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An array of miniature Hall sensors has been utilized to measure the spatial
distribution and time evolution of the local induction in a thin YBas Cuz O7_,
film at the remanent state, before and after the application of a dc transport
current. As a result of transport current the induction peak is shifted from
the center of the sample, indicating an inhomogeneous current distribution.
Transport current markedly changes the spatial distribution of the electric
field and the relaxation rate, creating a “dynamic neutral line” where the
electric field is maxzimum, and the relaxation rate is zero.
PACS numbers: 74.76.Bz, 74.60.Ge

1. INTRODUCTION

The study of superconductors subjected to both transport current and
external magnetic field is of fundamental as well as technological interest.
Depending on the ratio I/I. between transport and the critical current,
three different states of the vortex system can be theoretically defined:® A
pinned lattice (I/I, < 1), a plastic flow regime (I/I. < 1), and a 'moving
vortex lattice’ (I/1. > 1). The transition from the plastic flow regime to
the moving vortex lattice has attracted special interest.? Much less attention
has been paid to the other limit (I/I, < 1). Zeldov et al® and Brandt et
al.* treated this case theoretically, providing analytical expressions for the
spatial distributions of the induction and of the current density. The time
evolution of the induction profiles was treated by McElfresh et al.® Local
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magnetic measurements in the presence of transport current in the limit
I < I, were preformed by McElfresh et al.® and Darwin et al.% using a
single Hall probe. In this work we utilize an array of Hall probes (HPA) to
measure the spatial distribution and time evolution of the magnetic induction
across a thin YBasCuzO7_, (YBCO) film. An HPA was previously utilized
by Fuchs et al.” employing an ac measuring technique. The focus in the
present work is on the effects of dc transport currents in the limit I < I..
From the measured spatial distribution and time evolution of the induction
profiles we extract the spatial distributions of transport current and electric
field across the sample, and determine the effects of transport current on the
local magnetic relaxation.

2. EXPERIMENTAL

Current leads were attached onto an epitaxial YBCO film (dimensions:
600 x 2200 x 0.3 pm3, T. ~ 90 K), laser ablated on a SrTiOs substrate,
with the c-axis perpendicular to the film plane. The sample was mounted
on an HPA, containing nine elements each with a 30 x 30 pm? active area.
Probe #1 was located just outside the sample and probe #7 near the sample
center.

After zero-field-cooling the sample to a preset temperature below T, an
external magnetic field was ramped up to a level higher than twice the full
penetration field, and then removed. The relaxation of the local magnetic
induction in the remanent state was monitored for approximately 430 sec-
onds by each of the nine Hall-probes. Subsequently, a dc transport current
was switched on and the relaxation was measured for additional 600 seconds.

3. RESULTS

Fig. 1 shows typical induction profiles at 87 K, before and after the
application of 100 mA transport current. The effects of transport current
are clearly observed: The peak is suppressed, and shifted from the center of
the sample, causing an asymmetric field profile. These features are enhanced
as transport current and/or temperature are increased. The induction field
resulting from a homogeneous current distribution superimposed on a sym-
metric induction profile cannot affect the location of the peak. Thus, the
shift of the induction peak from the center is a clear indication of an inho-
mogeneous current distribution.

The spatial distribution of the relaxation rate is also affected by the
transport current. Prior to application of the transport current, the relax-
ation rate exhibits a maximum at the sample’s center and changes sign at
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Fig. 1. Induction profiles at 87 K before (open squares) and after (solid
circles) application of 100 mA transport current. Center is located at x = 0.
Lines are theoretical fits using approximated current distributions as shown
in the inset: Transport current causes addition of two current sheets (grey
rectangles) to pre-existing current distribution.
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Fig. 2. Profiles of electrical field 15 seconds after removal of magnetic field
(open squares) and 15 seconds after application of 100 mA transport current
(solid circles) at 86 K. Lines are guide to the eye.
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the 'neutral line’®%where B, changes sign. As a result of the transport cur-
rent, a new ’dynamic neutral line’ is created, across which the relaxation rate
changes sign although B, does not change sign. The dynamic neutral line is
located closer to the center than the neutral line, and its position depends
on the magnitude of the transport current. It is difficult in our experiment
to locate the dynamic neutral line on the basis of the raw relaxation data
because noise introduces large error bars in dB,/0t in the regime where
0B, /0t ~ 0. Spatial integration of the relaxation data, which yields the
electric field,'® reduces the noise, clearly revealing the dynamic neutral line.
Fig. 2 shows the spatial distribution of the electric field F, as calculated from
the relaxation data, £ = —1/c [(0B,/0t)dz. The integration constant is
calculated by taking F = 0 where the current changes its sign, namely at the
location of maximum B,. Note that before application of transport current,
E is zero at the sample center and maximum at the neutral line,®° where
B, changes sign and 8B, /0t = 0. After application of the transport current,
F is crossing the zero line at two points around the dynamic neutral line,
where £ is maximum and the relaxation rate diminishes. Note also that at
the dynamic neutral line the relaxation rate changes sign although B, does
not change sign.

4. ANALYSIS AND DISCUSSION

Following Zeldov et al.>* and McElfresh et al.’> we assume that a posi-
tive transport current affects only the side of the sample where the shielding
current is negative. This is based on the assumption that in the time win-
dow of our experiment the critical current can be replaced by the persistent
current. We approximate their calculated current distribution by adding
two current sheets of width s to the original (no transport current) distribu-
tion (see inset to fig. 1). The persistent current is extracted by fitting the
measured induction profiles to those arising from the assumed current dis-
tribution. The fits shown in fig. 1 yield quite reasonable agreement with the
data, taking s to be 40 ym. The value of s increases with time, temperature
and transport current, as expected.

The measured profiles of the electric field (fig. 2) are consistent with
the above description of the current distribution. The zero points of E cor-
respond to the points where the current density changes sign. In-between
these two points, E reaches a maximum where the relaxation rate diminishes
in accordance with the rate equation 0B, /0t = —cOE /Ox. The existence of
such a "dynamic neutral line” can be understood by considering the time
evolution of s: as j decays, s increases. Simple analysis shows that the in-
crease in s compensates for the decay in B, at the dynamic neutral line.
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The location of the dynamic neutral line is approximately given by the in-
tersection of the remanent state induction profile and the induction profile
due to transport current alone in the absence of pinning.
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