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The out-of-plane (c-axis) dissipation of the layered superconductor BizSrCaCu,Os has been probed
in the mixed state by current-voltage (I/-V) measurements. Distinctly different behavior is observed
for magnetic field H oriented parallel (||) and perpendicular (L) to ¢, suggestive of two different out-
of-plane dissipation mechanisms. We interpret our results for HLc as arising from Josephson vortex

dynamics.

One of the most intensively studied aspects of the high-
T, oxides is their response to a transport current in the
mixed state. Attempts have been made to explain the dis-
sipation observed in the mixed state through various mod-
els, some involving Abrikosov vortex motion' and some
not.%3 Despite the volume of work performed, however,
there is still much controversy over the nature of this dissi-
pation, as well as over the magnitudes of such fundamen-
tal parameters as the anisotropic coherence length and
penetration depth.® ™% One source of confusion is the un-
certainty of whether data should be interpreted in terms
of the three-dimensional effective mass Ginzburg-Landau
equations, or the differential-difference equations more
appropriate in the quasi-two-dimensional regime of weak-
ly coupled superconducting layers.” This problem is espe-
cially central to the more anisotropic superconductors
such as Bi>Sr,CaCu;0s.

To address these issues, we have measured the c-axis
current-voltage (7/-V) characteristics of single-crystal
Bi,Sr,CaCu;,0g5 in a strong magnetic field, H, both paral-
lel and perpendicular to the ¢ axis. The voltage along ¢
was measured while passing current through the crystal in
the ¢ direction. We observe no c-axis critical current for
Hllc, while for HLc (H along the CuO layers) a tempera-
ture and magnetic-field-dependent c-axis critical current
is obtained. The behavior observed when H.Lc¢ is shown
to be intrinsically distinct from the case where Hllc, as op-
posed to being the result of an “‘error” component of H
along ¢ (Hy). For Hlc, we interpret the observed critical
current as signalling the depinning of a Josephson vortex
lattice. This phenomenon is likened to the behavior of
fluxons pinned by random inhomogeneities in a long
Josephson junction.

Single-crystal samples of Bi,Sr;CaCu;0g having aver-
age dimensions of 1X1%0.010 mm? used in this study.?
Low resistance contacts (~1 Q) were made to the sam-
ples using fired on silver pads. The contact geometry em-
ployed was a four-point concentric ring configuration,?
used to create as uniform a current density (J) as possible
for J parallel to ¢. The dc 7-V’s were taken by incremen-
tally ramping the current through the sample with a dc
current source, while measuring dc voltage (with a sensi-
tivity better than 2x 10 ~% V) at each point with a Keithly
181 nanovoltmeter. Specially constructed electronic
filters shielded both the sample’s current and voltage leads
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from any possible high-frequency noise originating in
external circuitry. Pulsed 7-V’s were also performed to
confirm that sample joule heating was not significant. As
a further check on the experimental setup, dc I-V’s were
taken of a known linear resistor whose resistance was
comparable to that of the mixed-state Bi,Sr,CaCu,Og
crystals.

Figure 1(a) shows the c-axis /-V characteristics of
single-crystal Bi;Sr,CaCu0g for H =7.5 Tlic, measured
between 7=25 and 55 K. The I-V’s are linear at low
current density and high temperature, but show signs of
nonlinearity in the high current region at lower tempera-
tures. The extent of the linear region is sample dependent,
but the overall behavior is qualitatively similar from sam-
ple to sample. At this high field the 7-V’s are all linear
for T> 55 K. No sign of a critical current is observed in
the Hllc configuration, as reflected in the fact that the cur-
vature of the log-log plot is always positive or zero. Fig-
ure 1(b) shows a linear plot of the low current region of
the same I-V’s shown in Fig. 1(a). Each curve is normal-
ized by E(J~3000 A/m?) and vertically offset, thus em-
phasizing the temperature dependence of the shape of the
I-V’s.

The c-axis dissipation is remarkably different when
H.1c. Figure 2(a) shows the I-V characteristics for the
same sample shown in Fig. 1, with H=7.5 TLc. While
the 7-V’s all become linear at high currents and high tem-
perature, the /-V’s for T < 73 K show negative curvature
in the log-log plot. From the expanded linear plots of the
I-V’s in Fig. 2(b), this negative curvature is seen to arise
from the existence of a nonzero critical current, J., for
temperatures up to T~73 K. We note that, for lower
values of H, nonzero critical currents were seen at even
higher temperatures. The I-¥’s shown in Fig. 2(b) have
each been normalized by E(J =170 A/m?2), and vertically
offset.

Figure 3 shows the detailed temperature and field
dependence of J. (HLc). The temperature dependence
of J. at H=7.5T is shown for the same crystal described
in Figs. 1 and 2. J, is determined by fitting a straight line
to the finite voltage data and picking off the x-axis
(current) intercept. The inset in Fig. 3 shows the
magnetic-field dependence of J. at T=55 K for a
different sample. J. falls monotonically to zero with in-
creasing temperature and magnetic field.
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FIG. 1. c-axis I-V characteristics for H =7.5 T applied paral-
lel to c. (a) log-log axes. (b) Low current region, linear axes;
solid lines are guides to the eye. The same symbols represent the
same temperatures in (a) and (b).

As seen from Figs. 1 and 2, the c-axis -V ’s show very
different behavior depending on whether H is parallel or
perpendicular to ¢. It is difficult, even in principle, to
reconcile the I-V’s for HL1c and Hllc with a common
mechanism involving the motion of three-dimensional
Abrikosov vortices. To see this one must first recognize
that the generation of an electric field parallel to ¢ (inter-
layer voltage) requires in-plane motion of a vortex seg-
ment parallel to the CuO planes (since E~vXxB). One
would expect that, for in-plane motion, the pinning of
Abrikosov vortices would be greater when Hlic (i.e., when
vortices pierce the CuO planes) than when HLc. The
reason for this is that the energy gained by core pinning to
a defect in a superconducting layer is greater than that
gained by pinning to a defect between layers (where the
order parameter is dcpressed).8 In addition, for Jilc the
Lorentz force density on Abrikosov vortices with H.Lc
would be greater than on vortices with Hlic. These con-
siderations lead to the conclusion that, for a given value of
H, the c-axis critical current should be lower and the c-
axis dissipation greater for HLc¢ than for Hllc. Experi-
mentally, however, as seen from Figs. 1 and 2, exactly the
opposite occurs.

From experiments showing Lorentz force indepen-
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FIG. 2. ¢ axis I-V characteristics for H=7.5 T applied per-
pendicular to c. (a) log-log axes. (b) Low current region, linear
axes; solid lines represent zero voltage. The same symbols repre-
sent the same temperatures in (a) and (b).

dence® and peculiar scaling behavior in the ab-plane
mixed-state resistivity of Bi;Sr,CaCu,Oys (as well as from
magnetization results)'® it has been suggested that
mixed-state dissipation in Bi,SrCaCu;QOys is due only to
H\.'° If this were true for out-of-plane transport as well,
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FIG. 3. Temperature dependence of J. for HLlc. Inset: H
dependence of J. at T =55 K.
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then it would imply that the behavior seen in Figs. 1 and 2
represents two different limits of the same basic phenome-
na, and that all of the c-axis I-V’s should scale with H).
The 7-V’s for HLc would then be wholly determined by
H). In order to check this hypothesis, a c-axis I-V was
first taken at 7=65 K with H =7.5 T L¢. The crystal was
then rotated to make Hllc, while the temperature
remained constant. The magnetic field was subsequently
ramped down to H=0.4 T (llc), at which point the I-V
was measured to have the same slope at high current as
the previous /-¥ with Hlc. Assuming the scaling (i.e.,
error component) hypothesis to be correct for c-axis trans-
port, then the two 7-V’s should be identical. Experimen-
tally, however, the two I-V’s are different, as shown in
Fig. 4. The Hlic I-V is completely linear in the low
current regime while the H.Lc¢ I-V displays a sharp criti-
cal current. The nonexistence of an Hllc “error” field, at
which the value the H.L¢ behavior would be recovered,
demonstrates unambiguously the distinct nature of the c-
axis dissipation observed in these two magnetic-field
orientations.

The question then remains as to the origin of the dissi-
pation observed in these two experimental configurations.
For Hlic the situation is complicated by the lack of a mac-
roscopic Lorentz force. In Ref. 3 it was argued that dissi-
pation in this geometry is caused by temperature activated
phase slip across weak links in the sample. In the limit of
small current density, this model predicts a linear /-V.
Linear I-V’s are, indeed, seen in Fig. 1 at high tempera-
tures and low currents, but at the lowest temperatures and
highest currents the /-¥’s deviate from linearity. The ori-
gin of the nonlinearity is not obvious, but could possibly
arise from critical current inhomogeneities or a competing
effect such as helical instabilities.'!

We now concentrate on the case where H.Lc. Theo-
dorakis'? has recently shown theoretically that in a weak-
ly Josephson-coupled layered superconductor there can be
two coexisting the decoupled vortex lattices: an Abrikosov
vortex lattice from the component of H parallel to ¢, and a
Josephson vortex lattice from the component of H perpen-
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FIG. 4. I-V characteristics for Hllc (0.4 T) and HLc (7.5 T).
The curves have identical slopes at high applied current (see in-
set), but dramatically different behavior near the origin.
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dicular to ¢. The vortices in the Josephson vortex lattice
fit between the layers, each vortex having a width of
®o/H . d, where d is the distance between layers and H  is
the component of H perpendicular to ¢. Unlike the Abri-
kosov vortices, the Josephson vortices are not associated
with zeros in the order parameter (normal cores). Con-
sideration of the dissipative effects of such Josephson vor-
tices in high-T, superconductors has been largely neglect-
ed, possibility because an in-plane Lorentz force can be
exerted upon them only by passing a current parallel to
the ¢ axis (which is not the conventional current direc-
tion). We believe that the c-axis /-V’s shown here for
H Lc give evidence of dissipation due to the depinning of a
Josephson vortex lattice in Bi,Sr,CaCu;Og. Recent
high-Q oscillator measurements'’ also suggest a role
played by Josephson vortices in the mechanical oscillator
response of Bi,Sr,CaCu;Og in an H field.

In the absence of a detailed theory of the motion of a
Josephson vortex lattice in high-T, oxides, we make an
analogy to the more familiar case of a single Josephson
tunnel junction threaded by H. Here the junction’s be-
havior depends on whether the length of the junction, L, is
greater or smaller than the Josephson penetration depth'*
Ay =(c®o/87%J.d")%>, where J. is the junction’s zero-field
critical current density and d' is its effective barrier thick-
ness. If A,>> L, then self-screening effects can be ignored,
while in the opposite limit they must be considered. Fol-
lowing the suggestion of Ref. 12 that the vortices reside
between each CuO layer (d'~15 A), and using the bulk
Jc~10% A/em? (Ref. 3), we find A;~4 um. As L~1
mm for our crystals, we are clearly in the limit where
screening is important. In this “long junction” limit the
behavior of the Josephson vortices is determined by the
nonlinear partial differential equation'*

2 2
M—La—g‘&ﬂ=k]2sin¢, (l)
ax? 't ar? ' ot

where ¢(x,?) represents the time and position-dependent

phase across the junction, while ¢’ and B depend on the

geometry and shunting of the junction.

The motion of a single Josephson vortex solution to Eq.
(1) in the presence of pinning has been considered.'>'®
Pinning is described as arising from spatial inhomo-
geneities in Ay, i.e., from ‘“micro-shorts” and ‘“‘micro-
resistances” across the junction. The behavior of the
Josephson vortex in the presence of pinning is similar to
what one would expect from an Abrikosov vortex in a
type-11 superconductor: The vortex stays pinned as the
current is increased until the Lorentz force on the vortex
overcomes the pinning force. In this scenario the temper-
ature dependence of the critical current shown in Fig. 3 is
accounted for by temperature-activated defects'’ or
“shorts” on or between the CuO planes of the
Bi>Sr,CaCu,Os crystal.

Unfortunately, we are unaware of any solutions to Eq.
(1) in the presence of pinning and a strong magnetic field.
At the high fields accessed in this study, however, the
sample will be packed tightly with magnetic flux. As a re-
sult, collective interactions, as well as field-dependent in-
homogeneities (such as any coexisting Abrikosov vortices
arising from H, (Ref. 16)], must be considered to explain
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the H-field dependence of the critical current shown in the
inset of Fig. 3. In this limit one might expect a stiffening
of the Josephson vortex lattice with increasing H.'® An
increasing lattice stiffness would allow the vortices to
*“ride” over pins with less difficulty, resulting in a decreas-
ing critical current with increasing H, as observed experi-
mentally in Fig. 3 for Bi,Sr,CaCu;,0s.

The existence of an independent, sliding Josephson vor-
tex lattice for HLc in Bi,Sr,CaCu,Ojs helps reconcil the
results of other experiments with our own. Here we refer
to the experimental results (ab-plane transport and mag-
netization) discussed in Ref. 10 where it is concluded that
although an in-plane Josephson vortex lattice might exist,
dissipation occurs only from the motion of coexisting
Abrikosov vortices parallel to ¢. This conclusion is con-
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sistent with our own results if the Josephson vortex lattice
remains static under the influence of in-plane current.
This is reasonable since an in-plane Lorentz force cannot
be applied to such vortices by an in-plane current.

Note added. Recent magnetotransport experiments by
Latyshev and Volkov'® give additional evidence for
Josephson vortex dynamics in Bi,Sr,CaCu,Os.
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