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Abstract

Transport properties in patterned isotropic high T superconducting samples were investigated numerically and experi-c

mentally for boundary conditions imposing a nonhomogeneous current flow. Numerical simulations for the voltage
distribution were based on a local nonlinear constitutive relation for the current density and the electric field, predicted by
the vortex glass model extended to a nonhomogeneous current flow. In experiments the voltage drops at different sample
locations were measured as a function of applied current, in a wide temperature range at low magnetic fields, and both the
linear and the nonlinear regimes were examined. Our results support a local description, where long-range correlations in the
millimeter scale are absent. q 1998 Elsevier Science B.V.

PACS: 74.25.Fy; 74.40.qk; 74.80.Bj
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1. Introduction

Conventional transport properties in sintered,
Ž . w xpolycrystalline YBa Cu O YBCO 1 and2 3 7yd

Ž . w xLa Sr CuO LSCO 2–4 high T supercon-2yx x 4yd c

ductors are well described within the framework of
w xthe vortex glass model 5,6 . There is strong evi-
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dence that the intergranular vortex system exhibits a
second-order phase transition at the field dependent

Ž .glass temperature, T H , where vortices freeze intog

a true zero resistance state, showing the scaling
Ž < < ÕŽ zy1..behavior predicted for a vortex glass: Er J t

qŽ < < 2 Õ.sF Jr t , where E and J are the electric fieldy
< <and the current density, ts TyT rT and Õ and zg g

w xare critical exponents 5,6 .
At the phase transition temperature, the E–J

characteristics show a power-law behavior. Above
Ž .T H an ohmic regime at low current density isg

Ž .observed, and below T H , the constitutive relationg
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for the electric field and the current density is given
by the following expression

m
E;exp y J rJ 1Ž . Ž .Ž .c

where m is in the range 0–1, and J increases asc

temperature is reduced below the phase transition
w x5,6 . The length scale for intergranular currents is
set by the grain size, d, but at low current densities,
the activated vortex loop size L , becomes largerj

w xthan d, and the sample appears homogeneous 1 . In
w xthe previous works 1–4 where conventional four-

terminal transport experiments were performed, the
Žboundary conditions sample and current contacts

.geometry determine a uniform macroscopic current
flow, and the applied current dependence of the

Ž . Ž .voltage drop, V I , can be compared to the E Ja
Žcharacteristics predicted by theory see for example

w x w x.Fig. 3 in Ref. 1 and Fig. 1 in Ref. 3 .
However, future applications may be based on

devices constructed with geometries imposing non-
homogeneous transport current densities, not being
clear what is the voltage distribution and its current
dependence particularly in the highly nonlinear
regimes. This possibility has led us to examine multi-
terminal transport properties in a granular system,
where it is possible to separate the influence of
anisotropy from the nonhomogeneous current effects
arising from the sample geometry. The length scale
for the macroscopic current density variation is fixed
by the boundary conditions, and we have examined
geometries where this length is much larger than the

Ž .grain size d;10 mm , so the homogeneous sample
description remains valid.

This work is organized as follows: in Section 2
we present a numerical simulation for the current
dependence of the bidimensional voltage distribution
in the ohmic and the nonlinear regimes, for a sample
with the same boundary conditions as one described
in experiments. The hypothesis of a scalar apparent
resistivity which depends on the total current density
is supported by experimental results presented in
Section 3. In Section 4 we report results of multiter-
minal transport measurements in two samples of
different geometries; we have measured the voltage
drop at several sample locations as a function of
applied current in a wide temperature range for low
magnetic fields. Conclusions are presented in Section
5.

2. Calculations

Our numerical simulation was based on the equa-
tion of charge conservation: =PJs0 and a nonlin-
ear constitutive relation for the local current density

Ž .J and the electric field E, following Eq. 1 with
ms1. This relation is valid only in the vortex-glass

Ž . Ž .phase. Since Jss E , sss E for this nonlinear
relation, and Esy= V, the conservation equation
expressed in terms of the electric potential V is

Ž .=P s= V s0, which in a 2D case is

E E V E E V
s q s s0. 2Ž .ž / ž /E x E x E y E y

To solve numerically this differential equation we
w xapply the finite volume method 7 , using a square

grid, to a sample with the geometry shown in the
inset of Fig. 1.

Ž . Ž .Note that since sss E ss y= V , the dis-
cretization equation is nonlinear. We solved this

Žsystem iterating over the complete grid Gauss–
.Seidel point by point method until convergence with

a relative tolerance of 10y5 is reached. We imposed
Neumann boundary conditions at the walls where

Žthere is no net current flux that is, EVrEns0,
.where n is the normal direction to the wall and

Ž .Dirichlet boundary conditions Vsconstant at the
current contacts, where there is a net normal current
flux entering or leaving the sample. By setting the
voltage drop between the current contacts, the cur-

Ž . Ž .Fig. 1. Calculated V full line and V dotted line vs. applied12 34

current, I for the ohmic and the nonlinear regimes. Shown ina
Ž .symbols is V s which stands for g )V vs. I r f. The inset34 34 a

shows the sample and contacts geometry.
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rent distributions were calculated and with this the
different voltage drops between the voltage contacts.
Total applied current, I , was calculated integratinga

the current density. The same procedure was fol-
lowed for the linear case, where sss .0

Ž .Fig. 1 shows a log–log plot for V full lines12
Ž .and V dotted lines as a function of applied cur-34

rent, for both the linear and nonlinear regimes. Also
Ž .shown, in symbols, is V s which stands for g )V34 34

vs. I rf , where f and g are two scaling factors thata

map the V vs. I curve onto the V vs. I curve in34 a 12 a

both regimes. For the linear response, it is clear that
Ž .either a current scaling, I rh , or a voltage scalinga

Ž .h)V is enough to map V onto V , where34 34 12

hs f ) g. Nevertheless, for the nonlinear response a
unique set of values for f and g is needed in order
to map one onto the other. In this particular case we
have obtained fs2.4 and gs1.3. This is a general
result for all the calculated voltage drops, and results
from the scaling relation between the local current
density and the applied current found in calculations.
Therefore f and g depend only on the relative

Žposition of contacts a change in temperature is
represented by a change in s or in J , with no0 c

. 12influence on f or g , and will be indicated as f34

and g12 in what follows. As V –I curves can also34 i j a

be mapped onto calculated V–I curves for a slab,a

not shown, they can also be fitted to the expression
predicted by the vortex glass model, where the fitted
characteristic current density J , includes a site-de-c

pendent scaling factor.

3. Apparent resistivity

A polycrystalline La Sr CuO sample, pre-1.8 0.2 4yd
w xpared as described elsewhere 8 , was cut in the

shape shown in the inset of Fig. 2 and ground to
;0.5 mm. The average grain size was 10 mm. Two
current and two voltage pairs of gold contacts were
sputtered onto the surface of the sample over which
silver baking paste was annealed at 6508C for 2 h to
improve contact resistance, which resulted below 0.5
V. Two Keithley 224 current sources were used to

Ž .apply current independently in the x, I , and y,x
Ž .I , directions. Although the current density is noty

uniform around the sample corners, it is approxi-
mately uniform in the region between voltage con-
tacts.

Ž .Fig. 2. a R sV r I vs. I and I in the low temperaturex x x x y
Ž 2 2 .1r2nonlinear regime where R depends on I q I . The insetx x y

Ž . Ž 2shows schematically the sample geometry; b V r I vs. I qx x x
2 .1r2I for T s13, 16, 19, 22, 25 and 28 K and H s400 Oe.y a

The voltage drops were measured using a digital
scanner and a Keithley 181 nanovoltmeter with ap-
proximately 20-nV resolution. Magnetic DC field,
H , provided by a superconducting solenoid, wasa

applied perpendicular to the sample in the normal
state, and the sample was field cooled to several
temperatures.

V and V were measured as a function of increas-x y

ing I for different I . Because of symmetry wex y

refer only to the V results. I generated no voltagex y
Ždrop in the x direction Hall effects are negligible

w x.9 , and R was evaluated as V rI after properx x x

current inversion to make negligible spurious ther-
mal e.f.m. effects.

Ž . Ž .Fig. 2 a shows R I , I for Ts19 K andx x y
Ž .H s400 Oe, and in Fig. 2 b we plot R vs.a x

Ž 2 2 .1r2I q I for Ts13, 16, 19, 22, 25 and 28 K andx y

H s400 Oe. It is clear that R is a function of thea x

absolute value of the total applied current. Similar
results were obtained for H s0 and 100 Oe, sup-a

porting a total current density dependence of the
resistivity.
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4. Multiterminal I–V characteristics

For the experimental study of the voltage distribu-
tion, two polycrystalline La Sr CuO samples1.8 0.2 4yd
w x8 from different batches were cut in the shapes

Ž .shown in Fig. 3 and ground to ;0.5 mm sample A
Ž .and ;0.7 mm sample B . Two low-resistance

wide-current contacts and six 0.2-mm-diameter volt-
age contacts, made following the procedure de-
scribed in Section 3, are shown schematically in the
figure for sample A. Sample B was provided with
two pairs of voltage contacts.

In the ohmic regime the superconducting transi-
tion voltage drop was measured across several con-
tact pairs for H s0 and I s500 mA. Fig. 4 showsa a

in full lines V , V and V as a function of12 34 56

temperature for sample A. Contacts 12 were arbitrar-
ily chosen as reference, and shown in symbols is

12 Ž .h )V vs. T ij standing for 34 and 56 , wherei j i j

h12 s2.4 and h12 s10.7 are the voltage scaling34 56

constants, indicating that the average current density,
-J ) is lower than -J ) . As expected for ai j 12

linear regime, h12 is temperature independent up toi j
Ž .300 K not shown in the figure . Similar results were

obtained for the resistive transition of sample B, with
h12 s5.8.34

We present next the multiterminal I–V character-
istics for sample A at H s400 Oe. We show in Fig.a

Ž . Ž .5 the log–log plot of: a V vs. I ; b V vs. I12 a 34 a
Ž .and c V vs. I for temperatures between 14 and56 a

27 K. For every temperature, voltage is first detected
between contact pair 12, and current has to be further
increased so that dissipation across the next pair of
voltage contacts exceeds voltage resolution.

The collection of curves at each location was
mapped onto the collection of V vs. I curves, as12 a

Fig. 3. Layout of the geometry, current and voltage contacts for
Ž . Ž .a sample A; b sample B. Lengths are given in mm.

Fig. 4. V vs. temperature for I s500 mA and H s0 fori j a a
Ž . 12sample A, where ijs12, 34, 56 solid . Also shown is h )V34 34

Ž . 12 Ž . 12 12
v , and h )V I , where h s2.4 and h s10.7.56 56 34 56

Ž . Ž . Ž .Fig. 5. a V vs. I ; b V vs. I and c V vs. I . In all12 a 34 a 56 a

cases, T s14, 15, 16, 17, 19, 21, 23, 25 and 27 K, with H s400a

Oe for sample A.
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Ž . Ž . Ž .Fig. 6. a V vs. I solid line and V s , which stands for12 a i j
12 12 Ž .g )V vs. I r f symbols , at T s14, 15, 16, 17, 19, 21, 23,i j i j a i j

Ž . Ž25 and 27 K, with H s400 Oe for sample A. b V vs. I solida a
.line for a strip of the same batch as sample B. Also shown is

Ž .g )V vs. I r f in symbols for sample B, H s0.12 a a

Ž .shown in Fig. 6 a . Table 1 shows the site dependent
scaling factors. The product f 12

) g12 sh12 , wherei j i j i j
12 Ž .h is the ohmic scaling factor see Fig. 4 . Similari j

results were obtained for sample B at 20, 40, 60 and

Table 1
Geometrical scaling constants f 12 and g12 for different contacti j i j

pairs ij for sample A

Scaling factor Contacts

34 56 24 46 26

f 2 3.5 0.7 1.5 0.9
g 1.3 3.1 4.1 3.4 2.2

Applied current must be divided by f 12 and voltage must bei j
12 Ž .multiplied by g to map each curve onto V I .i j 12 a

Table 2
Geometrical scaling constants f 12 and g12 for different contacti j i j

pairs ij for sample B

Scaling factor Contacts

34 13 24

f 4.2 0.5 1.0
g 1.4 5.0 2.2

Applied current must be divided by f 12 and voltage must bei j
12 Ž .multiplied by g to map each curve onto V I .i j 12 a

80 Oe, and the field independent scaling factors are
presented in Table 2.

Ž .In Fig. 6 b we show V–I characteristics for aa

strip 7=2=0.7 mm3 of the same batch as sample B
Ž .full lines at H s0 and different temperatures,a

which can be described within the vortex-glass model
w x Ž .2–4 . Also shown symbols is 0.88)V vs. I r1.712 a

Ž .for sample B. If we fit the data V vs. I slab anda
Ž .V vs. I sample B to the expression Vs12 a

Ž Ž . m.V exp y I rI , for Ts28 K, we obtain for the0 c a
Ž .slab a characteristic current I slab approximatelyc

Ž . Ž .equal to 1r2 = I Sample B . The mapping proce-c

dure provides a comparative description that is use-
ful to avoid fitting every measured curve.

w xIt is well established 10 that the low current-den-
Ž .sity regime at T)T H , crosses over to a nonlinearg

regime for J)J , but it was not observed in thecr

present work due to our voltage resolution. Neverthe-
less, the result f 12

) g12 sh12 is an indication thati j i j i j

the scaling procedure will map the complete curves.

5. Conclusions

We have studied the transport properties in
isotropic LSCO high-T superconducting samplesc

which were patterned to force a nonhomogeneous
transport current flow, and were provided with sev-
eral voltage contact pairs, ij, to measure the applied
current dependence of the voltage distribution. We
have found that the V –I characteristics map ontoi j a

conventional homogeneous current flow V–I char-a

acteristics, and therefore follow the predictions of the
vortex glass model, with scaled relevant parameters.
Numerical simulations based on a constitutive rela-
tion for the current density and the electric field
predicted for the vortex glass phase and for the
ohmic regime, also exhibit mapping properties aris-
ing from the proportionality between applied current
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and local current density found in calculations. Our
present results support a local electrodynamical de-
scription and the absence of long-range correlations
in the intergranular vortex motion in the mm length
scale. Future measurements in patterned films, where
the voltage contact distances may be reduced below
the millimeter scale will be performed.
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