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Abstract
Granular high-temperature superconductors (HTSs) exhibit magnetotransport properties, including the clockwise magnetoresis-
tance hysteresis. The hysteresis is explained by the concept of an effective field in the subsystem of grain boundaries, where the
observed dissipation occurs. The effective field in the intergrain medium is determined by a superposition of the external field H
and the field induced by the magnetic response of HTS grains. The magnetic flux compression in the intergrain medium provides
an increase of the effective field. The magnetoresistance hysteresis of polycrystalline YBa2Cu3O7-δ has a bright feature: In a fairly
wide external field range, the hysteresis width ΔH(H) is found to be almost linear, ΔH ≈ H. This behavior is considered to be
universal over the entire temperature range corresponding to the superconducting state (the investigations have been carried out at
temperatures of 77 K and 4.2 K). The analysis of the magnetoresistive and magnetic properties has shown that the upper
boundary of the field range of the ΔH ≈ H regime is consistent with the field of complete penetration into HTS grains. This is
indicative of the strong interrelation between the magnetotransport and magnetic properties of granular HTSs.
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1 Introduction

Granular high-temperature superconductor (HTS) materials
are important for various applications since they exhibit in-
triguing properties related to their magnetotransport character-
istics. The latter results from the implementation of a two-
level superconducting system in granular HTSs. On the one
hand, there are superconducting grains with a high density of
the critical current. The currents in grains, together with the
capture of the magnetic flux (Abrikosov vortices), form the
magnetic properties of granular HTSs, including their diamag-
netism and a characteristic magnetic hysteresis loop. On the
other hand, the subsystem of grain boundaries is also capable
of transferring the superconducting current due to the
Josephson effect, as long as the geometric thickness of the
grain boundaries does not exceed the coherence length. The

observed dissipation occurs, first of all, in the subsystem of
grain boundaries.

The above-described picture was clarified in the first years
after the discovery of high-temperature superconductivity
[1–7]. Later on, the studies on the magnetotransport properties
(electrical resistance vs. temperature in magnetic fields and I–
V characteristics) of granular HTSs aimed at the determination
of the dissipation mechanisms in the subsystem of grain
boundaries were carried out [8–22]. It should be emphasized
here that, due to the great difference between the critical cur-
rents of the abovementioned superconducting subsystems, the
contribution of grain boundaries can be unambiguously dis-
tinguished, especially for classical yttrium and lanthanum
HTSs.

Meanwhile, some facts were experimentally established that
indicated a more complex picture of the magnetotransport phe-
nomena. They were, in particular, the hysteresis of the magne-
toresistance R(H) and critical current [23, 24], effect of the
thermomagnetic prehistory on the magnetotransport character-
istics [25, 26], and anisotropy of the magnetotransport proper-
ties relative to the directions of magnetic field H and transport
current I (while a granular HTS is macroscopically isotropic
due to the random arrangement of anisotropic crystallites
forming the sample) [26–32]. This suggested the interaction
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between the subsystems of HTS grains and intergrain bound-
aries in granular HTSs [32–37].

The main mechanism of the interaction between the
superconducting subsystems in granular HTSs was found to
be the effect of the magnetic moments of grains on the field in
the intergrain medium. The description of this mechanism
gave rise to the concept of an effective field in the intergrain
medium of a granular HTS [32–35]. According to this con-
cept, grain boundaries are affected by field Beff, which repre-
sents a superposition of the external field and the field Bind

induced by HTS grains (Fig. 1a):

Beff ¼ H þ Bind ð1Þ

The value and macroscopic direction of the field Bind are
related to the magnetic properties of grains and, eventually, to
the experimental magnetization M, i.e., the M(H) and M(T)
dependences: Bind(H,T) ~ |M(H,T)|. Therefore, Eq. (1) can be
rewritten in the form

Beff H ; Tð Þ ¼ jH−α � 4πM H ; Tð Þj ð2Þ

Equation (2) has already taken into account the magnetiza-
tion sign relative to the external field (see Fig. 1a and 1b) and
contains the coefficient of proportionality α between the av-
eraged magnetization of grains 4πM(H) [34, 35] and the in-
duced field Bind.

The R(H) and Beff(H) interplay is determined using the
conventional Arrhenius relation R(H,T,I) ~ exp(–EJ(H,T,I)/
kBT) [36], where EJ is the energy of the Josephson coupling,
but the external field should be replaced by the effective field
in the intergrain medium: Beff(H) → H [37]:

R H ; T ; Ið Þ∼exp –E J Beff H ; Tð Þ; T ; Ið Þ=kBTð Þ ð3Þ

Thorough investigations of the galvanomagnetic effects
in granular HTSs made it possible to describe first qualita-
tively [30–35, 38–41] and then quantitatively, the mecha-
nisms of the previously unclear properties including the
clockwise R(H) hysteresis [42–47], effect of the thermo-
magnetic prehistory on the R(T) and R(H) dependences
[41, 48, 51, 52], and magnetoresistance anisotropy
R(H,T,I) [53, 54]. It was found surprisingly that the param-
eter α in Eq. (2) has a value of about 10 or more [41, 47,
51–54] (this is mainly true for yttrium and lanthanum
HTSs). This is evidence for significant crowding of the
flow in the grain boundaries [50–56], which is illustrated
in Fig. 1c. In fact, a large value of the parameter α leads to
the wide magnetoresistance hysteresis [50–55] and the
R(H) hysteresis is observed as long as theM(H) dependence
stays irreversible (see Eq. (2)) [46, 48].

This work is aimed to reveal the regularities in the behavior
of the magnetoresistance hysteresis of granular HTS in a wide
temperature range. Any hysteretic dependence can be

characterized by the two main parameters: height and width.
In this study, we draw attention to an interesting feature of the
R(H) hysteresis in a granular HTS of the yttrium system: the
functional dependence of the R(H) hysteresis width on the
external field behaves identically at different temperatures
(in our experiments, the data were obtained at temperatures
from 4.2 K to almost critical temperature TC). This is appar-
ently another manifestation of the magnetic flux compression

flux compression

H = Hinc (negative magnetization)

H = Hinc

MG
MG

MG2MG1

H = Hdec (positive magnetization)

MG
MG

(a)

(b)

(c)

Fig. 1 Schematic of magnetic induction lines in the intergrain medium of
a granular HTS. Ovals show HTS grains and the space between them is
the intergrain medium; intergrain spacings are significantly enlarged.
Dashed lines show the lines of magnetic induction Bind from the
magnetic moments MG1 and MG2 of HTS grains (bold arrows); thin
arrows show the Bind direction (a) in the increasing external field H =
Hinc at the negative magnetization (MG1 andMG2 are antiparallel to Hinc,
Bind || Hinc) and b in the decreasing external field H = Hdec at the positive
magnetization (MG1, MG2 || Hdec Bind is antiparallel to Hdec). c Effect of
the magnetic flux compression (compare with (b)) observed in real
granular HTSs, in which the grain boundary length is several
nanometers and the grain size is several micrometers
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in the intergrain medium, which is related to the penetration of
a field into HTS grains.

2 Experimental

The YBa2Cu3O7-δ HTS sample was obtained by the solid-
state synthesis from corresponding oxides with three interme-
diate grindings. The scanning electron microscopy and
energy-dispersive spectrometry data were obtained on a
Hitachi-TM 4000 electron microscope. The magnetotransport
measurements were performed by a four-point probe tech-
nique on a sample with the size of 0.15 × 0.15 × 7 mm3. An
external field H was induced by an electromagnet (at T ≥ 77
K) or by a superconducting solenoid (at T = 4.2 K); H was
applied perpendicular to the macroscopic transport current I,
which was biased along the major axis of the sample. The
R(H) dependences at temperatures of 4.2 K and 77 K were
obtained by placing the sample directly in liquid helium or
nitrogen, respectively. This was necessary to ensure the effec-
tive removal of heat released on the current contacts during the
flowing of a current of ~ 300 mA. In all the cases, the sample
was cooled in zero external fields (ZFC mode).

The magnetic properties were investigated on a vibrating
sample magnetometer under the external conditions (includ-
ing the external magnetic field sweep rate) corresponding to
the magnetotransport measurements.

3 Sample Characterization

According to the results of X-ray diffraction analysis, all the
reflections of the obtained samples correspond to an HTSwith
a 1-2-3 structure; no foreign phases were observed. Figure 2

shows a typical scanning electron microscopy image of the
sample microstructure. One can clearly see the granular struc-
ture with a grain size from 0.5 to 12 μm. Figure 3 shows the
size distribution of grains. The average grain size is ~ 4 μm.
According to the energy-dispersive spectrometry data, the el-
emental composition corresponds to the chemical formula
YBa2Cu3O7-δ. The physical density of the investigated sample
was ~ 86% of the theoretical density of YBa2Cu3O7-δ.

Figure 4a presents the temperature dependence of the sam-
ple magnetization in a field of H = 100 Oe obtained after
meeting the ZFC conditions. According to these data, the
transition temperature TC was ~ 92.8 K.

The resistivity was found to be ~ 15.4 mΩ cm at T = 300 K
and ~ 10.3 mΩ cm at T = 100 K. The critical current in zero
external fields was ~ 102 A/cm2 at T = 4.2 K and ~ 5 A/cm2 at
T = 77 K. The relatively low density of the transport
(intergrain) critical current for this sample is explained by
the fact that no special measures (e.g., high-temperature an-
nealing) were taken to increase it.

The temperature dependences of the electrical resistance in
zero external field and fields of 10, 100, and 1000 Oe are
shown in Fig. 4b. The onset of the resistance drop corresponds
to the critical temperature determined from the magnetic mea-
surement data (Fig. 4a). The two-step shape of the R(T) de-
pendences in external magnetic fields (Fig. 4b) is typical of
granular HTSs [1, 9, 10, 18–20, 22, 26, 29, 32–35, 37, 45,
48–57] and reflects the presence of two superconducting sub-
systems in these objects. Here, the sharp resistance drop cor-
responds to the transition in grains and the extended tail re-
flects the dissipation processes occurring in the subsystem of
grain boundaries. The value of the smooth R(T) portion in
different external fields at the beginning of their significant
divergence corresponds to the resistance of the subsystem of

Fig. 2 Typical scanning electron microscopy image of the investigated
YBa2Cu3O7-δ sample
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Fig. 3 Size distribution of grains. The line shows the Weibull
distribution, which is best appropriate for milled materials, for a
dimensionless shape parameter of 2.3 and a scale parameter of 5.0 μm
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grain boundaries (or their “normal” resistance) indicated as
RNJ in Fig. 4b.

The M(H) magnetization hysteresis loops, as well as the
virgin magnetization curve, at T = 4.2 K and 77 K are shown
in Fig. 5 and the insets to it. The magnetic hysteresis loops are
essentially asymmetric relative to the abscissa axis. This is
typical of granular HTSs and is explained by the weak pinning
of vortices in the surface layer of grains [58]. The current
circulation scale Dc was estimated from the observed asym-
metry of the magnetization hysteresis loop. According to [59],
we have

Dc≈2λL Tð Þ= 1− ΔM=2jM H incð Þjð Þ1=3
h i

ð4Þ

where λL is the depth of the magnetic field penetration into the
investigated superconductor at the measuring temperature,
ΔM = M(Hdec) – M(Hinc), Hinc is the increasing field, and
Hdec is the decreasing field. In the estimation of the Dc value
using Eq. (4), theM(Hdec) andM(Hinc) values are taken atHdec

= Hinc = Hm, where Hm is the minimum field in the M(Hinc)
dependence. The obtained circulation scale (3–4 μm) corre-
sponds to the circulation in the sample grains.

The intergrain critical current density JCG was determined
from the magnetization hysteresis loop using the critical state
model [60]. For polycrystalline superconductors, the relation
between JCG and ΔM is written as follows [58]:

JCG A=cm2
� � ¼ 30ΔM emu=cm3

� �
=d cmð Þ ð5Þ

where d is the average grain size. Given d ~ 4 μm, the JCG
values in an external field of H ≈ 100 Oe were found to be ~
5.6 × 104 A/cm2 at 77 K and ~ 7.4 × 106 A/cm2 at 4.2 K. The
obtained values show a great difference between the critical
current densities in the superconducting subsystems (grains
and grain boundaries) mentioned in Section 1. The presented
data show that the sample under study exhibits the properties
typical of granular HTSs of the yttrium system.

4 Magnetoresistance Hysteresis and Its Width

Figure 6 shows the hysteretic R(H) dependences obtained at
temperatures of 77 K and 4.2 K and transport currents of 300
and 35 mA (at T = 77 K). The presented R(H) dependences
were recorded upon field cycling within ± 10 and ± 1 kOe (at
T = 77 K), except for the initial magnetoresistance behavior
(starting with H = 0 after meeting the ZFC conditions). To
give an example of the description of the hysteretic
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Fig. 4 Temperature dependences of a the magnetization in a field of 100
Oe (ZFC mode) and b the electrical resistance in zero fields and in fields
of 10, 100, and 1000Oe under the ZFC conditions. The horizontal dashed
line in b corresponds to the resistance RNJ of the subsystem of grain
boundaries
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Fig. 5 Magnetization hysteresis loops for the investigated sample at T =
77K. Upper inset:M(H) at T = 4.2 K. Lower inset:M(H) in the range of ±
1 kOe and the virgin magnetization under the ZFC conditions at T = 77 K
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Fig. 6 Hysteretic R(H) dependences at the indicated temperatures and
transport currents I. Arrows show the external field variation.
Horizontal dashed lines give examples of the determination of the
magnetoresistance hysteresis width ΔH
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magnetoresistance behavior, Fig. 7a shows a portion of the
R(H) dependence at T = 77 K upon field cycling within ± 1
kOe, which includes the initial dependence on Hinc = 0 (after
meeting the ZFC conditions). For these data, the thermomag-
netic prehistory fully corresponds to the M(H) dependence
shown in the lower inset to Fig. 5. It should be noted that
the resistance at a current of I = 300 mA, a field of H = 10
kOe, and a temperature of 77 K does not exceed the RNJ value
(see Fig. 4b), being close to it though. This shows once again
that the dissipation observed under the experimental condi-
tions (Figs. 6 and 7a) only occurs in grain boundaries.

Figure 7b shows the dependence of the effective field
Beff(H) in the intergrain medium plotted using the
abovementioned M(H) data by Eq. (2). The α value was se-
lected to ensure the best agreement between the R(H) and
Beff(H) hysteresis widths. This comparison is reasoned by
the following. For R(Hinc) = R(Hdec), the effective fields

should be identical Beff(Hinc) = Beff(Hdec) at the fields Hinc

and Hdec (Eqs. (2) and (3)). The hysteresis width ΔH is, in
fact, the length of the segment Hdec − Hinc when R(Hdec) =
R(Hinc) for the magnetoresistance (Figs. 6 and 7a) or when
Beff(Hdec) = Beff(Hinc) for the effective field (Fig.7b). The
segments ΔH = Hdec − Hinc are shown in Figs. 6 and 7 by
horizontal dashed lines. In Fig. 7, one can see good agree-
ment between the R(H) and Beff(H) dependences. Here, we
mean both the relative positioning of different branches of
the hysteresis loops relative to their initial dependences and
the presence of the local maximum (in the increasing field)
and minimum (in the decreasing field). In addition, the de-
scribed approach explains both the nonzero remanent resis-
tance Rrem ≡ R(Hdec = 0), which corresponds to the nonzero
value of Beff(Hdec = 0) caused by the remanent magnetiza-
tion (the magnetic flux captured by HTS grains) in zero
fields (Fig. 5). At the data in Fig. 7b, the parameter α equals
24 that is indicative of the strong magnetic flux compres-
sion in the intergrain medium [47, 50–55].

Now, let us analyze the magnetoresistance hysteresis width
under the condition R = const. Obviously, the hysteresis width
ΔH(Hdec) should be smaller than Hdec. However, in the field
range where the inequality R < Rrem is valid, it is reasonable to
determine the hysteresis field width using already a portion of
the branch in the negative field range (–Hdec), as shown in
Fig.7a and b. Here, the ΔH(Hdec) value is somewhat higher
than the Hdec value. Figure 8 shows the ΔH(Hdec) depen-
dences obtained in this way from the experimental R(H) data
at T = 77 K (I = 35 and 300 mA) and T = 300 K (I = 300 mA).
Certainly, as we mentioned above, in a fairly wide field range,
we have ΔH(Hdec) < Hdec, which is illustrated in the inset to
Fig. 8 for the data at 77 K. The striking thing in Fig. 8 is the
proximity of the experimental ΔH(Hdec) data to the linear
function ΔH(Hdec) = Hdec in a fairly wide Hdec range. This
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Fig. 7 Initial behavior and hysteresis of the magnetoresistance R(H, I =
300 mA) (a) and the effective field Beff(H) (b) at T = 77 K. The Beff(H)
dependences are plotted by Eq. (2) using the magnetization data (lower
inset to Fig. 5) for α = 24. The horizontal lines correspond to the field
widthΔH of the magnetoresistance hysteresis; the line matching in a and
b indicates equivalence ofΔH values for the R(H) and Beff(H) hysteretic
dependences

Fig. 8 Field width ΔH of the hysteresis. ΔH(Hdec) pointes are obtained
from the data presented in Fig. 6. The solid line shows the linear
dependence ΔH = H. Inset: data at T = 77 K in the weak-field region
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points out that the field width of the hysteresis is close to its
maximum value.

The behavior of the ΔH(Hdec) dependence can be ex-
plained by the simple consideration of the shape of the
R(H) hysteresis. In Fig. 6, one can see the sharp R(Hinc)
growth up to the field corresponding approximately to the
M(Hinc) extremum (see Fig. 5). Then, the resistance growth
with Hinc becomes much slower. In the decreasing field
branch (the R(Hdec) dependence), the magnetoresistance
drops fast in strong fields for the data at T = 4.2 K. For
the data at T = 77 K, the R(Hdec) dependence sharply drops
already in weak fields, while in strong fields, the magneto-
resistance hysteresis is rather narrow. The R(H) hysteresis
width is zero in the maximum field, which is the end cy-
cling point. As the field Hdec decreases, the ΔH(Hdec) de-
pendence can attain its maximum value fairly fast, which
can be seen from the data at 4.2 K: the width ΔH is maxi-
mum already at Hdec ~ 9 kOe. For the data at 77 K, the
maximum value is attained already in the much weaker
field (Hdec ~ 2 kOe) since in the fields stronger than ~ 2
kOe, the R(H) hysteresis is narrow. Nevertheless, in the
Hdec range from 0 to a certain value (~ 1 kOe for the data
at 77 K and ~ 6 kOe for the data at 4.2 K), we can speak
about a certain universality of the ΔH(Hdec) behavior. In
point of fact, theΔH(Hdec) dependences obtained at the two
temperatures that cover almost the entire range of the
superconducting state are similar to the same linear func-
tion ΔH(Hdec) = Hdec.

The described behavior can be explained using the follow-
ing prerequisites. According to the critical state model [60], in
an external field, screening currents circulate inside grains. A
current density is equal to the critical current density. These
currents induce a field in the intergrain medium (Fig. 1a and
b), which increases due to the flux compression (Fig. 1c). This
leads to the observed sharp resistance growth with increasing
field Hinc (according to Eq. (3); see also Figs. 6 and 7a), at
least up to the field of the M(H) minimum. In addition, a
significant change in the resistance can be observed for the
decreasing field branch if the magnetization of grains changes
fairly fast, e.g., at the change in the external field direction
(Hinc → Hdec) (see Figs. 6 and 7a). The analysis of the mag-
netic hysteresis loops made in Section 3 showed that the
intragrain critical current density increases by almost two or-
ders of magnitude as the temperature decreases from 77 to 4.2
K. This leads to an increase in the magnetization at low tem-
peratures. Then, the contribution of the induced field to the
effective field in the intergrain medium at Hinc = const will be
greater at lower temperatures. The effective field is a superpo-
sition of two contributions: the induced field and the external
field. Depending on the temperature and the values and direc-
tions of the external field sweep (Hinc, Hdec), these contribu-
tions can be in different ratios. A simple way of estimating the
quantitative ratio between these contributions is to plot the

Beff(H) dependence using Eq. (2). Figure 9 shows the
Beff(H) dependences calculated using the experimental mag-
netization data (Fig. 5) and the above-obtained valueα = 24. It
is worth noting that, at low temperatures, the Beff(H) depen-
dence yields only the qualitative agreement with the hysteretic
behavior of the magnetoresistance. The quantitative agree-
ment in strong fields at low temperatures can be obtained
taking into account the field dependence of the parameter α
[55]. Here, we examine the Beff(H) dependences only to ex-
plain the functional ΔH(Hdec) dependence. It can be seen in
Fig. 9 that, at T = 4.2 K, the Beff(H) hysteresis is fairly wide
over the entire field range, while at T = 77 K, the hysteresis is
wide only in fields below 1–2 kOe. This is caused by the
different contributions of the terms from Eq. (2) to the effective
field. Indeed, for the data at T = 77K, we haveBeff(H = 10 kOe)
≈ 10 kGs, i.e., Beff ≈H in strong fields, while for the data at T =
4.2 K, Beff(H = 10 kOe) ~ 20 kGs, i.e., Beff >H. The analysis of
the data presented in Figs. 7b and 9 shows the validity of the
strict inequality Beff(Hinc) >>Hinc in the field range fromHinc =
0 to the Beff(Hinc) maximum at least. In this portion of the
increasing field branch, the magnetoresistance sharply in-
creases. At the same time, the portion of the sharp drop of the
effective field and, consequently, of the magnetoresistance in
the decreasing field branch (Figs. 6 and 7a) leads to the large
field widthΔH of the hysteresis. Thus, it is the great contribu-
tion of the term α·4πM(H,T) to the effective field (Eq. (2)) that
ensures the wide magnetoresistance hysteresis and its almost
linear functional dependence (ΔH ≈ H, Fig. 8) in a fairly wide
field range.

In Fig. 10, the ΔH(Hdec) dependences are normalized to
the fieldHm corresponding to theM(Hinc) minimum. The field
Hm also approximately corresponds to the Beff(Hinc) (Figs. 7b
and 9) and R(Hinc) maxima (Fig. 7a). It can be seen in Fig. 10
that the hysteresis width is most close to the linear dependence

Fig. 9 Dependences Beff(H) of the effective field in the intergrain
medium calculated using Eq. (2) for the data presented in Fig. 5 at α =
24. Horizontal l ines correspond to the field width of the
magnetoresistance hysteresis ΔH
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ΔH ≈ H in the range of up to H ≈ 3Hm. This value correlates
well with the depth of full penetration of the magnetic field
into a superconductor, which is estimated from the M(H) de-
pendences [61, 62]. Certainly, it is difficult to establish a clear
criterion for the deviation of theΔH(Hdec) dependence from a
linear function, but the full penetration field is also problem-
atic to be accurately determined [61]. In this case, we are
speaking about the field of complete penetration into HTS
grains, which have the size distribution (Fig. 3). In view of
the aforesaid, we can state that there is a correlation between
the external field range in which the R(H) hysteresis width
takes its maximum value and the field range in which the field
has not fully penetrated into HTS grains yet. This additionally
confirms the concept of an effective field in the intergrain
medium, where a large, sometimes dominant, contribution is
made by the magnetic response of HTS grains, which results
in a very wide hysteresis (ΔH ≈ H) in the external fields from
0 to 3Hm.

5 Conclusions

Granular HTSs exhibit a fairly wide R(H) magnetoresistance
hysteresis. This hysteresis and its form are explained by the
concept of an effective field in the intergrain medium taking
into account the effect of the magnetic response of HTS grains
to the field in the intergrain medium.

The R(H) dependences obtained on the yttrium HTS sam-
ple demonstrate a universal behavior, specifically, the almost
linear dependence of the magnetoresistance hysteresis width
ΔH on the field Hdec (for the descending hysteresis branch)
with the same slopeΔH ≈ Hdec at various temperatures (77 K
and 4.2 K).

In fact, the hysteresis width takes almost the maximum
possible value; this is observed in a fairly wide range of fields
Hdec or, to be exact, approximately up to 3Hm, where Hm

corresponds to the extremum (the minimum for the increasing
field branch in M(H)) of the magnetic hysteresis loop. The
field 3Hm is considered to be the field of full penetration into
HTS grains (taking into account the size distribution).
Consequently, there is an interrelation between the observed
functional dependence of the magnetoresistance hysteresis
width and the processes of field penetration into grains. In
addition, the wide magnetoresistance hysteresis is directly re-
lated to the magnetic flux compression in the intergrain medi-
um, due to which the field induced by the magnetic moments
of HTS grains (or, in fact, by intragrain currents) is signifi-
cantly increased.

In view of the aforesaid, it would be reasonable to investi-
ga t e the in t e rp l ay be tween the morpho logy of
superconducting grains and the functional dependence of the
magnetoresistance hysteresis width in granular HTSs from
yttrium and other (lanthanum, bismuth, etc.) systems. This
will be the object of our further research.
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