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Abstract In order to clarify the mechanisms in charge of
broadening of resistive transition R(T ) in magnetic fields
of bismuth-based polycrystalline high-TC superconductor
(HTSC), a comparative study of Bi1.8Pb0.3Sr1.9Ca2Cu3Ox

(BSCCO) and YBa2Cu3O7−δ(YBCO) have been performed.
Magnetoresistive effects and irreversibility line obtained
from magnetic measurements have been studied. It was es-
tablished that (1) for YBCO, the smooth part of R(T ) de-
pendence unambiguously corresponds to dissipation in the
intergrain boundaries for arbitrary magnetic fields; (2) for
polycrystalline BSCCO, the smooth part of R(T ) depen-
dences correspond to dissipation within intergrain boundary
subsystem in the field range H < 102 Oe only, while stan-
dard measurements of R(T ) dependences in magnetic field
range H > 102 Oe reflect the dissipation processes occur-
ring both in intergrain boundary and HTSC grain subsys-
tems; (3) for the high-field range, the contribution from in-
tergrain boundaries of BSCCO can be distinguished from
magnetoresistance R(H) dependences obtained at high
enough current density on textured samples. It is proposed
that various magneto-resistive properties of these classi-
cal HTSC systems are due comparatively weak pinning in
BSCCO.
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1 Introduction

It is fully recognized that intergrain boundaries (IGBs)
play the dominant role in the transport properties of poly-
crystalline HTSCs. The geometrical longitude of intergrain
boundaries is of order of the superconducting coherence
length. This provides Josephson-like coupling of supercon-
ducting crystallites through IGBs. So, the polycrystalline
HTSCs may be considered as a “two-level” superconduct-
ing system [1]: (1) the HTSC grains and (2) network of weak
links of Josephson type. Such “two-level” system manifests
itself in two-step behavior of resistive transition of polycrys-
talline HTSCs in external magnetic field [2–8]. A typical
example of R(T ) dependences in various magnetic fields of
polycrystalline YBCO is shown in Fig. 1. The steep part of
R(T ) broadened in high fields is associated with the resis-
tive transition in YBCO grains while the smooth part corre-
sponds to the superconducting transition at the IGBs [2–8].
The influence of magnetic field on the steep part of R(T )

has no big interest since the crystallites are randomly ori-
ented and the effects of anisotropic magnetoresistance [9]
are not seen. On the other hand, the influence of magnetic
field on the smooth part of R(T ) dependence allows to iden-
tify the dissipation mechanisms within IGBs. The R(T ) de-
pendences of polycrystalline YBCO [3, 10], La-Sr-Cu-O
(LSCO) [11], and YBCO based composites [4, 12, 13] have
been studied and the pinning potential in the intergrain me-
dia has been derived.

However, analysis of appropriate literature data shows
that in such polycrystalline systems as Bi-, Tl-, and Hg-
based HTSC compounds [14–23] the behavior of the resis-
tive transition in a magnetic field is more complicated than
that in YBCO and LSCO compounds. The origin of different
behavior of R(T ) dependences should be disclosed. So, it
is questionable—does the smooth part of R(T ) dependence
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Fig. 1 The resistive transition
R(T ) under various magnetic
fields for YBCO. The maximal
resistive response from IGBs is
pictured as RNJ

in a magnetic field correspond to the transition in IGBs or
not? Isotherms of magnetoresistance R(H) can exhibit pe-
culiarities related to contributions from IGB or HTSC grain
subsystems. A tendency to saturation followed by change of
curvature of R(H) dependence of Pr-doped YBCO allowed
to distinguish the magnetic field ranges of dissipation cor-
responding to IGBs and superconducting grains [24]. Sim-
ilar behavior was observed recently on textured Bi-based
ceramic (BSCCO) [25]. In this work, we present results
of detailed study of R(H) data for various textured and
nontextured BSCCO samples together with R(T ) and mag-
netic measurements data. Also, for the comparative anal-
ysis, YBCO ceramic was studied. We argue that in the
Bi-based polycrystalline system in the high magnetic field
range the dissipation takes place simultaneously in both IGB
and HTSC crystallite subsystems. The reason of various be-
haviors of R(T ,H) for YBCO and BSCCO systems is dis-
cussed.

2 Experimental

Polycrystalline YBa2Cu3O7−δ (YBCO) and Bi1.8Pb0.3Sr1.9

Ca2Cu3Ox (hereafter denoted as poly-Bi) have been pre-
pared by the standard solid state reaction technique. The X-
ray diffraction pattern of YBCO shows only reflections from
1-2-3 structure. The analysis of X-ray diffraction pattern of
poly-Bi sample reveal that the phase 2223 is dominant; a
small amount of Bi2212 phase (less than 5%) was also de-
tected.

The preparation of textured ceramics Bi1.8Pb0.3Sr1.9Ca2

Cu3Ox+Ag is described in [26]. In these textured ceram-
ics, arranged plate-like Bi2223 crystallites have the thick-
ness 1–2 µm and average linear dimensions 20–30 µm. The
crystallographic c-axes of the crystallites are perpendicular
to the surface of plates and the a–b planes are parallel to

the surface. Hereafter textured samples are denoted as “text
Bi/Ag30” and “text Bi/Ag0” where “30” and “0” correspond
to the volume content of Ag in a sample.

The R(T ) and magnetoresistance R(H) (R(H) =
U(H)/I where U is the voltage drop) dependences have
been measured by the standard four-probe technique. Both
PPMS (Quantum design) installation and home- made facil-
ity working in the Kirensky Institute of Physics were used.
For polycrystalline YBCO and BSCCO samples, external
magnetic field direction was perpendicular to the transport
current density j . For textured BSCCO samples, the trans-
port current was applied along a–b planes of Bi2223 crystal-
lites; the H direction was parallel to c-axis of Bi2223 crys-
tallites or varied from H ‖ c to H ‖ a–b direction but always
H⊥j . During the R(H) measurements at high transport
current density (the magnitude of stable transport current I

up to 2.2 A), the sample was immersed in liquid nitrogen
which allowed to reduce self-heating. The zero field cooled
(zfc) regime was used for transport measurements.

Magnetic measurements have been performed using the
vibration sample magnetometer. The specimens of cubic
form 0.5 × 0.5 × 0.5 mm3 were cut from the same sam-
ples before used for transport measurements. Both zfc and
field cooled (fc) regimes were used for determination of ir-
reversibility line.

3 Results and Discussion

Figures 1 and 2 show R(T ) (in various external fields)
and R(H) (at various temperatures below TC) dependences
of studied polycrystalline YBCO.1 The two-step shape of

1The authors put emphasis that the behavior seen in Fig. 1 is known for
polycrystalline YBCO [3, 24] and the data obtained should be consid-
ered as typical for this system for further comparison with the BSCCO
system.



J Supercond Nov Magn (2011) 24:2129–2136 2131

Fig. 2 Isotherms of
magnetoresistance of YBCO at
various temperatures. The field
H ∗ corresponded to change of
curvature of R(H) dependences
is pictured

Fig. 3 The resistive transition
under various magnetic fields
for textured BSCCO (H ‖ c

configuration). Insert: the same
for the field range 0 ÷ 103 Oe.
The vertical lines indicate
maximal resistive response from
IGBs obtained from R(H)

dependences at 77.4 K (Fig. 6).
Horizontal arrow indicates
possible resistive response from
IGBs for data at H lower than
102 Oe

R(T ) dependences (Fig. 1) mentioned in Introduction be-
comes apparent in isotherms of magnetoresistance (Fig. 2).
The R(H) dependences demonstrate clear plateau followed
by the change of curvature at H ≈ H ∗. It is natural to as-
sume that in the range H ≤ H ∗ the dissipation occurs at the
IGBs while above H ∗ the dissipation takes place within the
HTSC grains also. Maximal resistive response from IGBs,
(the “height” of the smooth part of R(T ) dependence before
its sharp increase) is nearly not dependent on the magnetic
field. Therefore, the magnetoresistance from IGBs prac-
tically saturates before onset of dissipation within HTSC
grains. The magnitude of the “height” of the smooth part
of R(T ) dependences may be considered as the normal re-
sistance of Josephson network RNJ. The RNJ value deter-
mined from R(T ) curves (Fig. 1) practically coincides with
magnetoresistance at H = H ∗ in Fig. 2. So, in the gran-
ular YBCO system, the dissipation processes in both IGB

and HTSC crystallite subsystems are well defined. In other
words, strong inequality

jCG(H) � jCIGB(H) (1)

(where jCG and jCIGB are the critical current densities of
HTSC grains and IGBs, respectively) retains for granular
YBCO system in arbitrary magnetic fields.

Figures 3 and 4 show the R(T ) dependences (in vari-
ous external fields) and the R(H) dependences (at various
temperatures below TC) of the textured BSCCO sample-
text Bi/Ag30. Different behavior of R(T ,H) dependences
of YBCO and text Bi/Ag30 samples is notable. It is difficult
to identify the contribution from IGBs to the R(T ) depen-
dences for the sample text Bi/Ag30. There is no noticeable
change of curvature of R(T ) dependences at high magnetic
fields (20–60 kOe). Clear “two-step” shape of resistive tran-
sition is observed in magnetic fields of order ∼103 Oe or
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Fig. 4 Isotherms of
magnetoresistance of textured
BSCCO (H ‖ c configuration)
at various temperatures

Fig. 5 The resistive transition
under various magnetic fields of
polycrystalline BSCCO. Insert:
the same for the field range
0 ÷ 103 Oe. Horizontal arrow
indicates possible resistive
response from IGBs for data
at H lower than 102 Oe

lower. The height of resistive “tail” is nearly the same in
the range H < 102 Oe while in the range H > 102 Oe it
growths with increase of field. So, the RNJ parameter in-
troduced above has meaning for the weak magnetic field
range only. Isotherms of magnetoresistance (Fig. 4) also do
not manifest any peculiarities corresponding to saturation
of magnetoresistance of subsystem of IGBs pronounced for
YBCO (Fig. 2).

The nontextured BSCCO sample (poly-Bi) studied in this
work demonstrates behavior of resistive transition in mag-
netic field (see Fig. 5) similar to sample text Bi/Ag30. Iden-
tification of contribution from IGBs is possible in the field
range (0 ÷ 102 Oe) only.

The presence of Josephson junctions in a granular HTSC
implies a strong effect of transport current on the dissipa-

tion in this subsystem. R(T ) and R(H) dependences shown
in Figs. 3 and 4 have been performed at sufficiently small
current density. However, a considerable increase of trans-
port current is problematic in measurements of R(T ) depen-
dences due to Joule heat. The R(H) measurements, contrari-
wise, may be carried out at high transport current densities
when the sample is immersed in a liquid nitrogen. Figure 6
represents the R(H) data for sample Text Bi/Ag30 obtained
at various transport current densities (T = 77.4 K, H ‖ c). It
is clearly seen that when the transport current becomes com-
parable to the critical one the peculiarity on R(H) depen-
dences arises. There is a change of curvature at H ∗ ≈ 2 kOe.
Also, the growth of resistance with an increase of transport
current is the largest in the range H < H ∗. Such behavior,
obviously, is a result of contribution from IGBs in the range
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Fig. 6 The magnetoresistance
of sample text Bi/Ag30 (H ‖ c

configuration) at 77.4 K for
various current densities
(pointed in the figure). The field
H ∗ corresponded to change of
curvature of R(H) dependences
is pictured

Fig. 7 The magnetoresistance
R(H) of sample text Bi/Ag0
(H ‖ c configuration) at 77.4 K
for various current densities
(pointed in the figure). The field
H ∗ corresponded to change of
curvature of R(H) dependences
is pictured

H < 2 kOe and onset of dissipation within BSCCO crys-
tallites at H ∗ ≈ 2 kOe. At small transport, the current ap-
pearance of magnetoresistance coincides with the onset of
dissipation within BSCCO crystallites, therefore, R(H) de-
pendence at H > 2 kOe is caused to dissipation processes
in both subsystems. The dependence R(H) ≈ 2 kOe versus
transport current has a tendency to saturation, however, total
saturation of magnetoresistance from the subsystem of grain
boundaries seems to achieve at higher current densities. The
magnitude of R(H) ≈ 2 kOe, j = 370 A/cm2 is pointed to-
gether with R(T ) dependences in Fig. 3. This value is less
but it is comparable to the “height” of resistive tails in weak
magnetic fields.

The R(H) data obtained on textured BSCCO sample
without Ag (text Bi/Ag0) at various transport current den-
sities are shown in Fig. 7. One can see from this figure that
the peculiarity at H ∗ ∼ 2 kOe (H ‖ c) is less pronounced
than for sample text Bi/Ag30 but it is also observable. So

far, in the range H < H ∗, the magnetoresistance is caused
by dissipation in IGBs; one can conclude that addition of Ag
results to more sensitivity of magnetoresistance of the IGB
subsystem against an external magnetic field. Additionally,
in the sample text Bi/Ag30, the BSCCO crystallites are or-
dered better than in text Bi/Ag0 (the degree of texture de-
termined by Lotgering method is 0.97 for text Bi/Ag0 and
0.99 for text Bi/Ag30 [26]). Ordering of crystallites, pos-
sibly, gives rise to pronounced peculiarity on R(H) curves
(Figs. 6 and 7).

Figure 8 shows the R(H) dependences of sample Text
Bi/Ag30 obtained in various orientations of H and c-axis
of Bi2223 crystallites.2 The peculiarity on R(H) curves

2The anisotropy of R(H) curves seen in Fig. 8 is typical for textured
ceramics and tapes [16, 27, 28]. It reflects internal anisotropy of Bi2223
crystallites although misorientation of crystallites in a sample dramat-
ically reduces the ratio R(H ‖ c)/R(H ⊥ c).
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Fig. 8 The magnetoresistance
of sample text Bi/Ag30 for
various orientations of H and
c-axis of Bi2223 crystallites.
The fields H ∗ corresponded to
change of curvature of R(H)

dependences for θ = 0◦ and
θ = 90◦ are pictured

Fig. 9 The magnetoresistance
of sample poly-Bi at 77.4 K for
various current densities
(pointed in the figure)

(a change of curvature) shifts to higher fields with variation
of angle ϕ = ∠H , c from 0◦ to 90◦. For ϕ = 90◦, the pe-
culiarity at H = H ∗ ≈ 4 kOe becomes less pronounced. As
a result, no peculiarities on R(H) dependences are observed
in nontextured polycrystalline BSCCO where there are ran-
dom orientations of crystallites and angles ϕ. Figure 9 shows
the R(H) dependences of sample poly-Bi obtained at vari-
ous transport current densities (the j values are both less
and higher than jC(H = 0)). So, for the BSCCO system,
it is possible to recognize the contribution from IGBs from
R(H) curves on textured samples using high enough current
density (at least, comparable to jC(H = 0)).

It is known that the irreversibility line in H–T coor-
dinates divides different dissipation regimes [29]. Conven-
tional dc magnetization fc and zfc measurements may be
used to find this irreversibility line [30]. We determined Hirr,
T line from temperature dependences of dc magnetization

in fc and zfc regimes. “Tirr” data were obtained as a point
were Mzcf(T ) and Mfc(T ) at a certain field start to bifur-
cate. The Hirr(T ) data for samples YBCO and text Bi/Ag30
(H ‖ c) are presented in Figs. 10 and 11, respectively.3 Also,
in Figs. 10 and 11, there are plotted dependences of “zero re-
sistivity” temperature TC0(H) determined from R(T ) data
in Figs. 1 and 3 by criterion 10−6 �×cm. For YBCO, the
TC0(H) dependence is located lower than the irreversibil-
ity line in H–T coordinates. It is worth noting that if the
Josephson coupling through IGBs is additionally weakened
in polycrystalline YBCO the TC0(H) dependence shifts to
the low temperature region [4, 7]. An increase of the trans-
port current gives a similar effect [3, 7]. Above the irre-

3In this paper, we do not discuss details of the temperature behavior
of irreversibility line of investigated samples assuming that our data is
typical for these systems [29].
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Fig. 10 The irreversibility line
Hirr(T ) obtained from magnetic
measurements and the
dependence TC0(H) obtained
from resistive measurements
(Fig. 1) in coordinates H , T

(semilog scale) for YBCO

Fig. 11 The irreversibility line
Hirr(T ) (obtained from
magnetic measurements) and
the dependences TC0(H)

obtained from measurements of
R(T ) and R(H) at various
transport currents (pointed in
the figure) in coordinates H , T

(semilog scale) of sample text
Bi/Ag30. For details, see the text

versibility line, dissipation can occur in HTSC grains. For
BSCCO, the TC0(H) dependence is located above the irre-
versibility line except for weak magnetic field range (lower
than 102 Oe). Therefore, in the temperature range lower than
≈98 K (see Fig. 11), the magnetoresistance may be caused
by the dissipation processes both in IGB and HTSC grain
subsystems. A tenfold increase of transport current is not
enough to shift TC0(H) lower the irreversibility line. These
data are also shown in Fig. 11. If one determines the TC0, H

data at T = 77.4 K from R(H) measurements (Fig. 5) as-
suming H is the threshold field at which R ≈ 10−6 �×cm,
it is seen from Fig. 11 that “TC0” crosses the irreversibil-
ity line with an increase of transport current. In this case,
it is possible to recognize the contribution from IGBs on
R(H) dependences; see Fig. 5. The contribution from IGBs
seems to be evident also on R(T ) curves at H < 102 Oe;
see Fig. 3. It is clear since the temperature range of smooth

parts of R(T ) dependences measured at H < 102 Oe (see
inset in Fig. 3) is from the right of the cross-point of Hirr(T )

and TC0(H); see Fig. 11.
In H ‖ a–b geometry, the Hirr(T ) and TC0(H) de-

pendences shift upward in H–T coordinates (obviously
Hirr‖a–b > Hirr‖c, TC0(H ‖ a–b) > TC0(H ‖ c), and R(H ‖
a–b) > R(H ‖ c) [16]. Nevertheless, relative location of
Hirr(T ) and TC0(H) dependences is nearly the same as for
H ‖ c geometry. The Hirr(T ) dependence of sample text
Bi/Ag0 is close to that shown in Fig. 11. A similar situation
takes place for nontextured sample poly-Bi.

We regard the data obtained as typical for polycrystals of
these classical HTSC systems. Therefore, the above specu-
lations are related to granular Y- and Bi-based HTSCs. The
difference of the irreversibility line of YBCO and BSCCO
is mainly due to relatively weak pinning in the latter sys-
tem [29]. In YBCO, inequality (1) retains for arbitrary mag-
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netic fields while in BSCCO due to weak pinning inequality
(1) is true only in the range H < Hirr. In this field range
it is possible to reach partial saturation of magnetoresis-
tance of the IGB subsystem by applying high enough cur-
rent density (comparable to jC(H = 0)). Such a behavior,
however, can be observed on textured samples only. In the
range H > Hirr the dissipation processes occur simultane-
ously within HTSC crystallites and IGBs.

4 Concluding Remarks

Thus, difference between resistive transitions in a magnetic
field of granular YBCO and BSCCO systems is caused
by the following reasons. The steep and smooth parts of
R(T ) dependence of YBCO correspond to contributions
from HTSC grains and IGBs, respectively. For BSCCO,
a similar situation seems to take place in the field range
lower than ∼102 Oe. In the field range above ∼102 Oe the
smooth part of R(T ) dependence reflect simultaneous con-
tributions from IGBs and HTSC grains. Relatively weak pin-
ning, and hence low irreversibility fields in BSCCO system
result in dissipation to take place both within HTSC grains
and IGBs. Therefore, for the range of magnetic field above
∼102 Oe, the temperature dependence of pinning potential
derived from the smooth part of R(T ) dependence could not
be attributed to the IGBs only (for the YBCO system, this
approach is entirely valid). The contribution from IGBs of
the BSCCO system can be identified by measurements of
magnetoresistance R(H) of textured samples performed at
high enough current density or from R(T ) dependences in
weak magnetic fields.

We should generalize these conclusions to other classical
HTSC systems. Really, the granular LSCO system [8, 11]
exhibits clearly a two-step resistive transition in a magnetic
field like YBCO. These systems are known to possess good
pinning in comparison with Bi-, Tl-, and Hg-based HTSC
compounds [29]. For this reason, for LSCO both contribu-
tions from superconducting crystallites and inter-crystallite
boundaries are distinctively seen from R(T ) dependences.
The effect of magnetic field on the resistive transition of
Tl- and Hg-based polycrystalline HTSCs [21–23] is similar
to that observed for BSCCO. So, in these granular HTSCs,
the R(T ,H) dependences are expected to reflect magnetore-
sistance from both IGBs and superconducting grains. It is
possible to reveal the contribution from the IGB subsystem
by R(H) measurements performed at a high enough current
density on textured samples; so far Tl- and Hg-based HTSCs
reveal high anisotropy like the BSCCO system.
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