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A B S T R A C T

Granular high-temperature superconductors (HTSs) are characterized by the hysteretic behavior of magne-
toresistance. This phenomenon is attributed to the effective field in the intergrain medium of a granular HTS. At
the grain boundaries, which are, in fact, weak Josephson couplings, the dissipation is observed. The effective
field in the intergrain medium is a superposition of the external field and the field induced by magnetic moments
of HTS grains. Meanwhile, analysis of the field width of the R(H) magnetoresistance hysteresis ΔH=Hdec −
Hinc at Hdec= const, where Hinc and Hdec are increasing and decreasing branches of the R(H) hysteretic de-
pendence, shows that the effective field in the intergrain medium exceeds by far both the external field and the
field induced by magnetic moments of HTS grains. This situation suggests the magnetic flux compression in the
intergrain medium because of the small length of grain boundaries, which amounts to∼1 nm, i.e., is comparable
with the coherence length and corresponds to Josephson tunneling in HTS materials. In this work, using the
previously developed approach, we examine experimental data on the magnetoresistance and magnetization
hysteresis in the granular YBa2Cu3O7 HTS compound in the range from 77 K to the critical temperature.
According to the results obtained, the degree of magnetic flux compression determined by the parameter α in the
expression for the effective field Beff(H)=H − 4π M(H) α in the intergrain medium remains constant over the
investigated temperature range. All the features of the observed evolution of the R(H) hysteretic dependences are
explained well within the proposed approach when the expression for Beff(H) contains the experimental M(H)
magnetization data and the parameter α of about 20–25. The latter is indicative of the dominant effect of
magnetic flux compression in the intergrain medium on the transport properties of granular HTS materials.

1. Introduction

Granular superconductors can be considered, in terms of their
magnetic and transport properties, as materials consisting of two sub-
systems with different superconducting parameters: grains with the
strong first and second critical fields HC1 and HC2 and high critical
current densities JС and grain boundaries with the much lower HC1 and
JС values [1–4]. These two subsystems exhibit the strong and weak
superconductivity, respectively. The magnetic properties of granular
superconductors are determined by grains (the currents circulate inside
grains), whereas the macroscopic critical current of bulk samples is
specified by the grain boundaries [3–5]. In the latter subsystem, the
superconducting current is transferred from one grain to another
through the grain boundary by means of Josephson tunneling. This
tunneling, in turn, can be implemented when the geometric length of
the grain boundaries is comparable with the coherence length of

superconducting grains. This situation is implemented in granular HTS
materials, where the above-mentioned quantities have the same order
of magnitude and are no more than several nanometers [5–9].

The two above-mentioned subsystems manifest themselves differ-
ently in the magnetic and transport measurements of granular HTS
systems. The external field is fully screened to the HC1 value that cor-
responds to the intergrain boundary subsystem; after that, in a certain
field range, one can observe the magnetic hysteresis typical of this
subsystem [3,4,10]. However, this field range is narrow (tens of Oersted
at the liquid helium temperature) and decreases with temperature; at
nitrogen temperatures, it amounts to several fractions of Oersted
[3,4,6,10]. At the same time, the M(H) magnetic hysteresis loops ob-
served by standard techniques in moderate and strong fields [11–14]
are mainly caused by the response of the HTS grain subsystem; the data
on the magnetic hysteresis loop are used to obtain the functional de-
pendences of the intragrain critical current. The resistive transition of
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granular HTS materials in the external magnetic field occurs in two
stages: first, as the temperature decreases, the transition of the HTS
grain subsystem to the superconducting state occurs; then, the gradual
transition in the subsystem of intergrain boundaries is observed
[15–27].

However, the investigated subsystems interact with each other;
specifically, when a superconductor is placed in the external field, the
magnetic moments of HTS grains affect the resulting field in the in-
tergrain boundaries [28,29]. This leads to the observed magnetoresis-
tance hysteresis R(H) at T=const [30‒38]. Moreover, in view of the
small geometrical length of the intergrain boundaries, the magnetic flux
lines in them are crowded [28,29] and the degree of this crowding can
be fairly high [33]. Previously [39], we presented a method for de-
termining the effective field in the intergrain medium, i.e., the degree of
magnetic flux crowding. The aim of this study was to follow the tem-
perature evolution of the degree of magnetic flus crowding in the in-
tergrain medium of a granular HTS material on the basis of the R(H)
and M(H) experimental data.

The paper is organized as follows. In Section 2, we briefly review the
concepts of a two-level model (intergrain boundaries and grains) and
internal mechanisms responsible for the observed magnetoresistance
hysteresis R(H). In addition, we explain the examined magnetic field
compression in the intergrain medium. Section 3 contains the experi-
mental part; it is noteworthy that the investigated YBa2Cu3O7 material
represents a standard sample prepared using the solid-state synthesis
technique. In Section 4, we illustrate a method for determining the flux
crowding parameter and analyze the experimental data obtained.
Section 5 presents conclusions. In our opinion, the established weak
temperature dependence of the degree of flux crowding is not a char-
acteristic of a specific investigated sample, but a feature of the granular
HTS materials, at least, those belonging to the yttrium system.

2. Brief review of the magnetotransport properties of granular
HTS materials and model justification

The existence of the two subsystems in granular HTS materials
manifests itself, first of all, in the transport properties of as a two-step
resistive transition [15–27] (see Fig. 1; the data presented in Figs. 1 and
2 were obtained on the investigated YBa2Cu3O7 sample and are pre-
sented in Introduction as an illustration). The sharp jump of resistance
R corresponds to the superconducting transition in HTS grains, while

the smooth portion of the R(T) dependence reflects the transition in the
subsystem of grain boundaries. It is worth noting that, according to the
numerous data, the increase in the magnetic field and transport current
does not change the resistance of the smooth R(T) portion denoted in
Fig. 1 as RNJ [15–27]. This quantity can be considered to be the normal
resistance of the grain boundaries (or their contribution to the re-
sistance right above the superconducting transition).

Another specific feature of the transport properties of granular HTS
materials is the hysteresis of magnetoresistance isotherms R(H), which
is illustrated in Fig. 2a. Note the main experimental peculiarities of the
hysteretic behavior of the R(H) dependences [30–42]. The resistance in
the increasing external magnetic field Hinc is higher than the resistance
of the decreasing external field Hdec: R(Hinc)> R(Hdec). The exception
is the behavior in the vicinity of H=0. The shape of the R(H) curves
strongly depends on the transport current, in view of nonlinearity of the
I–V characteristics. In relatively weak fields (100–200 Oe) at suffi-
ciently high temperatures, one can observe a local minimum of the R
(Hinc) dependence, as well as the R(Hdec) minimum. These peculiarities
take place in the external field range where the observed dissipation
only occurs in the subsystem of grain boundaries, while in sufficiently
strong fields, when the R(H) dependence forms a plateau at R≈ RNJ,
one can observe the sharp growth of the electrical resistance, which is

Fig. 1. Temperature dependences of the resistance R(T) for the investigated
YBa2Cu3O7 sample at different external fields and data obtained from the R(H)
dependences in increasing (Hinc) and decreasing (Hdec) fields of 500 Oe. The
dashed horizontal line shows the contribution RNJ of grain boundaries to the
total sample resistance.

Fig. 2. Magnetoresistance R(H) of the investigated YBa2Cu3O7 sample
(T=88 K). (a) Low-field portion of the R(H) hysteretic dependence; arrows
show the external field variation direction. (b) R(H) dependence in fields of up
to 90 kOe; the regions of existence (absence) of the hysteresis and the field of
the dissipation onset in HTS grains are shown. The dashed horizontal line shows
the contribution RNJ of grain boundaries to the total sample resistance in ac-
cordance with the data presented in Fig. 1.
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related to the transition to the resistive (mixed) state of super-
conducting grains (Fig. 2b). In this field range, the R(H) hysteresis is not
observed [34,40,41].

The above-mentioned experimental fact R(Hinc)>R(Hdec) is actu-
ally the clockwise hysteresis, which allowed to suggest that the grain
boundaries are located in some effective field, which is a superposition
of the external field and the field induced by magnetic moments of
superconducting grains [28,43,33]. Fig. 3 shows a schematic of the field
distribution in the grain boundaries at H=Hinc (Fig. 3a) and H=Hdec

(Fig. 3b) with regard to the fact that the magnetization hysteresis M(H)
is typical of type-II superconductors: M(Hinc)<M(Hdec) and M
(Hinc)< 0. In the case illustrated in Fig. 3, the external field is per-
pendicular to the microscopic current I (H ⊥ I) and the effective field
Beff in the region of carrier tunneling can be written in the form

= − π αB H 4 M .eff (1)

Here, we took into account the sign of sample magnetic moment,
which is directed opposite to the external field at H=Hinc, and rea-
sonably suggested that, instead of magnetic moments of grains, we can
use the experimental magnetic hysteresis loop M(H) of the sample. The
coefficient of proportionality α in Eq. (1) takes into account the effect of
demagnetizing factors of grains and magnetic flux compression (see
below) in the intergrain spacings.

According to the commonly accepted concepts, the dissipation in
type-II superconductors can be described by the Arrhenius relation [44]

∼ −R U H T j k Texp( ( , , )/ ),BP (2)

where UP(H, T, j ) is the dependence of the pinning potential on mag-
netic field, temperature, and transport current (kB is the Boltzmann
constant). Eq. (2) is applicable to the subsystem of grain boundaries,
but, certainly, in this case, the H value in Eq. (2) is replaced by Beff, or,
more exactly, its absolute value (|Beff| → H). It was found that this
approach explains well the above-mentioned features of the R(H) hys-
teretic dependence (clockwise hysteresis R(Hinc)>R(Hdec)) [38–40]
and nonmonotonic behavior of the R(Hinc) and R(Hdec) dependences
[31,45,39,46]). This approach is also applicable to the description of
transport JC(H) hysteretic dependence. So far as R ∼ 1/JC, the JC(H) is
a “mirror image” of R(H) dependence (measured at a constant current
I> IC). The JC(H) dependence demonstrates anticlockwise hysteresis
[28,43,34,46–49].

Obviously, at the sufficiently large intergrain spacings (Fig. 3a and
b), the α value will be comparable with the demagnetizing factor of a
grain. However, if we “bring” two grains close to each other (Fig. 3с) to
an intergrain distance of about 1 nm, as in granular materials, then, the
magnetic flux lines will undoubtedly be crowded in the intergrain re-
gion and, consequently, the α value will increase. The assumption
about the significant magnetic flux compression in the intergrain
medium of a granular HTS material was formulated first in [33]. In-
deed, comparison of the experimental R(H) and M(H) hysteretic de-
pendences [39], including the relaxation R(H= const, t) and M
(H= const, t) dependences, and the R(H) and M(H) hysteresis at dif-
ferent external field variation rates [51] using Eq. (1) showed that the α
value is much larger than unity, which confirms the above hypothesis.
Thus, the intergrain medium of a granular HTS is located in the effec-
tive field Beff determined by Eq. (1) and the parameter α characterizes
the degree of magnetic flux compression in the intergrain medium.

In addition, it is well-known that the magnetoresistive effect in
granular HTS materials is anisotropic with respect to the mutual or-
ientation of the magnetic field and transport current: R(H ⊥ j)> R(H ||
j) [22,33,20]. This anisotropy reflects the fact that the magnetoresis-
tance is determined by the projection of vector Beff onto the grain
boundary plane a (Figs. 3a and 3b); i.e., the dissipation is maximum
when the microscopic current I is perpendicular to Beff [33]. As a result,
in magnetoresistive measurements, the flux compression is the most
pronounced at the perpendicular orientation H ⊥ j [51]. In [52], we
obtained a value of α≈ 22 for a granular HTS sample of the classical
yttrium system at H ⊥ j.

Note that in all the above-cited studies [45,46,39,50–52] the para-
meter α of the yttrium or bismuth HTS systems was obtained from the R
(H) and M(H) data obtained at the liquid nitrogen temperature. In view
of this, the question about temperature evolution of the parameter α
arises. In other words, it is necessary to clarify whether the α value
(Eq. (1)) reflecting the flux compression in the intergrain spacings will
change at low temperatures or in the vicinity of TC. In our opinion, such
investigations would advance the understanding of the described flux
compression effect on the dissipation processes in granular HTS mate-
rials at different temperatures. For this purpose, here we determine the
α values by comparing the R(H) and M(H) hysteretic dependences
measured at different temperatures on a granular HTS with the classical
YBa2Cu3O7 composition.

3. Experimental

The YBa2Cu3O7 (YBCO) sample was prepared by a standard solid-
state synthesis technique from the corresponding oxides at tempera-
tures of 900–920 °C with three intermediate grindings. According to the
X-ray diffraction data, the synthesized HTS sample had the 1-2-3
structure without visible foreign phases. The grain size determined by
scanning electron microscopy was ∼ 6 μm. The magnetic

Fig. 3. Schematic of magnetic flux lines in the intergrain medium of a granular
HTS. Upward and downward vertical arrows show the directions of (a, c) in-
creasing and (b) decreasing external field and dashed lines, the magnetic flux
lines induced by the magnetic moments of HTS grains (ovals). Dotted lines
show the direction of microscopic current I for the idealized picture at H ⊥ j (j is
the macroscopic current); a is the grain boundary plane (I ⊥ a). (c) Schematic
explaining the effect of magnetic flux compression in the intergrain spacings in
the case of grains close to each other.
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measurements in weak magnetic fields revealed a superconducting
transition temperature of 92 K, which is consistent with the R(T) data
(Fig. 1). The critical current determined using the criterion 1 μV/cm at
a temperature of 77 K in zero external magnetic field was found to be
150 A/cm2.

The transport properties, including magnetoresistance (R(H) de-
pendences), were measured by a standard four-probe technique. The
samples were about 1×1×6 mm3 in size. Pressed gold-plated electric
contacts to the sample ensured the low contact resistance. In such
measurements performed at temperatures from 77 K, the magnetic field
was induced by an electromagnet. In the R(H) and R(T) measurements
(the resistance R was determined as a voltage drop divided by the
transport current I), the sample was cooled in zero external field. The R
(H) measurements at 77 K and transport currents of 30–150mA were
performed on the samples immersed directly in a cryogenic liquid (li-
quid nitrogen). The measurements at temperatures above 77 K were
performed at a transport current of 30mA; in this case, the sample was
in the helium atmosphere at the stabilized temperature. It was observed
that the transport current I=30mA used in the measurements of the
temperature evolution of the R(H) dependences did not lead to the
sample heating. It is worth noting that in the R(H) measurements, the
external field was from H=0 to Hmax= 1000 Oe. Then, the external
field changed cyclically to – Hmax,+Hmax and, after that, to H=0. The
R(H) dependences were analyzed for a loop within – Hmax+Hmax,
excluding the virgin curve from H=0 to Hmax. The R(T) dependences
obtained in different external fields under zero-field cooling conditions
(Fig. 1) correspond to a transport current of I=10mA. The R(H) de-
pendence in fields of up to 90 kOe at T= 88 K (Fig. 2b) was obtained on
a Physical Property Measurement System PPMS-6000 (Quantum De-
sign) at a transport current of I=5mA.

The hysteretic magnetization dependences were obtained on a vi-
brating sample magnetometer [53] on the sample used in the transport
measurements. In all the R(H) and M(H) measurements performed at
different temperatures, the external field variation rate dH/dt≈ 10 Oe/
s and thermomagnetic prehistory of the samples were the same.

4. Results and discussion

4.1. Temperature evolution of the R(H) dependences

Fig. 4 shows the R(H) dependences measured at different tem-
peratures in the maximum applied field of Hmax= 1000 Oe. These

dependences, together with the data presented in Fig. 2a, show that the
R(H) hysteresis features described in Section 2 evolve upon temperature
variation. The field Hinc at which the R(Hinc) dependence has a local
maximum in weak fields decreases with increasing temperature. On the
other hand, as the temperature increases, the field range where the R
(Hdec) values become almost zero (for comparison, see Fig. 2a) narrows
and at T=90 K, the R(Hdec) dependence has the minimum in the vi-
cinity of Hdec≈ 10 Oe. The position of the RNJ value, i.e., the normal
resistance of the grain boundaries, is always higher than the R(H) de-
pendence (see Fig. 1, which shows the resistances in a field of 500 Oe
for the increasing and decreasing field obtained from the R(H) de-
pendences). Only in fairly strong fields, one can observe a peculiarity,
i.e., the change in the curvature sign of the R(H) dependence (Fig. 2b;
H≈ 12 kOe and T=88 K), at which the magnetoresistance of the
subsystem of grain boundaries saturates; after that, the dissipation
starts in the subsystem of superconducting grains with an increase in
the field.

According to Eq. (1), to establish the effective field Beff(H) in the
intergrain medium and analyze the R(H) hysteresis, we should operate
with the sample magnetization M(H). The M(H) magnetic hysteresis
loops under the experimental conditions analogous to the conditions of
the R(H) measurements are presented in Fig. 5. Note that the shape of
M(H) curves is typical of the granular yttrium HTS system [54].

4.2. R(H) dependences at different transport currents. Field width of the
magnetoresistance hysteresis

Fig. 6a shows the R(H) dependences measured at T=77 K and
different transport currents. It can be seen that, in view of the strong
nonlinearity of the I–V characteristics, the shape of the R(H) de-
pendences changes with increasing current: the resistance at H= const
increases and the field range with R(Hdec)≈ 0 narrows. Nevertheless,
as we showed previously [55,56], the family of R(H) hysteretic de-
pendences obtained at T=const and different currents I is character-
ized by the transport current-independent parameter: magnetic-field
width of the hysteresis ΔH. It is reasonable to define this quantity as
ΔH=Hdec−Hinc at R= const [55,56,39,41,52]. Fig. 6a shows the
example of determination of this quantity at Hdec= 900 Oe, where the
length of horizontal lines is, in fact, the field width of the hysteresis and
the vertical lines correspond to Hdec= 900 Oe and Hinc= 60 Oe. The
identical Hinc values at the same Hdec value evidence for the transport
current-independent field width of the hysteresis ΔH (at Hdec= 900 Oe,
we have ΔH≈ 840 Oe).

Indeed, according to Eq. (2), the magnetoresistance R is determined

Fig. 4. Experimental R(H) dependences for the investigated sample at different
temperatures. Arrows show the external field variation direction. The dashed
horizontal line corresponds to the contribution RNJ of the grain boundaries to
the total sample resistance, according to the data presented in Fig. 1.

Fig. 5. Experimental M(H) dependences for the investigated sample at different
temperatures.
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by the effective field Beff in the intergrain medium: R∼ Beff. Hence, at R
(Hdec)=R(Hinc) (the condition for determining the ΔH value), the ef-
fective fields at H=Hdec and H=Hinc are equal as well:
Beff(Hdec)= Beff(Hinc). We write this condition using the right-hand side
of Eq. (1) and taking into account that the magnetization and effective
field are functions of the external field H:

− = −π α π αH 4 M(H ) H 4 M(H ) .dec dec inc inc

Using this expression, we can easily determine the field width of the
hysteresis ΔH

= − = −παΔH H H 4 [M(H ) M(H )].dec inc dec inc (3)

It can be seen that the field width of the hysteresis only depends on
the magnetizations M(Hinc) and M(Hdec) and parameter α, which
characterizes the degree of magnetic flux compression in the intergrain
medium. It is worth noting that the independence of ΔH of the current
confirms that the magnetization of the subsystem of grain boundaries

does not contribute to the observed R(H) hysteresis [55,56] (otherwise,
the current variation could affect the magnetization of this subsystem
[55]).

4.3. Determining the degree of magnetic flux compression in the intergrain
medium

It follows from Section 4.2. that the field width of the hysteresis can
serve a current-independent parameter determined by the experimental
M(H) dependence and degree of flux compression in the intergrain
medium, i.e., parameter α, which can be considered, in the first ap-
proximation, to be independent of field H [39,50,52]. The only un-
known parameter in Eq. (3) is α. It can be determined by comparing the
field width of the R(H) hysteresis and field width of the Beff(H) hys-
teresis in the intergrain medium (Eq. (1)) with the use of the experi-
mental M(H) data.

The Beff(H) hysteretic dependences in Fig. 6b were built at the two α
values from the M(H) data presented in Fig. 5 at T=77 K. Note that
these dependences are very similar to the R(H) dependences in shape
and, in addition, reflect all the peculiarities of the experimental R(H)
dependences, Beff(Hinc)> Beff(Hdec), except for the portion in the vici-
nity of H=0, the local R(Hinc) maximum, and the R(Hdec) minimum. In
addition, comparison of the field widths of the R(H) and Beff(H) hys-
teresis (ΔH is the length of the horizontal straight lines in Fig. 6a and b,
respectively, at Hdec= 900 Oe) shows that only at the sufficiently large
parameter α (α=25) we can obtain similar hysteresis widths (compare
with ΔH, i.e., the length of a segment at α=5 in Fig. 6b).

Fig. 7 illustrates the detailed comparison of the hysteretic de-
pendences of the field width of the R(H) and Beff(H) hysteresis by the
example of the data obtained at a temperature of T=82 K. Fig. 7a
presents simultaneously the R(H) (the R axis on the left) and Beff(H)
(the Beff axis is on the right) hysteretic dependences at α=25. The
abscissas of points A, B, and C correspond to the values of Hdec= 980,
900, and 600 Oe. Points A′, B′, and C′ correspond to the crossings of the
horizontal straights AA′, BB′, and CC′ with the R(Hinc) dependence; i.e.,
the lengths of segments AA′, BB′, and CC′ determine the field widths of
the R(H) hysteresis at the given Hdec values. At the same time, the
lengths of segments AA′′, BB′′, and CC′′ correspond to the field width of
the Beff(H) hysteresis. It can be seen from Fig. 7a that the abscissas of
the pairs of points (A′, A′′), (B′, B′′), and (C′, C′′) are almost identical
(shown in Fig. 7a by the dashed vertical lines), i. e., the lengths of
segments AA′ and AA′′, BB′ and BB′′, and CC′ and CC′′ are almost the
same. This is obtained at α=25.

The agreement between the segment lengths is broken when the
smaller α value is taken. Comparison of the R(H) and Beff(H) hysteretic
dependences at α=15 is illustrated in Fig. 7b. The abscissas of points
C′ and C′′ are similar, whereas the abscissas of the pairs of points A′, A′′
and B′, B′′ are strongly different.

The R(H) and Beff(H) hysteresis (Fig. 7) allows us to determine the
dependences of ΔH on Hdec, ΔH(Hdec)=Hdec – Hinc, at different Hdec

values and R= const. For the sake of simplicity, we do not consider the
two-valuedness of the ΔH(Hdec) dependence, which is observed due to
the presence of a local minimum in the R(Hinc) and Beff(Hinc) de-
pendences. As a result, instead of the two-valuedness of the ΔH(Hdec)
function in the range from Hmax to some value H*, which corresponds to
the R(Hinc=H*) (or Beff(Hinc=H*)) minimum, there is a sharp jump of
the ΔH(Hdec) function (Fig. 8) at H=H*. Fig. 8 shows the ΔH(Hdec)
values obtained from the experimental dependences of the R(H) hys-
teresis (symbols) and the ΔH(Hdec) values obtained from the Beff(Hdec)
dependences calculated using Eq. (1) from the experimental M(H) data
(Fig. 5) at a temperature of T=82 K for the α values presented in
Fig. 8. It can be seen that the best agreement for the wide external field
range is obtained at α=20–25.

Similarly, we processed the data obtained at different temperatures
in the range from 77 K to TC. For this purpose, we calculated the ΔH
(Hdec) dependences from the experimental R(H) dependences and the

Fig. 6. (a) Experimental R(H) dependences of the investigated sample
YBa2Cu3O7 at a temperature of 77 K and different currents I. Horizontal lines
show the field width of the hysteresis ΔH at Hdec= 900 Oe; their equal lengths
indicate the independence of the ΔH value of the transport current at T=const
and Hdec= const. The dashed horizontal line shows the contribution RNJ of the
grain boundaries to the total sample resistance in accordance with the data
presented in Fig. 1. (b) Hysteretic dependences of the effective field in the in-
tergrain medium calculated from the M(H) data using Eq. (1) at a temperature
of 77 K and α values given in (b). Horizontal lines in (b) show the field width of
the hysteresis ΔH for the Beff(H) dependences at Hdec= 900 Oe. Arrows in (a)
and (b) show the external field variation direction.
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ΔH(Hdec) dependences from the Beff(H) hysteretic dependences; the M
(H) data (Fig. 5) were taken for specific temperatures. Fig. 9 sum-
marizes these data; symbols correspond to the ΔH(Hdec) dependences
for the experimental R(H) curves and the lines, to the field width of the
hysteresis obtained from the Beff(H) dependence at α=25. We ob-
tained good agreement at all temperatures; the parameter α was the
only fitting parameter.

Thus, we may state that the degree of magnetic flux compression in
the intergrain medium, which is characterized by the parameter α in
Eq. (1), remains almost invariable over the investigated temperature
range and amounts to 20–25. The temperature evolution of the effective
field in the intergrain medium as a function of the external field in the
range from 77 K to TC is illustrated in (Fig. 10, where the |Beff(H)| data
are presented together with the |Beff|=H dependence with disregard of
the flux compression. It can be seen that the effective field is always
(even with a decrease in the field) stronger than the external field and
this difference increases with decreasing temperature due to the growth
of the diamagnetic response (Fig. 5).

5. Conclusions

Thus, we studied the evolution of the magnetoresistance hysteresis

Fig. 7. R(H) (left-hand scale) and Beff(H) (right-hand scale) hysteretic de-
pendences at T= 82 K. Arrows show the external field variation direction. The
Beff(H) dependences are obtained using Eq. (1) from the M(H) data at T=82K
and α values of (a) 25 and (b) 15. Horizontal lines show the field dependence of
the hysteresis ΔH of the R(H) dependences (the lengths of segments AA′, BB′,
and CC′) and Beff(H) dependences (the lengths of segments AA′′, BB′′, and CC′′)
at Hdec= 980, 900, and 600 Oe (shown by the dashed vertical lines). Note (a)
the almost identical lengths of segment pairs AA′ and AA′′, BB′ and BB′′, and CC′
and CC′′ at α=25 and (b) different segment lengths at α=15. For more de-
tails, see Section 4.3.

Fig. 8. Comparison of the field width of the ΔH(Hdec) hysteresis (symbols) for
the experimental R(H) dependence at T=82 K (see Fig. 7) with the calculated
Beff(H) dependences (lines) obtained from the M(H) data at T=82K (Fig. 5)
using Eq. (1) at the given α values.

Fig. 9. Comparison of the field width ΔH(Hdec) of the hysteresis (symbols) for
the experimental R(H) dependences at given temperatures with the calculated
data (lines) for the Beff(H) dependences obtained from the M(H) data at cor-
responding temperatures (Fig. 5) using Eq. (1) at α=25.

Fig. 10. Dependences of the effective field Beff(H) in the intergrain medium
obtained using Eq. (1) from the M(H) data (Fig. 5) at α=25, which yields the
best agreement between the field width of the hysteresis (Figs. 8 and 9) at given
temperatures. For comparison, the linear dependence Beff=H (external field) is
shown.
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R(H) of the granular YBa2Cu3O7 HTS compound in the range from 77 K
to the critical temperature. The R(H) hysteretic dependences were
analyzed using the field width of the hysteresis ΔH=Hdec − Hinc under
the condition R(Hdec)=R(Hinc), which is independent of the transport
current. Based on the previously proposed concept of the effective field
in the intergrain medium, which is related to the magnetization of a
superconductor as Beff(H)=H − 4π M(H) α, we analyzed the experi-
mental ΔH data and established the parameter α at different tempera-
tures. We found this parameter to be α=20–25 and almost tempera-
ture-independent. The obtained value is indicative of a significant flux
compression in the intergrain medium, which is nearly constant over
the investigated temperature range. As the temperature increases, the
size of the M(H) hysteresis loop, magnetizations at the extremum
points, and external fields corresponding to the M(H) extrema decrease.
This affects the relative contribution of the second term (–4πM(H) α) to
the effective field and determines, according to (2) with |Beff(H)| re-
placed by H, the main features of the R(H) hysteretic dependence (its
clockwise type and nonmonotonic behavior with a local maximum with
an increase in the external field and a local minimum with a decrease in
it) and its temperature evolution.
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