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Abstract
The temperature evolution of the magnetoresistance hysteresis in the granular YBa2Cu3O7-δ high-temperature (TC ≈ 92 K)
superconductor has been investigated. The measurements have been performed in the high-temperature region (78–90 K)
and at the liquid helium temperature (4.2 K). The results obtained have been analyzed using the developed model of the
behavior of transport properties of a granular high-temperature superconductor in an external magnetic field. Within the
discussed model, the dissipation of the grain boundary subsystem is determined by the intergrain spacing-averaged
effective field Beff, which is a superposition of external field H and the field induced by the magnetic moments of
superconducting grains. Such a consideration yields the expression Beff(H) =H − 4πM(H) α for the effective field in the
intergrain medium, where M(H) is the experimental hysteretic dependence of magnetization and α is the parameter of
magnetic flux crowding in the intergrain medium. Here, the magnetoresistance is assumed to be proportional to the
absolute value of the effective field: R(H) ~ |Beff(H)|. Analysis of the experimental R(H) and M(H) dependences obtained
under the same conditions for the investigated high-temperature superconductor sample showed that in the high-
temperature region this parameter is α ≈ 25. At the low temperature (4.2 K), we may state that the degree of flux crowding
increases and the estimated α value is ~ 50. The estimates made are indicative of the strong effect of flux compression in
the intergrain medium on the magnetotransport properties of the investigated granular high-temperature superconductor
system. Possible reasons for a discrepancy between the developed model concepts and experimentally observed low-
temperature R(H) hysteresis are analyzed.

Keywords Granular HTSC . YBCO . Magnetoresistance hysteresis . Effective field . Intergrain medium . Magnetic flux
compression

1 Introduction

The magnetic and magnetotransport properties of granular
high-temperature superconductors (HTSs) suggest that it
would be reasonable to consider these materials to consist of
two superconducting subsystems. The first (main) subsystem
is formed from HTS grains. The second subsystem comprises
grain boundaries. The relative volume fraction of the second
subsystem is incomparably smaller than the volume fraction
of superconducting grains, since the geometrical length of a

boundary is about 1 nm [1–5], while the grain size ranges from
fractions of a micron to tens of microns. However, due to the
small HTS coherence length (about 1 nm as well), the super-
conductivity in the grain boundary region is essentially weak-
ened and the superconducting current transport through the
boundaries is implemented via the Josephson effect.
Therefore, the transport properties of granular HTSs are main-
ly determined by the dissipation processes in the grain bound-
ary subsystem. Consequently, a granular HTS can be consid-
ered as a two-phase system with the strictly segregated dissi-
pation processes; specifically, the density jCGB of the critical
current through the grain boundary is much lower than the
intragrain critical current density jCG [6–8]:

jCGB << jCG: ð1Þ

The abovementioned subsystems, however, interact with
each other. Their coupling is especially pronounced in an
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applied magnetic field, i.e., when studying the magnetotransport
properties of a granular HTS, e.g., its magnetoresistance1 R(H)
[8–19]. The magnetic moments of HTS grains affect the
intergrain spacing; as a result, instead of external fieldH induced
by a solenoid, the grain boundaries appear in the effective field
Beff, which is a superposition of the external field H and field
Bind induced by the magnetic moments of HTS grains:

Beff ¼ H þ Bind: ð2Þ

Taking into account the well-known magnetization hyster-
esis of superconductors, the field Bind and, consequently, the
effective field Beff in the grain boundary region will also be
hysteretic functions of the external field. Since the dissipation
in superconductors is related to the magnetic field value (here,
the effective field value, R ~ Beff), the magnetotransport prop-
erties of granular HTSs exhibit the hysteretic phenomena.

These concepts were used to qualitatively describe the in-
triguing features of the magnetotransport properties of granu-
lar HTSs, including the magnetic field hysteresis of the critical
current JC(H) [20–25] and magnetoresistance R(H) [13–19,
23–25] and the temperature hysteresis of electrical resistance
R(T) at H = const [16, 26]. Consideration of the grain bound-
ary subsystem in a certain effective field [13] made it possible
to explain the well-known magnetoresistance anisotropy in
granular HTSs with respect to the mutual orientation of the
external field and transport current direction [13, 27–29].

The described model of the behavior of a granular HTS in
an external field has been essentially developed after making
an obvious assumption about the direct relation of the induced
field Bind to the experimental field dependence of magnetiza-
tion M(H): Bind(H) ~ |M(H)| [15, 30]. In other words, the
effective field in the intergrain medium is determined, to a
great extent, by the behavior of magnetization. Indeed, the
thorough comparison of the R(H) andM(H) hysteretic depen-
dences made it possible to adequately explain the existence of
a local R(H) maximum [15] and establish the origin of specific
features of the relaxation behavior of the resistance in a dc
magnetic field [19, 30–32].

In addition, as was mentioned first in [13], the magnetic
flux crowding can occur in the grain boundary region. This
phenomenon can take place when the geometrical length of a
grain boundary is much smaller than the grain size, which is
the case in granular HTS materials. In fact, the effective field
in the intergrain medium can be much stronger than the exter-
nal field and the field induced by superconducting grains [19,
30, 33, 34]. This crowding is taken into account in the expres-
sion for the effective field in the intergrain medium [19, 30].

Beff Hð Þ ¼ jH–4πM Hð Þ αj ð3Þ

In Eq. (2), M(H) is the experimental magnetic hysteresis
loop and α is the parameter of crowding of the magnetic flux
lines from superconducting grains in the intergrain medium; at
α >> 1, the crowding is significant. It was found that the pa-
rameter α of the HTS systems is much higher than unity, and
many experimental features of the R(H) dependences are ex-
plained under the assumption of α ~ 10–20 [19, 30, 34].

The reported results were obtained at the nitrogen temper-
ature. As was shown in study [35], the parameter α of mag-
netic flux crowding in the yttrium HTS system is almost
temperature-independent in the range of 77–90 K (at a critical
temperature of TC = 92K). In our opinion, these investigations
can be extended to the low-temperature region. To further
develop the model of the behavior of a granular HTS in an
external field, here we analyze the magnetoresistance hyster-
esis in the granular YBa2Cu3O7-δ HTS at the liquid helium
temperature and compare the obtained data with the results for
the high-temperature region.

2 Experimental

The YBa2Cu3O7-δHTS sample was synthesized by a standard
solid-state synthesis technique from initial oxides with three
intermediate grindings. The X-ray structural analysis showed
that all reflections correspond to the 1–2–3 HTSs without
inclusions of foreign phases.

Scanning electron microscopy and energy-dispersive spec-
trometry investigations were carried out on a Hitachi-TM
3000 electron microscope. Figure 1 presents typical data on
the sample microstructure. One can see a granular structure
with an average grain size of about 5 μm. According to the
energy-dispersive spectrometry analysis data, the element ra-
tio corresponds to the chemical formula YBa2Cu3O7-δ. The
physical density of the investigated sample was ~ 88% of the
theoretical YBa2Cu3O7-δ density.

1 Hereinafter, the drop of voltageU divided by transport current I, i.e., R =U/I,
is referred to as resistance.

Fig. 1 Scanning electron microscopy image of the typical microstructure
of the YBa2Cu3O7-δ sample
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It is well known that the final annealing conditions affect
the critical current density jC in granular HTSs [3, 5]. In our
case, the parameter jC was not purposefully increased and the
final annealing at 9150С for 20 h was performed. The jC
values in zero external field for the sample under study were
~ 15 A/cm2 at T = 77 K and ~ 170 A/cm2 at T = 4.2 K.

The magnetotransport measurements were performed by a
standard four-probe technique under the zero-field cooling
conditions. Specimens about 0.4 × 0.4 × 7 mm3 in size for
the magnetotransport investigations were cut and the transport
current I flowed along to their longer sides. The external field
was applied perpendicular to the direction of the macroscopic
transport current j.

Gold-plated pressed electric contacts were used. During the
R(H) measurements in the temperature range of 77–90 K, the
specimen was in the helium heat-exchange atmosphere; the
external field was induced by an electromagnet; the transport
current was I = 3mA. The R(H) dependence at a temperature of
4.2 K was measured by placing the specimen directly in a cryo-
stat filled with liquid helium; an external field of up to ± 60 kOe
was induced by a superconducting solenoid. To observe a non-
zero magnetoresistance in low temperatures, it is necessary to
use much higher transport currents than in the region of the
liquid nitrogen temperature. The data analyzed in Sect. 3.4 were
obtained at I = 175 mA (T = 4.2 K). Under these conditions, the
Joule heat release on side contacts did not lead to sample
heating. The magnetoresistance data in the high-temperature
region and at 4.2 K were obtained using the same specimen.

The magnetic properties were studied on a vibrating sam-
ple magnetometer under the external conditions, including the
external magnetic field sweep rate, corresponding to the
magnetotransport measurements.

According to the transport measurement data (Fig. 2a), the
temperature corresponding to the onset of the transition to the
superconducting state was ~ 92 K. This is consistent with the
magnetic measurement data presented in Fig. 2b. Thus, the
investigated YBa2Cu3O7-δ sample exhibits the properties typ-
ical of the granular yttrium HTS materials, which gives us
grounds to generalize our conclusions to, at least, the class
of granular materials of the HTS system under study.

3 Results and Discussion

3.1 Experimental Justification of Existence of Two
Superconducting Subsystems (Grain Boundaries
and HTS Grains)

The R(T) dependences presented in Fig. 2a were obtained in
different external fields. A fairly sharp resistance jumpweakly
dependent on the external field unambiguously corresponds to
the superconducting transition in the HTS grain subsystem,
and the smooth R(T) portion reflects the transition of the grain

boundary subsystem to the superconducting state [6, 13, 19,
25–27, 36–41]. It is worth noting that the magnetic contribu-
tion of the grain boundary subsystem under the conditions
corresponding to the experiments illustrated in Fig. 2a is very
small [7, 42]: theM(T) dependences shown in Fig. 2b contain
no anomalies related to the transition in the grain boundary
subsystem. Such a behavior is characteristic of granular HTSs
and obeys Eq. (1). Using the data shown in Fig. 2a, one can
obtain the total resistance RNGB of the grain boundary subsys-
tem. In the granular HTSs of the classical yttrium, bismuth,
and lanthanum systems, the hysteresis of magnetotransport
properties is observed in the region of resistances lower than
RNGB [8–19, 23–25, 30–35, 43, 44].

Figure 3 shows the M(H) hysteretic dependences for the in-
vestigated sample at temperatures of 80 and 4.2 K. According to
the Bean formula, the intragrain current density jCG can be esti-
mated as jCG (A/cm2) ~ 30ΔM (emu/cm3)/d (cm), whereΔM is
themagnetic hysteresis loop height [45]. Substituting the average
grain size (d ~ 5 μm) and magnetization (Fig. 4) in an external
field of H ≈ 100 Oe yields jCG values of about 1.5 × 105 and

Fig. 2 Temperature dependences of a resistance R(T) and b
magnetization M(T) in different external fields. On a, the value of RNGB

(the resistance of the grain boundary subsystem) is shown
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2.3 × 106 A/cm2 at temperatures of 80 and 4.2 K, respectively.
Comparing the obtained values with the critical current densities
(see Sect. 2), we may be certain that Eq. (1) is valid.

The shape evolution of the M(H) dependences and jCG
growth with decreasing temperature are typical of granular
HTS samples [46–48]. The experimental conditions, includ-
ing temperature and external field, in Fig. 3 are analogous to
the conditions for obtaining the R(H) dependences discussed
below (Sects. 3.3 and 3.4) on the basis of the obtained data.

3.2 Model

Figure 4 shows a schematic of idealized magnetic flux lines in
the intergrain medium of a granular HTS. Ovals show the HTS
grains. The direction of macroscopic transport current j is per-
pendicular to the external field H; in this representation, the
microscopic current Im is co-directed with j. It is assumed that
there is no dissipation within the HTS grains (Eq. (1)). The
magnetic momentsMG1 andMG2 of HTS grains are antiparallel
to the external field when the latter increases (H =Hinc). It can be
seen in Fig. 4a that themagnetic flux lines fromMG pass through
the intergrainmedium (spacing between grains) and are closed to
the top of grains. When the external field decreases (H = Hdec),
the magnetic moments of superconducting grains, according to
the generally accepted concepts, are co-directedwith the external
field (see also Fig. 3) and the direction of the magnetic flux lines
from MG1,2 will be opposite to that shown in Fig. 4. Thus, the
magnetic moments of HTS grains induce the field Bind in the
intergrain medium. This field has different directions atH =Hinc

and H = Hdec. It is reasonable to related the Bind value to the
sample magnetization M(H) and, taking into account the direc-
tions of vectors H,MG1,2, and Bind (Fig. 4), we obtain

Bind Hð Þ ∼ –4πM Hð Þα; ð4Þ
where the parameter α includes the averaged effect of grain
demagnetizing factors and crowding of the magnetic flux lines.

In real granular systems, the intergrain spacings are much
smaller than the grain size, which can lead to the flux crowding
schematically illustrated in Fig. 4b. It is obvious that if the
parameter α in Eq. (4) is much higher than unity (the effect
of demagnetizing factors of the grain shape is maximum) than
this fact proves the magnetic flux crowding in the integrain
spacing [19, 30, 34, 35]. The magnetoresistance R is a function
of the effective field Beff and, since the dissipation processes
are independent of the magnetic field sign, we obtain, with
regard to Eqs. (2) and (4), the expression for the effective field
in the form of Eq. (3): Beff(H) = |H − 4πM(H) α|.

The technique for determining the parameter α proposed in
[19, 30, 34, 35, 49] includes the comparison ofR(H) hysteretic
dependences (experimental) and Beff(H) (using the experi-
mentalM(H) data) at different α values. In this case, the field
widths of the R(H) and Beff(H) hysteretic dependences, rather
than the R and Beff values, are compared. This is based on the
independence of the field width of the R(H) hysteresis
established earlier for different granular HTS systems at dif-
ferent transport currents in [25, 32, 33, 35, 50, 51]. The field
width of the hysteresis is determined as a segment between the
descending and ascending branches of the hysteretic depen-
dences at R(Hinc) = R(Hdec) for the R(H) dependence and
Beff(Hinc) = Beff(Hdec) for the Beff(H) dependence [30, 34, 35,
49]. In fact, such a comparison of the experimental data does
not concern the R and Beff values, but only operates with the
field width of the hysteresis. The technique used allowed us to
establish that the α value of the granular yttrium HTS is about
20–25 at H ⊥ j [34, 35, 49], which is the manifestation of the
considerable flux compression in the intergrain medium. In
addition, as was shown in [35], the α value is almost
temperature-independent in the range of 77–90 K. Note that
in the procedure used in the above-cited works, the parameter
α was assumed to be independent of external field, although
there was a certain discrepancy between the R(H) and Beff(H)
hysteresis at H = Hdec in weak fields [19, 30, 34, 35].

Fig. 3 Magnetization hysteresisM(H) of the investigated sample at a T = 80 and b 4.2 K. Arrows show the direction of variation in the external field H
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3.3 Magnetic Flux Compression
in the High-Temperature Region

Figure 5a shows the R(H) dependence at T = 80 K (the trans-
port current is I = 3 mA). Let us analyze the hysteretic behav-
ior of this dependence using the abovementioned approach.
The horizontal lines in Fig. 5a show examples of determining
the field width of the magnetoresistance hysteresisΔH =Hdec

−Hinc under the condition R(Hdec) = R(Hinc) atHdec = 950 and
500 Oe. The experimental R(H) data agree well with the pa-
rameter ΔH of the calculated Beff(H) dependence at α ≈ 25.
Figure 5b presents the Beff(H) dependence obtained at α ≈ 25
on the basis of theM(H) data shown in Fig. 3a. Comparison of
the field widths ΔH of the hysteresis in Fig. 5a, b shows that
the ΔH values at Hdec = 950 and 500 Oe are similar.

Figure 6 presents theΔH(Hdec) dependences obtained from
the experimental R(H) hysteretic dependence and Beff(H) de-
pendences at different α values. For the sake of simplicity,
when calculating the ΔH(Hdec) values (see Fig. 6 and below
in Sect. 3.3), we did not take into account the ΔH(Hdec)

dependence two valuedness caused by the presence of a local
maximum in the R(Hinc) dependences (at high temperatures)
and Beff(Hinc) dependences. As a result, a sharp jump is ob-
served in the range fromHmax to fieldH, which corresponds to
the non-monotonic behavior of the R(Hinc) or Beff(Hinc) de-
pendences, instead of the two-valued function ΔH(Hdec). It
can be seen in Fig. 6 that the best agreement between the
ΔH values for the magnetoresistance and effective field is
obtained at α ≈ 25.

The determined α value (~ 25) is similar to the values ob-
tained by us in [34, 35, 49], although the investigated samples
had different characteristics. In particular, in study [35], the
critical current density at 77 K in zero external field was
150 A/cm2, while the jC value for the sample examined here
is smaller by an order of magnitude (15 A/cm2). For the sam-
ple investigated in this work, we obtained also the α values
above the nitrogen temperature (82–88 K) and found α ≈ 25,
which is consistent with the conclusions made in [35]. Thus,

Fig. 5 Hysteretic dependences of a magnetoresistance R(H) and b
effective field Beff(H) for the sample under study at T = 80 K. The
Beff(H) dependence is built using Eq. (3) from the M(H) data (Fig. 3a)
at α = 25. Horizontal lines between symbols show determination of the
field widthΔH of the hysteresis at Hdec = 950 and 500 Oe. Arrows show
the external field variation direction

flux compression

Im

H = Hinc

(a)

H = Hinc

(b)

MG2MG1

MG2MG1H ⊥ j 

flux compression

Im

H = Hinc

(a)

H = Hinc

(b)

MG2MG1

MG2MG1H ⊥ j 

Fig. 4 Schematic of the magnetic induction lines in the intergrain
medium of a granular HTS. Upward arrows show the direction of
external field H and dashed lines show the magnetic flux lines induced
by the magnetic moments MG1,2 (bold arrows) of HTS grains (ovals).
Arrows in the magnetic flux lines show their direction for the case of
increasing external field (H = Hinc). Different distances between grains
in a and b schematically illustrate the magnetic flux compression in the
intergrain spacings for close grains. The dotted line in b shows the
direction of microscopic current Im
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having generalized the results for the different yttrium subsys-
tem samples [19, 30, 34, 35, 49], we may conclude that this
class of granular materials is characterized by a fairly strong
flux compression and the degree of flux crowding weakly
depends on temperature in the high-temperature region.

3.4 Magnetoresistance Hysteresis and Magnetic Flux
Compression at 4.2 K

Figure 7a presents the R(H) hysteretic dependence for the
investigated sample at T = 4.2 K. Let us analyze the hysteretic
behavior of the R(H) dependence using the approach de-
scribed in Sect. 3.2. Figure 7b shows the Beff(H) dependences
calculated using Eq. (3) at α = 25 and 50 from the M(H) data
in Fig. 3b. We compare the field widths of the hysteresis for
the R(H) data from Fig. 7a and Beff(H) data from Fig. 7b at
some characteristic points of the descending branch H = Hdec

of the hysteretic dependences. The lengths of horizontal lines
in Fig. 7 show the ΔH values (ΔH = Hdec − Hinc) for the
magnetoresistance (Fig. 7a) and effective field hysteresis
(Fig. 7b, c) at Hdec = 20 and 45 kOe. Comparison of the data
presented in Fig. 7a, b shows that the value ΔH (Hdec =
45 kOe) in the Beff(H) dependence at α = 25 is significantly
lower. At the same time, in the strong field region, the Beff(H)
hysteresis width becomes similar to theΔH value of the R(H)
hysteresis if the parameter α will be larger. This is clear from
the comparison of the ΔH (Hdec = 45 kOe) values of the
Beff(H) dependence at α = 50 (Fig. 7b) and R(H) dependence
(Fig. 7a). In other words, the sufficiently large field widths of
the magnetoresistance hysteresis in the high-field region show
that the parameter α, which characterizes the crowding of the
magnetic flux lines in the intergrain medium, grows at low
temperatures.

This enhancement of the magnetic flux crowding at low
temperatures can occur due to the proximity effect [52]. On
one hand, the geometrical length of the intergrain boundary,
i.e., the spatial region where neighboring grains are agglomer-
ated and the crystal order is broken, remains invariable. At the
same time, as the temperature decreases, the superconductor
order parameter in the grains forming grain–boundary–grain
Josephson junctions increases and, in the classical representa-
tion of the proximity effect [52], the overlap of wave functions
of the neighboring superconducting grains will be larger at low
temperature. In the description of weakly bound superconduc-
tors, this is considered as a decrease in the effective length of
the intergrain boundary at low temperatures [52, 53]. As a
result, the degree of magnetic flux compression can increase
(the parameter α will increase). In addition, note that the tem-
perature range, where the parameter αwas found to be approx-
imately constant (α ≈ 25), is rather narrow (77–88 K) and the
doubling of the α value at T = 4.2 K seems quite acceptable.

Nevertheless, comparing the data presented in Fig. 7a, b,
we may conclude that in fields Hdec weaker than 30–40 kOe,
the Beff(H) dependences, both at α ≈ 25 and α ≈ 50, poorly
describe the magnetoresistance hysteresis behavior. This is
shown by the comparison of the horizontal segment lengths
in Fig. 7a, b at Hdec = 20 kOe. For the R(H) data, the Hinc

values are positive at Hdec = 20 kOe (Fig. 7a), while for the
Beff(H) dependences, the Hinc values corresponding to
Beff(Hdec = 20 kOe) = Beff(Hinc) are negative (Fig. 7b). As we
demonstrated previously, in the region of low Hdec values at
high temperatures, the consistency between the Beff(H) and
R(H) behaviors is not very good [19, 30, 34, 35, 49]. In this
field range, the R(Hdec) dependences have minima [14–18, 23,
25, 32–34, 50]. When the external field decreases (H = Hdec),
the sample magnetization takes positive values (Fig. 3) and
the MG directions coincide with the external field direction
(Fig. 3). In this case, the field induced byMG in the intergrain
medium will compensate the external field H and the mini-
mum resistance (effective field) corresponds to the maximum
compensation of these two contributions to Beff.

The minimum in the R(Hdec) dependence is observed at the
fairly high transport current; at the low currents, the zero re-
sistance is experimentally observed in a certain Hdec range
[14–18, 23, 25, 32–34, 50], which is seen in Figs. 7a and 5a.
As was mentioned in [19, 34, 35, 49], the agreement between
the R(Hdec) and Beff(Hdec) minima positions can be obtained
assuming the parameter α to decrease in the relatively weak
Hdec fields. TheHdec range where Eq. (3) for the effective field
at α = const already poorly reproduced the R(H) hysteretic
feature was fairly narrow (narrower than 100 Oe) [19, 34,
35, 49]. In our previous studies and in the present work, in
the Beff(H) calculations using Eq. (3), the parameter α was
assumed to be field-independent (α = const). Concerning the
data obtained at T = 4.2 K, wemay state that this assumption is
not quite adequate in a certain range of moderate fields Hdec.

Fig. 6 Field dependenceΔH of the hysteresis for the experimental R(H)
dependence at T = 80K for the data from Fig. 5a (symbols) and hysteresis
of the effective field Beff(H) calculated using Eq. (3) from the M(H) data
(Fig. 3a) at different α values (lines)
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Fig. 7 Hysteretic dependences of
a magnetoresistance R(H) for the
investigated sample at T = 4.2 K
and b, c effective field Beff(H). In
b, the Beff(H) dependences are
built using Eq. (3) from the M(H)
data (Fig. 4b) at α = 25 and 50.
The Beff(H) dependence in c is
built using the α(H) functional
dependence from Fig. 8.
Horizontal lines between symbols
show determination of the field
width ΔH of the hysteresis at
Hdec = 45 and 20 kOe
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Let us discuss a possible reason for the variation in the
parameter α at H = Hdec. According to the critical state model
[45, 54], at H = Hinc (increasing external field), the external
field penetrates in the form of Abrikosov vortices from the
surface deep in the superconductor or, in our case, into each
grain. As the field decreases (H = Hdec), the Abrikosov vorti-
ces remain mainly at the grain center. Possibly, in this case,
their effect on the intergrain medium will manifest itself to a
lesser extent, which will lead to a decrease in the parameter α.
However, when the field direction changes from Hdec ≥ 0 to
Hinc ≤ 0, the vortices start penetrating from the surface deep
into the grains again [45, 54]. Therefore, we assumed that,
starting with a certain field H1dec, the parameter α (with de-
creasing Hdec) starts decreasing to a certain value αmin at
Hdec = 0. Then, from H = 0 to field |H1inc|, the parameter α
grows to its maximum value αmax (the function continuity
condition). According to our analysis, the R(H) and Beff(H)
hysteretic behaviors agree satisfactorily if we take H1dec ~
20 kOe, H1inc ~ 2 kOe, αmin ~ 5, and αmax ~ 50 (these values
can vary within ~ 30%) in the above consideration. The α(H)
functional dependence at the abovementioned H1dec, H1inc,
αmin, and αmax values is shown in Fig. 8; the change in the
parameter α from αmin to αmax was approximated by a linear
function.

Figure 7c presents the Beff(H) dependence obtained by
using the α(H) functional dependence shown in Fig. 8.
Again, we observe good agreement both in the strong-field
region (due to the value αmax = 50) and in the moderate-field
region (below 30–40 kOe). This is demonstrated by the com-
parison of the horizontal segment lengths at Hdec = 20 and
45 kOe in Fig. 7a, c. The aforesaid is illustrated in Fig. 9,
which shows the ΔH(Hdec) dependences obtained from the
experimental R(H) hysteretic dependence (Fig. 7a) and
Beff(H) dependences at α values of 25 and 50, as well as from
the α(H) functional dependence shown in Fig. 8.

Nevertheless, although the shape of the R(H) dependence
at T = 4.2 K (Fig. 7a) is similar to that in the high-temperature
region (Fig. 5a), we should note the absence of a local maxi-
mum in the case of increasing field. The existence of this
maximum is unambiguously caused by the M(Hinc) extre-
mum, which is reflected on the Beff(Hinc) behavior. The
Beff(Hinc) dependences shown in Fig. 7b, c contain a signifi-
cant local maximum, which is not reproduced in the R(H)
curve at low temperatures.

In view of the aforesaid, it is interesting to follow the tem-
perature evolution of the R(Hinc) local maximum. Figure 10
shows the R(H) dependences obtained in the high-temperature
region (scaleR is on the left) and at T = 4.2 K (scale R is on the
right); the abscissa axis is the logarithmic scale. The analysis
of the high-temperature data allows us to conclude that,
against the background of the increasing resistance with de-
creasing temperature, the local R(Hinc) maximum becomes
more pronounced. Obviously, if the dissipation (the experi-
mentally observed nonzero resistance) starts in the external
field exceeding the maximum of the corresponding Beff(Hinc)
dependence, then this maximumwill not be seen in the R(Hinc)
dependence. According to Fig. 7c, we should expect the
R(Hinc) maximum near Hinc ~ 2 kOe. For the helium temper-
ature data in Fig. 9, the dissipation starts before the expected
maximum. Possibly, the feature observed as a change in the
R(Hinc) curvature sign (shown by an arrow in Fig. 10) reflects
the Beff(Hinc) maximum. The external field corresponding to
this anomaly is ~ 4 kOe, which is stronger than the field of the
Beff(Hinc) maximum.

In addition, the absence of local R(Hinc) maximum can be
explained as follows. Despite the sufficiently strong transport
current in the magnetoresistance measurements at T = 4.2 K
(I = 175 mA), the R value is no larger than 10% of the values
obtained at 77 K (I = 3 mA; see Fig. 9). For comparison, the
maximum resistive response RNGB of the grain boundary

Fig. 8 The α(H) dependence used in building the Beff(H) dependence in
Fig. 7c

Fig. 9 Field dependence of the ΔH(Hdec) hysteresis of the experimental
R(H) dependence at T = 4.2 K for the data from Fig. 7a (symbols) and
effective field Beff(H) for the data in Fig. 7b, c
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subsystem2 is shown, which was obtained from the R(T) data
(the RNGB value in Fig. 9 is plotted on the left scale). We may
conclude from the data presented in Fig. 9 that the magneto-
resistance observed at T = 4.2 K in an external field of 60 kOe
is no higher than 1% of the RNGB value. Possibly, at such a low
sample resistance, the Beff(Hinc) maximum cannot be seen
because of redistribution of the microscopic transport current
trajectories. This issue was considered in [55].

4 Conclusions

Thus, we examined the hysteretic behavior of magnetoresis-
tance of the granular HTS of the classical yttrium system at
different temperatures. In contrast to the previous works, this
study was carried out also at a temperature of 4.2 K.

Our analysis of the R(H) hysteresis using the developed
model of the behavior of a granular HTS in an external mag-
netic field, in which the magnetoresistance is proportional to
the effective field in the intergrain medium, showed the fol-
lowing. In the high-temperature region (77–90 K), the expres-
sion for the effective field Beff(H) = |H − 4πM(H) α| (Eq. (3))
describes well the hysteretic behavior of magnetoresistance
with regard to the experimental data on the M(H) magnetic
hysteresis. The numerical value of the parameter α (in this

case, field-independent) in this expression is about 25. This
is indicative of the considerable magnetic flux compression in
the HTS intergrain medium. Interestingly, our result is consis-
tent with the previous data [35] for a sample with the much
better transport properties (the critical current density for the
sample studied here is lower by an order of magnitude).
Therefore, the magnetic flux compression in the intergrain
spacing is a universal property typical of, at least, granular
yttrium HTSs.

According to the analysis of the magnetoresistance hyster-
esis at low temperature (4.2 K), there are specific features
inconsistent with the behavior predicted by the commonly
accepted concept of the effective field, although the general
form of the R(H) hysteresis remains invariable. In particular,
the expression for the effective field Beff(H) predicts a local
maximum in increasing external field. At high temperatures,
this agrees well with the observed magnetoresistance behav-
ior, while at low temperature, this R(H) feature is not ob-
served. However, the maximum magnetoresistance at T =
4.2 K and H = 60 kOe is merely 1% of the full (maximum
possible) resistance of the grain boundary subsystem. In addi-
tion, the obtained data showed that at low temperatures, it is
necessary to take into account the dependence of the parame-
ter α on the external field and there are strong grounds to
believe that in the decreasing external field the α value be-
comes smaller. More thorough investigations of the R(H) de-
pendences at low temperatures and different transport current
densities are needed to establish the true reason for this
inconsistency.

The observed broad magnetoresistance hysteresis in the
strong-field (up to 60 kOe) region showed that the degree of
magnetic flux compression grows at low temperatures and the
parameter α attains ~ 50 at T = 4.2 K. This result does not
contradict the concepts of the dissipation processes in weakly
bound superconducting systems, including the grain boundary
subsystemwith the effective grain boundary length decreasing
with temperature [52, 53].
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