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We have used differential magneto-optical �MO� imaging to investigate the mixed state of superconducting
Bi2Sr2CaCu2O8+� �BSCCO� microdisks fabricated on a single-crystal sample. MO difference images of the
stray field distribution over a range of out-of-plane fields allow us to distinguish between flux that is penetrat-
ing the disks and that entering the underlying BSCCO platelet. We find that flux preferentially flows along
linear defects into the interstitial platelet regions up to a characteristic field Hp, above which flux enters the
disks. We identify this as the field of first penetration of pancake vortices over the Bean-Livingston barrier
around the disks, where Hp�T� at intermediate temperatures is well described by an exponentially decaying
function with a characteristic temperature T0=19 K. At a given temperature, a minority of the disks exhibit a
lower penetration field and we correlate the location of these disks with the linear defects in the BSCCO
crystal.
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Bulk type-II superconductors in a magnetic field exhibit a
flux-free state which survives to a lower critical field Hc1.
Above this field superconductivity is partially destroyed by
the nucleation of flux-quantized vortices at lateral surfaces
and their subsequent penetration into the body of the sample.
An important consequence of the distortion of the edge �sur-
face� currents during vortex nucleation is the appearance of a
local attraction between the vortex and the surface. This at-
traction can be viewed as arising from an external image
antivortex, whose presence ensures that there is no net cur-
rent perpendicular to the surface. The image antivortex ef-
fectively delays the transition from the flux-free to the vortex
state until the applied field reaches a penetration field Hp
�Hc1, and the potential barrier which must be surmounted to
enter the sample is called the Bean-Livingston barrier
�BLb�.1

This scenario is complicated by the fact that vortices can
be thermally excited over the BLb at finite temperatures.
Hence, provided sufficient time elapses after application of
the field, the transition will occur close to Hc1, as for an
infinite �bulk� sample.2 For finite measurement times, how-
ever, the magnitude and temperature dependences of the pen-
etration field differ dramatically from Hc1 and several studies
have attempted to determine the form of Hp�T�, particularly
in the layered cuprate superconductor Bi2Sr2CaCu2O8
�BSCCO�.3,4

With the applied field along the high-symmetry c axis, the
highly anisotropic electronic structure of BSCCO is reflected
in the decomposition of flux lines into stacks of weakly
coupled “pancake vortices” �PVs� whose currents are con-
fined to the CuO2 planes.5 Since the PVs are only weakly
coupled to one another, an individual PV can surmount the
BLb independently of the rest of the stack,6,7 which is then
subsequently dragged after it. It is now well established that
the thermal excitation of individual PVs over the BLb is the
rate-limiting step for flux penetration into BSCCO. For a
layered sample with a pristine surface, it can be shown that
Hp is described by6

Hp�T� = �
�2�

ln �
Hc1�0��1 − � T

Tc
�2�e−T/T0, �1�

where � is the scaling factor between the applied field and
the local field at the edge of the sample, T0 is a characteristic
temperature, and Hc1�0� is the lower critical field at T
=0 K. While � corresponds to the demagnetization factor in
a sample with ellipsoidal cross section, it is not straightfor-
ward to specify its value in a sample with arbitrary cross
section. Indeed, experimental validation of Eq. �1� in real
type-II samples is complicated by this, as well as the effects
of bulk pinning and the edge shape or geometrical surface
barrier �Gb�,8 which together mask the true influence of the
BLb on penetration. A common method for partially elimi-
nating these other barriers is to modify the sample cross
section,3,9 and there is good evidence to suggest that the BLb
dominates the transition to the vortex state in BSCCO plate-
lets at intermediate temperatures �15 K�T�70 K�, while
the Gb or bulk pinning dominates at higher temperatures
�T�70 K�.3,4 Due to the much larger energies required to
surmount the Gb the probability of thermal excitation is also
vanishingly small.8 Thus a measurement of the temperature
dependence of the applied field at penetration is a conclusive
way of distinguishing between the Gb and the BLb.

BSCCO microdisks were recently suggested4 as promis-
ing systems for studies of surface barriers in BSCCO due to
their low bulk pinning barriers. However, a feature of
BSCCO single crystals �and most other superconductors that
are used to fabricate disks� is the presence of quenched mi-
croscopic disorder which inevitably locally perturbs the BLb.
In BSCCO disorder commonly takes the form of linear de-
fects �LDs� aligned close to the a-axis growth direction.
While the origin and composition of these defects are cur-
rently unclear, evidence for their oxygen deficient stoichiom-
etry, obtained by high-resolution scanning transmission elec-
tron microscopy-energy dispersive spectroscopy
�STEM-EDS�,10 is consistent with the observed enhanced
pinning and preferential penetration of flux along the
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defects.11 The latter behavior is caused by the local suppres-
sion of superconductivity and is similar to that along weak
intergranular links such as twin boundaries. Magneto-optical
images of single crystals grown using the traveling solvent
floating zone technique reveal that LDs extend along the
entire length of the crystal with a nonuniform spacing,12 sug-
gesting that they could be small-angle grain boundaries be-
tween individual crystallites.13 However, recent observations
of a second drop in the in-plane resistivity at T�106 K
support the idea that LDs are needlelike intergrowths of the
higher Tc Bi-2223 phase.14

In order to observe the interplay between a controlled
sample geometry, quenched disorder, and the BLb, we have
fabricated arrays of microdisks on the surface of a BSCCO
single crystal and systematically observed the flux distribu-
tion as a function of sample history using differential
magneto-optical imaging �MOI�. We monitored the behavior
of the threshold field Hp�T� for penetration into the disks and
compared this with known models for the BLb 	cf., Eq. �1�
.
As a further objective, we attempted to establish a link be-
tween the observed penetration field and position of the disks
with respect to the linear defects in the crystal, thereby de-
termining the local influence of quenched disorder on the
BLb.

An as-grown BSCCO single crystal �Tc�91 K, dimen-
sions �2.5 mm�2 mm�100 �m� was cleaved and arrays
of microdisks were patterned into the surface to a depth of
d=300 nm using photolithography and argon-ion beam mill-
ing. A typical region of the array, shown in Fig. 1, consists of
four disks with nominal diameters of 5, 10, 15, and 20 �m
arranged on the corners of a 20 �m�20 �m square cell
with lattice constants inclined at approximately 45° to the
crystallographic a axis of the crystal. The patterned area ex-
tended over 1–2 mm2 and was attached to a silicon sub-
strate for mechanical stability.

The disk array was cooled below Tc and imaged using a
low-temperature magneto-optical �MO� system based on a
cryocooler �details of the system can be found in Ref. 15�. A
Bi:yttrium iron garnet film was mechanically pressed onto
the surface of the array, and the sample was fixed to a copper
cold head. Optical access to the sample was achieved
through a window on the top of the sample chamber. The
angle between the analyzer and polarizer was slightly shifted
from the point where the light reflected from the surface was
extinguished �crossed polarizers� and a charge coupled de-

vice �CCD� camera was then attached to the microscope. An
out-of-plane field Hz was applied using a copper coil wound
directly around the sample space and powered using a manu-
ally controlled power supply. After the field was applied, the
exposure time of the CCD was set to between 50 and 100 ms
and the image averaged between 300 and 500 times, depend-
ing on the image quality and contrast. Hz was then set to a
new value and the measurement repeated, with each image
taking approximately 10 min to acquire and process. The
angle between the polarizer and analyzer was fine tuned us-
ing an electronically controlled stepper motor to find the
strongest contrast in “difference” images, i.e., images ob-
tained by subtracting two raw images captured under differ-
ent applied fields. We exclusively use difference images in
this study as they enable one to discern much subtler changes
in the flux distribution by removing features unrelated to the
influence of the applied field on the sample, such as domain
patterns in the garnet.

Although the disks in our system are actually sitting on
top of a BSCCO platelet we argue that this plays little role
for the penetration of flux into the disks themselves since
bulk vortex pinning will be small at our measurement tem-
perature. Hence, once vortices enter into the platelet, they
arrange themselves with distributions of B and H such that to
good approximation J=curl H=0, just as in free space. Prior
to penetration the BLb at the sides of the disks presents a
barrier to the entry of vortices into the disk. The screening
currents are large on the top of the disk, pulling the tops of
the vortices toward the center of the disk, but the vortex line
tension balances this force. Even though there is no “surface”
at the bottom of the disk, there must also be an effective
sheet current similar to that on the top surface arising from
J=curl H and the discontinuity in H between the vortex-
filled region, where Hz�Hc1, and the vortex-free region in-
side the disk, where Hz=0.

Figure 2 shows three MO difference images taken in in-
creasing applied fields after cooling the sample to T=45 K.
As anticipated, the change in the distribution of flux for the

FIG. 1. �Color online� Optical micrograph of the disk array
showing the orientation of the 40 �m�40 �m square unit cell
�dashed outline� and the directions of the crystallographic a and b
axes.

FIG. 2. �Color online� MO difference images �100 �m
�100 �m� at T=45 K: �a� below Hp �disks in Meissner state�, �b�
above Hp for the 20 �m disks, and �c� above Hp for the 15 �m
disks. �d� Plot of log�Hp / 	1− �T /Tc�2
� vs T of the experimental
data for the 15 �m ��� and 20 �m ��� diameter disks and the
theoretical fit �dashed lines� using Eq. �1�.
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low fields in Fig. 2�a� is strongly modulated by the disks. In
particular, the intensity in the interstitial regions increases
while the intensity over the unpenetrated disks remains low
in comparison. Figures 2�b� and 2�c� show the difference
between two slightly higher fields, where the opposite behav-
ior is observed and the disks exhibit the strongest positive
change in flux. Clearly, in Fig. 2�b� this is only happening in
the 20 �m disks, and it is not until a somewhat higher field
that the smaller disks begin to be penetrated 	see Fig. 2�c�
.
The smallest disks could not be analyzed further in great
detail due to the low spatial resolution in this experiment, but
by systematically analyzing difference images at various
temperatures we were able to establish the temperature de-
pendence of the penetration field Hp�T� when flux first enters
the 20 and 15 �m disks. These data are plotted in Fig. 2�d�.
The amount of flux entering the disks at penetration was too
small to be measured for T�80 K, so there are no values
close to the critical temperature �Tc�91 K�. Note that Tc
itself was measured by finding the temperature at which con-
trast was lost at the edge of the platelet, and Hp should ob-
viously be zero at Tc.

The experimental form of Hp�T� shows a rapid decay with
increasing temperature. Curves obeying Eq. �1� were fitted to
the data sets and the result is shown as a dashed line in Fig.
2�d�, yielding values for T0 of 19 and 25 K for the 20 and
15 �m disks, respectively. The fit to the model yield a pref-
actor 	��2� / ln �Hc1�0�
 of 990 Oe and a correlation coeffi-
cient of more than 0.98, indicating excellent agreement. This
result is consistent with previous studies, although we should
emphasize that our fits are not sensitive to the behavior of
Hp�T� close to Tc, where the parabolic decrease in Hc�T�
begins to dominate. The values for T0 are close to those
obtained previously for disks �35 K�,4 whiskers �18 K�,16 and
single crystals �15 K�.7 Using the most reliable data set for
the 20 �m disks we can estimate upper and lower bounds

for � from the exponential prefactor. Taking ��100	10
�cf. Ref. 2� and Hc1�0�100	20 Oe� we obtain 0.24��
�0.42. This value is much closer to the expected value for a
strip of width W �taken equal to the diameter of our disks�
with rectangular cross section, for which �=�2d /W�0.173,
than to one for a strip with an ellipsoidal cross section, for
which � is an order of magnitude smaller �=d /W�0.015.17

Having established the dominance of the BLb in the disks,
we now discuss our observations relating to the inhomoge-
neous penetration of vortices into the underlying platelet.
Figure 3 shows two 72 K MO difference images captured at
the two different indicated applied fields. Upon applying a
small field of Hz=7.5 Oe 	Fig. 3�a�
, well defined linear re-
gions of high-flux density, aligned close to the crystallo-
graphic a axis, develop across the entire surface. This shows
that, in line with previous studies, pancake vortices preferen-
tially penetrate and accumulate along linear defects which
are aligned close to the a axis growth direction.18,19 The
disks are still resolved in these regions due to their slightly
lower MO intensity. A surface step, produced when the
sample was cleaved, is visible in the lower left-hand corner,
and the flow of the flux within the linear channels �indicated
by arrows in Fig. 3� can be seen to terminate at the surface
step. It is not until a higher field, Hz=11.6 Oe, is applied
	Fig. 3�b�
 that the vortices in the linear regions “spill over”
into the interstitial regions on the raised side of the step,
where they continue to be guided by the linear channels,
confirming their correlation down through the c axis �perpen-
dicular to the sample surface�.

However, in addition to this coarse scale phenomenon, we
also observe a striking variation of the penetration field for a
few disks at very specific locations in the array, as is dem-
onstrated by the images in Fig. 4. In particular, a small pro-
portion of the disks exhibit a positive change in flux at a field
much lower than the values of Hp plotted in Fig. 2�d�. In Fig.
4�a�, the change in the flux distribution at T=45 K is ini-

FIG. 3. �Color online� MO difference images �0.4 mm
�0.3 mm, T=72 K� constructed by subtracting the reference
state in zero field from the images captured at applied fields of �a�
7.5 Oe and �b� 11.6 Oe. Arrows indicate the location of linear flux
channels and the dashed outline in �a� indicates the unit cell of the
array with corners on the 20 �m disks �cf. Fig. 1�.

FIG. 4. �Color online� MO difference images �0.4 mm
�0.3 mm, T=45 K�: �a� 32–27 Oe and �b� 50–49 Oe. Arrows in
both images indicate the location of disks lying at the interface
between the regions of differing vortex mobility. The dashed lines
in �b� trace the edge of the channels observed in �a�.
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tially strongly modulated by linear channels due to enhanced
vortex mobility and density in the brighter areas. Figure 4�b�
shows the same region at the slightly higher field of Hz

�50 Oe. Strikingly, disks lying exactly on the border be-
tween the high and low flux density regions are now already
penetrated even though the applied field is 20 Oe below the
usual penetration field �68 Oe� for this temperature. Prema-
ture penetration occurs in exactly the same disks over the
whole range of investigated temperatures, although at higher
temperatures the difference from the average penetration
field becomes progressively smaller. It has been demon-
strated in Ref. 20 that the vortex density within the linear
regions is higher, making it plausible that the local field in
the vicinity of the disks in these regions is slightly enhanced.
However, in this scenario one would expect all the disks
within the defect region to be penetrated earlier and not just
those lying at the channel interface. Alternatively we specu-
late that early penetration is related to a local reduction of the
BLb where the edge of the linear channel intersects the disks,

though the exact microscopic origin of this effect remains
unclear.

In conclusion, by fabricating arrays of microdisks at the
surface of a BSCCO single crystal we have demonstrated
that the temperature dependence of the penetration field is
well described by the thermal activation of pancake vortices
over the Bean-Livingston barrier, with a characteristic tem-
perature T0=19–25 K. We find that demagnetizing fields are
still important in these structures and that the estimated field
enhancement at the edge is closest to that for a strip with a
rectangular cross section. Finally, we have shown that the
penetration field is lower at the edge of linear defects, sug-
gesting that the BLb is suppressed by this form of quenched
microscopic crystalline disorder.
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