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Transport measurements show that the critical current in the c direction, J, , of Bi2Sr2CaCu208
single crystals increases with temperature for low temperature zero field cooled (ZFC) measurements.
As a consequence, the c direction electrical resistance of the ZFC critical state, at a given dc current,
is finite, goes to zero with increasing temperature, and becomes firrite again at higher temperatures.
The results are consistent with a loss of the c axis long range correlation induced by the critical
current flowing in the ab planes, J, , and an increase of that correlation with temperature, as a
consequence of the corresponding decrease of J,
PACS numbers: 74.72.Hs, 74.40.+k, 74,60.Ge, 74.60.Jg

The magnetic response of the flux structure of Bi2Sr2-
CaCu20s single crystals (BSCCO) when the dc magnetic
field is applied parallel to the c direction shows quasi-
two-dimensional character in a large fraction of the H-
T phase diagram. This has been demonstrated by re-
cent ac [1—3] as well as dc magnetic experiments [4) and
transport [5, 6] experiments. The dc magnetization mea-
surements [4] show that the thermodynamic reversible
region is reached at a temperature TI(H), several de-
grees above a second temperature T~(H) of the order
of 20 K where the critical current associated with the ab
planes, J, , collapses to very small but finite values. The
two-dimensional behavior [1,2, 4] of the vortex structure
in the range of temperatures TM(H) ( T ( TI(H) has
been reconfirmed [3] by the presence of a dissipation peak
in the imaginary component of the ac susceptibility y",
that is shown to lie well below TI(H) for frequencies as
low as 7 Hz. This peak is observed in a configuration
where a dc field, Hg„ is applied parallel to c and an ac
field, h~„perpendicular to this direction. In the more
usual configuration, where h, is parallel to c, the dissi-
pation peak lies [2, 3] above the irreversibility line TI(H).
Within the previously described picture of the H-T phase
diagram the critical current in the c direction, J, , should
be zero above TM(H), in agreement with recent critical
current measurements [7]. The three-dimensional charac-
ter of the vortex system of the BSCCO compounds must
then be restricted to a small temperature region below
TM (H).

Considering the characteristics of the phase diagram
we expect to find a true zero electrical resistance [8] only
below TM(H). Thus, it is interesting to ask whether the
superconducting critical state for T ( TM(H) can be
described by the same model used for traditional three-
dimensional superconductors or, on the contrary, is deter-
mined by the two-dimensional character of the pancake
vortices [9] nucleated in the ab planes.

In this Letter we report an experimental study of the
behavior of the critical state of BSCCO through dc and ac
transport measurements. The results make evident that
the two-dimensional characteristics of the system play a
fundamental role in determining the vortex configuration
in the mixed state.

The work presented here was stimulated by prelimi-
nary data obtained by mechanical oscillator experiments
[10]. In Ref. [10] it was found that the zero field cooled
(ZFC) response at low temperatures corresponded to a
vortex lattice softer than that in field cooled (FC) mea-
surements and, rather remarkably, the ZFC data ap-
proached the FC values when temperature was increased.

We have used the mutual inductance technique [2] to
investigate the ac response of BSCCO single crystals in
two diferent configurations. Hd, is always parallel to the
c axis, while h, is applied perpendicular to the c axis in

one case and parallel to it in the other. We show that
at low temperatures, the ZFC and FC ac responses are
different in the former case (ac currents induced across
the ab planes) and yet are the same for the latter case
(ac currents fiowing in the planes).

A qualitative interpretation of the ac response, based
on a picture where vortices are two dimensional, coupled
through magnetic and Josephson interactions, led us to
perform dc transport critical current measurements in
the c axis direction in order to investigate the hypothesis
that the low temperature critical state is diferent from
that of a traditional three-dimensional vortex configura-
tion.

The single crystal used in the ac susceptibility mea-
surements was the same as that used in Ref. [2]. The
single crystal used in the transport experiment (of dimen-
sions 1 mm x 1 mm x 30 p,m) was grown by directional
solidification [ll). The contact configuration is similar to
the one reported by Briceno et al. [12]. The current is
injected and removed by well aligned gold sputtered ring
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shaped pads located on opposing faces of the sample, in
order to ensure that the macroscopic current distribu-
tion in the c axis direction is homogeneous. The voltage
drop is measured between pads positioned concentrically
to the rings at the center of the crystal. The area of the
voltage contacts was (100pm) 2, while the current con-
tacts covered more than 70% of the total sample area.
Low resistance contacts ( 1 A) were obtained by fol-
lowing the method described in Ref. [5]. From the c axis
resistive transition (p, ), at zero applied magnetic field we
obtain T,""'= 86.5 K, LT, = 2.35 K, and the midpoint
of the transition at 85.5 K. The behavior of p, (T, H) for
T ( T, and H & 4 T is found to be in good agreement
with other published data [12, 13].

Figure 1 shows the real component of the ac suscepti-
bility y' of BSCCO as a function of temperature in FC
and ZFC experiments at different magnetic Belds. In this
case Hd, is applied parallel to e while h, is perpendic-
ular to c. The difference between the ZFC and FC y'
at low temperatures is evident. This difference is found
to be independent of frequency and amplitude of the ac
field, in the range between 100 Hz and 10 kHz and from
10 mOe to 1 Oe. The imaginary component of the sus-
ceptibility shows very little dissipation in the range of
temperatures where the ZFC and FC data are different.

Experiments performed in a geometry where h, is par-
allel to Hd, yield the same value of y' for ZFC and FC
over the whole temperature range. Since this is what is
expected for the ac response of three-dimensional pinned
vortices, when the ac amplitude is too small to unpin
them, we focus our attention on the other ac field con-
Bguration where the results cannot be explained by the
traditional picture.

In the ZFC case for h, i c y' is history dependent as
shown in the inset of Fig. 1. This illustrates that when
ac currents flow across the ab planes, y' depends on the
dc magnetic flux configuration induced in the ZFC exper-
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FlG. 1. y' as a function of temperature for difFerent dc
magnetic fields. For the sake of clarity the curves correspond-
ing to 500 and 5000 Oe have been ofFset. The inset shows the
history dependence of y' on difFerent temperature cycles.
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iment. This result, together with the ac field amplitude
independence of the susceptibility, rules out any conven-
tional explanation based on present critical state models.
There is no field history dependence when h,

~~ c, which
strongly implies that the low temperature decrease of the
ZFC shielding capability when h~, i c, must be related
to the interplane ac currents.

The reduction of the ZFC ac shielding (y') without a
corresponding increase of the dissipation (y") indicates
that the superconducting ac currents flow in restricted
regions of the sample. However, as was mentioned be-
fore, there is no shielding reduction in FC experiments
and neither in ZFC nor in FC when the ac currents flow
in the ab planes. This shows that the ZFC reduction of
the superconducting volume ~here ac superconducting
currents flow is determined by the appearance of resis-
tance in the c direction in some regions of the sample. In
this sense, although the average field is only in the t" di-
rection the critical current is induced in the ab planes as
well as in the c direction. The history dependence of y'
on temperature cycles strengthens this supposition, since
it is locked to a value which corresponds to the ZFC flux
structure state established at the highest temperature of
the last cycle.

The current distribution associated with the critical
state in the ZFC experiment induces an inhomogeneous
force on the pancake vortices that can destroy the vortex
long range correlation in the c direction, at least in some
regions of the sample. If this were the case the resistance
in the e direction of those regions should be different from
zero and probably quite large. In this sense the ZFC ex-
perirnent resembles that of the pseudo dc transformer [5,
6]. In the former the inhomogeneous current distribution
is induced as a consequence of sample geometrical effects
rather than by injecting a nonhomogeneous current.

In the FC experiments the vortex structure pinned at
high temperatures has a rather homogeneous flux dis-
tribution and consequently a much smaller induced cur-
rent density. In the ZFC experiments the force acting
on the vortices for a given dc Beld is determined by the
critical current flowing in the ab planes. However, the
critical current decreases [4] strongly with temperature
and therefore the forces exerted on the pancake vortices
become weaker. As a consequence of this, the effective
correlation length in the c direction could increase with
temperature in a large fraction of the sample, explaining
the increase of shielding capability as the temperature is
increased.

With these ideas in mind we decided to perform new
and independent c axis critical current measurements to
check the suggested novel picture of the critical state,
based on the coexistence of two flux structures: pancake
vortices nucleated in the ab planes and Josephson vor-
tices between them. Within the proposed picture of the
ZFC critical state a decrease of the ab critical current re-
duces the inhomogeneous displacement of vortices in the
ab planes and therefore the induced 3osephson currents
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between ab planes. Thus, J; could in principle increase
with temperature. It is important to point out that this c
axis critical current, in a configuration where there is no
Lorentz force on the pancake vortices, should be associ-
ated with the lack of phase coherence between ab planes.

Figure 2 shows a series of I-V characteristics for differ-
ent temperatures at an applied field of 1 T. The sample
was cooled in zero field, the field was applied at constant
temperature, and then the I-V curve was measured. Af-
ter this, with no current applied, the temperature was
slowly raised to the new desired value, after which the
new I-V curve was measured. Care was taken to avoid
any overshoot during the temperature increase. A well
defined critical current is evident from the data in the
figure [14]. The critical current I; is defined with a 50
nV criteria on the voltage contacts of the sample and
the error in the determination is less than 0.5 mA in the
whole temperature range investigated.

At low temperatures [Fig. 2(a)] the critical current in-
creases with increasing temperature, as predicted from
the previous discussion. However, the experimental data
show that I, goes through a maximum and then de-
creases as the temperature is further increased, as can
be seen from Fig. 2(b). Notice that the maximum in

I, does not depend on the criteria used to define it. It
reflects that the I-V curves are displaced first towards
higher currents and then towards lower currents with in-
creasing temperature.

Some comments are appropriate concerning the I-V

characteristic curves in Fig. 2. It is interesting to notice
the almost discontinuous change of the voltage at I; in
the range of temperatures close to where I; is maximum.
The I-V characteristics are reversible with current in the
low and high temperature region but irreversibilities are
measured in the temperature regions where the jump in
the voltage is detected [15]. We do not associate the jump
in voltage to power being dissipated either in the sam-

ple or in the current contacts, as is clearly demonstrated
by comparing curves for different temperatures. The re-
sults reported here correspond to those for the increasing
current direction only.

Similar results to those shown in Fig. 2 were found
for the other fields investigated of 0.5 T, 2 T, and 3 T.
The temperature dependence of the ZFC critical current
density J, in the c direction, defined as I, divided by
the area of the sample, for the different applied fields is
plotted in Fig. 3. The increase of the critical current with
temperature in the low temperature region is noticeable
for all fields investigated.

This unusual increase of J, with temperature is the re-
sult of two competing effects: the distortion of the vortex
lattice due to the inhomogeneous force induced by the
currents in the ab planes and the decrease of the force
gradient in the c direction associated with the decrease
of J, . Thus, J, is an increasing function of temperature
up to a temperature somewhat lower than TM(H) [1,2,
4], where the thermal disorder begins to dominate and
the critical current decreases, as observed in Fig. 3.

The results of Fig. 3 suggest that, if for a given field,
the resistance of the mixed state in the c direction is
measured with a current density lower than the corre-
sponding maximum value of J;, a striking effect can be
found. Figure 4 shows the ZFC out-of-plane electrical
resistance R „;, as a function of the temperature for 2

T, for a measuring current indicated by the dashed line
in the inset of the same figure: B, „;, is finite at low

temperatures, goes to zero when increasing temperature,
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FIG. 2. I-V characteristic of BSCCO for Hd, = 1 T, at

different temperatures. The lines are a guide to the eye. I-V
curves corresponding to critical currents (a) increasing with
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FIG. 4. ZFC and FC out-of-plane resistance as a function
of temperature for Hd, = 2 T. The inset shows J,' for the
same dc field as a function of temperature. The dashed line
indicates the value of the current density used in the main
figure.

and becomes finite again at higher temperatures. For
comparison, the FC resistance for the same current is
also plotted. The behavior at low temperatures, where
the ZFC and FC resistances differ, is consistent with the
corresponding observation of a large FC critical current.
For example, at 5 K, no voltage was detected up to cur-
rents as large as 2 times the maximum value reached by
the ZFC critical current.

It is interesting to point out that the results reported
in this work have been obtained in crystals of differ-
ent origin and somewhat difFerent characteristics, show-
ing that the main features of the magnetic response are
general properties of these materials, independent of the
particular characteristics of a given crystal. The ex-
perimental results appear to demonstrate that it is the
quasi-two-dimensional character of the vortex state in the
BSCCO compounds which determines the characteristics
of the critical state. The results show that the inho-
mogeneous distribution of currents in ZFC experiments
induces a critical state where the two-dimensional char-
acter of the system becomes important in the otherwise
three-dimensional region of the H-T phase diagram.

The experiments have discovered the rather unusual
situation of two different critical currents competing to
determine the overall characteristics of the magnetic re-
sponse of the oxide superconductors: While it is well
known that J," decreases with temperature J; is seen to
increase up to a maximum where the thermal disorder de-
creases the correlation in the c direction. The decrease of
the c axis critical current with temperature after reaching
its maximum demonstrates the importance of the ther-
mally induced disorder [16] in reducing the correlation
length in the t" direction. In conclusion, the results re-
ported here show clearly that the critical state induced
by a magnetic field perpendicular to the ab planes is char-
acterized by the coexistence of two difFerent types of cur-

rent, one giving rise to a metastable vortex state and
the other inducing energy dissipation in the nonsuper-
conducting regions between the ab planes. The two-
dimensional characteristics of the vortex system, made
evident by magnetization [4], transport [5], and low fre-
quency susceptibility measurements [3], are shown to de-
termine the main characteristics of the critical state in
the low temperature region of the phase diagram. These
results raise questions regarding the nature of the criti-
cal state, the vortex models used to calculate the critical
currents and magnetization, the character of magnetic
excitations and their contribution to the possible melt-
ing transition of the vortex structure. More experimen-
tal as well as theoretical work is necessary to provide a
definitive answer to these questions.
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