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Outline 

• Motivation 
• Low temperature, in-field high resolution scans: 

magnetic granularity 
• Calculation of the local currents from magnetic 

field maps: Inversion 
• Reel-to-reel mapping as a quality control tool 
• Tapes on magnetic substrates 
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Motivation 
Transport measurements: 

+  Direct assessment of Ic 
- High currents may be problematic (sample heating…) 
- High electric field 
- No information about limitations, inhomogeneities… 

 
Scanning Hall probe measurements:  

+  Assessment of inhomogeneities 
+  Small electric field 
+  Easy sample handling 
+  No sample heating 
- Modelling necessary to obtain Ic 
- Slow 
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Example: critical current anisotropy 

5 

Hall map, 77 K Current map, 77 K 

 Magnetic granularity 
 Jc – anisotropy resulting from the aspect ration of the grains 

• 64% Larger longitudinacurrent than transverse current. 
• Longitudinal → larger grain dimension 
• Transversal → smaller grain dimension 

: Ic 
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Notiz
Magnetic granularity is defined by the irregularity of the trapped field profile, which directly evidences that the currents do not flow along the sample geomtry only. In particular, currents flowing on the length scale of grains are often observed.

In the shown case (PLD YBCO on RABiTS template) we find granular behavior and smaller currents perpendicular to the tape direction than along the tape.



High resolution, low temperature scans 

77K 

Line scans: 2 µm stepwidth, 2 µm 
hallprobe-surface distance 
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Notiz
We recently achieved Hall maps (3 mm x 3 mm) with a spatial resolution of about 2 µm, in fields up to 5 T and in the temperature range from 4.2 K to 77 K.

Line scans were made on along the line outlined in the area scan (left panel). Magnetic granularity becomes more pronounced at lower temperatures.



Temperature dependence of granularity 

Peaks in the remnant field profile change with temperature.  
→ Size of clusters of well connected superconducting grains 
changes. 

remanent field 
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Notiz
Same data as on previous slide, but normalized representation. Other features appear at low and high temperatures.



Field dependence of granularity 

4.2 K 
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Notiz
Magnetic granularity persists up to at least 3 T at 4.2 K




Field dependence of granularity 

4.2 K 
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Notiz
Same data as on previous slide, but normalized representation. 



INVERSION 
Calculation of the local current density from Hall maps 
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Influence of geometry 

11 

Hall map 

Current map  

• Lower currents at the peak 
of the field profile (artefact?) 
 

• Lower currents at the 
diagonals near the edges 
(expected)  
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Notiz
After the inversion of field profiles, "lines" of lower Jc appear quite systematically (lower panel). The lower currents on the diagonals are a pure geometrical effect.
However, the smaller currents on the central line is most likely an artefact of numerical approach.
 



Inversion of field maps 
Measurement grid Current loop 

• Current grid in general does not fit the sample geometry! 
• Calculated current is an ‘integral‘ over the current density 

between to measurement point. 
• Fine grid is favorable. 

𝐵𝐵𝑖𝑖 = 𝑀𝑀𝑖𝑖,𝑗𝑗𝐼𝐼𝑗𝑗 
𝐵𝐵 = 𝑀𝑀𝑀𝑀 

Sample 
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Notiz
This is a sketch of the assumed geometry in typical inversion algorithms. Rectangularly shaped currents flow arround each measurement point, which results in a matrix equation.
It is obvious that this assumed current grid leads to "wrong" results, if it is shifted with respect to the real sample. 



1D simplification 

1 cm wide conductor, 0.6 mm measurement grid, 100 µm gap 

+Jc 

-Jc 

Inversion of ideal field profile.  
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Notiz
To discuss the resulting error, we investigate a very simple problem: A translation invariant, infinite stripe with a constant Jc. 
The dark circles symbolize the positions of the Hall probe, the blue lines the resulting current grid. The sample position is indicated by the colored areas, where blue refers to a current direction from left to right and red to currents flowing in the opposite direction.



Ideal field profile 
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Notiz
This is the expected field profile for a perfect, infinitely long conductor (10 mm wide, 1 µm thick) for different gaps between the Hall probes and the superconducting layer.



Transverse field profile at a homogeneous 
position 

0 2 4 6 8 10 12 14 16

-30

-20

-10

0

10

20

30

B(
m

T)

y (mm)

d=15 µm, Bbg = 0 T 

 d=850 µm, Bbg=28.2 mT 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2015. 
Invited Presentation given at CCA 2014, Jeju Island, Korea, Nov. 30 - Dec. 03, 2014. 

15

http://ati.tuwien.ac.at/
http://ati.tuwien.ac.at/
http://ati.tuwien.ac.at/
http://ati.tuwien.ac.at/
tieftemp2
Notiz
The strong influence of the gap is directly observed in experiments.



1D simplification 

1 cm wide conductor, 0.6 mm measurement grid, 100 µm gap 

+Jc 

-Jc 

Limiting case1: 
Hall probe at peak of the magnetic field. 
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Notiz
First case: A Hall probe is at the center of the conductor (at the field peak).



Limiting case: central Hall probe 
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Notiz
The "correct" result is obtained. Small deviations result from the discretization.



1D simplification 

1 cm wide conductor, 0.6 mm measurement grid, 100 µm gap 

+Jc 

-Jc 

Limiting case 2: 
Peak of the magnetic field between two Hall Probes. 
∆y=300 µm. 
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Notiz
General case. The field peak is between two Hall probes. Delta y refers to the distance of the peak to the nearest Hall probe. For 300 µm, the peak is in the middle of two Hall probes. 



∆y=100 µm 
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Notiz
A small shift causes lower calculated current near the center.



∆y=200 µm 
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Notiz
Larger shift, stronger reduction of calculated central currents.



Limiting case 2: ∆y=300 µm 
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I(y=0)=0 

The calculated current 𝐼𝐼 = ∑ 𝐼𝐼𝑘𝑘𝑘𝑘  decreased from 101% 
of 𝐼𝐼𝑎𝑎𝑎𝑎 = ∫ 𝐽𝐽𝐽𝐽𝐽𝐽 (case 1) to 90 % for case 2. 
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Notiz
Worst case: Field peak in the middle between two Hall probes. Central currents are zero. Although this result is in obvious disagreement with the assumed current density, it can be easily understood from the discretization. The average currents are indeed zero, because the positive and negative currents just cancel.
Problemeatic: The calculation of Ic of the tape underestimates the "real" Ic by 10 %.  



Larger gap between Hall probe and 
superconducing layer: 1mm 
1 cm wide conductor, 1 mm measurement grid, 1mm gap 

The current grid should not be smaller than the gap. 

Gap between Hall probe and sc layer  
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 ∆𝐼𝐼 ≤ 𝐾𝐾∆𝐵𝐵 0.6 mm grid 
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Notiz
To reduce the strong effect of the sharp peak, one may think of increasing the gap. The peak becomes flat in that case.
This approach does not work. First, the condition of the problem becomes worse. The condition number K defines the error propagation. In the worst case, the error in the calculated currents is K-times the experimental error of the field.
For keeping the condition number reasonable small (below about 10), one has to increase the distance between the measured field points.



Gap 1 mm, case 1 
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Larger data scattering 
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Notiz
This results in larger scatter of the data, even in the best case (Hall probe at the field peak).



Gap 1 mm, case 2 

Few singificant points, current is lower by 8% 
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Notiz
Second, the calculated currents remain zero at the center, if the field peak is in the middle of two Hall probes. 
Third, the reduced grid leads to few significant points, because at the sample edges similar effects appear as a consequence of a misfit of the measurement grid and the sample geometry.




REEL TO REEL MAPPING 
AS A QUALITY CONTROL TOOL 
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Hall scan 0.5x0.5 mm2 
Distance Hall probe – superconducting layer: 15 µm 
REAL field profile 

Reel-to-reel: 1.1x0.6 mm2 
Distance Hall probe – superconducting layer: 850 µm 
CONSTRUCTED field profile 
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Notiz
Comparision of the measured field profile in a high resolution scan facility and a typical reel-to-reel system. 
The same sample was measured.
While the field profil corresponds to the real one in the first case, this is not true for the reel-to-reel system, since only a part of the tape is magnetized at a given time.
This makes the mathematical problem underestimated and one needs to make additional assumptions (boundary conditions).



Induced currents 

Hall Array 

Hall map 
 
 
 
Continuous 
magnetization 

decreasing           increasing field 
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Notiz
Sketch of the differences in current flow after single shot and continuos magnetization. 
Results from a numerical simulation of the latter case are shown in the bottom panel.



Inversion model  Hall array 

Model grid 

Grid is shifted along the data, only central currents 
are recorded. 
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Notiz
Our approach for the inverson in case of a continuous magnetization. The parts outside the measurement grid are modelled assuming the same properties of the tape as in the limiting rows.  
Note that only one row is recorded "simultaneously". The other rows are measured after the tape is moved and the magnetization changes. We have to assume that this does not change the currents in the region used for the inversion (points in the drawing). 
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First results 
Hall scan 0.5x0.5 mm2 , 15 µm gap 

Reel-to-reel: 1.1x0.6 mm2, 850 µm gap 

Good agreement although with different spatial resolution. 
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Notiz
Seems to work....



CORRECTION FOR MAGNETIC 
SUBSTRATES 
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Magnetic substrates 
The superconductor magnetizes a magnetic substrate. 
→ The field of the substrates adds to the Hall signal. 
→ Overestimation of the critical currents. 

Measured local magnetic field map BH 

 
Inversion (Jc) 

 
Calculation of the field in the substrate 

 and according magnetization M 
 

Calculation of the field resulting from 
M at measurement grid  

 
Subtraction from BH 

Iterative approach: 
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Notiz
An extension to magnetic substrates does not seem to problematic, as long as the substrate is homogenous and not hysteretic. We use an iterative approach.



Fast convergence 
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Conclusions 

 Scanning Hall probe measurements are a powerful 
tool for the investigation of magnetic granularity 

 The measurement grid has to be chosen carefully 
(gap size, position) 

 Discontinuities in the current distribution can be easily 
“overlooked“. 

 The inversion of data obtained from reel-to-reel 
system needs additional assumptions. 

 Non-hysteretic magnetic substrates do not pose a 
serious problem. 
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