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ABSTRACT

An approach to describing the R(H) magnetoresistance hysteresis in granular high-temperature superconductors and behavior
of the R(T) resistive transition in these objects in an external magnetic field is proposed. The dissipation is attributed to the
subsystem of intergrain boundaries, which form a Josephson junction network. The approach is based on accounting for the
effect of magnetic moments of superconducting grains on the resulting (effective) field in the intergrain medium. The described
procedure includes (i) establishing of the degree of magnetic flux crowding in the intergrain medium by comparing the
experimental data on the R(H) magnetoresistance hysteresis and magnetization M(H), (ii) determining the effective field Beff in
the intergrain medium as a function of external field H and temperature T with regard to the thermomagnetic prehistory, and
(iii) fitting the experimental R(H) and R(T) dependences using the Arrhenius expression R∼ exp(–EJ/ kB T), where EJ is the param-
eter corresponding to the Josephson coupling energy. The fundamental novelty of the proposed approach is the extraction of
the functional dependences of EJ on the effective field Beff in the intergrain medium rather than on the external field H, as was
made in many previous works. It is shown that the proposed approach makes it possible to adequately describe both the R(H)
hysteretic dependences and R(T) dependences of the Y-Ba-Cu-O high-temperature superconductor samples with different
morphologies and critical current densities.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5066602

I. INTRODUCTION

The magnetotransport study of type-II superconduc-
tors makes it possible to establish the dissipation mecha-
nisms and specific features of the vortex state.1,2 The
investigations in this direction became especially intense
after the discovery of high-temperature superconductors
(HTS) and led to the building of phase diagrams of the
vortex state for different HTS systems and disclosing a new
state of the vortex structure named the vortex glass.3,4

Along with the single-crystalline samples investigated in the
above-cited works, the magnetotransport studies on poly-
crystalline (granular) HTS materials have been carried out.
In such works, the attention is focused upon the dissipation
processes in the intergrain boundaries. Granular HTSs are
unique objects consisting of two superconducting subsystems:
strongly superconducting grains and a weakly superconducting

intergrain medium, where the superconducting current
transport is implemented via Josephson tunneling from one
grain to another through the intergrain boundary.5–7 This
tunneling is caused by a small (about 1 nm) geometric length
of the intergrain boundaries,7,8 which is comparable with the
HTS coherence length.

The dissipation processes can be described by the
Arrhenius expression

R(H, T, I) � exp[�UP(H, T, I)=kBT], (1)

where R(H, T, I) is the electrical resistance and UP(H, T, I) is
the dependence of the vortex pinning potential on magnetic
field H, temperature T, and transport current I (kB is the
Boltzmann constant).1 Analysis of the experimental data using
Eq. (1) allowed the dependences of UP on parameters H, T,
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and I to be obtained, which makes it possible to establish the
vortex state type. Such an approach is applicable to granular
HTSs, since the subsystem of intergrain boundaries passes to
the resistive state first and the obtained UP(H, T, I) depen-
dences will characterize this subsystem. In this case, instead
of the pinning potential, we can speak about the Josephson
coupling energy EJ proportional to the critical current,9

which can also depend on the parameters H, T, and I. Indeed,
starting from the 1990s, different granular HTS systems have
been investigated6,7,10–30 to establish the dependences of EJ

on the above-mentioned parameters.
However, in some works published since the 1990s,

the model representations related to the hysteretic field
and temperature behavior of magnetoresistance [R(H),30–40

R(T)36,41–49] and field behavior of the critical current
[IC(H)35,50–54] have been developed. Indeed, in most cases,
these dependences exhibit the hysteresis and, in a wide range
of external magnetic fields, the resistance in the increasing
field Hinc is higher than that in the case of the decreasing
field (Hdec), i.e., R(Hinc) > R(Hdec) at Hinc = Hdec. This allowed
authors of the above-cited works to speak about the effect of
magnetic moments of HTS grains on carrier tunneling. The
intergrain boundaries are, in fact, in a certain effective field,
which is determined by both the external field and magnetic
response of HTS grains.34–36,42–44,48,50–53,54–57 In addition, the
R(T) dependences of granular HTSs in the external field
depend on the thermomagnetic prehistory,42–44 which is
related also to the effect of thermomagnetic prehistory on
the magnetic properties of HTS grains. In view of this, the
question arises concerning the correctness of interpretation
of the data obtained on granular HTSs using Eq. (1) or some
other model, e.g., thermally activated phase slip in Josephson
contacts58,7,11–16,22–24,26,27 or vortex glass,17–20 since the effec-
tive magnetic field in the region of intergrain boundaries can
be essentially different from the external field.

In Refs. 59–64, an approach was developed that allows the
effective field in the intergrain medium to be determined as a
function of external field using the experimental data on the
R(H) hysteresis and magnetization M(H). Among the results
obtained was the proved significant crowding of the magnetic
flux in the intergrain medium. In the authors’ opinion, it was
reasonable to analyze the magnetotransport properties of
granular HTSs using Eq. (1), already with regard to the effec-
tive field in the intergrain medium. This analysis was the main
goal of the current work. Objects of study were two classical
yttrium HTS samples with different critical current densities
(or, in fact, Josephson coupling strengths).

II. EXPERIMENTAL

The YBa2Cu3O7-δ HTS samples were prepared by the
solid-state synthesis from the corresponding oxides. The final
stages of high-temperature annealing of the samples under
study were different. Sample YBCO-W (with the weak
Josephson couplings) was annealed for 15 h at 920 °С. Sample
YBCO-S (with the strong Josephson couplings) was annealed
at a temperature of about 940 °С, which is close to its melting

point, for 50 h. To obtain the oxygen stoichiometry, the syn-
thesized samples were annealed in air at a temperature of
350 °С for 10 h.

Scanning electron microscopy and energy-dispersive
spectroscopy data were obtained on a Hitachi-TM 3000 elec-
tron microscope.

The magnetotransport measurements were performed
by a standard four-probe technique. The samples about 0.8 ×
0.8 × 8mm3 in size were cut for the magnetotransport mea-
surements. Pressed gold-plated contacts were used, which
prevent sample heating under the action of heat release on
the current contacts at transport currents of up to 30mA for
a sample in the heat-exchange helium atmosphere and up to,
at least, 300mA for a sample placed directly in liquid nitro-
gen. The external field was induced by an electromagnet,
which allowed to measure the R(H) dependences at both ori-
entations H⊥ I and H || I (transport current I was applied
along the longest sample’s dimension) with accuracy of fixing
of angle ∠H, j about ≈2°.

The magnetic properties were studied on a vibrating
sample magnetometer under the same conditions as the
magnetotransport measurements.

III. CHARACTERIZATION OF THE SAMPLES

In the obtained X-ray diffraction (XRD) patterns, all the
reflections correspond to the 1-2-3 HTS without foreign
phases.

Figure 1 shows a typical sample microstructure. Both
samples are characterized by the granular structure. In
sample YBCO-W, the average crystallite (grain) size d is about
6 μm. Analysis of the microphotographs of sample YBCO-S
revealed a value of d∼ 10 μm and crystallite coalescence
areas. The energy dispersive spectroscopy data showed that
the element ratio corresponds to the chemical formula
YBa2Cu3O7-δ. The physical densities of samples YBCO-S and
YBCO-W were 93% and 85% of the theoretical YBa2Cu3O7-δ

density, respectively.
The synthesized samples had noticeably different critical

current densities JC: about 150 and 15 A/cm2 for samples
YBCO-S and YBCO-W, respectively, at a temperature of T = 77 K
(the external field is H = 0). At the same time, the tempera-
tures of the superconducting transition determined from the
magnetic measurements (Fig. 2) were 92.4 and 91.8 K for
samples YBCO-S and YBCO-W, respectively. These tempera-
tures agree well with the data on the onset of the resistive
transition [the R(T) dependences are presented in Sec. V C,
where they are analyzed using the magnetic measurement
data from Fig. 2]. Above the superconducting transition tem-
perature, the R(T) dependences for both samples are typical
of metals.

The magnetic hysteresis loops of the obtained samples
are shown in Fig. 3 (at T = 77 K). Note that the M(H) depen-
dences are typical of granular HTS samples at high tempera-
tures.65,66 It is known that intergrain boundary subsystem
reveals in such magnetic measurements in the range of weak
magnetic fields (less than one Oersted in the vicinity of 77 K
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and tens of Oersted at low temperatures),6,67 and for experi-
mental conditions of Fig. 3, the magnetization hysteresis is
determined by the magnetic response of the HTS grains.
The larger absolute values of magnetization of sample
YBCO-S can be explained by the larger grain size (or the
larger radius of current circulation inside grains). According
to the Bean formula, the intragrain critical current density JCG
can be estimated as JCG(A/cm

2)∼ 30 ΔM(emu/cm3)/d(cm),
where ΔM is the height of the magnetic hysteresis loop
[ΔM= |M(Hdec) –M(Hinc)|]. Substitution of the average grain
size and magnetization (Fig. 3) yields approximately the
same intragrain critical current density for the samples
under study (the JCG value in an external field of H = 100Oe is
∼1.5–2 × 105 A/cm2).

FIG. 1. Scanning electron microscopy images of samples (a) YBCO-S and
(b) YBCO-W.

FIG. 2. Temperature dependences of magnetization for samples (a) YBCO-S and (b) YBCO-W at different external fields H.

FIG. 3. M(H) hysteresis loops for the investigated samples at T = 77 K.
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Thus, the investigated samples have twofold different
grain sizes and approximately the same temperatures of the
transition to the superconducting state and intragrain critical
current densities. At the same time, the critical current
density in sample YBCO-S is higher than that in sample
YBCO-W, which allows us to conclude that the Josephson
couplings in sample YBCO-W are weaker.

IV. MODEL OF THE BEHAVIOR OF A GRANULAR HTS IN
EXTERNAL FIELD

The description of the dissipation processes in the inter-
grain boundary subsystem in an external magnetic field has
the following background. In relatively weak external fields
(below ∼104 Oe at the liquid nitrogen temperatures36,42,48), the
dissipation only occurs in this subsystem, i.e., the inequality
JC≪ JCG is valid [for the grain subsystem, we have JCG∼ 105 A/
cm2, while for the intergrain boundaries, JC∼ 101–102 A/cm2

(see Sec. III)]. Such a strict inequality leads to the two-step
transition in the R(T) dependences of the granular supercon-
ductors in an external field,5,7,11–13,21–30,34–36,42–49 which is
indicative of the clear separation of the dissipation processes
in these subsystems. The abrupt drop of the resistance corre-
sponds to the superconducting transition in HTS grains and
the smooth portion significantly broadening in an external
field corresponds to the intergrain boundary subsystem. The
value of this smooth portion corresponds to the normal resis-
tance of the intergrain boundary subsystem.46–48 Hereinafter,
this quantity is referred to as RNJ [the experimental R(T)
dependences are reported in Sec. V C].

The resulting field in the intergrain boundary region
[Fig. 4(a)] is a superposition of external field H and field Bind

induced by the magnetic moments MG of HTS grains [see the
schematic in Fig. 4(a)]. Figure 4(a) illustrates the case when
the trajectories of microscopic current Imicro (carrier tunnel-
ing from one grain to another) are strictly perpendicular to
the external field. It is convenient to choose the Z axis parallel
to the external field and co-directed to it to be a direction of
the resulting field in the intergrain boundary region.
Obviously, the induced field depends on the magnetic
moments of grains and the projections of Bind onto the Z axis.
When the external field increases, the condition Bind ||H || Z is
valid in the intergrain boundary. When the external field
decreases and the magnetic moments of grains become posi-
tive relative to the Z axis [in the external field range with
M > 0 (Fig. 3)], the induced field is already directed opposite
to the external field (arrows on the magnetic flux lines in
Fig. 4 change their direction for the opposite) causing a lower
total field in the intergrain boundaries on the return branch.57

In view of the aforesaid, we can operate on a certain
effective field Beff in the region of intergrain boundaries,
which is reasonable to consider as a projection of the result-
ing field onto the Z axis.64 In addition, it is reasonable to
relate the induced field or, to be exact, the projection of Bind

onto the Z axis, to the experimental magnetization of the
sample. In other words, we should consider a set of intergrain
boundaries rather than a separate boundary between two

grains.68,34 Obviously, we can present the magnetic moment
of the sample as a sum of magnetic moments of individual
grains M≈ ΣMG,Z

69 and operate on this characteristic. Then,
the induced field can be written in the form Bind,Z = –4πMZα.
Here, α is the coefficient that includes the averaged effect of
demagnetizing factors of grains and effect of magnetic flux
compression in the intergrain medium. Thus, we can write
the effective field in the intergrain medium in the form

Beff (H) ¼ jH� 4π M(H) αj: (2)

In this expression, we took into account the sign of magneti-
zation relative to the external field (or the Z axis). Since the

FIG. 4. Schematic of magnetic flux lines in the intergrain medium of a granular
HTS. Ovals show HTS grains separated by the intergrain medium (for clarity,
the intergrain spacings are strongly enlarged). Dashed lines are the lines of
magnetic induction Bind from the magnetic moments MG of superconducting
grains; arrows show the magnetic flux line direction in the increasing external
field H = Hinc. The case of perpendicular orientation (H⊥ I) is illustrated; dashed
arrows show the direction of microscopic trajectories of current Imicro. (b)
Possible redistribution of the trajectories of current Imicro at a small angle
between Imicro and Bind (see Sec. V A).
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field sign is unimportant for the magnetoresistance, the abso-
lute value of Eq. (2) will be considered further.

Equation (2) can be used to analyze the experimental
hysteretic dependences of magnetoresistance of granular
HTSs, since the magnetoresistance R is proportional to the
effective field: R∼ |Beff|.

61–63 Although this analysis was based
on the approximation in which coefficient α from Eq. (2) is
field-independent, the proposed approach was found to
describe well the features of the R(H) hysteresis of granular
HTSs.61–64

Certainly, the form of R(H) dependences is also affected
by the transport current I due to the nonlinearity of the I–V
characteristics of HTSs.5,7,17–21 However, the coefficient α is
determined using the field width ΔH of magnetoresistance
hysteresis rather than the relative magnetoresistance
variation ΔR(H) = R(Hinc) – R(Hdec) in a certain external field
H =Hinc = Hdec. This parameter can be obtained as a differ-
ence ΔH=Hdec –Hinc

59 under the condition R(Hinc) = R(Hdec).
Such an approach is based on the fact experimentally estab-
lished in classical yttrium-, bismuth-, and lanthanum-based
HTS systems59,60 that the ΔH value is independent of the
transport current and only determined by external condi-
tions, including the maximum applied field and thermomag-
netic prehistory. This behavior can be explained as follows.
The transport current cannot affect the magnetic moments
of grains (sample magnetization), according to the inequality
JC≪ JCG. Additionally, the contribution of self-field induced
by transport current in the intergrain region is also insignifi-
cant and for current values used, the self-field magnitude
does not exceed one Oersted.54,70 Hence, the transport
current cannot affect the effective field Beff in the intergrain
medium either. Therefore, if the condition R(Hinc) = R(Hdec) is
met at fields Hinc and Hdec, then this equality is valid also at
the effective fields Beff(Hinc) = Beff(Hdec). Substituting Eq. (2)
for the effective field into this equality, we can easily obtain
the relation

ΔH ¼ Hdec �Hinc ¼ 4π α[M(Hinc) �M(Hdec)]: (3)

It can be seen from Eq. (3) that the field width of the magne-
toresistance hysteresis is determined by the magnetizations
on the forward and inverse R(H) hysteresis branches.

Comparison of the ΔH values determined from the
experimental R(H) dependences with the calculated data
obtained using Eq. (3) by substitution of the experimental
M(H) results showed that the coefficient α is much more than
unity.61,62–64,71 This is the manifestation of the magnetic flux
compression in the intergrain boundary region of granular
HTSs.34

Thus, the intergrain boundaries are located in the effective
field, which is noticeably different from the external field and
exceeds it by far in the range of relatively weak fields [until the
second term in Eq. (2) is dominant]. Note that Fig. 4(a) illus-
trates an idealized situation. In reality, in view of the percolation
character of microscopic currents Imicro at the specified orien-
tation H⊥ I, not all the Imicro trajectories satisfy the condition

H⊥ Imicro. Similarly, at H || I, there is always a great part of
trajectories in which the Imicro direction is not parallel to the
external field. Thus, there is the isotropic magnetoresistance
with a fairly large value, which is independent of the angle
∠θ = (H, I).34,72,64 Analysis of the experimental R(H) hysteretic
dependences obtained at different orientations of the external
field and transport current (∠θ =H, I) allowed us to conclude
that at the arbitrary orientation of H and I, we can operate with
the effective value of parameter α – αeff.

64 In this case, the αeff
value for the parallel orientation (H || I) is smaller than for the
perpendicular orientation (H⊥ I): αeff(H || I) < αeff(H⊥ I). These
parameters for the yttrium HTS system are almost twofold
different.56,64

V. RESULTS AND DISCUSSION

A. Description of the R(H) hysteretic dependences:
Dependences of the Josephson junction medium on
effective field and transport current

Figure 5 presents the experimental R(H) dependences of
the investigated samples at T = 77 K. For sample YBCO-S
[Fig. 5(a)], the measurements were performed at the orienta-
tion H⊥ I; for sample YBCO-W [Fig. 5(b)], the data were
obtained at H || I and H⊥ I. Hereinafter, the R(H) dependences
are analyzed using the data corresponding to the external
field cycling between the positive and negative values of the
maximum applied field, except for the initial path. Arrows in
Fig. 5(a) show the variation in the external field direction.

To describe the R(H) dependences at T = const with the
use of Eq. (1), it is necessary to vary the magnetic-field depen-
dence of the Josephson coupling energy EJ (hereinafter, we
operate on this energy characteristic) to obtain the best
fitting to the experiment. In this case, we should deal with
the effective field Beff in the intergrain medium rather than
with the external field H. Determination of the effective field
from Eq. (2) is based on using the experimental M(H) data for
the sample under study. In this case, the parameter α is
chosen, regardless of the external field, such as to the field
width ΔBeff(H) of the hysteresis of the dependence Beff(H)
agrees well with the field width ΔR(H) of the hysteresis of
the dependence R(H) over the entire external field range (see
Sec. IV).61–64 The investigations at T = 77 K using the M(H)
data from Fig. 3 yielded α≈ 25 for sample YBCO-S (H⊥ I) and
αeff(H || I)≈ 10 and αeff(H I)≈ 22 for sample YBCO-W. The
obtained Beff(H) dependences are presented in Fig. 6.

We write the dependence of EJ on the effective field Beff

as a power function,8,12,13,22–24,26,27,29,30

EJ(Beff ) ¼ EJ0B�n
eff : (4)

In Eq. (4), EJ0 is the energy of Josephson coupling at the unit
effective field, i.e., in this case, at Beff = 1 Gs (at I = const and
T = const). Another parameter affecting the shape of the R(H)
dependence is the normal resistance RNJ of the subsystem of
intergrain boundaries. This parameter should be constant for
a specific sample over the entire temperature and transport
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current ranges. The values of the normal resistance RNJ of the
subsystem of intergrain boundaries obtained from the R(T)
dependences (see Sec. V C) are presented in the caption to
Fig. 5. These parameters were used as the normal resistance
RNJ in the experimental data processing. We rewrite Eq. (1) as
applied to the subsystem of intergrain boundaries to describe
the R(H) dependences in the form

R(H) ¼ RNJexp{�EJ[Beff (H)]=kBT}: (5)

The experimental data processing using Eqs. (4) and (5) showed
that the hysteretic behavior of magnetoresistance of the
investigated samples (Fig. 5) is satisfactorily reproduced at
n = 1 ± 0.2. Solid lines in Fig. 5 show the fitting data at n = 1. The
EJ0 values were found to be 1000 ⋅ 103 and 20.5 ⋅ 103 K for
samples YBCO-S and YBCO-W, respectively. Note that these
EJ0 values correspond to the effective field Beff = 1 Gs. For
sample YBCO-S [Fig. 5(a)], the magnetoresistance is no higher
than 1% of the RNJ value (0.77mΩ), whereas for sample
YBCO-W, the R value in an external field of ∼103 Oe is already
about 80%-90% of the RNJ value (8.4mΩ). In other words, the
description of the hysteretic feature is valid at both R≪RNJ

and R∼ RNJ. The anisotropy of magnetoresistance hysteresis
[Fig. 5(b)] relative to the orientation of H and I is also satisfac-
torily reproduced within this approach [in fact, the EJ0 values
at H || I and H⊥ I are similar and only the values αeff(H || I) and
αeff(H⊥ I) are different].

As the transport current increases, the Josephson cou-
pling energy decreases. In this case, in processing of the
experimental R(H) data obtained at the same temperature and
different transport currents, the only parameter (EJ0) should
change. Figure 7 shows the R(H) hysteretic dependences for
sample YBCO-S measured at different transport currents
I. Solid lines in Fig. 7 show the result of fitting using Eq. (5) on
the basis of the Beff(H) data (Fig. 6) and the field dependence
EJ(Beff ) = EJ0Beff

–1 . The only variable parameter at different I
values was EJ0. The EJ0 values used in the fitting are pre-
sented in Fig. 8. One can see the satisfactory agreement with
the experiment. In the transport current range of 30–150mA,
the EJ0(I) data are described well by the power dependence
EJ0(I)∼ Im with an exponent of m≈ 1.2.

There is, however, a certain discrepancy between the
experimental and fitting R(H) dependences in the external

FIG. 5. Hysteretic dependences of magnetoresistance for (a) sample YBCO-S and (b) sample YBCO-W. Symbols show the experiment and lines, the results of fitting using
Eq. (5) with regard to Eq. (4) at n = 1 on the basis of the Beff(H) data shown in Fig. 6 at EJ0 = 1000 ⋅ 103 K, RNJ = 0.77 mΩ for sample YBCO-S and EJ0 = 20.5 ⋅ 103 K,
RNJ = 8.4 mΩ for sample YBCO-W. Arrows show the variation in the external field direction.

FIG. 6. External field dependences of the effective field Beff in the intergrain
medium for the samples under study. The data are obtained from the corre-
sponding M(H) dependences presented in Fig. 3 using Eq. (2) (see Sec. V A).
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field increasing in the vicinity of the R(Hinc) maximum, which
can be clearly seen in Figs. 5(a) and 7 for sample YBCO-S. It is
reasonable to explain this maximum by the M(H) correspond-
ing minimum (Fig. 3) and, as a consequence, the Beff(H) (Fig. 6)
and R(H) maxima. The difference between the fitting curves
and experimental R(Hinc) dependences can be related to the
redistribution of microscopic transport current trajectories
under the conditions when the Beff(H) dependence has a pro-
nounced maximum. Possibly, under these conditions, carrier
tunneling through the neighboring grain would be preferred
[see the schematic in Fig. 4(b)]. In this case, tunneling will be
implemented through the intergrain spacings with the weaker
magnetic flux crowding or, to be exact, through the intergrain
boundary regions, where the direction of microscopic current
Imicro is not strictly perpendicular to the lines of magnetic
induction Bind [Fig. 4(b)]. Indeed, according to the classical
Bardeen-Stephen consideration,73 in type-II superconductors,
the magnetoresistance is proportional to sin2(∠H, I) and
microscopic trajectories preferably tunnel through the neigh-
boring grain, if the angle between Bind and Imicro is small (at
high enough α values Bind has more influence than H). As a
result, the effective field in the intergrain medium will be
weaker than that predicted by Eq. (2). On the other hand, the
agreement between the fitting and experimental dependences
near the Beff(Hinc) maximum improves when the sample resis-
tance becomes comparable with RNJ. This can be seen from
the data presented in Figs. 5(b) and 9 (Sec. V C). As the magne-
toresistance approaches the maximum resistive response of
the intergrain boundaries (RNJ), the great part of intergrain

FIG. 8. Transport current dependence of the EJ0 value obtained by fitting the
R(H) dependences (Fig. 7) and R(T) dependences [Sec. V C, Fig. 13(a)]. The
double logarithmic scale is used.

FIG. 7. Hysteretic dependences of magnetoresistance for sample YBCO-S at
different transport currents. Symbols show the experiment and lines, the results
of fitting using Eq. (5) at RNJ = 0.77 mΩ with regard to Eq. (4) at n = 1 on the
basis of the Beff(H) data shown in Fig. 6. The EJ0 values used in the fitting are
presented in Fig. 8.

FIG. 9. Hysteretic dependences of magnetoresistance for sample YBCO-S at
different temperatures. Symbols show the experiment and lines, fitting using
Eq. (5) at RNJ = 0.77 mΩ with regard to Eq. (4) at n = 1 on the basis of the Beff(H)
data from Fig. 11. The EJ0 values used in the fitting are presented in Fig. 12.
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boundaries is already in the dissipative state and redistribution
of the current trajectories is weaker pronounced.

It should be noted that functional dependence EJ(Beff )
may be more complex than simple power law [Eq. (4)]. This can
be another reason for the observed discrepancy between
experimental and fitting R(H) curves. Generally, EJ(Beff ) should
reflect averaged magnetic field dependence of the critical
current for a network of Josephson contacts (the Fraunhofer
dependence of the critical current).9 The shape of this depen-
dence is determined by the geometrical parameters of the
intergrain boundaries and other factors.74,7 It is well known
that the junction network in granular samples of HTSs is not
homogeneous and depends strongly on the experimental con-
ditions of sample preparation. Therefore, the shape of EJ(Beff )
can change from one sample to another. Nevertheless, in the
investigated temperature range of T≥ 77 K, the common
feature of nearly inverse proportionality of EJ vs Beff is
observed for the both samples studied. This corresponds to
the effective fields of, at least, up to several kGs while the
external field changes to 103Oe. The power dependence of the
Josephson coupling (activation energy) on the external field H
was observed for granular HTSs.12-14,22–29,75 In different exter-
nal field ranges, essentially different exponents n in Eq. (4)
were observed.14,22,29,75 This is explained by the fact that in the
range of low and moderate fields (up to 103Oe), the Josephson
coupling energy is determined, first of all, not by an external
field H, but by a field induced by the magnetic moments of the
HTS grains [the second term of Eq. (2)—4π M(H) α]. In the
stronger external fields, the first term (external field H) of
Eq. (2) will prevail and the functional field dependence of EJ

can already be established using the standard methods,7,10–30,75

where the field Bind induced by grains is ignored. Below,
we describe the temperature evolution of the R(H) hysteresis
(Sec. V B) and R(T) (Sec. V C) during the experimental data
processing using the dependence EJ = EJ0 Beff

–1 .

B. Temperature evolution of the magnetoresistance
hysteresis and Josephson coupling energy

Figure 9 shows hysteretic dependences of magnetoresis-
tance R(H) for sample YBCO-S measured at different tempera-
tures. Figure 10 presents the data on magnetization hysteresis
under the external conditions identical to those of the R(H)
measurements. To determine the effective field, we used the
above-described approach where parameter α is varied to
obtain the best agreement between the field dependence of
hysteresis for the R(H) and Beff(H) dependences. Similar analy-
sis from a study76 showed the parameter α to be almost
temperature-independent, at least, at 77–88K (α≈ 25). The cor-
responding Beff(H) dependences obtained using Eq. (2) from
the M(H) data (Fig. 10) at α≈ 25 are shown in Fig. 11.

To process the R(H) dependences at different tempera-
tures by Eq. (5), we used the Beff(H) dependences obtained at
the corresponding temperatures (Fig. 10) and EJ(Beff ) functional
dependence, in accordance with Eq. (4), at n = 1. The RNJ value
remained constant. In addition, since the temperature

dependence of the Josephson coupling energy is unknown, the
EJ0 value at each temperature was changed.

Solid lines in Fig. 9 show the description of the R(H)
dependences. It can be seen that the temperature evolution
of the magnetoresistance hysteresis is described fairly well
within the developed approach.

Figure 11 shows the EJ0 parameter as a function of tem-
perature. The obtained EJ0(T) dependence is described well
by the function

EJ0(T) � [1� (T=TC0)]
2: (6)

The solid line in Fig. 12 is built using Eq. (6). The TC0 value is
about 91.4 K, which is close to the temperature of the

FIG. 10. M(H) hysteresis loops for sample YBCO-S at different temperatures.

FIG. 11. Field dependences of the effective field in the intergrain medium for
sample YBCO-S at different temperatures. The data are obtained from the corre-
sponding M(H) dependences shown in Fig. 10 using Eq. (2).
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superconducting transition in the sample (92.4 K for sample
YBCO-S).

The standard processing of the R(T) dependences for
granular HTSs in the external fields yielded different expo-
nents in Eq. (6).7,12–16,22–30 In this approach, the temperature
variation in the internal field, i.e., in terms of this work, the
effective field in the intergrain medium is ignored. It can be
seen in Fig. 10 that at the same external field, the effective

field changes (decreases) with increasing temperature. Such a
behavior has already been taken into account in the approach
used to describe the R(H) dependences. The obtained qua-
dratic EJ0(T) dependence can be interpreted as follows. The
Josephson coupling energy is proportional to the critical
current.9 Consequently, the EJ0(T) dependence reflects the
temperature dependence of the critical current of a system of
weak couplings ( Josephson junctions) in the sample under
study. The quadratic temperature dependence of the critical
current is typical of the superconductor–normal metal–
superconductor junctions; this dependence was obtained by
de Gennes.77 The theories developed later for the supercon-
ductor–normal metal–superconductor junctions also predict
the almost quadratic dependence of the critical current.78,79

The result obtained is indicative of the metal character of
intergrain boundaries in the investigated granular HTS.

C. The R(T) resistive transition in external magnetic
fields

As was shown in Sec. V A, the magnetoresistance hystere-
sis is satisfactorily reproduced both when the sample resistance
is much lower than the normal resistance RNJ and at R∼RNJ.
Hence, within the approach used, we can describe also the R(T)
dependences of electrical resistance in the external field. To do
this, we should establish the temperature dependence of the
effective field in the intergrain medium, i.e., use the experimen-
tal M(T) data. Then, knowing the parameter α to be almost
temperature-independent, we can obtain the Beff(T) depen-
dences using the expression similar to (2),

Beff (T, H ¼ const) ¼ jH� 4π M(T) αj: (7)

FIG. 12. The values of parameter EJ0 obtained by fitting of the R(H) depen-
dences from Fig. 9 as a function of temperature (symbols). The solid line shows
the dependence built according to Eq. (6) with TC0 = 91.4 K and the value
EJ0(T = 0) = 41 × 10

6 K.

FIG. 13. Temperature dependences of electrical resistance R in external magnetic fields for (a) sample YBCO-S and (b) sample YBCO-W. Symbols show the experiment
and lines, fitting by Eq. (8) using the Beff(T) data from Fig. 14.
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After that, based on the above-determined field and tempera-
ture dependences of the Josephson coupling energy EJ(Beff, T),
we can describe the R(T) dependences.

The R(T) dependences for samples YBCO-S and YBCO-W
in different external fields are shown in Fig. 13. The corre-
sponding M(T) data obtained at the same external fields are
presented in Fig. 2 (Sec. III). The temperature dependences of
the effective field Beff determined from the data shown in
Fig. 2 using Eq. (7) at α values of 25 for sample YBCO-S (H⊥ I)
and 10 for sample YBCO-W (H || I) are presented in Fig. 14.

The R(T) dependences were described using the expres-
sion, which is analogous to Eq. (5)

R(T) ¼ RNJexp{�EJ0(T) � [Beff (T)]
�1=kBT}: (8)

Equation (8) takes into account both the temperature evolution
of the Josephson coupling energy EJ0(T) in the form EJ0(T) =
EJ0(T = 0) ⋅ [1 – (T/TC0)]

2 and the above-determined dependence
of this energy on the effective field EJ(Beff ) = EJ0Beff

–1 (Sec. V A).
The transport current I, at which the R(T) dependences were
measured, is weaker than that in the above-described R(H)
measurements; therefore, the quantity EJ0(T = 0) was used as
a fitting parameter. Solid lines in Fig. 13 show the results of
fitting the experimental R(T) dependences. One can see good
agreement with the experiment.

In describing the R(T) dependences, the only fitting
parameter used was, in fact, the quantity EJ0(T = 0), which
is similar for all the R(T) dependences of a specific
sample: EJ0(T = 0) = 59.8 × 106 K for sample YBCO-S and
EJ0(T = 0) = 4 × 106 K for sample YBCO-W. The normal resis-
tances RNJ (Fig. 13) remained constant at all the fittings made

[R(H, T)]. The quadratic EJ0(T) dependence [Eq. (6)] describes
well the R(T) data for the investigated samples (Fig. 13).

VI. CONCLUSIONS

Thus, we proposed a fundamentally new approach to
describing the dissipation in the subsystem of intergrain
boundaries of granular HTSs in the external field. Our
approach deals with the field induced in the intergrain
medium by the magnetic moments of superconducting grains
with regard to the significant magnetic flux crowding in it. In
this case, the effective field in the intergrain medium directly
depends on the sample magnetization, which is determined
mainly on the magnetic response from superconducting grains
and effect of compression (amplification) of the magnetic flux
in the intergrain medium, which weakly changes upon tem-
perature variation. The evolution of the effective field in the
intergrain medium upon the external field and temperature var-
iation determines the main features of the R(H) hysteresis and
observed R(T) dependences in the external field. Substitution of
the effective (rather than external) field into the Arrhenius
expression for describing the dissipation processes allowed us
to describe well the observed R(H) and R(T) dependences for
the granular yttrium HTS samples and adequately interpret the
functional dependences of the Josephson coupling energy on
temperature and effective field.

We may state that the developed approach answers the
questions that remained open after numerous studies of the
resistive properties of granular HTSs and some ambiguous
conclusions concerning the dissipation mechanisms and evo-
lution of the Josephson coupling energy with temperature
and external field variation (Sec. I). The magnetic behavior of
a granular HTS determines mainly the resistive properties of
these objects in weak and moderate magnetic fields. Only in

FIG. 14. Temperature dependences of the effective field Beff in the intergrain medium obtained from the M(T) dependences (Fig. 2) using Eq. (7) for (a) sample YBCO-S
and (b) sample YBCO-W. The presented Beff(T) dependences were used in processing the data from Fig. 13.
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the sufficiently strong magnetic fields (∼103–4 Oe at high tem-
peratures), the effective field in the intergrain medium is
already weakly dependent on the field induced by supercon-
ducting grains and the observed dissipation in the external
field can be described using standard approaches.
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