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Direct observation of vortices by the scanning superconducting quantum interference device microscopy was
made on large mesoscopic disks of an amorphous MoGe thin film. Owing to the weak pinning nature of the
amorphous film, vortices are able to form geometry induced, �quasi-�symmetric configurations of polygons,
and concentric shells in the large disks. Systematic measurements made on selected disks allow us to trace not
only how the vortex pattern evolves with magnetic field, but also how the vortex polygons change in size and
rotate with respect to the disk center. The results are in good agreement with theoretical considerations for
mesoscopic disks with sufficiently large diameter. A series of vortex images obtained in a disk with a pinning
site reveals a unique line symmetry in vortex configurations, resulting in modifications of the shell filling rule
and the magic number.
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I. INTRODUCTION

Tiny superconductors, accommodating only a few quan-
tized magnetic flux lines, display a great variety of vortex
structure different from the Abrikozov vortex lattice in bulk
superconductors.1 Examples include vortex polygons and
concentric vortex rings called “vortex shells,” which are
stable configurations of the repulsive flux lines under the
geometrical confinement via the influence of the screening
current flowing along the sample edge. The issue of vortex
matter confined into small superconductors has been studied
theoretically and numerically for many years, focusing
mainly on how the vortices are distributed in disk,2–7 square,8

and triangle shaped small superconductors.9 Several studies
reveal the field evolutions of the vortex structure in small
superconductors, and argue which vortex configurations are
energetically favorable and how the transition between dif-
ferent vortex states occurs. The obtained rule of shell filling
and magic number configurations for consecutive new shells
are relevant to phenomena observed in other systems, includ-
ing the puzzling nucleation of vortices observed in rotating
condensates of superfluid 4He �Ref. 10� and cold dilute
alkali-metal gases.11

The experimental investigations for vortex states in small
superconductors were initiated by Hall magnetometer
measurements,12,13 followed by a multiple-small tunneling
junction measurement.14 Kinks in the magnetization or
jumps in the tunneling spectra mark transitions of vortex
states in small superconducting dots. They evidence changes
of vorticity L �the number of vortices�, not actual distribu-
tions of vortices in the dots.

The visualization of vortices in small superconductors
was reported earlier in studies of the scanning superconduct-
ing quantum interference device �SQUID� microscopy15,16

and later in studies of the scanning Hall probe
microscopy,17,18 showing reasonable images of vortex con-
figurations for L up to 6. More vortices have been imaged in

recent Bitter decoration studies as patterns of magnetic par-
ticles deposited over micrometer-sized dots of Nb films19,20

and Nb mesas.21 The experiments reveal the rule of the shell
filling with magic numbers for L up to 40 by combining
vortex configurations visualized over many disks at different
magnetic fields, although some features influenced by the
bulk pinning and/or the roughness of the disks are involved.

The scanning SQUID microscope technique, which we
employed in this study, is an alternative and complement
method to visualize vortices in the superconducting dots. By
scanning a small pick-up loop over the dots, one can mag-
netically image the vortices without damaging the samples.
This allows us to study systematically how the vortex con-
figuration evolves with magnetic field in a specific sample.
While the scanning SQUID microscope has attained the best
magnetic sensitivity �better than 5 ��0 /�Hz�, the spatial
resolution is limited typically to a few micrometer due to the
size of the pick-up loop ��10 �m�.22 This implies that the
observable vortex density is low ��100 �T� and the sample
becomes much larger than the loop size. The earlier studies
were made on YBCO15 and Nb dots16 with �50 �m in size,
which is decades larger than the penetration depth � or the
coherence length � of the superconducting materials. In such
large dots, the effect of the geometrical confinement is weak
and �sparse� vortices form likely disordered configurations
due to the dominant influence of the bulk pinning in the
superconducting materials.15,16

If the influence of the bulk pinning is reduced by using
weak pinning, superconducting materials, the situation can
be different: the geometrical confinement dominates over the
bulk pinning. Moreover, when the dots become thin in thick-
ness d��2��, the interaction between vortices becomes long
ranged and it decays slowly with the vortex-vortex spacing r
as �1 /r for r�2�2 /d,23 in contrast to the short ranged inter-
action characterized by the exponential decay �e−r/� for r
�� in the bulk superconductors. Thus, even in the large dots
the interplay between the vortex-vortex interaction and the
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geometrical confinement may lead to geometry induced,
symmetric configurations of the sparse vortices in the pres-
ence of the weak bulk pinning. Here, we report on the direct
observation of vortices in large thin disks of an amorphous
��� MoGe film by the scanning SQUID microscopy. Due to
the weak bulk pinning of the amorphous film, we are able to
observe �quasi-�symmetric configurations of polygons and
concentric shells of vortices for L up to 19. The results illus-
trate not only how the vortex configuration evolves with the
magnetic field, but also how the vortex polygons change in
size and rotate with respect to the disk center. We present
vortex images obtained in a disk with a pinning site and
discuss how vortex configurations are altered by a pinned
vortex.

This paper is outlined as follows: After describing experi-
mental details in Sec. II, we present vortex polygon states
observed for small vorticities up to L=5 in Sec. III. In Sec.
IV, we present field evolutions of vortex shells observed for
large vorticities L	6. The influence of a pinning site on
vortex configurations is discussed in Sec. V. In Sec. VI, com-
parison with other experiment is made. Our summary is
given in Sec. VII.

II. EXPERIMENTAL

We used a commercial scanning SQUID microscope
�SQM-2000, SII Nanotechnology� with a dc SQUID magne-
tometer made of Nb /Al-AlOx /Nb Josephson junctions and
an inductively coupled, pick-up loop of a Nb film.16 The
pick-up loop had 10 �m in diameter with 2 �m line width.
The dc SQUID and the pick-up loop were integrated on a
square Si chip of 3
3 mm2 in size, which was mounted on
a phosphor bronze cantilever. The sensor chip was tilted with
respect to the sample stage by a shallow angle of
�10 degrees and a corner of the chip was softly in contact
with the sample surface, in order to keep a short distance
��5 �m at the minimum� between the loop and the sample
surface. This ensures safe operation of the scanning SQUID
microscope with reasonably high spatial resolutions
��4 �m�. The whole assembly including the sensor chip
and the sample stage was surround by a �-metal shield, re-
sulting in a residual magnetic field �ambient field� of
�1 �T. A coil wound in our sample stage allowed us to
apply small magnetic field H perpendicular to the sample.
We scanned the sample stage in XY directions by dc stepper
motors. In order to minimize the possible mechanical hyster-
esis effect, we took one scan direction from the left side to
the right side of the image. The scanning speed was about 5
pixels/s and this resulted in an image of 64
64 pixels by
typically 15 min. The temperature for the SQUID sensor was
2–3 K, while that for the sample stage was varied.

We prepared weak pinning disks of an �-MoxGe1−x �x
�78%� thin film with a lithographic technique. After prepar-
ing a silicon substrate covered with a patterned-resist film,
we sputtered the �-MoGe film with 0.22 �m thickness on
top. Employing the lift-off technique, we patterned the film
into arrays of disks with four different diameters Dd of 20,
34, 56, and 106 �m. The spacing between the disks was
chosen to be large enough ��200 �m�, so that the interdisk

coupling can be excluded. In order to reduce possible dam-
age during the scanning, all the disks were covered with
0.1 �m thick SiO2 film as a protective layer. The material
parameters relevant to this study are as follows: the super-
conducting transition temperature Tc is 6.0 K, the coherence
length ��0� at T=0 is 4.5 nm, and the penetration depth ��0�
at T=0 is 0.58 �m����0��.24 Since the thickness is smaller
than ��0�, the penetration depth is expanded to the effective
one given by �eff�0�=2�2�0� /d����0��. For the present film
�eff�0��3.1 �m. Normalizing the disk size by the effective
penetration depth, we find Dd�6–35 �eff�0�, indicating
large mesoscopic disks.

In weak pinning materials, the distance z0 between the
pick-up loop and the sample surface is an important param-
eter to be controlled in order to obtain clear images of vor-
tices. As demonstrated by Plourde et al.,25 the vortices may
be dragged and/or shifted in positions by the pick-up loop
during the scanning. This coupled motion of vortices can be
reduced when z0 is increased by lowering the sample stage
from the contact point with the sensor chip. This procedure,
however, results in a smeared image of vortices due to the
spread of the magnetic flux above the sample surface.26 We
could not resolve individual vortices when z0 became more
than the loop diameter ��10 �m�. Hence, we set z0
�7 �m as a typical distance. All the images presented in
this study were taken in the field-cool measurement, where
the magnetic field was applied in some temperatures
��10 K� above Tc, followed by cooling the samples in the
magnetic field to temperatures ��3–5 K� below Tc where
scanning SQUID measurements were done. This procedure
results in the equilibrium distribution of vortices. Because of
the possible motion of vortices during the scanning, each
image was taken in a single scan made on a fresh vortex state
prepared by the field-cool procedure. No image taken by
repeated scans is presented.

III. VORTEX CONFIGURATIONS FOR SMALL
VORTICITIES

First we focus on vortex configurations observed for small
vorticities up to 5. Figures 1�a�–1�f� show selected vortex
images observed in a 34 �m disk. A color bar indicates the
magnitude of the magnetic flux in the pick-up loop. These
images display clearly individual vortices with reasonable
spatial and magnetic resolutions.27 The imaged vortex size is
larger than 2�eff��7 �m� due to defocusing effect originat-
ing from the large distance z0��7 �m� between the loop and
the sample surface. Details of the field profile of vortices
have been reported in Refs. 23, 28, and 29. We find that the
vortices form symmetric configurations with respect to the
disk center. The vortex pattern evolves with field as follows;
After the Meissner state where the magnetic field is expelled
from the disk, a single vortex appears in the disk and it sits at
the disk center �Fig. 1�a��. Then, two vortices are located
symmetrically with respect to the disk center �Fig. 1�b��, fol-
lowed by the formation of a triangle �Fig. 1�c��, a square
�Fig. 1�d�� and a pentagon �Fig. 1�e�� of vortices in the disk.
Although some distortion is visible for the square, these
symmetric configurations are nearly identical to those re-
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ported in the Bitter decoration19 and the theoretical
studies.5–7

An important remark for the observation is that some of
the vortex patterns rotate with respect to the disk center. This
feature is clearly visible in the images of the vortex pair
shown in Figs. 1�b� and 1�f�. In Fig. 1�b�, the vortex pair is
aligned nearly with the horizontal direction of the image,
while in Fig. 1�f� it rotates by �45° with respect to the disk
center. Other orientation of the pair is observed in other scan,
indicating the rotational degree of freedom in the vortex
configuration.30 Similar rotation is observed for the triangle
pattern, but not clearly for the square and the pentagon pat-
terns.

Next we show how the number of vortices evolves with
applied magnetic field. Counting the number of vortices in
the images taken at various magnetic fields, we plot the re-
sults in Fig. 2�a�. Here, instead of the field strength H, we
use the magnetic flux �d�=�0H
�Dd /2�2� in the disk nor-
malized by the flux quantum �0. As observed, the vorticity L
shows a stair case behavior with field: After the Meissner
state �L=0�, the single vortex state �L=1� appears at
�d /�0�2, and it continues until �d /�0�4.5, above which
the vortex pair state �L=2� appears. The vortex triangle
�L=3�, square �L=4� and pentagon �L=5� states appear at
�d /�0�6.4, 8.2 and 9.5, respectively. We note that the stair
case behavior is well below the condition of �d /�0=L
where the magnetic field penetrates fully the disk and this is
represented by a solid line. The difference from the line be-
comes large on increasing field. At �d /�0=8, for instance,
�d /�0−L=4, which is half of �d /�0. This indicates a large
diamagnetic response of the disk and it implies the presence
of the large screening current near the disk edge.

The influence of the screening current upon vortex con-
figurations is found by considering how the size of vortex
polygons changes with magnetic field. As exemplified in the
inset to Fig. 2�b�, we draw a circle circumscribing the posi-

tions of vortices and estimate the diameter Dring of the poly-
gon ring. The results for this analysis made at different fields
and different vorticities �down to L=2� are summarized in
the main panel of Fig. 2�b�. As observed, Dring varies largely
with L. For example, Dring at L=2 is roughly 40% of the disk
diameter, while that at L=5 becomes expanded to roughly
65% of the disk diameter. Focusing on the results at each
vorticity, we find Dring decreases with increasing field. The
shrinkage of Dring is observed to be 5%–10% of the disk
diameter, depending on L.

The obtained results are in excellent agreement with the
theoretical considerations for vortex polygons confined by
the screening current near the disk edge.2,6 In the London
limit, the diameter of a vortex polygon at a given magnetic
field is written as

Dring = Dd� N − 1

�d/�0
, �1�

where N is the number of vortices on the polygon ring. The
behaviors for N=2–5 are represented by dotted curves in
Fig. 2�b�. Our results for L=N=2–5 follow nicely those
curves without any adjustable parameters. Moreover, they
are satisfactory for the condition that the polygon size should
be below the maximum diameter above which the formation
of the polygon ring is not stable. This is represented by a
solid curve and it follows the condition6 given by
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FIG. 1. �Color online� Scanning SQUID microscope images of
vortices in an amorphous MoGe disk with 34 �m diameter for
vorticities L=1–5 obtained after the disk was cooled to 3.2 K in
different magnetic fields. �a� L=1 at 8.0 �T; �b� L=2 at 10 �T; �c�
L=3 at 16 �T; �d� L=4 at 18 �T; �e� L=5 at 21 �T. �f� An
additional image of the vortex pair at 14 �T. All images are the
same in size of 66
66 �m2. Color bars indicate the magnitude of
the magnetic flux detected in the pick-up loop.
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FIG. 2. �Color online� �a� Vorticity vs normalized magnetic flux
in the 34 �m disk in 3.2 K. A solid line represents a condition of
�d /�0=L. The inset to �a� shows the results around the transition
between L=5 and 6 obtained by repeated field-cool measurements.
�b� The normalized diameter of the polygon ring vs. the normalized
magnetic flux. The dotted curves represent the theoretical results for
polygon sizes with different N=2–5 as denoted. The solid curve
indicates the upper limit of the polygon size. The inset to �b� illus-
trates how we determine the diameter Dring of the polygon ring.
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Dring = Dd�1 −
2

�d/�0
. �2�

Thus, we are convinced that the vortex configurations ob-
served in the 34 �m disk are dominantly influenced by the
geometrical confinement via the screening current near the
disk edge. We note, to the best of our knowledge, that these
quantitative agreements, together with the rotation of the
vortex patterns in the same disk, are not reported in other
experimental studies so far.

IV. VORTEX CONFIGURATIONS FOR LARGE
VORTICITIES

For vorticities more than 6, we observe the formation of
concentric shell rings of vortices. Since the vortices become
dense and their magnetic images are overlapped each other,
for clarity, we present here the results obtained in larger
disks. Figures 3�a�–3�c� show vortex images for L=6–8 ob-
served in a disk with 56 �m diameter. One can clearly see
the shell formation of vortices. In the image of Fig. 3�a�, for
example, a vortex sits at the center of the disk, while the
others form a ring around. Using the standard notation, this
configuration is referred to as �1,5�, meaning that the inner
shell has one vortex and the outer shell has five vortices.
After the �1,5� configuration, we observe �1,6� and �1,7� con-
figurations, which are shown in Figs. 3�b� and 3�c�, respec-
tively. Namely, the increase in vorticity in the disk results in
the growth of the outer shell ring.

The growth of the inner shell occurs at even larger L.
Figure 4 shows the field evolution of vorticity, together with
vortex configuration, observed in the largest disk with
106 �m diameter. The vortex shells with a single vortex at
the center are observed for L=6, 7, and 8. This is consistent
with the observation made on the 56 �m disk discussed
above. At L=9 a vortex pair appears as the inner shell, while
the others form the outer shell ring around, resulting in a
�2,7� configuration. The pair configuration of the inner shell
is also observed at L=10. At L=11 three vortices form a
triangle as the inner shell, resulting in a �3,8� configuration.
The triangular inner shell is observed over some field range
and persists up to L=13. In contrast, the appearance of 4
vortices as the inner shell occurs only at L=14. At L=15 five
vortices form a pentagon as the inner shell. The vortex shells
with the pentagon inner ring appear in vorticities up to
L=17 above which three concentric shells are formed.

These results follow mostly the rule of the shell filling
obtained in theoretical and numerical studies.5,7 This in-
cludes the magic number configuration at L=6 where the
first formation of two concentric shells occurs, and also the
formation of �2,7� at L=9 where two configurations of �1,8�
and �2,7� are energetically comparable but the latter one be-
comes the ground state for the large disk.7 However, some
differences are found for large vorticities �	13�. The two
shell configurations with 4 vortices in the inner ring are
shown to appear for 13�L�15, while we observe only the
�4,10� configuration at L=14. Moreover, after the pentagon
inner shell at L=16 the formation of three vortex shells is
shown to occur at L=17, which is not observed above.

A physical origin for the differences would be found in
actual vortex configurations observed in the largest disk. Se-
lected images are shown in Figs. 3�d�–3�f�. For clarity, the
corresponding vortex configurations are sketched in Figs.
3�g�–3�i�. Although some distortions are present, one can
reasonably find quasisymmetric shell formation of vortices
even in the largest disk. This is exemplified by Figs. 3�d� and
3�g�, where three vortices form a triangle in the inner shell
surrounded by 8 vortices as the outer shell ring around. Fo-
cusing on vortex configurations in the inner shell, we find the
formation of a pair, the triangle and a pentagon, of which
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FIG. 3. �Color online� Images of vortices in disks with different
diameters for large vorticities. Images of �a�, �b�, and �c� are ob-
tained in a 56 �m disk in 3.9 K at fields of 8.0, 9.0, and 10 �T,
respectively. Other images of �d�, �e�, and �f� are observed in a
106 �m disk in 5.0 K at fields of 3.8, 4.6, and 6.0 �T, respec-
tively. For clarity, the corresponding vortex configurations for these
images of �d�, �e�, and �f� are sketched in �g�, �h�, and �i�,
respectively.
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patterns are similar to those observed for small vorticities
�L�5� given in Fig. 1. However, this is not the case for a
square. As shown in Figs. 3�e� and 3�h�, the vortices in the
inner shell form a strongly deformed square like a rhombus.
As discussed below, this originates from the effect of the
bulk pinning quenched on the �-MoGe film.

We often observe a vortex �or vortices� close to the rim of
the disk for large vorticities, which could be attributed to
possible roughness of the disk boundary. This is visible in
the configurations of �4,10� �Figs. 3�e� and 3�h�� and �1,5,13�
�Figs. 3�f� and 3�i��. As denoted by an open circle�s� in the
corresponding sketch, a vortex �vortices� appears close to the
lower-right rim of the disk. More rim vortices are occasion-
ally observed when the field-cool procedure is repeated in
the same magnetic field, indicating extra vortices trapped in
the rim during the field-cool process. If we neglect the rim
vortex �vortices�, the differences between the experimental
observation and the theoretical prediction in vortex configu-
rations found for L	13 would be partly explained. In Fig.
3�h�, the rim vortex becomes a part of the outer shell ring. If
we neglect the vortex, the configuration becomes �4,9�. This
is consistent with the first configuration for 4 vortices in the
inner shell given theoretically.5,7 Similarity is applicable to
the �1,5,13� configuration shown in Fig. 3�i�, where two rim
vortices are recognized. Thus, the configuration could be re-
duced to �1,5,11�, which is consistent with the magic number
configuration for three vortex shells.5,7 Further studies would
be needed to clarify the origin and the role of the rim vorti-
ces on the vortex configurations in details.

Repeating field-cool measurements over some field range,
we observe configurations with different vorticities at the
same magnetic fields.31 An example obtained on the 34 �m
disk is given to the inset to Fig. 2�a�. Although we take the
same procedure of the field cooling, both the L=5 polygon
and L= �1,5� shell are observed at the fields of �d /�0
=10.4 and 10.9, resulting in some field crossover in the tran-
sition between the L=5 and L= �1,5� states. Similar cross-
over may be present in every step in the stair-case behavior
of L given to Fig. 2�a� and Fig. 4.

V. INFLUENCE OF A PINNING SITE UPON VORTEX
CONFIGURATIONS

Out of over 20 disks measured in this study, we found that
some disks have a relatively strong pinning site�s�,32 al-
though no defect is visible under an optical microscope. The
pinning center�s� is probably introduced during the sample
preparation and it originates from the slight compositional
inhomogeneity or subtle roughness in the disk. The influence
of the pinning site�s� on vortex configurations depends
highly on where it is present in the disk. As an example, we
present the results �for L up to 13� obtained on a 56 �m disk
with a pinning site near the disk center.

Figures 5�a�–5�i� show selected vortex images observed
in the disk. We find the pinning site from the image at L
=1 shown in Fig. 5�a�, where a vortex is unnaturally off-
centered in the disk.33 This is against the geometrical con-
finement and it should be attributed to the influence of the
pinning center. Thus, we identify the vortex position as the

pinning site and mark a red dot on the image. No more
pinning center is found in the disk.

The rest of the images indicate clearly how other vortices
are distributed in the presence of the vortex trapped at the
pinning site as marked by the red dot. Figure 5�b� shows the
image of two vortices in the disk, one of them sits at the
pinning site, while the other appears in the opposite side with
respect to the disk center. We do not observe any orienta-
tional changes in the pair even when the magnetic field is
varied. Similarity is applicable to the image of a triangle
configuration given to Fig. 5�c�. Thus, the influence of the
pinning site fixes the vortex patterns and it breaks the rota-
tional degree of freedom in the vortex configurations.

The deformation of vortex polygons occurs for vorticities
more than 4. Figure 5�d� shows the image of 4 vortices in the
disk. The vortices form a rhombus-shaped configuration,
where the diagonal distance between the pinned vortex and
the diagonal vortex is shorter than that for the other two
vortices. This is similar in shape to the disordered square in
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FIG. 5. �Color online� Selected images of vortices observed in a
56 �m disk with a pinning center taken in 3.3 K for different
vorticities. �a� L=1 at 4.0 �T; �b� L=2 at 6.0 �T; �c� L=3 at
7.5 �T; �d� L=4 at 9.0 �T; �e� L=5 at 10 �T; �f� L=6 at 11 �T;
�g� L=7 at 13 �T; �h� L=8 at 13.5 �T; �i� L=13 at 20 �T. A red
point in each image marks the position of the pinning site in the
disk. For clarity, the vortex configurations for the images of �a�, �h�,
and �i� are sketched in �j�, �k�, and �l�, respectively. The dotted line
for each sketch represents a symmetric line defined by the pinning
site and the disk center O.
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the inner shell observed in the largest disk �see Figs. 3�e� and
3�h��.

A unique configuration of vortices is observed in the im-
age at L=6. As shown in Fig. 5�f�, one can see two rows of
three vortices like a dice pattern of six with the pinned vortex
in the middle of the upper row. This pattern is stable against
some field change and no shell pattern is observed at L=6. A
precursor of the formation of the rows can be seen in the
image at L=5 �Fig. 5�e��, where the vortices form a pentagon
with deformation inward by the pinned vortex �the top of the
pentagon� and higher right three vortices try to be aligned.
The formation of the �upper� row remains in the image at
L=7 �Fig. 5�g��. Thus, the pinning site near the disk center
triggers off the formation of the vortex row and stabilizes the
dice like vortex pattern at L=6.

Because of the dice pattern of vortices at L=6, the first
formation of two concentric shells occurs at L=7. This is
larger than L=6 where the magic number configuration for
two concentric shells is observed in the “pin-free” disks.
Thus, the shell filling rule is altered by the pinning site near
the disk center.

For L�7, the vortex shells are observed with the pinned
vortex being a part of the inner shell ring. As in the image of
Fig. 5�h�, the pinned vortex is involved in the formation of a
pair as the inner shell, while the other vortices form the outer
vortex ring around. The corresponding sketch given in Fig.
5�k� allows us to identify the configuration as �2,6�. To our
knowledge, this configuration has not been reported in other
studies so far. For larger vorticities, we observe two shell
configurations of �2,7�, �2,8�, and �3,8� which are similar to
those observed in the largest disk.

It is interesting to show the image at L=13 given in Fig.
5�i�, where 4 vortices form the inner shell surrounded by 9
vortices as the outer shell. As sketched in Fig. 5�l�, the vor-
tices in the inner shell form a rhombus-shaped, deformed
square, while the outer shell vortices form a ring around.
Again, focusing on the inner shell, we find that the deforma-
tion from the regular square is weaker than that observed at
L=4 �Fig. 5�d�� and the effect of the pinning site is opposite;
Namely, the pinned vortex and the diagonal vortex gives the
longer diagonal of the rhombus. Thus, the vortex square is
stretched by the influence of the pinning site. We note that
this effect depends highly on where the pinning site is
present and how large the square polygon is. The regular
square may appear if the pinning site is located on the cir-
cumference of the ring defined by the regular square vortices.

All the vortex configurations observed in the disk can be
characterized by a line symmetry, defined by the pinned vor-
tex and the disk center O, as sketched in Fig. 5�j�. Drawing
the line in the sketch of Fig. 5�l�, for instance, one can find
that the vortex configuration is divided into halves that are
nearly the mirror configurations of each other. Similarity is
applicable to the other configurations including unique ones
at L=6 and 8, although slight deviation is present at L=5 and
7. Note that the odd �even� number of vortices lies on the
line when L is odd �even�. In the “pin-free” disks no unique
line symmetry characterizing all the vortex patterns with dif-
ferent vorticities appears. Thus, we are convinced that the
line symmetry in the vortex configurations is induced by the
off-centered pinning site in the disk. A physical reason for

the symmetry is not simple since the vortex patterns are de-
termined by subtle balance of many competing interactions,
including the interaction with the bulk pinning, the repulsive
interaction between vortices, and the interaction with the
disk boundary. To clarify this issue, a numerical simulation
study would be needed.

Let us estimate roughly the pinning force fp for the vortex
at the pinning site. We find that at 4.5 �T, just below the
step field between L=1 and L=2 states, the disk has only a
single vortex, but it appears at the disk center. This is distinct
from the observation made at lower fields of 3.5 �T and
4.0 �T, where the vortex appears at the off-centered pinning
site �Fig. 5�a��. These facts indicate the important influence
of the force on the vortex due to the geometrical confine-
ment, and suggest that this force should be comparable to the
pinning force in between 4.0 �T and 4.5 �T. A model de-
scribed in Refs. 2, 5, and 21 shows that the force fs of vortex
interactions with the shielding current and edge for a given
magnetic field is written as

fs = f0� 1

1 − 	 r

Dd/2

2 −

�d

�0� r

Dd/2
, �3�

where r is the distance of the vortex position from the disk
center and f0�=�0

2 /
�0Dd�2�5.0
10−8 N /m� is the unit
of the force for a vortex per unit length. Using the distance
�r=12 �m� for the off-centered vortex, we find the pinning
force as fp� fs�1.8 f0. This result, together with our obser-
vation where the pinning site accommodates only one vortex,
are consistent with the numerical simulation made at the
weak pinning force of fp / f0=2.21

Further measurements are made on other disks with a pin-
ning site near the disk edge. It turns out that the pinned
vortex near the disk edge gives only some distortion on the
vortex ring�s�. No unique configuration is observed except
for a highly off-centered vortex configuration at L=1. These
facts indicate that the pinning site near the disk center pro-
vides more strong influence upon the vortex configurations
than that near the disk edge.

VI. COMPARISON WITH OTHER EXPERIMENT

Comparing the results in the present experiment to those
found in the Bitter decoration experiment,19 we find that both
experiments share the general features of vortex configura-
tions including the shell filling rule and the magic number,
although magnetic fields and disk sizes are different in de-
cades. Let us shortly discuss the experimental conditions
made on these studies. In the decoration experiment the sym-
metric vortex shells were observed in smaller disks with
1–5 �m diameter at higher magnetic fields ��mT�. Due to
the small disk size, the geometrical confinement is strong
and it dominates over the influence of the strong bulk pin-
ning in the Nb film. Meanwhile, in the present experiment,
the disk size is �10 times larger and the field range is two
decades smaller. The corresponding average vortex spacing
is �10 �m, which is larger than the effective penetration
depth. Thus, the interaction between vortices as well as the
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influence of the edge current are weaker, but they remain
effective in the vortex configurations because the bulk pin-
ning in the amorphous film is weak. This situation is vali-
dated in the observation of a reasonably ordered configura-
tion of vortices in �-MoGe thin films at a low field of
10 �T.29 Moreover, normalizing the disk size by the effec-
tive penetration depth, we find that our disk size
�6–35 ��0�� is not much different from that of 9–46 ��0�
for the decoration experiment. These facts not only link two
experiments made in different sizes and different field
ranges, but also confirm that our observation is made in the
large mesoscopic regime.

VII. SUMMARY

We presented the scanning SQUID microscope images of
vortices observed in the weak pinning, �-MoGe thin disks
with different diameters. The observed images illustrate
clearly geometry induced, �quasi-�symmetric configurations
of vortices for L up to 19.

For small vorticities up to 5, the vortices form the sym-
metric polygons with respect to the disk center. The polygon
size grows with L, while it shrinks by the enhancement of the
screening current. Some of the polygons rotate clearly with
respect to the disk center, indicating the rotational degree of
freedom in the vortex configurations. The influence of the
geometrical confinement is evident in the quantitative agree-

ments between the field evolution of the polygon size and the
theoretical considerations in the London limit.

For large vorticities more than 6, the vortices form the
concentric shell rings. The field evolutions of the inner and
outer shell rings follow the rule of the shell filling obtained
in the theoretical and numerical studies. Some differences
are found in vortex configurations for large vorticities
�	13� observed in the largest disk, and they could be ex-
plained partly by the influence of the weak bulk pinning
and/or the edge roughness in the disk.

We also presented the vortex images obtained in the disk
with the off-centered pinning site. The results reveal the pin-
ning induced, novel configurations of vortices: In addition to
the deformed polygons, we observed unique vortex configu-
rations of the dice pattern at L=6 and �2,6� at L=8. These
lead to the pinning induced changes in the shell filling rule
and the magic number. All the configurations observed in the
disk are nearly symmetric with respect to the line defined by
the pinned vortex and the disk center.
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