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Field dependence of the magnetization of granular Y-Ba-Cu-0
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We have studied the field dependence of the zero-field-cooled magnetization of granular Y-Ba-Cu-0
samples of different packing factors (between 10% and 80%). We discuss the competition between the
demagnetizing factors of the sample, N, and that of the grains, n. Applying the Clausius-Mossotti ap-
proximation, we suggest a phenomenological model to treat the experimental results. According to the
model the effective demagnetizing factors N, ff depend on the fraction of shielded volume, which is itself
a field-dependent quantity. At low fields, N, ff approach N and n for highly compact and dilute samples,
respectively. The suggested analysis enables the distinction and characterization of the different contri-
butions to the total volume of the sample.

I. INTRODUCTION

Much of our information regarding high-T, supercon-
ductors has been obtained through magnetization rnea-
surements of granular ceramics. The magnetization
values and the parameters extracted from them could be
extremely difficult to handle, since the detailed magnetic
structure of inhomogeneous samples is not perfectly
clear. The magnetization of sintered samples is governed
by the effective demagnetization field seen by the sample.
The calculation of this field could be extremely difficult,
as the shape of the whole sample is generally and usually
not an ellipsoid and as there is a competition between the
demagnetizing factors of the macroscopic sample on the
one hand and that of the grains on the other.

For cylinders the calculation of the demagnetizing fac-
tors is not straightforward, since the magnetization is not
homogeneous and in general, varies throughout the
cylinder in both the radial and axial direction. This prob-
lem has been theoretically addressed by Chen, Brug, and
Goldfarb' who have calculated the demagnetizing factors
for cylinders as a function of the susceptibility and the as-
pect ratio, assuming that the cylinder is homogeneous
and consists of material with constant susceptibility.
Their results are consistent with an earlier work of Tay-
lor, which predicts that for a diamagnetic cylinder
(y &0), the sum of the demagnetizing factors along the
principal axes of the cylinder, should be larger than 1.
The demagnetizing factors of cylinders have been extract-
ed experimentally by Kunchur and Poon from magneti-
zation measurements on lead and Nb-Ti discs. They
found that the ellipsoidal approximation is not suitable
for cylinders with large aspect ratios.

The competition between the demagnetizing factors of
the whole sample and of the grains has been investigated
by Senoussi et a/. , who have performed magnetic mea-
surements on sintered Y-Ba-Cu-0 pellets and on oriented
grains dispersed in epoxy resin. They have shown that
for highly compact specimens with packing factors
& 85% the demagnetizing factors are imposed by the
macroscopic shape of the sample, and these for low-

density samples are governed by the geometrical shape of
the individual grains. This result is consistent with calcu-
lations made by Maxwell and presented in his Treatise,
from which one can conclude that for a dense mixture
the effective demagnetizing factors are that of the pellet,
not the grains, even when the grains are decoupled by
external field.

A further complication of the description of the mag-
netization of inhornogeneous granular ceramic supercon-
ductors is the field dependence of the shielded volume,
which contributes to the diamagnetic signal. An increase
of the applied field Hp causes an increase of the amount
of flux penetrating the weak links and grains and thus
leads to a monotonic decrease of the volume that is
shielded from the magnetic induction, B. This decrease is
expressed in M (Ho ) curves by an increasing deviation
from linearity, even below H„of the grains. The non-
linear field dependence of the moment of ceramics is
different from that observed in single crystals, for which
M is quite linear even in fields exceeding H, &. It seems
that although some effort has been made, a detailed study
of the magnetization as a function of Hp of granular
ceramic superconductors is nevertheless needed.

In order to clarify and to elucidate this problem we
have carried out a detailed study of polycrystalline Y-
Ba-Cu-0 cylinders of different dimensions in a large
range of packing factors, between 10 and 80%%uo. The sam-
ples were zero-field cooled down to 4.2 K and the mag-
netic moments were measured as a function of applied
field Hp up to 1000 Oe, in two perpendicular orientations
[Ho parallel to the axis of the cylinder, c (Ho~~c), and
parallel to the radius of the cylinder, r (Ho~~r)]. Typical
M vs Hp curves in both directions, that of sample 3, are
presented in Fig. 1(a). The ratio of the magnetic mo-
ments, M, /M, =1.35 is almost constant in the whole
field range. This ratio is smaller than =1.6, one would
expect by approximating the cylinder to be an ellipsoid of
revolution, and using demagnetizing factors from conven-
tional tables. This inconsistency is quite obvious, since
our sample is not homogeneous and the macroscopic di-
mensions of the sample are not the only relevant dimen-
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sions. Furthermore, Taylor's calculations for homogene-
ous cylinder predict that its anisotropy ratio should be
smaller than that of an ellipsoid with the same aspect ra-
tio. Since the ratio M, /M„ is field independent one can
naively replace the applied field by an effective internal
field H, rr

=Ho I( 1 —X, ) using effective demagnetizing
factors N„which are field independent, and scale the two
curves of Fig. 1(a) into one curve [see Fig. 1(b}]. The ex-
tent of the scaling is good throughout the whole field
range, and is not altered at fields exceeding H„. In fact,
this method could serve as an experimental tool to ex-
tract N, of polycrystalline samples. However, as we
show below, this treatment of the experimental results,
simple and straightforward as it is, is not justified. In this
paper we show that the effective demagnetization factors
depend on the fraction of the shielded volume f, which is
itself a field-dependent quantity, and thus the scaling has
a different origin.

Spatial distribution of the magnetic field in a supercon-
ductive (SC) sample determines in great extent its mag-
netic properties. To evaluate these properties, one has to
clear up the picture of the physical state of inhomogene-
ous sample and use a system of conceptions that allows

one to perform calculations. The exact calculation of the
distribution of the field and the magnetic moment in a
sample is a problem of extreme mathematical diSculty.
To approach the solution of the problem one has to use a
model notion. Field flow through a ceramic SC pellet
was considered previously by Reich and Nabutovsky,
who estimated the strength of the weak SC links in a
granular system. They claim applicability of their model
and experimental results to the case of a small shielded
fraction. Holdron, Navarro, and Campbell, systemati-
cally investigated the dependence of the field value in the
intergranular area for small Ho. They considered SC
spheres, immersed in a magnetic field, which is homo-
geneous far away from the spheres. Their results refer
mainly to cylinders with its long axes parallel to Ho. In
Sec. II, we propose a simple phenomenological model,
which connects the measured magnetic moment of the
SC granular sample and Ho, even at high Ho, for
different orientations of dilute and dense materials. This
model is used as a basis for the treatment of the experi-
mental results that follow.

II. THEORETICAL MODEL
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FIG. 1. (a) Applied field dependence of M of sample 3 for
Ho~(c and Ho~~r. (h) The same data drawn as a function of
H ~=HO/( 1 N ).

The model assumes that flux lines penetrate through
the granular ceramics along the nonsuperconductive
areas, percolating the sample, while the rest of the sample
remains shielded. This implies a certain magnetic struc-
ture of the sample. As the conditions of the problem fair-
ly correspond to the framework of the linear electro-
dynamics, the measured density of the magnetic moment
M should depend linearly on Ho, only when the magnetic
structure of the sample is independent on Ho. So, non-
linear dependence of M on Ho is a consequence of the
changes in the magnetic structure of the sample with in-
creasing Ho. On the other hand, the magnetic structure
of a given sample is determined by the value of the mag-
netic field inside the percolating nonsuperconductive
areas (PNA), which in the general case depends on the
orientation of the sample with respect to Ho. Hence, for
a definite, fixed value of Ho, we may have different mag-
netic structures of the same sample, depending on its
orientation. From this it follows that the well-known re-
lationship between the components of the demagnetizing
factors (namely that their sum is equal to 1) does not
necessarily hold. In a case of inhomogeneous sample
(such as granular ceramic sample) the values of magnetic
field inside the sample are inhomogeneous as well. By in-

creasing the external field, we may reach a critical value
of a field in some parts of the sample, changing in this
way its magnetic structure. All this manifests itself in the
values of magnetic moment and the calculated shielded
fraction of the sample.

To describe the shielded state of the granular supercon-
ductor, we have to formulate a model that takes into ac-
count (a) the shape of the sample, (b) the shape of the
shielded volume elements (SVE}, (c) the penetration of
flux through the PNA, and (d) the flux density in the SVE
when the field in them, H„exceeds H, &. In the theory of
mesoscopically inhomogeneous samples there are two
simple approaches: The Clausius-Mossotti (CM) approxi-



46 FIELD DEPENDENCE OF THE MAGNETIZATION OF. . . 14 825

mation, commonly used in dielectric theory, ' and the
effective-medium theory of Bruggeman. " Both ap-
proaches are thoroughly reviewed by Landauer. ' The
CM approximation is applicable to more or less regular
structures, while the effective-medium theory takes into
account random distribution of inhomogeneities. In
ceramic materials the grains do not overlap and are, in
general, separated by intergranular weak links and pores,
so we consider the concept of CM as more appropriate.
The model to be described next, corresponds to this ap-
proximation applied to our specific case.

Mode/: Due to the inhuence of the shape of the sample,
the connection between the internal field H; and Ho is
given by

H; =Ho —4mNM,

where H; and M are the internal field and magnetic mo-
ment averaged over the entire volume and 1V is the mac-
roscopic demagnetizing factor. It is supposed, as well,
that M =0 inside the PNA (including percolating pores)
and that the boundaries between the SVE and PNA are
sharp. We further introduce the effective homogeneous
magnetic field inside the PNA, H, which plays the role of
the external field with respect to the SVE. Hence the
average value of the magnetic field inside the SVE, H„
could be described as

N, & are the effective demagnetizing factors. This termi-
nology is based on the comparison of Eq. (8) to a similar
equation describing the field dependence of the magnetic
moment of single crystals. According to Eq. (9), N, s is a
weighted average of the demagnetizing factors of the
SVE and of the sample as a whole. In a case of f =1 we
have N, s. =N, while for f ((1 we obtain N,z=n. This
result implies that for highly compact samples in low
fields, the effective demagnetizing factors are imposed by
the macroscopic shape of the sample, and for samples
with low packing factors they are governed by the shape
of the individual shielded elements, as shown experimen-
tally by Senoussi et al.

Let us consider separately the case of complete shield-
ing of the SVE (B,=0). In this case we get from Eqs. (2),
(4), (7), and (9) that

H=Ho(1 n)—/(1 N, fr)
—and H, =HO/(1 N, fr) .—(10)

Rewriting Eq. (7) we get, in this case,

(1 n)M-

M (N n) H—o /4—m'.
a formula that will later serve in the analysis of the exper-
irnental data.

H, =H —4m.nM, , (2)
III. EXPERIMENTAL DETAILS

where n is the demagnetizating factor and M, is the
specific (per unit volume) value of the magnetic moment
of the SVE. If Vis the volume of the sample, and v is the
shielded volume, the shielded fraction is given by
f =v/Vand

H, =(1 f)H+ fH, =—H 4mnfM, =—H 4mnM, —(3)

H =Ho —4n.M (N n);—
inserting Eqs. (3) and (4) into Eq. (2) we get

H, =Ho 4m. [fN+( I f)n J—M/f . —

(4)

(5)

The induction 8 inside the SVE is given by

B,=H, +4aM, =Ho+4n[1 . fN —(1 .f)n JM—/f, (6)—

and after rewriting this we obtain

Ho —B,
4m. 1 fN —(1—f)n— (7)

This equation could be rewritten once more in a way that
emphasizes the physics behind it:

(8)

where

N,s=fN+(I —f)n .

where Eq. (2) is used, as is the fact that M =fM„since
M =0 inside the PNA. Comparing Eqs. (1) and (3) we
get

The experimental study has been performed on poly-
crystalline Y-Ba-Cu-0 cylinders (diameter, 0.5 cm) of
different packing factors and thicknesses. The Y-Ba-Cu-
0 material was prepared by conventional solid-state reac-
tion. The appropriate amount of the oxides was pressed
into pellets and heated to 950'C for 24 h and then ground
into powder. This procedure was repeated twice. In or-
der to obtain the highly packed samples (77% samples 1,
2, 5, and 6) the powder was pressed at 9200 kg/cm . The
samples with packing factor 65% (3 and 4) were obtained
by pressing the powder at 1500 kg/cm . With the inten-
tion to control the sizes of the grains and the strength
and nature of the weak links the samples (samples 1 —6)
were treated by different heat treatments, which followed
a 2 h sintering at 950'C. Samples 1, 3, 5, and 6 were
cooled to 450'C at a slow rate of 10'C/h, while samples 2
and 4 were furnace cooled in this interval of temperatures
( =100'C/h during the first hour). All samples were fur-
ther annealed at 450'C and furnace cooled to room tem-
perature under Aow of oxygen. The lower-density sam-
ples (30% and 10%, samples 7 and 8, respectively) were
obtained by mixing annealed Y-Ba-Cu-0 powder with
methyl methacrylate polymer. The parameters related to
all samples are summarized in Table I. All samples were
characterized by scanning electron microscopy (SEM),
which enabled the determination of the typical sizes of
grains (between 2 and 10 pm, for sample 4 and 1, respec-
tively) and the estimation of the contribution of in-
tegranular material and pores to the total volume.

Magnetic measurements reported here were carried on
a cornrnercial PAR 155 vibrating sample magnetometer,
which enables a rotation of the sample relative to the
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TABLE I. Packing factors, dimensions, and preparation methods of the Y-Ba-Cu-0 cylinders used
in the experimental study. The details are described in the text.

Sample
No.

Packing
factor

77%
77%
65%
65%
77%%uo

77%%uo

30%
10%

Diameter
(cm)

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Thickness
(cm)

0.25
0.25
0.25
0.25
0.20
0.30
0.25
0.25

Pressure
(kg/cm )

9200
9200
1500
1500
9200
9200

Cooling
rate

10 C/h
fast

10 C/h
fast

10'C/h
10'C/h

Remarks

polymer
polymer

external field direction. All samples were cooled to 4.2 K
under nominal zero field (less than 1 Oe), at different
orientations. A field was subsequently applied and the
magnetic moment was recorded as a function of the ap-
plied field, Ho. All measurements described here were
performed at 4.2 K.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The volume of a granular sample could be described as
the sum of four contributions: (a) the volume of grains,
(b) the volume of weak links, (c) the volume of the nonsu-
perconducting intergranular material, and (d) the volume
of shielded (surrounded by superconductive material) and
unshielded pores. At high fields the SVE are composed
only of grains, and the effective field inside the grains, H,
could replace H„while at lower fields the weak links and
the shielded pores are parts of the SVE as well.

The applied field dependence of M for ceramic samples
is described by Eq. (g). The nonlinearity (Fig. 1) is a
consequence of a decrease of the shielded volume f and
penetration of Aux into it, leading to an increase of B„as
the applied field is increased. As long as H (H„"'"' the
nonlinearity is governed by a decrease of f, caused main-

ly by the transition of the weak links from superconduc-
tive (field in the weak links smaller than H,",') to the nor-
mal state (field in the weak links larger than H,"2'). The
grains in this interval remain shielded (except for the
London penetration shell, which is by definition unshield-
ed), while the weak links are either totally shielded

(H, &H,",'), partially shielded (H,",' &H, &H,"2') or not
being part of the SVE (weak links in the normal state). It
is therefore that as long as H is smaller than H, &"'"', B„
which is the average of B over the entire volume of the
SVE, is either zero or negligible. We thus apply Eq. (11)
to this field regime.

A. Demagnetizing factors

Equation (11) contains two unknown quantities, name-

ly N and n, which are the demagnetizing factors of the

macroscopic sample and the grains, respectively. The
SVF of samples 1 —8 could be assumed spherical and thus
n =1/3. In order to evaluate N, M vs H measurements
at 4.2 K were performed on lead metal cylinders of di-
mensions similar to those of the Y-Ba-Cu-0 samples

given in Table I. The measurements were performed on
both Ho~~c and Ho~~r. N„and N„which were extracted
from the different slopes of M vs H curves in the

Ho &H, (1 N) reg—ime are similar to those calculated ap-

proximating the cylinders to be ellipsoids with the same
aspect ratio. This result is consistent with previously
published results, which found an essential disagreement
between the two, only for lead cylinders with much
higher aspect ratios. For the lead cylinder with dimen-
sions identical to samples 1 —4, 7, and 8, we extract
N, =0.53(1) and N„=0.23(2). The sum N, +2N„
=0.99(5) is smaller than 1.1114calculated by Taylor for
a superconducting cylinder with the same aspect ratio. It
should be noted that the demagnetizing factors could be
also received by dividing the location of the deviation of
M from linearity at HO=H, (1 N) by—H, . This ap-
proach leads to somewhat different demagnetizing fac-
tors, a fact which was previously discussed.

B. Results related to the compact samples (1—6)

We measured the applied field dependence of the mag-
netic moment at 4.2 K of samples 1 —6 in both Ho~~c and

Ho~~r directions. Generally speaking, the field depen-
dence of M for all samples in both directions are quite
similar and typical curves, that of sample 3, are exhibited
in Fig. 1. As mentioned above, the shape of the curves is
described by Eq. (8). The M(HO) dependence is qualita-

tively different than that observed on single crystals.
The single-crystals curves are quite linear even in fields

exceeding H, j, whereas the deviation from linearity ob-

served in polycrystalline samples is much more pro-
nounced. This difference could be readily explained on
the basis of critical state models. ' ' The relevant di-

mensions for applying these models to ceramic samples in

fields exceeding H, 2' (wl —weak links) are the dimensions

of the grain, while for single crystals they are the external
dimensions of the crystal. The field gradient inside the
superconducting material is independent of dimensions,
and thus the field profile inside a single crystal differs

from that of an ensemble of grains with similar volume.

Figures 2(a) and 2(b) show the shielded fraction f of
samples 1 —4 for Ho~~c as a function of Ho, calculated us-

ing Eq. (11), with n =I/3 and N, =0.53. One can im-

mediately recognize the four different regimes in the
curves.
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(a) H, &H,",' —The shielded fraction f of samples 1

and 3 (the samples that were cooled slowly after sinter-
ing) is constant. From Fig. 2(b), using Eq. (10) to deter-
mine H, from Ho, we extract H,",' = 10 Oe. For samples 2
and 4, which were obtained by cooling at a much faster
rate, which does not allow the formation of weak links
with homogeneous characteristics, the behavior is
different. For these samples we do not find an interval of
constant shielded fraction and a well defined H,",'. Note
also, that f of samples 1 and 3 is smaller than that of
samples 2 and 4. We interpret this result on the basis of
difference in the concentration of shielded pores in the
samples. Long heat treatments lead to coalescence of
closed shielded pores to a larger, open and unshielded
pore, and thus cause a lowering of the shielded fraction in
this regime.

(b) H,",' H, H,"2' —This interval is characterized by
a sharp decrease of f. The location of H,"2' is quite well
defined for all samples [Fig. 2(b)], and using Eq. (10), we
extract H,"2' =50 Oe.

(c) H,"2' &H; Hs &Hsl"'"'—The shielded fraction is

nearly constant. The location of H, &""' is smeared due to
inhomogeneous grains characteristics. In this field re-
gime the shielded fraction hierarchy is such that

f f 500, fast f 1 500, slow f9200, fast f9200, slow (12)

where the subscripts are related to the pressure applied to
the powder during pressing and to the cooling rate. This
reasonable result means that large pressing force and
slow cooling rates increase the fraction of the grains in
the total volume of the sample and their typical size. The
effect of the grain size on f is introduced by the ratio
A, lrs of the London penetration depth to the grain size,
controlling the contribution of the nonshielded London
penetration shell to the total volume of the grain. SEM
studies of the samples show similar hierarchy in the typi-
cal sizes of the grains (between 2 pm and 10 pm).

(d) Hs ~Hsl"'"' —characterized by a continuing de-
crease of the shielded fraction. It should be noted that
for fields higher than H„"'"' the treatment of the data
with Eq. (11) is not justified, since the contribution of 8,
to M [Eqs. (7) and (8)] could not be neglected anymore.
It is therefore that the decrease of the actual shielded
fraction in this interval is less pronounced than that
presented in Fig. 2(a).

The obtained H,",' and H,"2' values are consistent with
values published by Senoussi et al. The sharp drop in f
in the range H,",' &H, &H,"2' [Fig. 2(b)] may serve as a
tool to estimate the volume of the weak links and the
pores surrounded by superconductive material, which is
between 15% (sample 1) and 35% (sample 4) of the total
volume of the sample. The field dependence of f for
Ho~~c of samples 5 and 6, which differ from sample 1 only
by their external dimensions, is very similar to that of
sample 1.

According to Eq. (9), the effective demagnetizing factor
depends on f. For these samples N„& n & N„and thus
the weighted averaging suggested by this equation leads
to an increase of N",ff and a decrease of N;ff (Fig. 3) as f
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FIG. 2. The applied field dependence of the shielded faction
f of samples 1 —4 for Hp~~c, calculated using Eq. (11), for (a)
Hp &1000 Oe and (b) Hp &100 Oe. The decrease of f for
Hg & Hg,"'"' is less pronounced than that presented in this figure,
since the assumption that 8, =0 is not justified in this field inter-
val.
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FIG. 3. The applied field dependence of N'ff and N",ff of sam-
ple 4. Note that at low fields they approach N, and N„respec-
tively.



U. YARON, Y. KORNYUSHIN, AND I. FEI.NER

1.7 0.26

sample 1 —9200 kgtcm2, slow cooling Y-Ba-Cu-0 Powder in Polymer

0.24
1.6 Hii !) c

XAKXX X X X
X X

0.09
0

0.22
O

sample 7 —30%

1.5

020 OO O O
(D 0 0 0

0.18
o

sample g — Jot/i'

0.08

x
XXX ~X

XXXXX X X
0.07

0.16

EEc grains

1000800400 600

Elo {Oe)
200 50 100 150 200 250 '300 350 400

E-Eo (Oe )

FIG. 4. The applied field dependence of M, /M„of sample 1.
Note that at low fields the ratio approaches
(1—N„)/(1 —N, )=1.6, and that at fields exceeding H,"2' it is
essentially constant.

FIG. 5. The applied field dependence (Ho~~c) of the shielded
fraction f of samples 7 and 8 prepared by dispersing fine Y-Ba-
Cu-0 powder in polymer. Note that f is essentially constant up
to HP[""'. The decrease of f at higher fields is less significant
than presented in this figure, since the assumption that 8, =0 is
not justified at these fields.

low-field limit (0.24 and 0.08 for samples 7 and 8, respec-
tively), allows us to estimate that the relative contribution
of nonsuperconducting material to the total volume of
the Y-Ba-Cu-0 powder is about 20%.

These samples were also measured in the perpendicular
direction, yielding the ratio

nearly field independent throughout the whole studied
field interval.

It is instructive to compare the previous results with
results obtained on a melt textured sample (packing fac-
tor = 80%). This sample, as characterized by SEM, is
composed of 100XSOX15 pm (typical size) bricklike
grains, nearly perfectly oriented one on top of the other
with the thin dimension parallel to the axis of the
cylinder. The amount of intergranular material is negli-
gible. Qualitatively speaking the field dependence of f
for this sample is similar to that of samples 7 and 8
skown in Fig. S. The shielded fraction is constant up to
Hg,"'"', with no evidence for existence of weak links of
significant volume. The ratio M, /M„of this sample is

constant up to H, &"'"' and regularly decreases at higher
fields. This is in sharp contrast to the results obtained on
the intrinsically isotropic samples (1—8), for which this
ratio was nearly field independent, for H) H,"2' (Fig. 4).
It is, therefore, that M, and M, of the melt-textured sam-

ple could not be scaled in a similar manner to that
presented in Fig. 1(b). The experimental details related to
the melt-textured sample will be published elsewhere. '

M, Ho B,' f, 1 N—",s-
Ho B," f„ 1 N',—fr— (13)

For H, &H,",', where B,=0, f, =f„, and N, ~=N, and
thus the ratio equals (1 N„)/(1 N, ).—For larg—er fields
the independence of this ratio reflects the mutual change
of both f, /f„and (1—¹s)/(I—N', s). The fact that
this ratio does not alter upon crossing H, &""' points to
the insignificant contribution of B, to it in the studied
field interval.

C. Results related to samples 7 and 8

Figure 5 shows the shielded fraction of samples 7 and
8, for Ho~~ c as a function of Ho, and from a mere glance it
is apparent that there is no sharp decrease, which is
characteristic for the contribution of the weak links. The
shielded fraction is constant up to H„'""', which is not
well defined due to the scattered grains characteristics.
The absence of the weak links features in Fig. 5 is readily
understood, since both samples were prepared by dispers-
ing fine Y-Ba-Cu-0 powder in a polymer, a procedure
that destroys most weak links. The values of f in the

V. CONCLUSIONS

Applying the Clausius-Mossotti approach to the prob-
lem of granular ceramic superconductors, we suggest a
phenomenological model. According to the model the

decreases. In the low-field limit, f is quite high and N, s
and X",z approach the demagnetizing factors of the sam-
ple as a whole (N, =0.53 and N„=0.23). As mentioned
above, these values are similar to that received by ap-
proximating the cylinder by an ellipsoid with the same
aspect ratio.

For Ho~~r the field dependence of f extracted from the
M(HO) curves are qualitatively similar to that obtained
for Hii~~c, shown in Fig. 2. Typical field dependence of
the ratio of the magnetic moments M, /M„ that of sam-

ple 1, is presented in Fig. 4. For very low fields it equals
(1 —N„)/(1 —N, )=1.6 and then it drops to a smaller
value and stays essentially constant throughout the entire
studied field range including Hg )H, &"'"'. According to
Eq. (8) this ratio is



46 FIELD DEPENDENCE OF THE MAGNETIZATION OF. . . 14 829

effective demagnetizing factors depend on the fraction of
shielded volume, which is for itself a field-dependent
quantity. We have used this model to evaluate magneti-
zation measurements of granular Y-Ba-Cu-0 samples of
different packing factors. The model enables us to trace
the field dependence of both the shielded fraction and the
effective demagnetizing factors. From the field depen-
dence of these values we extract the different contribu-
tions to the volume of the sample and the relevant critical
fields. For samples with well formed weak link H,",'=10
Oe and H,"2'=50 Oe. We found that slow cooling rates
lead to a formation of homogeneous weak links and to a
combination of some amount of shielded pores to a larger
unshielded pore. For intrinsically isotropic samples we

observed nearly field-independent anisotropy ratio of the
magnetic moments.
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