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Abstract—Regularities in the behavior of the magnetoresistance hysteresis R(H) in the granular yttrium high-
temperature superconductors (HTSs) have been established. For this purpose, a comparative analysis of the
magnetotransport properties has been carried out on the granular HTS samples, which exhibit (i) approxi-
mately the same magnetic properties and temperatures of the onset of the superconducting transition (90.5–
93.5 K, which is characteristic of HTS grains) and (ii) different critical transport currents JC (which is char-
acteristic of grain boundaries). Despite a significant (by more than an order of magnitude) spread of the JC
values for the three samples, a universal behavior of the magnetoresistance hysteresis has been found, which
is apparently inherent in all the granular Y–Ba–Cu–O compounds. The R(H) hysteresis is extremely broad
and, in a fairly wide external field range, the dependence of the magnetoresistance hysteresis width ΔН on the
field Hdec (the external field for the decreasing hysteresis branch is Н = Hdec) is almost linear: ΔH ≈ Hdec. This
behavior is observed over the entire temperature range of implementation of the superconducting state (the
investigations have been carried out at temperatures of 77–88 and 4.2 K). The result obtained has been
explained by considering the effective field in grain boundaries, which is a superposition of the external field
and the field induced by the magnetic moments of grains. The field induced by grains, in turn, significantly
increases in the region of grain boundaries due to the magnetic f lux compression (the grain boundary length
is shorter than the HTS grain size by several orders of magnitude). The aforesaid has been confirmed by the
analysis of the R(H) hysteresis for the Y–Ba–Cu–O- and CuO-based HTS composite, in which the grain
boundary length is purposefully increased; as a result, the f lux compression is less pronounced and the R(H)
hysteresis narrows.
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1. INTRODUCTION
It is well known that polycrystalline (hereinafter,

granular) high-temperature superconductors (HTSs)
are two-level superconducting systems in their trans-
port and magnetotransport properties. HTS grains are
characterized by fairly high critical current densities
(the so-called intragrain critical current JCM) and it is
the intragrain currents that determine the magnetic
response of bulk samples in moderate and strong mag-
netic fields. At the same time, the existence of grain
boundaries with a thickness of no more than few
nanometers already significantly (by several orders of
magnitude) decreases the critical density of the trans-
port current in bulk samples. This is due to the fact
that the thickness or geometric length of grain bound-
aries is comparable with the HTS coherence length
and, as a result, the superconducting current transport

through grain boundaries occurs via Josephson tun-
neling, in which the critical current is much lower. The
aforesaid can be considered to be the basis for applica-
bility of the concept of a two-level (grains and bound-
aries) superconducting system [1] to the description of
the magnetic and transport properties of granular
HTSs. In this case, the strict inequality JCM  JC is
obvious, where JC is the critical transport current. For
a long time since the discovery of HTS materials,
many regularities in the effect of different factors on
the morphology of grain boundaries and, ultimately,
on the behavior of transport characteristics have been
established [2–10]. To describe the dissipation pro-
cesses in the subsystem of grain boundaries, one can
use the standard approaches developed for type-II
superconductors [10–23]. Note that, despite a great
number of studies on the description of dissipation
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Fig. 1. Schematic of directions of the lines of magnetic
induction Bind from magnetic moments MG (the MG
direction is determined by a sign of magnetization M of the
sample) of HTS grains (ovals) in the intergrain medium (in
this representation, the spacings between grains are
strongly enlarged). (a, b) Increasing (H = Hinc) and
decreasing (H = Hdec) fields. (a) Bind || H; (b) the magnetic
induction lines are directed oppositely to the external field.
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processes in granular HTS systems [10–24], bright
features in the behavior of the electrical resistance in
external fields have been recently found that indicate
the occurrence of a topological (Berezinskii–Koster-
litz–Thouless) phase transition in the intergrain
medium [25–28].

However, if we consider already the magnetotrans-
port characteristics of granular HTSs (magnetoresis-
tance R(H) and critical transport current JC(H) as
functions of the external field), then, to understand
most effects, it is necessary to take into account the
interaction between these superconducting subsys-
tems. Indeed, there is a set of experimental facts that
cannot be explained in the framework of the conven-
tional approach. These facts include the following:

(i) A fairly complex shape of the R(H) hysteresis
[29–42] and JC(H) [43–47]; in this case, we have
R(Hinc) > R(Hdec) and JC(Hinc) < JC(Hdec) under
cycling of the external field to some constant value
±Hmax (hereinafter, the subscripts inc and dec are
referred to the increasing and decreasing external
fields, respectively), although, in the initial magneto-
resistance branch R(Hini) in relatively weak external
field, the situation is opposite: R(Hini) < R(Hdec).

(ii) A nonmonotonic behavior of the R(Hinc) (a
local maximum is often observed) and R(Hdec) depen-
dences (there is a minimum or the resistance becomes
zero) [29, 31–33, 36–39, 42].

(iii) The magnetoresistance anisotropy with
respect to the mutual orientation of the external field
and macroscopic transport current j; in this case, we
have R(H || j) < R(H ⊥ j) [36, 37, 48–52] and the
R(H) hysteresis is broader at the perpendicular orien-
tation H ⊥ j [53–55].

(iv) The effect of thermomagnetic prehistory on
the R(T) dependence: the conditions of cooling in
external field H ensure the weaker dissipation than the
conditions of zero field cooling with subsequent
applying external field H of the same value [46, 48, 49,
54, 56–62].

(v) An extremely broad magnetoresistance hystere-
sis, i.e., a large ΔH value determined as ΔH = Hdec –
Hinc under the condition R(Hdec) = R(Hinc).

The set of above-listed facts (i)–(v) is qualitatively
explained by considering an effective field in the inter-
grain medium [63, 64]. Here, of fundamental impor-
tance is the interaction between the subsystems of
grains and grain boundaries, at which the magnetic
moments MG of HTS grains induce the field in grain
boundaries (Fig. 1). As a result, the subsystem of grain
boundaries is in the effective field Beff, which is a
superposition of external field H and field Bind induced
by grains in the intergrain medium. The magnetic
response of HTS grains is determined by both the
Meissner currents (in the critical state model, the cur-
rent with the critical density circulates) and Abrikosov
vortices captured by grains. Taking into account the
PHY
hysteretic field dependence of the magnetization
M(H) and the direction of the induced field Bind
(Fig. 1), the equation for the effective field

(1)

is valid in the intergrain medium. The absolute value
was used in Eq. (1) because the sign of the resulting
effective field is unimportant in describing the dissipa-
tion processes and the magnetoresistance R is a func-
tion of Beff: R = f(Beff). The factor α in Eq. (1) includes
the averaged demagnetizing factor and the degree of
flux compression in the intergrain spacings. The
description of the experimental data on the magneto-
resistance hysteresis R(H) of granular HTSs using
Eq. (1) yielded good qualitative [54, 55, 65–69] and
quantitative [70] agreement. However, this agreement
is achieved if it is only assumed that the α value is
about 20–25 (for the perpendicular orientation H ⊥  j).
This proves the stronger f lux compression in the inter-
grain medium as compared with the HTS grain size
(micrometers); the possibility of implementation of
such a magnetic f lux compression was first mentioned
in [52].

= − π αeff ( ) 4 ( )B H H M H
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Table 1. Critical transport current JC, resistivity ρ, intragrain (“magnetic”) critical current JCM (Eq. (3)), average grain size

d, and physical density of the samples

Sample
JC (77 K) 

A/cm2

JC (4.2 K) 

A/cm2

ρ (95 K)

mΩ cm2

JCM (77 K) 

A/cm2

JCM (4.2 K) 

A/cm2
d μm

Density,

% theor.

YBCO-1 150 1500 0.45 2 × 105 5.5 × 106 10 93

YBCO-2 15 170 2.2 5.6 × 105 7.4 × 106 5 86

YBCO-3 5 100 6 1.5 × 105 2.3 × 106 4 88

YBCO-comp <0.01 0.1 800 3 × 105 8 × 106 2 ~60
In the approach commonly used to describe the
dissipation of type-II superconductors, the depen-
dence of the magnetoresistance on external field H,
temperature T, and transport current I is determined
by the dependence of the pinning potential UP(H, T, I)

on these parameters through the Arrhenius equation
R(H, T, I) = RNexp(–UP(H, T, I)/kT) [71], where RN

is the resistance in the normal state. For the grain
boundaries or the Josephson medium, it is reasonable
to use the term Josephson coupling energy EJ(H, T, I)

instead of UP(H, T, I) and, according to Eq. (1), to use

already the effective field Beff(H) instead of the exter-

nal field H [70]:

(2)

It is clear that the EJ(Beff(H), T, I) dependence is

determined by many factors, including the average
thickness of grain boundaries, their type (metallic or
insulating), etc. Obviously, these factors depend on
the conditions of synthesis and final heat treatment of
the HTS materials and, here, it is reasonable to expect
a completely different behavior of the magnetoresis-
tance and its temperature evolution for the HTS sam-
ples prepared by different methods. In this study, how-
ever, we show that the temperature evolution of the
magnetoresistance hysteresis is universal for the sam-
ples with different current-carrying capacities. This is
demonstrated by the example of the YBa2Cu3O7 sys-

tem for three samples synthesized under different con-
ditions and having different critical currents. The indi-
cated universal behavior is no longer observed in the
HTS composite in which the addition of a nonsuper-
conducting component further reduces the energy of
the Josephson coupling (and, hence, the critical cur-
rent) due to an increase in the grain boundary length.
The results obtained are closely related to the effect of
the magnetic f lux compression in the intergrain
medium.

2. EXPERIMENTAL

The investigated YBa2Cu3O7 HTS samples were

prepared by the solid-state synthesis with 3–5 inter-
mediate grindings. For the sample with the highest

=
= −

eff

N J eff

( , , ) ( ( ), , )

exp( ( ( ), , )/ ).

R H T I R B H T I
R E B H T I kT
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critical current density (sample YBCO-1), the final
annealing stage was performed at a temperature of
~940°C close to the melting point for 50 h. Upon
completion of the synthesis, the sample was annealed
at a temperature of 350°C for 10 h to reach the oxygen
stoichiometry. For samples YBCO-2 and YBCO-3,
the total annealing time was 160 h at temperatures of
920–930°C; at the end of the synthesis, the samples
were annealed at a temperature of 300°C for 3 h and
slowly cooled together with a furnace to room tem-
perature for oxygenation. According to the X-ray dif-
fractometry data, all the peaks for the obtained sam-
ples belong to the structure 1–2–3 and no side reflec-
tions are observed.

The composite sample (hereinafter, YBCO-comp)
containing 77.5 vol % of the Y0.75Lu0.25Ba2Cu3O7

superconductor and 22.5 vol % of copper oxide CuO
was prepared by fast backing technique [53, 72]. In this
method, the Y0.75Lu0.25Ba2Cu3O7 HTS preliminary

prepared by the solid-state synthesis and characterized
was used, which was milled in a powder and added
with the reagent CuO of special purity grade in a
required ratio. After joint grinding of the components
and pressing, the obtained tablet was placed in a fur-
nace preheated to 915°C for 5 min; after that, the sam-
ple was moved to another furnace heated to 350°C for
annealing for 4 h followed by cooling in the furnace for
oxygenation. According to the X-ray diffraction data,
all the peaks of the obtained composite sample belong
to the 1–2–3 structure and copper oxide; no foreign
reflections were observed.

The data on the physical density determined by
weighing the samples in alcohol and the average
superconductor grain size determined from scanning
electron microscopy images obtained on a Hitachi-
TM 3000 microscope are given in Table 1.

The magnetotransport measurements were per-
formed by a four-point method. Samples about 0.15–

0.15–7 mm3 (±50%) in size were cut from the tablets
and the transport current I co-directed with the long
sample axis was applied. Gold-plated clamp contacts
were used. The critical current was determined
according to the criterion 1 μV/cm; the sample was
immersed in liquid nitrogen or liquid helium. The
external field was set by an electromagnet in measur-
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ing the magnetoresistance R(H) at high temperatures
(from 77 K) and by a superconducting solenoid in
measuring R(H) at T = 4.2 K. The R(H) dependences
for the YBCO samples measured at 4.2 and 77 K and a
transport current of ~30 mA or stronger were obtained
by placing the sample directly in liquid helium or liq-
uid nitrogen, respectively, to avoid heating on the cur-
rent contacts. When measuring the R(T) and R(H)
dependences at weak (up to 10 mA) measuring cur-
rents, the sample was placed in a heat-exchange
helium medium. Some of the R(T) and R(H) mea-
surements were performed on a PPMS-6000 system.
In all the cases, the sample was cooled in zero external
field and the external field was perpendicular to the
current direction: H ⊥ I.

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

3. RESULTS AND DISCUSSION

3.1. Intragrain and Intergrain Critical Current 
and Resistive Transition

According to the magnetic measurement data, the
temperatures of the onset of the diamagnetic signal
from the magnetic measurements were 93, 92.5, 90.5,
and 93.5 K for samples YBCO-1, YBCO-2, YBCO-3,
and YBCO-comp, respectively. At the same tempera-
tures, the onset of a resistive transition (a sharp
decrease in the resistance) is observed. Table 1 gives
the data on the critical current density JC of the inves-

tigated samples. The JC value for sample YBCO-1 is

very high at both helium and nitrogen temperatures.
During the synthesis of samples YBCO-2 and
YBCO-3, no special measures were taken to obtain the
high JC values and it can be seen that the critical cur-

rent in these samples is significantly (by an order of
magnitude) lower. At the same time, the electrical
resistivity ρ in the normal (95 K) state also increases
(see Table 1) and there is the correlation with the phys-
ical density. In the HTS composites prepared by fast
backing technique, the nonsuperconducting compo-
nent acts as grain boundaries [53, 72] and the intro-
duction of an insulator [14, 53, 72] leads to additional
weakening of the Josephson coupling and, conse-
quently, to the very low JC values and high resistivity in

the normal state.

Figure 2 shows the magnetic hysteresis loops for
the investigated samples at temperatures of 77 K
(Fig. 2a) and 4.2 K (Fig. 2b). At T = 4.2 K, the M(H)
dependences are almost symmetric relative to the
abscissa axis, while at 77 K this is no longer observed
(see the left-hand inset in Fig. 2a). The occurrence of
the asymmetry at high temperatures is related to weak-
ening of the Abrikosov vortex pinning in the surface
layer of grains [73, 74]. The absolute values of the
PHY
magnetization (in a certain field) of the samples are
somewhat different. Using the magnetization values of
the full hysteresis loop, we can determine the intra-
grain critical current density JCM [75]. According to

the expression following from the Bean’s model, we
have

(3)

where d is the average grain size and ΔM = M(Hinc) –

M(Hdec) at Hinc = Hdec. The JCM values in an external

field of H ~ 100 Oe obtained using Eq. (3) are given in
Table 1. It can be seen that the JCM values for a series

of the investigated samples are of the same order of
magnitude. Note that, comparing the data on the crit-
ical transport current JC and the “magnetic” (intra-

grain) critical current JCM, we can make certain of the

validity of the strict inequality JCM  JC, which follows

from the concept of a two-level superconducting sys-
tem in granular HTSs.

The difference between the densities of the critical
transport current JC (Table 1) of the investigated sam-

ples or, in fact, between the energies of the Josephson
coupling, manifests itself also in the degree of broad-
ening of the superconducting transition under the
action of an external magnetic field and transport cur-
rent. Figure 3 presents the R(T) dependences for the
selected samples: YBCO-2 (Fig. 3a) and YBCO-comp
(Fig. 3b) in different external fields at two current val-
ues. The two-step R(T) dependences in Fig. 3 reflect
the presence of two superconducting subsystems [2,
12–14, 21–23, 47, 52–54, 60, 62, 76–78]; a sharp
jump in the resistance corresponds to the supercon-
ducting transition in HTS grains and the extended
R(T) tail ref lects the dissipation processes in the sub-
system of grain boundaries. The value of the smooth
portion of the R(T) dependences for different H and I
values near the beginning of their divergence (after the
transition in grains) corresponds to the total or “nor-
mal” resistance (analogue of RN in Eq. (2)) of the sub-

system of grain boundaries hereinafter referred to as
RNGB. The magnetic field range for the data in Fig. 3

(up to 5–8 kOe) is sufficiently small to cause a notice-
able broadening of the superconducting transition in
grains; however, in the subsystem of grain boundaries,
the broadening of the resistive transition to some tem-
perature TC0 (the state R = 0) manifests itself already

in sufficiently weak external fields. In addition, it can
be seen in Fig. 3 that a tenfold increase in the transport
current also broadens the resistive transition. The
comparison of the degrees of broadening of the resis-
tive transition in samples YBCO-2 and YBCO-comp
(the external current fields in Figs. 3a and 3b are
approximately the same) shows that the grain bound-
aries in the composite are significantly deteriorated by
the incorporation of CuO.

Figure 4 shows field dependences of the tempera-
ture TC0 for the investigated samples in the logarithmic

= Δ2 3

CG ( ) (A/cm 30 emu/cm m) )/ ,(cJ M d
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Fig. 3. R(T) dependences for samples (a) YBCO-2 and (b) YBCO-comp at the indicated external fields H and transport currents

I (the current densities at the same I value are approximately the same for the two samples). The normal resistance RNGB of the

subsystem of grain boundaries is indicated.
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Fig. 2. Magnetic hysteresis loops M(H) for the investigated samples at T = (a) 77 and (b) 4.2 K. (a) Left-hand inset: M(H) for

sample YBCO-2 up to the maximum applied field of |Hmax| = 10 kOe. Right-hand inset: M(H) for sample YBCO-comp. Arrows

show the direction of the change (increase or decrease) in the external field H.
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scale. Note that these data were obtained at approxi-

mately the same transport current densities (the trans-

port current is I = 1 mA) and, taking into account the

similarity of the temperatures of the onset of the

superconducting transition in all the samples, we can

assume that the degree of a decrease in TC0 with

increasing field is inversely proportional to the energy

of the Josephson coupling. The analysis of the data on

JC (Table 1) and TC0(H) dependence (Fig. 4) shows

that, for a series of samples YBCO-1, YBCO-2,

YBCO-3, and YBCO-comp, the grain boundaries

gradually deteriorate in terms of transparency for
PHYSICS OF THE SOLID STATE  Vol. 63  No. 7  2021
superconducting current carriers. At the same time,
the magnetic properties, intragrain critical current,
and transition temperature of HTS grains are approx-
imately the same.

3.2. Magnetoresistance Hysteresis and Its Description
Figure 5 shows typical hysteretic dependences of

the magnetoresistance R(H) at sufficiently high (77 K
and more) temperatures. The R(H) dependences are
normalized to the RNGB value (Fig. 3). Such a repre-

sentation of the magnetoresistance makes it possible to
estimate the degree of the resistive response from grain
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Fig. 4. Dependences of temperature TC0 (states R = 0, see

Fig. 3) on external field H for a series of the investigated
samples. The H axis is in the logarithmic scale; the point

with H = 0 corresponds to 0.5 Oe.
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boundaries relative to the maximum possible value (at
R = RNGB). For samples YBCO-1 and YBCO-3

(Figs. 5a and 5b, respectively), there is a great differ-
ence between the R/RNGB values at approximately the

same transport currents I. This is caused by the differ-
ent critical currents of these samples (Table 1).

Figure 5 shows almost the entire variety of the
observed types of the R(H) dependences for the gran-
ular yttrium HTS systems in the high-temperature
region. The character of the hysteretic R(H) depen-
dences was described in Introduction. The data in
Fig. 5 obey the inequality R(Hinc) > R(Hdec) in a wide

field range. At the same time, the initial branch of the
magnetoresistance R(Hini = Hinc) contains a portion in

the field region near H = 0 where the situation is oppo-
site: R(Hini) < R(Hdec), see the left-hand inset in

Figs. 5b and 5c. The nonmonotonic behavior of the
R(Hinc) dependence manifests itself as a bright feature

for sample YBCO-1 (Fig. 5a). For sample YBCO-3,
the local maximum is much weaker (Fig. 5b). Accord-
ing to the results reported in [39, 65–70], the presence
of a local maximum in the R(Hinc) dependence corre-

sponds to the minimum in the M(Hinc) dependence,

since the M(H) dependence enters Eq. (1) for the
effective field and the magnetoresistance is a function
of Beff (Eq. (2)). The minimum in the reverse course of

the magnetoresistance in Fig. 5b and the left-hand
inset in it (sample YBCO-3), as well as in Fig. 5c
(sample YBCO-comp) corresponds to the situation
when the external field is compensated, to the greatest
extent, by the field Bind induced by grains (Fig. 1b).

For sample YBCO-1, under the experimental condi-
tions in Fig. 5a, a relatively small measuring current is
lower than the critical current at the effective field
Beff(Hdec) for the descending field branch; therefore,
PHY
in the reverse course, the magnetoresistance is
R(Hdec) = 0. The R(H) dependences in Figs. 5a, 5b,

and 5c were obtained during cycling for maximum
fields Hmax of no more than ±1 kOe; in stronger fields,

the R(H) dependence smoothly approaches the RNGB

value, which is shown in the right-hand insets in
Figs. 5b and 5d; in this case, in sufficiently strong
fields, the hysteresis becomes rather narrow.

The validity of the strict inequality JCM  JC means

the absence of dissipation in grains. The onset of dis-
sipation in grains is accompanied by an additional
sharp increase in the magnetoresistance in the field H*
corresponding to the zero intragrain critical current
JCM(H*) = 0 or the condition ΔM(H*) = 0 [40, 47, 76,

77]. Figure 5d shows the R(H) dependences for sample
YBCO-3 at T = 77.4 and 85 K. It can be seen that a
fairly sharp change in the R(H) dependence at T =
85 K occurs at a resistance value of R ≈ RNGB (in this

case, the RNGB value was obtained independently of

the R(T) curves in different fields). At T = 85 K, we
have H* ≈ 20 kOe and, with decreasing temperature,
the characteristic field H* increases (at T = 77.4 K, the
H* value is about 70 kOe). Note that the transport cur-
rent densities, which can be varied in the experiments,
are much lower than JCM; therefore, it is almost

impossible to observe a decrease in H* from the mag-
netotransport measurements, at least for granular
HTSs of the yttrium system.

The hysteretic behavior of R(H) is explained by
considering the effective field in the intergrain
medium determined by Eq. (1). Simplifying Eq. (2),
the magnetoresistance is proportional to the effective
field: R(H) ~ Beff(H). We show an example of the qual-

itative description of the observed R(H) hysteresis
form using the sample data as an example. Figure 6a
presents the Beff(H) dependences obtained from

Eq. (1) using the experimental M(H) data for sample
YBCO-1 (Fig. 2a) and different α values. First of all,
we should note the similarity of the shapes of the
Beff(H) and R(H) hysteresis: the inequality Beff(Hinc) >

Beff(Hdec) is valid. It is clear that the experimental mag-

netization hysteresis enters Eq. (1) in the inverted form
and its relative contribution to Beff is determined by the

α value. According to the data in Fig. 6a, at an α value
of ~10 or more, there is a pronounced maximum in the
Beff(Hinc) dependence corresponding to the maximum

in the R(Hinc) dependence. The minimum in the

Beff(Hdec) dependence is also reproduced within this

approach. The effect of f lux crowding in itself is
expressed in the much stronger effective field Beff in

the weak field region than the value of external field H
(Fig. 6b). In strong fields, the contribution of the mag-
netization in Eq. (1) is already insignificant and we
have Beff ≈ H (Fig. 6b).

In the described approach, the R(Beff) dependence

is already hysteresisless: R(Beff(Hinc)) = R(Beff(Hdec)) at

Beff(Hinc) = Beff(Hdec). Therefore, we can operate with

�
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Fig. 5. Typical hysteretic dependences of the magnetoresistance for the investigated samples at relatively high temperatures. The

resistance data are normalized to RNGB (Fig. 3). Arrows show the direction of the change in external field H. Both (b, c, d) the

initial branches R(Hinc = Hini) and (a, b, c) the R(Hinc) and R(Hdec) dependences are shown upon cycling of the external field to

the same ±Hmax value. (d) The R(H) dependences (d) contain the initial branches: R(Hinc = Hini) and the reverse R(Hdec) course

at the indicated temperatures; in addition, the field H* of the dissipation onset in grains (R(H*) ≈ RNGB) is indicated. (a, b, c)

The dashed horizontal lines explain the determination of the magnetoresistance hysteresis field width ΔH = Hdec – Hinc under

the condition R(Hdec) = R(Hinc).
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10
such a characteristic of the R(H) and Beff(H) depen-

dences as the hysteresis field width ΔH = Hdec – Hinc

under the condition R(Hinc) = R(Hdec) or Beff(Hinc) =

Beff(Hdec). It was previously shown that, for the hyster-

etic R(H) dependences of granular HTSs, the ΔH
value is independent of the transport current in a fairly
wide current range [47, 61, 63, 64, 67, 69]. Conse-
quently, even the qualitative description of the R(H)
hysteresis requires the consistency between the ΔH
values obtained from the experimental R(H) and ΔH
dependences and reproduced by the Beff(H) depen-

dence. The R(H) hysteresis in fields of up to Hmax ~

±1 kOe is fairly wide (Figs. 5a and 5b) and, in order to
reproduce the similar ΔH values of the Beff(H) depen-

dence, the parameter α should range between 20–25.
As for the data in a wider field range, here the R(H)
PHYSICS OF THE SOLID STATE  Vol. 63  No. 7  2021
hysteresis becomes narrow (the right-hand inset in
Figs. 5b and 5d); in this field range, the magnetization
hysteresis is fairly small (the left-hand inset in Fig. 2b)
and, consequently, the Beff(H) hysteresis is also narrow

(Fig. 6b). Note that, for the better and more detailed
description of the R(H) hysteresis, the parameter α
should be considered as a function of the external
field.

At low temperatures (4.2 K), the character of the
R(H) hysteresis remains the same: R(Hinc) > R(Hdec),

as can be seen in Fig. 7, which shows the R(H) depen-
dences for samples YBCO-1 and YBCO-3. To mea-
sure the magnetoresistance at low temperatures, the
significantly higher transport current densities than at
high temperatures are required. In this case, the exter-
nal field range corresponding to the broad R(H) hys-
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Fig. 6. Hysteretic dependences of the effective field Beff(H)

at T = 77 K plotted according to Eq. (2) at different α val-
ues (indicated) using the magnetization data (Fig. 2) for
samples (a) YBCO-1 at |Hmax| = 1 kOe and (b) YBCO-2 at

|Hmax| = 10 kOe. Arrows show the direction of the change

in external field H. (a) The dashed horizontal line explains
the determination of the hysteresis field width of the effec-
tive field ΔH = Hdec – Hinc under the condition

Beff(Hdec) = Beff(Hinc).
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external field up to ±60 kOe. The resistance data are nor-
malized to RNGB (see Fig. 3). Arrows show the direction of

the change in external field H. The dashed horizontal line
explains the determination of the magnetoresistance hys-
teresis field width ΔH = Hdec – Hinc under the condition

R(Hdec) = R(Hinc).
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teresis also increases. This is consistent with the expla-

nation using Eq. (1) with allowance for the fact that

the absolute values of the magnetization also increased

by more than an order of magnitude (Fig. 2b); i.e., the

effective fields for the forward and reverse branches

are also strongly different. It is noteworthy that the

R(Hinc) dependences have no pronounced maxima,

although, in contrast to the data in Fig. 5b, the R/RNGB

values are far from their maximum value.1 The possi-

ble reasons for the absence of a pronounced maxi-

mum, which corresponds to the minimum in the

M(H) dependence (Fig. 2b) and, according to Eq. (1),

is expected in the region of ~2 kOe, were discussed in

[69]. For the composite sample, the form of the R(H)

hysteresis and the relative position of the initial branch

of the magnetoresistance R(Hini = Hinc) and the

1 If the grain boundaries have a metallic conductivity [3, 6], one
may expect a decrease in RNGB with temperature, which will

lead to the somewhat higher RNGB value for the data in Fig. 7.
PHY
R(Hinc) and R(Hdec) dependences at low temperatures

(Fig. 8) remain the same as for the high-temperature
data.

3.3. Universal Behavior of the R(H) Hysteresis Width

Let us analyze the behavior of the magnetoresis-
tance hysteresis width ΔH = Hdec – Hinc (at R(Hdec) =

R(Hinc)) for different samples at different tempera-

tures. We consider the total R(H) hysteresis loop
obtained under cycling of the external field (without
the initial course of R(Hini = Hinc)). The R(H) hyster-

esis width is, in fact, the length of a horizontal segment
between points of the decreasing R(Hdec) and increas-

ing R(Hinc) branches of the magnetoresistance hyster-

esis. Typical examples of determining the ΔH value are
shown in Figs. 5a, 5b, 5c, 7, and 8a (dashed horizontal
lines). The ΔH value must always be less than the Hdec

value until, in some field , the resistance value

R(Hdec = ) becomes equal to R(Hinc = 0). Then,

unambiguously, we have ΔH(Hdec = ) = Hdec (see

Figs. 5b, 5c, 8b). In the range 0 ≤ H < , ΔH will

already be larger than the Hdec value. The  field

value does not exceed 50–60 Oe for the high-tempera-
ture data (Figs. 5b, 5c) and 10 kOe at 4.2 K for sample
YBCO-comp (Fig. 8b), which is much lower than the
maximum field Hmax. Note that, in a certain range

H < Hdec, the resistance is zero (see Figs. 5a and 7),

while here the ΔH value is undetermined.

w

decH
w

decH
w

decH
w

decH
w

decH
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Fig. 8. Hysteretic R(H) dependences for sample YBCO-

comp at T = 4.2 K obtained at different transport currents
(indicated) upon field cycling to different Hmax values.

(b) Relative positioning of the initial magnetoresistance
branch R(Hinc) and R(H) upon cycling of the external

field. The resistance data are normalized to the RNGB

value (see Fig. 3). Arrows show the direction of the change
in external field H. Dashed horizontal lines explain the
determination of the magnetoresistance hysteresis field
width ΔH = Hdec – Hinc under the condition R(Hdec) =

R(Hinc).
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Fig. 9. Magnetoresistance hysteresis field width ΔH versus

field Hdec (a double logarithmic scale was used) for sam-

ples YBCO-1, YBCO-2, and YBCO-3 (symbols) at the
indicated temperatures and different Hmax values. The

solid line shows the linear dependence ΔH = Hdec.
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Figure 9 shows the ΔH(Hdec) dependences obtained

from the experimental R(H) data at different tempera-

tures for samples YBCO-1, YBCO-2, and YBCO-3. A

double logarithmic scale is used due to the different

ranges of the maximum applied field at low (10–

60 kOe) and high (1–10 kOe) temperatures. For the

high-temperature data, in fields Hdec above ~1 kOe, as

was mentioned in the discussion of the R(H) hysteresis

(see Subsection 3.2), the ΔH values are small (see the

data for sample YBCO-2 at T  = 77 K) and the inequa-

lity ΔH (Hdec = ) > Hdec is met in the field range of

0 ≤ H < . In addition, for sample YBCO-1, the

w

decH
m

decH
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magnetoresistance in the reverse course drops to zero
almost stepwise (Fig. 7) and the ΔH(Hdec) dependence

contains, literally, one point shown in Fig. 9.

The main thing that attracts attention in Fig. 9 is
the closeness of the obtained experimental ΔH(Hdec)

data to the linear function ΔH = H (solid line in
Fig. 9a) in a wide range of the field Hdec and the iden-

tity of the ΔH(Hdec) dependences for different samples

at different temperatures. Following the dependence
ΔH ≈ Hdec means that the R(Hinc) dependence

increases fairly fast and, upon reaching a certain field

, turns to the weak field dependence; then, if 
is sufficiently small as compared with Hmax, it is logical

that ΔH ≈ Hdec. It was found quite unexpectedly that,

despite the large differences in the critical transport
currents (Table 1), magnetotransport properties
(Fig. 3), and shapes of the R(H) dependences (Figs. 5,
7), all the yttrium HTS samples under study exhibit a
certain universal behavior of the magnetoresistance
hysteresis at different temperatures.

The R(H) hysteresis width should coincide with the
width of the hysteresis of the effective field Beff(H).

Substituting sequentially H = Hinc and H = Hdec into

(1) and subtracting the obtained expressions from one
another, at Beff(Hdec) = Beff(Hinc) we obtain

(4)

As we mentioned above, it is assumed here that the
parameter α is independent of the external field.
Then, the identity of the behavior of ΔH versus Hdec at

different temperatures for different samples can be
explained by the approximately identical behavior of

m

incH m

incH

Δ = πα −dec inc4 { ( ) ( )}.H M H M H
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Fig. 10. Magnetoresistance hysteresis field width ΔH ver-

sus Hdec for the investigated samples (symbols) at T =

4.2 K (the Hmax values are different). The solid line shows

the linear dependence ΔH = Hdec.
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the magnetization hysteresis, as well as its temperature

evolution. On the other hand, the parameter α is fairly

large and apparently almost temperature-independent

[67–69, 79]. Therefore, the discovered universal

behavior of the magnetoresistance hysteresis width

illustrated in Fig. 9 can be qualitatively explained. The

parameter α determines, in fact, the effective crowd-

ing of the magnetic induction lines from the magnetic

moments of grains in the region of a grain boundary.

As is known, the length of grain boundaries in the

yttrium HTS system is extremely small and, naturally,

the large JC values correspond to the grain boundaries

with the smallest length (thickness l) [3–6]. In [6], we

estimated the l values for different yttrium HTS sam-

ples by comparing the experimental and theoretical

[80] temperature dependences of the critical current at

H = 0. For the best samples (JC (T = 4.2 K) ~

1.4 kA/cm2), the l value was merely ~1/10 of the

coherence length ξ0, while for the sample with the JC

value smaller by an order of magnitude, thickness l
increased to ~1ξ0. For a series of samples YBCO-1, 2,

3, it is natural that a decrease in JC (Table 1) will cor-

respond to an increase in the grain boundary thick-

ness. Such an increase in the thickness of intergrain

spacers should affect the α value; however, the estab-

lished identity of the behavior of the R(H) hysteresis

width indicates approximately the same degree of

magnetic f lux crowding. Possibly, when an external

field is applied, an additional effect arises, when the

field (the effective field is meant) and a part of the sur-

face region of HTS grains already behave as an inter-

grain spacer. Then, we can expect approximately the

same degree of f lux crowding in the intergrain

medium for the investigated series of samples with dif-

ferent current-carrying capacities.
PHY
The above-described feature consisting in the
identical behavior of the R(H) hysteresis width for dif-
ferent granular samples is not observed in the compos-
ite sample. Figure 10 shows the ΔH(Hdec) data for sam-

ples YBCO-1, 2, 3 and YBCO-comp at a temperature
of 4.2 K. It can be seen that the data for the composite
can no longer be described, even approximately, by a
linear scaling function; moreover, the ΔH(Hdec)

dependence for this sample is located much lower than
for samples YBCO-1, 2, 3. Here, according to Eq. (4),
we can already speak about the weaker f lux compres-
sion in the region of intergrain boundaries than in pure
YBCO. It is clear that the thickness of the boundaries
between HTS grains in the composite sample signifi-

cantly increased.2 The estimation of the effective
thickness for the composites with metal oxide BaPbO3

obtained by a similar technique and the content of a
nonsuperconducting component yielded a d value of
about 3ξ0 [6]. Consequently, for the composite, it is

reasonable to expect a lower degree of the f lux com-
pression or the smaller α value, which can be seen in
Fig. 10 from the ΔH(Hdec) data.

4. CONCLUSIONS

The magnetoresistance hysteresis in granular HTSs
is driven by the dissipation processes in grain bound-
aries; in this case, in the intergrain spacings, one
should consider the effective field Beff rather than the

external field. This effective field is a superposition of
the external field and the field induced by the mag-
netic response of HTS grains. Consequently, the mag-
netic hysteresis of granular HTSs determines their
magnetotransport hysteresis.

The main result of this study can be considered the
discovered universal behavior of the magnetoresis-
tance hysteresis width ΔH = Hdec – Hinc (under the

condition R(Hdec) = R(Hinc)) of the Y–Ba–Cu–O

granular HTSs. In a fairly wide external field range,
the ΔH parameter has a functional dependence close
to linear and this dependence is the same both at the
temperatures close to critical (above 77 K) and at low
temperatures (T = 4.2 K). Moreover, the data turned
out to be identical for three samples with different crit-
ical transport current densities, from the high

(1.5 kA/cm2 at 4.2 K) to fairly low (100 A/cm2 at
4.2 K) JC values. The reason for such a universal

behavior independent of the quality of grain boundar-
ies is the magnetic f lux compression in the intergrain
medium. The degree of the f lux compression is appar-
ently approximately the same for the samples with dif-
ferent current-carrying capacities. However, an excep-
tion is the HTS composite, in which the critical cur-

rent is even stronger suppressed (JC ~ 0.1 A/cm2 at

2 The effective thickness of the boundaries between HTS grains in
the composite depends on the concentration of a nonsupercon-
ducting component [6, 23, 53, 72].
SICS OF THE SOLID STATE  Vol. 63  No. 7  2021
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4.2 K) due to the fact that the non-superconducting
component (in this case, CuO) acts as spacers between
grains and, as a result, the effective length of boundar-
ies in the composite becomes much larger than the
length of natural boundaries in pure Y–Ba–Cu–O.
For such a composite sample, the effect of f lux com-
pression in the intergrain medium works to a lesser
extent. Thus, the sufficiently strong f lux compression
in the region of grain boundaries is the main reason for
the observed broad magnetoresistance hysteresis,
which determines the universal behavior of the width
of this hysteresis for the yttrium HTS samples.
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