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Abstract—The influence of thermomagnetic prehistory on the behavior of a resistive transition R(7) in exter-
nal magnetic fields of polycrystalline YBa,Cu;0; and Bi,; 4Pb, 3Sr; ¢Ca,Cu;0, high-temperature supercon-
ductors and the Bi; gPb, 3Sr; gCa,Cus0, + Ag texture has been investigated. It has been found that, for
YBa,Cu;0;, the thermomagnetic prehistory exerts a substantial influence on the dissipation in the subsystem

of grain boundaries in magnetic fields up to ~10° Oe, and this effect becomes insignificant in fields higher

than ~10* Oe. This behavior has been explained by the influence of magnetic moments of high-temperature
superconductor grains on the effective magnetic field in the intergranular medium. For bismuth high-tem-
perature superconductors, no influence of thermomagnetic prehistory on the resistive transition has been
observed; however, this effect manifests itself in current—voltage characteristics at high transport current den-
sities. There is also a radical difference in the behavior of isotherms of the magnetoresistance R(H) for the
yttrium and bismuth systems. For YBa,Cu;0, there is a clear separation between the dissipation regimes in
the intergranular medium and in grains, which manifests itself even at low transport current densities as a
change of sign in the curvature of the dependence R(H). For a texture based on the bismuth high-temperature
superconductor, this feature has been observed only at high current densities (comparable to the critical cur-
rent density at H = 0). This difference in the behavior of magnetoresistive properties of the classical high-tem-
perature superconductor systems under investigation has been explained by relatively low irreversibility fields
of the bismuth high-temperature superconductors. In these materials, simultaneous processes of dissipation
can occur in an external magnetic field both in the subsystem of grain boundaries between crystallites and in

the crystallites themselves.
DOI: 10.1134/S1063783411050052

1. INTRODUCTION

Magnetoresistive effects in granular high-tempera-
ture superconductors (HTSCs) are due to the pro-
cesses of penetration and redistribution of a magnetic
flux in two different subsystems, i.e., superconducting
grains and grain boundaries (which play the role of
Josephson weak links). In external magnetic fields,
dissipation occurs first of all in the subsystem of grain
boundaries; however, at sufficiently high tempera-
tures, one can observe the magnetoresistive effects
associated with the flux creep or flux flow processes in
HTSC grains. In turn, the magnetic moments of
HTSC grains affect the intergranular medium. It is
this effect that determines the hysteretic behavior of
the magnetoresistance of such objects. Moreover, the
magnetic properties of classical HTSC systems (for
example, the yttrium and bismuth systems) also differ
from each other and exhibit different anisotropies of
the physical properties. Such a large diversity of factors
affecting the magnetoresistive effects in granular

HTSCs makes the understanding of the physical
mechanisms responsible for these phenomena difficult
and impedes the elucidation of general regularities in
the behavior of various granular HTSC systems. That
is why the investigations of magnetoresistive phenom-
ena in granular HTSCs, which started after the discov-
ery of high-temperature superconductivity [1—17],
have so far been performed extensively [18—25].

It is known that a sharp two-step resistive transition
in magnetic fields is characteristic of the yttrium [1, 6,
7, 18—20] and lanthanum [24, 26] systems. This gave
grounds to interpret the “smooth” part of the depen-
dence R(T) as being responsible for dissipation in
grain boundaries and to describe experimental results
in terms of the classical theories of flux creep or flux
flow [6, 7, 13, 19, 20, 26—28]. However, an analysis of
the experimental data available in the literature on the
resistive transition in external magnetic fields for bis-
muth-based HTSCs [4, 5, 13, 29—37] has demon-
strated that, for these objects, the dissipation regimes
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in grain boundaries between crystallites and in the
crystallites themselves cannot be uniquely deter-
mined.

In [12], it was shown that measurements of iso-
therms of the magnetoresistance for an yttrium high-
temperature superconductor at temperatures close to
T, revealed dissipation regimes corresponding to the
subsystems of grain boundaries and HTSC crystallites.
As regards the bismuth HTSC system, to the best of
our knowledge, there are no data available in the liter-
ature demonstrating a similar behavior.

Moreover, although the behavior of magnetization
in various HTSC systems with a different thermomag-
netic prehistory is well known, the authors of the
above-cited works restricted their investigations of the
dependences R(7T) in external magnetic fields to the
case of cooling in zero filed. In our opinion, the inves-
tigation of the influence of thermomagnetic prehistory
for various HTSC systems and explanation of the
obtained results are important problems.

It has been found that, when an external magnetic
field exceeding the field of penetration into HTSC
grains is turned on or off, the current—voltage charac-
teristics of the yttrium [17] and bismuth [13] systems
are determined by the influence of the magnetic flux
trapped in the HTSC grains. The magnetic moments
of HTSC grains affects the effective magnetic field in
the intergranular medium, and it is one of the main
factors limiting the critical current density of ceramic
HTSCs [38]. It is this effective magnetic field that
determines the magnetoresistance associated with the
subsystem of grain boundaries [22, 24, 39]. The mag-
netization reversal of HTSC grains leads to a redistri-
bution of the magnetic flux in the grain boundaries,
which is a dominant factor responsible for the hyster-
esis of the magnetoresistance R(H) in classical HTSC
systems (such as the yttrium, bismuth, and lanthanum
systems) [24]. In our opinion, the approach previously
developed to adequately explain the hysteretic behav-
ior of the magnetoresistance and critical current of
granular HTSCs [22] will make it possible using avail-
able data on magnetization to explain the influence of
thermomagnetic prehistory on the dependences R(7)
of these objects.

The purpose of this work was to determine the gen-
eral regularities in the influence of thermomagnetic
prehistory on the magnetoresistive effect and, in these
measurements, to reveal the manifestation of dissipa-
tion regimes in the subsystems of grain boundaries and
crystallites for classical HTSC systems (such as the
yttrium and bismuth systems). The objects of our
investigation were granular YBa,Cu;0, and
Bi, ¢Pb, 551, Ca,Cu;0, in the form of a texture and a
polycrystal. The results were interpreted using the data
obtained from magnetic measurements for the same
samples.
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2. SAMPLES AND EXPERIMENTAL
TECHNIQUE

Polycrystalline high-temperature superconductors
studied in this work were prepared by the solid-phase
synthesis. We investigated three different series of
YBa,Cu;0; (YBCO) samples, which differed by the
time of final annealing. The absence of foreign phases
in the samples was controlled using X-ray diffraction
analysis. All samples had characteristics typical of the
yttrium high-temperature superconductor system. In
our investigations, these samples were labeled YBCO
no. 1, YBCO no. 2, and YBCO no. 3. The electrical
resistivity in the normal state p (100 K), the critical
current density j- (77.4 K), and the transition temper-
ature T, which was determined from magnetic mea-
surements and the onset of the abrupt decrease in elec-
trical resistivity, for these samples were respectively as
follows: ~1.5 mQ cm, 80 A/cm?, and 92.0 K (YBCO
no. 1); #2.0 mQ cm, 50 A/cm?, and 93.0 K (YBCO
no. 2); and ~1.0 mQ cm, 120 A/cm?, and 93.0 K
(YBCO no. 3). The effects engaged our attention in
this work are characteristic of all the studied samples
YBCO (nos. 1-3).

The technique used for preparation of the bismuth
textured high-temperature superconductor with silver
additions was described in [40]. The degree of texture,
which was determined by the Lotgering method from
X-ray diffraction data, was equal to 0.98 + 0.01 [40].
The investigation of the microstructure demonstrated
that the high-temperature superconductor crystallites
(Bi-2223) in the form of plates with typical sizes of
~20—30 um and a thickness of ~1 pm are ordered; the
crystallographic a—b planes lie in the plate plane and
the c axis is perpendicular to the plate plane. The mea-
surements were performed on a sample of the compo-
sition 70 vol % Bi, sPb, ;Sr, yCa,Cu;0, + 30 vol % Ag
(in what follows, it will be referred to as Bi-text). For
this sample, the critical current density j- (77.4 K) was
equal to ~220 A/cm? and the electrical resistivity
p(120 K) was =0.5 mQ cm. A polycrystalline sample of
the composition Bi, sPb, ;Sr, ¢Ca,Cu;0, (in what fol-
lows, it will be referred to as Bi-poly) was synthesized
using a procedure similar to that described in [41]. For
the Bi-poly sample, the critical current density
Jjc(77.4 K) was equal to ~80 A/cm? and the electrical
resistivity p(120 K) was 0.5 mQ cm. According to the
X-ray diffraction data, the fraction of the 2221 phase
for the samples Bi-text and Bi-poly was less than 5%,
and the transition temperature 7, determined from
the magnetic measurements was 109 K.

The transport properties, current—voltage charac-
teristics, magnetoresistance R(H) = U(H)/I (where U
is the voltage drop and [/ is the transport current), and
dependences R(7) in magnetic fields were investigated
using the standard four-point probe technique. The
samples were cut in the form of a parallelepiped with
typical cross-sectional dimensions ~1 x 1 mm and a
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Fig. 1. Temperature dependences R(7) measured for sam-
ple YBCO no. 1 in (/) zero external field and (2—4) field
H = 150 Oe with different thermomagnetic prehistories (2)
FC (H=0), (3) FC, and (4) ZFC. Shown are the temper-

atures at which “R=0" (SIO_6 Q cm) for the regimes used
in this work, the value of Ry corresponding to the resis-
tance of grain boundaries, and the position of the temper-
ature T}, (asterisk) obtained from the data of magnetic

measurements for H = 150 Oe (Fig. 2). The transport cur-
rent is / = 10 mA.

length ~0.8 mm (for the Bi-text sample, the cross sec-
tion was ~0.5 x 1.0 mm). The electric contacts either
were pressured and gold-plated (for YBCO) or were
prepared with the use of an Epo-Tek H20-E adhesive
(for bismuth high-temperature superconductors). In
measurements of the current—voltage characteristics
and magnetoresistance R(H) at T = 77.4 K (for the
samples Bi-text and Bi-poly), the sample was placed
in liquid nitrogen. This made it possible to specify the
stable current up to 1 A in measurements of the mag-
netoresistance R(H); no effects of heating the current
contacts were observed. The critical current density j.-
was determined according to the criterion U =
1 uV/cm from the initial portion of the current—volt-
age characteristics.

The magnetic field was applied perpendicular to
the direction of the transport current j. For the Bi-text
sample, the external magnetic field was applied both
parallel and perpendicular to the crystallographic ¢
axis of the high-temperature superconductor crystal-
lites. In both cases, the transport current was applied
along the a—b planes of the Bi-2223 crystallites so that
jLH.

The dependences R(T) of the samples were mea-
sured in three different regimes of thermomagnetic
prehistory: (1) zero field cooled (ZFC) measure-
ments, establishment of a required external magnetic
field, and measurements under the conditions provid-
ing heating of the sample; (2) field cooled (FC) mea-
surements and measurements under the conditions
providing heating of the sample; and (3) cooling of the
sample in the magnetic field to a required tempera-
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ture, decrease of the magnetic field to H=0 (FC, H=
0), and measurements under the conditions providing
heating of the sample. The current—voltage character-
istics were measured only in the ZFC and FC regimes.
No special measures on screening from the Earth’s
magnetic field were taken.

The experiments were performed on a transport
properties measurement system operating at the
Kirensky Institute of Physics of the Siberian Branch of
the Russian Academy of Sciences (Krasnoyarsk, Rus-
sia); in some cases, the dependences R(7) were mea-
sured on a Quantum Design physical properties mea-
surement system PPMS-6000. The magnetic mea-
surements were performed on a vibrating-sample
magnetometer [42] in the regimes ZFC, FC, and FC
(H=0).

3. RESULTS AND DISCUSSION

3.1. Influence of the Thermomagnetic Prehistory
of the Resistive State

3.1.1. Granular Y—Ba—Cu—O. Figure 1 shows typ-
ical temperature dependences R(7) measured for
sample YBCO no. 1 in the external magnetic field H =
150 Oe with different thermomagnetic prehistories. As
for the majority of weakly coupled superconductors,
these dependences exhibit a two-step character,
namely, an abrupt jump corresponding to the transi-
tion of superconducting grains and a smooth transi-
tion up to the temperature 7, (at which “R~ 0 accu-
rate to within ~10~ Q c¢cm), which is broadened in the
magnetic field and determined by the Josephson junc-
tion. The quantity Ry; shown in Fig. 1 can be consid-
ered to be the normal resistance of the Josephson net-
work, i.e., Ryj, which determines the maximum mag-
netoresistance associated with the destruction of
supercurrent carriers in grain boundaries below T, [6,
7, 27]. It can be seen from Fig. 1 that, with an increase
in the temperature, the network of Josephson junc-
tions is destroyed at a lower temperature for the ZFC
case; in other words, we have Tqyzrc) < Tegrcy <
Teore, 11=0) OF Recir=0) < Rec < Rzrc (at T'= const).

Figure 2 shows typical temperature dependences of
the magnetic moment M(7) measured for sample
YBCO no. 1 under the same conditions as the depen-
dences R(T) depicted in Fig. 1. These dependences are
typical of high-temperature superconductors: |Mg¢| <
|M7rc|- The positive values of the magnetic moment
Mgci—o) > 0 are explained by at least two factors:
(1) trapping of the magnetic flux in high-temperature
superconductor grains during cooling in the magnetic
field and (2) processes similar to “magnetization
reversal” of the type I1 superconductor in the absence
of an applied external magnetic field [43].

The dependences R(7) measured for sample
YBCO no. 2 under the FC and ZFC conditions in
external magnetic fields ranging from 500 Oe to
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Fig. 2. Temperature dependences M(7T) measured for sam-
ple YBCO no. 1 in the external field H = 150 Oe with dif-
ferent thermomagnetic prehistories (/) FC (H = 0), (2)
FC, and (3) ZFC. Shown is an example of the determina-
tion of the temperature 7;,,.

70 kOe are shown in Fig. 3. It can be seen from this fig-
ure that there are differences between the dependences
R(T) measured in the FC and ZFC regimes for mag-
netic fields H = 500 Oe and H = 2 kOe; however, in
external magnetic fields of ~10 kOe and higher, the
differences between the dependences R(7) disappear.
Figure 4 shows typical temperature dependences of
the magnetization M(7T) measured for sample YBCO
no. 2 also under the FC and ZFC conditions in mag-
netic fields of 500 Oe, 2 kOe, and 3 kOe. The temper-
ature, at which the dependences M(7) FC and M(T)
ZFC for the same value of magnetic field H begin to
coincide with each other, is defined as the temperature
of the irreversible behavior of magnetization, i.e., T,
and this value of the field is referred to as the irrevers-
ibility field H,, at the given temperature [43]. Exam-
ples of the determination of the temperature 7}, are
shown in Figs. 2 and 4. The positions of the 7, points
(obtained from magnetic measurements) with respect
to the dependences R(7) (FC and ZFC) for the corre-
sponding values of the external magnetic field are pre-
sented in Figs. 3 and 1, respectively.

For relatively low magnetic fields of 150 and
500 Oe, the values of T, are identical to temperatures
above which the dependences R(7) FC and R(7T) ZFC
coincide. In the magnetic field H = 2 kOe, the depen-
dences R(T) FC and R(T) ZFC begin to coincide well
before the onset of the temperature 7;,. corresponding
to the magnetic measurements. For higher magnetic
fields, no influence of the thermomagnetic prehistory
on the dependences R(T) was revealed and the T;
point lies in the temperature range corresponding to
dissipation at grain boundaries (the smooth “tail” of
the dependences R(7)).
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Fig. 3. Temperature dependences R(7T) measured for sam-
ple YBCO no. 2 in zero external field and different fields H
under the FC and ZFC conditions. H = (1) 70, (2) 30, (3)
10, (4, 4) 2, (5, 5) 0.5, and (6) 0 kOe. The dependences
R(T) for the FC and ZFC regimes at H > 10 kOe coincide.
Thermomagnetic prehistories for H = 2.0 and 0.5 kOe are
as follows: (4, 5) FC and (4, 5') ZFC. Shown also are the
positions of the temperature 7, (asterisks) obtained from

magnetic measurements (Fig. 4) for the corresponding
fields H. The transport current is / = 1 mA.

In order to explain the observed difference in the
behavior of the dependences R(7) measured under
conditions with thermomagnetic prehistories used in
this work, we invoke the model of a granular high-tem-
perature superconductor, which was proposed for ade-
quately describing the R(H) hysteresis of these objects
in our previous paper [22]. It is known that an external
magnetic field of the order of a few oersteds (or lesser)
already percolates into grain boundaries [8, 44]. The
magnetic induction lines induced by magnetic
moments of high-temperature superconductor grains

M, emu/g

0.6 ;/ i
! ! ! L

|
70 75 80 85 90 95 100
T,K

Fig. 4. Temperature dependences M(7) measured for sam-
ple YBCO no. 2 in different external fields H = (I, I') 30,
(2,2)2,and (3, 3') 0.5 kOe with different thermomagnetic
prehistories (/—3) FC and (I'-3") ZFC.
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Fig. 5. Temperature dependences R(7) measured for the
Bi-text sample at H || ¢ in (a) zero external field and
(b) fields up to 1 kOe. H = (a) (1) 80, (2) 60, (3) 20, (4 1,
and (5) 0 and (b) (1) 1.0, (2) 0.3, (3) 0.1, (4) 0.03, (5) 0.01,
and (6) 0 kOe. The inset in panel (a) shows the depen-
dences R(T) for the Bi-poly sample at H = (1) 60, (2) 10,
(3) 2, (4) 0.35, and (5) 0 kOe. The transport current is / =
1 mA for all graphs, except those shown in the inset to
panel (b). Within the limits of the experimental error, the
data obtained for the FC and ZFC regimes coincide for all
graphs shown in the figure. In the inset to panel (b), this is
illustrated for the dependences R(7) of the Bi-text sample
at H|| cin external fields H= (1, 2) 3kOe and (3, 4) 300 Oe
with different thermomagnetic prehistories (7, 3) ZFC and
(2, 4) FC. I=30 mA.

also close up through the intergranular space. If the
magnetic moment has a negative value (i.e., it is
directed opposite to the external field), the direction
of the magnetic induction lines from the magnetic
moments of the grains in the region of grain bound-
aries coincides with the direction of the external mag-
netic field [22].1 Therefore, the grain boundaries (or

the Josephson medium) are in an effective magnetic
field B.y, which represents a superposition of the

! The schematic diagram illustrating the magnetic induction lines
in the intergranular medium is presented in the corresponding
figures in [22, 23].

PHYSICS OF THE SOLID STATE Vol. 53  No. 5

BALAEV et al.

external and induced fields. This induced field can be
considered as being proportional to the magnetic
moment of the sample [22—24]; hence, taking into
account the sign of the quantity M(H), we can write

B.w(H) = H+4no(H)M(H), ey

where a(H) includes the flux distribution inside the
grains, their effective demagnetization factor, geomet-

ric parameters of the grains, etc.2 We can abstract away
from the processes of trapping of the magnetic flux
inside the grains (process FC) or flux redistribution
(process (FC, H=0)) and, in the subsequent analysis,
will operate with the magnetic moment of the sample
(obviously, it is a superposition of magnetic moments
of individual grains [46]): |Mzpc| > |[Mpc| at T < T
therefore, we can write B.gzrc) > Berc)- For the FC
regime (H = 0), we have Bgrc -y ~ M (in this case,
the direction of the induced magnetic field is of no
importance, because H = 0). From this consideration
it follows that, at 7'< T}, Bwzrc) > Berc 1= 0)-

In the case where the dissipation occurs only in
grain boundaries, the magnetoresistance is deter-
mined by the effective magnetic field B.g, It is clear
that R ~ B,y This consideration explains the differ-
ence in the behavior of the dependences R(7) in the
studied regimes (Figs. 1, 3). At T > T,,, the depen-
dences R(7T) should coincide, which is actually
observed in the range of weak fields (Figs. 1, 3). In
strong external magnetic fields, the induced field (the
second term in expression (1)) has already not intro-
duce a noticeable contribution to the effective field
(B.g= H). Therefore, in the range of fields higher than
H ~ 10 kOe, no difference is observed in the behavior
of the dependences R(H) for the FC and ZFC regimes
(Fig. 3). Moreover, with an increase in the tempera-
ture, the difference |Mypc — Mgc| also decreases
(Figs. 2, 4). Consequently, the values of B, for the FC
and ZFC regimes also become close to each other as
the temperature 7, is approached. This manifests
itself in the experimental dependences R(7) at H =
500 Oe and H = 2 kOe (Fig. 3). The difference
between the dependences R(7) for the FC and ZFC
regimes becomes indistinguishable at 7 ~ 87 and
~82 K, whereas the values of T, for this sample are
equal to ~88 and ~86 K, respectively.

3.1.2. Texture and the Bi—Ca—Sr—Cu—O (2223)
crystal. A different pattern is observed for the bismuth-
based texture. The temperature dependences R(7)
measured for the Bi-text sample in magnetic fields
from 0 to 80 kOe for the field orientation H || ¢ (where
¢ is the crystallite axis) are shown in Fig. 5. As can be
seen from this figure, the data on the dependences
R(T) obtained for the FC and ZFC regimes coincide

2 The evaluation of the parameter o. was performed in [24, 39, 45].
In this paper, we have restricted ourselves to the qualitative
explanation of the behavior of the dependence R(7) in different
regimes.
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Fig. 6. Typical temperature dependences M(7T) measured
for the Bi-text sample at H || ¢ in external fields H = (1, I')
240 and (2, 2') 700 Oe with different thermomagnetic pre-
histories (1, 2) FC and (/I', 2") ZFC. The inset shows frag-
ments of the dependences M(7) in external fields H = (3,
3") 10 and (4, 4') 30 kOe with thermomagnetic prehistories
(3,4) FCand (3', 4') ZFC.

both in the range of high magnetic fields and in mag-
netic fields below 1 kOe. It is worth noting that this
coincidence is observed both for the transport current
I'= 1 mA and for higher values of 7 (this is clearly illus-
trated in the inset to Fig. 5b for fields H = 300 Oe and
3kOe at I =30 mA). A similar behavior (when there is
no difference in the behavior of the dependences R(7T)
for the FC and ZFC regimes) is also observed for the
Bi-poly sample (see the dependences R(7) shown in
the inset to Fig. 5a).

This behavior can be understood by considering
the behavior of the irreversibility line H,(7) and the
temperature T, (which was introduced above; see
Fig. 1) in the H—T coordinates. Typical temperature
dependences M(T) measured for the Bi-text sample in
the FC and ZFC regimes for the field orientation H|| ¢
and examples of the determination of the temperature
T, for different values of H are presented in Fig. 6.

Figure 7 shows the dependences H,.(7T) plotted in
the log H—T coordinates (where H;, is the external
magnetic field for which the temperature 7}, was
determined (see Figs. 2, 4, 6)) and the dependences
To(zrc)(H) for the samples Bi-text (orientation H || ¢,
Fig. 5 for the current /= 1 mA) and YBCO no. 2 (for
the data presented in Fig. 3). As can be seen from
Fig. 7, there is a radical difference in the behavior of
the dependences H,(T) for the bismuth and yttrium
high-temperature superconductors, which is typical of
the studied systems [47, 48]. Noteworthy also are the
relative positions of the irreversibility lines H;(7T) and
the dependences Ty zpc)(H). For the YBCO sample,
the dependence 7y zrc)(H) plotted in the H—T coor-
dinates always lies below the irreversibility line H;(7):
Teoizrey < Ty at H = const. A different behavior is
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Fig. 7. Behavior of (I, 3) the irreversibility line H;.(7)
(field A for which the temperature 7. was determined (see
Figs. 4, 6)) and (2, 4) the dependences Ty zpc)(H) under

the ZFC conditions (an example of the determination is
shown in Fig. 1) in the H—T coordinates: (/, 2) sample
YBCO no. 2 and (3, 4) sample Bi-text at H]|| c.

observed for the Bi-text sample. Almost over the entire
temperature region (except for the narrow range above
~100 K), the values of T are higher than those of T,
for a given field H. According to our data, this behavior
is characteristic of the field orientation H || a—b.

For the yttrium system, there is a rather wide tem-
perature range between T, and T, at H = const. It is
in this range that the effects of the influence of the
thermomagnetic prehistory (FC and ZFC) on the
dependence R(T) are observed in the experiment. It
should be noted that this range corresponds to the part
of the dependence R(7) responsible for the dissipation
in the subsystem of grain boundaries (Figs. 1, 3). For
the bismuth system, the temperature dependences
M(T) inthe FC and ZFC regimes begin to coincide at
a temperature below 7T, (which corresponds to the
onset of the dissipation). Although the dependences
R(T) for the bismuth systems in external magnetic
fields have been investigated in many works (see, for
example, [4, 5, 29—37]), this fact has not been noted
previously. We can conclude that, for the bismuth sys-
tem in external magnetic fields at relatively low cur-
rent densities (which have been usually used in mea-
surements of the dependences R(7)), both the weak
links at grain boundaries and the high-temperature
superconductor crystallites themselves simultaneously
transform into the resistive state.

However, the effects of thermomagnetic prehistory
in transport current measurements can also be
observed when the subsystem of weak links in an exter-
nal magnetic field lower than the irreversibility field
H,, is purposefully transformed by the transport cur-
rent into the resistive state. In other words, for this
purpose, it is necessary to perform measurements of
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Fig. 8. Current—voltage characteristics measured for the
Bi-text sample in different external fields (H || ¢) at 7T =
77.4 K with different thermomagnetic prehistories (/—4)
FC, (I'-4") ZFC, and (5) without an applied field. H = (1,
I') 700, (2, 2') 375, (3, 3') 240, and (4, 4') 40 Oe. Shown is
the current /- (H = 0).

the current—voltage characteristics in the FC and
ZFC regimes. Figure 8 shows the current—voltage
characteristics measured for the Bi-text sample in dif-
ferent external fields (orientation H || c) at 7= 77.4 K
in the FC and ZFC regimes. The values of H and the
orientation of H and c for the data presented in Fig. 8
are identical to those used for the magnetic measure-
ments illustrated in Fig. 6. It can be seen that the mag-
netoresistance measured in the ZFC regime is higher
than that obtained in the FC regime, as is observed in
the case with the YBCO sample. In the field H =
700 Oe, this effect becomes almost imperceptible,
because the difference |Mypc — Mgl at T = 77.4 K
decreases (Fig. 6) and its influence on the effective
magnetic field in the intergranular medium, which is
determined by expression (1), becomes insignificant.
For the Bi-poly sample, we obtained similar results.

3.2. Contribution to Magnetoresistance from Grain
Boundaries and Crystals. Difference in the Behavior
of the Yttrium and Bismuth Systems

For the YBCO sample, the contribution from the
subsystem of grain boundaries is clearly seen in the
dependences R(7): it is a smooth part of the depen-
dence R(T) in weak fields (Fig. 1). The value of R at
the inflection point of the curve R(T) in strong fields
(Fig. 3) corresponds to the resistance of the Josephson
network in the “normal” state, i.e., Ry;. The two-step
transition to the superconducting state, which is
observed in measurements of the dependences R(7) in
external magnetic fields, also manifests itself in the
isotherms R(H). Figure 9 shows the field dependences
R(H) measured for samples YBCO no. 2 and YBCO
no. 3 at different temperatures. When the tempera-
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Fig. 9. Field dependences R(H) measured for samples (/—
4) YBCO no. 3 and (5—7) YBCO no. 2 at different temper-
atures 7= (1) 90, (2) 87.5, (3, 5) 85.0, (4) 82.5, (6) 77.4,
and (6) 60 K. The measurement current is / = 1 mA.
Shown are the values of Ryyand the points A* at which the

curvature of the dependences R(H) changes sign. The data
on the dependences R(H) are normalized to the resistance
of the sample at 7= 95 K.

tures are significantly different from 7, the dissipa-
tion occurs only in grain boundaries and the depen-
dences R(H) demonstrate a tendency toward satura-
tion (see the data presented in Fig. 9 for sample YBCO
no. 2 at temperatures 7'= 60.0 and 77.4 K). With an
increase in the temperature, the dependences R(H)
begin to exhibit a specific feature, i.e., an inflection
point at H = H*. In this case, the dependences R(H) to
the left of the point H* are determined by the dissipa-
tion in grain boundaries, whereas to the right of this
point, they are most likely determined by the dissipa-
tion in high-temperature superconductor grains. This
can be seen from the data obtained for samples YBCO
no. 2 (T'= 85 K) and YBCO no. 3 (Fig. 9). A change
of the sign in the curvature of the dependences R(H)
corresponds to a crossover from the regime of dissipa-
tion in grain boundaries to the regime of dissipation in
grains. The resistance Ry, i.e., the value of R at the
inflection point, is the “maximum” magnetoresis-
tance of the subsystem of weak links. This can be
judged from a comparison of the dependences R(7)
(Fig. 3) and R(H) (Fig. 9a) measured for sample
YBCO no. 2.2 It should be noted that the data pre-
sented in Figs. 1, 3, and 9 (for YBCO) were obtained
at relatively low transport current densities (j = 0.1—
1.0 A/cm?, I = 1—10 mA), which are considerably less
than the value of j- (77.4 K, H=0). At higher transport
current densities, the aforementioned features in the
dependences R(7) and R(H) are more pronounced.

3 The dependences R(H) in the vicinity of the temperature T
(which have a similar inflection point) were investigated earlier
in detail only for the Y, _ ,Pr,Ba;Cu30; (x = 0.35) system [12].
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Thus, for the yttrium system in external magnetic
fields, there is a clear boundary between the dissipa-
tion processes: first, weak links at grain boundaries
completely transform into the resistive state; and,
then, with increasing magnetic field, the dissipation
occurs in crystallites.

The dependences R(H)4 measured for the Bi-text
sample at 7= 77.4 K, the field orientation H || ¢, and
different values of the transport current are shown in
Fig. 10. The range of variations in the transport cur-
rent includes values lower than the critical current in
the absence of an external magnetic field (/,(77.4 K) =
600 mA) and values higher than the critical current.
For a low measurement current / = 1 mA, the depen-
dence R(H) is a conventional S-shaped curve, which is
characteristic of type Il superconductors. The mea-
surements performed using the Bi-text sample (H || ¢)
with a low transport current /= 1 mA at other temper-
atures (up to 7;) also did not reveal remarkable fea-
tures. The “two-phase” property of the system, which
manifests itself in a tendency toward saturation and,
then, with an increase in the external magnetic field,
toward a change of the sign in the curvature of the
dependence R(H), is observed only at a transport cur-
rent /> 200 mA. At 7 = 0.8—1.0 A, the dependences
R(H) for the Bi-text sample are actually similar to the
dependences R(H) for the yttrium system. A change of
the sign in the curvature of the curves R(H) takes place
at H* ~ 2 kOe (H || ¢); incidentally, this value of H* is
close to the value of H;,. at T= 77 K (Fig. 7). For the
field orientation H || a—b, the dependences R(H) also
demonstrate the aforementioned features (see the
inset to Fig. 10), and the change of the sign in the cur-
vature of the curves R(H) takes place at H* ~ 4 kOe. An
increase in R(H) in fields above 4 kOe occurs more
slowly than in the case of H || ¢. Such anisotropy of the
magnetoresistive properties is inherent in the textures
based on the bismuth high-temperature superconduc-
tor and was discussed earlier in [29, 49, 50].

To the best of our knowledge, up to now, there have
been no experimental data available in the literature,
according to which the dependences R(H) for bismuth
high-temperature superconductors (textures or poly-
crystals; see, for example, [4, 5, 29, 31, 32, 50]) dem-
onstrate such remarkable features. These features have
been observed under the conditions where the trans-
port current is comparable to /- (H = 0) at a given tem-
perature. For relatively low transport currents (1—
100 mA for the data presented in Fig. 10), the dissipa-
tion in the range of weak fields, as in the case of gran-
ular YBCO, arises from the decay of carriers upon tun-
neling through grain boundaries. However, in the field
H*, at which the magnetoresistance appears in Bi-

41In the range of fields below H*, at which the curvature of the
dependence R(H) changes sign, the magnetoresistance exhibits
a hysteresis (it is clearly seen in Figs. 9 and 10). The factors
responsible for this hysteresis were thoroughly discussed in [22—
24].
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Fig. 10. Field dependences R(H) measured for the Bi-text
sample at 7= 77.4 K, H || ¢, and different values of the
measurement current / = 1000, 800, 600, 400, 200, 100,
and 1 mA (from top to bottom). Shown is the field H* at
which the curvature of the dependences R(H) changes sign
at high currents /. The inset presents the dependences
R(H) for the Bi-text sample at 7= 77.4 K, H || a—b, and
different measurement currents / = 1000, 800, 600, 200,
and 100 mA (from top to bottom). The data on the depen-
dences R(H) are normalized to the resistance of the sample
at T=120 K.

2223 crystallites, the magnetoresistance of the sub-
system of grain boundaries is still far short of satura-
tion. For H > H*, the dissipation processes occur both
in crystallites and in grain boundaries. Consequently, a
sharp increase in the magnetoresistance at H ~ H* is
not observed. A relatively high transport current trans-
forms the subsystem of grain boundaries into the resis-
tive state at a lower value of the external magnetic field
(orat H=0when /> I, (H = 0)). Hence, the depen-
dence R(H) exhibits a tendency toward saturation only
at sufficiently high transport currents /. In this case,
the appearance of dissipation in crystallites at H ~ H*
is well pronounced in the dependence R(H). For the
yttrium system, this behavior manifests itself at suffi-
ciently low transport currents (Fig. 9).

The observed difference in the magnetoresistive
properties of these classical high-temperature super-
conductors can be interpreted as follows. For YBCO,
the Josephson coupling energy, which characterizes
the subsystem of grain boundaries, is considerably less
than the corresponding characteristic of the YBCO
grains; in other words, we have Jo; <€ Jqg (the sub-
scripts J and G corresponds to the Josephson medium
and grains, respectively). The same is also true for the
Bi-2223 system; however, the strong condition J; <€
Jcg is not satisfied in external magnetic fields. This is
explained by the difference in the behavior of the irre-
versibility lines for YBCO and Bi-2223 (Fig. 7).
Despite the lower value of 7¢, the fields H, for the
yttrium system are one order of magnitude higher than
those for Bi-2223 with the field orientation H || ¢
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already at a temperature of ~80 K. This behavior of the
irreversibility line is known and was discussed in [49].
It is these relatively low values of the irreversibility field
for the Bi-2223 system that are responsible for the
observed difference in the behavior of the magnetore-
sistive properties of Bi-2223 and YBCO. In external
magnetic fields of the order of H,,, the dissipation pro-
cesses can occur both in the subsystem of grain bound-
aries and in the Bi-2223 crystallites.

The above property of the Bi-2223 system also
manifests itself in the fact that, in external magnetic
fields, there is a difference between the shapes of the
dependences R(7) of this system and the YBCO sys-
tem. For YBCO, we can clearly separate the contribu-
tion from the grain boundaries and their resistance in
the normal state, i.e., Ry; (Fig. 3). For the B-text sam-
ple, it is impossible to reveal a portion of the depen-
dence R(T) that corresponds to the contribution from
a particular subsystem (Fig. 5). Incidentally, this is true
for both the high-field range 20—80 kOe (Fig. 5a) and
the field range H < 1 kOe (Fig. 5b). The value of R, at
which after the sharp drop of the resistance there
appears a smooth part of the dependence R(T),
increases with an increase in the external magnetic
field. This behavior is characteristic of not only the
textured high-temperature superconductor but also
polycrystalline high-temperature superconductors
based on bismuth [30—37] (see also the inset to Fig.
5a).

Another factor that affects the appearance of spe-
cific features in the dependences R(H), which corre-
spond to the onset of dissipation in Bi-2223 crystal-
lites, is the anisotropy of the crystallites themselves.
For the field orientation H || a—b, the change of sign in
the curvature of the dependence R(H) is less pro-
nounced (see the inset to Fig. 10); furthermore, the
value of H* is higher than that for the field orientation
H || c. For a chaotic orientation of crystallites in the
bismuth high-temperature superconductor polycrys-
tal, it should be expected that this feature will be at
least diffuse. Our measurements have demonstrated
that, for the aforementioned polycrystal, this feature is
not observed in the dependences R(H). The depen-
dences R(H) for this polycrystal are ascending curves
similar to the dependences R(H) for sample YBCO
no. 2 at temperatures 7= 77.4 and 60.0 K in Fig. 10.
The used values of the transport current (50—400 mA)
were both lower and higher than the critical current of
this sample in the absence of an external magnetic
field (Io(77.4 K) = 270 mA, j(77.4 K) ~ 80 A/cm?),
which is comparable to relative values of the transport
current in measurements of the dependences R(H) for
the Bi-text sample (Fig. 10). Moreover, we investi-
gated the dependences R(H) at T = 77.4 K for the
Bi, ¢Pb, ;Sr, yCa,Cu;0, sample with a low density (the
sample preparation and the microstructure are
described in [34]), in which plate-like Bi-2223 crystal-
lites are also chaotically oriented. Up to the values of
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the transport current, which are one order of magni-
tude higher than the critical current at H = 0, no fea-
tures are observed in the dependences R(H). There-
fore, we can assume that, for polycrystalline Bi-2223,
the absence of a characteristic point corresponding to
the change of sign in the curvature of the curves R(H)
is associated with the influence of anisotropy of the
crystallites.

4. CONCLUSIONS

The yttrium-based granular high-temperature
superconductors and bismuth-based textures investi-
gated in this work exhibit an identical behavior in the
influence of thermomagnetic prehistory on the resis-
tive state. The obtained results have been explained in
the framework of the previously developed model of a
granular high-temperature superconductor [22]. In
this model, we have considered the influence of the
magnetic moments of high-temperature supercon-
ductor grains on the effective magnetic field in the
intergranular medium. The effects associated with the
influence of thermomagnetic prehistory on the mag-
netoresistive properties are determined by different
contributions from the magnetic moments of super-
conducting grains to this effective field, and the influ-
ence of thermomagnetic prehistory itself is more sig-
nificant in the range of weak fields.

This has introduced serious corrections to the
interpretation of the previously obtained results for
granular high-temperature superconductors. In a
number of works [4—7, 14], the processing of experi-
mental temperature dependences of the resistive tran-
sition in the framework of the models developed for
weakly coupled superconductors made it possible to
obtain the field dependence of the pinning potential in
a Josephson medium, which has been discussed in
terms of theoretical concepts. Even in the case of cool-
ing in zero field, the external magnetic field does not
correspond to the effective field B, defined by expres-
sion (1). Only for external magnetic fields of the order
of 10* Oe did we obtain B.;~ H. Therefore, the field
dependence of the pinning potential in the Josephson
medium of a granular high-temperature superconduc-
tor in the range of weak fields should be interpreted
taking into account the correction of the effective
magnetic field.

The revealed difference in the influence of thermo-
magnetic prehistory on the behavior of the resistive
transition for the yttrium and bismuth systems has
been explained by lower values of the irreversibility
fields of the bismuth high-temperature superconduc-
tors. This is also responsible for the specific features
observed in the isotherms of the magnetoresistance of
the textured bismuth-based high-temperature super-
conductor samples. In particular, the dependences
R(H) obtained for granular YBCO samples clearly
exhibit regimes of dissipation both in grain boundaries
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(the range of weak fields) and in high-temperature
superconductor crystallites (the range of intermediate
or strong fields depending on whether the temperature
is farther from or closer to 7)), whereas this behavior
for the Bi-2223 textures is observed only at a transport
current density j of the order of j- (H = 0). In view of
the relatively low irreversibility fields of the bismuth
high-temperature superconductors, the processes of
dissipation at low current densities in external mag-
netic fields H > H,, occur simultaneously in the sub-
system of grain boundaries and in the Bi-2223 crystal-
lites themselves. This is a fundamental difference
between the ratios of the intergrain and intragrain crit-
ical current densities in external magnetic fields for the
classical high-temperature superconductor systems
under investigation. Moreover, for the bismuth poly-
crystal, characteristic features of the dependences
R(H) (such as the change of sign in the curvature of the
dependence upon crossover from the regime of dissi-
pation in grain boundaries to the regime of dissipation
in crystallites) have not been observed even in the
measurements performed at transport current densi-
ties of the order of j. (H = 0). This is associated with
the influence of anisotropy of the magnetoresistive
properties of the Bi-2223 crystallites.

Classical high-temperature superconductor sys-
tems, such as the Bi-2223, thallium-based
(T1,Ba,Ca,Cus0, (T1-2223)), and mercury-based
(Hg,Ba,Ca,Cu;05 (Hg-2223)) systems, possess a
stronger anisotropy of the critical parameters as com-
pared to the YBCO and lanthanum-based
((La,Sr),Cu0, (LSCO)) systems. It is also known that
the pinning and its related irreversibility fields of the
aforementioned classes of high-temperature super-
conductors are maximum for the YBCO and LSCO
systems [48]. The behavior of the dependences R(7) in
external magnetic fields for polycrystalline high-tem-
perature superconductors TI-2223 and Hg-2223,
which is known from the literature [51, 52], is similar
to that observed for the bismuth high-temperature
superconductor. Therefore, it should be expected that
the effects of thermomagnetic prehistory (FC, ZFC)
also will not affect the dependences R(7) for these
strongly anisotropic high-temperature superconduc-
tor systems and that the isotherms of the magnetore-
sistance R(H) can clearly exhibit regimes of dissipa-
tion in grain boundaries and in crystallites only for tex-
tured objects. On the other hand, the polycrystalline
LSCO samples demonstrate a sharp two-step resistive
transition in a magnetic field [24, 26]. Therefore, for
this system, we can expect that the influence of the FC
and ZFC regimes on the resistive transition, as well as
the character of the dependences R(H), will be similar
to that observed for granular YBCO samples.
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