
PHYSICAL REVIE& B VOLUME 50, NUMBER 9 1 SEPTEMBER 1994 I

Resistance peak at the resistive transition in high-T, superconductors
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The resistance peak, which is occasionally observed near the resistive transition in high-T, supercon-

ductors, is shown by numerical ana1ysis to arise from a slight inclination of the sample face from the

Cu02 planes. This inclination combined with large conductivity anisotropy causes a significant distribu-

tion of the current density and reduces the voltage drop between voltage probes, resulting in a very small

apparent resistivity and high residual resistivity ratio. In the resistive transition region, on the other

hand, the anisotropy abruptly decreases, and the apparent resistance increases and approaches the true

value before the resistivity vanishes, resulting in an apparent peak. The resistance peak is therefore a

manifestation of the fact that the resistive transition along the c axis is much sharper than that in the

Cu02 planes.

I. INTRODUCTION

The resistance peak (RP) at the superconducting tran-
sition has long been a puzzle. Even recently, a sharp RP
very close to the superconducting transition was observed

by Crusellas, Fontcuberta, and Pinol' in a single crystal
of Ndz Ce Cu04 &. They argued that this

phenomenon might be explained by reentrant supercon-
ductivity associated with some granular superconductivi-
ty. More recently, Wan et al. observed a voltage peak
(or a RP if divided by current) in a Bi2Sr2CaCuzOs
crystal. They suggested that it might be caused by the
competition between the free-vortex dissipation due to
thermal fluctuation and the interlayer Josephson cou-

pling below T, . Generally, however, this phenomenon is

not reproducible and depends on the samples. Indeed,
many crystals show quite normal resistive transitions.

This phenomenon itself is not a novel one. Similar
phenomena have been observed in Ndz Ce, Cu04 z
crystals, Laz „Sr„Cu04crystals, YBazCu307 y

crys-
tals, epitaxial thin films of Ndz „Ce„Cu04& and
Laz Sr„Cu04,as described later, YBazCu307 epitaxi-
al films, and even in TaSe3 crystals and multilayer thin7

films. 9'0 Although the physics of this phenomenon has
been described in various ways, no definite interpretation
has yet been presented.

In this paper, a simple model is proposed which pro-

vides a definite explanation of this phenomenon. The
model requires that the system has very large conductivi-

ty anisotropy. It is shown based on this model that the
RP close to the resistive transition can be explained to re-

sult from a particular configuration of sample shape with

respect to the CuOz planes in high-T, superconductors

(or highly conducting planes in other systems}. This

model for the RP is substantiated by numerical analysis.

As a consequence of this interpretation, it is concluded
that the RP is a manifestation of the fact that the resis-

tive transition along the c axis occurs much faster than

that in the CuOz planes.

II.RESISTANCE PEAK IN (103)EPITAXIAL FILMS OF
La, 85Sro»Cu04 AND Ndl »Ceo»Cu04 &

Before describing the model designed to explain the
RP, typical RP experimental results are presented as a
brief introduction to this phenomenon. Figures l(a) and
1(b) show representative temperature dependence of resis-

tivity p(T) for a (103) La, s5Sro»Cu04 epitaxial film in

the [301] and [010] directions, respectively. " These
characteristics are quite normal in that they are similar to
those of bulk crystals. ' However, when p in the CuOz
planes is measured for (103) epitaxial films of
La, s5Sro, 5Cu04 or Nd, s5Ceo, ~Cu04 s in the [010]
direction (more precisely, very close to the [010] direc-
tion), p( T) occasionally exhibits a RP such as that shown,
for example, in Fig. 1(c) or Fig. 2.

In the case of Fig. 1, three samples were cut from the
same wafer for the measurements of p(T) in the [010]
direction [p(0,0}(T)]. The pattern for two of the samples

was made so that the pattern edge was precisely parallel
to the CuOz planes, while the pattern of the other sample

had an inclination of a few degrees (not specified) with

respect to the CuOz planes. The first two samples exhib-

ited nearly the same characteristics as in Fig. 1(b). The
other exhibited the characteristics shown in Fig. 1(c).
Although the samples were cut from positions within 5

mm of each other, the characteristic shown in Fig. 1(c) is

totally different in quality. Since p( , )o(To) is the resis-

tivity in the Cu02 planes (p,b), p(o,o}(T}should behave

similarly to p,b(T) measured for (001) epitaxial films. '3

However, the characteristics in Fig. 1(c) have never been

observed for (001) epitaxial films.
Some of the earlier works on the RP indicates that its

height strongly depends on an applied magnetic field or
applied current density. In the present case, however,
there is no strong Geld dependence. Moreover, the shape
of the RP depends only slightly on the applied current.
Thus the field and current dependence behave differently

for different samples. These facts force us to accept that
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III. MODEL FOR NUMERICAL ANALYSIS

First, we assume that samples are cut from a single-
crystalline (100) epitaxial film (or a crystal). [The actual
samples were cut from (103) epitaxial films, but this as-

sumption makes analysis significantly simpler by reduc-
ing the problem to a two-dimensional one without
affecting essential points. ] Also we assume that the sys-
tem under consideration has very large conductivity an-

isotropy. The other assumption is that there is a small

angle 8 between the Cuoz planes and the sample face, as

shown in the inset of Fig. 4 below. This last assumption
is essential and a prerequisite to the following analysis. It
should be noticed that this situation can commonly occur
and causes the RP at the transition as shown in the fol-
1owing.

Within the framework of this model, we first calculate
the potential distribution V(x,y) in the sample. Let J and
E be the current density and the electric field, respective-
ly. Then J is expressed by the equation

E
2 cos8 —sin8J=

sin 8 cos8 &
cos8 sin8
—sin8 cos8 E,

I I I I I
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FIG. 1. Temperature dependence of resistivity p(T) for

La& 8&Srp ]gCu04 (103) epitaxial thin films. These samples were

cut from a single homogeneous thin film. (a) p(T) along [301],
(b) p(T) along [010], (c}p(T) in a direction inclined a few de-

grees from [010].

this kind of phenomenon arises from a sample misalign-
ment which leads to the inhomogeneous distribution of
current density and potential when the sample is made of
a system with very large conductivity anisotropy.

ei 0

II .
0 cr

where 0.
II

and 0.
~ are conductivities parallel and perpen-

dicular to the Cuoz planes, respectively, and 8 is a con-
ductivity tensor. Since div J=O within the sample, we
obtain the expression

E„ E„
[0'Icos 8+cTIsln 8] +(cTI GATI)sl 8ncos8

E„+(o1—a
I
)sin8 cos8

+[o1sin 8+cr cos28] =0 . (1)
II y

To simplify Eq. (1), we use new parameters defined by the
relations
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where S '=o

I IITI is the anisotropy ratio of the conduc-
tivity. Then we obtain

dVpdV+dV
dy dx dy

The boundary conditions for the numerical analysis are

V(x, O)= V and V(X,L)=0,
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T (K)
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FIG. 2. Temperature dependence of resistivity p(T) for a
Nd& 85Cep»Cu04 q (103) epitaxial thin film in a direction close
to [010],showing the eventually observed RP.
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since J„(O,y) =J„(W,y) =0. Here, W and L indicate the
width and the length of the sample. Thus the numerical
analysis provides the potential distribution of a sample as
a function of conductivity anisotropy ratio S and 0

Equations (2)—(4) are used to obtain values for V(x,y)
by numerical calculation for various sets of S and 0.
Typical results are shown in Figs. 3(a) and 3(b) for
S '=25 and S '=400 at 0=10'. The current distribu-
tions J(x,y) corresponding to Figs. 3(a) and 3(b) are also
shown in Figs. 3(c) and 3(d), where it is clearly seen that
almost no current flows in the vicinity of the lateral faces.
Here, it should be noticed that the anisotropy ratio of
S '=400 is actually observed for Ndz, Ce Cu04 & and

La2, Sr, Cu04, and the value of S '=25 roughly corre-
sponds to that of YBa2Cu307 y For the Bi-Sr-Ca-Cu-0
system, S ' is much larger than 1000. Thus the inhomo-
geneous current and potential distribution seen in Fig. 3
is quite likely to occur in actually high-T, superconduc-
tors. In Fig. 3, it is clearly seen that a slight angle
misalignment causes a significant inhomogeneous distri-
bution for V(x,y) and J(x,y), especially near the edges.
Due to this inhomogeneous current distribution, the volt-
age drop V,b, between the voltage probes positioned in-

side the current electrodes (Fig. 4, inset below) decreases
significantly. This is because most of the current Qows
through the path that has the least resistance and the

current density near the voltage probes becomes extreme-
ly small, as clearly seen in Figs. 3(c) and 3(d). Thus the
voltage drop between the voltage probes V,b, becomes
much smaller than the voltage Vo, which is expected
when 0=0. That is, V,b, is a very sensitive function of 0
and S '. When such inhomogeneous current distribu-
tion is established, the apparent resistivity ( ~ V,b, /I) de-
creases significantly. In some cases, this e8'ect leads to
an extraordinarily large residual resistivity ratio, as seen
in Fig. 1(c), compared to that observed in samples of an
identical system exhibiting no RP.

For the numerical analysis of the RP, we placed the
voltage probes at points ( W, 0. 1L) and ( W, 0.9L), so that

V,b,
——V( W, O. 1L)—V( W, 0.9L)

= V(0, 0. 1L)—V(0,0.9L) .

In the conventional four-probe method, we assume
homogeneous current density, which is attained either
when 8=0 or when the medium extends to +~ in the x
direction. In this case,

V(x, O. 1L)—V(x, 0.9L)= V,b, (9=0)= Vo =0.8 V,

i.e., V,b, /Vo= 1 when 8=0, and the value for Vo/I gives
an accurate estimate for the resistance, where I is the ap-
plied current. In the present case, however, the observed

(c)

o. 2 J/Jo

(b)
(d)

S =4

0. 7
'JIUo

O.

&. 2 J/Jo

FIG. 3. Typical results of the numerical calculation of the potential V(x,y) and current density distribution. (a) V(x,y}/V when
S '=25 and 0=10', (b) V(x,y)/V when S ' =400 and 0=10', (c) J(x,y) when S ' =25 and 0= 10, and (d) J{x,y) when S ' =400
and 0= 10 . The values for J(x,y) are normalized by the corresponding value when 0=0.
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voltage drop V,b, is markedly smaller than Vo, and the
resistance R is seriously underestimated when we use the
conventional relation R = V,b, /I. Figure 4 shows the ra-
tio of the voltage drop V,b, normalized by Vo as a func-
tion of 8. Here, V,b, /Vo is also the ratio of the underes-
timated R to the correct value. When the anisotropy
S ' is very large, V,b, /Vo decreases to below 0.5 near
8=3, where V,&, /Vo reaches its minimum value. (It
seems that the problem is that this phenomenon occurs
when 8 is very small. } When S ' has a moderate value,
V,b, /Vo is around 0.9 and the effect is not significant. In
the present analysis, we assume perfect electrodes with
zero contact resistance. However, in an actual case, the
electrodes have finite contact resistance as well as their
own intrinsic resistance. This further enhances the inho-
mogeneous distribution, and V b /Vp is expected to de-
crease drastically, leading to a serious underestimate ofp.

The RP at the resistive transition is a consequence of
this inhomogeneous current distribution. As long as the
anisotropy ratio S ' remains almost constant over the T
range under study, no peak appears within the frame-
work of the present model. However, this is not neces-
sarily the case in the resistive transition region. If the
resistive transition for p, is much sharper than that for

p,b, S decreases abruptly in the transition region.
Then V,b, /Vo increases to =1 and the apparent resis-
tance increases to a value very close to the true one. At
the end of the resistive transition, the true resistance itself
becomes very small and vanishes. The whole sequence
leads to the appearance of a RP in the transition region.
This interpretation is substantiated by the fact that the T
range for the resistive transition in Fig. I in both the
[010] and [301] directions nearly coincides with the T
range for the RP.

The RP can be calculated numerically for a given
value of 8 by using the data for p, ( =1/o ~) and p, b

(=1/sr~~). The values for S '(T)=p, (T}/p,b(T) are ob-
tained from the data in Figs. 1(a) and 1(b) using the rela-
tion

2 2
P(3oT} P 0+P bcos 0

where /=49. 34' is the angle between the CuOz planes
and the (103}plane. In this evaluation, it is assumed that
p, b(T)=p (olo(}T). This is reasonable when it is taken
into account that p(o, o}(T) in Fig. 1(b) is almost identical
to p,b(T) observed for (001) epitaxial thin films. Figure
5 plots the numerical results for the apparent resistivity

p (olo(}T)/ Vo( T) when 8=3'. The calculated values are
larger than the observed values by a factor of 2. This is
probably due to the effect of the finite contact resistance.
Except for this quantitative deviation, the numerical
analysis shows that the present model explains the RP
behavior quite well. As inferred from Fig. 4, the value of
8=3' gives a minimum for V,b, /Vo when S '=400,
causing a pronounced RP. When 8 increases or decreases
from this value, the nonuniform current becomes less
pronounced and the RP becomes smaller. The position-
ing of the voltage probes gives only a small change in the
RP except for the vicinity of the current probes, since the
drastic nonuniformity of the potential distribution is seen
near the current probes.

Figure 6 shows the plots for p, (T) and
S '(T)=p, (T)/p, b(T) calculated from p(o, o} and p(3o-, }
in Fig. 1 using the above relation. The sharp drop in
S '(T) below -30 K provides experimental evidence for
the abrupt decrease in the conductivity anisotropy in the
resistive transition region. This abrupt decrease in
S '(T) almost coincides with the onset of the transition
in p„which is quite consistent with the present model
and strongly indicates that S '( T) is reflected by the
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FIG. 4. Angular dependence of the apparent resistance (volt-
age drop V,b, /Vo), showing that the voltage drop decreases
drastically due to a slight inclination of the sample edge from
the Cu02 planes. The inset shows a schematic representation of
a sample configuration with respect to the Cu02 planes.
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FIG. 5. Numerical calculation (thick solid line) of the ap-
parent resistance when 8=3, using the data in Figs. 1(a) and
1(b). The dashed line is p~o&o~ in Fig. 1(b). The thin solid line
shows the experimental results. The numerical analysis pro-
duces a RP in the resistive transition region, indicating that the
present model explains this phenomenon quite well in a totally
different way from earlier studies.
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FIG. 6. Plots for p, (T) calculated from ptp&pj and p),p~]

(dashed line) and S (T)=p, (T)/p, b(T) (solid line), providing
evidence for the abrupt decrease in the conductivity anisotropy
in the transition region.

IV. DISCUSSION

The present result has two implications. First, almost
all the previous experimental results on the RP turn out
to have a simple origin. They are definitively explained

by the present model. It is easy to find the conditions
that bring about the RP in those earlier studies. Some of
them provide reinforcing evidence that the RP was seen

only in samples that have a very high residual resistivity
ratio. In those experiments, it is difficult to rule out the
possibility that the as-grown crystal surfaces have a step
structure, which is topologically identical to that shown

in the inset of Fig. 4. Even if the crystal surface is paral-
lel to the CuOz planes, the sample configuration seen in

Ref. 2, for example, is also topologically identical to a bi-

behavior of p, in the transition region.
In the T range above 30 K, S '(T) increases as T de-

creases. As indicated in Fig. 4, this leads to a greater un-

derestimate of p at lower T, and then causes a substan-

tially more positive curvature for p(T), as seen in Fig.
1(c). More plainly, as the temperature decreases, S ' in-

creases and the current distribution becomes more inho-

mogeneous. Then the current fiowing through a region
covering the two voltage probes is reduced further and

the voltage drop decreases further, too. Since the ap-

plied current is constant, the measured resistance is pro-
portional to this voltage drop, as is the case in the usual
measurements. Thus the increase in S ' at lower tem-

peratures apparently causes the very small resistivity and

larger residual resistivity ratio.
Below 30 K, S ' abruptly decreases. Then the current

distribution becomes less inhomogeneous, and the voltage

drop starts to become greater as T decreases. With fur-

ther decrease in T, p, and p, b decrease substantially, and

accordingly the voltage drop decreases to zero. Thus, as

T decreases from above T„the voltage drop first in-

creases and then decreases, showing a peak behavior.
Thus, again, the present model sufficiently explains the
RP behavior in Fig. 1(c).

crystal consisting of two crystals of the type shown in the
inset of Fig. 4. Thus the present result provides a very
different interpretation of the RP from those mentioned
in Refs. 1 or 2.

The second implication concerns the difference be-
tween the behavior of the superconducting resistive tran-
sition in the c-axis direction and in the CuOz planes. The
present results indicate that the resistive transition is
much faster in its onset along the c axis than in the CuOz
planes. The reasons for this can be viewed in two ways as
follows.

The existence of a finite transition width may indicate
spatial electronic inhomogeneity as an extrinsic origin.
In this case, the nucleation of small superconducting re-
gions dispersed throughout the sample drastically
reduces the resistance along the c axis like pinhole
shortcuts in layered materials, while the change in p,& is
relatively slow. '" This causes an abrupt decrease in the
conductivity anisotropy S in the transition region, re-
sulting in the RP. In this case, the field and current
dependence of the peak height is expected to be
moderate. In the present experiments, the RP remains in
the presence of a magnetic field of 8 T, though the width
becomes larger and its shape changes slightly, indicating
that the RP in the (103) La, s5Sro»Cu04 epitaxial films is

probably has this extrinsic origin.
Other than the extrinsic origin, the following intrinsic

origin attracts much interest and is physically important.
In high-T, superconductors or any other highly aniso-
tropic systems, superconductivity is characterized by
two-dimensional superconducting sheets coupled by the
Josephson efFect. In such systems, the Kosterlitz-
Thouless transition plays an important role in the CuOz
planes, "while Josephson coupling is the dominant effect
along the c axis. ' In a T range below and close to T„
p, b remains at a finite value due to the thermal fiuctua-
tion of free vortices and antivortices. In this T range, p,&

decreases slowly until T decreases to the vortex-
unbinding Kosterlitz- Thouless transition temperature.
On the other hand, interlayer Josephson coupling sets in
at T, and p, decreases by orders of magnitude, resulting
in an abrupt decrease in the anisotropy. ' Then, similar-

ly, the RP appears. This intrinsic origin is more sensitive
to an applied magnetic field and current density, because
the maximum Josephson current density is a sensitive
function of field and current. If the probing current
exceeds the maximum Josephson current, or a magnetic
field is applied, p, appears again and S increases to a
value comparable to that in a higher T range. Then the
RP vanishes or decreases in height in the presence of a
magnetic field or large current density, as pointed out in
the case of BizSr2CaCu208 (Ref. 2) and TaSe3 (Ref. 8).

V. CONCLUSIONS

The RP near the resistive transition in high-T, super-
conductors is definitively explained with a simple model.
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The model requires very large anisotropy and a finite in-
clination of a sample face against the CuOz planes. In
the resistivity measurements where these conditions are
fu1511ed, the usual four-probe method leads to serious un-
derestimation of resistivity. Furthermore, in the resis-
tive transition region, the RP appears due to the abrupt
decrease in the conductivity anisotropy ratio. From this
interpretation, it follows that the RP is a manifestation of
the physical fact that the resistive transition along the c
axis occurs much faster than in the Cu02 planes.
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