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Outline

 Motivation
• Asymmetry of magnetization loops
• Hysteresis in field dependence of Jc (transport measurements)
• Common explanation 

 Experimental
• Samples (polycrystalline Ba-122)
• Scanning Hall probe microscopy
• Inter- and intra-granular currents

 Model: Josephson coupled grains
 Comparison with data
 Conclusions
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Asymmetry of magnetization loops

• Higher macroscopic currents in decreasing fields than in increasing fields
• K- and Co-doped Ba-122
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Vorführender
Präsentationsnotizen
The magnetization loops show two unusual features. First, a dependence on the field, where the decreasing field branch starts. Second, significantly higher irreversible moments at decreasing fields. This is illustrated by the reddish area. The dashed line represents the magnetic moment on the increasing field branch mirrored about the theoretical equilibrium magnetization. The latter was calculated from literature values for the magnetic penetration depth and the upper critical field.
This behavior was found in Co- and K-doped Ba-122 polycrystals. 



Influence of grain size

• Submicron sized grains: peak at decreasing fields (intergranular currents)
• “Large grains”: peak at increasing fields (intra-granular currents)
• Medium sized grains: both peaks

K-doped Ba-122 Co-doped Ba-122
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Vorführender
Präsentationsnotizen
The typical grain size within the polycrystal has a strong influence on the magnetization. For the smallest grain size, one peak at decreasing fields is observed, which can be ascribed to inter-grain currents, flowing on the geometry of the sample. The magnetization at decreasing fields is much larger than in the other two samples. 
For large grains, the magnetization curve, which arises from intra-grain currents, has its maximum at increasing fields (B<0).
In the sample containing grains of medium size, we observe both peaks. 



Hysteresis in transport measurements
K-doped Ba-122 wire 

Hshift ~ 4 T
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Vorführender
Präsentationsnotizen
The large asymmetry of the magnetization loop corresponds to the hysteresis of the critical current in a K-doped Ba-122 wire with similar grain size. Note that the same critical current is obtained at much higher fields at decreasing fields. This “field shift” is of the order of a few T.



Common explanation: return field

J. E. Evetts and B. A. Glowacki
Cryogenics 28 (1988)  641

• Return fields of the grains: Hreturn

• Jc is determined by the field at the grain boundaries
• Hreturn adds or subtracts from the applied field: 

Hshift = 2Hreturn

Ba-122 wire:

µ0Hreturn = ~2 T
Jgrain ~ Hreturn/r =|r ~ 100 nm|= 2×109 A/cm2 > Jd

Corresponding field gradient would be easily visible in 
our SHPM experiments, but is absent.

This explanation can be ruled out in our case!  
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Vorführender
Präsentationsnotizen
The widely accepted explanation for the Jc hysteresis is based on the field, which is generated by the intra-granular currents.  However, currents flowing on the small grain size and producing fields in the T range, are unrealistically large, which rules out this explanation in our case.  



EXPERIMENTAL
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Samples
Ba0.6K0.4Fe2As2
Applied Superconductivity Center
Florida State University
Hot isostatic pressure (HIP)
• 600-1120 °C
• 10-20 h
• Grain sizes s0 ~ 100 nm, 1 µm, 3 µm
• Jc(sf, 5 K) ~ 10, 1, 1∙104 Acm-2

Ba(Fe0.92Co0.08)2As2
University of Tokyo
Ambient pressure
• 500-1100 °C
• 24-240 h
• Grain sizes s0 ~ 100 nm, 1 µm, 3 µm
• Jc(sf, 5 K) ~ 5, 0.5, 1∙104 Acm-2

𝑃𝑃 𝑠𝑠, 𝑠𝑠0 =
𝑠𝑠3

2𝑠𝑠0
𝑒𝑒−

3𝑠𝑠
𝑠𝑠04

Grain size distribution:

s0…….grain “radius”
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Vorführender
Präsentationsnotizen
The grain size distributions were obtained by optical or electron microscopy. They are modelled by gamma type distribution functions in the following (blue line).



Scanning Hall Probe Microscope (SHPM)

• Helium gas flow cryostat: 3-150 K
• 8 T superconducting magnet
• Scan range: 3×3 mm2

• Spatial resolution: 2 µm
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Vorführender
Präsentationsnotizen
By measuring the field very close to the sample surface, magnetic granularity can be directly visualized (left graph). When the gap between the Hall probe and the sample becomes of the order of the grain size, the individual contributions of the grains overlap and the profile smoothens. 



Derivation of inter- and intra-granular current densities

Average global (inter-granular) and local (intra-granular) critical current 
densities can be derived simultaneously.
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Vorführender
Präsentationsnotizen
Intra-granular currents (JG) manifest by the steep slope at the sample edge (right graph). This is sketched in the panels B and D of the left graph. The contribution of the individual grains cancel within the sample in a first order approximation, since the currents flow in opposite direction in neighboring grains. The inter-granular currents (Jc) produce the regular Bean profile (panel A, C) on top of the (intra-granular) field step at the edges. These two contributions can be obtained independently, by fitting a superposition of the two ideal field profiles shown in the upper panel of the left graph to the experimental data. One example is shown in the right graph.  




RESULTS
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Field profiles at different applied fields
K-doped Ba-122

Field sweep

Inter-grain
currents

Intra-grain
currentsboth
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Vorführender
Präsentationsnotizen
Experimental results: The field was swept from positive to negative values. In the fine-grained sample (panel A) one can observe the collapse of the Bean profile when changing from decreasing to increasing field. The intra-granular currents are smaller at decreasing (B>0) fields than at increasing fields (B>0) in the large-grained sample (panel C). Both contributions can be observed in the sample containing medium-sized grains (panel B). They individually show the same trends as in the other samples, leading to an anti-correlation between Jc and JG.



Separation of inter- and intra-granular contributions

Evaluation of current densities → calculation of magnetization
Anti-correlated behavior of inter- and intra-grain currents

Field profiles                Magnetization 
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Vorführender
Präsentationsnotizen
By extracting Jc and JG, one can investigate this anti-correlation quantitatively. For a comparison with magnetization loops, we calculated M from Jc (blue squares) and JG (red circles). The sum of these two contributions obviousy agrees with the SQUID measurements (dashed line in right panel).



MODEL
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Model assumptions

• Josephson coupled grains
• Only weak links (density of low angle grain boundaries (strong links) 

below the percolation threshold)

• Averaging over the grain size distribution
• Average Josephson current density depends on the junction width

• Reversible and irreversible currents add within the grains
• Reversible currents: equilibrium magnetization

• Irreversible currents: flux pinning

• They add/subtract on the in-/decreasing field 

branch 
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Vorführender
Präsentationsnotizen
Motivation: Explanation of the behaviour by the physics of Josephson coupling. 
The pronounced difference of JG on the in- and decreasing field branch results from the superposition of the equilibrium and non-equilibrium (flus pinning) currents.



Josephson Junctions

sc (Meissner state) sc (Meissner state)

barrier

Magnetic field (out of plane)λλ

Δ𝜑𝜑 =
2𝑚𝑚𝑒𝑒
ℏ𝑒𝑒𝑛𝑛𝑒𝑒

� 𝐽𝐽𝑠𝑠𝑑𝑑𝑟𝑟 +
2𝑒𝑒
ℏ
𝜙𝜙 = 2𝜋𝜋𝜋𝜋Path integral:

Has to be fulfilled for all possible paths!

Integration path

𝜑𝜑…phase of superconducting wave function

𝛻𝛻𝛻𝛻 =
2𝑚𝑚𝑒𝑒
ℏ𝑒𝑒𝑛𝑛𝑒𝑒

𝐽𝐽𝑠𝑠 +
2𝑒𝑒
ℏ 𝐴𝐴
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Vorführender
Präsentationsnotizen
A repetition of the derivation of the Fraunhofer pattern. 



Josephson Junctions

λλ

𝐼𝐼𝐵𝐵 ∝
sinπ 𝜙𝜙

𝜙𝜙0
𝜋𝜋 𝜙𝜙
𝜙𝜙0

• Currents flowing in different direction (partly) compensate each other.
• Fraunhofer pattern
• 𝐼𝐼𝐵𝐵 ∝ 𝐵𝐵−1
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Alternative description: Surface currents

Advantage: Not restricted to Meissner state/currents

sc (Meissner state) sc (Meissner state)

barrier

Magnetic field (out of plane)λλ

Δ𝜑𝜑 =
2𝑚𝑚𝑒𝑒
ℏ𝑒𝑒𝑛𝑛𝑒𝑒

� 𝐽𝐽𝑠𝑠𝑑𝑑𝑟𝑟 +
2𝑒𝑒
ℏ
𝜙𝜙 = 2𝜋𝜋𝜋𝜋Path integral:

Phase shift is determined by the surface currents at boundary!

Motivated by ideas of D´yachenko et al., e.g. Physica C 213 (1993) 167
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Vorführender
Präsentationsnotizen
The integration path (black line) parallel to the junction is chosen deep inside the superconductor in the standard derivation, because the phase is constant there (no fields and currents). However, the integration path can be chosen also directly at the surface of the superconductor (white line). This decreases the enclosed flux (reddisch area). It‘s contribution to the phase shift is transferred to the surface currents along the junction. The field and current free region inside the superconductor is no longer needed, hence this approach is not restricted to the Meissner state.



Average current density across junction (grain boundary)

𝐼𝐼 ∝
sin 𝜙𝜙

𝜙𝜙0
𝜙𝜙
𝜙𝜙0

→ 𝐽𝐽 𝐵𝐵 = 𝐽𝐽0
sin(𝑘𝑘 𝐵𝐵 𝑠𝑠)
𝑘𝑘 𝐵𝐵 𝑠𝑠

𝑘𝑘 𝐵𝐵 =
4𝜋𝜋𝜇𝜇0
𝜙𝜙0

𝜆𝜆2𝐽𝐽𝐺𝐺 𝐵𝐵 +
𝑑𝑑
𝜇𝜇0
𝐵𝐵

𝜙𝜙
𝜙𝜙0

→
𝑘𝑘𝑘𝑘
𝜋𝜋
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Vorführender
Präsentationsnotizen
k(B)s substitutes . JG takes over the adverse role of  for the tunneling currents.  This explains the anti-correlation between Jc and JG.



Fit to experimental data

𝑘𝑘 𝐵𝐵 =
4𝜋𝜋𝜇𝜇0
𝜙𝜙0

𝜆𝜆2𝐽𝐽𝐺𝐺 𝐵𝐵 +
𝑑𝑑
𝜇𝜇0
𝐵𝐵𝐽𝐽𝑐𝑐 = 𝐽𝐽0 �

0

∞
sin 𝑘𝑘 𝐵𝐵 𝑠𝑠
𝑘𝑘 𝐵𝐵 𝑠𝑠 𝑃𝑃 𝑠𝑠, 𝑠𝑠0 d𝑠𝑠

Fit parameters: 𝐽𝐽0 = 1.9 ± 0.4 × 104Acm-2

𝜆𝜆 = 180 ± 20 nm
d = 2.7 ± 0.7 nm
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Vorführender
Präsentationsnotizen
The junction width s is associated width the grain size. Averaging over the grain size distribution smoothens the Fraunhofer pattern. 
Fit to the experimental data: Good agreement and reasonable values for the fit parameters!



Small grains favor high in-field currents

𝐽𝐽𝑐𝑐 = 𝐽𝐽0 �
0

∞
sin 𝑘𝑘 𝐵𝐵 𝑠𝑠
𝑘𝑘 𝐵𝐵 𝑠𝑠 𝑃𝑃 𝑠𝑠, 𝑠𝑠0 d𝑠𝑠
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Vorführender
Präsentationsnotizen
The model predicts that small grains a favorable for high current densities.



Conclusions 

• Grain boundary physics dominates the critical currents in 
untextured polycrystalline Ba-122. 

• A grain refinement reduces the field dependence of Jc.
• Jc of the order of 0.1 MA/cm2 @ 4.2K 10 T seems possible

for nanosized grains (20 nm).
• Intra-granular currents reduce the macroscopic currents.

• Pinning should not be very strong.
• Magnetic history effects on the critical currents
• Asymmetric hysteresis loops

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), April 2016. 
Invited presentation WT-27-INV given at ISS 2015 in Funabori, Tokyo, Japan, November 16 to 18th, 2015.

23


	Current Flow in Polycrystalline Iron-Based Superconductors Assessed by Scanning Hall Probe Microscopy
	Outline
	Acknowledgments
	Asymmetry of magnetization loops
	Influence of grain size
	Hysteresis in transport measurements
	Common explanation: return field
	Experimental
	Samples
	Scanning Hall Probe Microscope (SHPM)
	Derivation of inter- and intra-granular current densities
	Results
	Field profiles at different applied fields
	Separation of inter- and intra-granular contributions
	Model
	Model assumptions
	Josephson Junctions
	Josephson Junctions
	Alternative description: Surface currents
	Average current density across junction (grain boundary)
	Fit to experimental data
	Small grains favor high in-field currents
	Conclusions 



