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1. INTRODUCTION 

To date, extensive experimental data have been
accumulated on the behavior of transport properties
exhibited by granular high�temperature superconduc�
tors (HTSCs) in external magnetic fields. These inves�
tigations are of interest both from the viewpoint of
materials science and for basic research. The latter is
associated with a unique feature of bulk superconduct�
ing materials, namely, the coexistence of two super�
conducting subsystems, i.e., superconducting grains
and grain boundaries, which are considered as a
Josephson medium [1]. Below, in this article, the sub�
script J denotes that the quantity characterizes the
intergranular Josephson medium, and the subscript G
refers to the quantities characterizing the supercon�
ducting grains. As follows for the weak superconduc�
tivity, the critical current of the subsystem of grain
boundaries jCJ is significantly less than the intragranu�
lar critical current jCG. Depending on the experimental
conditions and the range of variation in the external
magnetic field H, superconducting materials can
exhibit a wide variety of effects associated with both
the combined influence of these subsystems and the
dominance of one of them. 

Let us briefly review the studies carried out in this
field on classical HTSC systems, such as the Y–Ba–
Cu–O, La–Ca–Sr–Cu–O, and Bi–Ca–Sr–Cu–O
(YBCO, LSCO, and BSCCO, respectively). 

The external magnetic field initially penetrates into
the intergranular medium in the form of hypervortices
or Josephson vortices [1]. The first critical field of the
Josephson medium HC1J is of the order of the Earth’s
magnetic field or weaker. In the range of weak mag�
netic fields (H > HC1J), the current–voltage character�
istics do not depend on the mutual orientation of the
external magnetic field H and the transport current I
[2]. In this range of magnetic fields in YBCO, the ava�
lanche dynamics of the penetration of a magnetic flux
[3] into a Josephson medium has been observed. The
aforementioned features can be explained naturally in
the theory of the low�field electrodynamics of a
Josephson medium [4]. 

The dependence of the current–voltage character�
istic on the mutual orientation of the transport current
and the external magnetic field appears in fields of the
order of the first critical magnetic field of supercon�
ducting grains HC1G. Under the conditions j � jCJ

(here, j is the density of the transport current), there
arises an angular dependence of the magnetoresis�
tance, proportional to sin2θ (∠θ = j, H) [5–9], which
is typical of the processes of magnetic flux flow due to
the influence of the Lorentz force [10]. 

At the same time, in the magnetic field range H >
HC1G, there appears a hysteresis of the magnetoresis�
tance R(H). The mechanism of the hysteresis R(H) has
been investigated in a large number of works [11–27].
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It has been established that the hysteresis of the mag�
netoresistance is caused by the influence of magnetic
moments of the superconducting grains on the mag�
netic field in the intergranular medium [23–27]. 

For the aforementioned range of magnetic fields,
the relaxation processes associated with the output
(input) of the vortices from the grains (into the grains)
manifest themselves in the relaxation behavior of the
magnetoresistance at H = const [13–17, 24, 25, 28–
30]. The hysteresis R(H) exists up to the irreversibility
field, above which the hysteresis of the magnetization
disappears [18, 27]. 

The influence of the magnetic moments of the
superconducting grains on the magnetic field in the
intergranular medium also manifests itself in the exist�
ence of a local maximum in the dependence R(H) in
the vicinity of the magnetic field in which the depen�
dence M(H) exhibits an extremum [26]. This local
maximum has been observed in a number of studies
[11, 12, 15–18]. 

In a series of works [20, 21, 31, 32], the authors
observed jumps of the magnetoresistance R(H) for
polycrystalline YBCO; in this case, the magnetic field,
in which there occurs a jump of the magnetoresistance
R(H) (≈2 × 102 Oe at 77.4 K), is almost independent of
the transport current and the angle ∠θ = j, H. The
authors interpreted this effect as the Bragg glass–vor�
tex glass phase transition, although data on the mag�
netization were not presented. 

Finally, in a particular magnetic field H* (H* �
HC1G), the dissipation begins to occur in HTSC grains
(for optimally doped YBCO, it is a magnetic field
H* ~ 60 kOe at T = 77.4 K). This manifests itself in a
change of the sign of the curvature of the dependence
R(H) near the magnetic field H* [18, 27, 33, 34]. In
magnetic fields close to H* (H < H*), the magnetore�
sistance of the subsystem of grain boundaries is a
slowly varying function of H; i.e., the resistive response
of this subsystem is close to saturation. The beginning
of the dissipation inside the grains at H = H* is accom�
panied by an additional increase in the dependence
R(H). This process of destruction of the superconduc�
tivity within the grains (a monotonic increase in the
anhysteretic dependence R(H)) apparently continues
to occur until the second critical magnetic field of the
superconductor appears. 

The above�described behavior of R(H) in the vicin�
ity of the magnetic field H*, i.e., the clear separation
of the dissipation processes in the subsystems of grain
boundaries and grains among the classical HTSC
compounds, has been observed for YBCO and LSCO
[33]. In strongly anisotropic superconductors, such as
BSCCO, this specific feature (the change in the sign of
the curvature of the dependence R(H) in the vicinity of
H*) can be observed on textured samples at high trans�
port current densities [34]. 

The transition from the dissipation in the inter�
granular medium to the dissipation inside the crystal�

lites also manifests itself in a “two�step” character of
the resistive transition in the dependence R(T) in a
magnetic field, which has actually been observed for
high�temperature superconductors based on YBCO
[24, 35–37], LSCO [24, 38], and BSCCO in weak
magnetic fields [34, 39]. There are two regions of
decrease in the resistance: (i) a sharp drop in R and
(ii) a smooth transition to the state “R = 0.” The first
region corresponds to the resistive transition in the
grains, and the external magnetic field with a suffi�
ciently large strength (~104 Oe) exerts an influence on
this portion of the dependence R(T). The smooth por�
tion of the dependence R(T) corresponds to the dissi�
pation in the grain boundaries and becomes consider�
ably broadened in weak magnetic fields; moreover, in
magnetic fields H < 103 Oe, the thermomagnetic pre�
history takes on significance [30, 33]. In this range of
magnetic fields, the thermomagnetic prehistory also
manifests itself in the influence of the magnetic field
“frozen” in the grains on the current–voltage charac�
teristics [40, 41] and the initial behavior of the magne�
toresistance [42, 43]. 

Thus, the effects associated with the hysteretic
behavior of the magnetoresistance and with the ther�
momagnetic prehistory are adequately explained by
the influence of the magnetic moments of the grains
on the effective field in the intergranular medium. It
was shown that a parameter such as the field width of
the hysteresis R(H) does not depend on the transport
current in HTSCs of classical compositions (compos�
ites based on YBCO, as well as granular YBCO,
LSCO, and BSCCO) [23, 24, 27] in a sufficiently wide
range of transport currents. The estimation of the
effective field in the intergranular medium by means of
the comparison of the magnetic data and the field
width of the hysteresis R(H) has demonstrated that, in
intergranular spaces, the magnetic flux is compressed
and the effective field can be one order of magnitude
greater than the external magnetic field [44]. 

The dependences R(H) at high transport current
densities have usually been measured in a cryogenic
fluid (helium, nitrogen) in order to ensure the effective
heat dissipation and to minimize the self�heating
effects. In this case, the reduced temperature of mea�
surement t = T/TC is determined by the transition tem�
perature TC. Therefore, for the YBCO systems (TC ≈
92 K), the measurements at transport current densities
have been performed for the maximum value of the
reduced temperature t, which does not exceed 0.84. By
“increasing” the value of t and decreasing the transi�
tion temperature TC, it is possible to obtain informa�
tion about the evolution of the hysteresis of the mag�
netoresistance under the conditions where the resistive
response of grain boundaries is close to saturation,
which was not done in [23, 24]. This problem was
posed in the present work. 

In the YBCO system, the transition temperature TC

can be decreased and, correspondingly, the reduced
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temperature t can be increased by means of the partial
substitution of praseodymium for yttrium. We have
investigated the hysteretic dependences R(H) of the
Y1 – xPrxBa2Cu3O7 samples with praseodymium con�
centrations x = 0.11 and 0.04 and the transition tem�
peratures TC ≈ 85.5 and ≈91.0 K (t ≈ 0.91 and ≈0.85),
respectively, at different current densities (up to jC). 

2. SAMPLES AND EXPERIMENTAL 
TECHNIQUE 

The experiment was carried out with HTSC sam�
ples of the yttrium�containing Y1 – xPrxBa2Cu3O7 sys�
tem from the series studied in our previous work [45].
This series of samples with different praseodymium
concentrations x was prepared according to the stan�
dard method of solid�phase synthesis and was charac�
terized in the above�cited work. Below, we present the
results obtained for the compositions with praseody�
mium concentrations x = 0.11 and 0.04 and the tran�
sition temperatures TC ≈ 85.5 and ≈ 91.0 K, respec�
tively. In what follows, the samples with x = 0.11 and
x = 0.04 will be designated as (Y,Pr 0.11) and (Y,Pr
0.04), respectively. 

The magnetoresistance R(H) = U(H)/I (where U is
the voltage drop and I is the transport current) and
current–voltage characteristics U(I) were measured
using the standard four�point probe method (electri�
cal contacts were clamping and gold�plated). In these
measurements, the sample was placed in a liquid�
nitrogen medium, which made it possible to avoid the
heating effects at a stable transport current to 0.5 A.
The samples were ~8 × 2 × 1 mm3 in size, and the
external magnetic field H was applied perpendicular to
the direction of the transport current. The sample was
cooled in a zero external magnetic field (the Earth’s
magnetic field was not screened). 

The magnetic measurements were performed on a
sample�vibrating magnetometer [46]. For these mea�
surements, a cylinder with a cross section of ~5.0 ×
0.4 mm2 was cut from same sample that was used to
measure the dependences R(H). 

The hysteretic dependences of the magnetoresis�
tance R(H) and the magnetization M(H) in magnetic
fields up to 1000 Oe were measured using a copper
solenoid. The external magnetic field was increased to
the maximum value Hmax and then decreased to zero.
In what follows, the symbols ↑ and ↓ will indicate the
increase and the decrease in the external magnetic
field, respectively. The sweep rate of the magnetic field
was ≈0.5 Oe/s and remained unchanged for measure�
ments of the dependences R(H) and M(H). In order to
measure the hysteretic dependence of the critical cur�
rent on the external magnetic field IC(H), the mag�
netic field was stabilized at specific points, and the
current–voltage characteristic was measured, after
which the magnetic field was changed again and
remained constant to the next specified value. The

critical current IC was determined according to the cri�
terion U = 1 μV/cm. 

The hysteretic dependences of the magnetoresis�
tance R(H) in magnetic fields up to 13 kOe were mea�
sured using an FL�1 magnet. In measurements of the
temperature dependences of the magnetoresistance
R(T) in external magnetic fields, the sample was
placed in a helium heat�exchange medium. After the
measurement of the dependence R(H) at a fixed value
of the transport current or the dependence R(T) at a
fixed value of the external magnetic field, the sample
was heated above TC and the thermomagnetic prehis�
tory was recorded. 

3. RESULTS AND DISCUSSION 

3.1. Manifestation of the Contribution from Grain 
Boundaries and Grains in the Resistive

and Magnetic Measurements 

The hysteretic dependences of the magnetic
moment M(H) measured for the (Y,Pr 0.11) and (Y,Pr
0.04) samples at a temperature T = 77.4 K up to the
maximum applied magnetic field Hmax = 1000 Oe are
shown in Fig. 1. The weaker signal obtained for the
(Y,Pr 0.11) sample is associated with the fact that, for
the given composition, the measurement temperature
corresponds to a higher reduced temperature t. The
dependence M(H) is asymmetric with respect to the
abscissa axis, which is typical of HTSCs at sufficiently
high temperatures and can be caused by the surface
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Fig. 1. Hysteretic dependences of the magnetic moment of
the (Y,Pr 0.11) and (Y,Pr 0.04) samples at a temperature
T = 77.4 K. Shown are the forward (from H↑ = 0) and
reverse (from Hmax = 1000 Oe to H↓ = 0) runs of the
dependence M(H), which correspond to the path A1–B1–
…–B1'–A1', and the fragment of the dependence M(H)
with an increase in the magnetic field after cycling (Hmax =
–1000 Oe) to the intersection with the initial curve (point
D1). The specified pairs of points A1–A1', B1–B1', C1–
C1’, and D1–D1' correspond to the condition R = const in
Fig. 4a. 
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barriers [47] and depinning [48]. Using the data pre�
sented in Fig. 1, we can obtain the field dependence of
the intragranular critical current density according to
the well�known expression that follows from the Bean
model [49]: jCG(H) = 30ΔM(H) [emu/cm3]/d [cm]
(where ΔM is the “height” of the hysteresis loop of the
magnetization in an external magnetic field and d is
the average size of the crystallites). 

For the value of d ~ 6 μm (according to the electron
microscopy investigation), we obtained the depen�
dences of the intragranular critical current density on
the magnetic field jCG(H) (see Fig. 2). In the same fig�
ure, the horizontal dashed lines show the ranges of
variation in the transport current density, which were
used for measuring the magnetoresistance (see below).
It can be seen from this figure that, even for the (Y,Pr
0.11) sample, the transport current j is at least two
orders of magnitude smaller than the critical current
jCG in a magnetic field of ~103 Oe. 

The critical current densities jC at a temperature
T = 77.4 K for transport measurements were as fol�
lows: jC ≈ 11.55 A/cm2 (I ≈ 340 mA) for the (Y,Pr 0.04)
sample and jC ~1.3 × 10–2 A/cm2 (I ≈ 0.3 mA) for the
(Y,Pr 0.11) sample. Therefore, in the measurements of
the dependences R(H), the ranges of variation in the
transport current with respect to the critical current
I/IC were as follows: 0.03–1.03 (10–350 mA) for the
(Y,Pr 0.04) sample and I � IC for the (Y,Pr 0.11) sample. 

Figure 2 also illustrates the behavior of the hyster�
etic dependence of the transport critical current den�

sity jC(H) for the (Y,Pr 0.04) sample measured first
with an increase in the external magnetic field to
Hmax = 1000 Oe and then with a decrease in the exter�
nal magnetic field H to zero (below the value of jC ~
0.05 A/cm2 (IC < 1 mA), the critical current was not
measured). Clearly, this value corresponds to the
intergranular critical current density jCJ(H). 

The dependences R(T) measured for the studied
samples in different magnetic fields are shown in
Fig. 3. It can be seen from this figure that the resistive
transition has a “two�step” character, which is clearly
pronounced in the magnetic field. It is natural to inter�
pret the sharp decrease in the magnetoresistance R(T)
as a transition in the grains, and the smooth part of the
transition (significantly broadened in the external
magnetic field), as the response from the grain bound�
aries. Using the data presented in Fig. 3, we deter�
mined the temperatures of the beginning of the super�
conducting transition TC ≈ 85.5 and ≈91.0 K for the
(Y,Pr 0.11) and (Y,Pr 0.04) samples, respectively,
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variation in the density of the transport current in mea�
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which coincided with the beginning of the diamag�
netic transition in the dependence M(T). 

Let us assume that RNJ is the normal resistance of
the grain boundaries, i.e., the resistance in the absence
of the influence of superconducting grains on the grain
boundaries, for example, at T = TC. At temperatures
T < TC, the resistance of the “grains + grain bound�
aries” system will depend on the current j and the
magnetic field H. When the values of the current and
the magnetic field are less than the critical parameters
of the grains, the resistance of the “grains + grain
boundaries” system is less than or equal to RNJ. In our
case, the curves of the dependences R(T) (Fig. 3) are
used to determine the normal resistance to the grain
boundaries RNJ, i.e., the contribution from the grain
boundaries to the resistance in the normal state. The
spread in the values of the grain boundary length pre�
vents the accurate determination of the resistance RNJ.
Furthermore, it is possible that the dependence of the
resistance RNJ on the temperature should also be taken
into account. The horizontal dashed lines in Fig. 3
represent the estimated contribution from the grain
boundaries to the resistance of the sample, which was
obtained from the comparison with the data on the
dependence R(H) (see below). 

3.2. Effective Field in the Intergranular Medium
and the Hysteresis R(H)

Figure 4 shows typical dependences R(H) for the
(Y,Pr 0.04) sample at transport currents I = 10 and
200 mA (Fig. 4a) and for the (Y,Pr 0.11) sample at I =
100 and 200 mA (Fig. 4b). 

In an external magnetic field (H > HC1J), the HTSC
grains have the magnetic moments MG (M = ΣMG); in
this case, the lines of the magnetic induction from the
magnetic moments MG are closed through the grain
boundaries (see [23, 25, 27, 44] and figured therein).
As a result of the superposition with the external mag�
netic field H, the magnetic induction in the region of
grain boundaries is significantly different from the
value of H. If the external magnetic field increases
(H = H↓, M < 0, see Fig. 1; therefore, MG < 0), the lines
of the magnetic induction from the magnetic
moments of HTSC grains are collinear with the exter�
nal magnetic field. For the case where the external
magnetic field decreases (H = H↓), owing to the hys�
teresis M(H) the contribution from the magnetic
moments to the magnetic induction in the intergranu�
lar medium becomes smaller. In the field range where
the values of M (and MG) are positive (Fig. 1), the lines
of the magnetic induction from the magnetic
moments MG are directed opposite to the external
magnetic field H. 

Following [23, 25, 44], we can simplify the com�
plex distribution of the lines of the magnetic induction
in the intergranular medium by introducing the effec�

tive magnetic field Beff in the intergranular medium of
the entire sample. In this case, there is a simple empir�
ical relationship between the effective magnetic field,
the external magnetic field, and the magnetic moment
of the sample: 

(1)

Here, the sign “–” accounts for the direction of the
lines of the magnetic induction from the magnetic
moments MG, and the integrated parameter α includes
the averaging over the local fields in the grain bound�
aries, the influence of the demagnetizing factors of the

Beff H( ) H 4πM H( )α.–=
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grains, and, eventually, determines the degree of com�
pression of the magnetic flux in the intergranular
medium [26, 44]. 

The magnetoresistance caused by the dissipation in
the grain boundaries is a monotonic function of the
absolute value of this effective field: R(H) ~ f(|Beff(H)|).
Since there is a hysteresis of the dependence M(H),
the dependences Beff(H) and R(H) also exhibit a hys�
teresis. On this basis, for two points of the hysteretic
dependence R(H) in magnetic fields H↑ and H↓ in
which R(H↑) = R(H↓), we have Beff(H↑) = Beff(H↓)
and, from expression (1), obtain 

(2)

The parameter ΔH, which is the field width of the hys�
teresis of the magnetoresistance, is determined by

both the parameter α
1
 and the values of the magnetic

moment at the points H↑ and H↓. The experimental
value of the field hysteresis width ΔH in a particular
magnetic field H↓ (or H↑) is determined as the length
of the horizontal segment that intersects the branches
of the hysteretic dependence R(H) at the points with
the abscissas H↑ and H↓. Examples of the determina�
tion of the parameters ΔH for the (Y,Pr 0.04) sample in
magnetic fields H↓ = 200, 500, and 900 Oe (Hmax =
1000 Oe) are shown in Fig. 4a: they correspond to the
lengths of the segments A1–A1', B1–B1', C1–C1', and
D1–D1', respectively. Figure 1 illustrates the arrange�
ment of these points on the branches of the hysteretic
dependence M(H) (the thermomagnetic prehistories
for the data presented in Figs. 1 and 4a are identical);
i.e., at the corresponding points A1 and A1', B1 and
B1', C1 and C1', D1 and D1' the conditions R(H↑) =
R(H↓) and Beff(H↑) = Beff(H↓) are satisfied. 

3.3. Field Width of the Hysteresis
of the Magnetoresistance. Dependence on the Transport 

Current and Influence of the Distribution
of Grain Boundaries 

In our previous works [23, 24], we showed that, for
the dependences R(H) measured at different values of
the transport current I, the field hysteresis width ΔH
remains constant; i.e., it is determined by the values of
M(H↑) and M(H↓). Indeed, as is shown in Fig. 2, the
transport current, which is usually used in the experi�
ments, is considerably less than the intragranular crit�
ical current, which determines the value of the mag�
netic moment. Consequently, it is unlikely that the
transport current will affect the magnetic state of the
grains. The independence of the field hysteresis width
ΔH from the transport current I is illustrated in Fig. 4a
for magnetic fields H↓ = 200 Oe and H↓ = 500 Oe. For
the dependences R(H) measured at transport currents

1 In this case, the field�independent parameter α is taken as a first
approximation. The further reasoning is also valid in the analysis
of the functional dependence α(H).

ΔH H↓ H↑– 4πα M H↑( ) M H↓( )–( ).= =

I = 10 and 200 mA, the lengths of the segments A1–A1'
and A2–A2', as well as B1–B1' and B2–B2', are equal
to each other, respectively. On the other hand, it can be
seen that, at H↓ = 900 Oe, this condition is not satis�
fied: the segment C1–C1' is larger than the segment
C2–C2'. For the (Y,Pr 0.11) sample, the decrease in
the field hysteresis width ΔH is more pronounced. An
example is shown in Fig. 4b for the magnetic field
H↓ = 300 Oe (I = 100 and 200 mA). In this case, we
can argue that, beginning with a particular value of the
magnetic field, the parameter ΔH becomes equal to
zero; i.e., the hysteresis disappears. At the same time,
in weak magnetic fields, the field hysteresis width ΔH
remains unchanged, which illustrates the inset to
Fig. 4b for magnetic fields H↓ = 40 Oe and H↓ = 0. 

The values of the field hysteresis width ΔH for dif�
ferent values of H↓, which were obtained from mea�
surements of the dependences R(H) of the (Y,Pr 0.11)
and (Y,Pr 0.04) samples at transport currents I = 10,
50, 100, 200, and 350 mA for Hmax = 1000 and 220 Oe,
are shown in Figs. 5a and 5b, respectively. 

The data obtained for the (Y,Pr 0.04) sample
(Hmax = 1000 Oe) (Fig. 5a) indicate that, in the range
of relatively weak magnetic fields, the field hysteresis
width ΔH(H↓) is independent of the transport current.
The discrepancy is observed at transport currents I =
350 and 200 mA, and in the range of strong magnetic
fields (~800 Oe), it becomes significant. Within the
error of the determination of the field hysteresis width
ΔH, we can specify the magnetic fields (H↓ ≈ 500 Oe
(for I = 350 mA) and H↓ ≈ 650 Oe (I = 200 mA)) in
which this discrepancy appears. For Hmax = 220 Oe,
there is also a small difference in the values of the
transport currents I = 350 and 200 mA in the vicinity
of the magnetic field H↑ ≈ 200 Oe (Fig. 5b). 

The condition R(H↓) = R(H↑), which determines
the parameter ΔH, also relates to the hysteretic depen�
dence jCJ(H) shown in Fig. 2. Indeed, under the con�
dition jCJ(H↓) = jCJ(H↑), the “resistances” in the mag�
netic fields H↓ and H↑ are also equal to each other,
because R = U/I, where U = 1 μV at I = IC. The behav�
ior of the hysteretic dependence jCJ(H) is a “mirror
image” of the behavior of the hysteretic dependences
R(H), because, at I > IC, the state with a larger value of
R corresponds to a lower value of the critical current,
i.e., R ~1/IC. Therefore, from the hysteretic depen�
dence jCJ(H) of the (Y,Pr 0.04) sample (Fig. 2), we can
also determine the field hysteresis width ΔH as a func�
tion of the magnetic field H↓. These values are pre�
sented in Fig. 5a. It can be seen from this figure that,
in the entire range, where we can obtain the depen�
dences ΔH(H↓) according to the condition jCJ(H↓) =
jCJ(H↑), these values coincide with those determined
from the dependence R(H). 

The parameter ΔH obtained from the hysteretic
dependences R(H) for the (Y,Pr 0.11) sample depends
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on the current already in a wide range of magnetic
fields. For Hmax = 1000 Oe and transport currents I =
350, 200, and 100 mA, there is a range of magnetic
fields in which ΔH ≈ 0, and it begins with H↓ ≈ 750,
800, and 950 Oe, respectively. Despite the scatter in
the data due to the narrowness of the hysteresis R(H),
we can note the following specific features. For the
maximum current (I = 350 mA), the parameter ΔH is
always less than the values corresponding to the trans�
port currents I = 10–200 mA. This is illustrated in the
insets to Figs. 5a and 5b. Within the limits of the error
of the determination, the parameter ΔH for transport
currents I = 10–200 mA in the range of weak magnetic
fields does not depend on the current. For Hmax =
1000 Oe, the divergence in the dependences ΔH(H↓)
becomes distinguishable in the vicinity of the mag�
netic fields H↓ ≈ 50 Oe (see inset to Fig. 5a) for I =
200 mA, H↓ ≈ 250 Oe for I = 100 mA, and H↓ ≈ 500 Oe
for I = 50 mA. For Hmax = 220 Oe, we can also note
these characteristic points, i.e., H↓ ≈ 50 Oe for I =
200 mA and H↓ ≈ 100 Oe for I = 100 mA). These char�
acteristic points are indicated in Fig. 5 by arrows; the
arrows are marked with the symbol corresponding to
the dependences ΔH(H↓). 

Thus, even for the (Y,Pr 0.04) sample (with a lower
reduced temperature of measurement t), there is a
dependence of the field hysteresis width ΔH on the
transport current. This does not contradict the results
reported in our previous paper [23, 24], because, in the
cited works, we used lower values of the transport cur�
rent density. Indeed, for the transport currents I = 10–
100 mA, the field hysteresis width ΔH (Fig. 5) for this
sample does not depend on I. 

In order to elucidate the factors responsible for the
decrease in the parameter ΔH at high current densi�
ties, it is expedient to compare the magnetoresistance
with the maximum resistive response from the sub�
system of grain boundaries, i.e., with the parameter
RNJ introduced in Subsection 3.1. The values of RNJ

can be estimated from the dependences R(T) in exter�
nal magnetic fields (Fig. 3) and from the dependences
R(H) for different values of the current. For the (Y,Pr
0.04) sample, this parameter is well consistent with the
behavior of the dependences R(H) at transport cur�
rents I = 10 and 350 mA in magnetic fields up to
13 kOe. This is demonstrated in Fig. 6a. For the (Y,Pr
0.11) sample, we managed to obtain the values of RNJ

from the dependences R(H) in magnetic fields up to
13 kOe (see inset to Fig. 6b). In magnetic fields up to
≈3 kOe, the dependences R(H) show a tendency
toward saturation; in magnetic fields H* ≈ 4 kOe, the
functional dependence R(H) changes. This suggests
that, in magnetic fields H ≥ H*, the dissipation occurs
within the grains and that there is a correspondence
between the magnetoresistance R(H*) and the quan�
tity RNJ. 

The obtained values of RNJ are compared with the
hysteretic dependences R(H) in Figs. 6a and 6b. The
dotted lines in these figures correspond to the “satura�
tion” of the resistive response from grain boundaries,
and the right vertical axis Y, to the resistance plotted in
units of RNJ. It can be seen from Fig. 6b that, for the
(Y,Pr 0.11) sample, a variation in the current I within
the range 10–350 mA and in the magnetic field up to
Hmax = 1000 Oe leads to a change in the resistance R in
the range ≈ 0.65–0.95RNJ. For the (Y,Pr 0.04) sample,
this change corresponds to the range ≈ 0–0.91RNJ,
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Fig. 5. Field width of the magnetoresistance hysteresis ΔH
as a function of H↓ obtained from the hysteretic depen�
dence R(H) of the (Y,Pr 0.04) and (Y,Pr 0.11) samples for
Hmax = (a) 1000 and (b) 220 Oe. The insets show the
region of weak fields. Numerals specify data obtained for
different transport currents I = (1) 10, (2) 50, (3) 100, (4)
200, and (5) 350 mA. The arrows marked with symbols
corresponding to the dependences R(H) indicate magnetic
fields in which the parameter ΔH is considered to be
decreased within the error of the determination (see the
text). Symbols 6 in panel (a) represent data on ΔH
obtained from the hysteretic dependence jCJ(H) (Fig. 2) of
the (Y,Pr 0.04) sample. 
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which is associated with the lower reduced tempera�
ture of measurement t. 

The symbols in Fig. 6, which identify the depen�
dences R(H↓), correspond to the magnetic fields H↓

above which there appears a dependence of the field
hysteresis width ΔH on the transport current (see
Figs. 5a and 5b, where these points are marked by
arrows). It can be seen from Fig. 6 that the ordinates of
these points have a small spread. The averaging of the
values of these ordinates gives the values of 0.88 ±
0.05RNJ and 0.91 ± 0.03RNJ for the (Y,Pr 0.04) and
(Y,Pr 0.11) samples, respectively. These averaged val�

ues are shown in Fig. 6 by the dashed lines. The values
of the magnetic fields, which correspond to the begin�
ning of the dependence of the field hysteresis width
ΔH on the transport current (indicated by arrows in
Fig. 5), and the values of RNJ were determined from
the dependences R(T) (Fig. 3) and R(H) (Fig. 6) with
a relative error of 5%. 

Thus, we can ascertain that the dependence of the
field hysteresis width on the current appears when the
magnetoresistance accounts for ~0.9 (± 5–7%) of the
maximum resistive response of the subsystem of grain
boundaries. In other words, if the experimental point
of the dependence R(H) lies on the R axis above the
lines R ~0.9RNJ, there is a dependence of the field hys�
teresis width ΔH on the current, and vice versa: if the
experimental points of the dependence R(H) are
located along the R axis below this line, the field hys�
teresis width ΔH does not depend on the current
(including the data obtained for the dependence
jCJ(H)). 

Similar results were obtained for the YBCO sample
in which the Pr concentration was intermediate
between (Y,Pr 0.11) and (Y,Pr 0.04), namely,
Y0.94Pr0.06Ba2Cu3O7 (TC ≈ 88 K). It turned out that, for
this sample, also, the field hysteresis width does not
depend on the current for a magnetoresistance smaller
than R ~0.9RNJ. 

Let us consider how the closeness of the magne�
toresistance to the value of RNJ can affect the parame�
ter ΔH. In the granular sample, of course, there is a
distribution of grain boundaries over both their length
and the critical current (JCJ). We assume that, for a
large value of the transport current and a specific value
of the magnetic field H, the magnetoresistance of the
junction with the lowest values of the critical current is
already close to the resistance RNJ corresponding to
these junctions. For the dependence R(H), which is
almost at saturation, a change in the magnetic field
and, in our case, in the effective magnetic field (see
expression (1)) does not lead to a noticeable change in
the magnetoresistance; therefore, the hysteresis for
this dependence is insignificant. In a stronger mag�
netic field, the magnetoresistance reaches saturation
for junctions with somewhat higher values of jCJ and
the hysteresis R(H) is absent even for these junctions.
When the Josephson junctions are connected in series
with different values of JCJ and a large spread in the val�
ues of jCJ, the dependence R(H) for such a chain is the
sum of R(H) for individual junctions. In this case, the
parameter ΔH will always depend on the current.
However, when the Josephson junctions are con�
nected in parallel, the current is redistributed in pro�
portion to their current critical currents [50]. There�
fore, if in a random network of Josephson junctions
[51, 52], there are junctions with low values of JCJ,
their influence has an insignificant effect for R � RNJ.
If the external conditions (t = T/TC, j, H) are such that
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Fig. 6. Hysteretic dependences R(H) of the (a) (Y,Pr 0.04)
and (b) (Y,Pr 0.11) samples at a temperature T = 77.4 K.
The horizontal axis X has a logarithmic scale. Numerals
near the curves specify data obtained in measurements of
the dependence R(H) for different transport currents I =
(1) 10, (2) 50, (3) 100, (4) 200, and (5) 350 mA. Solid
curves show the forward run (H = H↑) of the dependence
R(H). The reverse run (H = H↓) is shown by the dashed
(Hmax = 220 Oe) and dotted (Hmax = 1000 Oe) curves. The
horizontal dotted lines indicate the value of RNJ (see the
text). The inset in panel (b) shows in detail the depen�
dences R(H) of the (Y,Pr 0.11) sample for I = (1) 10 and
(5) 350 mA. The resistance plotted along the right vertical
axis Y is given in units of RNJ. The large symbols corre�
sponding to those identifying the dependences in Fig. 5
specify points at which there appears the dependence of
the parameter ΔH on the transport current (as in Fig. 5).
The horizontal dashed lines represent the “averaging” of
the ordinates of these points. 
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R is close to RNJ, the resistance of the junctions with
low values of JCJ will be almost equal to the resistance
in the normal state. For these junctions, we have
R(H) ≈ const, and the hysteresis R(H) is absent. The
fraction of these junctions increases with an increase
in the current or the magnetic field. This will lead to a
decrease in the field hysteresis width with an increase
in the current and to the disappearance of the hystere�
sis in the range of magnetic fields considerably below
H* (see Fig. 4b). 

It can be expected that, for the granular HTSC with
a very narrow distribution function of the grain bound�
aries over the length, the resistance, at which the
dependence of the parameter ΔH on j appears, should
be close to RNJ, and vice versa, if the granular HTSC
has a broad distribution function, the value of R should
decrease. 

On this basis, the authors have reason to believe
that, for the studied YBCO samples, the influence of
the distribution function of the Josephson junctions is
identical and manifests itself at a characteristic level of
the resistance of the network ~0.9 (± 5%)RNJ in the
form of the dependence of ΔH on j. 

Although in our previous studies [23–25], we used
a wide range of transport currents, including the suffi�
ciently low current densities, nonetheless, the magne�
toresistance in the measurements of the dependences
R(H) did not exceed 80% of the resistance RNJ deter�
mined from the dependences R(T). 

We note one more experimental fact. For the (Y,Pr
0.04) sample, the curves R(H↑) (Fig. 6a) at I = 10–
100 mA contain a clearly pronounced local maximum
in the vicinity of the magnetic field H↑ ≈ 102 Oe. For
the (Y,Pr 0.11) sample, the dependence R(H↑)
(Fig. 6b) is a monotonically varying function. This dif�
ference can be explained if we estimate the effective
field in the intergranular medium according to expres�
sion (1). The existence of a local minimum in the
dependence M(H↑) (Fig. 1) manifests itself for the
(Y,Pr 0.04) sample in the form of a local maximum in
the dependence Beff(H) and the dependence R(H↑).
For the (Y,Pr 0.11) sample, the magnetic moments at
the temperature T = 77.4 K are almost one order of
magnitude smaller. Consequently, the contribution
from the magnetic moments of the grains, which is
proportional to the magnetic moment of the sample,
to the effective field will be considerably smaller for
the (Y,Pr 0.11) sample. A similar behavior was
observed for the BSCCO sample and explained in
detail in [26]. 

4. CONCLUSIONS 

In this work, we have investigated the hysteretic
dependences of the magnetoresistance R(H) (T =
77.4 K) for different values of the transport current of
the granular Y1 – xPrxBa2Cu3O7 (x = 0.04–0.11) super�

conductor samples. Using the results obtained from
these investigations and data on the effect of a mag�
netic field on the resistive superconducting transition
for the studied samples, we have determined the total
contribution to the magnetoresistance from the dissi�
pation in the subsystem of grain boundaries, i.e., the
resistance of the grain boundaries in the normal state
RNJ. The performed analysis of the hysteretic depen�
dence R(H) has revealed that the field width of the
hysteresis of the magnetoresistance ΔH is independent
of the transport current, provided that the resistance of
the subsystem of grain boundaries does not exceed ≈
0.9 (± 5%) of the quantity RNJ. Within the error of the
determination, this quantity is identical for the studied
samples. The independence of the parameter ΔH from
the transport current, which was previously demon�
strated for granular HTSCs [23–25], follows from the
consideration of the granular superconductor as a two�
level system (“strong” grains and “weak” Josephson
links in grain boundaries). In this work, we have also
revealed a decrease in the hysteresis width with an
increase in the current for the case where the resistive
response of grain boundaries exceeds the characteris�
tic value ≈0.9 (±5%)RNJ, which is explained by the
influence of the spread in the values of the grain
boundary length and, as a consequence, in the values
of the critical current flowing through the intergranu�
lar spaces. It can be concluded that, based on a simple
relationship for the magnetic moment, the concept of
the effective field in the intergranular medium of a
granular HTSC consistently describes the main fea�
tures observed in the hysteretic behavior of the magne�
toresistance of granular HTSCs in the specified range
of the resistive response of the subsystem of grain
boundaries. 
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