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Abstract
We present a novel method for analysis of superconducting thin films using dynamic magneto-
optical imaging, revealing hallmarks of flux penetration with temporal resolution around 1 ms (in
the present work) or better. This method involves investigation of transient field and dynamic
current distributions, which are calculated by an inversion procedure on the Biot–Savart Law,
which we show to be valid under dynamic conditions. We compare and discuss the flux front
penetration speed and evolution of current distribution in high quality YBa2Cu3O d-7 thin films
with that of samples deliberately damaged in such a way as to reduce critical current density
without causing macroscopic damage.

Keywords: magneto-optical imaging, superconducting thin films, superconducting magnetic
properties, magnetic field dynamics
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1. Introduction

Magneto-optical imaging (MOI) of superconducting samples
has proven extremely useful for quality assurance purposes,
with the ability to quickly analyse the quality of films [1–4]
and tapes [1, 5–8] in a non-contact, non-destructive and
simple way. This technique shows visually the position of
cracks [5, 8], weak links [4, 6, 7] and other micro- and
macroscopic defects in the sample [2, 9], however there may
be other current-limiting mechanisms that are not so readily
visible at the macroscopic scale nor directly dependent on
critical current density [10, 11].

MOI is generally carried out under static field conditions
with a constant applied DC field [2, 12–16]. MOI investiga-
tions into vortex dynamics or other ‘dynamic’ effects in
superconductors typically deal with AC fields [17, 18], or

simply consider the effect of changing the magnetic sweep
rate on the final stable state [19].

However, in order to fully understand dynamic vortex
effects, one must consider not only steady DC or AC fields;
but field switching and ramping, which leads to a rich variety
of transient field effects. These effects may lead to qualita-
tively different and unique behaviour. Such transient effects
are often neglected due to difficulty of observation, since field
and current dynamics in superconductors occur over such
short time-scales [19–21, 25].

Magnetic flux penetration into superconducting films
occurs on time-scales much smaller than those measurable
using many magnetic imaging techniques such as scanning
SQUID microscopy, which may require minutes or hours to
create a magnetic profile of a sample with resolution
approaching the vortex scale [26]. High-speed MOI overcomes
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this limitation of other magnetic microscopy techniques as it
does not require any scanning, instead relying on the Faraday
effect and using visible optics to examine magnetic fields.
Therefore dynamic images can be taken, with temporal reso-
lution limits provided only by the exposure time of the camera
used and response speed of indicator films.

High-speed MOI and current calculation has been used to
investigate dynamic effects such as the relaxation of current
distribution in a YBCO strip after a current pulse [20] (though
this was limited by a relatively long exposure time), the
response to a high frequency AC transport current [21] and
the dynamic processes of a thermal quench [22].

Some groups have made modifications to the MOI
technique specifically for fast imaging such as laser scanning
[23] and polarimetry by varying the polariser angle [24].
These have been shown to increase sensitivity and versatility
of the technique, though ultimately at the cost of reduced
image acquisition speed.

In this work, we apply high-speed MOI to the invest-
igation of dynamic effects of the magnetic flux in
YBa2Cu3O7–δ (YBCO) superconducting thin films with a
focus on achieving the fastest measurements possible. This is
achieved by real-time observation of magnetic flux penetra-
tion into both high-quality and reduced-quality samples,
which have vastly differing current carrying ability. The two-
dimensional currents in each sample are then calculated
independently at each time-step using an inversion procedure
of the Biot–Savart law [2, 27–30], which we show to be valid
under dynamic conditions for our measurements (though they
are generally quasi-static equations).

2. Experimental method

2.1. Sample preparation

YBa2Cu3O d-7 films were deposited by pulsed laser deposi-
tion on ´5 5 mm substrates of SrTiO3, by the method
described in [31, 32].

Critical temperature (Tc) of the samples was measured
using a Quantum Design Magnetic Property Measurement
System (MPMS) after deposition, and only those with
T 90c K were selected for patterning. The samples were

patterned using laser lithography and etched into 3×3 mm
squares with edges sharper than 1 μm using ion beam milling.

Most samples were patterned under optimal conditions,
however in this work a number of samples were exposed to the
ion beam for three times the average etch duration, and sub-
sequently exposed to acetone for an extended period of time.

After patterning, the critical current (Jc) was calculated
from MPMS hysteresis measurements for each sample
[33, 34] in order to confirm reduction of sample quality and
current-carrying ability in the over-processed samples.

2.2. High-speed MOI

The MOI apparatus for high-speed application consists of a
polarising microscope modified to view samples under

magnetic fields and at low temperature. A Faraday-active
indicator film is placed on top of the sample to visualise field,
and a high-speed camera used to capture magneto-optical
(MO) video. Figure 1 gives a diagram of the apparatus.

The polarisation of light incident on the indicator film is
rotated by an angle proportional to the z-component of local
magnetic field in the film, due to the Faraday effect. The
operational part of the indicator film is a Faraday-active Bi-
doped yttrium–iron garnet film. Such films have been shown
to be sensitive magnetic field detectors with undampened
response up to at least 106 Hz [35], which is fast enough to
detect any changes in magnetic field observable with our
high-speed camera.

In order to create an optical image of the field in the film
(which corresponds to stray field above the sample surface), a
polariser is placed in the light path before the indicator film,
and a crossed analyser after it.

Magnetic field was applied to superconducting samples
using Xantrex XKW 40–75 power supply attached to a
solenoid with a magnetic ramping speed of (8.1± 2.3) T s−1.
For our measurements, the field is increased rapidly from zero
to 0.1 T, reaching 90% of this value within (27± 3)ms, as
measured using an SS495A1 miniature ratiometric linear Hall
sensor and Agilent 34420A Micro Ohm meter. Values for
ramping speed and stabilisation time are averages after
measuring many field-time characteristics. One such curve is
shown in figure 2.

Sample temperatures of 4 K and below are maintained
using a Janis continuous-flow helium cryostat and a brass
cold finger. The cold finger elevates the sample to a position
at the centre of the solenoid, where field is most uniform.

Figure 1. Diagram of the magneto-optical imaging apparatus for
high-speed imaging, showing light path, helium flow and data flow.
The geometrical factors d and h are shown, representing the
thickness of the sample and height of the indicator film respectively.
A solenoid is placed around the cold finger, not shown for
simplicity.
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Cernox temperature sensors at the base and top of the cold
finger confirm minimal temperature gradient between the
sample and the heat exchanger. An inbuilt resistance-heater
allows control of the sample temperature and rapid heating
above Tc in order to re-cool the sample and re-measure
penetration.

Samples are illuminated using a nikon intensilight
C-HGFI mercury lamp, and high-resolution images captured
through the microscope using a Photron Fastcam SA3 high-
speed camera, which is capable of capturing video up to
120 000 frames per second (fps). Each image is interpreted as
a direct mapping of the magnetic field around the sample
averaged over the exposure time.

An independent calibration is carried out for each video
using the brightness of areas of the indicator film far from the
superconducting sample as the applied field changes. This
calibration data is used to convert the brightness of each pixel
to a magnetic field value. A typical calibration curve is shown
in the inset of figure 2. It is fairly linear for most fields
applied, but some curvature occurs close to 0.1 T due to
indicator film saturation. Saturation of the camera is also seen
for the case of 13% illumination, but this is strictly avoided in
all further measurements.

In this work, MO videos were captured at the rate of
500–2000 fps, which is appropriate to the flux penetration
speed, allowing investigation of current dynamics and
relaxation time. We use an exposure time of 0.5–2 ms, and a
physical resolution of 150 pixels mm−1. The samples are kept
at a constant temperature of 12 K, which was empirically
found to be the lowest temperature allowing full penetration
in the field range used.

We define full penetration as occurring when the flux
fronts from each edge meet, with the only non-flux-filled
region being the typical discontinuity lines from corners to
centre. The penetration speed into each sample is determined
from MO images by plotting the position of the flux front
over time.

To trigger video capture at the moment the applied field
is varied, a custom control LabView program was built with a
precise timing sequence: first the video recording is triggered,
then after a variable delay of a few ms, current to the solenoid
is changed in order to increase or decrease the applied field.
The camera then continues recording for 0.2–10 s to also
capture the flux creep and/or relaxation effects.

2.3. Dynamic current calculation

The current in each frame of the video was calculated inde-
pendently by inversion of Biot–Savart law. The Biot–Savart
law gives an expression for field B at some position r with
respect to a current distribution ¢J r( ):

ò
m
p

=
¢ ´ ¢ -
¢ -

¢B r
J r r r

r r
r

4
d . 10

3
3( ) ( ) ( )

∣ ∣
( )

To allow inversion of this equation, we consider sheet
currents in the film with minimal variation across the film’s
small dimension, i.e. = +J x y x J x y yJ r , ,x y( ) ( ) ˆ ( ) ˆ through-
out the film’s thickness d [27, 28]. We also consider the film
to be locally uncharged, or at least to have local charge
varying slowly in time to allow current continuity:

 =J 0. 2· ( )

Fourier transformation of equation (2) gives:
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reference [28]. Applying equation (1) to the perpendicular
magnetic field component Bz in the indicator film at height
z=h due to sheet currents, and considering equation (3), we
acquire by two-dimensional Fourier transformation:
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references [2, 27–30].
The tilde represents a Fourier-transform of a quantity,

kxandky the frequency components in each direction

and = +k k kx y
2 2 .

Equations (4)and(3) are sufficient to calculate the
magnitude and direction of current at every point in the film
upon inverse Fourier transformation.

In order to better understand the immense amounts of
data produced, the time-dependant current profiles in a one-
dimensional slice through the sample was considered in
favour of the two-dimensional currents over the entire sample.

There are two quasi-static approximations in this deter-
mination of currents in the film from perpendicular field
measurements in a plane above it, which shall both be now
explained and justified for dynamic calculations:

The first is the Biot–Savart law (equation (1)), which
only holds for quasi-static current distributions, and hence the
question may very well be raised as to its validity for calcu-
lating currents in our YBCO samples as both field and current
change rapidly during flux penetration and depenetration. In

Figure 2. Typical Hall-sensor characteristic of the solenoid used for
external field ramping. The zero time-point is taken from when the
field first starts to increase after it is switched on. Inset: calibration of
indicator films using precise field values at various illumination
levels.
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vector form this equation can be expressed as

m ´ =B J. 50 ( )

Which, by comparison to one of Maxwell’s equations,
makes the assumption that the electric field E varies relatively

slowly in time, i.e. 
¶
¶


t

J
E

0 [36]. The electric field in a

superconducting sample during charge penetration is pro-
portional to the rate of change of applied magnetic field, and
is present only in the penetrated regions [37]. Therefore we
calculate the maximum rate of change of electric field from
the highest second derivative of the field ramping data (from
figure 2).

The maximum value for 
¶
¶
E

t
0 was found to be

´ -2.55 10 5 Am−2 for our films. Comparing this to the
current density in the penetrated region, which exceeds
=J 107 Am−2 within 2 ms for all samples measured, it is

easily seen that this assumption holds.
The second assumption is that current is continuous in

the film, as expressed in equation (2). This assumption relies
on currents neither beginning nor ending at any point in the
film, meaning the film remains locally uncharged: =r¶

¶
0

t
,

where ρ is charge density.
However, investigations into the charge on super-

conducting films during penetration have shown that square
regions near the sample corners do in fact acquire a charge
proportional to the rate of external field ramping [37, 38], which
may invalidate equation (2) in parts of the film, causing slight
inaccuracy in the calculated current in these areas. However, the
area around a line through the middle of the film bisecting each
edge should always remain charge-free [37]. Therefore we take
this line as the position of the one-dimensional slice, as shown
in the final current image of figure 4(a), as this lies in the region
where calculated currents are most accurate.

3. Results and discussion

The critical current density (Jc) was measured for each sample
using MPMS at 10 K, as shown in figure 3. This initial check

shows strong suppression of the critical current density in the
over-processed sample by a factor of nearly 105 at low fields
and complete Jc suppression at applied fields >B 1a T.

MO video showing the dynamic behaviour of field and
current in each sample was captured during and immediately
after an increase of external field from zero. A selection of
frames from typical MO videos of flux penetration are shown
in figure 4, each frame showing the stray field distribution
above the sample at a given point in time. This figure also
shows the current in the sample as calculated from the field
distribution at each time step. MO videos appear visibly
similar for both types of films (high quality and degraded
quality), therefore frames from only one of the videos are
shown in figure 4. This similarity is an important feature,
confirming the integrity of superconducting properties in both
films. However, further investigation yields important quali-
tative and quantitative differences in the distribution of field
and current in these films.

Figure 3. Critical current density as a function of applied field at 10 K in (a) the high-quality sample, and (b) the reduced-quality sample,
where low-field Jc is seen to have been reduced by five orders of magnitude.

Figure 4. Timeline of magnetic field and current in a thin film YBCO
square at 12 K during flux penetration. Field images are frames of
high-speed magneto-optical video with brightness directly propor-
tional to local magnetic field. Current images are computer-
generated with brighter regions representing a higher current
magnitude, scaled relative to the maximum current for each time
step. The solid (red) line in the top left image shows the position
used for one-dimensional current profiles and flux front
measurement.
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The first quantitative comparison between the samples
from the MO videos involves measuring the penetration speed
into each using the motion of the flux fronts, as shown in
figure 5.

The magnetic flux front is roughly defined as the line
separating flux-filled regions of the sample near its edges and
the flux-free region near the centre. During magnetic pene-
tration it moves from the sample edge toward the sample
centre. The position of the magnetic flux front was defined to
be the furthest point (pixel) from the sample edge with the
field above a threshold value Bt (chosen to be above the noise
level in the flux-free region, but below 10% of the maximum
field), and a field at an adjacent point (pixel) below Bt, for
each time step. This position is plotted against time for each
sample in figure 5, using field values from MO video along
the one-dimensional slice shown in figure 4. It was noted that
both samples had a low sensitivity to changes in the chosen
Bt, since field increases smoothly from zero at the flux front.

From figure 5(a), it can be seen that the flux front
penetrates at a relatively constant rate into the high-quality
sample for ∼50 ms, before slowing gradually. From the
gradient of the initial part of these curves, the flux front
penetration speeds for this sample were found to be
12.3±0.2 mm s−1 from one edge and 14.1±0.1 mm s−1

from the other.

Flux fronts with constant velocity of the order of
100 m s−1 have been theoretically predicted for super-
conducting samples with field quickly removed [39]. Similar
speeds may also be expected for field quickly applied to the
sample as in our case, but the speeds we observe experi-
mentally are several orders of magnitude lower. This could be
due to the dependence of vortex propagation speed on
magnetic field ramp rate [40], since the theoretical model
considered a very quickly changing applied field [39] while
ours ramps at a finite rate.

It should also be noted that the inward speed of vortices
during penetration should be fastest somewhere behind the
flux front, and is predicted to increase as critical current in the
film decreases [40].

It is therefore surprising that flux was seen to penetrate
more slowly into the reduced-quality sample in figure 5(b),
with speeds 7.0±0.3 and 6.9±0.2 mm s−1 from each edge.
For this sample, the penetration speed does not decrease
gradually, but instead appears linear until the final penetrated
position, and in this regard more closely reflects the predicted
case. Rather than a smooth curve, there is a much sharper
corner as the flux front reaches its final position.

Two horizontal lines are also seen in figure 5(b), where
the flux front seems to pause before continuing to increase:
below 0.8 mm for the top front, and below 1.2 mm for the
bottom front. These positions are associated with visible
defects in the sample.

The unexpected slower flux penetration into the reduced
quality film is explained by noting the discontinuity in the
plot of figure 5(b) at approximately 5 ms. This discontinuity
represents the time at which the field first penetrates into the
sample, and hence the flux front seems to ‘begin’ penetration
around 0.6 mm for the top front, and 0.9 mm for the bottom
front.

However, this position is actually some distance from the
sample edge. This ‘initial’ flux front position inside the
sample in fact shows a much faster response to the field
change, which is too fast to be resolved with the temporal
resolution at this frame rate (although it is better than ∼1 ms).
The subsequent (measured) flux speed of ∼7 mm s−1, which
is lower than in the high quality film is the result of the
reduced demagnetising fields, after the initial very fast
penetration. This fast penetration is presumably along the
damaged domain (grain) boundaries due to the weak inter-
domain (intergranular) currents, and then slower penetration
follows owing to screening currents which lead to lower
Lorentz force on the vortices.

Note, we have used the term ‘interdomain’ along with the
more conventional ‘intergranular’. This is because it has been
established [1, 34, 41] that our high quality PLD films do not
have grains but rather low-angle misoriented domains sepa-
rated by domain walls consisting of edge-dislocations pro-
viding strong vortex pinning and critical current, rather than
grains connected by weak-links [1].

In order to further quantify the calculated current data,
the time-variation of current density in a one-dimensional
slice was plotted for each film, as shown in figure 6. One can
clearly see that there is an immense change in the behaviour

Figure 5. Position of the flux front over time during penetration in (a)
the high-quality sample, and (b) the reduced-quality sample. Flux
front position determined from magneto-optical video by finding the
furthest point from the film edge with field above a threshold value
for each time step. The zero position represents the edge of the
measured area. The gradient of these plots gives the penetration
speed for each sample.
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of current density during field penetration in the reduced-
quality sample.

Figure 6(a) shows the expected time-evolution of current
in a one-dimensional slice through a square YBCO film: a
small peak forms at each sample edge within 2 ms of pene-
tration, which then increases in magnitude without significant
change in position until about 20 ms. As this current-peak
increases, a long current-tail extends toward the sample cen-
tre. By comparison with figure 2, this corresponds to the
period of fastest flux ramping. After this, as the external
field stabilises, the current peak is seen to move toward
the centre of the sample while retaining a constant magnitude.
A current plateau forms between this peak and the sample
edge, in the penetrated region, with a downward gradient
toward the sample edge, which decreases over time. The
peak appears to follow the flux front as it penetrates further
into the sample, with current decreasing to zero at the centre
(position=1.5 mm) at all times.

After about 200 ms, the shape of the current profile in the
high-quality sample settles to a distribution resembling that
predicted by the Kim-model [13–16], being zero at the sample
centre and with a peak at the flux front. Current distribution is
quite symmetric about the centre of the sample at all times.

The evolution of the current profile in the reduced-quality
sample is quite different, as seen in figure 6(b). The peak in
current forms at the sample edge as expected, and grows in
magnitude during field ramping, though the shape of the
current distribution has already deviated after 10 ms, with no
tail extending toward the centre (because the flux front has
already advanced up to 0.8 mm, so the small current
corresponding to this flux is indistinguishable from the
background, and hence interpreted as zero). After the field has
stabilised, the deviations become more drastic, with the peak
in current not moving from the sample edge at all. The current
distribution still spreads toward the sample centre as flux
penetrates further inwards, but has a rounded shape with
downward concavity, rather than a sharp peak at the flux
front. Minimal currents are visualised in the non-penetrated
region at all times for this sample. The current can still be
interpreted as having a plateau in the penetrated region, but
with a reversed gradient that is much steeper. After 100 ms, as
flux has penetrated almost to the sample centre, the current
plateau becomes much less smooth. Perturbations in the
plateau appear as ridges, which are non-symmetrically dis-
tributed about the centre, suggesting that these are caused by
defects.

The final current distribution in the reduced-quality
sample deviates strongly from both Bean- and Kim-like
profiles, with the current plateau having a gradient sloping
toward the sample centre and peak current at the edge. Per-
turbations in this plateau attributed to strong current-limiting
defects are still very much apparent.

It should be noted that the maximum value for current
calculated from MO images cannot be directly compared to
the Jc found by MPMS. This is partially due to differences in
measurement techniques [34]. While the MOI technique is
useful for determining the relative strength of current and
local variations throughout the film, the magnitude of current
calculated cannot be so easily compared from one sample to
another. Errors arise in the calculation of absolute current in
the sample due to quantification and variations in light
intensity.

For both samples, the magnitude of current in all parts of
the film decreases slightly in the longer time-scale up to
500 ms (not shown) due to relaxation processes, but the dis-
tribution retains approximately the same shape. It is only at
this later time that non-zero currents occur close to the centre
of the reduced-quality sample.

4. Conclusion

We have employed MOI in a dynamic and quantitative
manner for two YBCO films with very different current-car-
rying abilities.

Figure 6. 3D plots of time-evolution of current in (a) the high-quality
sample, and (b) the reduced-quality sample, as calculated frame-by-
frame from magneto-optical video during flux penetration. Any
vertical slice of these plots taken perpendicular to the time axis
represents the one-dimensional current profile in the sample at a
given point in time.
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Vortex velocity is expected to increase with a reduced
critical current [40], however the inward speed of vortices at
the flux front appeared to decrease in the damaged sample.
Upon further investigation, it was shown that initial flux
penetration in the damaged film is probably in fact much
faster. However, this initial penetration occurs so quickly that
the time resolution of imaging used in this work was too low
to resolve the initial fast flux penetration in this film. There-
fore, future MO investigations will be performed with even
faster video and utilise the apparatus to its full potential.

For a more complete understanding, we also present an
analysis of current evolution in the films by Biot–Savart
inversion, shown to be valid in our dynamic regime, at each
time step. The final, quasi-equilibrium current profile in the
high quality film reproduces the expected Kim-model
[13–16], whereas the damaged film does not exhibit either
Kim-like or Bean profiles.

The suppression of the macroscopic critical current
density in the reduced-quality sample as measured by MPMS
is seen as a major influence on the dynamic evolution of
current in the damaged sample. And conversely, dynamic
MOI is shown to be useful for probing current evolution on a
local scale in order to explain the dramatic reduction in
overall critical current that was seen with MPMS.

Overall, we have presented an extension of the MOI
technique to allow dynamic analysis of the field and current
of superconducting samples using high-speed MO video.
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