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Normal-state reentrant behavior is observed in the resistive transition for Bi-2212/2223 intergrowth

single crystals. It is found that for a small driving current of 50 pA the resistivity for the intergrowth

system exhibits a superconducting transition with zero values at 105 K, which returns to the resistive

state at a lower temperature. With a further temperature decrease, the system again becomes supercon-

ducting at 92 K. In the case of large driving currents, the reentrant behavior is not found and only a
two-step resistive transition is observed. The normal-state reentrant behavior is interpreted using a mod-

el where the Josephson coupling between the Cu02 trilayers is weakened by thermally activated resis-

tance between these layers. The two-step transition can be explained by the proximity e8'ect along the ab

plane. Our results suggest that due to thermally activated resistance between the superconducting layers
in the layered superconductors like Bi-Sr-Ca-Cu-O, the three- to two-dimensional crossover of supercon-

ducting behavior may be induced at temperatures much lower than T, by applying magnetic or electric
fields.

INTRODUCTION

A characteristic structural feature of the high-T, su-

perconducting cuprates is the presence of Cu02 planes
which strongly suggests layered or two-dimensional phys-
ical properties. Among these cuprates, Bi2Sr2CaCu208
(BSCCO) was found to show highly anisotropic behavior
in the superconducting transition, normal-state resistivi-
ty, thermal fluctuation, upper critical field, and trans-
port critical currents. Recently, some unusual transport
phenomena which reveal the vortex motion as well as the
interlayer Josephson coupling of the thermally excited
vortices of this layered structure have been reported,
and a direct measurement of the ac and dc Josephson
effects between CuOz bilayers has been made with the
current Aow along the c axis.

As is well known, the normal-state resistivity along the
c direction, p„ofBSCCO is several orders of magnitude
larger than that along the ab plane, p,b, with p, b ( T ) be-

ing typically metallic while p, (T) has a thermally activat-
ed temperature dependence similar to that of a semicon-
ductor. This semiconductor-like behavior can extend to
temperatures much lower than its mean-field supercon-
ducting critical temperature T, as the superconductivity
of the system is suppressed by applying a strong Inagnetic
field. ' Therefore, the BSCCO system can be regarded as
a layered system in which the superconducting Cu02 bi-

layers are separated by semiconductor layers. Since the

system is quasi-two-dimensional along the ab plane, the
in-plane thermal fluctuation should be very strong. As
observed by Wan et al. , the development of a bulk
zero-resistance state takes place through a sequential pro-
cess: with decreasing temperature, the Josephson in-
teraction couples the two-dimensional CuOz bilayers at a
temperature T,', then, at a lower temperature designated
as T,', the bilayers undergo a Kosterliz-Thouless-type
transition to a zero dissipation state. However, consider-
ing the thermally activated temperature dependence of
p, (T), the Josephson interaction between the Cu02 bi-
layers is weakened with decreasing temperature, and thus
it is easily destroyed by applying an external field, leading
to a three- to two-dimensional crossover of superconduct-
ing behavior. This type of crossover has been observed
by Nakamura et al. " In principle, the resistive state
along the c axis should appear if the Josephson coupling
between the bilayers is fully destroyed. Here, we address
this issue through the measurement of the superconduct-
ing transition of Bi2Sr2CaCuzO8/Bi2Sr2CazCu3O&0 inter-
growth single crystals. As described below, these Bi-
2212/2223 intergrowth single crystals provide us with a
special system of layered high-T, superconductors in
which superconducting Cu02 trilayers are spaced apart a
distance ranging from 1 to 40 unit cells of Bi-2212. Since
the distance between the trilayers in this intergrowth sys-
tem is wider than that between CuO2 bilayers in the pure
Bi-2212 system, the Josephson coupling between the su-
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perconducting layers in this intergrowth system is weaker
than that in the pure Bi-2212 system, and thus it is more
easily destroyed. On the other hand, the Cu02 trilayer
system has a T, —110 K, roughly 20 K higher than that
of the Cu02 bilayer system, and thus it is possible to in-
vestigate the decoupling behavior of the superconducting
trilayers before the Bi-2212 matrix becomes supercon-
ducting. It is found that the intergrowth system shows a
superconducting transition (zero resistance) at 105 K,
which then returns to a resistive state at a lower tempera-
ture due to decoupling between the superconducting lay-
ers. This reentrant phenomenon systematically varies
with the driving current and applied field.

EXPERIMENTAL

The Bi2SrzCaCu2066/Bi2Sr2Ca2Cu306o intergrowth sin-

gle crystals measured in the present experiments were
prepared by a traveling solvent Boating zone method.
The growth details have been described elsewhere. ' In-
tergrowth single crystals were selected from an as-grown
rod of Bi2 &Sr& 9Ca&Cu20 . In order to guarantee that the
chosen crystals are single crystals, free of any low-angle
grain boundaries, they were extracted from polished cross
sections of the rod under a polarizing microscope. Laue

x-ray diffractometry revealed that the samples were good
single crystals. However, it is interesting to note that
high-resolution transmission electron microscopy
(HRTEM) images revealed some Cu02 trilayers existing
in the Bi-2212 matrix [see Fig. 1(a)]. The HRTEM re-
sults show that the Cu02 trilayers always appear accom-
panied by an antiphase boundary (APB). The reason for
this is that the Bi-2223 layer cannot extend from one side
of the crystal to another in only one layer. As soon as the
Cu02 trilayer ends inside the crystal, there will be an
APB as shown in Fig. 1(b). The Cu02 trilayers are cer-
tainly in the c plane of the Bi-2212 matrix, and connect
with an APB, forming a "defect line. " The distance be-
tween the trilayers ranges from 1 to 40 unit cells of Bi-
2212. Most of the trilayers have a length along the ab
plane in the range 100—250 A. Thus, the crystals can be
described as a system in which separated Cu02 trilayers
have been inserted into the Bi-2212 matrix. As the dis-
tance between the trilayers is not constant, but randomly
distributed between 1 and 40 unit cells of Bi-2212, the tri-
layers cannot be described as a superlattice of the system.
Also, since the length of the trilayers along the ab plane
is limited, they are not continuous in the matrix (see the
schematic in inset a of Fig. 3). The superconducting
transitions were measured by using a SQUID magnetom-
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FICx. 1. HRTEM images of the Bi-2212/2223 intergrowth single crystals. (a) The evidence of one single layer of Bi-2223 inside the
Bi-2212 matrix. The indicated layer has a width of 18 A (half unit cell of Bi-2223, other layers have a width of 15 A (half unit cell of
Bi-2212). {b) Typical distribution of the CuO& trilayers in the Bi-2212 matrix; shown here are three segments of Cu02 trilayers labeled
as AB, CD, and JE. The lines BC and DEFGHIJ represent the antiphase boundary (APB).
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eter. The resistivity measurements were made using both
an ac and dc four-terminal technique. The current and
voltage contacts were evaporated silver strips on the top
surface of the crystal, each having a contact resistance of
less than 1Q.

RKSUI.TS AND DISCUSSIQN

0 I I 1 I I I 1 I
i

I I 1 I I I I I I i
I I I I I I I I I i I I I I I I I I

0.06

pod P
O

8
. 0.02

O

9

Figure 2 shows the temperature-dependence magneti-
zation of the sample at a field of 10 Oe as measured by
the SQUID magnetometer. A very large Meissner transi-
tion appears with an onset at 92 K corresponding to the
superconducting transition of the Bi-2212 matrix. The
enlarged region of the curve between 90 and 130 K shows
a small diamagnetic signal with an onset temperature of
—110 K (see the inset of Fig. 1). This signal is assumed
to be due to the superconducting transition of the CuO2
trilayers. This latter signal is typically 1000th as large as
that from the Bi-2212 matrix, indicating that the number
of Cu02 trilayers is minimal compared with that of the
bilayers of the Bi-2212 matrix, and that the magnetic
coupling between the trilayers is very small since the
magnetization of each trilayer is zero to first order.

The temperature dependence of the resistivity for a
single-crystal sample with the dimensions of
6.50X3.10X0.08 mm (denoted as sample A ) is shown
in Fig. 3. As pointed out previously for the layered com-
pounds, the current distributes itself inhomogeneously in
the sample. The resistivity shown here is merely a nomi-
nal one, denoted as R. The sample shows two transition
steps, one is at —110 K and the other at -92 K, corre-
sponding to the two transitions observed in the magneti-
zation measurement, which can be associated with super-
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FIG. 2. The temperature-dependence magnetization curve

for a typical Bi-2212/2223 intergrowth single crystal. Inset: en-
larged region of the curve between 90 and 130 K.
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FIG. 3.. The resistive transition of a Bi-2212/2223 inter-

growth single crystal (sample A ) for different driving currents
and magnetic fields. (1) 0.05 mA, 0 Oe; (2) 0.15 mA, 0 Oe; (3)
50.0 mA, 0 Oe; (4) 1.0 mA, 5 kOe (H~~~ab plane); (5) 1.0 mA, 5
kOe (H~~c). Inset a: Schematic of the Bi-2212/2223 inter-
growth single crystals. Inset b: Temperature dependence of the
resistivity along the c axis, R, (T).

conducting transition of the trilayers and Bi-2212 matrix,
respectively. For sake of convenience, these two transi-
tion temperatures are denoted as T, &

and T,2 and their
values are taken as 110 and 92 K, respectively, deter-
mined from the onset transition temperatures in the mag-
netization measurements. (The resistive transition curves
was not used to determine the values of T„and T,2 as it
is sensitive to the driving current. ) In the case of a very
low driving current (50 pA), the sample shows zero resis-
tance at the first transition which suggests the develop-
ment of a continuous superconducting path through the
trilayer segments in the sample. Upon decreasing the
temperature further, the resistive state is returned at 102
K, i.e., a normal-state reentrant behavior appears in the
system. However, in the case of a larger driving current
or applying a magnetic field the reentrant phenomenon
disappears, and the system exhibits only a two-step resis-
tive transition.

The normal-state reentrant behavior mentioned above
is a common feature of our intergrowth single crystals.
Figure 4 shows a similar reentrant behavior for another
crystal sample with the dimensions of 4.50X2.80X0.08
mm (denoted as sample B ) selected from the same rod as
sample A. This sample also shows two transition steps at
approximately 110 and 92 K, respectively. Similarly, this
sample exhibits zero resistance at 105 K in the case of
low driving currents, and the resistive state is returned at
102.8 K with further decreasing temperature. Applying
larger driving currents or increasing magnetic fields, the
reentrant behavior disappears gradually. It is clear that
the main features of the normal-state reentrant behavior
for these two samples are the same.

To confirm that the samples actually become supercon-
ducting at the first transition and to obtain information
concerning the type of transitional behavior that the sam-
ples are exhibiting, the I-V characteristic of the samples
was measured for temperatures between 100 and 106 K.
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between T, &
and T,2, the Cu02 trilayer segments are cou-

pled to each other through the proximity effect along the
ab-plane direction (since the transport properties in this
direction of the Bi-2212 matrix are dominated by the
CuOz bilayers), resulting in the system being an analogue
of a proximity-effect junction array along the ab plane.
In addition, according to the results of Busch et al. , the
current decays exponentially into the crystal and is main-
ly confined to a thin surface layer of thickness z,~, i.e.,
j (z)=exp( —~z~/z, z), where z,ff=Lm '(p, blp, )' =1
pm in our case (L is the length of the sample). Therefore,
the system can be regarded, approximately, as a two-
dimensional system. If we denote E,b as the average cou-
pling energy between the Cu02 trilayer segments along
ab plane, then we obtain'
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FIG. 4. The resistive transition of a Bi-2212/2223 inter-
growth single crystal (sample 8) for different driving currents
and magnetic fields. (1) 0.01 mA, 0 Oe; {2) 1.0 mA, 0 Oe; (3) 1.0
mA, 200 Oe (H~~c); (4) 1.0 mA, 1 kOe (H~~c). Inset: Details of
the reentrant behavior for condition (1)~

Figure 5 shows the I-V curves of sample B at four typical
temperatures. All the I- V curves show nonlinear
behavior which can be approximately described, in the
large current region, by the power law V-I with a & 1.
There are two further features to note concerning the I-V
characteristics shown in Fig. 5. First, the curvature of
the lnE vs lnJ curve is negative at the temperature where
the sample shows zero resistance in the resistive transi-
tion (see curve 2 in Fig. 5), but it is positive for the tem-
perature at which the sample is in a nonzero resistance
state. The negative curvature is an indication of the true
superconducting state whereas the positive curvature in-
dicates the existence of a finite resistance. Second, the
parameter a decreases, with decreasing temperature,
from 1.85 at 105.5 K to 1.07 at 100.3 K. This means that
the sample is close to normal state after the first and be-
fore the second superconducting transitions, i.e., between
100 and 94 K.

To understand the mechanism causing the observed
normal-state reentrant behavior, we assume, at first, that

R(T)IRO
=1—P(g„ld )in[E,&(0)(1—TIT, &) g„/wkly T],

(2)
where R o is the resistivity of the Bi-2212 matrix in the ab
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FIG. 6. The reentrant process in the resistive transition at
different currents. The solid lines are the fitted results of Eq. (5).
Inset: Two steps in the resistive transition. The dashed line
represents the fitting of a proximity effect junction array, Eq.
(2).
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FIG. 5. Logarithmic plot of E-J curves of sample B at
different currents. Inset: Details of the I-V curve at T= 103.7 K.

where d is the thickness of the proximity-efFect junction,
and g„is the normal-metal coherence length.

The contribution of the proximity effect to the resistive
transition is now discussed. As shown in the inset of Fig.
6, the temperature-dependence resistivity curve for the
sample shows a drop initially at T„,followed by a region
of gradually decreasing resistivity. A proximity-effect
junction would have a nonzero critical current at all tem-
peratures below its superconducting critical temperature
but for thermal noise, which acts to destroy phase coher-
ence of the superconducting order parameter in the nor-
mal region. This region can maintain weak superconduc-
tivity only when the coupling energy E,b is larger than
the thermal noise energy k&T. The drop in resistivity is
proportional to the fraction of this region to that for the
whole system. This gives'
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plane before the proximity effect occurs, m the width of
the junction, and p is a constant of order unity. Since g„
is related to the Fermi velocity vz and mean free path I

by g„=(A'v~l/6m. kiiT)'~, ' then its value can be estimat-
ed to be 30 A at T=100 K by choosing vF=1.1X10
cm/s and l =200 A for the typical high-T, superconduc-
tors. ' The value of m can be estimated from the length
of the trilayer segments, and taken as 150 A. Further-
more, if we assume that the junctions exhibiting the prox-
imity effect are not very thick, then we suppose the thick-
ness of the junction is less than that of the coherence
length along the ab plane, i.e., d=10 A. In this case,
E,&(0) and P are the only free parameters. Choosing
P=3, the fitting between the data and Eq. (2) for sample
A is illustrated by the solid line in the inset of Fig. 6
where E,l, (0) is fitted as 3 X 10 ' J, a figure equivalent to
the critical current I,'&(0)=2eE,&(0) /iir=l mA. Using
this data we can estimate the gap value b,,b(0) as 19
meV, ' which is close to the 12 meV obtained by Kleiner
et aI. Good agreement between the theoretical curve
and the experimental results is seen in the temperature
range from T,2 to T„.At a temperature close to T,2, a
significant deviation appears. This is due to the fact that
for the model proposed above, the Bi-2212 matrix is re-
garded as a normal metal and its superconductivity is not
taken into account. In other words, the model is valid
only for the temperature range of T,2 to T„.From the
discussion above, it is evident that the proximity effect is
the reason for the two transition steps. However, it is not
the origin of the normal-state reentrant behavior ob-
served at —103 K. If it was the case, then the continuous
superconducting path formed by the proximity-effect
junctions would not be destroyed by decreasing tempera-
ture, and the zero-resistance state that appeared at 105 K
would be maintained at all temperatures below 105 K.
Thus, normal-state reentrant behavior would not be ob-
served.

To explain the normal-state reentrant behavior, we be-
lieve the Josephson coupling between the Cu02 trilayers
along the c direction must be taken into account. Here
we further suppose that the continuous superconducting
path formed at 105 K involves both the proximity-effect
junction along the ab plane and Josephson junctions
along the c direction. It is evident that this model is con-
sistent with the facts that the Bi-2212 matrix is metallic
in the ab plane but semiconducting in the c direction be-
fore it becomes superconducting. Now we focus on the
Josephson coupling between the trilayers along the c
direction since the proximity effect along the ab plane has
already been discussed in the above paragraphs. As
shown by the HRTEM results, the distance between the
trilayers along the c direction ranges from 1 to 40 unit
cells of Bi-2212. Because of the short coherence length of
the high-T, cuprates, the Josephson coupling most likely
takes place between the CuOz trilayers with a distance
close to or shorter than the coherence length. If we
denote E, as the average interlayer coupling energy be-
tween the adjacent CuO2 trilayers, E, can be written as'

E,(T)=%I;/2e
=(Acr/4e )[b,, (T)/R„]tanh[h, (T)/2k' T], (3)

where R„is the junction resistance in the normal state
and b,, ( T) is the gap parameter at the boundaries of the
junction in the c direction. According to the analysis of
Deutscher and Muller, ' for high-T, cuprates which have
a very short coherence length, b, (T) should be given by
b, ,(T)=h,o(T)tanh[b/2' g(T)], where g(T) is the
Ginzburg-Landau coherence length, b the gap suppres-
sion range, and b,,o( T) the bulk gap parameter far from
the junction (here it is chosen as the gap parameter of the
CuOi trilayers). In the present case, the junction resis-
tance in the normal state, R„,has the same behavior as

p, (see inset b in Fig. 3), i.e., R„=R„oexp( 2E~—/k~ T).
By fitting the data shown in inset b of Fig. 3, we obtained
E as 0.01 eV. Furthermore, as T approaches T„,con-
sidering g( T ) =g(0)( I —T /T„) ' and h, o( T )
-b.,o(0)(1—T/T„)',then Eq. (3) may be written

E,(T)=E,o(1 —T/T„)exp( 2E /k—~T)
(for T close to T„), (4)

where E,o=(irivr/16e )[b,,o(0) b /g(0) R„ok&T,i]. It
should be noted that Eq. (4) is suitable for temperatures
between T,2 and T, &

as the Bi-2212 is merely considered
as a nonsuperconducting matrix. As expressed by Eq. (4),
the Josephson coupling takes place near T„.If the cou-
pling is strong enough, and the driving current is lower
than the critical current

FIG. 7. Schematic of a superconducting path forming
through c-direction coupling of the trilayer segments. Here
only three pieces of trilayer are shown among which segment A

coupled with 8 along the c direction, then 8 coupling with C
. along the c direction, and thus a continuous superconducting
path formed from A to C.

I;(T)=2eE, (T)/A

=I,' (1o—T/T„)exp( 2E /k~ T—),
where I;o=2eE,o/A, then long-range superconducting
order in the sample can be formed through c-direction
coupling of the superconducting segments (trilayers) (see
the schematic in Fig. 7), and zero resistance can be
developed. With further decreasing temperature, the two
factors in Eq. (4) compete with each other, the thermal
activation term having a greater effect on the system. As
a result, the critical current I,'(T) becomes lower than
the driving current, consequently forcing the Josephson
junction into the resistive state. Thus, as the resistive
state is restored along the c direction, superconductivity
along the ah plane still exists, confirming the two-
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dimensional character of superconductivity along the ab
plane. According to our model, the resistivity in the
reentrant process is proportional to the difference be-
tween the driving current and the critical current, i.e.,

I

I I—;(T). By further considering the relationship be-
tween the voltage in the top surface of the BSCCO crystal
sample and the effective driving current, the nominal
resistivity in the reentrant process is given by

R =8[I I;(—T)](nD/L )(p,p, I,
)'~ [1—(I;0/I)(1 —T/T„)exp( 2Eg

—/k~ T)], (5)

where 0(x ) is a step function, and D and L are the thick-
ness and length of the single-crystal sample, respectively.
p, b and p, are the actual resistivity along the ab plane
and c axis, respectively, as determined in Ref. 6. In Eq.
(5), I;0 is the only fitting parameter and the solid curves
shown in Fig. 6 are obtained for the indicated driving
currents for sample 3 in which I,'o was taken as 81 pA.
This value is smaller than that for I;b(0), but is physical-
ly reasonable because the resistivity of the Bi-2212 matrix
along the c direction is much larger than that along the
ab plane, and thus the coupling between the trilayers
along the c direction is weaker. It is evidence that there
is good agreement between the theoretical model and the
experimental data. Since it is a common feature for the
high-T, cuprates like BSCCO that the superconducting
layers are separated by thermally activated resistance lay-
ers, our results suggest that due to these thermally ac-
tivated resistance layers, a three- to two-dimensional
crossover of superconducting behavior may be induced at
temperatures much lower than T, by applying magnetic
or electric fields.

The inAuence of a magnetic field can be also interpret-

ed with this model. The only modification is to replace
I,'o with I;0(H). The influence of the field is to weaken
the Josephson coupling or reduce I;o(II ), qualitatively, it
brings about the same inhuence on the reentrant behavior
as does the driving current.

In summary, normal-state reentrant behavior in the
resistive transition for Bi-2212/2223 intergrowth single
crystals has been observed. This behavior can be inter-
preted using a model where the Josephson coupling be-
tween the Cu02 trilayers is weakened by thermally ac-
tivated resistance between the trilayers. The two-step
transition under large driving currents can be explained
by the proximity effect along the ab plane.
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