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Abstract

Granular high-temperature superconductors (HTSs) are characterized by the hysteretic field dependences of magnetoresist-
ance R(H) and critical current I-(H). These hysteretic effects are described within the concept of an effective field in the
intergrain medium. The effective field is a superposition of external magnetic field H and the field induced by the magnetic
moments of superconducting grains into intergrain spacings (grain boundaries). The magnetization of superconducting grains
is determined by two contributions: Meissner (shielding) currents (MC) and trapped magnetic fluxes (Abrikosov vortices
(AV)). To develop the concept of an effective field in the intergrain medium, the magnetotransport properties (R and 1)
have been compared for two cases: (AV) the magnetization of superconducting grains is only determined by the trapped
magnetic flux (zero external field) and (MC) HTS grains are in the Meissner state (the external field is weaker than the first
critical field of grains). In a set of experiments, the main features of the hysteretic R(H) and M(H) dependences have been
illustrated and the external conditions for implementing the AV and MC states have been established. It has been found that
the effects of the Abrikosov vortices and intragrain Meissner currents on an effective field in the intergrain medium at the
same magnetization values are noticeably different. This is a nontrivial fact that requires a thorough study of the impact of
the anisotropy of the superconducting properties of grains on the configuration of the Meissner currents in them, as well
as on the orientation of vortices both inside grains and near their surface. We suggest the explanation of observed stronger
effect of the Meissner currents on the intergrain medium as compared with the effect of the Abrikosov vortices.

Keywords Granular HTS - Effective field in the intergrain medium - Magnetoresistance hysteresis - Magnetization
hysteresis - Trapped flux - Meissner current - Abrikosov vortex

1 Introduction

1.1 Effective Field in the Intergrain Medium
of a Granular Superconductor

Study of the magnetotransport properties of a superconduct-
ing material is important for both its characterization and
understanding the mechanisms of pinning of the Abrikosov
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vortices and related dissipation processes (the occurrence of
nonzero resistance) in an external field. On the one hand, in
classical high-temperature superconductor (HTS) systems,
e.g., in yttrium, bismuth, and lanthanum ones, many features
of the magnetic phase diagrams, in particular, vortex lattice
state — magnetic field and vortex lattice state — tempera-
ture, were determined quite a long time ago [1-5]. On the
other hand, the above applies to single-crystal (bulk or film)
systems, whereas in polycrystalline (hereinafter referred to
as granular) HTS materials, the physical mechanisms of
dissipation are more complex. Here, the crucial factor is
the presence of grain boundaries, which determine the criti-
cal current of a bulk granular HTS. The thickness of grain
boundary d is no thicker than few nanometers. In conven-
tional low-temperature superconductors, such a size barely
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affects the dissipation, because the inequality & >>d (¢ is
the coherence length) is strictly valid, while in the HTSs
with a very small & value, the equation & ~d is legitimate.
In the latter case, transport of the superconducting current
between two neighboring grains occurs by means of the
Josephson effect. Then, the term “two-level superconducting
system” [6] can be applied to a granular superconductor in
which HTS grains are characterized by the strong supercon-
ductivity and the subsystem of grain boundaries is a weak
superconductor, according to the weak superconductivity
term [7] commonly used for superconducting weak links or
Josephson junctions.

The presence of grain boundaries is not the only factor
complicating the pattern of dissipation in granular HTSs
in an external magnetic field. Each superconducting grain
induces its own magnetic response Mg to the external field;
as a result, the subsystem of grain boundaries is no longer
in the external field, but in some effective field B . This
effective field is a superposition of the external field H and
the field induced by the magnetic moments of HTS grains
[8-12] (see Fig. 1). Here, there is a direct analogy with the
Weiss molecular field in ferro- and ferrimagnets. It is clear
that, similarly to the Weiss molecular field, the field induced
in the intergrain medium of a granular superconductor
should be related to magnetizations M of individual grains
and magnetization M of the entire superconductor. There-
fore, in the spacing between two neighboring grains, we have

Here, @, and «, include the demagnetizing grain shape
factor and the effect of the magnetic flux compression in the
intergrain medium (see Fig. 1). The latter effect is caused by
incomparably different grain sizes (by several micrometers

Fig.1 Schematic of mutual
directions of external field H
(H Il Z), magnetic moments
Mg, and Mg, of two neighbor-
ing HTS grains (ovals), and
magnetic induction lines from
Mg, and Mg, in the increasing
external field H=H, . (on the
left) and decreasing external
field H=H, (on the right).
The space between grains is

a grain boundary, through
which superconducting carriers
(microcurrents I, ) tunnel.
In the grain boundaries with a
thickness of several nanom-
eters or thinner, the magnetic
flux is compressed
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and more) and grain boundary thicknesses (few nanometers
or less). Equation (1) is written in the vector representation.
To pass to the scalar form, it makes sense to consider the
mutual direction of Mg and external field H (H Il Z). In the
increasing external field H=H;,, the M projection onto the
Z axis is negative (diamagnetism), while in the decreasing
field H=H,,, it is positive (the trapped flux effect), which
is illustrated in Fig. 1. Hence, the B, projection onto the
Z axis is Bgy,(H)=H —a; - 47- Mg,(H) — a, - 47 - M,(H).
Averaging the effective field over all grain boundaries in a
sample consisting of a great number of grains, at M=XMg;,
we can write

Bys(H) = [H—a -4z - M(H)|. 2)

The absolute value is taken in Eq. (2) since, in the dis-
sipation processes (microcurrents I ;... in Fig. 1), the value,
rather than the direction, of the effective field (parallel of
antiparallel to the Z axis) is important and the parameter o
characterizes now the effective magnetic flux compression
in the intergrain medium [13-18] for the entire sample (the
superconducting material).

The described concept of an effective field in the inter-
grain medium of a granular superconductor made it possible
to explain most of the experimental features of the mag-
netotransport properties of granular HTSs: the shape and
nature of the field dependences of the magnetoresistance
R(H) [13-18], relaxation of the resistance under certain
conditions (at H=const and T=const) [11, 13], magnetore-
sistance anisotropy in external field H applied perpendicu-
lar or parallel to the macroscopic transport current direc-
tion [19-22], and effect of the thermomagnetic prehistory
on the R(T) dependences [22-24]. Importantly, Eq. (2)
only describes the value of the total field in the intergrain

flux compression
B, = [H - 4nMxal|
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medium, while the magnetoresistance is already a function
not of the external field H, but of the effective field B
R(H)=R(B_(H)) or R=f(B). In the theories of the dis-
sipation in type-1I superconductors, f'is the Arrhenius func-
tion: R(H) ~exp(-Up(H, T, j) / kgT), where Up(H, T, j) is the
dependence of the pinning potential on the transport current
density, temperature, and external field [1, 25]. As applied
to granular HTSs, instead of Up the Josephson energy Ej
of the coupling between grains is used; then, the magne-
toresistance will be a function of the effective field B :
RMH) ~exp(-E;(Bs T, j) / kgT) [22, 24, 26, 27].

We note that study of the magnetotransport properties of
synthesized bulk superconductors is an integral part of their
characterization [28—43]. In this regard, further development
of the concept of an effective field in the intergrain medium
is important for understanding the mechanisms responsible
for the magnetotransport characteristics of new materials.
In [44], a targeted search was suggested for the hysteretic
effects in the behavior of the magnetoresistance of hydride
superconductors, which exhibit superconductivity under
high pressures up to near-room temperature [42, 43].

1.2 Formulation of the Problem and Structure
of the Article

Now, the main nontrivial fact in describing the magne-
totransport properties of granular HTSs using Eq. (2) is the
interplay between the magnetization of HTS grains and the
effective field in intergrain spacings. Hence, any peculiarity
in the magnetic hysteresis loop must find its correspond-
ence with the nature of the magnetoresistance. To further
develop the concept of an effective field in the intergrain
medium, in the present work we explore the behavior of
the magnetoresistance in the two special cases: (MC) the
magnetization of grains is only determined by the Meissner
effect (the external field has such a value that the flux is
not trapped into grains yet) and (AV) the magnetization of
grains is only determined by the Abrikosov vortices (there
is no external field, there are no Meissner currents, and the
flux is trapped into grains). Do these extreme cases have the
same effect on the effective field on the intergrain medium?
We have performed the detailed investigations to answer this
question. We disclosed some difference between the effects
of the Meissner currents and Abrikosov vortices on the inter-
grain medium, which is fairly a nontrivial fact, not quite
consistent with Eq. (2). To discard the effects related to the
"uniqueness" or "specificity" of the investigated sample, we
carried out a series of magnetotransport measurements on
different HTS samples. The results obtained on four HTS
samples of the yttrium (YBCO) system with different critical
transport current densities and somewhat different shapes of
magnetic hysteresis loops allowed us to unambiguously state
that the Meissner current (in grains) and trapped Abrikosov

vortices (also in grains) can affect differently the field in
the intergrain medium. An explanation for the discovered
behavior was proposed.

The article is organized as follows. In Sect. 2, we briefly
characterize the samples and describe the details of the mag-
netotransport and magnetization measurements. In Sect. 3,
we provide evidence for the validity of considering an HTSs
as a two-level superconductor (grains and grain boundaries),
present the experimental R(H) dependences, and describe
their features, which are well explained within the concept
of an effective field in the intergrain medium (Eq. (2)). In
addition, based on the magnetization and magnetoresist-
ance data, we determine the field of the first penetration
into grains. It is necessary to establish experimental condi-
tions for the Meissner state of the HTSC grains. Next, we
demonstrate the validity of the approach in which the condi-
tion R =const for different branches of the hysteretic R(H)
dependence can be used to analyze the magnetoresistance
hysteresis. It should be noted, that Sect. 3 is kind of a brief
review of the magnetotransport properties of granular HTSs,
since the described features of the R(H) and M(H) depend-
ences and their interplay are typical of such materials. In
Sect. 4, we report on the comparison of the resistance (for
the condition R =const) for the considered states: (AV) with
the trapped flux and (MC) with the Meissner effect. The
experiments were carried out on different samples under
essentially different external conditions. In Sect. 5, we pro-
pose our interpretation of the result obtained, which consists
in the features of orientation arrangement of the Abrikosov
vortices and configuration of Meissner currents inside grains
with the anisotropy of the superconducting properties. Sec-
tion 6 contains the main conclusions made.

2 Brief Characterization of the Samples
and Details of the Measurements of Their
Magnetotransport and Magnetic Properties

The investigated HTS samples of the YBa,Cu;0, 4
(hereinafter, YBCO-1, YBCO-2, and YBCO-3) and
Y 96Pro 04B2,Cus0, 45 (hereinafter, YBCO-4) composi-
tions were obtained by the solid-state synthesis in air from
the corresponding oxides with 3—4 intermediate grindings.
For sample YBCO-1, special measures were provided to
optimize the conditions of annealing at the final synthesis
stage (about 50 h at a temperature 940 °C with subsequent
exposure at 350 °C for 10 h). For the rest samples, such
measures were not taken. The total annealing at the interme-
diate stages at temperatures of 910—930 °C lasted for about
100 h and, at the final stage, after cooling, an additional
exposure in a furnace at 350 °C for 3—5 h was performed.
The X-ray diffraction patterns of the synthesized samples
contained only the reflections corresponding to the 1-2-3
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structure. Table 1 gives the main parameters of the samples:
critical temperature T (the onset of the resistive transitions),
critical current density j. at T=77.4 K, resistivity p above
the superconducting transition, physical density, and aver-
age grain size determined by scanning electron microscopy
(Hitachi-TM 4000 microscope was used). The values listed
in Table 1 are typical of granular HTSs with the 1-2-3 struc-
ture. It can be seen that sample YBCO-1 exhibits the best
transport characteristics; a certain decrease in the T value
for sample YBCO-4 is caused by praseodymium.

The magnetotransport properties, including the I-V
characteristics and electrical resistance R, were measured
by the four-probe method. The sample sizes varied within
0.4—1.2x0.4—1.2 x4—9 mm?; parallelepiped samples were
cut from the prepared tablets. The most of R(H) measure-
ments or the /-V measurements aimed at determining the
critical current I, which are analyzed in this work, were
carried out on a sample placed in liquid nitrogen, which
allowed us to use sufficiently large instrumental values
of transport current I (up to 1 A for sample YBCO-1 for
several hours) without thermal heating of the sample. An
external field was specified by a copper solenoid immersed
in liquid nitrogen (a stable field of up to 2 kOe), an electro-
magnet, or a superconducting solenoid. The external field
variation rate dH/dt ranged from 0.5 to 8 Oe/s (these cases
are discussed below) and the conventional dH/dt value was
1—2 Oe/s. The direction of the external field relative to
the macroscopic transport current I (the long part of the
sample) will be specified for each experiment; the paral-
lel (H I T) and perpendicular (H L I) configurations were
used. When measuring the R(T) dependences, the sample
was in the heat-exchange helium atmosphere (a part of the
R(T) and R(H) measurements at a weak transport current
was carried out on a Quantum Design PPMS-9 T Physical
Property Measurement System). The critical current I~ was
determined from the I-V characteristics using the voltage
drop criterion (~107® V); the critical current was traced
until I-> 1 mA.

The magnetic measurements were carried out on an
original vibrating sample magnetometer [45] and a Lake-
Shore VSM 8604 magnetometer. To ensure the correct com-
parison of the magnetotransport data, the thermomagnetic

Table 1 Parameters of the investigated samples

Sample T, K jc(774K), p(95K), average density,
(onset) A/cm? mQ-cm  grain size, % theor
pm
YBCO-1 93 150 0.45 10 93
YBCO-2 928 60 1.2 4 86
YBCO-3 92 40 1.5 5 85
YBCO-4 91 12 2.1 6 85
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prehistories of a sample should be completely identical. The
magnetization and magnetotransport measurements were
carried out on the same samples at the same mutual con-
figuration of geometric sizes of the sample and the external
field, including the dH/dt values.

Most of the analyzed magnetoresistance (critical current)
and magnetization data were obtained at a temperature of
77.4 K. An exception is some of the R(H) isotherms pre-
sented in SubSect. 3.1 (Figs. 2b and 3b).

3 Concept of an Effective Field
in the Intergrain Medium and Description
of the Magnetoresistance Hysteresis

3.1 Manifestation of Two Superconducting
Subsystems in the Magnetotransport
and Magnetic Properties

To illustrate the concept of an effective field in the inter-
grain medium described in Introduction, we use the experi-
mental results obtained on the investigated samples. First,
we show in what external field and temperature ranges
and in which subsystem (HTS grains or grain boundaries)
the dissipation occurs. To do that, let us turn to the R(T)
dependences in an external field shown in Figs. 2a and 3a
for samples YBCO-1 and YBCO-3, respectively; in Figs. 2
and 3, the logarithmic scale along the y axis is used. The
two-stage resistive transition clearly pronounced in Figs. 2a
and 3a reflects the existence of two superconducting sub-
systems. A sharp decrease in the resistance with a decrease
in temperature occurs, first, in grains; after that, the sys-
tem of grain boundaries passes into the superconducting
state. This is manifested especially clearly in fairly weak
external fields, although the two-stage nature of the resis-
tive transition can also be observed in fields of tens of
kilooersted. In addition, it can be seen that the transition
from the dissipation in intergrain boundaries to the dissipa-
tion in grains occurs at approximately the same resistance
value. This value denoted as Rygg is the normal resistance
of the subsystem of grain boundaries (analogously to the
Josephson terminology). Obviously, the total resistance of
the sample at T> T is

Riot = Ryg + Rugs 3)

where Ry is the resistance of all superconducting grains
and R, is the resistance of the entire sample at T=T,. The
Ryge/Rio; ratio is a characteristic of a superconductor, which
does not change when another parallelepiped cut out from
a synthesized tablet is used. However, the Rygp/R,, values
for the HTSs from different sets (in our case, YBCO-1, -2,
-3, and -4) are different.
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Fig.2 a R(T) dependences in different external fields and b R(H) depend-
ences at different temperatures for sample YBCO-1. The resistance axis is
the logarithmic scale (in a and b). Horizontal dashed lines show the Rygg
value, i.e., the maximum magnetoresistance of the subsystem of grain
boundaries. In b, the abscissa axis is the logarithmic scale and arrows

The two-stage nature of the superconducting transition
manifests itself also in the R(H) magnetoresistance isotherms
shown in Figs. 2b and 3b. In these figures, the ordinate axes
are the same as in Figs. 2a and 3a, i.e., the R(T) data in (a) and
R(H) data in (b) can be compared; the abscissa axis in Figs. 2b

0.001

show the external field variation direction. The external field correspond-
ing to the onset of the dissipation in superconducting grains is denoted
as Hpg. The current is I=1 mA for all data in a and b, except for those
marked in b as I=1 A; here, the transport current is 1000 mA and the
configuration H Il T is used. For the rest data, the configurationis H L 1

and 3b is the logarithmic scale. Figures 2b and 3b show the
general trend to an increase in the resistance with the external
field with an intermediate plateau in the R(H) dependences at
a resistance level of R=Rygp followed by another growth of
the R(H) dependence. Equation (3) can be rewritten as

R, mQ x cm

YBCO-3
(L (D)

Fig.3 a R(T) dependences in different external fields and b R(H)
dependences at different temperatures for sample YBCO-3. The resist-
ance axis is the logarithmic scale (in a and b). Horizontal dashed lines
show the Rygg value, i.e., the maximum magnetoresistance of the sub-
system of grain boundaries. In b, the abscissa axis is the logarithmic

scale and arrows show the external field variation direction. The exter-
nal field corresponding to the onset of the dissipation in superconduct-
ing grains is indicated as Hpg. The current is I=2 mA for all data in
a and b, except for those marked in b as I=150 mA. The configuration
H Il Tis used. For the rest data, the configuration is H L I
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R(H) = Rgg(H) + Rg(H), 4)

where Rgp(H) is the magnetoresistance of the subsystem of
grain boundaries and R;(H) is the magnetoresistance of HTS
grains. First, the magnetoresistance growth is caused by the
dissipation in grain boundaries, i.e., only the first term of
Eq. (4) works, saturating at Rgg(H=Hpg) =Rygp (dashed
horizontal lines in Figs. 2 and 3); with a further increase
in the field, at H>Hp, the dissipation in superconducting
grains begins (the second term of Eq. (4) starts working).
Here, Hp is the field corresponding to the onset of the dissi-
pation in grains (see Figs. 2b, 3b) accompanied by a change
in the R(H) curvature sign (at H=Hp). As can be seen in
Figs. 2 and 3, at a temperature of 77.4 K, the dissipation in
grains can only begin at a sufficiently large (above 50-60
kOe) Hp value. In this case, a multiple increase in the trans-
port current does not lead to the dissipation in grains in this
range, which is consistent with the results reported in [46].
This can be seen from the positioning of the R(H) depend-
ences measured at [=1 A (Fig. 2b) and [=150 mA (Fig. 3b)
and the horizontal lines R =Ryqg. In all the cases, we have
R <Rygp (at H<Hpg).

Let us also pay attention to the shape of the R(H)
dependences in the region of the dissipation in the inter-
grain medium (at R <Rygg, the behavior of the first term
in Eq. (4)). According to the data in Figs. 2b and 3b, the
magnetoresistance exhibits hysteresis: the R value for an
increasing external field is larger than that for a decreasing
field. Sometimes, a local R(H) maximum is also observed
when the field increases and an R(H) minimum is observed
when the field decreases. If the transport current is weaker
than the critical current, then the state with R =0 will be
implemented instead of the minimum. After decrease the
external field to zero, the sample can show a remanent
resistance (see the data obtained at I=1A in Fig. 2b and
at [=150 mA in Fig. 3b). The R(H) hysteresis exists in the
field region below H=Hp (Figs. 2b and 3b), i.e., before
the onset of the dissipation in grains. The R(H) and I.(H)
measurements analyzed below were carried out down to the
fields significantly lower than Hyy; at a temperature of 77 K;
it can be stated with confidence that the dissipation occurs
entirely in the subsystem of grain boundaries.

Let us consider the R(H) hysteresis under inversion of
the external field. A typical example is presented in the
inset in Fig. 4. Here, one should distinguish between the
initial magnetoresistance curve R(H,,;) obtained after cool-
ing in zero field and the magnetoresistance branches for
decreasing (Hgy,.) and increasing (H;,.) fields (indicated
in the inset in Fig. 4). The state with the remanent mag-
netoresistance Ry . is implemented at Hy,.=0 and, at the
same values of the maximum applied field H;, =+H_,,,
the R(H) dependence is symmetric with respect to the y
axis. The above-mentioned nonmonotonic behavior of the
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Fig.4 Hysteretic R(H) dependence for sample YBCO-2; the current
is I=300 mA (T=77.4 K, configuration H L I). Inset: initial R(H;,;)
curve and R(H) hysteresis loop upon field cycling to H,,, ==+310 Oe.
The designations H;; for the initial field, H;,. for the increasing field,

ini inc
H,. for the decreasing field, and Ry, for the remanent magnetoresist-
ance are given. Arrows show the external field variation direction

R(H;,.) (or R(H,,;)) dependence appears usually in fields
of H;,.~100—200 Oe at a temperature of 77 K and can
be clearly identified by considering a much wider external
field range, as shown for the R(H) dependence in Fig. 4 (the
R(H;,.) maximum is pronounced).

To describe the magnetoresistance hysteresis within
the concept of an effective field in the intergrain medium,
the behavior of the magnetic hysteresis should be traced.
Figure 5 shows the M(H) dependences for the investigated
samples. The data presented in Fig. 5 illustrate the interplay
between the initial M(H;,;) curve and M(H;,,.) and M(H,,)
branches upon field cycling to a certain H,,, value; the inset
in Fig. 5a illustrates the effect of the field variation rate
dH/dt on the shape of the M(H) curve. The inset in Fig. 5b
shows a series of M(H) loops obtained upon field cycling to
different H,_,, values.

Considering the data shown in the inset in Fig. 5b, we
should pay attention to the lesser M(H) hysteresis in the range
of up to+ 8 Oe. A similar hysteresis was observed previously
in [47, 48]. This is obviously a response from the subsys-
tem of grain boundaries; in addition, in this field range, the
magnetic field in a granular superconductor is completely
screened. The penetration of the magnetic field into grains
occurs in a somewhat stronger field and the field value cor-
responding to the first penetration can be found either as the
field at which the M(H) dependence deviates from the lin-
ear dependence [49-51] or from the Mg, (H,,,,) behavior.
Figure 6 presents the Mg,,,(H,,..,) dependences for samples
YBCO-1 and YBCO-2. At sufficiently high H . values
(400—500 Oe), the Mg.,(H,,,,) dependence saturates; then,

max
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X, YBCO-3  dH/dt= |
100 | (a) R 0.50¢e/s -
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Fig.5 M(H) dependences for the investigated samples at T=77.4 K.
The initial magnetization curve M(H;;) and the M(H) curve upon
field cycling, as well as the remanent magnetization Mg, are
shown. Inset in a effect of the field variation rate dH/dt on the M(H)
curve (sample YBCO-3). Inset in b partial magnetic hysteresis loops
upon field cycling to different H, ., values (3—400 Oe). Arrows show
the external field variation direction

we can speak about the "closed" magnetic hysteresis loop (by
analogy with ferromagnets). In weak (several Oersted) fields,
there is the contribution of the subsystem of grain bounda-
ries (the lesser hysteresis in the inset in Fig. 5b); therefore,
the Mg.,(H,,.,) dependence starts not with zero, but with
some Mg, value. As can be seen in the inset in Fig. 6, the
MgemHax) dependence deviates from a constant value in
fields of 35-40 Oe, and the indicated field H,g is the first
penetration field for the superconducting grains.
Interestingly, the lesser magnetic hysteresis (inset in
Fig. 5b) does not appear in the magnetoresistance, and the
R(H) hysteresis appears starting with the field H,; g, accord-
ing to Eq. (2). This is demonstrated for the samples YBCO-2
u YBCO-3 in Fig. 7a, b, where the R(H) dependences, which
were obtained by changing the field to different maximum
values and then decreasing to zero, are presented. The red

ovals in Fig. 7 mark the H . value, which is the nearly
limiting value for reversible magnetoresistance behavior.
The marked value of H, ,, for sample YBCO-2 (Fig. 7a) is
about 35 Oe. This result agrees with H,; value obtained
from the magnetization data (inset in Fig. 6). For sample
YBCO-3 irreversible behavior starts, also, from H ~ 35 Oe.
So, we conclude that the Meissner state realizes in the super-
conducting grains of YBCO-1, YBCO-2, and YBCO-3 at
H <35 Oe and T=77.4 K (for zero field cooling regime).

3.2 Description of the R(H) Hysteresis
and its Properties

Now, let us turn to an example of the description of the mag-
netoresistance hysteresis in terms of the concept of an effective
field in the intergrain medium, see subsection 1.1. Figure 8a
shows the R(H) dependences for sample YBCO-2 obtained
by cycling the external field to different H,,, values. As
formula (2) demonstrates, there is a direct correspondence
between the magnetization hysteresis loop M(H) and the
magnetoresistance hysteresis R(H) (meaning R=£(B), see
subSect. 1.1). It is suggested, that the same values of resistance
R(Hg.) and R(H;,,.) for the decreasing and increasing external
magnetic fields mean the same values of the effective fields
B, q#(Hge) and B (H;, ) in the intergrain medium [9, 13-15].
The magnetoresistance hysteresis width is determined as A
Hg =Hg,. — H;,. at R(Hy..)=R(H;,.); the effective field hys-
teresis width is determined similarly: AHg =H,.. — H;, at
B.(Hgeo) = B.g(H o). The validity of formula (2) requires A
Hgp(Hyeo) =AHp,(Hye,)-

Figure 8b shows the B_(H) dependences calculated using
(2) from the M(H) dependences obtained on the same sam-
ple and under the same experimental conditions (Fig. 5b). It
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Fig.6 H,, dependences of remanent magnetization Mg, for sam-

ples YBCO-1 and YBCO-2 (T=77.4 K). Inset: deviation of Mg,
from a constant value in the vicinity of the field H¢, 5 corresponding
to the first penetration into grains
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Fig.7 Field dependences of the resistance of samples YBCO-2
(a) and YBCO-3 (b) with different (increasing) maximum external
fields I=180 mA, T=77.4 K, configuration H Il I). The data are
given in mV (U=R - I) and shifted by a constant value along the

is seen, that the R(H) and B ;(H) dependences correlate. The
local maximum appears on both the R(H;,.) and B (H; )
dependences. The local minimum, whose position shifts
towards bigger external fields with increasing H,,,, is also
present on both the R(H,,..) and B +(H,..) dependences.
Both the experimental value of the remanent resistance
Rgem and the value of B4 at Hy,.=0 growth with increas-
ing H,,.. The correlated behavior of the two dependences is
achieved only for sufficiently large values of a. The B_¢(H)
dependences in Fig. 8b were calculated at @ =22. It should
be noted that using the values of @ out of @ =22 + 4 breaks
the correlations between the R(H) and B «(H) dependences.
Functional dependences of AHg(H,,.) and AHg (H,..) were
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y axis. The oval marks the dependence that starts demonstrating
the irreversibility (hysteresis) due to attaining the field H¢,g corre-
sponding to the first penetration into HTS grains. Arrows show the
external field variation direction

discussed in works [13-15], and sufficiently large values of
a were established for polycrystalline YBCO.

The R(H) dependences in Fig. 8a were obtained in the
configuration H 1 I. At the parallel configuration (H Il I),
the a value is somewhat smaller: « ~12 (see [21, 22] for
more detail). The large a value is, in fact, the manifestation
of the magnetic flux compression in the intergrain medium
(see Fig. 1) and the effective field in the intergrain medium
can significantly (by more than an order of magnitude)
exceed the external field H induced by a solenoid (see the
data in Fig. 8b) [13-15].

The horizontal lines between thick symbols in Fig. 8a
demonstrate the magnetoresistance hysteresis width AHy
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Fig.8 a R(H) dependences (T=77.4 K, configuration H L I) for
sample YBCO-2 at different maximum fields H , and b B.g(H)
dependences calculated using Eq. (2) (from the magnetization data
in Fig. 5b) at «=22. The H axis is the same for these two graphs.
The horizontal segments explain the meaning of the field width of
the magnetoresistance hysteresis and the effective field (see the text).
Arrows show the external field variation direction

at Hy..=+100, + 150, + 200, + 250, + 300, + 330 Oe for
H,,.x=+350 Oe. The same horizontal segments are plot-
ted in Fig. 8b. It is seen that some thick symbols for H;,. do
not lie accurately on the B_4(H;,.) branches, i.e. AHy <A
Hpg.¢ It means that some assumptions of the considered
conception of the effective field (subsection 1.2) are not
completely valid here. We suspect that the different effects
of the trapped Abrikosov vortices and the Meissner currents
are responsible for this mismatch.

To sum up this section, we illustrate one more peculiar-
ity in the behavior of the magnetoresistance of granular
HTSs. Above, we operated with the widths of the R(H)
hysteresis (AHR) and the B_(H) hysteresis (AHg.¢). The
effective field hysteresis width AHp ¢ is determined by the
magnetization of superconducting grains, which follows
from Eq. (2); however, it would seem that the transport
current should affect the magnetoresistance hysteresis
width. Nevertheless, although the resistance is a nonlinear

0 100 200 300 400 500

Fig.9 Hysteretic R(H) dependence for sample YBCO-3 (T=77.4 K,
I=150 mA, configuration H Il I); points A, B, C and D, E in the ini-
tial and descending R(H) branches are indicated at which the I-V
characteristics shown in the inset were measured (in the inset, the
logarithmic scale along the ordinate axis is used)

function of the current (i.e., the I-V characteristics are
nonlinear), it turns out that the parameter AHy almost does
not depend on I. This was discovered and discussed in [9,
14, 16, 26]. In this work, we illustrate this property by the
example of the /-V characteristics for sample YBCO-3
(inset in Fig. 9). Figure 9 shows the R(H) dependence and
points in the R(H; ;) and R(H,..) dependences in which
we have R(H;,;) =R(H,,..) (points A, B, C and D, E). At
I=150 mA, in the indicated triple (A, B, C) and pair (D,
E) of points, the resistance is the same. In this case, the
I-V characteristics almost coincide at these points (inset
in Fig. 9). Hence, we have R, =Rz =R and R =R at
any current and the hysteresis width AHg =Hy.. —H;,,; is
independent of the transport current, including the case of
the remanent resistance (point A, Hy,.=0).

4 Comparison of the Meissner State
and the Trapped Flux State

4.1 Formulation of the Conditions For Comparing
the Remanent Resistance and the Resistance
in the Initial Magnetoresistance Curve

As mentioned in Introduction, the main objective of this
work was to compare the magnetoresistances for (MC) the
Meissner state (the Abrikosov vortices have not yet pen-
etrated into grains) and (AV) the trapped flux (in zero field
in the remanent magnetization state). The data obtained
in the previous section provide the prerequisites for such
a comparison. First, the state with a trapped flux without
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contribution of the Meissner currents is obtained if the maxi-
mum applied field is stronger than the field corresponding
to the first penetration into grains (H,,,>H¢c g = 35 Oe).
Varying the H,, value, different remanent magnetizations
Mg., and, consequently, different amounts of the trapped
flux can be obtained. The Meissner state is implemented
under the conditions of the initial magnetization (and mag-
netoresistance) curve at H;; = H* <H,g = 35 Oe, where
H* is the H;,; value providing R(H;; = H*)=R(Hy,.=0)=
Rgem- These conditions (for a temperature of 77.4 K) were
met in the experiments described below (SubSects. 4.2, 4.3,
4.4 and 4.5), while the H* value was no higher than 30 Oe.
Since the condition Ry, =R(H;,;=H%*) is equivalent to
Bet Rem = Beri(Hin; = H*), we obtain from Eq. (2):

adn - Mg, = H* — a4z - M(H,,; = H). 6)

Therefore, to verify Eq. (5), we should find the experi-
mental H*, Mg, and M(H*) values from the condition
Rrem =R(H,,; = H*) and corresponding magnetization data
and obtain the & value. Looking ahead, we note that there is
no agreement within Eq. (5); therefore, it is reasonable to
separate the parameter a into the parameters o,y and ogc.
Here, subscripts AV and MC correspond to the Abrikosov
vortices and Meissner currents, respectively. Then, Eq. (5)
will be rewritten in the form

Opy - 47 - Mg, = H* — oy - 4n - M(Hy, = HY). (6)

Below, four methods for the analysis with Eq. (6) are
proposed. These are (i) matching Ry, to R(H;,; = H*) and
comparison of Ry, after some time (relaxation effects), (ii)
matching Ry . and R(H;,; = H¥) for different amounts of the
trapped flux, (iii) matching Ry, and R(H,; = H*) for the
R(H) dependences measured at the essentially different field
variation rates dH/dt, and (iv) comparison of the critical cur-
rents I pem at Hyeo =0 and I in the increasing external field
H=H,, = H*.

4.2 Condition Ry, = R(H,,;)Before and After
Relaxation of the Remanent Resistance
and Magnetization

Figure 10a shows the low-field portion of the hysteretic
R(H) dependence for sample YBCO-1 (the H axis is the
lower scale). This sample, which is characterized by a high
critical current density (see Table 1), needs a strong trans-
port current (I=1 A) to observe the remanent resistance
Rgem and its relaxation Ry, (t) over time. The total R(H)
hysteresis is presented in Fig. 2b (the maximum applied field
H,,.« is 800 Oe). In addition, Fig. 10a shows the Rg.,(t)
dependence (the logarithmic time axis is the upper scale
and the R axis is the same for the R(H) data and R(t) data).

@ Springer

YBCO-1
10 100 ts 1000 10000
0.05 - —— T —— T —— T ———
(a)
R, =R(H*
0.044 Rem )

(¢) -
M,,(3000 s) ]

/ ]

47M, Gs
5
o0

10000

282 Ll
1 10 100 s 1000

Fig. 10 Low-field portions of a the R(H) dependence (the cur-
rent is I=1 A, H,,=800 Oe) and b M(H) dependence for sample
YBCO-1. In (a), the abscissa (H) axis is the lower scale similar to
the scale in b. In a, the time dependence of the remanent resistance
(the time axis on the top is the logarithmic scale) is also shown; the
R ordinate axis is the same for the R(H) and R(t) data. Horizontal
dotted lines illustrate the conditions Rg..,(t=0)=R(H;,;=H*) and
Rgem(t=3000 s)=R(H;,;=H*). Vertical dotted lines show the deter-
mination of H* and M(H, ,=H%*) (for b). ¢ Relaxation of the rema-

nent magnetization Mg, (t) and a value of Mg.,(t=3000 s) is indi-
cated. The t axis scale is logarithmic

It can be seen that, over a time of t=3000 s, the remanent
resistance drops by about a third of its value.

Within the concept of effective field in the intergrain
media, the change of the effective field results in the change
of resistance. In our case the decrease of resistance is due to
the relaxation of magnetization. The relaxation of the rema-
nent magnetization Mg,,(t) is shown in Fig. 10c. Generally,
the magnetization relaxation in II type superconductors is
attributed to thermally activated motion of Abrikosov vorti-
ces [25]. The character of relaxation and the relaxation rate
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depend on external field, thermomagnetic prehistory, and
temperature [25]. In our case H=H,,.=0, and, the mag-
netization relaxation is related to the exit of the Abrikosov
vortices from grains. Given Hy,. =0, formula (2) can be
written as

Beﬁ”Rm(t) = Beﬁ-(H =0,1) = |—aAV -4z - MRem(t)|.

In Fig. 10a, one can see how the H* values, at
which the equalities Ry, (t=0)=R(H,,;=H*) and
RRem(t=3000 s) =R(H;,;=H%*) are valid, can be determined
for the R(H;,;) dependence. At the same time, the M values
meeting the equality M(H;; =H*) can be found from the data
in Fig. 10b (in Figs. 10a, b, the abscissa (H) axis is the same).
The Mg,,,, value is determined from Fig. 10b (or Fig. 10c) and,
using the data from Fig. 10c, the Mg,,,,(t=3000 s) value can
be determined. The obtained experimental values of the mag-
netization and field H* (given in Table 2) cannot ensure the
equality defined by Eq. (5). On the other hand, the successive
substitution of these values into Eq. (6) yields the following
relations between ay- and a5y

oye = 141 - oy — 1.24 for t =0,

oye = 1.42 - oy — 1.23 for t = 3000 s.

Thus, approximately the same ratio between the quan-
tities @,y and ayc is obtained both before and after the
relaxation. The parameters a,y and ay;c separately cannot
be found. However, taking into account that the parameter

Table 2 Methods for comparing the conditions of the Meissner state
and the state with a trapped flux; parameter values and experimental
conditions Mg, H*, and M(H*) values obtained from the analysis of

a in itself (and, consequently, the parameters a,y; and ayc)
is always larger than 10 (see SubSect. 3.2), we unambigu-
ously obtain ay- > apy-

4.3 Condition Ry, =R(H,,)at Different Trapped
Fluxes (Different H,,,,Values)

In the previous subsection, the maximum applied field H
was 800 Oe; in this case, we can say that the magnetization
hysteresis loop is closed and a further increase in H,,, does
not lead to the Mg, growth (see Fig. 6). Therefore, it is
reasonable to compare Ry, and R(H;,;) when M., takes
intermediate values. In fact, in this case, it is necessary to
study the R(H) hysteresis at different H_,, values. Then,
each H_,, value will correspond to different amount trapped
flux (at Hy..=0).

Figure 11a shows the low-field portions of the selected
hysteretic R(H) dependences (R(H;,;) and R(H,..)) for
sample YBCO-2 at the H,,, values indicated in the figure
legend. Here, the transport current is 300 mA; some R(H)
dependences in a wider H range are presented in Figs. 4
and 8a. Using the data from Fig. 11a, under the condition
Rgem =R(H;;; =H*), one can find the H* values correspond-
ing to different H_, values. Next, the M(H; ; =H*) and
Mg, values can be found from the initial M(H;;) curve
(Fig. 11b) and a set of the data on the M(H) hysteresis loops
measured to different H,, values. Fifteen sets of values in
total were analyzed for fifteen different H,,, quantities at
which Rg.,, and R(H;,;) can be compared. Some of these

ini

the data presented in Figs. 10, 11, 12, and 14; and relations betweena
Mma anda,y obtained from them using Eq. (6)

Sample, orientation, Method and conditions H,,,, Oe 4nMg.., Gs H* Oe 4xM(H*), Gs Relation between Result

figure, and subsection oy and oy (at oy, 00 > 10)

YBCO-1 Rpem=R(H*) 800 29.6 26.0 -21.0 aye=1.41a,y —1.24 o> apy

HIT Rgem(H) =R(H*) 800 28.4 24.6 -20.0 aye=1.42 a,y —1.23 o> apy

Fig. 10, (after relaxation)

Subsec. 4.2

YBCO-2 Rgem = R(H*)

HLI, 130 8.6 10 -5.8 oye=1.48 oy —1.72 o> py

Fig. 11, different H,,, 190 14.2 15.3 —9.1 e =1.56 oy —1.68 0ty > opy

Subsec. 4.3 (15 values) 270 16.7 18.1 —10.5 ope=1.59 oy —1.72 oty > opy
350 17.3 18.7 -11.0 oyie=1.57 o,y —1.70 o> tpy

YBCO-3 Rgem=RH*)

HII dH/dt=0.5 Oe/s 500 13.5 19.0 —-104 oye=1.30 0py —1.83 o> atpy

Fig. 12, dH/dt=8 Oe/s 500 14.5 19.3 -11.7 oye=1.24 o,y —1.64 o> py

Subsec. 4.4

YBCO-4 Rgem=RH*) 1000 18.3 13.0 =77 Oye=2.36 0y —1.7 o> oy

HLI, Ic Rem=Ic(H*) 1000 18.3 14 —8.4 ye=2.2 apy —1.7 Oyge > gy

Fig. 14,

Subsec. 4.5
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Fig. 11 Low-temperature portions of a the R(H) dependences (the
current is I=300 mA) at different H_, values and b similar M(H)
dependences for sample YBCO-2. The H,,, values indicated in the
legend in a. In a and b, the abscissa (H) axes are the same. Horizontal
dotted lines correspond to the condition Ry, =R(H;;=H*) and verti-

ini

cal dotted lines show the determination of H* and M(H. . =H*) (for b)

ni

values are given in Table 2. The four sets of the field H* and
magnetization values from Table 2 are representative of all
the data collected. As in the previous subsection, the relation
between ayc and a,y (the penultimate column of Table 2)
SUggests - > A py-

4.4 Condition Rg.,,=R(H;,;
Variation Rates dH/dt

)at Different Field

A manifestation of the relaxation effects in the magnetic
properties of type-II superconductors is the dependence of
the magnetization hysteresis on the external field variation
rate dH/dt. In this subsection, we consider the effect of rel-
atively high and low magnetization switching rates on the
results of comparison of Ry, and R(H;,;;). The dH/dt values
were chosen to be 0.5 and 8 Oe/s. Figure 12a shows the low-
field portions of the selected hysteretic R(H) dependences
for sample YBCO-3 obtained at these rates. The maximum
applied field for the data presented in Fig. 12a is 500 Oe, the
transport current is =150 mA, and the R(H) dependence
at an intermediate rate of dH/dt=2 Oe/s is shown in Fig. 9.
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Fig. 12 Low-temperature portions of a the R(H) dependences (I=150 mA
and H_, =500 Oe) measured at different field variation rates dH/dt (indi-
cated in the legends) and b similar M(H) dependences for sample YBCO-
3. In a and b, the abscissa (H) axes are the same. Horizontal dotted lines
correspond to the condition Ry, =R(H;;=H*) and vertical dotted lines
show how the H*, Mg,,,, and M(H,; =H*) were determined

ini

The impact of different dH/dt values on the R, values and
the initial R(H;,;) curve can be seen in Fig. 12a. In this case,
according to Fig. 12b, the field variation rate affects also
the magnetization. The H*, M(H,;; =H*), and Mg,,,, values
obtained by comparing Ry, and R(H,,;) are given in Table 2.
The ratio between ay;c and @,y (the penultimate column of
Table 2) unambiguously indicates the validity of the inequal-
ity aye > auy for sample YBCO-3 at different dH/dt values.
4.5 Condition I¢_g.m=I1c(Hin)
Above, we analyzed the resistance equality condition
Rgrem=R(H;,p); in this case, according to the /-V character-
istics (see the inset in Fig. 9), the transport current should
not affect the results of the comparison. The R(H) measure-
ments, including the remanent resistance Ry, suggest that
the transport current exceeds the critical current I at any
R(H) point. Nevertheless, it remains unanswered whether
the resistance equality approach works when extended to
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the critical current equality. To clarify this item, the R(H)
dependence (at =350 mA) and the I-(H) dependence (for it,
it was necessary to switch-off the external field for the time
of measuring the /-V characteristics (~1 s)) were measured.
Figure 13 shows the R(H) dependence (the R axis is on the
left) and the I-(H) dependence (the I axis is on the right). It
should be noted that the I-(H) dependence can be seen in "the
reasonably full scale" if a logarithmic scale is used along the
I axis. The abscissa axis is a logarithmic scale as well. The
I value in zero external field (without magnetic prehistory)
is ~340 mA; then, as the field increases to ~40 Oe, the criti-
cal current decreases by more than two orders of magnitude
(the critical currents weaker than 1 mA were not measured).
However, the reverse I-(H,..) dependence (H=H,,.) exhibits
constant nonzero values starting with Hy.. & 500 Oe. There
is a pronounced I-(H,..) maximum and the maximum field
coincides with the field H,,, at which the R(H,..) dependence
has a minimum. In zero external field (H,..=0), the sample
has a sufficient critical current I g.,,,. We can state with a
certain degree of conditionality that the I-(H) dependence is
a mirror image of the R(H) dependence.

Figure 14a shows the low-field portions of the hysteretic
R(H) and I-(H) dependences (for the data from Fig. 13)
and, according to the conditions Ry, =R(H;; =H*) and
Ic_Rrem=Ic(H;,; =H*), provides examples of determining
the H* values. Figure 14b presents examples of determin-
ing the M(H;,; = H*) and Mg,,, values. We note that the
values obtained from the comparison of the magnetoresist-
ance and critical current are similar (Fig. 14 and Table 2).
The relation between oy and a,y (the penultimate col-
umn of Table 2) is consistent with the results for other
samples (and approaches); it can also be concluded that
the inequality ay;- > a,y 1S valid.

YBCO-4

1 10 100 1000
H, Oe

Fig. 13 Hysteretic R(H) dependence (the R axis is on the left) and
I-(H) dependence (the I axis is on the right (logarithmic scale)).
The abscissa (H) axis is a logarithmic scale. For R(H), the trans-
port current is I =350 mA
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Fig. 14 Low-field portions of a the hysteretic R(H) dependence
(the R axis is on the left) and I-(H) dependence (the I axis is on
the right) and b the M(H) dependence for sample YBCO-4. In a and
b, the abscissa (H) axes are the same. (The R(H) and I~(H) depend-
ences for the entire field range are shown in Fig. 13). Horizontal dot-
ted lines in a correspond to the conditions Ry, =R(H;;=H*) and
Ic_gem=Ic(H;,;=H*) and vertical dotted lines in b illustrate the deter-
mination of H*; in addition, the M(H;,; =H*) values are shown

5 Possible Reasons For the Different Effects
of the Abrikosov Vortices and Meissner
Currents on an Effective Field
in the Intergrain Medium

The main result of Sect. 4 was the established invalidity of
Eq. (5) and the experimentally confirmed validity of the
inequality apc > a,y (following from Eq. (6)). In this sec-
tion, we propose an interpretation of this result. In the sche-
matic in Fig. 1, the vectors of the magnetic moments of
grains are shown, which have projections of different signs
onto the Z axis, depending on whether the external magnetic
field increases or decreases. According to this, the value and
sign of the magnetization changes (see Fig. 5). The magnetic
response of a superconductor is formed from two contri-
butions opposite in sign: magnetic moments My, from the
Meissner currents I; and Abrikosov vortices M,y (see the
schematic in Fig. 15). The M,; and M, contributions to the
field B in the intergrain medium are also different in sign.
In the two cases discussed here (only a trapped flux and only
a Meissner state at Ry = R(H;; =H*)), the effective fields
Betr Rem and Bg(H; ;= H*) must have the same value, but
different signs (Fig. 15). The result ay;- > a,y obtained in
Sect. 4 means, however, that the Meissner currents and the
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Fig. 15 Schematic of Meissner currents I,; and Abrikosov vortices
AV in two adjacent superconducting grains (ovals) in an increasing
external field. The space between grains is the grain boundary. My
and M,y are the magnetic moments created by the Meissner currents
and Abrikosov vortices (from all vortices in one grain), respectively.
Solid lines are lines of the magnetic induction My; and M,y from
them (the directions are shown by arrows)

trapped flux affect differently the effective field in the inter-
grain medium. In other words, the "one-gauss" magnetiza-
tion from the Meissner currents leads to a higher resistance
in the intergrain medium than the "one-gauss" magnetization
from the Abrikosov vortices. We find this result to be fairly
nontrivial; it was obtained on different samples under dif-
ferent experimental conditions.

To explain the result obtained, it is reasonable to consider
in more detail the positioning of the Abrikosov vortices and
Meissner currents. The Abrikosov vortices in a granular
HTS pierce many grains and exhibit the complex dynamics
depending on field strength and temperature [25, 52, 53].
Within the critical state model, in zero external field (the
remanent magnetization state), the vortices remain predomi-
nantly at the grain center [54]. The schematic in Fig. 16 illus-
trates the arrangement of vortices AV and Meissner currents
I, as well as the magnetic induction lines from them. There
are the Meissner currents in all grains located both inside
the sample and at its edge; the magnetic induction lines
from them are closed both through the nearest intergrain
spacings and outside the sample. The essential difference
of the magnetic induction lines from the Abrikosov vortices
is that the former start diverging at “one of the last” grains
at the sample edge, rather than at each individual grain. The
magnetic induction lines from the Abrikosov vortices should
close both through the intergrain spacings and outside the
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Fig. 16 Schematic of Meissner currents I,; and Abrikosov vortices
AV in a granular superconductor of finite size (the square bounded
by a dashed line). The ovals are grains and the space between
them is the intergrain medium. The probable trajectories of the
magnetic induction lines from the Abrikosov vortices and Meiss-
ner currents are shown

sample. The latter, as for the magnetic induction lines from
the Meissner currents, follows directly from the electromag-
netism laws. Below, we offer an explanation of the discov-
ered experimental fact ay;c > a,y, considering the magnetic
induction lines from the Abrikosov vortices and Meissner
currents in the intergrain medium, taking into account the
known anisotropy of the superconducting properties of HTS
grains and the behavior of the Abrikosov vortices.

It is known well that the bismuth (BSCCO) HTS has
the highest anisotropy of the critical current (and, conse-
quently, of the diamagnetic signal) among HTS systems.
However, for the yttrium HTS system, the ratio between the
critical current densities along the c axis (J.) and in the ab
plane (J,,) is not at all low: Jq, /T ~4—8 [50, 55, 56].
In this case, the Meissner currents Iy, , flowing in the ab
plane exceed by far the Meissner currents I;, flowing in
the planes parallel to the ¢ axis [57, 58]. In an isotropic
grain, the Meissner currents flow in the plane perpendicular
to the external field and the Abrikosov vortices in a grain
occupy the position predominantly parallel to the external
field (Il Z), see Fig. 17a. In a grain with the anisotropic



Journal of Superconductivity and Novel Magnetism

superconducting properties, in the general case of the crys-
tallographic ¢ axis non-parallel to the axis Z, there are two
diamagnetic contributions from the Meissner currents: My,
from the current I, , and My, , from the current I, [57,
58], see Fig. 17b. In this case, the critical current ratio J, ,/
Jc.~4—8 leads to the fact that M. exceeds by far (multi-
ply) My...- The magnetization detected during the magnetic
measurements is the sum of the projections My, and My, ,
onto the Z axis: My; =My 7z + My ,p (see Fig. 17b). Cer-
tainly, the resulting magnetization of a granular anisotropic
superconductor is an averaged characteristic. However, it can
be seen in Fig. 17b that the value of the magnetic moment
M,,. is larger than its projection onto the Z axis. It is clear
that, in this case, the local effect of M, on the intergrain
medium will be stronger than expected from the My, pro-
jection. Thus, the effect of the Meissner currents on the
intergrain medium in anisotropic grains is expected to be
somewhat stronger than can be assumed from the detected
magnetization value.

The Abrikosov vortices inside anisotropic grains tend to
orient along the c axis [1, 56], i.e., deviate from the exter-
nal field direction. The question is in which direction the
vortex magnetic induction lines exit a grain. If this direc-
tion coincides with the crystallographic ¢ axis and a grain

(2) M, (b)
R A
Z AV ’r Z
MeiL;sner cutrent Iy,
G L
B o £ | A IR é_-_ —
My,

My, =My

Fig. 17 Schematic of Meissner currents I,; and Abrikosov vortices
AV in a superconducting grain (oval) in an increasing external field
for a grain with a the isotropic and b anisotropic superconducting
properties. In a, M,; and M,y are the magnetic moments created
by the Meissner currents and Abrikosov vortices, respectively. In
b, the consideration typical of HTS is used, in which the anisotropy
is determined by the crystallographic ab planes and the ¢ axis with
the ratio of the critical current densities J, /Jc. much higher than
unity. b Meissner currents I, and I, flowing in the ab planes

is considered "from the sample edge", then the magnetic
moment M,y from the Abrikosov vortex will be parallel to
the ¢ axis. In the schematic in Fig. 17b, this is indicated by
(iii). In this case, the projection M,y onto the Z axis (Myy)
will be smaller than IM,yl. Then, similarly to the Meiss-
ner currents, the effect of the magnetic moments from the
Abrikosov vortices on the intergrain medium will be some-
what stronger than expected from the detected magnetization
value. Then, the equality oy =a,y should be valid, which
contradicts the experiment. Therefore, it is worth consider-
ing another option for the exit of vortices from grains. If we
assume that the plasticity of the vortex lattice or another fac-
tor leads to the fact that, at the grain surface, the vortex tends
to align parallel to the external field, then the value of the
magnetic moment M,y from the vortex will be almost equal
to its projection M yy. (IMuy! ® Myz). In Fig. 17b, these
cases are indicated by (i) and (ii). The foregoing provides a
consistent explanation for the observed stronger effect of the
Meissner currents on the field in the intergrain medium as
compared with the Abrikosov vortices. One of the reasons
for the alignment of the vortices along the field near the
grain edge may be a decrease in the anisotropy of the super-
conducting properties at the surface; i.e., we possibly deal
with the manifestation of the surface effect. For the Meissner

M,y (1), (1) \
AVZ

MMCZ

w TTPIPE T m DRI T

Myiz=Myz + Mynz

and along the ¢ axis, the magnetic moments My, and My, ; induced
by these currents, and their projections My, and My, , onto the
Z axis (Z || H). The expressions for the projection of the total mag-
netic moment My, from the Meissner currents onto the Z axis for
the investigated cases are shown in the bottom. Projection My, of
the magnetic moment M,y onto the Z axis from the Abrikosov vortex
will be My, =M,y for an isotropic grain a and for an anisotropic
grain at vortex locations indicated by (i) and (ii) in b. The M,y pro-
jection for vortex location (iii) is shown in b
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currents, such a surface effect should be insignificant, since
the field is screened for the entire intragrain space. Thus,
the explanation proposed here for the different effects of the
Meissner currents and Abrikosov vortices on the intergrain
medium is based on the anisotropic properties of HTS grains
and features of the vortex orientation inside them.

6 Concluding Remarks

The hysteresis of the magnetotransport properties (magne-
toresistance and critical current) of granular HTSs is accom-
panied by quite a few intriguing features, most of which
are adequately explained within the two-level superconduc-
tor model (a subsystem of grains and a subsystem of grain
boundaries) and the concept of effective field B4 in the
intergrain medium of a granular superconductor. The rela-
tion between this effective field and the magnetic response
from superconducting grains is given by Eq. (2), in which
the parameter a is responsible for the magnetic flux com-
pression in the intergrain medium.

In this study, using the example of the magnetic and mag-
netoresistive properties of several yttrium HTS samples,
we illustrated the validity of considering two-level super-
conductors and demonstrated the validity of the concept
of an effective field in the intergrain medium as applied to
them. This part of the study is largely illustrative and has
a form of a review, while further we considered in detail
the dissipation (magnetoresistance and critical current) for
two cases of the magnetic state of superconducting grains:
the Meissner state (no flux trapping into grains) and the
state with a trapped flux in zero external field. These states
were compared according to the criterion of equality of the
resistances (R, =R(H;,; =H*)) or the critical currents
(¢ rem=I1cH;,;=H*)). Such a comparison was made under
different experimental conditions (variation of the maximum
applied field and, consequently, the amount of the trapped
flux, different external field variation rates dH/dt, account
for the effect of relaxation of the remanent resistance and
remanent magnetization). The main result obtained is the
discovered difference between the effects of the Meissner
currents and Abrikosov vortices on the intergrain medium.
In other words, a “one-gauss” change in the magnetization
from the Meissner currents makes a greater contribution to
the effective field in the intergrain medium than a “one-
gauss” change in the magnetization from the Abrikosov vor-
tices. This is not quite consistent with Eq. (2) for the effec-
tive field, instead of which Eq. (6) (@, - 47 - Mg, =H* —«a
M - 4m - M(H;,; =H%*)) should be used. Here, the different
effects of the Abrikosov vortices and Meissner currents are
manifested in the fact that the corresponding parameters «
mc and a,y are unequal and the inequality o> @,y is valid.

@ Springer

The analysis of the reasons for the established fact
allowed us to assume that the anisotropy of the supercon-
ducting properties of HTS grains (the YBCO systems)
manifests itself differently for the Meissner currents and
Abrikosov vortices. In the Meissner state, the dominant
contribution is made by the currents circulating in the crys-
tallographic ab planes; they induce a field into the intergrain
medium, while the detected magnetic response is somewhat
weaker. The Abrikosov vortices pierce many grains in a
macroscopic HTS sample and tend to localize inside grains
parallel to the crystallographic ¢ axis. However, when the
vortex leaves a grain at the sample edge, due to the surface
effect, the direction of the magnetic induction lines from
the vortex becomes such that, at the grain edge, the vortex
tends to align parallel to the external field. In the described
scenario, the effect of the vortices on the intergrain medium
will be somewhat weaker than that of the Meissner currents,
which, within the developed concept of an effective field
in the intergrain medium, is expressed as ayc > a,y- The
conclusion drawn can not only be used to explain the mag-
netoresistance hysteresis, but is also important for analyzing
the magnetic properties of granular superconductors with
the anisotropy.
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