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We have studied bulk vortex properties in Bi2Sr2CaCu2O8+d sBSCCOd 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 transitionsvortex lattice
melting transitiond, and vortex correlation along thec axis 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 hig
temperature superconductor Bi2Sr2CaCu2O8+d sBSCCOd us-
ing transport measurement method, one needs to use f
probe contacts for the purpose of avoiding contact resista
Among various four-probe contact geometries, Corbino-d
geometry has been the replacement for the widely used c
ventional four-point contact geometry, ever since the obs
vation that the four-point contacts are vulnerable to t
Bean-LivingstonsBLd surface barrier effect.1

A set of Corbino-disk four-probe contacts consists of
outer ring enclosing a center contact for current injectio
and two points in between the current contacts for volta
measurements. A set of conventional four-point conta
sconventional four-probe contactsd consists of four contact
points sdots or horizontal barsd arranged in a row, with the
end two contacts applying current and the center two c
tacts measuring the voltage. The exclusive advantage of
Corbino-disk contacts is that the current-driven transverse
moving vortices are confined inside the disk, and need
cross a surface boundary. As a result, the BL surface bar
effect, which comes into play when vortices cross the sam
edgessas occurs when using the conventional four-pro
contactsd, is avoided. Although there have been a number
studies on vortex matter in BSCCO using the Corbino-d
contact geometry,2–6 there remains a controversy in regard
whether it is the BL surface barrier sample edge effect
vortex or the samples own bulk vortex properties, such
pinning, that determines the observed vortex transport
havior in BSCCO.4,5 To resolve this issue, we performe
sensitive transport measurements using Corbino-disk c
tacts and probed true bulk vortex properties in BSCCO.

We have studied the bulk vortex lattice melting pha
transition, the current-induced bulk vortex dissipation in bo
the vortex solid and the vortex liquid phases, and the b
vortex correlation along thec axis of BSCCO using both the
plain Corbino-disk contact geometry and a novel Corbin
disk flux-transformer contact geometry. All our observatio
via the Corbino-disk method are identical to those stud
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using the conventional four-probe geometry where vortex
properties were believed to be determined by the BL surface
barrier effect.1 We therefore conclude that it is the samples
own bulk vortex properties that determines the vortex trans-
port properties in BSCCO, instead of the BL surface barrier
effect.

Single crystals of BSCCO were grown using the floating
zone method.7 The sample measured in this experiment has a
dimension of 1.2 mm31.3 mm320 mm. Gold Corbino-
disk contacts were fabricated onto the sample using photo-
lithography techniques. Figure 1 shows the schematic of the
contacts. The Corbino disk measures 1 mm in diameter. Cur-
rent travels from the center contact pad to the outer ring.
Since the direction of the moving vortices is perpendicular to
the direction of the driving current, vortices circulate within
the disk and thus avoid crossing the sample edges. There are
two pairs of voltage contacts:V1 is a pair of surface voltage
contacts andV2 is a pair of hole voltage contacts etched to

FIG. 1. Schematic of the Corbino-disk contacts on BSCCO pat-
terned using photolithography. Surface contacts are denoted byV1

and hole contacts are denoted byV2. V2 contacts are at 3mm below
the sample surface.
©2005 The American Physical Society07-1
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3 mm below the sample surface. The outer boxes ofV2 are
the edges of the etched pattern and the shaded regions ar
actual gold contact pads within. The two current contac
paired withV1 comprise the standard Corvino-disk contac
while the two current contacts paired withV2 form an un-
conventional Corbino-disk geometry, which we term th
Corbino-disk flux-transformer. Below we explain in detail it
design and fabrication.

The flux-transformer contact geometry is primarily use
in high-Tc materials for transport studies of vortex correla
tion along the samplec axis. A set of conventional flux-
transformer contact is similar to a set of four-probe contact
that it consists of four point contacts arranged in a row. T
difference is that the two voltage contacts are placed at
opposite side of the sample. Measuring voltages at the op
site side of the sample from the applied current allows t
observation of vortex correlation along thec axis. However,
these conventional flux-transformer contacts, just as the c
ventional four-point contacts, render vortex studies vuln
able to the BL surface barrier effect. In order to study thec
axis vortex correlation in BSCCO free from the BL surfac
barrier effect, it is necessary to adapt the flux-transform
pattern to Corbino-disk geometry. In our case, ideally t
two voltage contacts should be placed on the bottom side
the sample within the ring. However, due to the opaque n
ture of the BSCCO material, photolithographic alignment
the bottom voltage contacts to the top Corbino-disk is nea
impossible. Hence we developed a unique method to plac
pair of flux-transformer voltage contacts into our Corbin
disk. We first etched holes into the samples3 mm deepd us-
ing the Ar+-ionmilling technique described in a previou
publication.8 Then gold was deposited simultaneously in
the etchedV2 contacts, the surfaceV1 contacts and the sur-
face Corbino-disk ring contact. The ratio between the me
sured voltageV and the applied currentI snote the current
density is inevitably nonuniform for the Corbino disk conta
geometryd, V/ I, is defined as the vortex resistanceR. In these
two sets of Corbino disk contacts,V1 measures vortex dissi-
pationR1 at the BSCCO sample surface layers, andV2 mea-
sures the vortex dissipationR2 at layers 3mm below the
sample surface. Here for the purpose of comparison Co
parison betweenR1 and R2 provides information on vortex
correlation along thec axis without the BL surface barrier
effect.

After the gold contact deposition, the BSCCO sample w
then slightly overdopedsTc=87 Kd by annealing in air at
550 °C for 20 h. This annealing process also helps us
obtain the low contact resistances of less than 0.5V per
contact pair. We were able to measure the vortex solid dis
pation with high precision because of this exceptionally lo
contact resistance. The sample was then placed in a su
conducting solenoid with magnetic fields applied parallel
the c axis of the sample. The resistance was measured us
a 16 Hz ac resistance bridgeslinear resistance model LR-
700d at a current value of 10 mA. The resistance bridge giv
directly the resistance valueR in reading.

We divide the discussion into two sections: we first di
cussR1 andR2 independently in the first section, and then w
compareR1 and R2 in the second section. We compare ou
Corbino-disk results in both sections to similar measu
1325
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ments using the conventional four-probe contact geometry
When an identical result is found in both the Corbino-disk
and the conventional four-probe measurements, we infer tha
the measured vortex behavior is determined by the sampl
bulk vortex matter properties.

We first discuss the surface vortex dissipationR1. Figure 2
shows the resistanceR1 vs temperature curves at magnetic
fields ranging from 56 Oe to 1000 Oe. With no exception,R1
decreases with temperature at all fields and drops abruptly a
the vortex melting temperatureTm seen at the kinks. These
kinks are signatures of the vortex lattice melting transition.
The kinks begin to smear at,1000 Oe, indicating that the
melting transition is approaching its critical end point. Our
observed melting phase transition linesTm vs Had and its
critical end point agree with those measured in BSCCO us
ing other experimental methods including conventional four-
probe contacts.9,10

At temperatures belowTm and at a constant field, vortices
are in the vortex solid phase. The vortex solid resistance ca
be clearly detected as shown in Fig. 2. These vortex solid
dissipation data are among measurements of the highe
precision.4,5 We measured the activation energy of solid vor-
tices U0, which is the energy required to thermally activate
vortices over energy barrierssbulk pinning barrier or surface
barriersd, by fitting the vortex solid resistance to an Arrhen-
ius plot. Figure 3 plots the vortex solid resistance,R1 vs 1/T,
for various applied fieldsHa. The solid lines are the best fits
to data in the Arrhenius form

r = r0expf− U0/Tg, s1d

wherer0 is the resistivity coefficient.11 The activation energy
U0 is a function ofHa

U0 ~ Ha − a, s2d

wherea is a coefficient.
Below we compare ourU0 with that obtained using the

four-probe contacts, where in factU0 may have been a mea-
sure of the BL surface barrier activation energy. The activa-
tion energiesU0 for different magnetic fields are extrapolated

FIG. 2. R1 vs T curves at magnetic fields ranging from 56 Oe to
1000 Oe. The sharp kinks represent the onset of the vortex lattic
melting transition at temperatureTm. Below Tm the resistance de-
crease continues into the vortex solid phase.
07-2
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from the Arrhenius fittings ofR1 in Fig. 3 and plotted in Fig.
4. The solid line is the best fit to data as

U0sKd = 10850Ha − 0.46. s3d

Here 0.46 is the value fora in Eq. s2d. The exponenta is
equivalent toa<1/2 measured using the conventional fou
probe contacts in BSCCO;12 the prefactor of U0sKd is
equivalent to that measured in Ref. 4. Thus U0 is a measure
of the bulk pinning activation energy, rather than the B
surface barrier activation energy. We have also measured
current dependence of the vortex solid resistance with
rent values ranging from 1 mA to 10 mA, and we observ
non-Ohmic behavior, where the resistance increases with
current. This observation has also been reported in ano
Corbino-disk contact measurement.2 Above studies indicate
that the vortex lattice melting phase transition and the vor
solid state dissipation are determined by the sample b
vortex properties.

We now discuss the pancake vortices resistanceR2. The
resistanceR2 vs T curves are plotted in Fig. 5 forHa ranging
from 0 Oe to 400 Oe. At all fields, the resistance drops r
idly to the noise levels10−7V at 10 mAd at Tc. At lower
temperatures, the resistance rises to a plateau before it d

FIG. 3. Arrehnius plots,R1 vs 1/T, at magnetic fields of 56 Oe
100 Oe, 200 Oe, 300 Oe, and 400 Oe. The solid lines are the
fits to the data.

FIG. 4. Activation energyU0sKd vs Ha curve, whereHa is the
applied magnetic field. The activation energy is extracted from
Arrehnius plot ofR1 for the vortex solid in Fig. 3.
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again atTm. We interpret this resistance plateau as an incom-
plete sublimation of the 3D vortex solid to 2D pancakes,13,14

where the pancakes at the deeper layers below the sample
surface are still partially correlated with vortex pancakes at
the surface layers. For if otherwise, when a vortex line dis-
sociates completely into 2D pancakes, only the top layer
pancakes should be mobile and the pancakes at 3mm below
the sample surfaces<2000 layers of pancakes using the in-
terlayer spacing of 16 Åd should be insensitive to the surface
transport current. Again, our Corbino disk flux-transformer
measurements as shown in Fig. 5 are identical to those mea-
sured using the conventional flux-transformer contact
geometry.15–17

Finally, Fig. 6 compares the surface and hole resistances
at 300 Oe. The melting onset temperatures and fields coin-
cide and the resistances in the vortex solid phase are identi-
cal. The identical vortex solid resistances indicates that pan-
cake vortices are correlated along thec axis. The applied
current at the sample surface drives the whole vortex linessat
least to 3mm below the sample surfaced to circulate inside

best

the

FIG. 5. R2 vs T at various fields. The resistance first drops to the
noise level atTc and then gradually rises at lower temperatures, and
finally drops abruptly again atTm.

FIG. 6. Comparison ofR1 and R2 at 300 Oe. Their melting
transition onset temperatures and their resistances in the vortex
solid phase coincide. The lower resistance value inR2 betweenTm

and Tc indicates that the pancake vortices are not correlated at
3 mm below the sample surface in this temperature range.
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the Corbino disk. Both resistances experience a dramat
crease in valuesDRTc−Tm

d from Tc to Tm, measuring 104 times
for R1 and 102 times for R2. The resistance ratioR1/R2 is
,103 at Tc and drops to,1 at Tm. These resistance dro
and resistance ratios are identical to those measured
the conventional four-bar flux-transformer contacts.17 If the
BL surface barrier dominated the vortex liquid dissipat
thenR1/R2 andDR1,Tc−Tm

andDR2,Tc−Tm
for the Corbino-disk

flux-transformer contacts should differ from that for the c
ventional flux-transformer contacts, contrary to observa
If the pancakes were not fully correlated along thec axis in
the vortex solid phase, thenR2,T,Tm

would be less tha
R1,T,Tm

. It thus can be inferred that the c-axis vortex co
lation in BSCCO is determined by the sample bulk vo
matter properties.
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The agreements found between above numerous Corb
disk measurements with the conventional four-probe con
measurements indicate that we have measured true bulk
tex properties. These properties include vortex lattice melt
transition, vortex solid and liquid dissipations and vort
correlation along the samplec axis. We thus conclude that
contrary to the BL surface barrier model,1–3 it is the sample
bulk vortex matter properties that determine the vortex tra
port properties in BSCCO.
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