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We have observed the magnetic field distribution of a vortex generated in amorphous ���-MoGe thin films
with various thicknesses �d� ���, where � is the penetration depth� with a scanning superconducting quantum
interference device microscope. From the analyses of the field distribution as functions of film thickness and
temperature, it is found that an effective in-plane penetration depth ��� extends with decreasing d, in accor-
dance with the Pearl prediction �=2�2 /d. Temperature dependence of � is also consistent with the two-fluid
model involving the Pearl prediction.
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Pearl1 calculated, in 1964, the distribution of the super-
current density around a vortex core in an infinitesimally thin
superconducting film �d��, where d and � are a film thick-
ness and the penetration depth, respectively, i.e., a two di-
mensional �2D� superconductor� using the London model.
The result shows that the radial dependence of the current
density changes from 1 /r to 1 /r2 at r�� �=2�2 /d�, while it
changes from 1 /r to exponential cutoff at r�� in a bulk
superconductor. This indicates that the in-plane penetration
depth actually corresponds to � rather than � in a 2D super-
conductor, and furthermore, an interaction between vortices
in a 2D superconductor becomes logarithmic over a longer
range r�� than r�� in a bulk superconductor, so that the
properties of vortex in a 2D superconductor differ from those
of Abrikosov vortex in a bulk superconductor. This vortex
with a long-range interaction �the so-called Pearl vortex� has
been intensively investigated in terms of a symmetry of the
2D Coulomb gas,2–6 on the other hand, experimental confir-
mation of the extension in penetration depth has not been
made with sufficient quality until experimental tools have
been developed.

Recent developments in scanning superconducting quan-
tum interference device �SQUID� microscopy have made it
possible to directly estimate the penetration depth of a mi-
crometer size. Just recently, Tafuri et al.7 have given the first
magnetic images of vortices in artificial cuprate films �2D
superconductors� by a scanning SQUID microscope �SSM�
technique. They show that � can be estimated by fitting the
anisotropic London model8–10 to the magnetic field distribu-
tion of a vortex derived from the vortex images. However,
they have found that there was much difference between the
in-plane penetration depth �ab inferred from observed � and
that in bulk cuprates with comparable critical temperatures.
Therefore, it is necessary to confirm the agreement between
� derived by scanning SQUID microscopy and the Pearl
prediction by using a simple system such as a conventional
superconductor.

In this Brief Report, we present direct observation of the
magnetic field distribution of vortices in superconducting
amorphous ���-MoGe thin films with variable thicknesses
from the bulk region �d��� to the ultrathin film region

�d��� with a SSM. A film thickness was systematically
changed over a range from 30 to 400 nm where correspond-
ing � is expected to be above several micrometers. In this
length scale, it is valid to determine � from the magnetic
field distribution measured by a SSM technique. The � val-
ues are derived from the vortex images by using the numeri-
cal fitting of the field distribution of a vortex obtained from
the anisotropic London model. Thickness dependence and
temperature dependence of � were investigated as shown
below.

Thin films of �-MoGe with thicknesses of 30, 55, 100,
200, and 400 nm were sputtered on water-cooled Si sub-
strates in a magnetron rf sputtering system, then the �-MoGe
films were covered with 100 nm thick SiO2 layers to protect
the �-MoGe films from scratching by a cantilever on which
a SQUID sensor was equipped. Thicknesses of the films
were estimated by the sputtering time and the deposition
rate, which was calibrated by profilometric measurements of
films prepared under identical deposition conditions. We es-
timate that the accuracy of the determinations is within 10%.
Transport measurements show that the superconducting tran-
sition temperature Tc and normal state resistivity of all films
are 5.7 K and 1.56 �� m, respectively. The penetration
depths ��0� were estimated to be 550 nm from the standard
expression11 in the dirty limit.

Magnetic images of vortices were obtained by using a
prototype SSM �SQM-2000, SII NanoTechnology, Inc.�.12,13

A SQUID sensor consists of a Nb pickup loop and a SQUID
magnetometer. The circular Nb SQUID pickup loop with an
inner diameter of 8 �m, which was newly designed to elimi-
nate an extrinsic effect �the so-called tail effect� due to the
nonideal geometry of the pickup loop, scans the surface of
superconductors, keeping a distance of 4–5 �m between the
surface and the pickup loop. The distance can be estimated
by fitting monopole approximation14 to the field distribution
of a vortex from a SSM image in a thick superconducting
film. A magnetic flux resolution of the SQUID magnetometer
is better than 5 ��0 /Hz1/2, where �0�=2.07	10−15 T m� is
the flux quantum. That corresponds to a field noise of
�10−10 T /Hz1/2 referred to the pickup loop. A spatial reso-
lution is limited to �2.5 �m.13 The films were field cooled
to the lower temperatures than Tc.
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We numerically calculate the field distribution of a vortex
above the sample surface using the following anisotropic
London model.8–10 We consider that a superconducting thin
film is situated at z=0. Since rot h=div h=0 outside the su-
perconductor, a scalar potential 
 can be introduced for the
magnetic field outside the thin film,

h = �
, �2
 = 0. �1�

A general solution of Eq. �1� at z=0 which vanishes at z
→� in the empty upper half-space is given by the following
equation:


�r,z� =� d2k

�2��2
�k�eikr−kz, �2�

where k= �kx ,ky�, r= �x ,y�, and k= �k�. Here, 
�k� is 2D Fou-
rier transform of 
�r ,z=0�. According to Kogan,9 
�k� can
be written as


�k� = −
�0

k�1 + k��
, �3�

including � introduced by Pearl,1 since hz�k�=−k
�k� for
the upper half-space. The distribution of the potential 
�r ,z�
outside the superconductor follows from Eqs. �2� and �3�,


�r,z� = −
�0

2�
�

0

� e−kzdkJ0�kr�
1 + k�

, �4�

where J0 is the Bessel function. Using an equation 1
1+k�

=�0
�dse−�1+k��s, we obtain


�r,z� = −
�0

2�
�

0

�

dk�
0

�

dse−kz−�1+k��sJ0�kr� �5a�

=−
�0

2�
�

0

�

ds
e−s

	r2 + �z + s��2
, �5b�

where we use an equation 11.4.39 in a mathematical table.15

Finally, the field distribution outside the superconductor in
real space is given by setting this equation into Eq. �1�. If
z�, the solution approaches to monopole approximation,
becoming independent of �. However, since we expect z
�� in our case, we can fit the numerical calculations re-
sulted from these equations involving two parameters of z
and �. In our measurement, the pickup loop probes the mag-
netic flux passing through the loop and the output is the
average magnetic flux density in the loop area, so that the
fitting procedures include convolution with the size of the
pickup loop: our London model is simply integrated over the
probe area and divided by the area to take account of con-
volution of the field over the pickup loop.

Figures 1�a� and 1�b� show magnetic images of vortices in
�-MoGe films with thicknesses of 400 and 100 nm at an
applied field of 10 �T at 4.5 K, respectively. Despite such a
low applied field, the long-range lattice order with the inter-
vortex distance of about 15 �m is observed in the 400 nm
thick film, while a disordered vortex arrangement is found in
the 100 nm thick film. The presence of the lattice order sug-
gests that our �-MoGe films are simply of high quality.

The observation of the disordered structure of the vortex
arrangement in the 100 nm thick film can be explained by
the collective pinning theory,16,17 where the pinning force per
unit volume increases with decrease in film thickness. The
increase of the pinning force makes the elasticity between
vortices lower and makes it more favorable that vortices are
individually trapped by pinning centers than vortices form
the Abrikosov lattice. Therefore, dislocations in vortex lat-
tices come to be induced with decreasing thickness.

Figures 2�a� and 2�b� show vortex images in �-MoGe
films with thicknesses of 400 and 30 nm taken at an applied
field of 1 �T at 4.5 K, respectively. The observed peak mag-
netic flux density at the center of the vortex in Fig. 2�b� is
approximately ten times lower than that in Fig. 2�a� �the
diminishing of the peak magnetic flux density with decreas-
ing thickness makes it hard to observe a vortex in films with
thicknesses less than 30 nm� and the vortex image in Fig.
2�b� seems to be somewhat larger than that in Fig. 2�a�. As
shown in Figs. 2�c� and 2�d�, the full widths at half maxi-
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FIG. 1. �a� Magnetic images of vortices forming triangular lat-
tice in the 400 nm thick �-MoGe film and �b� a disordered vortex
arrangement in the 100 nm thick film at an applied magnetic field of
10 �T perpendicular to the film surface at 4.5 K. The shade corre-
sponds to a range of the magnetic flux density from 0 to 10 �T.
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FIG. 2. Magnetic images of vortices in the �-MoGe films with
thicknesses of �a� 400 nm and �b� 30 nm at a perpendicular mag-
netic field of 1 �T at 4.5 K, respectively. ��c� and �d�� The magnetic
field profiles of the vortices along the dashed lines in �a� and �b�,
respectively. The solid lines shown in �c� and �d� are the fits of
numerical calculations �see text�.
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mum of the vortex images are 10 and 18 �m for d
=400 nm and d=30 nm, respectively. These widths, how-
ever, do not necessarily mean the penetration depth of the
samples because the flux lines associated with a vortex ex-
tend out of the surface of the film and the flux probed by the
SQUID pickup loop is a few micrometers away from the
surface of the superconductor. In order to obtain the correct
value for �, it is necessary to make appropriate numerical
calculations from Eqs. �1�–�4�, �5a�, and �5b�.

As a result of the fitting, we obtain z=4.0 �m and �
=3.9 �m for the 400 nm thick film and z=4.8 �m and �
=52 �m for the 30 nm thick film, where z is the distance
between the pickup loop and the surface of the supercon-
ductor. The z values are consistent with those determined by
fitting monopole approximation14 to a vortex image in a
200 nm thick Nb film ���50 nm �Ref. 18��. The � values
are indeed larger than � of 670 nm measured with a two-coil
screening technique19 at 4.2 K and strongly depend on the
peak magnetic flux density, which makes it possible to deter-
mine � by the fitting: the SQUID magnetometer can distin-
guish a slight variation of the magnetic flux density with an
increase of �. A similar feature has also been pointed out by
Tafuri et al.7

Figure 3 shows the thickness dependence of � derived by
the fitting of the data for five different films with thicknesses
of 30, 55, 100, 200, and 400 nm at 4.5 K in comparison with
the Pearl relation �=2�2 /d. Assuming that temperature de-
pendence of � follows two-fluid relation20 ��T�=��0��1
− �T /Tc�4�−1/2 in this superconductor, where ��0� and Tc are
550 nm and 5.7 K obtained from our transport measurement,
respectively, we derive a theoretical � curve at 4.5 K from
the relation 2�2�T� /d denoted by a solid line. As shown in
Fig. 3, all the experimental points fall onto the solid curve
predicted by Pearl1 on the assumption of the two-fluid model
within experimental errors.

In order to elucidate temperature dependence of �, we
have also taken vortex images at various temperatures for the

100 nm thick film. Figure 4 shows the temperature depen-
dence of � obtained for a temperature range from
4.1 to 5.3 K. The � value corresponds to the screening
length �scr in a 2D superconductor, and as a film thickness
increases, �scr continuously becomes closer to �scr in bulk
superconductors: �, which is expected to have a temperature
dependence close to ��1− �T /Tc�4�−1/2.20 In order to check
that there is difference in the temperature dependence of �scr
between the 100 nm thick film and bulk superconductors,
first, the observed dependence of �scr is compared with that
in the bulk region in Fig. 4. As a result, it seems that the
observed dependence is completely different from the depen-
dence ��1− �T /Tc�4�−1/2: ��0��1− �T /Tc�4�−1/2 with experi-
mental values ��0�=550 nm and Tc=5.7 K. A temperature
dependence closer to ��1− �T /Tc�2�−1/2 has indeed been ob-
served in a superconducting film YBa2Cu3O7−�.21 In case of
weak-coupling superconductors, a microscopic theory20 also
gives a temperature dependence ��1− �T /Tc�2�−1/2. Taking
account of these results, we also compare the experimental
results with a dependence ��1− �T /Tc�2�−1/2: ��0��1
− �T /Tc�2�−1/2. The experimental points fall onto a curve
��0��1− �T /Tc�2�−1/2 in the lower temperature region in Fig.
4 while it deviates clearly in the higher temperature region.
Those suggest that obviously the temperature dependence of
�scr in the 100 nm thick film differs from that in the bulk
region and this film lies deeply in the Pearl vortex regime.

We reconsider the theoretical estimation of the thickness
dependence of � at 4.5 K in Fig. 3. On the basis of the
two-fluid model, we assume that temperature dependence of
� follows the relation ��0��1− �T /Tc�4�−1/2. As far as we
know, there has been no systematic measurement of tempera-
ture dependence of � for �−MoGe films. However, a mea-
surement of � by Plourde et al.19 agrees with the expectation
at 4.2 K for the two-fluid model, which is favorable to the
two-fluid model. From two-fluid dependent ��T� and the
Pearl relation 2�2�T� /d, we obtain
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FIG. 3. Thickness dependence of � at 4.5 K in comparison with
the Pearl relation �=2�2 /d, which is shown by a solid line �see
text�. The error bars are assigned by a doubling of the �2 values of
the fits.
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FIG. 4. Temperature dependence of � for the 100 nm thick film
is compared with theoretical expressions. The filled circles repre-
sent experimental data. The dotted and the broken curves show
dependencies ��0��1− �T /Tc�4�−1/2 and ��0��1− �T /Tc�2�−1/2, re-
spectively, where ��0�=550 nm and Tc=5.7 K. The solid curve rep-
resents the result obtained from Eq. �6� �see text�. The error bars are
assigned the same as Fig. 3.
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��T� =
��0�

1 − �T/Tc�4 . �6�

If ��0� and Tc are 550 nm and 5.7 K, respectively, this equa-
tion gives the curve denoted by a solid line in Fig. 4. As a
result of the comparison, the experimental points fall onto
the curve from Eq. �6� within experimental errors. The fact
strongly supports that the experimental thickness dependence
at 4.5 K is consistent with the prediction at 4.5 K derived
from Eq. �6�, as shown in Fig. 3.

In conclusion, the vortex images for 2D superconductors
have been studied systematically with various film thick-
nesses from 30 to 400 nm. From numerical analysis for the
cross section of the magnetic field distribution of a vortex,

the effective in-plane penetration depth � has been deter-
mined. As a result, thickness dependence of � obeys the
Pearl prediction 2�2 /d. It is also found that temperature de-
pendence of � follows Eq. �6� derived by two-fluid relation
and 2�2 /d.
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