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Nonmonotonic forms of resistive superconducting transition as a function of temperature and
magnetic field have been observed in granular high-7, ceramics of the electron-type family
L, M,CuO,_,. The behavior is compared with that of low-temperature granular superconduc-
tors and is treated by the conventional terms of the energy gap and Josephson and quasiparticle tun-
nelings. The values of the intragranular upper critical field H,, perpendicular to the a-b plane of
Sm-Ce-Cu-O are extracted. We find evidence for the appearance of superconductivity in individual
grains at temperatures significantly higher than the resistance onset temperature.

INTRODUCTION

It is generally recognized now that the intrinsic short
coherence length! and granular structure of the high-
temperature superconductors are the essential parameters
limiting the potential applications of these materials. Un-
like the classical superconductors, the intergranular
boundaries of high-T, ceramics are the sites of a
depressed order parameter and operate like Josephson-
type weak links.? As a result, the critical current of the
polycrystalline samples is usually found to be strongly
dependent on magnetic field and unsatisfactorily low for
large-scale applications.

The study of granular superconductivity is not, howev-
er, new. A lot of theoretical and experimental work has
been devoted to the subject, especially after the discovery
of a universal threshold value R, (Ref. 3) of the normal-
state sheet resistance of two-dimensional films, which
divides films that show complete superconducting transi-
tions to zero resistance from those that do not. In a
granular film, superconductivity is destroyed by a loss of
long-range phase coherence when the film’s resistance
exceeds the value R, of the order of & /4e 2, In this case
a so-called “quasireentrant” behavior can be observed* ®
in which the resistivity falls at the onset transition tem-
perature, then passes through a minimum before rapidly
increasing at the lower temperatures. The behavior ap-
pears not to be restricted to two-dimensional systems, but
was also found in thicker three-dimensional samples of
granular metals.” Moreover, the resistivity of three-
dimensional films of granular aluminum very close to the
metal-insulator transition was found’ to show quasireen-
trant behavior also in the magnetic-field dependence.
One of the explanations of the quasireentrant behavior in
the temperature dependence arises from a combination of
quasiparticle and Josephson tunnelings between isolated
superconducting islands. The normal-state resistance of
the metallic grains themselves in the system near the
metal-insulator threshold is negligible compared to that
of the intergranular spacings. The drop of resistivity
below the onset can then be associated with the creation
of a finite nonpercolating chain of intergranular Joseph-
son couplings across the low-resistance (smaller than Ry)
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junctions. The charge transfer across the high-resistance
junctions (larger than R,) is governed by quasiparticle
tunneling. The resistance of the sample then increases
when the temperature is further decreased because of the
reduction in the quasiparticle density.

The application of the conventional superconductivity
apparatus to high-T, superconductors became even more
valuable after the discovery of the remarkable similarity
between the properties of ‘“‘classical” homogeneous Bi
films® and ultrathin films of DyBa,Cu;0, (Ref. 9) and
YBa,Cu;0,.!° In both systems superconductivity was
found only when the normal-state sheet resistance is
below 6450 Q. It is therefore attractive to find how far
the similarity between the low- and high-T, granular su-
perconductors may extend.

EXPERIMENTAL TECHNIQUES

We concentrated our study on the family of electron-
type superconducting ceramics L, M, CuO,_, (L=Pr,
Nd, Sm, and Eu; M =Ce and Th). Polycrystalline sam-
ples were prepared by a solid-state reaction as described
in Refs. 11 and 12. The existence of macroscopic super-
conductivity in these compounds is limited within a nar-
row range of doping concentrations x and of oxygen
deficiency y.!> The maximum values of the transition
temperature of the order of 20 K were found for x =
0.15-0.16 and y =0.02. Resistance of the samples was
measured by an ac four-probe technique in an applied
magnetic field up to 6 T. Susceptibility was measured in
a superconducting quantum interference device (SQUID)
magnetometer. The sample topology was studied by a
scanning electron microscope (SEM).

EXPERIMENTAL RESULTS

We shall start by a presentation of the topological
structure of the materials studied. The structure of all
the family of electron-type materials L,_,M,CuO,_, is
very similar. We show in Fig. 1 the SEM micrographs of
Nd-Th-Cu-O and Pr-Ce-Cu-O samples, the typical
representatives of this class of materials. The samples are
built of large grains tightly pressed one to another. The
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FIG. 1. SEM micrographs of (a) Nd-Th-Cu-O and (b) Pr-Ce-
Cu-O samples. The grains are large and tightly packed.

grains are large, and their dimensions vary between 1 and
10 pm. The surfaces of the neighboring grains are
smoothly adjusted; the material fills almost all the
volume. The intergranular spacings are narrow and of
approximately constant width. The structure seen inside
the porous cavity is identical to that on the surface; thus
a three-dimensional picture can be imagined. This topol-
ogy is very different from, for example, granular alumi-
num,’ Al-Ge,'* or random array of tin particles,15 exten-
sively studied near their metal-insulator transition. The
latter are the systems of diluted small metallic grains with
a typical size of 100 A embedded in an insulator matrix.
Study of the granularity effects means separation and
identification of the intra- and intergranular properties.
In the transport measurements we tried to reach this by
tuning the superconducting transition by current and ap-
plied magnetic field. We show in Fig. 2 the resistivity of
a Sm, g;sCej ;5CuO; o3 sample as a function of tempera-
ture measured with different current levels at zero mag-
netic field. The transition consists of two clearly separat-
ed stages: an initial current-independent drop of constant
value and a resistance tail, which character changes
dramatically by varying the measuring current. Zero
resistance is achieved by a smooth monotonic transition
when the current is lower than a few uA. A wide “knee”
tail is developed for higher currents, which gradually up-
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FIG. 2. Resistance of Sm; 45sCe( ;5CuQ; o sample as a func-
tion of temperature measured with different current levels at
zero applied field. (a) 1 mA, (b) 2 mA, (c) 4 mA, (d) 5 mA, and
(e) 10 mA. An initial current-independent resistance drop can
be related to the intragranular transition, when the current-
dependent stage is a property of intergranular boundaries.

turns when the current is further increased. The different
current dependences of the two transition stages can be
related to two different components of the polycrystalline
samples: the grains themselves and the intergranular
boundaries.

This assumption is confirmed by the transport mea-
surements under applied magnetic field. We show in Fig.
3 the resistance of the same Sm, 45sCe; ;sCuO; o3 sample
(as in Fig. 2) measured with a low current under different
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FIG. 3. Resistance of Sm; gsCey 15Cu0O; o3 sample as a func-
tion of temperature under different applied magnetic fields. The
measured current is 100 pA. Nonmonotonic resistive transition
is emphasized under H =0.9 kOe.
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applied magnetic fields. The two-stage separation of the
transition becomes evident under a field as low as 10 Oe.
An extraordinary form of transition is developed under
the field in the range 50 Oe < H <10 kOe. Resistance
drops to a nonzero minimum below the onset transition
temperature and increases when the temperature is fur-
ther reduced. In contrast to the known quasireentrant
behavior,* it reaches a maximum and decreases under ad-
ditional reduction of temperature. The height and sharp-
ness of the peak increase with the value of the applied
field. The high-temperature resistance drop becomes pro-
gressively smeared when the field exceeds several kOe,
and the anomaly disappears under fields above 10 kOe.
The resistance measured under a higher magnetic field
monotonically increases until an onset temperature and
reduces with additional cooling. It is important to note
that the high-temperature resistance drop unsensitive to
the increase of the current (Fig. 2) is of the same value as
that observed under low magnetic field (Fig. 3).

The comparison between the R (T) curves measured
under different applied magnetic fields reveals additional
interesting details. For most of the samples, the resis-
tance measured under low fields starts to exceed the value
observed under high applied field at temperatures
significantly higher than the resistance reduction onset
temperature.'® We illustrate the phenomenon with three
R(T) curves measured in the Sm,g;Cey 5Cu0; oy
(y =0.03) sample under fields of 0, 900 Oe, and 50 kOe,
respectively (Fig. 4). The zero field resistance drops to
zero below the onset temperature; however, when mea-
sured under a low applied field, a characteristic “double-
peak” transition!” is developed. An enhancement of the
resistance at temperature above the reduction onset was
also found in the Nd-Ce-Cu-O sample which shows a
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FIG. 4. Resistance of Sm, 3sCey ;sCuQ; o; sample as a func-
tion of temperature under different applied magnetic fields. The
measuring current is 100 uA. Double-peak transition including
the resistance enhancement below T, is pronounced under
H =1.8 kOe.
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FIG. 5. Resistance of Nd, 4sCe; ;sCuO; o5 sample as a func-
tion of temperature under different applied magnetic fields. The
measuring current is 100 uA. Enhancement of resistance below
T., measured under low field is observed also in this sample
with a metal-like normal-state behavior (dR /dT >0).

metal-like resistance temperature dependence dR /dT >0
in its normal state (Fig. 5).

The nonmonotonic form of the R-versus-T transition
reflects itself also in the magnetoresistance curves. Nega-
tive magnetoresistance is found in all the samples studied
in the temperature range T, <T <T,, where T, is
defined as the temperature at which the resistance mea-
sured under strong fields deviates from that measured at
zero field, and T, is the temperature of their intersection
(see Fig. 4). At temperatures below T, the resistance
varies nonmonotonically as a function of applied magnet-
ic field: it increases at low fields and decreases at higher
ones (Fig. 6, T=15 K). In several samples, such as
Sm, 3sCe( 15CuO; o5, One can find a temperature range in
which a double-peak resistive transition is observed as a
function of magnetic field (Fig. 6). Resistance measured
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FIG. 6. Resistance of Sm,; 3sCe, ;sCuQ; o3 sample as a func-
tion of applied magnetic field at two temperatures 8 and 15 K.
The measuring current is 100 pA. Double-peak magnetoresis-
tance transition is seen at 8 K.
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at T=238 K increases sharply at low field and passes local
maximum, minimum, and maximum, respectively, as the
field increases.

The importance of the intergranular coupling is well il-
lustrated by the properties of Eu-based ceramics. We
show in Figs. 7 and 8 two sets of measurements obtained
from two samples, the second sample being a small piece
cut from the first one. The general properties of the large
sample (sample 1), such as the appearance of the double-
peak transition at low fields [Fig. 7(a)] and nonmonotonic
magnetoresistance transition [Fig. 7(b)] are similar to the
rest of the family. However, zero-resistance global super-
conductivity is never achieved in the small sample (sam-
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FIG. 7. (a) Resistance of a large Eu, 3sCey sCuO; o3 sample
as a function of temperature under different applied magnetic
fields. The measuring current is 100 pA. (b) Normalized resis-
tance of a large Eu; gsCep 5CuO; q3 sample as a function of
applied magnetic field at temperatures: (a) 5 K, (b) 10 K,
(c) 145K, (d) 24 K, and (e) 33 K.
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ple 2). Instead, a classical quasireentrant behavior is ob-
served under low magnetic fields [Fig. 8(a)]. The magne-
toresistance of this sample includes a double-peak non-
monotonic  variation in the temperature range
3 K<T <6 K [Fig. 8(b)]. The absence of global super-
conductivity in the small sample indicates explicitly that
the network of superconducting couplings in this materi-
al is very diluted and an infinite cluster of Josephson in-
tergranular couplings does not pass the volume of the
small sample.
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FIG. 8. (a) Resistance of a small Eu, 3;sCe; ;sCuQO; o3 sample
as a function of temperature under different applied magnetic
fields. The measuring current is 100 pA. Behavior of this sam-
ple is similar to that of conventional granular superconductors
below the percolation threshold. (b) Resistance of a small
Eu, 35Cep ;sCu0O; 93 sample as a function of applied magnetic
field at different temperatures. Nonmonotonic double-peak
magnetoresistance is observed at 4, 5, and 6 K.
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DISCUSSION

We have presented here a variety of unusual supercon-
ducting transition forms observed in the family of the
electron-type high-T, superconducting ceramics. We ar-
gue that in spite of their extraordinary behavior, com-
pared to the conventional “low-T,” systems, it can be un-
derstood qualitatively using the classical terms, such as
superconducting energy gap, Josephson and quasiparticle
tunneling, etc.

Our understanding of these results is based on the mor-
phological structure of the material. The samples are
built of well-adjusted large grains (see Fig. 1), which
defines two important properties: (1) the normal resis-
tance of the grains themselves can be of the same order of
magnitude as the intergranular or total sample’s resis-
tance because of the large contact surface (or multiple
parallel weak links) between the neighboring grains; (2)
charging effects of insulated large grains are minimized.
This situation is very different from the one usually found
in the conventional systems of granular superconductors
in the vicinity of the metal-insulator threshold.

We now concentrate the discussion on curve B (Fig. 4)
in which the nonmonotonic double-peak transition is em-
phasized. We divide the curve into two temperature in-
tervals: above and below T,;,, temperature at which the
local minimum resistance R, is reached. We argue that
the behavior above this temperature, including the
enhancement of resistance below T, and its drop to
R in» which was found to be weakly dependent on varia-
tion of measuring current and low applied field, is deter-
mined by the intragranular superconducting transitions
mainly and does not involve the creation of intergranular
Josephson couplings. The low-temperature part of the
transition (below T ;,), which is highly sensitive to the
measuring conditions, is governed by the interplay be-
tween the Josephson and quasiparticle tunneling between
the superconducting grains.

The critical temperature of electron-type superconduc-
tors has been reported to depend strongly on the level of
electron doping (x) and oxygen deficiency (y). The
highest transition temperature of 24 K for the Nd-Ce-
Cu-O sample was claimed for x =0.15 and y =0.02.!!
However, an onset transition temperature as high as 31 K
has recently been reported!® in a Nd-Ce-Cu-O sample
with a quite different value of oxygen deficiency y =0.07.
Therefore, we suppose that because of some inhomogene-
ous treatment a number of grains can become supercon-
ducting at temperatures significantly higher than the
resistance drop onset T ,,. The appearance of supercon-
ducting grains between the normal ones can give two op-
posite contributions to the total sample’s resistance. The
total intragranular resistance reduces; however, the inter-
granular resistance can increase. The charge transfer be-
tween the neighboring normal and superconducting
grains separated by an insulating layer is governed by
quasiparticle tunneling. The increase of the gap in the
superconducting grain decreases the probability of the
quasiparticle tunneling, which leads to the enhancement
of resistance above its normal-state value. The predomi-
nance of this mechanism can explain the enhancement of

12 939
_ e -
£ o ol Tren
-
_\g; *-v Ty*
= _z o0 L : Sm-Ce-Cu-O y=0.03
*
-1.0 - *
%
-1.5 - +
.
+++
-2.0 * I I
o 10 20 30
TK)
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Sm, 3sCep.15Cu0; g7 sample as a function of temperature mea-
sured under 28 Oe applied field. Moderate signal variation
below T,,, becomes much steeper at T:.

the resistance below T, and the strong negative magne-
toresistance in the temperature range T;,, <T <T,, (Fig.
4). The existence of superconducting grains at tempera-
tures above the resistance onset T, is supported by the
SQUID measurements. We show in Fig. 9 the suscepti-
bility of the same Sm; 3sCe; ;sCuO; o7 sample as a func-
tion of temperature under an applied field of 28 Oe. The
diamagnetic signal onset is found at temperature
T\on =19 K, which is lower than T,,, but significantly
higher than T, (see Fig. 4). The moderate variation of
the susceptibility below T,,, becomes much steeper at
temperature Ty, which corresponds exactly to the resis-
tance drop onset T, .

We therefore suggest that at zero applied field the dis-
tribution of intragranular critical temperatures has a
wide tail until high temperature (even above T,,, which is
defined within the experimental accuracy) and a sharp
peak near T,,. As a result, the relative balance between
the intra- and intergranular contributions to the total
sample’s resistance can change drastically and resistance
can drop at an effective onset temperature. An opposite
situation with a very wide distribution of intragranular
critical temperatures is met under high applied fields
(above 1 T). The anisotropy of the upper critical field in
directions parallel and perpendicular to the a-b planes of
electron-type single crystals was found!®?° to be very
large. The grains in the polycrystalline samples are ran-
domly oriented, which broadens the intragranular
critical-temperature distribution under field. As a result,
the relative balance between the intra- and intergranular
contributions does not change, and the resistance mea-
sured under lower fields (larger intergranular supercon-
ducting energy gap) is higher than the one measured un-
der larger fields (lower gap) (see high-field curves in Figs.
3,7, and 8).

The high-temperature resistance drop unsensitive to
the variation of the current (Fig. 2) and low applied mag-
netic field (Fig. 3) can then be explained by the partial
shunting of the sample by the superconducting grains
themselves. For the Sm, 35Cey 5CuO; g sample, it gives
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a ratio between the normal-state intragranular and total
sample resistances at 20 K of R, rapran /R tora; =0-25.
We imagine the system of intergranular boundaries to

be built of two independent networks of S-N-S
(superconductor-normal-superconductor) and  S-I-S
(superconductor-insulator-superconductor) type. The

resistance of the weak link of S-N-S type is supposed to
be almost temperature independent. Following the anal-
ogy with low-T, superconductors, we divide the system
of S-I-S boundaries into two classes: Josephson-like junc-
tions with normal-state resistances below the critical
value Rj and insulator-like junctions with normal resis-
tances above R§, their charge transfer being governed by
quasiparticle tunneling. The vicinity of every network to
its percolation threshold is individual to every sample
and depends on its chemical treatment and dimensions.
For example, the network of Josephson-like S-I-S junc-
tions in the small Eu-based sample is below its percolat-
ing threshold and the sample’s resistance does not reach
zero. The low-temperature resistance increase can be ex-
plained by quasiparticle tunneling across the high-
resistance (above Rj) junctions. The rest of the samples
discussed have an infinite cluster of Josephson-like junc-
tions, and zero resistance is achieved at zero applied mag-
netic field.

In the absence of charging effects, a low-resistance
junction is expected to carry Josephson currents when
the thermal energy (of the order of kT) becomes lower
than its coupling energy E;. Both Josephson coupling
energy E; and the junction’s critical current J, are
depressed by magnetic flux. As a result, for a given ap-
plied external field the junction’s coupling temperature
defined as kT;=E; is shifted down. In the temperature
range T}, <T <Ty,, the charge transfer is governed by
quasiparticle tunneling between the superconducting
grains and the total resistance increases with temperature
reduction due to an exponential decrease of quasiparticle
density. At temperature T}, a sufficient number of junc-
tions becomes Josephson coupled and the sample’s resis-
tance starts to decrease. We are not familiar with a simi-
lar behavior in the classical low-7, superconductors, pos-
sibly because of the strong charging effects in the usually
small (about 100 A) grains of the studied systems.>”!3

The mechanism of low-temperature peak development
described above is based on the assumption that the ap-
plied field is low enough that the grains themselves
remain superconducting. The effect of strong magnetic
fields is twofold: (1) the intergranular critical-
temperature distribution broadens, which smears down
the high-temperature resistivity drop; (2) the temperature
of the effective transition from quasiparticle to
Josephson-like charge transfer is shifted to lower values.

The interpretation of the magnetoresistance curves is
based on the same arguments. Two general features
should be noted (see Fig. 6): a sharp resistance increase
at low fields and a decrease at high fields. The first one
corresponds to the destruction of Josephson couplings by
the flux penetrating through the junctions, the second to
the enhancement of the quasiparticle tunneling due to the
suppression of the intragranular gap. The transition
from low- to high-field regime can give rise to a double-
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FIG. 10. Schematic presentation of R(T) curves measured
under different applied fields (after experimental curves in Fig.
3). The curves a, b, ¢, d, and e correspond, respectively, to the
increasing fields. Magnetoresistance measured at temperature T’
passes the values 1, 2, 3, 4, and 5, respectively.

peak magnetoresistance transition (7 =8 K curve, Fig.
6). We illustrate this development schematically in Fig.
10. As the magnetic field is increased, the sample’s resis-
tance varies along the vertical isotherm and successively
passes the numbered positions. The saddle point of the
double-peak pattern is developed if position 2 (low mag-
netic field) exceeds the high-field curves (positions
3,4,...). This condition is not necessarily met in all the
samples.

Based on the mechanism described above, some quali-
tative information can be extracted. We show in Fig. 11
the low-field magnetoresistance curves of a
Sm, §5Cej 15CuO; o3 sample measured at several tempera-
tures between 12 and 20 K in the vicinity of the double-
peak saddle point R see Fig. 3). The curves consist of
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FIG. 11. Low-field magnetoresistance of Sm, 3;Ce; 5CuO; g5
sample measured at several temperatures in the vicinity of T',.
Identification of H,, is discussed in the text.



43 NONMONOTONIC RESISTIVITY TRANSITIONS IN GRANULAR . ..

three clear stages: (1) sharp low-field increase (destruc-
tion of Josephson coupling), (2) a range of moderate al-
most zero variation, and (3) a high-field increase due to
the suppression of the intragranular superconductivity
(the following decrease is not seen in this field scale). We
identify the high-field increase onset as the lowest of the
intragranular critical fields H,,, i.e., H,, parallel to the ¢
axis. The values of H_, can be accurately defined in the
vicinity of T, and are presented in Fig. 12 as a function
of temperature. The variation is linear near T, with the
slope dH_,/dT =0.1 T/K, which is in a perfect agree-
ment with the one found in Sm; 35Cey 5CuQ; g5 single
crystal.?°

The value of T,, has been determined for all the com-
pounds of the electron-type family.!* The most striking
feature of the results is that within the accuracy of this
determination, T, is almost independent of the rare-
earth component and is of the order of 20 K. A similar
property is observed for the diamagnetic signal onset
T,on- This is in a sharp contradiction with the variation
of the resistive transition middle point T4, which was
shown to fall down for heavy rare-earth-based com-
pounds and was suggested to be related to the size of the
rare-earth ions. If our understanding of the physical
meaning of T, is correct, some grains that got the “best”
treatment become superconducting at temperatures even
higher than T,. We speculate that if these optimum
conditions could be realized for all the material, the tran-
sition onset of all the family could be increased
significantly.

The results presented here have been obtained by the
study of the electron-type family L, _,M,CuO,_,. We
believe, however, that the general features of the non-
monotonic behavior are not restricted to this class of ma-
terials only and can be met in other granular supercon-
ductors. Some evidence for this can be found in the
literature. Negative magnetoresistance and a diamagnet-
ic signal at temperatures above the resistance onset have
been reported in Ba-K-Bi-O ceramic.?! Double-peak-like
behavior has been observed in Bi-Pb-Sr-Ca-Cu-O films
under certain treatment conditions.?? The anomalous in-
crease of low-temperature resistance reported for Ba-K-
Bi-O samples®> under pressure and high measuring
currents can be understood in the same framework.

CONCLUSIONS

Unusual forms of nonmonotonic resistive transitions as
a function of temperature and magnetic field have been
observed in high-T, superconducting ceramics of the

electron-type family L, ,M,CuO,_,. The behavior can
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FIG. 12. Upper critical field H,, in direction parallel to the ¢
axis of Sm, §sCej 15CuO; o5 as a function of temperature.

be understood qualitatively in the framework of intra-
and intergranular superconducting transitions, using the
conventional terms of energy gap, Josephson and quasi-
particle tunneling, etc. The systems studied are morpho-
logically different from the low-T, granular superconduc-
tors in the vicinity of metal-insulator threshold. The
grains’ large sizes and their tight packing minimize the
charging effects and make the intragranular normal resis-
tance comparable to the intergranular one. As a result
the intragranular and intergranular transitions can be
separated and identified, and the value of the intragranu-
lar upper critical field can be extracted.

Evidence has been found for the existence of supercon-
ducting phase in individual grains at higher temperatures
than the resistance onset one. We speculate that under
optimum treatment the critical temperatures of the
electron-type family can be increased significantly.

The granularity effects described here are believed not
to be restricted to electron-type ceramics, but can mani-
fest themselves in other polycrystalline superconductors.
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FIG. 1. SEM micrographs of (a} Nd-Th-Cu-O and (b) Pr-Ce-
Cu-O samples. The grains are large and tightly packed.



