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We have measured the magnetoresistivity of some L,_,Ce,CuO,_, (L =Pr,Nd,Sm) superconducting
single crystals along the ab plane and the c axis. For most crystals the resistivity along both directions
displays a very sharp rise just below T, and before the zero-resistance state is reached. This resistance
anomaly is quenched by a magnetic field. The effect of the field is more pronounced for H||c than for
H||(ab). Several possible scenarios to account for the resistance anomaly are discussed. We propose
that the resistance peak is a manifestation of a quasireentrant behavior resulting from an intrinsic granu-
larity of these n-type high-temperature superconductors. The relevance of these results and ac suscepti-
bility measurements for the anomalous behavior reported for the upper critical field is discussed.

INTRODUCTION

Investigations of the temperature-dependent electrical
resistivity in granular metals are of considerable interest
because of their relevance to the problem of electron lo-
calization and the occurrence of superconductivity.'
This interest has been renewed because high-temperature
superconductors (HTSC) display in some aspects typical
features of disordered superconductors. Granularity has
been observed in HTSC single crystals®® and it has been
argued that intrinsic granularity can be at the origin of
the controversy between Lorentz-force versus non-
Lorentz-force-based dissipation mechanisms in some
HTSC materials.*

In granular systems, single particle tunneling across
the resistive barriers between superconducting islands’
and charging effects® below 7. are expected to give rise to
an increase of the resistivity above its extrapolated
normal-state value. Josephson coupling between grains,
on the other hand, has the opposite effect: pair tunneling
between grains reduces the overall resistivity below T..

Competition of all these effects leads to the possibility’
of a reentrant (or quasireentrant) behavior, which has
been identified in a number of granular or very thin film
superconducting systems.®"!® Quasireentrance is mani-
fested typically by a lowering of the resistance when the
temperature is reduced below T, followed by a rapid in-
crease at lower temperatures. Gerber et al.!! have re-
cently observed a double-peak superconducting transi-
tion in granular L, M,CuO,_, (L =Pr,Nd,Sm,Eu;
M =Ce,Th) electronic superconductors, which has been
explained in terms of a quasireentrant-like behavior asso-
ciated with the polycrystalline nature of the samples.

On the other hand, in the electronic HTSC supercon-
ductors of the L, ,M,CuO,_, family, the upper critical
field line in the H-T phase diagram appears to be quite
puzzling for a number of reasons. For instance, close to
T., H (T) determined from magnetization measure-
ments shows an upward curvature that cannot be ex-
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plained within the conventional Ginzburg-Landau
theory.”? In addition, H,,(T) shows a similar shape to
the irreversibility line determined from both ac suscepti-
bility experiments'> and magnetization measure-
ments.'*!> One might speculate that these results, ob-
tained from measurements performed on single crystals,
originate from defects which may lead to some
granularity-related effects. In fact, indications that even
L, .M,CuO,_, single crystals can be very defective,
can be found in the large residual resistivity and the very
small slope of p(T) at a relatively high temperature
(<100K)."

In this paper we report measurements of resistivity on
L, .Ce,CuO,_, single crystals (L =Nd,Pr). Particular
attention has been devoted to the shape of the resistivity
versus temperature curve close to the superconducting
transition and its dependence on the crystal quality. The
most striking result is the observation of a giant resistivi-
ty enhancement close to T,.. We find that slightly below
T. and in zero magnetic field, the resistivity of the crystal
rises abruptly, reaching a maximum value p(7T),) at a tem-
perature T, <T.. At lower temperatures a sharp drop of
resistance signals the onset of the overall superconductive
state. It is important to notice that similar absolute
values of the excess resistivity Ap=p(T,)—p(T,) are ob-
tained for both the in-plane resistivity [p,,(7T)] and the
c-axis resistivity [p.(T)]. Here, p(T,) is the resistivity at
T,. The amplitude of the peak Ap is lowered by the ap-
plication of a magnetic field. The effect is more pro-
nounced for H|c than for H||(ab). Increasing the
measuring current has an effect on the peak amplitude
similar to the application of a magnetic field.

We will discuss the origin of this anomalous resistivity
peak by arguing that it is a clear manifestation of an in-
trinsic granularity which appears to be a common signa-
ture of most n-type HTSC single crystals. We will show
that the amplitude of the resistive peak can be modified
by an appropriate thermal treatment of the crystal and
thus may not exist in ideally perfect single crystals. How-
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ever, we will argue that because of the inherent defective
character of the CuO planes in the Ce and oxygen vacan-
cy doped materials, electromagnetic and transport prop-
erties reflecting this inhomogeneous character could be
generally expected.

EXPERIMENTAL

Single crystals of L, ,Ce,CuO,_, (L =Pr,Nd) were
grown by the self-flux method.!® To induce superconduc-
tivity, the samples were reduced under Ar in two steps:
first, at 900 °C for 12 h and second at 600°C for 15 h. To
measure the resistivity, four strips of Au paint were
prepared and cured at 400°C for 15 min under Ar. Pt
wires (50 um) were attached to the contacts by using
silver paste. The contact resistance was smaller than 2 Q.
Two different contact configurations have been used: (a)
four parallel strips ( 4, B,C,D) on each face of the crystal
and (b) four small dots at the corners of the crystal. Fig-
ure 1 shows a schematic drawing of the contact arrange-
ments.

We will present and discuss here the data obtained on
crystals of Nd, gsCe ;sCuO,_, (2.2X3.2X0.2 mm*) and
Pry 45Cej 15Cu0,_, (2.1X1.1X0.5 mm?) measured by
using the parallel strip contact configuration. However,
the existence of the resistivity peak'” and its dependence
on H and the testing current have been observed to be in-
dependent of the contact configuration. Most of the mea-
sured crystals, but not all, display the resistivity anomaly.
It will be argued below that the anomalous peak is related
to some intrinsic granularity of the single crystals. How-
ever, no clear correlation has been found between the
room-temperature resistivity and the observation of the
resistance peak. It may be that at temperatures far from
T,, the resistance is less sensitive to small gradients or
discontinuity of concentration of Ce or oxygen.

The data reported here were obtained with both the
current (I) within the ab plane and along the ¢ axis. In
this latter case the current was symmetrically fed through

(b)

FIG. 1. Contact configurations used to perform electrical
resistivity measurements. c-axis resistivity was measured only
by using the arrangement (a) with contacts strips (not shown in
the figure) on each side of the crystal.
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the (A4,D) contacts [Fig. 1(a)] and drained through the
equivalent contacts on the bottom of the crystal. The po-
tential was measured between the contact B and its
equivalent on the bottom. Both ac (16 and 80 Hz) and dc
current biases were used with identical results. The mag-
netic field was oriented either parallel to the ¢ axis or per-
pendicular to it. I and H were always perpendicular.

RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of p,,(T)
and p.(T) for the Nd,gsCeysCuO,_, single crystal.
Two remarks are in order. First, at T > 30 K both resis-
tivities have a metallic character. Second, an anomalous
enhancement of resistance is observed in both p,, (T) and
p.(T) at temperatures close to the superconducting tran-
sition. A similar behavior is observed for the measured
Pr; 3sCe 1sCuO,_, crystal. Due to the fact that
P(T)>>p,,(T) and the metallic character of p (T), the
observation of the resistive peak in p.(T) is important be-
cause it strongly indicates that this anomaly is not caused
by the mixing of p,,(T) and p.(T) components in the
measured resistivity.
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FIG. 2. In-plane (p,,) and c-axis (p.) resistivity as a function
of temperature for a Nd, 3sCe, ;sCuO, single crystal.
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It is well known that the contact geometry used to per-
form the measurements of the in-plane resistance cannot
give accurate values of p,, in anisotropic systems because
of the inhomogeneous current feeding and draining. Asa
result, some mixing of p,, and p. is expected to occur at
any temperature. However, any current redistribution
cannot enhance both p,, and p, simultaneously, just close
to the superconducting temperature. Consequently, the
resistivity anomaly reflects an inherent property of the
measured inhomogeneous crystals and it is not an experi-
mental artifact caused by any current redistribution.

Figure 3 shows the potential drop across the voltage
leads (B,C) when the current (400 uA) is injected
through the contacts ( 4,D). A striking resistive peak is
apparent close to T,. Figure 3 also shows the potential
drop across (A4,B) when current is injected through
(C,D). A similar result is obtained when the current
leads are changed to ( 4,B) and the potential is measured
by (C,D). The onset of superconductivity (T,) is very
sharp and takes place just at the temperature where the
anomalous peak starts to develop. Therefore, the excess
resistance develops well below T, and thus the peak
occurs at T, <T,. The observation of a nonzero voltage
drop between contacts C and D, when current is fed
through ( 4, B), suggests that the crystal has some inho-
mogeneous character. Any other contact configuration
always makes observable the resistance peak. As shown
in Fig. 4, increasing I leads to a slight reduction of
Ap(T,), but the onset of the anomaly remains at the same
temperature.

The effect of an external magnetic field on the in-plane
resistivity amplitude Ap for the Pr, 3;Ce; ;sCuO,_,, crys-
tal is shown in Fig. 5. For this particular crystal and for
H||c, the resistance anomaly vanishes for H=1 T. As
mentioned above, for H||c the suppression of Ap is much
faster than for H||(a,b). In Fig. 6 we show the magnetic
field effect on the c-axis resistivity amplitude Ap for the
Nd, 3sCeq 5Cu0,_, single crystal. Notice that neither
pAT) nor p,,(T) changes abruptly close to T.(H =0)
when the peak is suppressed by the field; consequently,
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FIG. 3. Open symbols: Potential drop across (B, C) contacts
when the current is injected through ( 4,D). Solid symbols: Po-
tential drop across (A4,B) when current is injected through
(C,D) for a Pr; gsCe ;sCuQ, single crystal.
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FIG. 4. Effect of the measuring current on the amplitude of
the resistance peak Ap of the Pr,;Cep ;sCuO, single crystal:
I=200 pA (0), 500 uA (O), 1 mA ({), and 2 mA (X). Note
that only the upper part of the resistive transition is shown.
The A, B, and C regions are discussed in the text.
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FIG. 5. Effect of an external magnetic field on the amplitude
Ap of the in-plane resistance peak for the Pr, 3sCe; ;sCuO, sin-
gle crystal. (a) H||c and (b) H||(a,b). Notice that the y-axis
scales are enlarged to clearly reveal the effect of the field. The
insets show the full resistive transition.
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FIG. 6. Effect of an external magnetic field (H||c) on the am-
plitude Ap of the c-axis resistance peak for the Nd, 35Cey ;sCuO,
single crystal. Only the upper part of the transition is shown.

the resistivity anomaly is not related to the normal-state
temperature dependences of p, and p,.

This nonmonotonic magnetic field and current-
dependent behavior of the resistance is surprising, espe-
cially in view of the monotonic variation of p,,(T) and
p.(T), which is found when the peak is suppressed by the
field (see Figs. 5 and 6). We have observed this behavior
in many L, ,Ce,CuO,_, single crystals and different
contact configurations.

Reports on the existence of anomalous resistivity peaks
close to T, can be found for a variety of superconducting
systems. The significance of some of the proposed mech-
anisms in the present situation can be readily excluded.

Recently, Bricetio et al. 18 have reported that in
Bi,Sr,CaCu,0y single crystals, when current and field are
both parallel to the ¢ axis, a resistance maximum occurs,
even in zero field, due to competition between semicon-
ducting p.(T) and Josephson interplanar coupling. The
effect of an external field (H|c) was to extend the
normal-state (semiconductor-like) behavior towards
lower temperatures and thus to higher values of resistivi-
ty before the sharp drop of resistivity to zero occurs. In
our case, as data of Fig. 6 clearly show, the magnetic field
also extends the normal state to lower temperatures.
What is more important, and distinct, is that the peak
rises the resistivity above the extrapolated p.(T) normal-
state resistivity. Therefore an explanation similar to that
suggested by Bricefio et al.'* is ruled out.

Gordon et al.'® have found by magnetoresistance mea-
surements on Al films that the inelastic electron scatter-
ing rate increases when T approaches T, from above, be-
cause of an interaction between superconducting fluctua-
tions and conduction electrons. The fluctuations are
weakened by a small magnetic field and thus a reduction
of the resistance anomaly has been observed.?’ In disor-
dered Cu-Zr alloys the existence of dilute magnetic im-
purities also leads to a strong increase of scattering of
conduction electrons in a narrow temperature range
above T..2! Pictures based on interactions between su-
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perconducting fluctuations and charge carriers or spins
can be ruled out by the results shown in Fig. 3: when the
current is injected and drained through two adjacent con-
tacts, the resistive transition is very sharp and occurs at
T.=22.5 K, well above the maximum in p(7,). There-
fore, if we assume that all superconducting parts of the
crystal have the same critical temperature 7., we should
conclude that the peak develops below the onset of super-
conductivity and it does not appear to be related to fluc-
tuations. The picture based on the enhanced electron
scattering by superconducting fluctuations could not be
ruled out if T, =22.5 represents only the critical temper-
ature of a particular region of the crystal.

Kwong et al.?* have reported the observation of an
enhancement of the resistivity above the normal-state
value in an Al thin film containing regions of different
transition temperatures. The peak occurs slightly above
the transition temperature of the lower-T, section. It has
been argued that the observed anomaly could be under-
stood as arising from the mismatch of the quasiparticle
and Cooper pair potentials at the interface between N-S
regions. To observe this effect, the voltage probes should
be placed within a distance of the quasiparticle potential
decay length, which is, of course, much shorter than the
contact separation. Our observation of the resistivity
anomaly for different contact configurations rules out this
interpretation.

To account for our experimental data, we propose here
a new model that includes explicitly the intrinsic granu-
larity of n-type single crystals. We will assume that re-
gions of distinct T, and/or superconducting islands sur-
rounded by nonsuperconducting material can exist within
the crystal. The existence of these inhomogeneities is
very plausible because of the strong dependence of T, on
the oxygen contents of the sample. Variations on the ox-
ygen content of 0.04 at/f.u. produce the quenching of the
superconductivity in L,  Ce,CuO,_,.” In addition,
the reduction process has an optimal time to get the max-
imum 7, otherwise shorter or longer reductions lead to a
deterioration of T..?* Both considerations prompt us to
assume that reduced single crystals of large size can be
intrinsically inhomogeneous. Indeed, a recent single-
crystal x-ray work has shown that in the particular sam-
ple studied, regions with different c-axis lattice parame-
ters coexist.”> With this assumption, the crystals can be
viewed as a granular system and the peak anomaly would
be a manifestation of a quasireentrant behavior similar to
that observed by Gerber et al.!' Notice in Fig. 2(c) of
Ref. 11(b) an appreciable enhancement of the resistance
above its extrapolated normal-state value.

In Fig. 4 we have indicated different regions where dis-
tinct transport mechanisms dominate p(T). In region A
the material is an ohmic metal with a positive resistivity
slope and dV /dI constant, as is shown in Fig. 7. At
T.=22.5 K, the superconductive islands and/or the re-
gions of higher T, (denoted SC) become superconducting.
Below this temperature, in region B, the transport of
charge between SC zones can take place via thermally ac-
tivated single electron hops with an activation energy be-
ing determined by the superconducting gap and the
charging energy.’ Since the number of quasiparticles de-
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creases as the temperature is lowered and because of their
ability to overcome any charging energy barrier de-
creases, the resistivity should increase below T,. In this
region, the material is expected to show some non-ohmic
behavior.’ Indeed, as shown in Fig. 7, the I-V charac-
teristics below 7, are no longer linear. Their slopes
slightly decrease when I increases. In contrast, in region
C, the slope of d¥V /dI is positive. Cooper pair tunneling
sets in when two neighboring SC regions become Joseph-
son coupled. In the absence of a charging energy, this
condition is that the Josephson-coupling energy E,(T)
exceeds the thermal energy, ie., E/T)
~(#/e*)A(T)/R, > kT, where A(T) is the gap in each
SC island and R, is the normal-state resistance of the
junction. At a certain temperature T <T,, the condition
E;(T)> kT is fulfilled and Cooper pair tunneling leads to
a reduction of the resistivity (region C). This simple
model accounts qualitatively for the observed p(T) be-
havior. Quantitative analysis would require a detailed
knowledge of the size and critical temperature of the SC
regions as well as the resistance and thickness of the junc-
tions between them which, at present, are largely un-
known.

We now consider the observed dependence of the resis-
tance anomaly on magnetic field. Following the argu-
ment given above, the amplitude Ap of the peak is related
to the order parameter within each SC region. Therefore,
the presence of a magnetic field will reduce Ap if the
reduction of the order parameter by the magnetic field
overcomes its enhancement caused by the shift of the
peak to lower temperatures. Under such assumptions, in
agreement with our experimental data, the resistance
anomaly will be quenched by the magnetic field.

The origin of the remarkable anisotropy of the magnet-
ic field effect on the resistance peak is not yet very clear.
However, it is conceivable that it can result from the in-
trinsic granularity of the crystal, which is expected to be
more pronounced within the ab plane than along the ¢
axis. Alternatively, the strong anisotropy of the effect of
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the magnetic field on the amplitude of the peak may re-
sult from the anisotropy of the upper critical fields in
these materials (see insets in Fig. 5). The shift towards
lower temperatures of the resistivity curves is very
different for H||ab than for H]||c, thus resulting in a dis-
tinct contribution of quasiparticles and pair tunneling.

The assumption of the existence of granular effects in
these single crystals can be tested by further annealing
the crystal. It is expected that low-temperature anneal-
ing will not change the overall oxygen content but will
only induce some reordering of oxygen ions and conse-
quently a modification of the internal granular structure
of the crystal. Thus, we have annealed the crystal under
Ar atmosphere at 400°C for 8 h. The electrical contacts
were not removed. Notice that the annealing is done un-
der the same conditions that were used to cure the elec-
trical contacts. In Fig. 8 we show the electrical resistivity
versus temperature curve obtained after the low-
temperature annealing process. Notice that the data of
Figs. 3 and 8 were obtained by using a close-cycle He cry-
ostat which is inherently noisier than the He bath cryo-
stat used to perform the rest of the experiments. The
low-temperature normal-state resistivity changes slightly,
but what is more important, the shape of the anomalous
resistance peak has been strongly modified and Ap( T,)
reduced. The zero-resistance temperature is also
lowered.

These observations are important for two reasons.
First, they provide additional evidence that the resistivity
anomaly is not related to p. and p,, mixing because of
the anisotropic electrical properties of the crystal.
Second, these results clearly stress that the anomalous
resistivity peak is strongly influenced by the defect distri-
bution, which rules out any question about measuring ar-
tifacts and gives new support to our analysis of the results
based on the existence of intergranular-like effects in
these crystals. The shape of R(T) in Fig. 8 clearly
displays the characteristic features observed in reentrant
systems.'” It is also similar to the data reported by
Gerber et al.'! from their study of polycrystalline materi-
als.
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The role or influence that intrinsic granular effects can
have on the reported upper critical fields H_,(7T) and ir-
reversibility fields H*(T) is far from being clear. Howev-
er, it can be suggested that the observed weak depen-
dence of the in-phase component of the ac susceptibility
data'® on the ripple field amplitude and the upwards cur-
vature of H ,(T) (Refs. 12 and 14) are also different mani-
festations of defective crystals. It is clear that in all
electron-doped copper oxides ([the T' -cuprates
(L,_,Ce,CuO,_,), or in the infinite layer Sr,_, L, CuO,
(L =Nd,Pr,La)],2¢ there is a delicate equilibrium between
superconductivity and semiconductor-like, or charge-
carrier localization behavior. Very precise synthesis con-
ditions are required to prepare materials with optimal su-
perconducting properties. Even in that case, the
normal-state resistivity shows impurity dominated behav-
ior close to T, (Ref. 17) and a tendency towards localiza-
tion at lower temperature when superconductivity is
suppressed by a magnetic field. The transition widths are
usually broad, and small Meissner fractions are a rule.?®
These experimental results, which are not commonly
found in the other p-type superconducting cuprates,
reflect the major importance of defects on the transport
and magnetic properties of the electronic superconduc-
tors. It is worth noting that in L,_, Ce,CuO,_, of the
T’ structure, oxygen vacancies are mainly created within
the superconducting CuO plane, whereas in most of p-
type materials, hole doping is reached by changing the
oxygen contents of the ‘“‘charge reservoir,” i.e., Cu-O
chains along the b axis in 1:2:3 and 1:2:4, BiO layers in
BiSCCO,. .. . Therefore, it may be suggested that this
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different location is the basis of the more pronounced
dependence of the normal state and superconducting
properties on the defect distribution in the electronic su-
perconductors than in the hole-type superconductors.
Nevertheless, we have also shown that an appropriate
thermal treatment can reduce the relevance of the intrin-
sic defects (Ce substitution and oxygen vacancy distribu-
tion).

Summarizing, we have found in L,_,Ce,CuO,_, sin-
gle crystals a giant enhancement of the resistivity just
below the onset of the superconductivity. The resistivity
both along the ¢ axis and in the ab plane rises strongly be-
fore the zero-resistance state is reached. This anomalous
resistivity peak is quenched by a magnetic field. We have
proposed that the resistivity peak is a signature of a
quasireentrant behavior that stems from the granular
character inherent in most of these n-type HTSC single
crystals.
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