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Abstract
High critical current density ( jc) is one of the most important properties of
high Tc superconducting thin films. Determining it is difficult especially in
large films (2–3 inch). We propose a non-destructive and easy technique for
measuring jc. From measurements of the magnetic moment in the middle of
a superconducting film as a function of the external magnetic field, we
calculate the macroscopic critical current density.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recent developments in the production of high Tc

superconducting (HTSC) thin films have made them more
appealing than ever for applications. In particular we are now
able to grow large area, high quality YBa2Cu3O7−δ (YBCO)
films over sapphire substrates [1]. One of the most important
properties of HTSC films is their critical current density.
This is also one of the most technically difficult things to
measure. Two major techniques are mainly used—transport
measurement and inductive AC measurement. Transport
measurements are problematic mainly because they require
either a very precise lithography process or very high currents
during the measurement. Driving large currents through the
sample can cause heating of weak spots (usually the contacts)
which drives the film to its normal state and can even result
in cracking, as seen in figure 1. It also destroys the film and
renders it unusable for any other purpose. Another common
technique uses an AC modulated magnetic field to probe the
magnetization [2] of the sample. This measurement is also
technically complicated (especially when considering large
area films). It also requires a careful analysis and fitting of
the data assuming the critical state model (or other models)
in order to derive the critical current density. We propose a
new technique for calculating the critical current density of
thin superconducting films by measuring its full penetration
field. The technique allows a fast turnaround and is technically
simple to perform.

1.1. The critical state model

The critical state model is a macroscopic description of the
superconducting state. It is based upon the assumption that
the stable vortex configuration is determined by the balance
of two forces acting on any local group of vortices: pinning
force and a force caused by the interaction between the vortex
and the current surrounding it. Within the framework of this
model, Bean described [6] the magnetic field profile inside
an infinitely long cylinder. In this geometry, Ampère’s law
reduces to a linear dependence on Hz of the critical current
density:

∇ × H = ∂ Hz

∂y
= 4π

c
Jc. (1)

A characteristic field H∗ can be defined as the field at
which flux penetration has reached the centre of the cylinder:

H∗ = Jc R. (2)

The problem is completely different when considering the
case of a flat disc. The large demagnetization factor causes the
magnetic induction at the edge of the disc to be much larger
than the external applied field. Thus, the penetration starts
at fields much lower than in the case of a long cylinder. A
good estimation of the full penetration field can be obtained by
considering the field at the edge of an oblate spheroid. Using
the approximation of the demagnetization factor [5] for this
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Figure 1. A picture of one of the contacts after a transport
measurement. The cracks are due to the large currents (in this case
several times jc). The contacts are usually the weakest spots on the
sample. The film needs to be coated with a shunt layer of gold to
prevent such effects.

geometry,

m ≡ R/d, D = 1 − π

2m
+

2

m2
· · · , (3)

we have
Hdisc ≈ m H. (4)

D, R and d are the demagnetization factor, radius of the
disc and the film thickness respectively. H and Hdisc are
the external field and the actual field at the edge due to the
demagnetization factors. Taking this into account and putting
it in equation (2) we get

H∗ ≈ jcd. (5)

The problem was calculated analytically by Mikheenko
and Kuzovler [3]. They assumed that the pinning force does
not depend on the density of vortices, which leads to a critical
current density that is independent of the external field. This
assumption is verified when looking at experiments by Theuss
et al [4], who found weak field dependence of jc in thin films
for fields less than 1 kG, as used here. The penetration distance
a (from the centre of the disc) was found to be

a = R

cosh
(

H
jcd

) . (6)

Using equation (6) we can relate the field H∗ at which
the flux has reached the centre (a � R) to the critical current
density. We describe a simple experiment for determining H∗
and show that using the proper calibration we can easily obtain
a good estimate of the critical current density.

2. Experimental details

2.1. Magnetic moment measurement

YBCO thin films were sputtered over sapphire with an
intermediate buffer layer of YSZ. The films were 2 inch in
diameter and had different thicknesses of 150–700 nm. Each
sample was placed inside a solenoid and cooled with liquid
nitrogen (zero-field cooled). A dc current was driven in the

Solenoid

Superconductor
thin film

Hall probe
measuring H

Figure 2. A scheme of the measurement set-up. The film is placed
inside a solenoid, its surface perpendicular to the magnetic field. A
Hall probe is placed on top of the disc at the centre, measuring the
magnetic moment of the film.

Figure 3. A typical measurement of the magnetic induction B in the
centre of the film as a function of the external field H . The
penetration field H ∗ was calculated by taking the intersection of the
linear extrapolations of the two regimes.

solenoid creating a magnetic field perpendicular to the film’s
surface. A commercial Hall probe (active area dimension
−0.1 × 0.1 mm2, Model LHP-MP by AREPOC Ltd) was
placed on the surface of the film, at the centre of the wafer,
measuring the magnetic field perpendicular to the surface. An
illustration of the measurement set-up is presented in figure 2.
The external magnetic induction was increased until the flux
penetrated to the centre of the film. A typical measurement
from the Hall probe is presented in figure 3. The B(H) profiles
are similar for all the samples, showing two regions—a flat
region where the slope is small due to flux creep and a transition
to an almost constant magnetization (the slope is almost 1).

Theoretically, penetration to the centre occurs when the
penetration distance, a, is exactly zero. However, because
of the Hall probe’s finite size (≈0.1 mm × 0.1 mm) and the
uncertainty in determining the exact centre, we practically
measure an effective size of the probe, a∗. In order to estimate
H∗ we note that a∗ � R and thus cosh( H

H0
) � 1 and we can

replace the hyperbolic cosine in equation (6) with an exponent.
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Figure 4. The magnetic induction in the centre versus the external
magnetic field for selected samples.

The effective size of the Hall probe, a∗, is then

a∗ ≈ 2R exp
(

− H∗

jcd

)
. (7)

And equation (5) can be rewritten as

H∗ = α jcd, α ≡ ln
(

2R

a∗

)
. (8)

Thus, in order to calculate the critical current density from
H∗ we need to find α. This can be done by comparing the
results with transport measurements for the same film.

2.2. Transport measurement

A bridge pattern was created on the film using the
photolithography technique. The pattern consisted of a
150 µm wide bridge with several contact pads. A normal
metal (gold or silver) was sputtered over the contact pads
in order to make good electrical connections. Aluminium
wires were bonded to the gold pads by a standard bonding
technique. The sample was immersed in liquid nitrogen during
the measurement to allow a good heat transfer and avoid
heating of the sample. In order to determine the critical current
a 10 µV cm−1 criterion was chosen. The value of α was
calculated by comparing these measurements with the field
penetration ones.

3. Results and discussion

The results of the B(H) measurements for several samples are
presented in figure 4. The profiles of the magnetic induction
are similar for all the samples. Two regions are clearly seen.
At low fields the induction is very small; flux had not yet
penetrated to the centre (a small slope exists due to flux creep).
The second region starts when the magnetic field penetrates
into the centre (or the effective centre, where the Hall probe is).

The geometrical constant, α, was calculated by transport
measurements to be 4.9 ± 0.1. The critical current densities
calculated from these data are summarized in table 1. Figure 5

Figure 5. The critical current density versus the thickness of the
films. The solid line represents the jc ∝ 1√

d
behaviour expected

from collective pinning.

Table 1. The properties of selected samples.

Sample ID Thickness (nm) H ∗ (Oe) jc (×106 A cm−2)

140 404 1000 90.6 0.23
220 505 800 136 0.28
160 304 700 121.3 0.31
240 304 700 67.8 0.17
280 304 700 83.9 0.21
190 505 400 89 0.37
100 205b 150 47 0.6
130 205 150 70.1 0.9

plots the critical current density versus the thickness of the
films. It shows the 1√

d
behaviour expected from the theory of

collective pinning [7, 8].
The parameter α is a function of the effective size of

the Hall probe. It is a uniquely defined constant for a given
measurement set-up and sample geometry. Once we have
calibrated our system with a certain sample geometry and
found α, we can measure the critical current density directly by
measuring H∗ . α is insensitive to small changes in the effective
size of the Hall probe (a∗). This is an important feature of the
measurement because it ensures its accuracy despite a small
tolerance in the centricity of the Hall probe.

A note should be made regarding the applicability of the
technique. This measurement is local in nature—the Hall
probe is sensitive only to a small area beneath it. If, for
example, the edge of the disc was of lower quality than the
centre, the penetration field H∗ would not change much (it
would only change the effective radius of the sample, which
does not affect the full penetration field). Thus, to ensure the
validity of the calculated jc it is imperative for the film to be as
homogeneous as possible. This can be verified, for example,
by measuring Tc inductively at different radii.

4. Conclusions

The critical current density is an important property of a
superconductor film. The transport measurement is technically
difficult to perform and renders the film unusable for any
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other application. Other inductive techniques are somewhat
complicated and need careful data analysis to deduce jc. We
report a technique for measuring jc in large scale wafers
directly by determining the penetration field H∗. jc values
as measured from the transport and H∗ are found to be
proportional to each other. By careful calibration we can obtain
the value of jc from H∗. The critical current densities of films
with different thicknesses were presented. They were found
to follow the 1√

d
behaviour expected from flux pinning.
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