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Abstract. The magnetic properties of a superconducting disk change dramatically when its
dimensions become mesoscopic. Unlike large disks, where the screening currents induced by
an applied magnetic field are strong enough to force vortices to accumulate in a ‘puddle’
at the centre, in a mesoscopic disk the interaction between one of these vortices and the
edge currents can be comparable to the intervortex repulsion, resulting in a destruction of
the ordered triangular vortex lattice structure at the centre. Vortices instead form clusters
which adopt polygonal and shell-like structures which exhibit magic number states similar
to those of charged particles in a confining potential, and electrons in artificial atoms. We
have fabricated mesoscopic high temperature superconducting Bi2Sr2CaCu2O8+δ disks and
investigated their magnetic properties using magneto-optical imaging (MOI) and high resolution
scanning Hall probe microscopy (SHPM). The temperature dependence of the vortex penetration
field measured using MOI is in excellent agreement with models of the thermal excitation of
pancake vortices over edge barriers. The growth of the central vortex puddle has been directly
imaged using SHPM and magic vortex numbers showing higher stability have been correlated
with abrupt jumps in the measured local magnetisation curves.

One of the defining features of a type II superconductor in a magnetic field is the complete
expulsion of magnetic flux from its interior up to the lower critical field, Hc1. Above this field
the perfectly diamagnetic state is partially destroyed by the flux enclosed by mutually repelling
microscopic vortices, which nucleate at the sample edges and penetrate to the centre where
they form a ‘puddle’ of flux. It is now well established that the applied field and temperature
conditions which drive a superconductor from the perfectly diamagnetic to the vortex state
depend strongly on its size and shape. A particularly rich source of information relating to the
influence of these two factors has been obtained from studies of disks in the mesoscopic regime
where the characteristic dimensions of the sample are comparable to a single vortex (which can
be either the penetration depth λ or the coherence length ξ depending on the material.)

Deep in the mesoscopic regime however, the screening currents interact so strongly with
the vortex currents that it is invalid to assume that the stable vortex configuration within the
puddle at the centre is a symmetrical triangular lattice. In mesoscopic disks, for instance, both
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simulations [1] and magnetic imaging techniques [2, 3, 4] have shown that at low fields, when
there are only a few vortices present, vortex clusters (regular polygons with one vortex at each
vertex) are favoured over the regular triangular ordering. As the number of vortices grows, they
arrange in concentric rings with each new ring forming at critical or magic vortex numbers.

The behaviour of vortex matter when the size of the disk is between the mesoscopic, where the
position of each vortex has a direct influence on its superconducting state, and the macroscopic,
where the only relevant parameter is the local vortex density within the vortex puddle, remains
an open question. In this ‘large mesoscopic’ regime, superconductivity coexists with a large
numbers of vortices, which may or may not be organized into an Abrikosov lattice. To date
only a few studies have been able to access this regime experimentally. Available imaging
techniques have proved to be unable to resolve individual vortices at large applied fields, while
local magnetisation curves do not generally exhibit discontinuities that can be directly associated
with the transitions between different fluxoid states seen in smaller mesoscopic disks [5]. In the
absence of strong features related to individual vortices, the quasi-continuous magnetisation
curves and flux profiles of large superconducting disks can be rather well described by classical
continuum electromagnetism [6, 7].

In this work we have used high spatial resolution scanning Hall probe microscopy (SHPM) and
magneto-optical imaging (MOI) to observe the stray diamagnetic and vortex fields at the surface
of arrays of large mesoscopic high temperature superconducting Bi2Sr2CaCu2O8+δ (BSCCO)
disks fabricated on the surface of a platelet single crystal. The as-grown BSCCO single crystal
(Tc ≈ 91 K, dimensions ≈ 2.5 mm × 2 mm × 100 µm) was cleaved and arrays of disks were
patterned into the surface to a depth of 300 nm using photolithography and Argon ion beam
milling. A typical region of the array, shown in Fig. 1, consists of 4 disks with nominal diameters
of 5 µm, 10 µm, 15 µm, and 20 µm arranged around a 40 µm × 40 µm square unit cell with
lattice constants inclined at approximately 45◦ to the crystallographic a-axis of the crystal.

The disk array was initially cooled below Tc and imaged using a low-temperature magneto-

Figure 1. (a) Optical micrograph of the disk array showing the orientation of the unit cell 40
µm × 40 µm square unit cell (dashed outline) and the directions of the crystallographic a- and
b-axis. (b) MO difference images below (left) and above (right) the penetration field Hp of the
20 µm disk [dashed outline has the same meaning as in (a).] (Main plot) Measured temperature
dependence of the penetration field (solid diamonds) and fit (dashed line) to the data using the
model for the Bean-Livingston surface barrier [8, 9].
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optical imaging system based on a cryocooler (details of the system can be found in Ref. [10].)
Figure 1(b) shows two MO difference images, i.e., images obtained by subtracting two raw
images, taken in increasing applied fields after cooling the sample to T = 45 K. As anticipated,
the change in the distribution of flux for the low fields is strongly modulated by the presence
of the disks. In particular, the intensity in the interstitial regions increases while the intensity
over the unpenetrated disks remains low in comparison. At slightly higher fields the opposite
behaviour is observed and the disks exhibit the strongest positive change in flux. (Clearly, in
Fig. 1 this is only happening in the 20 µm disks, and it is not until a somewhat higher field
that the smaller disks begin to be penetrated.) By systematically analysing difference images at
various temperatures we were able to establish the temperature dependence of the penetration
field, Hp(T ), when flux first forms a central puddle in the 20 µm diameter disks. These data
are plotted in Fig. 1(b). The experimental form of Hp(T ) shows a rapid decay with increasing
temperature, in good agreement with models based on the thermal activation of vortices over
surface barriers (see, for instance, Ref. [8] and [9].)

In order to analyse the formation of the vortex puddle in greater detail, in our next
experiments the array was cooled to T = 77 K and high spatial resolution SHPM images
were captured at regular (increasing) field intervals. Again, difference images are used in this
study to enhance the contrast due to small numbers of penetrating vortices which cannot be
resolved in raw SHPM images. Fig. 2(a)-(b) shows that, as expected, for fields just above the
penetration field Hp, a puddle of flux is formed which expands with increasing applied field as
vortices accumulate at the centre. In Fig. 2(b) we present the experimentally measured local
magnetisation captured in decreasing field with the SHPM Hall sensor parked at the centre of
this disk. Despite the loss of single vortex resolution in the SHPM images, we observe striking

Figure 2. (a),(b) Typical 77 K SHPM difference images (13 µm × 13 µm) showing the growth
of the vortex puddle with increasing applied field. (The disk is unpenetrated in the reference
field Hz= 4 Oe.) (c) Experimentally obtained local M(Hz) curves for decreasing fields. The
configurations shown in inset are results of calculations based on molecular dynamics simulations
and illustrate the transitions which occur at two fields where there is a pronounced feature in
the magnetisation. The numbers in brackets beneath each configuration refer to the number of
vortices in each shell and the white square represents the size and location of the Hall probe.
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features in this curve which can be directly correlated to the underlying configuration of vortices.
It is already well known that vortices in mesoscopic disks tend to form concentric shells [1]. As
vortices leave the disk in decreasing fields, it is always the case that the innermost shell collapses
first, at which point the last central vortex is integrated into the other shells. Consequently, for
a Hall probe placed above the centre of the disk, there is always a sharp increase in the measured
magnetisation when a shell collapses. By performing molecular dynamics simulations based on
the theory outlined in Ref. [11], we are able to show that the jumps in the curve of Fig. 2(b)
can be directly correlated with the transitions involving the collapse of the innermost shell [for
illustration, see the calculated configurations (1, 5, 11) → (5, 11) in Fig. 2(b)] or transitions
between multi-vortex structures within the core of the shell structure [see inset configurations
for Hz ≈ 8 Oe in Fig. 1(b).]

In conclusion, we have presented the first experimental study of large mesoscopic
superconductors (high-Tc disks) which has been able to investigate the penetration and
configurations of vortices in large mesoscopic disks. In disks of 20 µm diameter we have used
MO imaging to measure the penetration field and find excellent agreement with models for
the thermal activation of vortices over surface barriers. Using high spatial resolution Hall
probe magnetometry we have shown that large mesoscopic disks continue to exhibit discreteness
through characteristic features in the local M(Hz) curves. These measurements, in combination
with numerical simulations, allow us to identify the magnetic signatures of individual vortices
penetrating the centre of the disk and the assembly process of vortices into different shell
formations.
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