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Bulk transport properties of Bi ,Sr,CaCu,Og crystals in the Corbino disk geometry
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Transport measurements have been made g8rftaCyOg single crystals in the Corbino disk geometry
where vortices should not cross the sample edges in a fixed applied field. The results are compared directly
with a strip geometry by cutting the disk into a strip and remeasuring the sample using the same contacts.
Pronounced differences are observed in both the resistive transition and the current-voltage characteristics in
these two geometries. The critical current density in the vortex solid phase is at least 20 times smaller than
usual estimates for a strip geometry. We conclude that the transport propertiesSelCBICyOg samples in
the strip geometry are dominated by surface barriers in both solid and liquid vortex phases over a wide range
of fields and temperaturegS0163-182@09)50326-3

The Bi,Sr,CaCyOg (BSCCO high-temperature super- of surface currents on the measured resistance. This*8tudy
conductor has extreme anisotropy and very weak bulk pinshows an enhancementkhof the platelike sample by up to
ning above about 30 K. An understanding of the contribu-two orders of magnitude relative to that of a strip cut from it.
tions to the irreversible properties is essential for thelLarge plate samples also show reduced apparent activation
elucidation of the transitions and crossovers irHt§ phase energy in the VL and a smaller apparent critical currépt,
diagram®~3 Although it is well known that the magnetization in the vortex solid® While Ref. 10 shows that the effects of
of BSCCO crystals is dominated by geometrical and surfacsurface currents on transport properties are considerable, the
barriers above about 30 K/ it is only recently that transport geometry and the associated current and vortex flow patterns
measurements performed on single crystals have also beane complicated. Here we have fabricated samples in the
shown to be significantly affected by the presence ofCorbino disk(CD) geometry*! In this case, although there is
surfacé1%and geometrical barrief.These effects obscure a radial gradient in the current density,for perpendicular
the underlying bulk behavior over a wide range of fields andapplied fields, the Lorentz force is azimuthal and the vortices
temperatures. The bulk behavior is of central importance foshould flow in concentric circles without crossing the sample
an understanding of the complex phase diagram and thermedges, thus avoiding the effects of the SB. This allows direct
dynamic transitions in the vortex matter. Below, we use theaccess to the bulk properties of the vortex solid. Profound
term “surface barrier”(SB) to include both surface and geo- differences are observed in the transport measurements per-
metrical barriers. Fuchet al® used a miniature Hall probe formed on CD samples and strip-shaped samples cut from
array to measure the self field of an applied transport currerthe disks. We conclude that sample quality strongly affects
and evaluate the current distribution in a BSCCO single crysthe magnitude of SB effects observed, thus resolving the
tal. The current was shown to flow predominantly at therecent controversy?
sample edges over a large field and temperature range, sug- High quality single crystals of BSCCO witfi.~89 K
gesting that a type of SB dominates the transport behavioryere obtained from two different sourcks™® The crystals
even above melting in the vortex liqui¥L ) state. This SB  were cut with a miniature wire saw to typical dimensions of
results in the edges acting as low resistance shorts. Thus, 50 mmXx1.50 mmX 0.06 mm and then carefully
strips with current electrodes which are closer to the edgesleaved to obtain optically smooth single crystals with thick-
than to each other the measured resistaRceonsiderably nesses of about 1xm. A 300 nm Au film was immediately
underestimates the bulk resistanBg,. Accordingly, trans- evaporated onto the fresh surface following cleaving. A fo-
port measurements performed on large BSCCO crystals withused ion beaniFIB) was then used to mill five concentric
contacts positioned further from the edges than from eactracks~8 um wide and 1-2um deep at 100um spac-
other have allowed a semiquantitative estimate of the effedhgs. Measurements using a superconducting quantum inter-
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FIG. 1. Schematic of Corbino disk with annular electrodes for Temperature (K)
current,l, and voltages, V1 and V2. The sample is coated with Au
and the concentric circles denote the FIB tracks through the Au FIG. 2. Reduced resistance as a function of temperature in CD1
layer. The dashed line indicates where the strip was cut from.  (solid data pointsand corresponding strip C$tpen data poinjsat

. . applied fields of 0 /), 100 (O), 300 (<), 500 (&), 1000 (),
ference devicéSQUID) magnetometer showed that neither and 4000 Oe®). The values for the resistivity in the normal state

T. nor the melting Iing is shiftgd shqwing that there is NO (4t 100 K) of the Corbino disk and strip are 540 and 57@ cm,
u,nwanted damage by 'mplantat'or! of ions. The CD thus ConFespectively. The currents in the CD and strip were 10 mA and 3
sists of four annular Au contact. rings 'and a central contact,a respectively, for comparable current densities.

pad, as shown by the schematic in Fig. 1. The central and

outermost pads were used as current contacts and the inn@fsistive “tail” which persists to a temperature below that at
rings act as voltage contacts. J0m Au wires were attached \yhich the strip resistance falls below the level of sensitivity.
to the pads with silver epoxy using a micro-manipulator.This is consistent with the abrupt enhancement of a SB de-
Two to fOUI’ contacts were placed onto eaCh current I’ing thrmined Critica' Currentl(:) upon freezind-_oilalg Figure 2
ensure each was equipotential and current flow raieé presents data at 3 mA and 10 mA applied to the strip and the
below). After annealing at 420 °C for five minutes in,O cp, respectively, to ensure comparabléThe effect is only
contact resistances were 2-3. Once CD's had been fully = sjightly reduced when comparing the data at the same current
characterized, each was cut into strip-shaped samples @f 10 mA. The melting lines for both geometries are concur-
width 200—-400 um, taking care to ensure that the currentrent at all fields, demonstrating good sample homogeneity
and voltage contacts remained intact. These strips were theghd that the cutting has not induced significant damage. In
measured for comparison with the parent CD’s. The resistivghe CD geometry the resistance of the outer electrode ring is
transition was measured as a function of temperature at varpot negligible and in fact comparable to the contact resis-
ous fields applied parallel to the ¢ axis. The voltages at twQance, so that care must be taken to ensure a uniform radial
positions on the CD, V1 and V&ee Fig. ], were measured cyrrent. In order to confirm that it is indeed uniform, Fig. 3
simultaneously using lock-in amplifiers and low noise trans-shows data taken from the two different voltage pairs in
formers at 72 Hz. dc current-voltage\) measurements sample CD1. Close agreement between the pairs demon-
were made and the magnetic moment was measured assgates that the current is almost radially uniform. Small dif-

function of field using a SQUID magnetometer for samplesferences between V1 and V2 may arise because of some
of the same material and similar size and shape as the strip

samples. Four CD samples and associated cut strips were 101 : : , , ,
measured in total. All samples showed the same qualitative Sample CD1, 10 mA
behavior. The results presented are from two samples with 102 | .
the most pronounced effect.

Figure 2 shows théR(T) curves of Corbino disk CD1 107 E
compared to the strip CS1 cut directly from it. AboVgthe PR
difference between the two resistances is consistent with the & ' F E
change in cross-sectional area, confirming that current flows a 105 L ]
uniformly between the voltage electrodes. Hence, the
normal-state resistance of the CDsisiallerthan that of the 106 [ -
strip as expected. Below, the resistance of CD1, which is
indicative of the bulk resistancéRg, is dramaticallyen- 107 3
hancedrelative to CS1, which is dominated by the surface
resistanceRs. The enhancement is clear both in the solid 10_830

and liquid phases below and above the first-order transition
(FOT) (Refs. 16,17 which is indicated by the sharp change
in the slope ofR(T) for the 100, 300, and 500 Oe curves. FIG. 3. Resistive transitions for CD1 at three applied fields
The effect is most evident at fields 6500 Oe, consistent showing agreement between the voltage pairs M) and V2 (A)
with Ref. 10. In the solid phase CD1 displaydreonlineaj  indicating uniform radial current flow.

Temperature (K)
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FIG. 4. IV characteristics of CD2 at 500 Oe and temperatures
between 34 and 70 K. FIG. 5. Temperature dependence of the slopepf the IV
curves of sample CD2 shown in Fig. 4. The curves show a linear
current flow along the Au electroddthe sample is not a behavior forT>T,,.
perfect short while it still has finitd&k, hence some current
sharing occursresulting in a finite voltage drop along the g criterion of 100 nV, are shown in the inset of Fig. 6 for
ring. Figure 2 shows that these variations are, however, vergoth CD2 and CS2., for the strip is twice that for the CD
small compared to the magnitude of the SB effect. even though the cross-sectional area is almost an order of
Since R for the CD is enhanced relative to the strip magnitude smaller. Since tfig, is unaffected by cutting it is
sample, and sincg,, is the same, we expect that the appar-difficult to believe that any significant disorder is
ent activation energies in the liquid phasbkg, evaluated introduced?® We conclude that the only scenario consistent
from Arrhenius plots, will also reflect a difference. At 10 mA with both this observation and the enhanced resistance of the
and 100 Oe, we find values of 4000 and 2000 K for CS1 an@&D in the VL is that current flows almost entirely at the
CD1, respectively, with a stronger dependence on field fosample edges in the strip sample. In this case, calculation of
the strip than for the CD. Fuctet al° find values of 4600 4 critical current densityJ,) by assumption of uniform cur-
and 3000 K for a strip and plate, respectively, while Mazilurent flow, either from transport or magnetization measure-
et al*® find values of 2000-3000 K for both strip and CD ments(using the Bean modglis invalid and leads to a dra-
geometries. We emphasize, on the other hand, that the bgyatic overestimation of the bulk,. The main part of Fig. 6
havior is not Clearly Arrhenius-like in any wide range so thatshows theJc calculated as usual by incorrecﬂy assuming
these values are sensitive to the temperature window whichylk current flow. Although the approach is incorrect, it in-
is selected to fit to the data. dicates the error incurred and shows that the bulk current,
Next we move to the behavior in the solid phase below
the melting transitionl . is much smaller in the CD’s than in
the strips and it is thus possible to measureltheharacter-
istics over a large temperature range belby without in-
ducing significant ohmic heating. Figure 4 sholscurves 10° ¢ O
at 500 Oe and selected temperatures between 34 and 70 K
for CD2. The arrowhead or second peak field in these & 10°F
samples is at about 600 Oe. At 70 K, in the VL phase, the g
characteristics of CD2 are linear and ohmic, unlike observed 30 10° b 107
elsewhere in strip samples where nonlinearity was ascribed ~
to viscosity?® Figure 5 shows how the slope of tH& ral
curves,n, varies with temperature, where V", For the non- J. Strip
linear current regime belowW,, the exponent is evaluated by 0L ) {107
K . - . J _ Corbino
forcing a linear fit to the data in the decade above where the 500 Oe c
signal vanishes below our sensitivity. The data suggests that '
the nonlinearity in the VL phase measured in strip samples is 0 30 40 30 60
associated with surface currents and is not a bulk effect. The Temperature (K)
exponent Qf theV curves Jumps to3ina narrow window FIG. 6. Temperature dependence of the effectlyeobtained
about melting at 55 K, reminiscent of a Kosterlitz-Thoulesst.m, v measurements in CDZ) and CS2 &) at 500 Oe. The
transition>*?* This may reflect a sharp reduction in interpla- right-hand axis shows measured magnetic-morfieyteresisdata
nar coupling between vortex pancakesTaf. Below Ty,,  of a strip samplem,, (), compared with the magnetic moment
negative curvature develops in thé curves, consistent with  expected from a current equal to the transpertiowing around a
a diverging activation energy for vortex motion, togetherioop defined by the sample edges, (O). The inset shows the
with the onset of pinning and a finite . measured transpolt, extracted from theV curves with a voltage
The measured. at various temperatures at 500 Oe, usingcriterion of 100 nV.
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accurately probed by the Corbino geometry, is 20 timeshow clear signs of the FOT may indicate lower crystal qual-
smaller than estimates for the strip. Note thatdtlewing at  ity, which may explain the discrepancy in the re_sults. Fur-
the sample edges is also underestimated by this approach. imlermore, although one set of samples we have investigated
the case of the disk geometry, becaddes a radial depen- is from the same source as Ref. 10, we also see the effect in
dence, we evaluate it at the inner voltage contact. This repsamples from a different source. The variation in the magni-
resents an upper bound for the calculafedn the CD. A tude of the effect from sample to sample confirms that the
further and more conclusive test for whether currents flowSB iS extremely sensitive to sample quality and preparation.
only at the edges can be made by comparingrtteasured In the case of the lower quality samples used in Ref. 13, the
magnetic moment in samples of similar size and shape as tffgfeCt.Of the SB may be S|gn|f|can.tly ;_uppressgd. _Fma_lly, and
strips, m,,,, to the calculatedmagnetic moment expected if most |mportantly., th'e observed S|gn!f|camjuct_|on|n criti-
the measured transport critical current is assumed to flovsal current density in the vortex solid phase in the Corbino

entirely along the sample edges,. The right-hand axis of disks, an area that was not explored in Ref. 13, provides clear

Fig. 6 shows the temperature dependence of these Value%wdence that the surfaces play a crucial role in the transport

N properties of high quality samples.
Although the transport and magnetization data do not over To summarize, the bulk transport properties in BSCCO

lap, the two regions approach each other closely, supportin ) . .
the conclusions here. Thus, the central result of this paper grystals in the Corbino disk geometry are shown to be very

. . . ifferent than in the strip geometry, confirming that in the
that the bulkd; obtained using the CD geometry is at least atter case they are dominated by surface barriers in both

factor of 20 smaller than values obtained from either trans-__. L ; :
S solid and liquid vortex phases. This surface barrier obscures
port measurements or magnetization loops at temperatur

- e bulk properties. Using the Corbino disk geometry, we
above 30 K. In both cases, surface currents arising from a S void these barriers and have shown that the bulk critical
dominate the measured response and obscure the bulk beh&V- . . :
ior. Current in BSCCQ is more than an order of magnitude

Finally, we discuss the differences between the resultsSmaller than previous estimates.
here and those elsewhéreFirst, the largest differences ob-
served between the CD and strip samples occur in the vicin- We thank A. M. Campbell, A. D. Bradley, D. Charalam-
ity of the FOT both in the solid and liquid phases, as is alsdous, J. E. McCrone, and E. S. Sadki for useful discussions.
seen in Ref. 10. Also, all of our data for the strip samples ardR.A.D. acknowledges support from the Royal Society, and
weakly nonlinear above melting, as observed elsewhte. E.Z. from the Israel Science Foundation and the Ministry of
Mazilu et al!® however, find no difference between CD and Science. This work was partly supported by CREST, the
strip samples and find that their data are always in the lineabutch Council for Fundamental Research on Matf6dM),
regime. Given that the edges of the samples are prepared inaad the Grant-in-Aid for Scientific Research from the Min-
similar manner, the fact that the samples in Ref. 13 do noistry of Education, Science, Sports and Culture, Japan.
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