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Granular superconductivity effects in a polycrystalline sample of ruthenocuprate RuSr,(Gd; sCeq5)Cu,.
0O19_5 are studied. The main attention has been devoted to manifestation of these effects in current
and magnetic-field dependences of resistive transition to superconducting state. It is found that current
dependences of resistance taken at different temperatures intersect strictly at two definite values of cur-
rent demonstrating crossing point effects. This phenomenon has been explained taking into account
inhomogeneous state of intergrain medium which can be considered as a two-component system. The

Iéz ‘;IVSIrjrS:su erconductors particular attention has been given to magnetoresistance (MR) hysteresis in mixed state of this inhomo-
Ruthenocupl;)ates geneous system and to influence of applied current and temperature on this phenomenon. Two types of

hysteresis (clockwise and anticlockwise) have been found with transition from clockwise to anticlock-
wise hysteresis with increasing temperature. Stepwise structure in MR hysteretic curves has been
observed in low-field range. Possible reasons of the change in hysteresis behavior with increasing
temperature and appearance of the stepwise structure in MR curves are discussed taking into consider-

Magnetoresistance hysteresis
Crossing-point effect

ation inhomogeneous state of the granular superconductor studied.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ruthenocuprates of composition RuSryR;_,CeyCuy0q9_;
(Ru1222), with R =Gd, Eu, have attracted much attention in the
last two decades as certain type of magnetic superconductors
(for 0.4 < x < 0.8) with T, up to ~50 K [1-3]. Superconductivity
is associated with CuO, planes, while magnetic order is thought
to be connected with the RuO, planes. Both sites are in significant
degree decoupled from each other [1]. The ruthenocuprates
Ru1222 show indications of different magnetically ordered states
(from those that below 80-100 K are thought as being weak ferro-
magnetic). The nature and source of the magnetic order in these
compounds are, however, still not clear. It has been possible so
far to prepare only polycrystalline samples of Ru1222 (by a solid-
state reaction method) [1,2]. The samples usually a contain certain
amount of different impurity phases [4,5], so that they can be con-
siderd as multiphase. The extrinsic disorder and inhomogeneities
depend in a crucial way on the preparation conditions, especially
on sintering and annealing temperature. In some studies, however,
the multiphase state in ruthenocuprates is interpreted as phase
separation effects [6]. In any case, this makes understandable a
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variety of magnetic transitions reported in the literature for this
system. A firm belief persists, however, that magnetic ordering is
intrinsic in the primary superconducting phase in Ru1222 com-
pounds rather than being attributed to some impurity phases,
and that superconductivity and weak-ferromagnetism coexist in
the ruthenocuprates.

Polycrystalline structure of the ruthenocuprates determines the
pronounced granular superconductivity effects in these com-
pounds [7-10]. The results found are quite similar to those known
for granular high-T. superconductors, and can be considered in a
similar way. The system of this type can be described as an ensem-
ble of type-II superconducting grains (with a size of a few pm) with
weak-coupling intergrain correlation. Grain boundaries represent
weak links (regions of weakened superconductivity). Intergrain
correlation is determined by Josephson coupling. The following
types of weak links are commonly considered: (i) tunneling of
Cooper pairs across an electrically insulating boundary interface
(SIS junction); (ii) overlap of superconductive wave functions of
the grains in the normally conducting boundary (SNS, or proximity
effect, junction); (iii) supercurrent transport through tiny super-
conducting constrictions (“pinholes™) bridging the grains (a point
contact junction); (iv) SS'S coupling (S’ is a superconductor
with lower T.). The coherence length &g in high-T, superconduc-
tors is short (0.3 - 3 nm) and comparable to the grain boundary
thickness [11]. For example, according to Refs. [12,13] the typical
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grain-boundary width in high-T, polycrystalline superconductor
Y-Ba-Cu-0O is about 2 nm. For this reason the SIS Josephson
junctions are thought to be of little importance in supercurrent
transport while others of the above-mentioned types of the
weak-coupling junctions are undoubtedly involved in current
flowing in granular high-T. superconductors. Generally, any grain
in the superconductor makes multiple contacts with neighboring
grains, so that a bulk superconductor is a multiple 3D Josephson
junction array [11]. The intergrain contacts of any grain can be of
different types [14].

Granular superconductors have a widened (in contrast to that in
homogeneous superconductors) temperature range of resistive
transition to the superconducting state, with a “shouldered” form
of resistive curves R(T), which is also a feature of the ruthenocup-
rates [7-10]. The shouldered form of the resistive transition re-
flects the inhomogeneous state of a granular superconductor.
With decreasing temperature the intragrain superconducting tran-
sition takes place at temperature T., but due to poor intergrain
coupling the total resistance may not go to zero. Only a small drop
in resistance can be seen (if some part of the grains becomes well
coupled). In other cases, a barely noticeable change in R(T) curva-
ture can be noted near T = T, [10]. Intergrain Josephson coupling
is strengthened with further decrease in temperature below T, so
that in a complicated network of the weak links between grains
some discontinuous zero-resistance paths (or clusters) appear
causing further resistance drop. Due to the inevitable space distri-
bution of grain boundary thicknesses (and, consequently, junction
resistances) this resistive transition has a percolative character. As
the temperature continues to fall, the superconducting clusters
grow, and (if the space disorder in junction resistances is not very
strong) an infinite percolating cluster is formed at a certain
temperature T, at which the resistance becomes zero. This temper-
ature can be far less than T.

Resistive transition to zero resistance in a weak-link net-
work is very sensitive to applied current and magnetic field. In
granular high-T. superconductors, magnetoresistance (MR) curves
taken with increasing and decreasing external field, H.y, are
irreversible in the temperature range between T, and T.. It is
found that this MR hysteresis has a peculiar behavior [15-19],
which is quite different from that in homogeneous superconduc-
tors. In the latter case the resistance in the decreasing H.y curves
is higher than that in the decreasing H. ones, which is usually
explained by the flux trapping [11,19] (the vortex pinning weakens
superconductivity, so that with backward decreasing field, the
resistance is greater than that with increasing field). However, in
granular high-T. superconductors the resistance when the field is
decreasing is lower than that measured with increasing field
[18,19].

The MR hysteresis reflects variations in the vortex state of
superconducting system in the mixed state with increasing and
decreasing magnetic field. Some models and explanations of
specific MR hysteresis in granular high-T, superconductors have
appeared in the first years after discovery of superconducting
cuprates [15-19]. These have established some basic approach to
consideration of this phenomenon, but due to complexity of gran-
ular systems some questions remain unanswered. For this reason
rather intensive investigations of this problem continue until re-
cent years [20-22].

MR hysteresis in the Ru1222 ruthenocuprates in the range of
resistive superconducting transition has been noticed and dis-
cussed in [7,8]. In this article a further study of this phenomenon
is presented. The Gd doped sample RuSr,Gd;sCeqsCu,0q9_;s
(Ru1222-Gd) has been studied. The study is to some degree a con-
tinuation of our previous studies [9,10] of granular superconduc-
tivity effects in the Ru1222-Gd. We will describe here some new
results not mentioned in previous articles [9,10]. In particular, a

stepwise structure in MR curves taken with increasing and
decreasing field has been found and discussed.

2. Samples and experimental technique

The Ru1222-Gd samples studied have been prepared by a solid-
state reaction method in Felner’s lab [1]. Some of them were set
aside (as-prepared samples), while others were annealed (12 h at
845 °C) in pure oxygen at different pressures. It was shown previ-
ously [10,23] that oxygen annealing of these samples has a rather
strong effect on intergrain connection but does not influence intra-
grain superconducting properties. This study focuses on properties
of as-prepared Ru1222-Gd samples where the granularity effects
were most evident. Resistance as a function of temperature and
magnetic field (up to 1.6 T) was measured using a standard
four-point probe technique in a home-made cryostat. The sample
has dimensions 0.9 x 1.8 x 1.4 mm?>. The magnetization measure-
ments were made with a Quantum Design SQUID magnetometer.
The samples were polycrystalline with a grain size of a few pm.
They were characterized by resistivity, magnetization and specific
heat measurements, which were in part reported in [10,23].

3. Results and discussion
3.1. General characterization of the sample

Some general characteristics of transport properties the sample
studied will be considered before going to the main results about
MR behavior in the range of the resistive superconducting transi-
tion. Temperature dependences of the resistance R(T) of the as-
prepared sample RuSr,(Gd;sCeqs)Cuy0q9_s have been recorded
for different measuring currents in the range 0.01-50 mA. Fig. 1
shows R(T) dependences only for currents at which MR hysteresis
was studied (in the figure caption the corresponding values of the
current density J are indicated). The temperature T, = 34K
(shown by arrow) marks a kink in the R(T) dependences and is
attributed to the intragrain superconducting transition. This value
of T, is determined on the basis of transport, magnetic and heat
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Fig. 1. Temperature dependences of the resistance R(T) of the RuSr,(Gd, 5Ceqs)-
Cu,04¢_; sample recorded for different measuring currents. For currents I = 3.0; 1.0;
0.5; 0.2; and 0.1 mA the corresponding values of current density, J, are 1854; 618;
309; 123.6; and 61.8 A/m?. The temperature T = 34 K (shown by arrow) marks a
kink in the R(T) dependences and is attributed to the intragrain transition
temperature to the superconducting state. Another indicated temperature,
Ty =23.2K, is discussed in the main text. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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capacity measurements [10,23]. Weak intergrain connection
causes nonmetallic behavior of R(T) above T, (dR/dT < 0) with
an approximately logarithmic law (AR « InT). Below T, resistance
continues to increase with decreasing temperature but not so rap-
idly and only up to temperature T; = 23.2 K at which the maxima
in R(T) curves for all measuring currents takes place (Fig. 1). This
presents also the branching point of the family of R(T) curves taken
for different currents. The temperature T indicates a temperature
point below which percolating chains of intergrain Josephson cou-
pling are created, and the resistance starts to decrease with
decreasing temperature. Due to strong disorder in the intergrain
coupling, the resistance in the sample studied does not go to zero
with decrease in temperature down to 5 K (Fig. 1).

General interpretation of this R(T) behavior and influence of
measuring current on it can be found in [10]. As the measuring cur-
rent is increased, some of the weakest links of the percolative
chains with the least critical current go to the resistive state,
increasing the total resistance of the system. A similar action
(and for the same reasons) is produced by an applied magnetic
field in the range below T (Figs. 2 and 3). It can be seen that resis-
tance is very sensitive to magnetic field especially within the low
field range. MR curves show no saturation with increasing field ex-
cept for temperatures very close to T,o = 34 K (Fig. 3) when total
superconductivity suppression is possible at rather low field.

Characterization of ruthenocuprates is incomplete without
magnetization data. Most important results concerning this and
similar Ru1222 samples are already presented in previous papers
[10,23]. Here we would like to show only typical magnetization
hysteresis curve in the temperature range of superconducting state
(see Fig. 4 for the Gd ruthenocuprates), which agree with known
data [5]. Below T, the Ru1222 compounds show a ferromagnetic-
like behavior together with diamagnetic (Meissner) response at
low applied fields [5,10,23]. At higher fields no saturation takes
place due to paramagnetic contribution from rare-earth ions, Cu
ions [1] or impurity phases (Fig. 4). Changes in M(H) curves with
increasing temperature are shown in Fig. 5. It is seen that nonlinear
low-field M(H) behavior at low temperatures (that is to be attrib-
uted to the influence of superconductivity) changes to linear at
higher temperatures. Some important questions concerning the
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Fig. 2. Resistive superconducting transition of the sample studied measured at
current I = 0.5 mA (what corresponds to current density J = 309 A/m?) for different
magnetic fields (in tesla): 0, 0.01; 0.02; 0.03; 0.04; 0.05; 0.06; 0.07; 0.08; 0.09; 0.1;
0.2; 0.3; 0.4; 0.5; 0.6; 0.8; 1.0; 1.2; 1.4; 1.6. Characteristic temperature, Ty = 23.2 K,
is shown by arrow. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Magnetic  field dependences of the  magnetoresistance,
[R(H) — R(0)]/R(0) = AR(H)/R(0), of the sample studied for the temperature range
T < T, recorded with increasing field at current I=0.5mA (current density
J=309 A/m>2).
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Fig. 4. Magnetization curves at T = 10 K of the RuSr,(Gd; sCeps)Cu0;0_s sample.
The inset shows M(T) behavior at higher field range.

observed properties of ruthenocuprates remain open. In particular,
the exact nature of the magnetic ordering in the Ru1222 rutheno-
cuprates is not yet well understood. At the same time it was quite
firmly established [1] the following: (a) A negative magnetic
moment in the ZFC branches measured at low applied field; (b) fer-
romagnetic-like hysteresis loops and strong enhancement of the
coercive field in the superconducting state at T < T; and (c) the
presence of the so-called spontaneous vortex phase (SVP), which
permits magnetic vortices to be present in equilibrium without
an external magnetic field. The vortices in the superconducting
planes are caused by the internal field (higher than H. ). The
known experiments [1] have demonstrated that both (supercon-
ducting and magnetic) states coexist within the same crystalline
grain. At the same time the coupling between the magnetic
(RuO,, planes) and superconducting (CuO, planes) is rather weak.
It should be also noted that the hysteresis in the MR curves is
found neither connected to the magnetic hysteresis loops observed
below T, nor to the fact that superconductivity and magnetism
coexist in these materials [7].
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Fig. 5. Temperature evolution of magnetic field dependences of the magnetization
of the as-prepared RuSry(Gd;sCeps)Cuy0q9_s sample in low-field range. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. (a) Current dependences of the resistance R(I) = U/I (obtained from current-
voltage characteristics) at different temperatures. Arrows indicate two crossing
points in the set of R(I) curves at characteristic currents Iy =1.95mA and
I, =35.2mA, which correspond to the current density J=414 and
2.18 x 10* A/m?, respectively. (b) The similar dependences of the differential
resistance Rgs = dU/d]. Arrows indicate two crossing points in the set of Rgy(J)
curves at characteristic currents Iy; = 0.67 mA and I, = 16.2 mA, which correspond
to the current density J =4.14 x 10* A/m? and 1 x 10* A/m?, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Current-voltage characteristics of the sample studied are
strongly non-linear below Ty but become approximately linear
when approaching Ty (and above it). This is seen in Fig. 6 where

current dependences of the resistance R(I) = U/I (obtained from
current-voltage characteristics) at different temperatures are
shown in upper part (a) of the figure. Arrows indicate two crossing
points in the set of R(I) curves at characteristic currents
I,y =1.95mA and I, =35.2 mA (corresponding values of the
current density are indicated in the figure caption). The similar
dependences have been found for the differential resistance
Rgy = dU/dI [the lower part (b) of the figure]. Here the two crossing
points are also present at characteristic currents I,; = 0.67 mA and
I, = 16.2 mA ((corresponding values of the current density are
indicated in the figure caption). It should be noted that the current
dependences of dc resistance R = U/I have the same appearance as
that for Ry = dU/dI, but with higher values of the crossing point
currents. At temperatures rather far below Ty both, Ry (I) and
R(I), curves show weak current dependence for small currents,
but with increasing current the curves go up and then down
forming the maximum (Fig. 6). This kind of behavior has been pre-
viously seen in low-T, [24], high-T. superconductors [25] with non-
metallic behavior of R(T) above T,, and in non-superconducting
fairly resistive granular systems (i.e., island Au films) [26]. The in-
crease in resistance for currents below 10 mA (Fig. 6) is associated
with superconductivity depressing. For currents above 10 mA
(where superconductivity is completely depressed) resistance de-
creases with increasing current. The reason for it is that the electric
field exerts the pronounced effect on the granular metal conductiv-
ity: it changes the shape and reduces the effective height and width
of the potential barrier between granules, and thus affects the
degree of electron localization in granules [27,28]. Actually, the in-
crease in the probability of tunneling with increasing applied volt-
age (current) or temperature takes place [28]. For this reason the
behaviors of R(I) and R(T) are quite similar (Figs. 1 and 6).

The crossing point phenomenon is well known in strongly cor-
related electron systems [29]. It implies that a family of curves
P(x,y) (where P is some physical characteristic, x and y are some
thermodynamic or dynamic quantities) can intersect strictly at
one point when P(x,y) is plotted as a function of one of the variable
for different values of the other one. This was found, for example,
for Gd ruthenocuprates in the specific-heat temperature and
magnetic field curves [23]. Both crossing points in Fig. 6 have the
typical appearance for this phenomenon [29]. At the same time
the two crossing points observed have some clear individual fea-
tures. It is seen in Fig. 6 that only curves taken at T < 15 K show
a crossing point effect. It is apparent that the first crossing point
(at I =I,) is simultaneously the inflection point for each curves
intersected. This means that at this point

2
gRULT) };(IIZ’ D =0. (1)
L.(T)

We shall try to explain the non-monotonic behavior of R(I) curves
and origins for appearance of the crossing points below. Here we
would like to stress mention that the crossing point effect is a
characteristic feature of inhomogeneous (for example, two-level,
two-component, two-phase and the like) systems. It is asserted
[29], among other suggestions, that the crossing point should
become apparent in a system which is a superposition of two (or
more) components, like that in the known Gorter-Casimir two-fluid
model of superconductivity. Granular superconductors can be con-
sidered as some type of two-component or two-level system as will
be discussed below.

3.2. Hysteresis and stepwise structure in MR curves

We have studied the magnetic field dependences of the resis-
tance and MR hysteresis for different values of the transport cur-
rent (indicated in Fig.1. The R(H) curves were recorded under
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continuous variation of the field from —0.005 T to zero and then to
the field Hpq (about 1.5 T) with subsequent decreasing to zero on
going to the starting value of —0.005 T. During such cycles the
same sweep rate of 20 mT/s with the field perpendicular to the
transport current is kept. No significant difference in R(H) curves
(including the stepwise structure described below) has been found
by us for measurements under other orientations of H (for exam-
ple, parallel or antiparallel to the current). We have found that
the MR hysteresis pattern changes with increasing temperature
(in the range below T) as shown in Fig. 7. At low enough temper-
ature, the MR curves measured with decreasing field go below
those taken with increasing field (clockwise hysteresis). When
temperature increases sufficiently close to T the opposite behav-
ior takes place: the decreasing H curve goes above that taken with
increasing field (anticlockwise hysteresis). This change in the MR
hysteresis behavior with temperature is found for the transport
currents in the range 0.1-3 mA. It is seen that under the clockwise
MR hysteresis the MR curves cross in the low field range (Fig. 7).
Similar crossing has been found in MR hysteresis of high-T. super-
conductors with weak intergrain coupling [21]. For both types of
hysteresis the MR is finite (“remanent” MR) when the external
magnetic field decreases to zero going to the end of the cycle. It
follows from Fig. 7 and those presented below (Figs. 8-10) that
the minimum (zero) value of MR with the backward H sweeping
is achieved not at H = 0 but at some negative value of H.
Previous studies of MR hysteresis in superconducting rutheno-
cuprates are scanty. Actually it is possible to compare properly
the results obtained only with those in Ref. [7], where Ru1222-
Gd with somewhat different composition [RuSr,(Gd;3Ceq7)
Cuy010_;] and higher T,y ~ 43 K has been studied. In that study
the clockwise hysteresis at temperature rather far below T, and
“remanent” MR are found (same as in this study). In distinction
to Ref. [7] we have found the transition from the clockwise to
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Fig. 7. Temperature evolution of MR hysteresis curves of the sample at current
I=3mA (corresponding current density J is 1854 A/m?). It demonstrates the
transition from the clockwise hysteresis at low temperature to the anticlockwise
one with increasing temperature. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Low field behavior of MR hysteresis curves of the sample at T=8 K and

I=3 mA (current density J=1854 A/m?). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. MR hysteresis of the sample at T=20K and current [=0.5 mA (current
density J is 309 A/m?). Arrow indicates the characteristic field H, above which the
stepwise structure disappears. The inset presents an enlarged image of the MR
curves in the low-field region. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

anticlockwise MR hysteresis with increasing temperature in the
range below Ty. Moreover, we have found a stepwise structure in
the R(H) curves at low-field range.! This structure can be seen, for
example, if any curve in Fig. 7 (obtained for | = 3 mA) is enlarged
sufficiently, like that shown in Fig. 8. Similar stepwise structure is
found to appear for other transport currents (Figs. 9 and 10). This
structure appears for both, the upward and downward magnetic-
field variations. It is significant that in both cases the stepwise struc-
ture appears only below some characteristic field H, (Figs. 9 and 10).
Temperature dependences of the field H, together with those of MR
at H = 1.6 T are shown in Fig. 11 at two currents, 0.2 and 0.5 mA. It is

1 We have found quite similar stepwise structure and MR hysteresis behavior of the
R(H) curves also in other of Felner's Ru1222-Gd samples, namely in the sample
annealed at 30 atm of pure oxygen. According to our previous study [10], oxygen
annealing improves the intergranular connection considerably, but it does not exert
much influence on the intragrain superconductivity.
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Fig. 10. The same as in Fig. 9 for T=14.93 K and I=0.2 mA (corresponding to
current density J = 123.6 A/m?). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Temperature dependences of characteristic field Hy and
AR(H) = [R(H) — R(0)] (H = 1.6 T) at transport currents I =0.2 mA (J = 123.6 A/m>*)
and I=0.5mA (J =309 A/m?). Characteristic temperatures of granular supercon-
ductor, Ty and T, are indicated by arrows. The dash-dot horizontal straight line in
the right corner of the upper panel presents AR(H) = 0. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

evident that: (i) clear correlation exists between the temperature
dependences of H, and MR; (ii) H, goes to zero with temperature
going to Ty. The latter means that the stepwise structure appears
in MR curves only below T.

In the range Ty < T < T, MR hysteresis is anticlockwise and
without the stepwise structure (Fig. 12). Here two main features
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Fig. 12. Examples of MR hysteresises for I = 0.5 mA (J = 309 A/m?) at tempera-
tures close to the intragrain superconducting temperature T, = 34 K. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

can be observed. First, negative MR in the low-field range, and,
second, saturation of resistance at high enough field when temper-
ature is fairly close to T, =34 K. Above T intergrain Josephson
coupling is nearly suppressed so that intergrain conductivity is
determined mainly by single-particle tunneling. In this case nega-
tive MR appears [30]. It is associated with the reduction of the
intragrain superconducting gap A(T) in an applied magnetic field,
that causes an increase in the unpaired quasi-particle density
and corresponding decrease in resistance [30]. Although the intra-
grain upper critical field is found to be very large in the Ru1222-Gd
compound [9], close enough to T, the field applied in this study
(up to 1.6 T) is quite enough to suppress intragrain superconduc-
tivity. It is seen in Fig. 12 that at T = 32.31 K the R(H)/R(0) depen-
dence shows negative MR for low field; then with further increase
of the field MR becomes positive and saturates at H > 0.6 T. Above
this field the resistance is constant implying total suppression of
the intragrain superconductivity by the magnetic field. MR remains
positive when the field is decreased after the maximal applied field
was reached (Fig. 12).

3.3. Discussion

The ruthenocuprates are magnetic superconductors but the
internal magnetic field from the spontaneous magnetization in
the Ru1222-Gd is rather small, below 0.004 T [31]. So that, in the
first approximation, this will be not taken into account in our
discussion.

For homogeneous superconductors the anticlockwise hysteresis
of MR (when R(H) under decreasing H goes above that taken with
increasing field) is usually explained by the flux trapping. Granular
superconductors are inhomogeneous and just this determines
appearance of the clockwise behavior of MR hysteresis in these
materials. At present time in known literature this behavior is
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commonly explained on the basis of the two-level critical-state
model [19] developed for high-T. granular superconductors. This
model describes actually the two-component system which
consists of (i) superconducting grains with critical current I; and
the lower and upper critical fields He, and Heg; and (ii) so called,
intergrain Josephson medium with critical current and fields
Ig,Hey and Hey. It is reasonably taken that Heg > Hepy and
Icg > Igy. The field Hg in Ru1222-Gd compounds is enormously
large. For example, it was found that T, decreases by only about
2 K with increasing field up to 8 T [10]. Lower critical field of the
intergranular medium, Hcyj, is expected to be very small (below
10~* T according to the estimate in Ref. [17]). The intragrain lower
critical field, Heqg, in ruthenocuprates is poorly studied, but judging
from available [2,8] and our own data its values can be in the range
0.01-0.1T. It follows that even at the lowest external field the
intergranular medium of the sample studied is in the mixed state
(even with neglect of the inner magnetic field due to the spontane-
ous magnetization).

Resistivity in the mixed state of such an inhomogeneous system
is determined primarily by intergrain coupling. Intergrain Joseph-
son medium is sensitive even to small variations in current and
magnetic field; whereas, these variations (at I < I, and H < Hcqg)
have no influence on intragrain superconducting properties. With
increasing field, the flux penetrates primarily grain boundary
regions with weakened superconductivity causing depression of
intergrain coupling and a corresponding strong resistance rise in
low field (Fig. 3). With further increasing field (above H,) the flux
begins to penetrate into grains. It is evident that increase in current
exerts a similar influence on the intergranular medium and, thus,
on measured resistance (see Fig. 1 at I < I,). The relevant parame-
ter which determines behavior of resistance in magnetic field is the
magnetic flux density (induction) B; of the intergrain Josephson
medium. A clear correlation between B; and resistance in the
mixed state of granular high-T. superconductors was demon-
strated in Ref. [18].

It is generally accepted that based on the two-level critical-state
model [19] the intergrain induction B; is determined by three con-
tributions: (1) the applied magnetic field, Hp; (2) the intragrain
magnetization, M, and (3) the intergrain magnetization, M;. Due
to complexity of such systems, in known literature only some aver-
age expressions for B; [18,21,32,33] have been presented, which
take into account quite generally sample shape, demagnetization
fields of the sample and the grains, shape and volume fraction of
grains and another factors. This can be written in a simplified form,
for example, as

By = Hap + M;(Hap, I) = Mg(Hap) C(Hap), (2)

where C(Hgp) is a shape dependent numerical factor of the order of
unity [21,33,34]. It is seen from Eq. (2) that M; and M, have opposite
contributions to the intergranular magnetic flux density, that has
been clearly shown in [32]. Due to weakened superconductivity of
the intergranular medium the relation M; < M, is expected to hold,
so that Eq. (2) can be in some approximation rewritten as

By ~ Hap — Mg(Hap) C(Hap)- 3)

It is seen that hysteresis in MR in granular superconductors is deter-
mined primarily by hysteretic behavior of the intragrain magnetiza-
tion, which is characterized by the intragranular flux trapping. In
superconductors, the dependence of M(H) with decreasing field
goes above that with increasing field due to flux trapping. This leads
to the clockwise hysteresis in MR in granular superconductors. The
same phenomenon (flux trapping) determines the anticlockwise MR
hysteresis in homogeneous superconductors since in this case the
common relation B(Hgp) = Hqp + M(Hgy) holds. In this study the
transition from clockwise to anticlockwise MR hysteresis with
increasing temperature has been found (Fig. 7). The anticlockwise

hysteresis is fully developed when temperature is close enough to
the characteristic temperature Ty = 23.2 K above which a Joseph-
son-like intergrain coupling is depressed although grains remain
superconducting up to T, =34 K. In the range Ty <T < T the
anticlockwise hysteresis takes place (Fig. 12). It is evident that
when T approaches and exceeds T, the granular system studied
does not correspond to the two-level critical-state model [19] since
the intergranular Josephson medium disappears and transition to
one-component system takes place so that MR hysteresis becomes
anticlockwise.

Now we will focus again on the stepwise structure of MR curves
(Figs. 8-10). Some stepwise structure in MR curves has been re-
ported previously for a high-T. YBCO polycrystalline sample [20],
but only very general suggestions about this phenomenon were gi-
ven. Based on results of this study the following general features
found for the phenomenon can be distinguished. First, the stepwise
structure appears only below Ty =23.2 K that is in the region of
the assumed two-level (or two-component) state of the granular
superconductor studied. It can be suggested therefore that the
jumps of resistance in magnetic field are associated with peculiar-
ities of the flux moving in the intergranular Josephson medium.
Second, the steps appear in R(H) curves beginning from lowest
applied fields and disappear at some characteristic field Hy, which
depends on temperature and applied current and clearly correlates
with MR (Fig. 11). Third, the relative amplitude of the resistance
jumps or steps (AR/Ro, where Ry is resistance in zero field) gener-
ally decreases with increasing field. This is especially evident for
higher applied current (see Fig. 8 for I = 3 mA). For low currents
this is not so obvious (Figs. 9 and 10). The average amplitude of
AR/R, decreases with increasing current and temperature as can
be seen in Fig. 13. This Figure (and Fig. 11) shows that the stepwise
structure exists only below T.

The stepwise structure of the MR curves suggests that penetra-
tion of magnetic field into the intergranular Josephson medium
proceeds not smoothly, but discontinuously, step-by-step. This is
somewhat similar (but not the same) to the phenomenon of flux
jumps (or magnetic instability) known for a long time in homoge-
neous type-II superconductors [35-37]. In certain circumstances
flux penetrates superconductors via discrete jumps or avalanches
where a few or many vortices hop at once from one position to

ARIR, (%)

T (K)

Fig. 13. Temperature dependences of the relative amplitude of the resistance
jumps for different applied currents (0.1; 0.2; 0.5; 1.0; 3.0 mA) with corresponding
current densities J=61.8; 123.6; 309; 618; and 1854 A/m% R, is zero field
resistance. The arrow shows the characteristic temperature, Ty = 23.2 K. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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another [37]. Typically, flux jumps have revealed themselves as
abrupt jumps in the magnetostriction and magnetization hystere-
sis loops in the Meissner state. This phenomenon in homogeneous
superconductors shows itself only in samples of sufficient size
(critical dimension criterion) [37]. The magnetic instability was ob-
served in high-T, superconductors as well [38].

Due to the critical dimension criterion, the flux jumps in high-T,
superconductors have been observed only in rather large single
crystals or well textured polycrystalline samples with high critical
current [38]. In ceramics the critical dimension is determined by
grain size which is usually too small for occurrence of the flux
jumps. As far as we know no such effect (like jumps in magnetiza-
tion loops) was seen in polycrystalline ruthenocuprates, so that
jumps in intragrain magnetization (which makes the dominant
contribution to global measured magnetization) can be excluded.
But below Ty the measured resistivity of the granular supercon-
ductor studied is determined primarily by intergrain weak links
and properties of the intergranular Josephson medium. This med-
ium is inhomogeneous, so that its critical parameters such as Iy
and He; (and, hence, intergrain Josephson coupling) have some
spatial distribution. As a result of this, the increase in resistance
with increasing magnetic field cannot proceed smoothly but
step-by-step due to local flux jumps in the Josephson medium
causing resistance jumps.

Resistance jumps in MR curves (Figs. 8-10) can also be consid-
ered from the point of view which takes into account the percola-
tive character of intergrain conductivity below T. In a percolative
granular system the conductivity is determined by the presence of
“optimal” chains of grains with maximum probability of electron
transport for adjacent pairs of grains forming the chain. As the ap-
plied field is increased, some of the weakest links of the chains go
to a resistive state causing an increase in total resistance of the sys-
tem. This process can go in steps as a discontinuous transition from
less resistive to a more resistive set of “optimal” chains of grains
with increasing field. It is evident that increasing field leads to a
decrease in the total number of weak links at which superconduc-
ting electrons can transfer from one grain to another. The same
influence is exerted by increasing temperature. In both cases, this
means decreasing in area of the Josephson medium. For high en-
ough field, the number of weak links (or volume of the Josephson
area) becomes too small to produce noticeable steps in total resis-
tance with increasing field, and the MR curves become smooth. For
this reason the stepwise structure disappears above a characteris-
tic field H, (Figs. 8-10) and this field decreases with approaching to
Ty (Fig. 11). In a resistive state of the percolative superconducting
granular system even a rather low magnetic field can influence the
Josephson medium and cause resistance jumps as observed in this
study. This is in contrast to flux jumps in homogeneous supercon-
ductors where flux jumps are possible only above the threshold
field [35].

Now we can return to discussion of the crossing point effect in
the family of R(I,T) curves (Fig. 6), taking into account that the
intergranular medium which determines the total resistance below
T, is inhomogeneous. It consists of (1) Josephson medium which
presents weak links for intergranular propagation of superconduc-
ting electrons, and (2) nonsuperconducting (normal) medium
through which only transfer of unpaired quasi-particle excitations
is possible. A somewhat similar concept has been applied previ-
ously for low-T. granular superconductors [30] where resistive
transitions were explained by concurrent tunneling of unpaired
quasi-particle excitations and intergrain Josephson tunneling of
Cooper pairs. The intergranular medium is a typical two-compo-
nent system for which, as has been mentioned above, crossing
point effects can appear [29]. Relative volume of each component
depends on magnetic field, current and temperature, but the total
volume of the two components remains unchanged. Behavior of

R(I) curves (Fig. 6) with crossing point effect is quite understand-
able for a two-component system. With increasing current, the vol-
ume fraction of the normal intergranular medium increases;
whereas, that of the Josephson medium decreases. This leads to
growth in resistance which proceeds up to some current at which
maximal resistance is achieved (Fig. 6). At this current the volume
fraction of the Josephson intergranular medium is zero (or close to
zero). Further increase in current causes a decrease in resistance
since intergranular transport of unpaired quasi-particle excitations
is basically activated in character (Fig. 1) so that an increase in cur-
rent enhances the probability of the intergranular transport. The
nature of the second crossing point at higher current (Fig. 6) is un-
clear at the moment and deserves further study.

In conclusion, we have studied inhomogeneity effects in current
and magnetic-field dependences of the resistive transition to
superconducting state of granular ruthenocuprate RuSr,(Gd;s.
Ceps5)Cuy010_s. In the current dependence of resistance taken at
different temperatures a crossing point effect has been found. Mag-
netoresistance in the mixed state of this inhomogeneous system
demonstrates significant hysteresis of different type (clockwise
and anticlockwise). At low temperature the clockwise hysteresis
takes place; whereas, with increasing temperature the transition
to anticlockwise hysteresis occurs. Stepwise structure in MR hys-
teretic curves has been observed in low-field range. All the men-
tioned phenomena can be explained by taking into consideration
the peculiarities of inhomogeneous state of the granular supercon-
ductor studied, which consists of superconducting grains and inho-
mogeneous intergrain medium.
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