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ABSTRACT 
 

We present a time-resolved magneto-optical (MO) imaging study of high-temperature 
superconductor (HTS) in high-frequency alternating current (AC) regime. The evolution of the 
magnetic flux density distribution in YBa2Cu3O7-δ (YBCO) thin film samples is studied in small 
steps of the phase of the applied AC current. The flux distribution at 10 K exhibits instabilities 
including flux jumps and flux creep.  A quantitative analysis of the data allows us to obtain the 
current density evolution. The current profile changes considerably with the phase differently 
from the prediction of the critical state model. These observations can be explained by the higher 
self-field at the sample edge and the effects of flux creep. 
 

INTRODUCTION 
 
Currently, most estimates of the losses in superconductors rely on a nonlinear relationship 

between the current density and electric field jjE
rrr

)(ρ=  and assume that the temperature is 

fixed [1].  This implies that the induced electric field responsible for the losses changes on the 
same time scale as the applied magnetic field. However, recent investigations of the low-
temperature superconductors reveal a much more intricate picture of flux penetration into a 
superconductor [2,3]. Flux jumps or thermomagnetic instabilities at low temperature in type-II 
superconductors are commonly observed which lead to dendritic avalanches developing over 
time scales much shorter than those determined by the ramping rate of the applied field [4-7].  
The instability arises from the energy release due to the motion of magnetic flux that increases 
the local temperature thus decreases flux pinning and hence facilitates the further motion. The 
positive feedback can result in thermal runaways and global flux redistributions jeopardizing 
superconducting devices [8]. On longer times scales flux creep is also responsible for additional 
flux penetration [9]. As a result of highly nonequilibrium pattern of flux penetration the amount 
of losses in composite superconductors such as copper stabilized coated YBCO conductors may 
greatly exceed the traditional estimates. 

In order to determine whether nonequilibrium pattern formation takes place in practical 
superconductors operating in the frequency regime of 10 - 103 Hz  it is necessary to use 
measurement techniques with inherent high time and spatial resolution capable of studying the 
dynamics of fluxons in a large area. A time-resolved magneto-optical (MO) imaging technique 
would be particularly effective due to the advantages of being both quantitative and fast. Here we 
report on time-resolved MO imaging measurements of YBCO thin films in the high-frequency 
AC current regime. Our results clearly show the presence of thermo-magnetic instabilities 
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 1 
Approved for public release; distribution unlimited



Superconductor
Garnet indicator

He

lamp

CCD
camera

Polarizer

Cryostat

Solenoid

Analyzer

Microscope

laser

AC Power SourcePC

ΘF=αΒ

Pump

Probe

laser pulse phaseAC

time

φ

-1.0

-0.5

0.0

0.5

1.0

-10 -5 0 5 10

Bridge

Electrical
Contact

A B

y

xz

leading to discrepancies in the magnetic profile and current evolution from the critical state 
model.   

EXPERIMENTAL DETAILS 
 

Our experimental setup, sketched in figure 1A, consists of a custom assembled Olympus 
polarizing microscope combined with a Janis ST-500 continuous-flow cryostat with an operating 
range of 3.5 to 325 K with a 50 mK stability. The cryostat has been specifically adapted to mount 
a permanent magnet or electromagnetic coil around a cold finger. A 0.4-mm thick sapphire 
window on top of the cryostat allows optical access to the sample. A 10x fluorite tension-free 
objective lens is used to minimize depolarization effects. A Glan-Thompson polarizer in 
combination with a linear polarizer provides an extinction ratio of approximately 10-5. For time-
resolved imaging, we use a Q-switched Nd:YLF diode-pumped solid-state laser which provides 
100-nsec short pulses at  527-nm wavelength. The pulse repetition frequency (PRF) of the laser 
can be varied from single shot to 1200 Hz by an externally triggered Pockels Cell. We 
synchronize the laser PRF to the AC current frequency generated by a computer controlled 
power source in order to obtain time-resolved MO images of the current flow in the sample. We 
use a 6-µm thick epitaxial grown ferrite-garnet film (FGF) (Y,Bi,Pr,Lu)3.0(Fe,Ga)5.0O12.0 with an 
in-plane magnetization as the MO indicator which is mounted on top of the HTS sample [10]. 
The iron garnet, depicted in the inset of Fig. 1, shows a pronounced Faraday rotation of about 
1.08°/µm for an external magnetic field of 750 Oe perpendicular to the film surface. Currently, 
the time resolution of our setup is determined by the jitter (< 1 µs) in the synchronization 
between the PRF and the AC current. Ultimately the time resolution achievable with this method 
will be limited to sub-nanoseconds by the magnetization switching time of the FGF as in ref. 
[11]. The power source provides up to 15 Amps of bipolar current in a customizable waveform at 
frequencies from 15 to 1200 Hz. Time-resolved images of the magnetic flux distribution in the 
superconducting sample are collected by a deep cooled charge-coupled device (CCD) camera.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic diagram of the time-resolved imaging setup (A) and the thin film sample 
(B). 
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The camera has a 12 bit dynamic range gray scale with excellent linearity and low dark 

current of 0.03 electron/pixel/sec. The effective area of the camera is 8.67 mm × 6.60 mm 
consisting of 1344 × 1024 square format pixels, 6.45 µm in width. The camera which has a 
minimum exposure time of 10 µs is interfaced to a PC which acquires the images at a maximum 
frame rate of 41 frames/sec. 

The YBCO samples were grown by pulsed laser deposition on a LaAlO3 or SrTiO3 substrate 
with typical dimensions of 10 mm × 5 mm [12].  The YBCO films are about 250-nm thick. The 
samples exhibit a critical transition temperature (Tc) of ~91 K, as determined by AC 
susceptibility measurements, and show a sharp transition within two degrees (at 2.2 Oe loss 
data). The samples are bridged (figure 1B) using a photolithographic technique with a length of 6 
mm and a cross section 2w = 475 µm to reduce their critical current. Transport current 
measurements show a critical current density Jc ~3 MA/cm2 for the samples at 77 K. In the MO 
imaging experiments the YBCO sample is first cooled to the superconducting state down to 25 K 
in zero external field and then an external magnetic field of Ba = 18 mT is applied normal to the 
plane of the sample (z-direction). An AC current I(t)=I0sin(2πf·t) is sent through the bridge of the 
sample (y-direction) and  time-resolved MO images are taken at discrete values of the phase 
angle φ = 2πf·t. This is accomplished through an adjustable electronic time delay between the 
laser pulses and the applied AC current (inset of Fig. 1). An image with a good contrast requires 
an exposure time that covers two to ten laser pulses, depending on the intensity of the applied 
magnetic field. Thus the exposure time of the camera is adjusted according to the frequency of 
the AC current.  
 

DISCUSSION  
 

The top panel of figure 2 shows a sequence of images taken at f = 1000 Hz and Ipeak = 
8.35 Amps for different values of the phase. The white arrows in the images indicate the 
direction of the applied AC current. Small defects on the surface of the MO indicator are 
revealed in the images as dark spots. The images have been carefully calibrated to obtain a 
quantitative analysis of the measured intensities following the procedure described in [11]. The 
color scale on the right side of the top panel of figure 2 indicates the magnetic field intensity. 
Bright areas near the edges of the sample represent regions with high density of magnetic flux. 
The darkest part of the images are in the center of the bridge corresponding to a complete 
Meissner state. The magnetic flux tends to penetrate from the edge inside the sample as indicated  
in the images by the white region of maximum intensity that shifts from left to right as the phase 
changes from φ=-π/2 to π/2. Moreover, there are three bright spots in the lower half of the right 
sample edge (marked a, b and c in Fig. 2). These magnetic flux lines do not move but change in 
density with the phase. They most likely result from flux jumps beyond the flux front. It has been 
shown recently that these instabilities occur when the background electric field E resulting from 
the  Lorenz  force exceeds a certain threshold Ec [8]. They develop in a nonuniform pattern if the 
background electric field E is high and the heat transfer coefficient to the substrate is small [8]. 
Furthermore, they can be driven by the ramping electric field due to the applied AC current. 
Local defects may also contribute to their occurrence. 

In order to study the behavior of the magnetic flux as a function of the phase we consider the 
cross section profiles of the magnetic field intensities. The magnetic profiles shown in figure 2 
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(bottom) represent averages along the y-direction for the length of the image. For clarity, we plot 
magnetic profiles over half a period of the sinusoidal current with a phase increment of π/6. Due 
to symmetry, the images in the other half of the AC cycle nicely overlap with those shown in 
figure 2. The intensity and the position of both peaks of the flux profiles change considerably 
with the phase. At φ=0 the magnetic profile due to the self-field of the superconductor should be 
symmetric. The observed subtle asymmetry most likely results from the small inhomogeneity of 
the applied field. At φ=-π/2 the absolute maximum of the magnetic flux is near the left edge of 
the sample (x/w≈-1). At the opposite edge, the magnetic flux forms a dip near x/w≈1 and the 
peak corresponding to the relative maximum is shifted further into the sample. The absolute 
maximum decreases while the relative maximum progressively increases as the phase changes 
from φ=-π/2 to 0. This behavior is repeated on the opposite edge for φ=0 tο +π/2. The maxima 
move back and forth in the x-direction by about 70 µm during one cycle of the current which is 
due to the Lorenz force acting on the vortices. This corresponds to an average velocity of 0.14  
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Figure 2. (Top panel). Time Resolved MO images for different values of the phase φ of the 

applied AC current. The white arrow in the images indicates the current flowing direction. The 
applied magnetic field is directed normal to the sample surface. The left inset shows an enlarged 
region of the right edge of the sample. (Bottom panel). Magnetic profiles for different values of 
the phase. The dashed lines indicate the sample edges. 
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m/s. This value is much smaller than the velocity associated with flux jumps but falls more into 
the range of flux creep velocity. 

Despite the large changes of the magnetic flux profiles close to the edge of the sample the 
flux front penetration remains almost unchanged with the phase evolution differently from what 
the critical state model would predict [13]. This may be understood considering that the applied 
current is only ~0.1 Ic and therefore its effect can be small compared to the screening current. On 
the other hand, magneto optical measurements with pulsed current [14] have shown also 
discrepancies from the critical state model which have been attributed to the presence of 
relaxation effects due to flux creep in the sample. Further modeling of the current evolution in 
the high-frequency AC regime is required to elucidate these effects. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Current density profiles for different values of the phase. The inset shows the phase  
points chosen in the measurements.  

 
Figure 3 presents the current-density distributions in the cross section of the bridge (x-

direction) for different values of the phase φ. The curves are calculated from the measured flux-
density distribution shown in figure 2 using a one-dimensional inversion scheme based on the 
Biot–Savart’s law [11]. From this analysis we estimated an average distance h = 6 µm between the 
indicator and the superconducting sample [11]. The accuracy of J(x) near the sample edge is 
improved using the iteration procedure suggested in Ref. [14]. The final J(x) presents a steeper 
drop at the edges and the component of the current density outside the sample is reduced to a 
negligible amount. Integration of the current density for φ = -π/2 and +π/2 gives I = 5.8 Amps 
and 8.4 Amps, respectively, indicating reasonable agreement with the applied peak current of 
8.35 Amps. The current density profiles change considerably with the phase. For example, when 
φ = 0 there is no net current flowing through the sample and only the shielding superconducting 
current flows in a closed loop near the sample edges. The current profile at φ = 0 is symmetric 
and the maxima correspond to Jc. At different values of the phase, a transport current flows 
through the sample in the positive or negative y direction (see top panel of figure 2) according to 
the polarity of the applied AC voltage. The transport current changes the overall current profile. 
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In a very simple picture we can consider the current densities shown in figure 3 as the sum of the 
screening current, due to the applied magnetic field, and the AC current. Then the current density 
at φ = 0 represents the screening current and according to the critical state model its maximum 
value would be Jc. However, the maximum of the critical current changes with the phase 
differently from what the critical state model predicts [13]. Similar results have been obtained in 
MO imaging experiments with a pulsed current [14] and in simulations including flux creep [9]. 
Furthermore the maxima of the critical current are not at the sample edges as predicted by the 
critical state model. The critical current is reduced at the edges due to the higher self-induced 
magnetic field in that region as observed by recent experiment [15] and calculations [16,17]. In 
order to describe the observed discrepancies from the critical state model requires the inclusion 
of relaxation effects and thermo-magnetic instabilities. 

CONCLUSIONS 
 

In summary, we used a time-resolved MO imaging technique to study AC currents in HTS 
samples in the high-frequency regime. Time and spatially-resolved images of the magnetic flux 
profiles in a thin film YBCO sample are presented for different values of the phase. A 
quantitative analysis of the data allowed us to calculate the evolution of the current density with 
the phase angle. Our results reveal the presence of flux jumps and flux creep which can not be 
described by the critical state model.  
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