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Effect of surface and bulk pinning on the distribution of transport current
in a superconducting film
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We show, both experimentally and theoretically, that the inhomogeneous distribution of transport current
produced by two contacts located at the opposite corners of a square film is significantly changed as the film
becomes superconducting~the total currentI flowing through the sample is kept constant!. We analyze two
possible sources for such a redistribution of transport current:~1! the nonlinear dependence of the resistivityr
on the current densityj, and~2! the effect of surface barriers. In our geometry these sources have the opposite
effect and compete with each other. This technique can be easily modified for various sample and contact
geometries and is useful for the analysis of pinning and creep of vortices in superconductors.
@S0163-1829~99!06213-X#
a

rg
ar

an

lk
ta

an

c

b
o

s

s
ta
flo
e

f
d
p

ro-
the

his
he

tial
ce

he
ent
otal
g-

re-
the
. As
per-

on

:

-

tain
g
te
-
-
a

I. INTRODUCTION

The interplay between the bulk pinning and surface b
riers in high-Tc superconductors~HTSC!, which together de-
termine the vortex motion and, in turn, voltage and ene
dissipation, has been intensively explored during last ye

This study includes magnetization1 and transport2 experi-
ments, as well as numerous theoretical analyses.3,4 The sur-
face barriers can be divided into two major types: the Be
Livingston surface barrier5 and the geometrical barrier.6 It
has been proved that both of them play an important role
magnetic irreversibility of HTSC and dominate over the bu
pinning under certain conditions, especially in clean crys
at high temperatures (Tc2T)!Tc .

At the same time significant attention was focused on
other basic problem: the strongly nonlinear dependence
the bulk activation energyUbulk on the current densityj and
its divergence at smallj asUbulk} j 2m, as predicted by the
collective creep theory.7,8 This in turn results in a non-Ohmi
resistivity r( j )} exp(2Ubulk(j)/kT). The exponentm dis-
criminates between various creep regimes,8 and its knowl-
edge is very important8–10 for identification of the vortex
state.

We present a very simple method of local potential pro
ing in transport measurements, which is useful for study
interplay between surface and bulk properties, as well a
the non-Ohmic behavior ofr( j ) in the bulk. To the best of
our knowledge, such a method has not been applied to
perconductors so far. In contrast with the classic four-con
experimental scheme, where the current is supposed to
homogeneously~i.e., j5const), our method is based on th
inhomogeneity of current distributionin the sample. There
are three sources for such an inhomogeneity:~i! the geom-
etry of the sample and of the contacts;~ii ! the dependence o
the local resistancer on j, which can be very strong an
nonlinear in the mixed state of superconductor due to ex
nential dependencer5r0 exp(2Ubulk(j)/kT); ~iii ! splitting of
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the total currentI into two components:I edge flowing along
the edge surfaces of the sample, andI bulk5* j ds flowing in
the bulk ~heres is the cross section of the sample!.

We use one pair of pointlike current contacts which p
duces a nonhomogeneous current distribution even in
normal state, and two pairs of voltage contacts~in general
one can use many such pairs within the framework of t
method! measuring voltage at different locations over t
sample. The weak dependence ofrn on j in the normal state
can be neglected if compared to a very strong exponen
dependencer( j ) in the superconducting state. The surfa
barrier is absent in the normal state, i.e.,I edge50. Thus the
current distributionj and electrostatic potentialw can be
found from the solution of a standard Laplace problem. T
ratio of voltages measured in the normal state by differ
pairs of voltage contact should be independent of the t
currentI flowing across the sample and of the applied ma
netic field B ~except for the cases of prominent magneto
sistance!. Such a ratio depends only on the geometry of
sample and on both current and voltage contact locations
temperature or field are reduced, the sample becomes su
conducting, and its resistivity is determined by the moti
~flow or creep! of vortices drawn by the Lorentz forceF
5(f0 /c) @B3 j #. In a superconducting state the resistivityr
is a strong~exponential! function of the activation energy
r.rn(B/Bc2)exp(2U/kT),11 whereasU is in turn a nonlin-
ear function ofj andB. This leads to a prominent redistribu
tion of j over the sample~the total currentI is kept constant!.
Moreover, if the surface barriers are effective, then a cer
part I edge of I flows along the edges of the sample, givin
rise to additional current and potential redistribution. No
that in the flux flow regime (Ubulk50) and absence of sur
face barriers (I edge50) the effect of redistribution disap
pears, sincer is just renormalized in the whole sample by
constant factor with respect to its normal value:r
.rnB/Bc2 ,12 which does not affect the current densityj pro-
vided I 5const. In this case the potentialw is renormalized
8917 ©1999 The American Physical Society
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by the same factorB/Bc2 , thus the ratio of potentials take
at arbitrary points of the sample remains the same as in
normal state. In other words, the redistribution ofj and
change in ratios of voltages is determined by theU( j ) de-
pendence and by the efficiency of surface barriers. Gene
speaking,U depends onB as well, but in our caseB is almost
homogeneous over the sample since the self-fields indu
by I are much less then the external magnetic field. Suc
redistribution of j provides as a useful tool to study th
U(B, j ) dependence in various regimes of flux creep8–10

and of the interplay between the bulk pinning and surfa
barriers.

II. EXPERIMENT

The sample is the YBa2Cu3O7 film of the width d
52000 Å grown by laser ablation on SrTiO3 substrate with
c axis perpendicular to the film. Theab dimensions are
10310 mm. The film is thermally sunk to a copper bloc
that has platinum and GaAs thermometers. This sam
housing is mounted in a variable temperature cryo
~closed cycle cryogenic refrigerator system LTS-22!. The
temperature is regulated by digital temperature contro
Lake Shore 330 with stability better than 0.02 K.

Indium contact pads of 1 mm in diameter are made
pressing indium into the film. Silver wires of 20mm diam-
eter were attached to indium pads either with silver paste
by pressing it in indium pads. The contact resistance is
proximately 1–5V. Two current contacts are attached at t
corners of the sample along one of the diagonals, i.e., at
points~0,0! and (w,w), where the axesx andy are chosen as
shown in Fig. 1 andw510 mm is the side of the squar
sample. The total currentI 5100 mA flowing through these
contacts is kept constant. One pair of voltage contacts, N
and No. 2, which we refer to as ‘‘edge contacts,’’ are loca

FIG. 1. Square sample~sidew510 mm! with current and volt-
age contacts shown as black circles. Current contacts are locat
the corners (0,0) and (w,w). The ‘‘edge’’ voltage contactsV1 and
V2 are attached to the middles of the sample edges, and the ‘‘b
contactsV3 andV4 are located in the same diagonal with the curre
ones at (0.3w,0.3w) and (0.7w,0.7w). The diameter of the circles
corresponds to the real size of the contacts. The solid and da
curves show the equipotential contours (w5const) in the normal
(m50) and superconducting (m52) states, respectively, obtaine
by numerical simulation.
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at (0,0.5w) and (0.5w,w), i.e., in the middles of the sampl
edges. Another pair, No. 3 and No. 4, which we refer to
‘‘bulk contacts,’’ are located approximately at (0.3w,0.3w)
and (0.7w,0.7w) at the same diagonal with the current co
tacts.

The data were taken by the use of both ac and dc m
ods. We measure voltage on two couples of potential c
tacts simultaneously at the different values of temperat
and magnetic field. Two lock-in amplifiers SR 830 were us
for measuring of the voltage by the ac method. The inter
oscillator of one of them was the current source for meas
ing circuit and the source of reference voltage for bo
lock-in amplifiers. In the dc method we used programm
current source Keithley 220 and digital nanovoltmeter Kei
ley 182. We use the field-cooled scheme~i.e., the magnetic
field is almost homogeneous inside the film! with 0.1,B
,0.6 T. The upper boundary is due to our device limitatio
the lower one was chosen to ensure that the self fields of
measuring currentI are much less~by factor of 100 at least!
thanB.

III. RESULTS AND DISCUSSION

In Fig. 2 we show the voltagesVedge5V12V2 and
Vbulk5V32V4 , measured at the edge and at the bulk pa
of contacts, respectively, as functions of temperature aB
50.2 T, together with the ratiod5Vedge/Vbulk . The super-
conducting transition starts atTc(B50.2 T).92 K and has
a width of approximately 3 K. The same quantities a
shown in Fig. 3 atB50.6 T with Tc(B50.6 T).91 K.
The most interesting feature is the variation ofd vs tempera-
ture and field or, generally speaking, along the transit
from a normal to a superconducting state. In the normal s
~at T.Tc) we getdn.0.78 independently onB. As tempera-
ture drops down belowTc the ratio at first slightly decrease
but then sharply increases up tod.1.1–1.2 atB50.2 T
~Fig. 2! andd.0.9 atB50.6 T ~Fig. 3!. We obtain similar
results in the cases where the superconducting transitio
induced by decreasingB at constant temperatureT589.1 K
~see Fig. 4!. Here d changes fromdn.0.78 for B50.6 T
~where Vbulk(89.1 K)/Vbulk(Tc).0.5, see Fig. 3!, which
corresponds to almost normal state, up tod.1.2 for B
50.2 T ~whereVbulk(89.1 K)/Vbulk(Tc).0.15, see Fig. 2!,

at

’’
t

ed

FIG. 2. Experimentally measured voltagesVedge5V1

2V2 , Vbulk5V32V4 , and their ratiod5Vedge/Vbulk as functions
of temperature atB50.2 T.
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which corresponds to superconducting state.
As has been discussed above, the variation ofd as the

sample undergoes a superconducting transition, should
explained by either non-Ohmic behavior of the bulk resist
ity r5r( j ) or by effect of surface barriers. The resistivity
determined by the moving vortex liquid, since throughout
the measurement we are very close toTc and definitely in the
vortex liquid regime.8 The dependencies ofVbulk andVedge
on theI ~not the current densityj ) at T589.1 K are shown in
Fig. 5. The linear~Ohmic! part V(I ), which corresponds to
the unpinned vortex liquid,8 starts aboveI pin.50 mA,
whereas the low current partI ,I pin ~see inset to Fig. 5!
corresponds to pinned vortex liquid with strongly nonline
r(I ). Since our transport currentI 5100 mA does not sig-
nificantly exceedI pin , most of the sample~especially the
parts withj lower that the averagêj & over the sample, i.e.
apart from the main diagonal! is characterized by a stron
dependencer( j ) in the superconducting state. This justifi
the change of the current distribution in the sample if co
pared to the normal state.

In order to compare the observed behavior ofd with the
theoretical prediction we analyzed the problem numerica
using the 48348 point square matrix. The two-dimension
Laplace equationDw50 for the electrostatic potentia
w(x,y) was solved by the relaxation method. For the no
Ohmic behavior ofr we used the model where

r~ j !5r0~ j / j c!
m, ~1!

FIG. 3. The same as in Fig. 2, but atB50.6 T.

FIG. 4. VoltagesVedge, Vbulk and their ratiod5Vedge/Vbulk as
functions of field atT589.1 K.
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which corresponds to the general caser( j )
5r0 exp@2U(j)/kT# if one assumesU( j )5U0 ln(jc /j) ~Ref.
13! with m5U0 /kT. The normal metal, wherer5r0
5const, corresponds tom50. Obviouslyd appears to be a
function ofm only and depends neither onr0 nor on j c since
varying these parameters one gets a corresponding chan
the voltages~but not their ratios! in the whole sample. For
the same reasond does not depend on the total currentI
flowing through the sample providedI edge50.

In Fig. 1 we show the results of the numerical solution
the Laplace equation. The solid and dashed curves show
equipotential contoursw5const for a normal metal (m50)
and for a superconductor~as an example, we chosem52),
respectively. The numerically obtaineddn50.77 in the nor-
mal state~provided the voltages are measured between
centers of contactsV1-V2 andV3-V4 shown in Fig. 1! is in
complete agreement with the experimental data, espec
taking into account that the real size of contacts is ab
1 mm.0.1w. The equipotential contours become mo
convex in the superconducting state, and their conve
grows with increasingm. This means that the currentj which
flows perpendicularly to the equipotential contours, acqui
more fanlike structure and fills in the ‘‘side corners’’ (0,w)
and (w,0) of the sample~see Fig. 6!. This also means thatd
should decrease with increasingm. The dependence ofd on
m obtained by numerical simulations is shown in Fig. 7.

Experimentally we observe a slight drop ofd with de-
creasing temperature~see Figs. 2 and 3!, followed by a rela-
tively sharp increase ofd above the ‘‘normal’’ valuedn . The
slight decrease ofd agrees with continuous destroying of th
Ohmic behavior as the sample becomes superconductin
other words, as temperature decreases the effectivem grows
from the normal state valuem50, andd drops correspond-
ingly. For B50.6 T ~see Fig. 3! d drops down tod.0.72,
which, according to Fig. 7, corresponds tom.0.2. Such a
behavior is consistent with the above discussion. It is wo
mentioning that this method of finding ofm is self-consistent
and much better than any estimations obtained directly fr
the current-voltage curve~see inset to Fig. 5!. The data in the

FIG. 5. Experimentally measuredVedge and Vbulk as functions
of the total currentI. AboveI pin.50 mA the dependence is almos
linear ~unpinned vortex liquid!, whereas belowI pin one gets a non-
Ohmic dependence~pinned vortex liquid!, shown in greater detai
in the inset. The nonlinear part is fitted byV}I m11, which corre-
sponds to Eq.~1! ~see values ofm and discussion in the text!.
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inset are fitted asV}I m11, which corresponds to Eq.~1!.
The latter estimation provides mutually conflicting value
m.0.6 for Vedge andm.1.1 for Vbulk which both disagree
with above estimationm.0.2. This just confirms that in ou
geometry, where the current densityj is not constant, the
exponentm cannot be obtained directly fromI-V curves
~where I is the total current! and our method of determina
tion of m via d should be applied.

However, the sharp growth ofd observed at a furthe
decrease ofT ~see Figs. 2 and 3! cannot be explained by th
non-Ohmic dependence, wherer increases withj. Such a
behavior ofd can be explained by the effect of a surfa
barrier which prevents vortices from entering and exiting
sample and gives rise to a surface currentI edge. The latter
flows along the sample edge in thel layer, wherel is the
London penetration depth. Thus for each cross section of
sample one getsI 5I edge1I bulk with I bulk5* j ds ~see Fig.
8!. The values ofI edge and j should be found from the con

FIG. 6. Current lines in the normal (m50) and superconducting
(m52) state, shown by solid and dashed lines, respectively,
tained by numerical simulation~compare with Fig. 1!.

FIG. 7. Numerically obtainedd5Vedge/Vbulk as a function ofm
in the absence of surface barriers (I edge50). Note thatm50 cor-
responds to the normal state.
:

e

he

dition of continuity of vortex flow~or the same, of the elec
tric field E) as discussed in Ref. 4, where the case o
simpler~slab! geometry was considered. The strength of t
surface barrier can be described by the ratioI edge/I bulk ,
which in turn depends on the interplay between the acti

b-

FIG. 8. Numerically obtained current lines in a superconduc
(m52) with surface barrier of different strength:~a! weak (s
50.25), ~b! moderate (s52), ~c! strong (s518). The lines show
the equipotential contoursw5const. The large edge arrows illus
trate ~by their width! I edge, which is maximal at the current con
tacts and gradually decreases towards the other two corners.
small arrows illustrate~by their density and length! the current den-
sity j in the bulk. Ass grows, I edge increases andI bulk5I 2I edge

decreases. In the case of very strong barrier (s@1) most ofI flows
along the edges:I edge@I bulk , thusI edge.I , the potentialw changes
almost linearly along the perimeter of the sample, and the linew
5const become approximately straight.
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tion energiesUedge at the surface~edge! and Ubulk in the
bulk.4 In our geometry, however,I edge and I bulk vary with
the chosen cross section of the sample~see Fig. 8!. The edge
current I edge gets maximum at the current contacts~0,0!-
(w,w) and decreases continuously towards the corn
(0,w)-(w,0). The bulk currentI bulk5I 2I edge changes cor-
respondingly. Thus we choose the parameters5I edge

min /I bulk
max

for characterization of the surface barrier efficiency in o
geometry. HereI edge

min and I bulk
max correspond to the diagona

cross section through the corners (0,w) and (w,0). Figure 8
illustrates the numerically obtainedI edge and j ~shown as
arrows! together with equipotential contoursw5const
~which are mutually perpendicular with the current lines! for
m52 and different values ofs. For a very strong surface
barrier (s@1) we get I edge.I 5const, thusw changes al-
most linearly along the perimeter of the sample@see Fig.
8~c!#. In this casej is small (I bulk!I edge), approximately
uniform, and parallel to the main diagonal irrespective of
particular dependence ofr on j. Therefore the equipotentia
contours are also almost straight and perpendicular toj. The
numerical study providesd51.18 for the case of ‘‘infinite’’
surface barrier~i.e., fors→`) and our contact geometry~see
Fig. 1!. This is consistent with the maximal value obtain
for d in the experiment~see Fig. 2!.

We see that in the geometry of our experiment the effe
of non-Ohmic resistance~growth of r with j ) and of the
surface barrier ond are opposite and thus competing. T
fact that non-Ohmic behavior dominates at the earliest sta
of the transition@r/r(Tc)&1#, whereas the surface barrie
becomes effective provided most of the sample is alre
superconducting@r/r(Tc)&0.1#, is quite natural. The pres
ence of even a small fraction of superconducting~non-
Ohmic! phase in the bulk should result in a redistribution
.
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j in the sample, leading to a decrease ofd. However, the
efficiency of the surface barrier implies that most of t
sample edge should be superconducting, otherwise the v
ces can easily enter and leave the sample through the no
segments of the edge. Thus at the first stages of the su
conducting transition when most of the edge is still norm
we expect no effect of the surface barrier.

IV. CONCLUSION

We have shown experimentally and theoretically that
nonuniform current distribution in superconductors
strongly affected by both the type of dependence ofr on j
and by the presence of a surface barrier. In the geometr
our experiment the above two effects on the potential ratid
are opposite and compete with each other. At the first st
of the superconducting transition, where a lesser part of
~inhomogeneous! sample becomes superconducting and m
of the edge is normal, the surface barrier is not effective a
d decreases with respect todn . As most of the sample and
correspondingly, most of its edge become superconduct
the surface barrier starts to dominate, giving rise to an
crease ofd. The proposed method enables various modifi
tions ~different sample geometries, location of contacts, e!
and provides a useful tool for the study of bulk and surfa
pinning as well as their interplay.
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