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We have studied bulk vortex properties in,8i,L,CaCyOg, s (BSCCO using transport measurements with a
unique Corbino disk contact geometry. This Corbino disk contact geometry allows us to measure true bulk
vortex properties free from surface barrier effects. The investigated vortex properties include current-induced
vortex dissipation in the vortex liquid and vortex solid phases, vortex matter phase trafgiitex lattice
melting transitiof, and vortex correlation along theaxis of BSCCO. No discrepancy is found between our
measurements and others measurements using the conventional four-probe contact geometry, which renders
vortex transport properties susceptible to the Bean-Livingston surface barrier effect. We conclude that the
sample bulk vortex matter properties determine the vortex transport behaviors in BSCCO.
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To study vortex behaviors in the highly anisotropic high- using the conventional four-probe geometry where vortex
temperature superconductor,Bi,CaCyOg,s (BSCCQO us-  properties were believed to be determined by the BL surface
ing transport measurement method, one needs to use fousarrier effectt We therefore conclude that it is the samples
probe contacts for the purpose of avoiding contact resistancewn bulk vortex properties that determines the vortex trans-
Among various four-probe contact geometries, Corbino-diskport properties in BSCCO, instead of the BL surface barrier
geometry has been the replacement for the widely used comffect.
ventional four-point contact geometry, ever since the obser- Single crystals of BSCCO were grown using the floating
vation that the four-point contacts are vulnerable to thezone method.The sample measured in this experiment has a
Bean-Livingston(BL) surface barrier effect. . dimension of 1.2 mnx 1.3 mmx 20 um. Gold Corbino-

A set of Corbino-disk four-probe contacts consists of angjisk contacts were fabricated onto the sample using photo-
outer ring enclosing a center contact for current injection,ithography techniques. Figure 1 shows the schematic of the
and two points in between the current contacts for voltagggnacts, The Corbino disk measures 1 mm in diameter. Cur-

measurements. A set of conventional four-point contactgent yavels from the center contact pad to the outer ring.

écoci)mlse(rggt)ga:)lrfﬁgﬁggz?ael gg;‘gﬁ:ﬁgs&sﬁ gf rgovt/”v(\;ict)ﬁtacé Since the direction of the moving vortices is perpendicular to
end two contacts applying current and the center two Cont_he direction of the driving current, vortices circulate within

tacts measuring the voltage. The exclusive advantage of tt{ge disk and thus avoid crossing the sample edges. There are

Corbino-disk contacts is that the current-driven transverselyWC Pairs of voltage contact¥/; is a pair of surface voltage

moving vortices are confined inside the disk, and need not®Ntacts and/; is a pair of hole voltage contacts etched to
cross a surface boundary. As a result, the BL surface barrier
effect, which comes into play when vortices cross the sample
edges(as occurs when using the conventional four-probe
contacty, is avoided. Although there have been a number of
studies on vortex matter in BSCCO using the Corbino-disk
contact geometrs;;% there remains a controversy in regard to
whether it is the BL surface barrier sample edge effect on
vortex or the samples own bulk vortex properties, such as
pinning, that determines the observed vortex transport be-
havior in BSCCO"® To resolve this issue, we performed
sensitive transport measurements using Corbino-disk con-
tacts and probed true bulk vortex properties in BSCCO.

We have studied the bulk vortex lattice melting phase
transition, the current-induced bulk vortex dissipation in both
the vortex solid and the vortex liquid phases, and the bulk
vortex correlation along the axis of BSCCO using both the  FIG. 1. Schematic of the Corbino-disk contacts on BSCCO pat-
plain Corbino-disk contact geometry and a novel Corbino-+erned using photolithography. Surface contacts are denotad by
disk flux-transformer contact geometry. All our observationsand hole contacts are denoted\y V, contacts are at &Zm below
via the Corbino-disk method are identical to those studiedhe sample surface.
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3 um below the sample surface. The outer boxe¥phre 10¢ 56 0o

the edges of the etched pattern and the shaded regions are the ——100 Oe

actual gold contact pads within. The two current contacts 102} a1
paired withV,; comprise the standard Corvino-disk contact; 3f ——400 Oe

while the two current contacts paired witly form an un- ,é.JO P00 0e
conventional Corbino-disk geometry, which we term the =107 —'—388003 P
Corbino-disk flux-transformer. Below we explain in detail its - ¢/

design and fabrication. 1050

The flux-transformer contact geometry is primarily used o
in high-T, materials for transport studies of vortex correla- 10} :
tion along the sample axis. A set of conventional flux- 107 LB

transformer contact is similar to a set of four-probe contact in i A
that it consists of four point contacts arranged in a row. The ST T P S S~ Y
difference is that the two voltage contacts are placed at the =2 80 48 516- (I%)I iR

opposite side of the sample. Measuring voltages at the oppo-
site side of the sample from the applied current allows the i .
observation of vortex correlation along theaxis. However, FIG. 2. Ry vs T curves at magnetic fields ranging from 56 Oe to
these conventional flux-transformer contacts, just as the cor-200 O€. The sharp kinks represent the onset of the vortex lattice
ventional four-point contacts, render vortex studies vulnerMelting transition at temperatug,. Below Ty, the resistance de-
able to the BL surface barrier effect. In order to study ¢he Crease continues into the vortex solid phase.

axis vortex correlation in BSCCO free from the BL surface

barrier effect, it is necessary to adapt the flux-transformefments using the conventional four-probe contact geometry.
pattern to Corbino-disk geometry. In our case, |dea||y theWhen an identical result is found in both the Corbino-disk
two voltage contacts should be placed on the bottom side ¢#nd the conventional four-probe measurements, we infer that
the Samp|e within the ring_ However, due to the opaque nathe measured vortex behavior is determined by the sample
ture of the BSCCO material, photolithographic alignment ofbulk vortex matter properties.

the bottom voltage contacts to the top Corbino-disk is nearly We first discuss the surface vortex dissipatRynFigure 2
impossible. Hence we developed a unique method to place $h0ws the resistandg, vs temperature curves at magnetic
pair of flux-transformer voltage contacts into our Corbinofields ranging from 56 Oe to 1000 Oe. With no exceptigp,
disk. We first etched holes into the sampBeum deep us-  decreases with temperature at all fields and drops abruptly at
ing the Ar-ionmilling technique described in a previous the vortex melting temperaturg,, seen at the kinks. These
publication® Then gold was deposited simultaneously intokinks are signatures of the vortex lattice melting transition.
the etchedV, contacts, the surfacé, contacts and the sur- The kinks begin to smear at1000 Oe, indicating that the
face Corbino-disk ring contact. The ratio between the meamelting transition is approaching its critical end point. Our
sured voltageV and the applied currerit (note the current Observed melting phase transition lif&; vsH,) and its
density is inevitably nonuniform for the Corbino disk contact critical end point agree with those measured in BSCCO us-
geometry, V/1, is defined as the vortex resistariReln these  ing other experimental methods including conventional four-
two sets of Corbino disk contactg; measures vortex dissi- probe contact$1°

pationR; at the BSCCO sample surface layers, &hdnea- At temperatures below,, and at a constant field, vortices
sures the vortex dissipatioR, at layers 3um below the are in the vortex solid phase. The vortex solid resistance can
sample surface. Here for the purpose of comparison ConPe clearly detected as shown in Fig. 2. These vortex solid
parison betweerR, and R, provides information on vortex dissipation data are among measurements of the highest
correlation along the axis without the BL surface barrier precision®>We measured the activation energy of solid vor-
effect. tices Uy, which is the energy required to thermally activate

After the gold contact deposition, the BSCCO sample wagortices over energy barriefbulk pinning barrier or surface
then slightly overdopedT,=87 K) by annealing in air at barriers, by fitting the vortex solid resistance to an Arrhen-
550 °C for 20 h. This annealing process also helps us tdls plot. Figure 3 plots the vortex solid resistan@eys 1/T,
obtain the low contact resistances of less thanﬂ)_ﬁer for various applled fieldk-la. The solid lines are the best fits
contact pair. We were able to measure the vortex solid dissfo data in the Arrhenius form
pation with .high precision because of this exceptio_nally low p = pexr— Uy/T], (1)
contact resistance. The sample was then placed in a super-
conducting solenoid with magnetic fields applied parallel towherep, is the resistivity coefficient! The activation energy
the c axis of the sample. The resistance was measured usindy is a function ofH,
a 16 Hz ac resistance bridgénear resistance model LR-

700 at a current value of 10 mA. The resistance bridge gives
directly the resistance valuR in reading. where« is a coefficient.

We divide the discussion into two sections: we first dis- Below we compare oulJ, with that obtained using the
cussR; andR, independently in the first section, and then wefour-probe contacts, where in fady may have been a mea-
compareR; and R, in the second section. We compare oursure of the BL surface barrier activation energy. The activa-
Corbino-disk results in both sections to similar measuretion energied), for different magnetic fields are extrapolated

UgxHy— a, (2
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FIG. 3. Arrehnius plotsR; vs 1/T, at magnetic fields of 56 Oe, FIG. 5. R, vs T at various fields. The resistance first drops to the

100 Oe, 200 Oe, 300 Oe, and 400 Oe. The solid lines are the be8pise level aflc and then gradually rises at lower temperatures, and
fits to the data. finally drops abruptly again ak,,.

again afT,,. We interpret this resistance plateau as an incom-
plete sublimation of the 3D vortex solid to 2D pancak&¥
where the pancakes at the deeper layers below the sample
Uo(K) = 1085(H, — 0.46. (3) surface are still partially correlated with vortex pancakes at
the surface layers. For if otherwise, when a vortex line dis-
Here 0.46 is the value fot in Eq. (2). The exponenir is  sociates completely into 2D pancakes, only the top layer
equivalent too=1/2 measured using the conventional four- pancakes should be mobile and the pancakesandelow
probe contacts in BSCC; the prefactor ofUy(K) is  the sample surfaceé=2000 layers of pancakes using the in-
equivalent to that measured in Ref. 4. Thugitla measure terlayer spacing of 16 Ashould be insensitive to the surface
of the bulk pinning activation energy, rather than the BLtransport current. Again, our Corbino disk flux-transformer
surface barrier activation energy. We have also measured theeasurements as shown in Fig. 5 are identical to those mea-
current dependence of the vortex solid resistance with cursured using the conventional flux-transformer contact
rent values ranging from 1 mA to 10 mA, and we observedgeometry:>-17
non-Ohmic behavior, where the resistance increases with the Finally, Fig. 6 compares the surface and hole resistances
current. This observation has also been reported in anothat 300 Oe. The melting onset temperatures and fields coin-
Corbino-disk contact measuremémbove studies indicate cide and the resistances in the vortex solid phase are identi-
that the vortex lattice melting phase transition and the vortexal. The identical vortex solid resistances indicates that pan-
solid state dissipation are determined by the sample bulkake vortices are correlated along tbeaxis. The applied
vortex properties. current at the sample surface drives the whole vortex liaes
We now discuss the pancake vortices resistdRcelThe  least to 3um below the sample surfacéo circulate inside
resistancdR, vs T curves are plotted in Fig. 5 fdi, ranging

from the Arrhenius fittings oR; in Fig. 3 and plotted in Fig.
4. The solid line is the best fit to data as

from 0 Oe to 400 Oe. At all fields, the resistance drops rap- 10[
idly to the noise level(10’Q) at 10 mA at T.. At lower
temperatures, the resistance rises to a plateau before it drops 10
-3 [
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H, (Oe) FIG. 6. Comparison oR; and R, at 300 Oe. Their melting
transition onset temperatures and their resistances in the vortex
FIG. 4. Activation energyJo(K) vs H, curve, whereH, is the  solid phase coincide. The lower resistance valuBdrbetweenT,,
applied magnetic field. The activation energy is extracted from theand T, indicates that the pancake vortices are not correlated at
Arrehnius plot ofR; for the vortex solid in Fig. 3. 3 um below the sample surface in this temperature range.
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the Corbino disk. Both resistances experience a dramatic de- The agreements found between above numerous Corbino-
crease in valuéARy 1 ) from T, to T, measuring 1btimes  disk measurements with the conventional four-probe contact
for R, and 16 times for R,. The resistance rati®/R, is  measurements indicate that we have measured true bulk vor-
~10° at T, and drops to~1 at Ty, These resistance drops tex properties. These properties include vortex lattice melting
and resistance ratios are identical to those measured usignsition, vortex solid and liquid dissipations and vortex
the conventional four-bar flux-transformer contadtf the o rrelation along the sampleaxis. We thus conclude that,
BL surface barrier dominated the vortex liquid dissipation,Contrary to the BL surface barrier modeh it is the sample

thenRy/R, andARy 77 andARZ’Tc—_Tm for the Corbino-disk  p, yortex matter properties that determine the vortex trans-
flux-transformer contacts should differ from that for the con-port properties in BSCCO.

ventional flux-transformer contacts, contrary to observation.

If the pancakes were not fully correlated along thaxis in This research was supported in part by NSF Grants DMR-
the vortex solid phase, theR,r7 would be less than 9801738 and DMR-9501156, by the Director of the Office of
Ry 1<1 . It thus can be inferred that the c-axis vortex corre-Energy Research, Office of Basic Energy Sciences, Materials
lation in BSCCO is determined by the sample bulk vortexSciences Division of the U.S. Department of Energy under
matter properties. Contract No. DEAC03-76SF00098.
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