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The field-cooled magnetization of high-T, superconducting ceramics measured in low magnetic fields

has exhibited an unusual phenomenon, i.e., the diamagnetic signal initially increases with a decrease in
temperature but reaches a maximum at temperature Td and subsequently decreases with a decrease in
temperature. In some samples the signal could even transform inversely into a paramagnetic regime
once the sample was cooled below a temperature T~, provided the applied field was sufficiently small.
This phenomenon has been observed in various high-T, cuprates and been explained with different
viewpoints. An alternative theoretical model was proposed in this work to account for these phenome-
na. The anomalous magnetization behavior in the present model was demonstrated to be a superposition
of the diamagnetic signal, which occurs as a result of the intragranular shielding currents, and the
paramagnetic signal, due to the induction of the intergranular component induced by these currents.
The intergranular effect was demonstrated by this model to exist in granular superconductors. This in-

tergranular effect would therefore be considered in evaluating the volume fraction of superconductivity
for the samples from the Meissner signal, in particular, at a low magnetic field.

I. INTRODUCTION

The field dependence of the Meissner fraction' pro-
vides imperative information for constructing the H-T di-
agrams of the high-T, superconductors (HTSC). For the
typical characteristics of HTSC, field-cooled (FC) suscep-
tibility (Meissner signal) is always less than zero-field-
cooled (ZFC) susceptibility (shielding signal). The small
Meissner fraction has been previously interpreted by the
superconducting glass model and Aux-pinning model, '

respectively. Nevertheless, most of the electromagnetic
properties of granular HTSC are generally accepted to re-
sult from respective contributions either from the intra-
or the intergranular parts or the balance exhibition of
their interplays. Typical FC magnetizations of HTSC at
various magnetic fields can also be modeled upon con-
sideration of the intra- and intergranular effects. '

However, an abnormal phenomenon of FC magnetiza-
tion was observed by several groups ' in La-, Y-, Bi-,
and Tl- based superconducting systems, not realized with
the typical characteristics of HTSC. This abnormal
phenomenon is especially obvious in a low-field regime.
Additionally, this abnormal phenomenon (shown in Fig.
1) is also exhibited by some of our measured results in the
La- and Bi-based superconducting systems. This "gen-
eral" anomaly considers that the sample has initially ex-

hibited diamagnetism once cooling it below the supercon-
ducting transition temperature (T, ). The diamagnetic
signal has, however, subsequently decreased with further
cooling of the sample below a temperature Td, at which
the diamagnetic signal reaches maximum. The diamag-
netic signal in some samples has even become invertly
transformed into a paramagnetic regime when the sample
was cooled below temperature T as long as the applied
field was low enough. Various interpretations have been
proposed to explain this phenomenon, including the ex-
istence of paramagnetic impurities, the combination of
the flux trapping capabilities of the tested material, and
the inhomogeneity of the magnet in the machine, the re-
sult of reversed polarity moments caused by either the
clockwise or counterclockwise Josephson currents based
on the superconducting glass model, and the predomina-
tion of the paramagnetic part which arises as a result of
the Josephson vortices over the diamagnetic part due to
the shielding contribution. ' However, among them
quite limited explanations have come from these interpre-
tations which can directly or theoretically answer the fol-
lowing questions. Why are the positive moments strong
at a low field but weaker and weaker by increasing an ap-
plied field? Why does the Td of positive magnetic mo-
ments monotonically decrease with an increasing applied
field? Why have the positive moments in single crystals
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demonstrated to be capable of being prepared at normal
en atmosphere' ' instead of utilizing high oxygen

i hpressure techniques. ' ' The small grain size and hig
porosity ave, owh however become an unresolved prob em
for bulk applications of this system as a result of the re-

uirement of low-temperature (below 820'C) sintering a
normal atmosphere, which is limited by the phase stabili-
t . ' Nevertheless, such a "poor" sample possibly pro-
vides more manifest information concerning t e e e
intergranular components on the magnetic properties o
HTSC.

II. EXPERIMENTAL RESULTS
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FICs. 1. Field-cooled susceptibilities of (a) La-Ba-Cu-0 and
(b) Bi-Sr-Ca-Cu-O, respectively.

The 1:2:4 bulks were employed in this study as being
the investigated system, which were straightforwardly
prepared by the oxalate gel method and obtained at Aow-
ing oxygen a mospt osphere with the addition of sodium ni-
trate. After sintering, no residual sodium was detected
by inductively coupled plasma and/or atomic emission
spectroscopy. Sodium would therefore apparently func-
tion in a role of diffusion enhancer. The experimental
procedure has been provided a detailed description else-

14

t hasThe sample used for magnetization measurement as
an orthogonal morphology with a dimension of
2a X2b Xc=1X2X10 mm. The magnetic fields were
applied in parallel with the length direction so as to mini-
mize the effect of the demagnetic field. The scanning
electron microscopy (SEM) micrograph for the sintered
Na-doped 1:2:4sample is shown in Fig. 2. The sample is
porous with a density of 3.06 g/cm and its average grain
size is approximately 1 pm. No improvement on the mi-
crostructure arises by prolonging the sintering periods.

not yet been observed in the low. field even though the
single crystals are known to possess lots of Aux trapping
centers? Why do the high-density and large-grain-size
samples, e.g. , Y 1:2:3 compounds seldom appear at the
positive moments.t ? Why have the powders crushed from
the bulk, while a large particle size could still appear at
the positive moment but those with a small particle size
did not?"

t is work to ac-A theoretical model is proposed in this wor to ac-
count for the presence of "dip" susceptibility in FC pro-
cesses at low magnetic fields and disappearance at a rela-
tively high-field regime. Above problems may be plausi-
bly answered on the basis of our proposed mode .1.

Quite limited research has been concentrated on inves-
ti ating what would happen when the superconductors

measured in magnetic fields? This is in light of the fact
that these superconductors are not antic'pntici ated to have a
h h 'tical current density for the purpose of applica-ig cri ica

1 em-tion. However, the fabrication of HTSC common y em-
lo s the conventional ceramics processings, in w ic in-

tergranular components include those pores which are
para sitically present in the samp e. p
YBazCu40& (1:2:4) compounds have recentlytl been
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G. 2. The SEM micrograph for 1:2:4compounds prepared

by the col-gel method and sintering at ambient atmo ps
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The imaginary part, X"( T), of the ac susceptibility of a
sample measured at ac magnetic field H=H, ,singlet for
various H, , values is illustrated in Fig. 3. The measure-
ment was performed in a Lake Shore ac magnetometer.
The X'( T) curves exhibit abrupt onsets of diamagnetism
at around 81 K for all fields. The diamagnetism onset
temperature is in excellent agreement with the value
determined by measuring the temperature vs resistance
curves. No corresponding second peak is indicated in the
X"(T) curve. This is despite the fact that the X'(T)
curves measured at h =7 and 10 G exhibit a two-stage su-
perconducting transition, which were also observed in Y
1:2:3compounds ' and were accounted for as a result of
the effects of the intra- and intergranular components, re-
spectively. Several possible reasons may account for the
appearance of only one peak. First, the high-temperature
state of X'(T) corresponds to supercurrents inside grains.
The supercurrents only flow in the surface layers without
further penetration, since the lower critical field H„of
grains is higher than 7 and 10 G except for at those tem-
peratures quite close to T, . The loss due to grains there-
fore remains undetectable. The second y" peak may be
similarly highlighted with higher fields, as shown by
Skumryev, Koblischka, and Kronmiiler. ' Second, the
grain size of the sintered material is small and the grain-
boundary number per volume is large. The loss signal
due to grains' contribution would therefore become
depressed by 1oss signa1 as a result of the intergranular
component. Third, as the temperatures became close toT„the magnetic penetration depth of the grains has been
suggested by Kupfer et al. ' to give rise to a suppression
of the volume in which the hysteretic losses occurred.
Additionally, the spatial distribution of the grains with
high anisotropy has been suggested by Skumryev, Kob-
lischka, and Kronmiiler' to possibly decrease the y"
maximum due to grains, since the maximum y" for
different grains occurs at various fields and the resulting
peak would be rounded off.

The complex susceptibility of the sample has been pre-
viously expressed as

X=fsXs+ (1 fg
)X—

where g and y are the complex susceptibilities of the
grains and the matrix, respectively, and f is the volume
fraction of the grains. If the H, , is smaller than H„,as
the temperature is not close to T„g= —1 remains con-
stant. Then, we can obtain

(2)

III. PROPOSAL OF MODEL AND DISCUSSION

Flux lines penetrate the sample as a whole once a su-
perconducting compound is cooled and subjected to a

f, =(x' (T )
—x'(T )j jl:1+x' (T )l .

For the sample in this study, ba '=2, —g' =0.29 is
chosen here from Table II in Ref. 20. f estimated by
X'(T =69.7 K) at H, , =10 Oe is about 0.11. The small

f implies that the material in this study consists of rela-
g

tively small grains and a huge amount of pores, which is
consistent with the SEM characterization.

The measurement of dc magnetization was performed
in a superconducting quantum interference device mag-
netometer (Quantum Design MPMS). The magnetic field
was set using the "no overshoot" mode, since it was un-
desirable for the specimen to be exposed with hysteretic
behavior. The rather small fields and sample sizes in cer-
tain cases produced small signals. Special precautions
therefore had to be taken to prevent or correct the spuri-
ous background signals. These special precautions were
made in the light of the percent variation of the field ob-
served by the sample being dependent on the scan length.
4-cm scan length has been applied for all dc magnetic
measuring processes in this work. This scan length ex-
hibits a field variation of only 0.19%. Three scans were
operated at each temperature for enhancing statistics of
data. No diamagnetic signal is indicated from Fig. 4 to
have been observed above the onset temperatures, show-
ing that the 1:2:3 phase is not present in the 1:2:4 com-
pounds. This could account for why the dip magnetiza-
tion, which has occurred in the sample measured in FC
processes at the low regime field, would be of noteworthy
interest. This abnormal behavior is demonstrated here in
relation to the grain size and intergranular volume frac-
tion, which is discussed in Sec. III.
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FIG. 3. The image part (y") of ac suscepti-
bility of sample as in Fig. 2 measured for vari-
ous H, , values.
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FIG. 4. The temperature dependence of the
dc susceptibility of 1:2:4compounds measured
in field-cooled susceptibilities with various
magnetic fields.

magnetic field and T) T, . As T(T„the superconduct-
ing phase initiates nucleating inside grains as a result of
the circulation of intragranular supercurrents (hereafter
referred to as the GS) so as to reach the Meissner-state
Aux expulsion. The critical current density of grains, J g,
based on the Kim's critical-state model, ' ' ' can be ap-
proximated as

P,„i(x) = 1 —2Ii (x)/xIo(x ),
where I„(x)is the nth-order modified Bessel's function.
Thus,

I, (Rg /kg, b )

g (R /A, ,„)I(R /A, , )

J, (H)=ag(T)/[po(Hog+H)],

where H is the applied magnetic field, ag(T) the fiux-
pinning force density, and Ho the positive constant [al-
ways less than 0.2 Oe (Ref. 6)] at a given temperature, al-
though other functional dependencies of J, were also pre-
viously assumed. The subscript "g" denotes grains.
For convenience, the grains are also assumed here to
have the same cylindrical shape and have an identical
length of L, . Additionally, all of the center axes for
grains are parallel to the applied magnetic field. Each
grain with an identical radius of R is uniformly sur-
rounded by the intergranular layer with a thickness of
2d„. Furthermore, the c axis of crystal grains is just
parallel to the applied field and the GS circulate inside
the grains in a-b planes with a radius of r. The GS result
in the diamagnetism of the grains, but at same time also
establish a paramagnetic induction in the intergranular
region including pores. The effective temperature and
field dependence of permeability, p,z accounting for these
two parts, can therefore be expressed as

The London grain penetration depth can be written as

A, ,b(t, H) =}g, t, (0)(1 t )—
H (1+t')

H„,(0) (1 —t') (7)

where t —= T/T, is the reduced temperature. On the oth-
er hand, Q (r) can be approximated as

2 2
&tiIcg r prtIcg kg, ab~zr(r)=

4H(R +d„) 4H(R +d„)
if the condition is restricted as (R +d„)))r (see the
Appendix). We estimate r with respect to P, i(R /kg, b ),
because it is plausible to assume that

nr L, R

~R L, g,b
cyl

that is,
1/2

I ff fg 1 P„i +f [1+Q (r)] r=R P,„l
g, ab

(10)

R=1 fgP,„, —
g, ab

+(1 f )Q (r), —(4)

where 1 —P, l is the fractional deviation of a cylindrical
grain's magnetization from a complete Meissner-state
fIux expulsion caused by the magnetic-Aux penetration,
and Q is a factor accounting for the paramagnetic per-
meability of intergranular layers induced by the GS.
From Ref. 25,

g,b(t ) =0.74),b(0)//1 —t (12)

Substituting Eqs. (3), (7), (10), and (11) into (8), Q be-
comes a temperature and field dependence of function,

In Eq. (3), the pinning force density for the Abricosov
vortices is

tx, (t ) =H,', (t)=H„,(0)H„,(0)(1—t')' .

With a clean-limit Ginzburg-Landau formula,
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1.e.)

H„(0)H,2 (0)g,„(0)
t, H =0. 185

H(H+Hos )

L,R
X ', (1 t—)'"(1+t )'

(Rs+d„)
R

A, ,I, (t, H)
(13)

The total effective permeability p,z is then obtained by
substituting (7) and (13) into (6). The FC magnetization
can be therefore evaluated by following equation:

47rM = (p, ,s —1 )H =y, ttH, (14)

2d„=R (15)

Evaluating the effective susceptibility requires only set-
ting the values of parameters f, R, and L„respectively.
For the sample in this study, f equals 0.11, Rg is ap-
proximated to be 0.5 pm, and L, is assumed to be equal
to 4Rg. The calculated g,z are plotted in Fig. 5 under
various magnetic fields. Calculation results shown in Fig.
5 are observed to be similar to experimental results
shown in Fig. 4. That is, as the applied field is low the di-
amagnetic signal initially increases and then decreases,
which results in a dip susceptibility curve. The dip
phenomenon gradually disappears as the applied field

0.06

0.04

$9 = 0.11

0.02

where y,z denotes the effective FC susceptibility.
Based on some magnetic measurements for Y I:2:4

compounds, ' we have chosen gg, z (0)= 19.5
H„(0)= 19.7 mT, H, 2 (0)=87 T, and A, ,b(0)= 1960
A. Actually, the effective thickness of intergranular lay-
ers, 2d„,can also alternatively be determined by R and

fg, that is,
1/2

0.00
f 9=0.8

-0.20—

—0.30—

gradually increases. Some assumptions are notably to be
made for simplifying this model, such as the shape and
orientation of grain and intergranular region. These as-
sumptions actually seldom occur at the sample prepared
by common solid-state technique. This model is there-
fore expected to provide more qualitative than quantita-
tive information for the conventional-sintered samples.
However, this model may be used for more quantitative
calculations for the grain-oriented bulks.

Relaxing the condition of small grain size and grain
volume fraction, e.g. , R =5 pm and fg =0.8, creates a
situation in which the positive moments can also appear
at low-field regime, as indicated in Fig. 6. This is despite
the fact that the magnetic fields are relatively low ((2.5
Oe) to observe paramagnetic signal in such a sample.
This proposed model therefore plausibly verifies that the
positive moments of high-granular HTSC are actually an
universal phenomenon which is not abnormal at all.
These positive moments are an induced paramagnetism
of intergranular layers by the supercurrents inside grains.
For the single crystal, fg almost nearly equals 1; the in-
tergranular volume fraction is then negligible and
paramagnetic effect disappears, as expected by Eq. (4).
The large particle size of powders crushed from the bulks
are composed of a fair number of grains, which are linked
by intergranular layers. The paramagnetic contribution
is therefore also observable. However, for the very fine
crushed powders each particle almost nearly equals one
grain. The effective thickness of inter granular corn-
ponents can be thought of as the distance between the
powders, which is always substantially larger than the
powder particle size, i.e., d„))R&.With Eq. (8) or (13),
Q is negligible even when the applied field is extremely
low. No dip susceptibility is detected for the very fine
crushed powders as the applied field becomes even small-
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FIG. 5. The curves of the field-cooled susceptibility calculat-
ed with Eq. (14) with R =0.5 pm and f~ =0.11 at various mag-
netic fields.

FICx. 6. The curves of the field-cooled susceptibility calculat-
ed with Eq. (14) with Rg =5 pm and f~ =0.8 at various magnet-
ic fields.
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APPENDIX: CALCULATION OF PERMEABILITY
OF INTERGRANULAR LAYERS INDUCED

BY THE SUPERCURRENT
—0.80

0.00 0.20 0.40 0.60 0.80 1.00

Temp T/T,

FIG. 9. The calculation result of y,& for La&»Sra»CuO&,
shown in Fig. 1(a), with R =5 pm, f =0.6.

IV. CONCLUSIONS

full Meissner effect ~40% under a constant field of 10
Oe. This result is also consistent with the calculation of
this model. Furthermore, a sample with R =10 pm and
0.5 ~f & 0.8 would exhibit 53 —65 % of the perfect
Meissner effect at T/Tc =0.05 under H=20 Oe on the
basis of this model. This value is not in contradiction
with those previously reported ' in which the sample
resembles Rs, fs, and H and exhibits y, s.=55%.

This model is apparently not only suitable for the Y
1:2:4 bulks but may also be extended toward other sys-
tems, that is, if the elementary physical parameters in-
cluding the A, ,b(0), g,b(0), H, &

(0), and H, z (0) are
properly chosen for the calculated system. For example,
the sample La& s&Sr0. 15Cu04, shown in Fig. 1(a), has an
average grain size of 10 pm and grain volume fraction of
0.6. The sample reported in Ref. 32 has H„(0)=5.2 mT,
H, z(0) =40 T, k(0) =3330 A, and g(0) =30 A. The cal-
culated result of the g,~ for this sample indicates no posi-
tive moment to be observed for applied field larger than 5

Oe, as shown in Fig. 9, which is similar to the measured
one.

with

dl =dl y = rd yy = rd y( —x sincp+ y coscp ), (A2)

where x and y are the basis vectors in rectangular coordi-
nate and R, 0, and y are the basis vectors in spherical
coordinate. On the other hand,

R, =[(x rcosy—) +(y rsiny) +z ]'~—

=[x +y +z +r 2r(x cosP+y sin—y)]'
1/2

r 2r=R 1+ — (x cosy+y sing)
R R

(A3)

where R =(x +y +z )' . If R ))r,
R 1+

2 coscp+ 2 since
rx ry

R R
(A4)

P(x, y, z)

A fine and round conducting circle with a radius of r is
indicated from Fig. 10 to be carried with current I. The
circle is placed at xy plane and its center is located at
(x,y, z) =(0,0,0). The vector potential A can be found at
(x,y, z), which is established by this current with the for-
mula

Pol
y

dl
4~ c R)

FC magnetization of the granular HTSC bulks was ob-
served to possess an interesting dip phenomenon (Figs. 1

and 4) in the low magnetic-field regime, which is not al-
ready realized by the typical and well-known characteris-
tics or previously published results on HTSC. A model
was proposed in this work for theoretically interpreting
this phenomenon and proving that it is an intrinsic
feature of granular superconductors at the low field re-
gime, caused by the paramagnetic induction of the inter-
granular region due to the intragranular supercurrents.
The magnitude of the applied field required for an obser-
vation of the positive moment depends on the sample
properties, such as the grain size and grain volume frac-
tion.

FIG. 10. The schematic configuration of a fine and round cir-
cle carrying with current I and establishing a magnetic field at
(x,y, z).
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Putting (A2) and (A4) into (Al) yields

Vol"A= ( —xy+yx) .
4R

(AS)

According to the coordinate transformation,
x =R sin8cosg and y =R sin8sinp, (AS) can be rewrit-
ten as

[(2cos8)R+(sin8)8] .
4R

(A8)

pol"B=
4R

(A9)

For calculating the induction in xy plane, we only require
that 0=90, i.e.,

s4"A=y sinO= 2
4R

where 2 =(polr /4R )sin0. Therefore,

(A6) and the permeability factor Q equals

(A 10)

8=VX A= . (3 sin8) —— (RA~)
R 8 . 0

(A7)

In this model, R =R +d„is established for estimating
the average effect, where R is the cylinder grain's radius
and d„is the half thickness of intergranular layers.
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