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1. INTRODUCTION

In the type�II granular superconductors placed in
an external magnetic field, the magnetic flux distribu�
tion is extremely inhomogeneous in space. The mag�
netic field is weakened in superconducting grains and
is concentrated in the grain boundary region. If the
superconductor coherence length is comparable to the
grain boundary length, which is valid for high�temper�
ature superconductors (HTSCs), such a boundary
behaves as a Josephson junction. For Josephson junc�
tions of any type [1], the current–voltage (I–V) char�
acteristic significantly changes under a magnetic field.
Therefore, the significant magnetoresistance effect is
observed in granular HTSCs, which is caused by dissi�
pation processes in grain boundaries [2–23]. Detailed
studies of the hysteretic dependences of the magne�
toresistance R(H) for yttrium [24, 25], bismuth [25],
and lanthanum [25] HTSC systems showed that these
characteristics are related to the magnetic flux com�
pression in the grain boundary region [26, 27]. Due to
the magnetic interaction of superconducting grains
with field in the grain boundary region, the magnetic
flux is compressed, and the magnetic induction can
significantly exceed the external field [26–28].

In [24, 25], the model was proposed, which consid�
ers the effective field taking identical for the entire

intergranular medium and proportional to the mag�
netic moment of superconductor grains. This model
made it possible to explain main features of hysteretic
dependences of the magnetoresistance of granular
superconductors [20–30].

In this study, magnetoresistive properties of the
low�density bismuth HTSC are analyzed within the
mentioned approach. The low density (20–40% of the
theoretical value [30–35]) in this material results from
a large number of pores, and randomly spatially ori�
ented Bi2223 grains are shaped as plates with large
enough linear sizes and small thickness. In this case,
grain cleavage regions are grain boundaries [32, 34,
35]. The sample magnetoresistance is controlled by
these grain boundaries and carries information on the
magnetic flux compression. This work is devoted the
study of the magnetic flux concentration effect in
grain boundaries of porous HTSC in an external mag�
netic field when transport current is passed through
the sample.

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE 

The previously obtained and characterized [31, 36]
porous HTSC samples of composition
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Bi1.8Pb0.3Sr1.9Ca2Cu3Ox with a bulk density of
2.26 g/cm3 (38% of the theoretical density) were stud�
ied. According to magnetic and electric measure�
ments, the superconducting transition onset tempera�
ture is 108 K [31, 36].

The typical results of scanning electron microscopy
(SEM) are shown in Fig. 1. The material consists of
tabular grains with average in�plane sizes of ~10–
20 μm and ~1 μm thick. It should be noted that, in this
study, we make no distinction between the terms grain
and crystallite. Grains touch each other only in small�
area cleavage regions, so that there are numerous
clearly distinguishable unfilled regions between grains
(pores).

The magnetoresistance R(H) = U(H)/I, where U is
the voltage drop and I is the transport current, was
measured by the standard four�probe method in the
constant current mode. The sample was shaped as a
parallelepiped 1 × 1.5 × 9 mm3 in size. In the magne�
toresistance measurements, the sample was in liquid
nitrogen. The magnetization hysteresis loop M(H) was
measured using a vibrating magnetometer [37]. In
magnetic and magnetoresistive measurements, the
superconductor was cooled in zero external field; the

dependences R(H) and M(H) were measured at a con�
stant external field sweep rate (1 Oe/s). No special
precautions on geomagnetic field shielding were
undertaken.

3. MODEL 

Let us consider the field distributions in the inter�
granular medium of granular HTSC. Since supercon�
ducting properties in grain boundaries are suppressed,
an external field begins to penetrate initially into these
regions upon reaching HC1J. The latter quantity is
called the first critical field for the Josephson medium
[38]. For granular HTSCs, HC1J as a rule does not
exceed several oersteds at temperatures of the order of
liquid nitrogen temperature [8, 9, 38].

In the range of fields higher than HC1J, but lower
than the first critical field of HTSC grains HC1, the
Meissner state is implemented in grains. The magnetic
induction lines from the shielding supercurrent in
superconducting grains are closed through grain
boundaries. At H > HC1, the external field partially
penetrates grains; however, the situation does not
change in principle, since the magnetic response of
the type�II superconductor is a superposition of con�
tributions of Meissner currents (diamagnetic
response) and Abrikosov vortices (their magnetic
moment is directed in parallel to the external field).
Under different experimental conditions (an increase
or decrease in the external field), the ratio of these
contributions can vary, which appears in the magneti�
zation hysteresis loop shape. The experimental hyster�
etic dependence M(H) which reflects the above contri�
butions can be used in the further analysis. 

Figure 2 qualitatively illustrates the discussed pat�
tern of magnetic induction lines the intergranular
medium for the porous superconductor. The cases

5 μm

50 μm(b)

(a)

Fig. 1. Results of scanning electron microscopy for porous
Bi1.8Pb0.3Sr1.9Ca2Cu3Ox with a bulk density of 2.26 g/cm3.
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Fig. 2. Schematic representation of the relative orientation
of the external field H, grain magnetic moments MG1 and
MG2, and the field Bind induced by them in the grain
boundary region for the studied porous HTSC (see Fig. 1).
The grains are shown as plates. The plate contact region
being a grain boundary is separated. The cases where the
external field (a) increases (H = Hinc, MG < 0) and (b)
decreases (H = Hdec, MG > 0) are shown.
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where dH/dt > 0 and M(H) < 0 (the external field
increases and the HTSC magnetic moment is nega�
tive, see Fig. 3) and dH/dt < 0 (M(H) > 0) are shown.
The magnetic flux in the grain boundary (grain cleav�
age region) is extremely sensitive to orientation of
grains due to their anisotropy [39–42] (the c crystallo�
graphic axis is perpendicular to the grain plane); even
for two adjacent grains, the calculation of the mag�
netic induction distribution is rather complicated.

In the case of a granular superconductor with ran�
dom orientation of superconducting grains and grain
boundaries, it is convenient to consider the effective
field in the intergranular medium. To this end, the fol�
lowing simplifications should be made: (i) the effective
field is identical in magnitude for all grain boundaries;
(ii) the dependence M(H) of the sample is similar to
the dependence M(H) of individual grains; (iii) the
field Bind induced by superconducting grains in the
intergranular medium is proportional to the sample
magnetic moment: Bind(H) = ±α × 4πM(H), where the
parameter α includes averaging over grain demagne�
tizing factors and defines the compression ratio of the
magnetic flux in the intergranular medium (grain
cleavage region). Then, the effective field Beff in the
intergranular medium is given by the expression

(1)

in which the relative directions of the vectors M, Bind,
and Beff sign are taken into account. At H > 0 and
dH/dt > 0, M < 0 and the induced field Bind > 0 (locally,
Bind || H, see Fig. 2a); in this case, Beff > 0. On the con�
trary, at H > 0 and dH/dt < 0, M > 0 and Bind < 0
(locally, Bind is antiparallel to H, see Fig. 2b). In the
latter case, in the region of relatively weak fields, Bind

can exceed H, and Beff will change sign. The magne�

Beff H( ) H α 4πM H( ),×–=

toresistance R(H) caused by dissipation processes in
grain boundaries is defined by the effective field in the
intergranular medium; since the Beff sign is not impor�
tant for these processes, R is a certain function of the
Beff magnitude, i.e., R(H) = f(|Beff(H)|).

Since the dependence M(H) is hysteretic (due to
vortex pinning within grains), the dependences
Beff(H), hence, R(H) are also hysteretic. As shown in
[22, 26, 27], an analysis of the dependences |Beff(H)|
obtained from experimental data on the magnetiza�
tion M(H) allows us to explain the main features of the
hysteretic dependences of the magnetoresistance
R(H).

Due to the I–V characteristic nonlinearity, the
magnetoresistance depends also on the transport cur�
rent. Therefore, to analyze the hysteretic dependences
R(H), it was proposed to consider the current�inde�
pendent parameter, i.e., the field width ΔH of the mag�
netoresistance hysteresis [24, 25]. The field depen�
dence of ΔH is given by ΔH(Hdec) = Hdec – Hinc, where
Hinc and Hdec are the increasing (dH/dt > 0) and
decreasing (dH/dt < 0) fields for which the equalities
R(Hinc) = R(Hdec) are satisfied, hence, |Beff(Hinc)| =
|Beff(Hdec)|. Using expression (1), we obtain 

(2)

The parameter ΔH for most studied systems
(yttrium [24, 25], lanthanum, and bismuth [25–27,
29] granular HTSCs) is independent of the transport
current at which the magnetoresistance was measured.
For the yttrium and bismuth systems, the intragranu�
lar critical current density is typically 104–105 A/cm2

in the region of liquid�nitrogen temperatures. It is 2–
3 orders of magnitude higher than transport current
densities which can be achieved for granular bulk sam�
ples without an appreciable heating effect. However,
the effect of the transport current on Abrikosov vorti�
ces within grains (pinned vortex separation, flux creep,
and others) would be experimentally detectable if the
transport current density is of the order of the critical
current density in superconducting grains. Thus, the
transport current did not change magnetic properties
of HTSC grains (dependences M(Hinc) and M(Hdec))
in [24, 25]. The dependence ΔH(H) was also
unchanged at different currents I. The fact under con�
sideration gave grounds to argue that the magnetic flux
pinning is absent in the region of grain boundaries at
T = 77 K. Otherwise, a current increase would lead to
a change in the mode from the flux creep to flux in an
intergranular medium and, eventually, to the depen�
dence of ΔH on I [24, 25, 29].

In [23], a decrease in the parameter ΔH was ana�
lyzed in the case where the dependence R(H) is close
to flattening and the R(H) hysteresis becomes small, so
that the effective�field approximation in the intergran�
ular medium becomes invalid. In the model under
consideration, it is assumed that the magnetoresis�

ΔH Hdec( ) α 4π M Hinc( ) M Hdec( )–( ).×=
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Fig. 3. Portion of the M(H) hysteresis loop of the porous
HTSC under study at T = 77.4 K. Closed and open sym�
bols correspond to increasing (H = Hinc) and decreasing
(H = Hdec) fields, respectively.
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tance is controlled only by the intergranular medium,
i.e., the contribution of HTSC grains to dissipation is
absent for used external fields.

4. RESULTS AND DISCUSSION 

The experimental hysteretic dependences of the
magnetization M(H) and R(H), obtained under iden�
tical experimental conditions, are shown in Figs. 3 and
4a. The magnetoresistance was measured at transport
currents I from 40 to 500 mA. The critical current in
zero external field IC(H = 0) for this sample is
≈580 mA; therefore, the dependences R(H) in Fig. 4a
start from the origin of coordinates (at H = 0, R = 0).
The behavior of the dependences R(H) is qualitatively
well explained within the considerations presented in
the previous section. However, in contrast to the pre�
vious results for samples of yttrium, bismuth, and lan�
thanum systems, the effect of the transport current on
the dependence ΔH(H) is observed. The horizontal
segment in Fig. 4a show ΔH at Hdec = 200 Oe. As the
transport current increases, ΔH in the field Hdec =
200 Oe appreciably decreases. Previously [25], it was
found that ΔH is independent of the transport current
for the sample of the same composition, but with a
density of ≈90% of the theoretical), under similar
experimental conditions (temperature, field and cur�
rent ranges).

Let us consider possible causes of the decrease in
the hysteresis field width with increasing transport
current. The density of the intragranular critical cur�
rent in zero external field for this porous sample,
determined by the Bean model from the M(H) data
(Fig. 3), is 104 A/cm2. We note that the use of the Bean
model in weak fields results in underestimation of the
critical current density. The density of the transport
current through the sample varies within 2.7–
33 A/cm2; the same taking into account the presence
of pores (the sample density is 38% from the theoreti�
cal) is 7–88 A/cm2. Hence, the transport current den�
sity within grains is much lower than the critical one,
and the current cannot affect the magnetic moment of
grains. Thus, it can be considered that M(Hinc) and
M(Hdec) remain unchanged. It follows from (2) that the
change in ΔH through transport current variations can
be associated only with a change in the parameter α.

The behavior of the magnetoresistance R(H) is
controlled by hysteretic dependences Beff(H) which
can be obtained from M(H) loops (Fig. 3). Figure 4b
shows the dependences Beff(H) at different parameters
α. When constructing these dependences, the values
of α were selected, at which the values ΔH from the
dependences R(H) and Beff(H) coincide in the field
range of 100–250 Oe (Fig. 5). The change in the
parameter α from 15 to 7.5 reflects well the observed
decrease in the hysteresis field width, obtained from
the dependences R(H), which is illustrated in Fig. 5.

Granular HTSCs can be considered as a Josephson
medium in which grain boundaries are barriers, i.e.,
“normal” regions separating superconducting banks.
The effective size of the “normal region” L is defined
by both the geometrical thickness of the grain bound�
ary and superconducting grain parameters. As the
transport current increases, L increases due to Joule
heating and the corresponding decrease in the super�
conducting order parameter in the boundary regions
of superconducting grains [43]. An increase in the
effective thickness L of grain boundaries leads to an
increase in the regions (non�superconducting or “nor�
mal”) into which the magnetic field can freely pene�
trate, which should result in a decrease in the magnetic
flux concentration effect. As the size of the grain
boundary containing the magnetic flux increases, the
local magnetic induction in it decreases. In the
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Fig. 4. (a) Hysteretic dependences of the magnetoresis�
tance R(H) at different transport currents I and (b) hyster�
etic dependences of the effective field magnitude |Beff(H)|
in the intergranular medium, obtained from the data on
M(H) (Fig. 3) by formula (1) at different parameters α.
Closed and open symbols correspond to increasing (H =
Hinc) and decreasing (H = Hdec) fields, respectively. Hori�
zontal segments show the hysteresis field width ΔH at
Hdec = 200 Oe.
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described scenario, the parameter α is proportional to
L, and the experimentally observed decrease in the
field width of the hysteresis with decreasing α is asso�
ciated with an increase in “normal” regions. Thus, the
dependence of α on I is associated with an increase in
L with the current density. It can be concluded that α
varied from 15 to 7.5 as the current was varied from 40
to 500 mA (Fig. 5); accordingly, the effective boundary
thickness twofold increased.

Such an appreciable effect of I on L necessitates
that the transport current density would be much more
higher than the critical current density of weak link.
For the previously studied samples with sufficiently
high physical density, including bismuth HTSC, this
condition was not satisfied under similar experimental
conditions [25]. We can distinguish the following fea�
tures characteristic of porous granular HTSC in com�
parison with dense samples: (i) the transport current in
the porous sample flows over a smaller number of tra�
jectories [44]; (ii) contact (cleavage) regions of grains
in the porous sample have probably a smaller area than
in the dense sample; (iii) the porous sample or even
grain clusters not involved when current flows through
the sample (dead ends). These features lead to that the
current density through a typical grain boundary in the
porous sample will be 1–2 orders of magnitude higher
than in a dense granular sample at the same transport
current. Therefore, in porous samples, the effect of the
current on the hysteresis field width ΔH, related to the
dependence of L on I is observed due to the current
concentration in grain boundaries. 

The effect of sizes and dimension of “normal”
regions in superconductors on I–V characteristics
during transport current flow was studied in the works
by Kuzmin [45, 46]. For porous HTSCs, the depen�
dence of the “normal region” sizes on the transport
current and magnetic field was detected previously
[35, 47].

5. CONCLUSIONS 

It was found that the effect of magnetic flux com�
pression in the intergranular medium of porous gran�
ular HTSC Bi1.8Pb0.3Sr1.9Ca2Cu3Ox, which controls
the hysteretic behavior of the magnetoresistance
R(H), depends on the transport current.

For porous HTSC, the field width ΔH of the mag�
netoresistance hysteresis significantly decreases with
increasing transport current I, whereas ΔH of dense
samples is independent of I under similar experimen�
tal conditions. The observed ΔH behavior was
explained by the fact that the porous HTSC micro�
structure causes a significant current concentration in
grain boundaries. Therefore, in the case of a compar�
atively low transport current, the geometrical extent of
non�superconducting regions in grain boundaries of
porous HTSC increases. The increase in the size of
non�superconducting regions, into which the mag�
netic flux penetrates, results in the decrease in the
effective field in the intergranular medium and the
observed magnetoresistance hysteresis narrowing.
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