J,.

It is well known that the response of a sample to an
external field H(t) is described by the surface impedance.
The surface impedance Z = 'R - iy for a flat plate is
determined by the relation

Z = (8vr/c)E (2: = 0)/h,

pick-up coil
sample
ac coil

where

2m ju)

E(t) exp(iwt)dt . (6)

dc current
source

oscilloscope

lock-in
amplifier

FIG. 2. Schematic of the apparatus used for measuring
the surface impedance of a sample. The dc coil method is
shown, but an electromagnet could also be used.

These equations apply when the magnetic field is ori-
ented along the z axis, and the electric field E is oriented
along the y axis. The 2; axis is perpendicular to the plate,
where the points x = 0 and x = d correspond to the sur-
faces of the plate. In the case of a cylinder the surface
impedance is defined by Eqs. (5) and (6) where the elec-
tric field E has only a P component, which is taken at
the surface of the cylinder where r = R. The surface
resistance R describes the losses in a specimen while y
is connected with the magnetic field penetration depth.
For a full mathematical description we also need the fol-

lowing equation:
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b),„,g~, ——phcosu)t . (8)

The solution to Eqs. (2) and (5)—(8) permit us to obtain
the following relations for the surface impedance for both
geometries:

Z= py„Fi(h/h„) for a disc,

Z = py„F2(h/h„) for a cylinder,
(9)

(»)
where y„is the reactance of a sample in a normal state,
or

y„=2murd/c for a disc,

y„=2zurR/c for a cylinder .
(11)
(12)

The functions Fi and Fz will be presented later. The
penetration field h„is the ac field at which the ac mag-
netic induction exceeds zero at every point within the
sample volume. The field h~ is defined by the following
relations:

h„=(4x/c) J,(pH)d/2 for a disc,

h& = (4&jc)J,(pH) R for a cylinder .
(13)
(14)

Notice that the penetration field in (13) and (14) depends
on the magnetic field H through the function J,(H).
Since J,(H) decreases rapidly as H increases, h„will
show similar behavior.

It is clear that Eqs. (9),(13) and (10),(14) determine
the connection between J„p„andZ{pH). Equations
(10) and (14) were considered in Refs. 1 and 2 for cylindri-
cal samples. Unfortunately, each of the pairs of equations
determines only one functional connection between J„p,,
and Z(pH). We cannot determine the two independent
quantities, J, and p, having only a single equation.

According to Eq. (2), J, and p affect the magnetic-
field distribution differently. While p effects a change
of the induction B on a sample surface, the derivative
BB/Bx is defined by the product p J,. The role of B(x)
is illustrated in Fig. 1, for a ceramic disc having homo-
geneous J,.

To find an additional equation to determine p and J,
separately, let us consider the behavior of the function
R(H) in detail. When h & h~ the surface resistance in-
creases with h. However, when h & h„the induced elec-
tric fields penetrating from opposite sides of the plate are
compensated. As a result, the surface resistance R de-
creases. The surface resistance as a function of H must
therefore have a maximum near h = h&(H). This situ-
ation is similar to the phenomenon described in Ref. 12
for the normal skin e8ect in a metal plate. This simple
physical consideration is confirmed by direct calculation.
If the magnetic field H is small enough to satisfy h &
h„,the functions Fi and Fz in Eqs. (9) and (10) can be
written in the form

Fi(x) = (zsn. )x[1 —(37ri/4)], {15)
Fz(x) = (ssr)x[(1 —3zi/4) —(x/2)(1 —15zi/32)], (16)

curl E = (—1/c) BB/Bt .

The boundary conditions for the ac part of the induc-
tion, b, in both cases may be written in the form

for x = h/h„& 1. When h & h~, simple formulas exist
only for the real parts of Fi and Fz.

ReFi(z) = (2/vrx)(1 —2/3x),
R F,(z) = (4/3~x)(1 —I/2x),

(17)
(18)

for z & 1. Analyzing these formulas, it is easily seen that
the maximum of F(x) occurs at x = s, or h = 4h„(H)/3
for plates. For cylinders the maximum F(z) occurs at z
= 1 or h = h„(H).The maximum values of the surface
resistance are described for a plate and a cylinder by

ReZ = R = 3(~/cz)d/2
= (3/4z) py„,

R = s(~R)/c = (2/3z)py„.
(»)
(2o)

Equations (9), (11), (13), (15), (17), and (19) allow p,
and J, to be determined separately for plates. The same
treatment applies to Eqs. (10), (12), (14), (16), (18), and
(20) for cylinders.

The maximum in R (H) is reached by increasing the
static magnetic field H. Increasing H decreases h„and,
as a result, h„may become comparable to h at some value
of H. Under these conditions R(H) will be at a maxi-
mum, while its position depends on the magnitude of h.
Analyzing formulas (13)—(18), it is clear that increasing
h leads to a displacement of the maximum position to the
region of higher magnetic fields. If we calibrate the plot
of R(H) in units of y„wehave sufficient information to
determine p, and the function J, (pH).

A list of the necessary equations is included to sim-
plify data analysis. These equations are derived from the
above for the critical state parameters of high-T, samples
in terms of the measured surface resistance R(H).

For plates,

(21)
(22)

p, = (4z /3)R,„/y„,
J,(pH) = (4ch/9z'd)R, „/R(H) H & Hi,
J,(pH) = (3ch/8md)

x(1 +[1—'R(H)/R ~] ~ ) H & Hi. (23)

Here Hi is the field H where h = h„(H).The plus sign
in (23) is used in the region H & H~ and the minus sign
corresponds to fields H & H~, where H~ is the field at
the maximum in R(H). A simple way to define the value
of Hi is by the relation R(Hi) = IR

For cylinders,

p, = (3z/2)R /y„,

J,(pH) = ( ch/4vrR) [R „/R(H)]
x(l+ [1 —R(H)/R ]

i ) H & H

(25)

J,(pH) = (ch/4zR)
x(1 —[1 —R(H)/R ]

~ ) H & H~.
(26)

Note that in the case of cylinders the field Kq coincides
with K
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The proposed method is valid independent of any re-
lation between the ceramic grain size n and London pen-
etration depth AL, .

IV. RESULTS AND DISCUSSION

A. Physical characteristics

Figure 3 shows the results of the microstructural anal-
yses. Electron micrographs in Figs. 3(a) and 3(b) are
polished and etched ceramic samples sintered at 915 and
955'C, respectively. From these micrographs and the
density data listed in Table II, it is obvious that grain
growth and densification occur as the heat treatment
temperature is increased. The average grain sizes for all
samples were measured from similar micrographs. Fig-
ures 3(c) and 3(d) show the microstructures of low- and
high- J, melt-processed samples, respectively. The low-

J, sample has large regions ( 1 mm) of oriented grains,
but these regions are randomly oriented with respect to
each other. The high-J, sample shown in Fig. 3(d) has
highly oriented platelike grains. Some of the spherical
inclusions in this sample were identified as YqBaCuOq
using energy dispersive spectroscopy.

The x-ray diKraction results are shown in Fig. 4. The
pattern labeled (a) is typical of the sintered ceramic
materials. All of the ceramics were nearly phase-pure
YBa2Cu307 p, with small concentrations of Y2BaCuOq
present. Figure 4(c) shows the diffraction pattern of the
high- J, melt-processed sample. The (00E) peak intensi-
ties are greatly exaggerated, indicating that this sample
has highly oriented grains near the surface which was ex-
posed to the x-ray beam. In fact, nearly 100% of the sur-
face grains have their c axes aligned normal to the sample
surface. The micrograph of this sample [Fig. 3(d)) shows
that this highly oriented grain structure persists com-
pletely through the sample cross section. In addition, a
small concentration of YgBaCu05 phase is apparent from
the diffraction pattern, confirming the EDS results. The
grain alignment is difFerent in the low- J, melt-processed
materials, as shown in Fig. 4(b). The peak intensities
are exaggerated in the (008) and (161) refiections. This
result is expected because there are large regions of tex-
tured grains which are randomly oriented relative to one
another. This sample also contains a small amount of
BaCu02, which is commonly observed in YBa2Cu307 —$

due to its first peritectic reaction. is i4 As expected, the
overall degree of grain alignment determines the magni-
tude of J,.

FIG. 3. SEM and optical micrographs of polished and etched samples. (a) Sample 1 with Tq = 915'C (bar is 10 pm); (b)
sample 5, Tq = 955'C (bar is 10 ym); (c) low- J, melt processed (bar is 0.25 mm); (d) high- J, melt processed (bar is 10 pm).
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TABLE II. Sample characteristics.

Sample
number

7
8
9
10
23
24

Tj, ('C)

920
940
950
960
895

Melt textured
Melt textured

Density
g/cm

5.9
6.1
6.1
6.1
5.0
6.2
6.2

0.84
0.42
0.2
0.15
0.98
0.1
0.04

J,(0)
A/cm

1730
830
1170
545
315
140
38

B'
Gs

3.8
1.9

0.63
0.43

0.2
0.12

B. The efFective magnetic permeability, p,

Figure 5 shows the typical dependence of the sur-
face resistance R/y„on applied field H for sample 28,
a plate having thickness d = 1 mm. The function
R(H) changes slowly at low magnetic field then increases,
passes through a maximum, and decreases weakly at
higher fields. This behavior is expected from the pre-
vious considerations. Using Eq. (21) and the measured
maximum value of R(H), p is calculated as 0.6. As rnen-
tioned earlier, p is governed by the sample volume where
a magnetic field can penetrate. A large fraction of this
volume consists of intergranular space and the part of
the grains which is occupied by the magnetic field. Nat-
urally, the permeability depends strongly on the ceramic
microstructure. The value of p for samples prepared by
the different methods described in Sec. II varies over the
range of 0.04 ( p ( 0.99.

The variation in y, is easily explained on the basis of
grain size. The results presented in Fig. 6 clearly show
that increasing the heat treatment temperature leads to
grain growth. In addition, adding silver to the sara
ples enhanced grain growth at each sintering tempera-
ture [compare Figs. 6(a) and 6(b)j. Samples sintered at
low temperatures have grain sizes which are about equal
to the London penetration depth AL„ in this case the

magnetic field may penetrate the entire sample volume,
and p proves to be about unity. The maximum value
of p was found for samples sintered at temperatures less
than 885'C. In samples with larger grains, intragranu-
lar shielding currents expel fiux from the grain volume,
decreasing the total volume occupied by the field, and
decreasing p, . Figure 7 shows the dependence of p on the
grain size for samples prepared by solid-state sintering.

The minimum value of p = 0.04 is observed for sam-
ples prepared by melt growth technology. As will be dis-
cussed later, these materials do not have a network of
weak links and, in fact, behave like single crystals. The
volume of field penetration into such samples is therefore
very small, as refiected by the value of p.

C. Critical current density, J,(H)

Using the surface resistance data and Eqs. (22) and
(23) we have obtained the critical current density as a
function of magnetic induction. Results for sample 28
(prepared by the sol-gel method) are presented in Fig.
8, which clearly shows a strong dependence of J, on B.
J,(B)/J, (0) for samples 6—10, 23, and 24 are shown in
Fig. 9 on a log-log scale. This figure shows that J,(B)
defines three different regions of magnetic field. In the

0.5

+ Y2BaCu05

o BaCu02

1

- (cj

OO

p4

0.3
C5

Ih

p2
rg0

0.1

0.0
0 50 100 150

|0 20 30 40

28(deg}
60

FIG. 4. X-ray di6raction patterns of three types of sam-
ples. (a) Typical ceramic, (b) low J, melt-processed mat-erial,
(c) high- J, melt-processed material.

MAGNETIC FIELD, H (Qe)

FIG. 5. The dependence of 'R(H) for sample 28, prepared
by the sol-gel method. Note that the surface resistance is
normalized to the normal-state reactance. T = 77 K, d = 1
mm, h = 1 Oe.
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(a) Samples 1—5; (b) samples 14—21 with Ag addition. n~ is
the average platelet length, and n, is the average platelet
thickness.
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FIG. 7. The dependence of the efFective magnetic perme-
ability p on the grain size in ceramics. Curve 1 corresponds
to samples 1—5; curve 2 corresponds to samples 14—21 vrith

Ag addition.

FIG. 9. J, vs B in log-log scale for difFerent samples at
T = 77 K. (a) Samples 6—9 as labeled; (b) samples 10, 23, and
24 as labeled. The characteristics of these samples are given

in Table II.
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FIG. 10. The correlation between the grain sizes obtained
by direct SEM observation (a, ) and the calculated sizes for
samples 1—5.

low-field region, the critical current density is approxi-
mately constant. This behavior may be understood by
considering the properties of a single Josephson junction.
The dependence of the critical current I, on magnetic
field for a single plane junction is given by

I, = Ipl sin(z'4/Cp)l/(zO/Cp), (27)

where Cp is a magnetic flux quantum and C' is the mag-
netic flux through the junction. At low magnetic fields
where C/Op « 1 the critical current I, does not change
significantly from its maximum value of Ip. I, deviates
from Ip only at C & Cp. We may expect similar be-
havior in such Josephson media as high-T, ceramics. For
these materials the magnetic flux C' is related to the grain
size a by the estimation O = H 2Ar, n. A larger grain
size results in a larger 4, and, as shown by Eq. (27),
the critical current deviates from its maximum value at
lower B. Figure 9(a) shows the sensitivity of J,(B) on
grain size. Evaluations of the junction size obtained from
the condition C = Cp agree with direct observations as
shown in Fig. 10. Although the average critical current
density has been measured previously by the four-probe
method, s iP ii the self-field of the current is large enough
to change the low-field results. We believe that this in-
vestigation is the first direct observation of J,(B) at low
magnetic field.

As shown in Figs. 8 and 9, the critical current density
begins to decrease sharply in the next magnetic field re-
gion. As was established in Ref. 2, the dependence of J,
on B is described by a power function J, = B ~ in this
region. Surprisingly, most of the sintered ceramic sam-
ples show this behavior despite their di8erent grain sizes.
Figure 9(a) shows that most samples have an exponent
near o. = —&. The exceptions are samples with the small-3

est grain sizes that are comparable to twice the London
penetration depth [curve 1 in Fig. 9(b)]. We shall not
discuss this result because the theory for the Josephson
medium having such a correlation between a and AL, has
not yet been developed.

104 .
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10
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gg Io 10
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~ I

10 10

FIG. 11. The temperature dependence of J,(0) in 1og-log
scale for samples 11, 12, and 13 sintered at the temperatures
indicated.

To confirm that the typical dependence J, oc B s~s is

connected with the character of the contacts between ce-
ramic grains, the temperature dependence of J, was mea-

sured. Some results of these measurements are shown in

Fig. 11, for 870, 930, and 960'C. This plot shows that
the dependence of J, on (1 —T/T, ) is described by a
power function having an exponent of 2 for the samples
with a heat treatment temperature less than 930'C. For
samples with Tj, & 930'C, J, = (1 —T/T, )s~, showing

that the contact character changes with heat treatment
temperature. It is well known that the first kind of func-

tion corresponds to that of an S-N-S contact type, or
S-I-S type for superconductors with a short coherence
length. is is In the second case the dependence of J,(T)
corresponds to an S-N-I-N-S contact type. ir Taking into
account all of our measurements, we may conclude that
the function J,(B) does not change even when the con-

tact character changes radically.
These results agree with those of Peterson and Ekin, is

which show that the overall current is defined by the max-
imum current of a single junction and depends only on
the junction geometry. is To understand the dependence
of J, on B we can. model the ceramic grains as spheres
with Josephson contacts between them. s is In the frame-
work of this model the difFraction pattern is described by
the formula

I,(II) = 2Ip
I
Ji(+O/@p) ]/(+@/@p), (28)

where Ji is a Bessel function. After averaging over difFer-

ent grain sizes for the condition 4 )) C'p, Eq. (28) leads
to the dependence J,(B) = B s~2, which is confirmed by
our experiments.

The typical dependence J, oc B s~s is invalid for sam-

ples prepared by melt processing. Curves 2 and 3 in

Fig. 9(b) show that the function J,(B) varies as B i for
melt-processed samples above the low-field plateau. The
difFerence between ceramic samples prepared by solid-
state sintering and melt-processed samples may be at-
tributed to the microstructure. The J, oc B s~z behavior
based on Eq. (28) for spherelike Josephson junctions is
valid for typical sintered ceramics which have ellipsoidlike
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FIG. 14. The dependence J, vs H for samples 25-27 (as
labeled) prepared by the melt-processing technology, T = 77
K.

FIG. 15. The dependence of R on H at several values of
the probe field h for sample 12. The amplitude of the probe
fields are included in the figure. T = 77 K.

Eq. (27). We may approximate our experimental results
by the following relation:

(30)

High- J, samples prepared by melt processing have yet
another type of J,(B) dependence. Figure 14 shows
that the critical current density J, is nearly constant
over a wide range of magnetic field which is analogous
to the J,(B) behavior of superconducting single crystals.
Clearly, the high- J, melt-processed materials do not con-
tain a network of Josephson weak links, and therefore
remain in the Meissner state at fields of H ( H, q = 60
Oe at 77 K. At higher fields Abrikosov vortices begin to
penetrate the sample volume and the critical state is es-
tablished. However, the physical nature of this critical
state is difFerent than in sintered ceramics. The critical
current density and its dependence on magnetic field are
defined by the pinning force affecting Abrikosov vortices.
The critical state in these materials is defined by Eq. (1),
and the procedure described above for determining J, vs
H remains valid.

E. J,(B) at high magnetic Belds

The universal behavior of J,(B) in both sintered and
low-J, melt-processed materials occurs only when the
magnetic field does not penetrate the grains in the form
of Abrikosov vortices. This penetration takes place when
an external magnetic field begins to exceed the critical
value H, q~, and at larger fields J,(B) tends to a con-
stant value of J~.7 This effect is observed for most of our
samples, except the fine-grained ones. Figure 9(a) shows
that the high-field plateau starts at different values of B
for difFerent samples. This occurs because the local mag-
netic field around the individual grains is not accurately
described by B. Recall that Bcharacterizes the magnetic
field inside a sample averaged over a volume containing a
large number of grains. ~ In addition, samples having dif-
ferent values of p will have different effective local fields
at grain surfaces. This means that the beginning of the J,

plateaus must be located at induction values B = pH, qs,
which qualitatively agrees with our results.

Figure 9(a) shows that the larger grain size samples
have larger high-field values of J,. We cannot give any
interpretation of this experimental fact because the be-
havior of J, in ceramics is a very complex problem at
high magnetic fields. For example, the interaction of
Abrikosov and Josephson vortices may cause J, to in-

crease, resulting in peak efFect. ~ ~s'~o The behavior of
J,(B) in these fields has been examined in a number of
papers (for example, Ref. 21), so we will not pursue this
subject.

The existence of a high-field plateau on the J,(B) plot
may change the form of the surface resistance dependence
on H. As mentioned previously, the position of the max-
imum in R(H) is defined by the relation

h = s4h~ = (8zd/3c) J,(B) .

Since the function J,(B) exceeds the value J~ every-
where, Eq. (31) cannot be satisfied at h ( 8z.dJ /3c.
This means that the maximum in R(H) does not exist at
low h. This effect is demonstrated in Fig. 15 for sample
2. The maximum in R(H) for this sample is observed at
h )h;„=0.14 Oe. The calculated value of h coincides
exactly with the experimental value.

V. CONCLUSIONS

The application of an ac probe field is an efFective tool
in high-T, materials research. The low-frequency surface
impedance has provided a means for the systematic in-
vestigation of the critical current properties of high-T,
ceramics. This measurement provides complete informa-
tion about the electrodynamic parameters of the high-T,
medium. The results are considered valid in application
to any ceramic material if the grain size is larger than the
London penetration depth. The main conclusions can be
summarized as follows.

(1) Using the surface resistance measurement we have
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extracted the main parameters characterizing the critical
state of superconducting ceramics including the efFective
magnetic permeability p and the local critical current
density J,. The study established that the value of y„
which defines the drop of magnetic induction on the sur-
face of a sample, varies over a wide range of 0.04—0.99.
The values of p, are governed by the microstructure of
the sample and therefore by the preparation technique.
We have established the correlation between the ceramic
grain size and the value of p.

(2) The dependence of the critical current density in
weak-linked ceramics prepared by solid-state sintering on
magnetic induction B may be described by a universal
law in the region of magnetic fields where H ( H, ig.
The J,(B) data for all such samples can be transformed
to fit a single curve by a scaling procedure. This universal
behavior is observed for all samples which are isotropic
and severely weak linked, and can be modeled as a sin-

gle Josephson junction. At low-magnetic fields the func-
tion J,(B) is independent of field until the magnetic flux
quantum is able to penetrate into the junction in the
form of Josephson vortex. At higher fields the Josephson
vortices penetrate into the junction and suppress the in-

tergranular current, causing J, to vary as 8 ~ . This
behavior continues up to the first critical magnetic field

of the grains, when the magnetic flux penetrates into the
medium in the form of both Josephson and Abrikosov
vortices. At fields above H, io the universal behavior
of J,(B) modeled by a single Josephson junction breaks
down and the function J,(B) becomes independent of B.
An analogous universal behavior of J,(B) occurs with
low- J, melt-processed samples.

The universal behavior of J,(B) leads to an impor-
tant conclusion about the nature of the critical state in
sintered ceramics; J, is in fact completely defined by
the critical current properties of an individual Joseph-
son junction. Flux pinning, therefore, does not have to
be considered when describing the current carrying capa-

bility of weak-linked ceramics which are most commonly
formed by solid-state sintering.

The universal dependence of J,(B) is invalid for high-
J, samples prepared by melt processing. This result is
expected because these samples possess the properties of
a single crystal and do not have a network of Josephson
weak links.

(3) The temperature dependence of the critical cur-
rent density was used to determine that the intergranu-
lar junction type changes with heat treatment tempera-
ture. Samples sintered at temperatures less than 930'C
have S-N-S intergranular junctions, while those sintered
above 930'C have junctions of the S-N-I-N-S type. Nev-
ertheless, the universal magnetic-field dependence of the
critical current density remains unchanged because these
materials are weak linked.

Many investigations have focused on the electrical and
magnetic properties of high-T, superconductors. The
present study includes samples prepared by different
methods resulting in three general types of microstruc-
tures; isotropic granular, low- J, melt-processed, and
oriented-grain melt-textured materials were investigated.
The results show that the J,(B) behavior of both the
isotropic sintered and low- J, melt-textured samples may
be described by two diferent universal functions at fields
below H, ig. This allows one of the most important elec-
trodynamic properties of each of these two types of ma-
terials to be simply described using universal relations.
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