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Using an eight-terminal geometry, we have measured voltages in Bi2Sr2CaCu2O81d single crystals with
current injected both parallel and perpendicular to the crystallographicc axis and with magnetic fieldsH<3
kOe,Hic axis. In a range of fields and temperatures for which the conductivity is Ohmic, our results disagree
with a model that assumes classical electrodynamics. We believe that interlayer vortex coupling is responsible
for nonlocal conductivity in this regime.@S0163-1829~97!50902-7#

Although the motion of continuous vortex lines in high-
temperature superconducting crystals is believed to induce
nonlocal conductivity over distances of severalmm,1–3 the
existence of such continuous lines in the vortex liquid phase
has been a matter of dispute. Based on transport data that
could not be explained by classical electrodynamics, Safar
et al.1 have concluded that the conductivity of
YBa2Cu3O71d ~YBCO! above the vortex lattice melting
temperature is nonlocal. Eltsev and Rapp4 have challenged
their interpretation, and other investigators also remain
doubtful.5 In contrast to their findings in YBCO, Safaret al.6

found no evidence for nonlocal conductivity in
Bi2Sr2CaCu2O81d ~BSCCO! for applied magnetic fieldsH
>5 kOe.

Nonlocal conductivity is a signature of interlayer vortex
coupling. In the presence of a magnetic field, a driving cur-
rent concentrated near one surface of a crystal will induce
vortex motion at the opposite surface only if some vortices
are coupled over the entire sample thickness. This vortex
motion then produces dissipation which manifests itself as an
electric field or a voltage. Huse and Majumdar2 express the
nonlocal resistivity generally using the electric fieldE at
point r ,

Ea~r !5E dr 8rab
~nl !~r2r 8! j gb~r 8!,

whererab
(nl)(r )is the nonlocal resistivity tensor andj is the

current density; local conductivity is recovered in the special
case whererab

(nl)(r2r )5rab(r )d(r2r 8).
In this paper we present evidence for nonlocal conductiv-

ity in the vortex liquid phase of BSCCO single crystals. In
recently reported transport measurements using an eight-
terminal sample geometry, we have found that within a small
region below the equilibrium melting temperature a transport
current drives vortices into a nonequilibrium line liquid state
delimited by distinct vortex lattice melting and line decou-
pling transitions at temperaturesTm andTD, respectively.

7 In
this work we will explore nonlocal conductivity above the
decoupling temperatureTD, where our measurements sug-
gested that the rapidly decaying interlayer vortex coupling is
significant over a range of a few kelvin. We have used the
method of Safaret al.1 to calculate two independent values
of the resistivity anisotropyrc /ra,b5g2, one from voltages

measured with currentI injected along theab plane (gab
2 )

and the other withI i ĉ(gc
2). Safar’s method, which is based

in part on the analysis of Montgomery,8 assumes local and
Ohmic conductivity. For 50 Oe,H,3 kOe ~lower fields
than in Ref. 6!, gab

2 andgc
2 do not agree. This discrepancy

between the two calculations ofg2 demonstrates a break-
down of the Montgomery model and thus~in a temperature
range where transport behavior is Ohmic! a breakdown of
the assumption of local conductivity.

BSCCO single-crystal samples whose lateral dimensions
were typically 1 mm30.5 mm, with thicknesses of 1–20
mm, were grown by a self-flux technique and cleaved to
achieve optically smooth surfaces with thec axis normal to
the sample surface.7 Next, eight silver pads were photolitho-
graphically patterned onto the top and bottom surfaces of the
crystals, as shown in Fig. 1. Pads on the two surfaces were in
alignment with one another, and bottom pads extended be-
yond the edge of the crystals to facilitate wire bonding. Crys-
tals were then annealed in O2 at 600 °C for two hours, and,
finally, 0.7 mil gold wires were ultrasonically bonded to the
pads. The results discussed here are for a 1 mm30.3 mm
31.1mm crystal~thickness measured in a JEOL 5400 scan-
ning electron microscope!. The center-to-center distances be-
tween contacts were measured in an optical microscope to be

FIG. 1. The sample and electrode configuration for~a! in-plane
current and~b! I i ĉ.

PHYSICAL REVIEW B 1 JANUARY 1997-IIVOLUME 55, NUMBER 2

550163-1829/97/55~2!/708~4!/$10.00 R708 © 1997 The American Physical Society



0.28 mm between voltage pads and 0.10 mm between adja-
cent voltage and current pads.

Figure 1 shows the sample geometry and electrode con-
figurations forI iab̂ andI i ĉ. In our notation,Vab is the volt-
age measured on the surface into which currentI iab̂ is in-
jected, andVs is the voltage measured on the opposing
surface. As an indicator of consistency,Vab and Vs were
found to be independent of the surface into which current
was injected~except for &6% difference at the peak in
Vs(T) for H&50 Oe!. Two voltagesVc andVc8 were mea-
sured withI injected parallel toĉ, as shown in the figure.

Figure 2~a! shows the above-described sample voltages as
a function of temperatureT, measured in a magnetic field of
250 Oe and a current of 0.1 mA. We applied the modified
Montgomery analysis of Safaret al.1 to calculate
gab
2 (T)andgc

2(T), shown in Fig. 2~b!. At 95 K in the normal
state, the two calculations ofg2 agree remarkably well; the
difference of 9% can be accounted for by the uncertainty in
sample dimensions. Notably, however, atTc0592.4 K, the
zero-field onset of thec-axis resistivity transition,gab

2 (T)
andgc

2(T) diverge from one other. The discrepancy between
them reaches a maximum at the temperatureTp of the peak
in gc

2(T), 87.6 K, wheregc
2(Tp)/gab

2 (Tp)59.7.
The temperatureTp is well within the range for which

c-axis conductivity is Ohmic. We defineTc
c to be the tem-

perature below whichc-axis I -V characteristics are nonlin-
ear, as it is defined by Wanet al.9 In this experiment, we
determinedTc

c from the separation ofVc8/I vs T curves mea-

sured using different applied currents. EstimatingTc
c by ex-

trapolating rc(T) in its Ohmic regime (T.Tc
c) to zero10

does not affect our result. In both high10 and low9 H,
Tc
c(H) is higher than the temperature at which in-plane re-

sistivity rab→0. In this experimentTc
c ~250 Oe!5~83.3

60.2! K.
Note that only nonlocal conductivity can account for a

disagreement from the Montgomery model forT.Tc
c, where

I -V characteristics are linear~Ohmic!. Thus the large dis-
crepancy from the Montgomery model forTp<T<90 K
arises from significant nonlocal conductivity over a distance
of ;1 mm. Note also that we expect significant interlayer
coupling just above the decoupling transition temperature
TD .

7 From the ratioVs /Vab as a function of temperature,
TD was determined to be 83.7 K,7 so thatTc

c'TD @in higher
fields also,Tc

c(H)'TD(H) ~Ref. 10!. As we expected, since
Tp is not very far aboveTD and is well below the normal-
state temperatureTc0, interlayer coupling demonstrated by
nonlocal conductivity remains strong atTp . This result con-
firms that conductivity in BSCCO may still be nonlocal
when Vs,Vab , just as conductivity was nonlocal above
Tm in YBCO.1 In other words, some correlated vortex mo-
tion may be present without all vortices forming perfectly
correlated lines, and a detailed analysis of the data is neces-
sary in order to detect finite-range nonlocal effects.

This observed nonlocal conductivity seems to be an effect
intrinsic to BSCCO and is probably not the result of pinning
at extended defects such as twinning boundaries, which have
been shown to enhance interlayer coupling in YBCO.11 If a
significant number of strongly pinning defects were present
in our samples, the first-order melting transition that is evi-
dent in Fig. 2 from the sharp drop inVab(T) at Tm probably
would have been suppressed.1,11,12The main differences be-
tween this work and previous studies in BSCCO6,13 are the
lower range of fields being explored (H<3 kOe vsH>5
kOe! and the shorter distance over which nonlocal effects are
being probed~sample thickness;1 mm vs*10 mm!.

ForT<Tc
c , we believe that the nonlinearc-axis I -V char-

acteristics~which cause a breakdown of the Montgomery
analysis! arise from the intrinsic Josephson effect.14 In the
range 80–85 K forH5250 Oe,Vc20.2 Vab52.5 Vc8 , sug-
gesting that most of the long low-temperature tail inVc(T
,Tc

c) suggesting that most of the long low-temperature tail
in Vc(T,Tc

c! comes from a voltage drop where current is
flowing across theab plane. As a further indication of in-
plane currents, in somewhat higher magnetic fields~e.g., 350
Oe!, the sharp drop atTm in Vab(T)is actually apparent in
Vc(T). Because of the high anisotropy of BSCCO and the
intrinsic Josephson junctions that form belowTc

c ,14 part of
the current that is injectedi ĉ may flow from one current
contact, beyond the voltage contacts, and then back to the
current contact on the opposite surface, so thatrab contrib-
utes significantly toVc8 and especially toVc , which is mea-
sured nearer to the current leads. The intrinsic Josephson
effect may also increase the effective anisotropy belowTc

c

for I iab̂, because current injected parallel to the planes tends
to be confined near the surface rather than tunnel through the
layers.

FIG. 2. ~a! VoltagesVab, Vs ~lines!, Vc , andVc8 ~symbols! as
functions of temperature forI50.1 mA, andH5250 Oe.~b! Ap-
parent anisotropygab

2 ~line! andgc
2 ~symbols! calculated using the

Montgomery model from the data of~a!. Temperatures defined in
the text are labeled in the figure asTc0, Tp, Tc

c , TD , andTm .
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In Fig. 3~a! the voltagesVab , Vs, Vc , andVc8 are plotted
as functions of temperature for a field of 5 Oe and a current
of 0.1 mA; Fig. 3~b! showsgab

2 (T) and gc
2(T). ~Data are

plotted for H55 Oe rather than forH50, so thatTD is
defined.! In this low applied field,Tc

c'91 K, andTD588.8
K, so thatTp ~591.9 K! is well defined aboveTD and near
Tc0, where interlayer coupling should be small. Note that the
discrepancy betweengab

2 (T) and gc
2(T) is small over the

entire temperature range. Since the Montgomery model is
applicable only aboveTc

c , our results here indicate local con-
ductivity only for T.Tc

c . In these low fields dissipation is
dominated by the motion of thermally excited vortices,9

which we have previously shown are decoupled aboveTc
c , in

agreement with this result. Pierson15 and Friesen16 have pre-
dicted a diverging interlayer coupling correlation length near
the zero resistance temperature in zero field. In accord with

their theoretical work, we find thatVs approachesVab below
TD , suggesting that interlayer vortex coupling is strong near
TD .

In order to summarize our results for allH<3 kOe, we
define the discrepancy betweengc

2 andgab
2 at Tp:

Dg2

g2 5
gc
2~Tp!2gab

2 ~Tp!

gab
2 ~Tp!

.

Figure 4 showsDg2/g2 as a function ofH. This discrepancy
signifies the strength of interlayer vortex coupling which
gives rise to nonlocal conductivity. As we mentioned above,
in low fieldsH<50 Oe,Dg2/g2 is small becauseTp is near
Tc0. In the regimeTD,T,Tc

c , where a broad peak appears
in Vs(T), thermally excited vortices are the dominant source
of dissipation. ForH.50 Oe, where thermally excited vor-
tices are less important, interlayer coupling does affect trans-
port behavior nearTp , which is farther fromTc0. As H
increases above 250 Oe, however, in-plane interactions
among vortex lines tend to decouple the layers. An analo-
gous process of interlayer decoupling in high fields occurs
within the vortex solid,17,18 where there may be a second-
order transition between a low-field vortex lattice and a high-
field glasslike phase.18 In the vortex liquid, however, this
high-field decoupling appears to be a gradual process, since
the amount of disagreement from local conductivity shown
in Fig. 4 does not exhibit any discontinuity in fields up to 3
kOe.
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