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Hello to all, my name is Kees VAN DER BEEK, I am Directeur de recherche (Research Director) at the CNRS in France, with a position at the Laboratoire des Solides Irradiés of the Ecole polytechnique, as yet part of the nascent Paris-Saclay University south of Paris. It is a great pleasure and honor to be here today to talk to you about Vortex pinning in Iron-based superconductors. 
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The largest part of the work was done by Sultan Demirdis, former graduate student at the Laboratoire des Solides irradiés (LSI) of the Ecole polytechnique, in collaboration with colleagues from the Service de Physique de l’Etat Condensée (SPEC) of the French Atomic Commission CEA, the Laboratorio de Bajas Temperaturas of the Centro Atomico Bariloche / Centro Nacional de Energia atomica (Argentina), the Department of Physics at Kyoto University, the Department of Physics at The University of Tokyo, and Ames Laboratory / University of Iowa at Ames. I wish to pay my respect to Florence Albenque, who passed away in March 2016.    
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From the very outset, right after the discovery of high superconductivity in the iron-based materials in 2008, there have been important efforts to fashion cables, conductors, and superconducting applications from these materials. A few examples are shown here.   
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The critical current density in iron-based superconductors 

A. Gurevich, Rep. Prog. in Physics 74, 124501 (2011).

SmFeAsO 

Yanwei Ma, Superconducting Science & 
Technology 25, 113001 (2012)  

Trends ?  
Limitations ? 
Prospects ?  
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Even if the low temperature critical current density and the critical current of most iron-based superconductors approaches, or exceeds that of commercial superconductors, the performance as function of temperature and magnetic field remains disappointing, notably with respect to record-holder YBa2Cu3O7. It is therefore important to understand flux pinning mechanisms in iron-based superconductors to assess their usefulness, and methods to improve these materials.   
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   General behaviour of Jc of iron-based superconductors
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Lett. 105, 267002 (2010).
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Let us first contemplate the magnetic hysteresis of single-crystalline iron-based superconducting materials. This will allow us access to intrinsic critical current densities, unmarred by the presence of grain boundaries or other macro-defects. Shown is the hysteretic magnetization of single-crystalline PrFeAsO1-y, up to a magnetic field of 2 T. One sees a sharp peak in pinning at very low fields – that will be attributed to pinning by nanometer-scale disorder – followed by a flattening off, and then, the onset of the peak effect of the critical current density.  
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Single-crystalline F-doped NdFeAsO shows very similar behavior, with the peak effect occurring at higher magnetic fields outside our window of measurement. 
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In single-crystalline K-doped BaFe2As2, we again find the same behavior. 
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Only in isovalently P-substituted BaFe2As2 is the flattening-off of the critical current density absent, and is the low-field critical current peak followed by a smooth decrease.  
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Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Magnetization vs. Applied magnetic field 

Tc = 25 K  
annealed 

Ba(Fe1-xCox)2As2  
x = 0.075 

Fe1.04Se0.4Te0.6 
Liu, Kremer, and Lin  

LiFeAs 
Konczykowski et al., 

PRB 84, 180514 (2011). 

S. Demirdis et al., 
 PRB 84, 094517 (2011)  
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Behavior very similar to that found in the charge-doped PrFeAsO, NdFeAsO, and BaFe2As2 materials is found in the Fe(Se,Te) and LiFeAs superconductors.  



25/10/2017 Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

The critical current density in iron-based superconductors 

Is there a pinning mechanism common to all iron-based superconductors ? Nature 

of the pinning centres ? Which pinning centres can do the job ? 

Role of the defect charge ?  

Role of multi-band character of superconductivity ? 

Relation with the phase diagram ? Charge carrier density ? Superfluid density ?  

Role of order-parameter symmetry ?  

Role of order parameter nodes ? 

Can pinning be improved ?    
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The common and very general features of the behavior of the critical current density as function of the magnetic field (vortex density) suggests there are common vortex pinning mechanisms at play in all these materials. The next questions can be formulated as: “what is this pinning due to, and, can we identify the pinning centres that are at stake ?”, “does defect charge play a role in vortex pinning ?”, “what is the role, if any, of the multi-band character of the iron-based superconductors ?”, “is there a relation with the temperature- doping phase diagram, and the evolution versus dopant concentration of the charge carrier density and the superfluid density ?”, “is there any relation between the possibly different order-parameter symmetries in different iron-based superconducting materials, or the presence of (fortuitous or symmetry imposed) gap nodes and the strength of vortex pinning?”, and, from this, the question of how pinning can be improved. In the following, we shall address the first 4 questions, as well as the last.       
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    Nature of the pinning centers 

Single crystal PrFeAsOy :  
(a) nm-sized inclusion;  
(b) Line dislocation  

Single crystal FeSe 
Fe vacancies 

P.O. Sprau et al., Science 357, 75-80 (2017) 

S. Kasahara et al., PNAS 111, 16309 (2014) 

C.J. van der Beek et al., Phys. Rev. B 81, 
174517 (2010).  
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There has been a lot of work dedicated to the identification of possible pinning centres in iron-based superconducting materials, from the very old – the top two frames show our transmission electron microscopy work of 2008 showing the presence of second-phase inclusions and line-dislocations in single crystalline PrFeAsO – to very new spectacular Scanning Tunneling Microscopy work showing the presence of, and quasi-particle scattering due to Fe-vacancies in single crystalline FeSe.  
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    Nature of the pinning centers 

The phase diagram  

K+ e- 

h+  
 
Doped BaFe2As2 :  Ba1-xKxFe2As2 
  
 
 
 
 
 
 
 
 
 
M. Rotter, M. Tegel, and D. Johrendt 
Phys. Rev. Lett. 101 107006 (2008) 

Fe  As 
 
Ba2+ 
 

Fe  As 
 

2 2 

2 2 

Co2+ e- 

Doped BaFe2As2:  BaFe2-xCoxAs2 
 

Fe  As 
 
Ba2+ 
 

Fe  As 
 

2 2 

2 2 

H Aoki and H Hosono 
Physics World February 2015 

Dopant atoms 
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Another obvious source of pinning is intrinsic to superconductivity of the iron-based materials themselves, as it comes from the very dopant impurities introduced to bring it about. The left hand graph shows the evolution of the critical temperature Tc of BaFe2As2 as one dopes it with Co (left, Co2+ replaces Fe2+, electron doping), K (right, K+ replaces Ba2+, hole-doping), or P (centre, isovalent substitution of As).  
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    Nature of the pinning centers 

~ 5 nm or 2 ξ Several to several dozen nm 

Dopant atoms:  
- Local- and nm-scale Tc variations 
- small voids 
- scattering centres   

Disorder potential of 
individual dopant atoms 

δU 

x 
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Assuming that dopant atoms act as pinning centres, we are therefore faced with a potential landscape for vortices that is characterized by small-scale fluctuations on the scale of the coherence length, caused by the local statistical fluctuations of the dopant atom density, superposed on the fluctuation of the average dopant density on larger length scales. We shall see that this length scale is of the order of a few dozen to 100 nm.   
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    Nature of the pinning centers 

Large- and intermediate scale variations 
  

~ 5 nm or 2 ξ 

F. Massee  et al., Phys. Rev. B 79, 220517 (2009) 
 

Gap maps in Ba(Fe1-xCox)2As2 

Several to several dozen nm 

Dopant atoms:  
- Local- and nm-scale Tc variations 
- small voids 
- scattering centres   

Disorder potential of 
individual dopant atoms 

δU 

x 
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It is tempting to relate the larger-scale fluctuations of the average dopant atom density to nm-scale variations of the gap in Co-doped BaFe2As2, as revealed by Scanning Tunnelling Microscopy by Massee et al. 
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  Nature of the pinning centers

Large- and intermediate scale variations 
Large , sparse point pinning centres 

~ 5 nm or 2 ξ 

F. Massee  et al., Phys. Rev. B 79, 220517 (2009)

Gap maps in Ba(Fe1-xCox)2As2

Several to several dozen nm 

Dopant atoms: 
- Local- and nm-scale Tc variations
- small voids
- scattering centres

Disorder potential of 
individual dopant atoms 

δU 

x 
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To this one should add the presence of nm-sized second-phase inclusions, such as shown a few slides earlier in PrFeAsO.
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Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Magnetization vs. Applied magnetic field 

 Jc of iron-based superconductors     example of Ba(Fe0.93Co0.07)2As2…

Tc = 25 K 
annealed 

Ba(Fe1-xCox)2As2 
x = 0.075 

S. Demirdis et al., PRB 84, 094517 (2011)

10 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2017. 
IUMRS-ICAM Keynote presentation A3-K30-001.         

Presenter
Presentation Notes
In order to confront the experimental critical current density of iron-based superconductors with a model description, we shall take the example of Co-doped BaFe2As2.   




25/10/2017 Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Magnetization vs. Applied magnetic field 

 Jc of iron-based superconductors     example of Ba(Fe0.93Co0.07)2As2…

Tc = 25 K 
annealed 

Ba(Fe1-xCox)2As2 
x = 0.075 

S. Demirdis et al., PRB 84, 094517 (2011)
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From the hysteretic magnetization loops, we determine the critical current density using the Bean model. 



25/10/2017 Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Magnetization vs. Applied magnetic field 

 Jc of iron-based superconductors     example of Ba(Fe0.93Co0.07)2As2…

Tc = 25 K 
annealed 

Ba(Fe1-xCox)2As2 
x = 0.075 

S. Demirdis et al., PRB 84, 094517 (2011)
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From the hysteretic magnetization loops, we determine the critical current density using the Bean model.
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        example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

S. Demirdis et al., PRB 84, 094517 (2011)

jc = jc(0) f(b) g(t)  

t = T / Tc
b = B / Bc2(T) Zero temperature, zero-field jc : pinning mechanism, statistics 

s

s
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In general, the critical current density is described by the product of its (low-temperature) magnitude, …
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        example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

S. Demirdis et al., PRB 84, 094517 (2011)

jc = jc(0) f(b) g(t)  

t = T / Tc
b = B / Bc2(T) Zero temperature, zero-field jc : pinning mechanism, statistics 

s

s

1, or a few × 109 Am-2 @ B = 0

a few × 108 Am-2 @ B ~ 1 T
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…, that in iron-based superconductors, typically ranges from a few times 10^9 A/2 to 1x10^10 Am-2 at small fields, and amounts to a few times 10^8 to some 10^9 Am^-2 at intermediate fields. These values are to be remembered for further analysis below (hence the image of the Tamagochi).  
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        example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

S. Demirdis et al., PRB 84, 094517 (2011)

jc = jc(0) f(b) g(t)  

t = T / Tc
b = B / Bc2(T) 

Field dependence : 

- Statistics of pinning

- change in vortex lattice structure

- change in vortex structure

Zero temperature, zero-field jc : pinning mechanism, statistics 
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The second clue to the origin of the critical current density is its field-dependence, that translates the statistical occupation of the pinning centres. It may also reflect, to a lesser extent, changes in the vortex lattice structure, or field-induced changes of the vortex structure itself (such as may be the case when competition between superconductivity and a second thermodynamic phase results in exotic vortex cores).  
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        example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

S. Demirdis et al., PRB 84, 094517 (2011)

jc = jc(0) f(b) g(t)  

t = T / Tc
b = B / Bc2(T) 

Field dependence : 

- Statistics of pinning

- change in vortex lattice structure

- change in vortex structure

Temperature dependence: 

- thermal activation of quasiparticles: λ( T )

- decrease of the order parameter: ξ( T )

- multiple band effects

- thermal activation of vortices

- thermal smearing of the pin potential

Zero temperature, zero-field jc : pinning mechanism, statistics 
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The temperature dependence of the critical current density is the most complicated to understand, since it is influenced by many factors. These are the thermal activation of quasi-particles, which may or may not be influenced by the presence of gap nodes, and which affects the temperature dependence of the superfluid density and of the penetration depth lambda(T); the temperature-induced increase of the coherence length xi(T); multiple band effects, with the weight contributed by different bands to the superfluid density changing as function of temperature; the smearing of the pinning potential by thermal oscillations of vortices; and, lastly, the well-known thermal activation of vortices in the pinning potential (creep). In this presentation, there will be only little time to discuss the temperature dependence of the critical current density in iron-based superconductors.    
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        example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

S. Demirdis et al., PRB 84, 094517 (2011)

jc = jc(0) f(b) g(t)  

t = T / Tc
b = B / Bc2(T) 

Field dependence : 

- Statistics of pinning

- change in vortex lattice structure

- change in vortex structure

Temperature dependence: 

- thermal activation of quasiparticles: λ( T )

- decrease of the order parameter: ξ( T )

- multiple band effects

- thermal activation of vortices

- thermal smearing of the pin potential

Zero temperature, zero-field jc : pinning mechanism, statistics 
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Let us start by considering the magnitude of the critical current density at low temperature. This analysis is often forgotten, but is very important to ascertain the very possibility that one pinning mechanism or another, by some type of defect or another, is actually relevant at all.    
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  Nature of the pinning centres    jc(0) : a question of magnitude

Low fields / isolated vortices 

Elastic energy loss  ⇔  Pinning energy gain 

 vortex line tension 

L 

u 

Up : pinning energy ni : pin density 
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The magnitude of the pinning force density (and, therefore, of the critical current density) at low temperature and low field is determined by the number of pins any given vortex can profit from, and by the elementary interaction of the pinning centres with the vortex line. The elementary interaction is described by the maximum elementary pinning force, f_p, or by the pinning energy U_p, which at low field is of the order of the product f_p xi . The number of pins the (elastic) vortex line can profit from is determined by the extent to which the vortex line can be deformed in order to gain energy from the pins. This is turn is determined by the balance (competition) between the energy lost by tilt deformation of the vortex line, and pinning energy gained.        
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  Nature of the pinning centres    jc(0) : a question of magnitude

~ 5 nm or 2 ξ Several to several dozen nm 

Low fields / isolated vortices 

Elastic energy loss  ⇔  Pinning energy gain 

 vortex line tension 

L 

u 

Up : pinning energy ni : pin density 

δU 

x 
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At low fields, vortices will occupy, preferentially, the strongest pinning centers, as this lowers the energy of the system most.
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  Nature of the pinning centres    jc(0) : a question of magnitude

~ 5 nm or 2 ξ Several to several dozen nm 

Low fields / isolated vortices 

Elastic energy loss  ⇔  Pinning energy gain 

 vortex line tension 

L 

u 

Up : pinning energy 

Fill all the (sparse) extended defects  (ni << ξ -3) :   L = ( ε1 / π niUp )1/2  
 L determined by the probability to find defects 

~ 

ni : pin density 

δU 

x 
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For such large, sparse pinning centres (sparse being defined by the pin density n_i being much less than one over the coherence volume xi^3), the competition between energy loss through elastic deformation and energy gain from pinning results in an average length between effective pins (for a given vortex) L. This length is determined by the probability of the vortex finding pins, and is therefore proportional to the square-root of the (sparse) pin density. This is the regime of strong pinning of individual vortices.   
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  Nature of the pinning centres    jc(0) : a question of magnitude

~ 5 nm or 2 ξ Several to several dozen nm 

Low fields / isolated vortices 

Elastic energy loss  ⇔  Pinning energy gain 

 vortex line tension 

L 

u 

Up : pinning energy 

Fill all the (sparse) extended defects  (ni << ξ -3) :   L = ( ε1 / π niUp )1/2  
 L determined by the probability to find defects 

~ 

If there are none (left): localization in the weak pinning potential (ni >> ξ -3) 
    the pinning energy grows as L1/2; cut off when u ~ ξ  ⇒  L = Lc

ni : pin density 

δU 

x 
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Once all the large pins have been occupied by vortex lines, either because there are insufficient pins, or because the number of vortices competing for pins is too large, new vortices will be localized in the weak pinning potential presented by dense atomic sized defects. Here, “dense” is defined as a pin density that is much greater than one over the coherence volume xi^3. In that case, many pins compete for the same vortex, and the resulting average pinning force will vanish. Pinning is only effective through fluctuations of the pin density, expressed by the variance <f_p^2 >^(1/2)  of the elementary pinning forces, evaluated over the vortex core cross-section. The length on which the vortex line bends in order to take advantage of the pin potential increases as the third root of the pin density. One speaks of the limit of weak, or “collective” pinning.      
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  Nature of the pinning centres    jc(0) : a question of magnitude

Several to several dozen nm 

Sparse, large defects (ni << ξ-3): strong pinning 

Atomic size, dense defects (ni >> ξ-3): weak, collective pinning 

• Pinning force Fp =  Φ0 jc  from direct sum Σi fp,i

• Pinning force Fp = (ni 〈fp
2 〉/ξ2Lc)1/2 from fluctuations 〈fp
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We summarize literature results for both the strong- and the weak pinning limits of individual vortex pinning. In both cases, the critical current density is proportional to the so-called depairing current density j_0, which, because it generates instability of the superfluid flow, is the largest current that can be carried by a superconductor.    
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Atomic size, dense defects (ni >> ξ-3): weak, collective pinning 

• Pinning force Fp =  Φ0 jc  from direct sum Σi fp,i
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In the strong pinning limit, the critical current density is thus proportional to the product of the depairing current density, one over the (coherence length) anisotropy constant, the square-root of the density of sparse pins, and a temperature-dependent “pinning efficiency” factor.��In the weak, collective pinning limit, the critical current density is thus proportional to the product of the depairing current density, one over the (coherence length) anisotropy constant, and a dimensionless factor delta^(2/3) that depends on the pinning mechanism [see Blatter et al, Rev. Mod. Phys. 1994].       
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  Depairing current and model critical currents in iron-based superconductors  

1, or a few × 109 Am-2 @ B = 0 
a few × 108 Am-2 @ B ~ 1T 

Lc ~ 13 ξ 
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Let us now compare different theoretical predictions to the magnitude of the low-temperature, low field critical current density as found in iron-based superconductors : from a few times 10^9 A/2 to 1x10^10 Am-2 at small fields, and a few times 10^8 to some10^9 Am^-2 at intermediate fields.    
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Based on literature values of the doping dependence of the penetration depth and the coherence length, we may also plot the expected value of the critical current density, for different models, as function of doping, for different iron-based materials. Here, we shall concentrate on electron-doped, hole-doped, and isovalently substituted BaFe2As2. For this, we start by plotting the doping dependence of the critical temperature Tc and the expected doping dependence of the depairing current density j_0. 
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1, or a few × 109 Am-2 @ B = 0 
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Using the expressions developed above, we can plot the expected critical current densities, as function of doping, where we take into account both the evolution of the superconducting parameters lambda, xi, Tc as function of doping into account, as well as the variation of the dopant atom density itself. As far as the latter is concerned, for doping levels greater than 0,5, we consider the host to be the dopant atom. We first plot the expected depairing current density as function of dopant concentration … 
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 Depairing current and model critical currents in iron-based superconductors  

Depairing current density 

1, or a few × 109 Am-2 @ B = 0 
a few × 108 Am-2 @ B ~ 1T 

Lc ~ 13 ξ 

Local Tc inhomogeneity … 
 δ = δa (Blatter et al)
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…followed by the critical current density derived within the model of local Tc inhomogeneity developed by Blatter et al. In Rev. Mod. Phys. (1994) ….  [NB. This was dubbed delta Tc pinning in the manuscript by Blatter et al. The critical current density was derived in the framework of weak, collective pinning analysis.  However, analysis shows that the effective dimensions of the pining centres in such a model are of the size of the unit cell. It is therefore argued that the strong pinning approach would be more appropriate]  
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Dopant atoms act as scatterers (δκ) 
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We also plot the critical crurrent density expected for the for delta – kappa mechanism in the collective pinning context, in which the pinning force arises from quasiparticle scattering  by pinning centers in the vortex core ….   
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… and for the delta Tc model of weak collective pinning, in which dopant atoms act as small voids – this model obviously yields too small critical current density values and is therefore inapplicable.    
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Depairing current density 

Dopant atoms act as small voids (δTc) 

 δ = 0.4 ni Dv
6 / εξ3

Dopant atoms act as scatterers (δκ) 

 δ = 0.35 ni Dv
4 / εξ 

Strong pinning due to inhomogeneity 
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Finally, we plot the expected crirtical current density as function of doping for nm-sized sparse pinning centres, in the context of a strong pinning description. 
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It is seen that only the model description in terms of such strong pinning, as well as weak collective pinning through quasi-particle scattering (the delta – kappa mechanism) yield the correct magnitude of critical current densities encountered in real iron-based superconductors. 
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        example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

S. Demirdis et al., PRB 84, 094517 (2011)

jc = jc(0) f(b) g(t)  

t = T / Tc
b = B / Bc2(T) 

Field dependence : 

- Statistics of pinning

- change in vortex lattice structure

- change in vortex structure

Temperature dependence: 

- thermal activation of quasiparticles: λ( T )

- decrease of the order parameter: ξ( T )

- multiple band effects

- thermal activation of vortices

- thermal smearing of the pin potential

Zero temperature, zero-field jc : pinning mechanism, statistics 
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We now turn to the field dependence of the critical current density. Experimentally, it is found, in all iron based-superconductors, that the critical current density has a plateau at low magnetic fields, followed by a decrease, proportional to one over the square root of the magnetic flux (or vortex) density. In charge-doped iron-based superconductors, the critical current density then levels off, or shows a peak effect.  
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Strong pinning  ni << ξ -3 

• Fp from direct sum Σi fp,I

 

Yu. Ovchinnikov and B. Ivlev,  PRB 43, 8024 (1991); 
C.J. van der Beek et al PRB 66, 024523 (2002);
G. Blatter, V.B. Geshkenbein, J. Koopman, PRL 92, 067009 (2004).

• # pins / vortex limited by vortex elasticity:
• Low B : ε1 of individual vortex,  jc ≠  jc ( B )

• High B : interaction with other vortices,  jc ∝ B-1/2

Field dependence of the critical current density: statistics of pinning 

• Low B : line tension of individual vortex
   jc field independent 

• High B : interaction with other vortices
   jc  ∝  B-1/2

s

s
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The low-field plateau, as well as the one over the square root of the magnetic flux (or vortex) density drop-off, precisely coincides with the behaviour expected for strong pinning by sparse large defects.  
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• Fp from direct sum Σi fp,I

 

Yu. Ovchinnikov and B. Ivlev,  PRB 43, 8024 (1991); 
C.J. van der Beek et al PRB 66, 024523 (2002);
G. Blatter, V.B. Geshkenbein, J. Koopman, PRL 92, 067009 (2004).

• # pins / vortex limited by vortex elasticity:
• Low B : ε1 of individual vortex,  jc ≠  jc ( B )

• High B : interaction with other vortices,  jc ∝ B-1/2

Field dependence of the critical current density : statistics of pinning 
Weak ``collective’’ pinning    ni >> ξ -3 

• Fp  = (ni 〈fp
2 〉/Vc)1/2   ~  2nd moment of fp

• correlation volume Vc  = Rc
2Lc :

• Low B:  ε1 of individual vortex

   Vc = Lca0
2 ,  jc   ≠  jc ( B ) 

• B > Bsv = 4πBc2 (jc/j0) :

 interaction with other vortices, Vc = LcRc
2 

 jc  ~ e-B/B0

A.I. Larkin, Yu. Ovchinnikov,
JETP 31, 784 (1970);
JLTP 34, 409 (1979).

G. Blatter, M.V. Feigel'man, V.B.
Geshkenbein, A.I. Larkin, V.M.
Vinokur,
Rev. Mod. Phys. 66, 1125 (1994).

• Low B : line tension of individual vortex
   jc field independent 

• High B : interaction with other vortices
   jc  ∝  B-1/2
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s

15 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2017. 
IUMRS-ICAM Keynote presentation A3-K30-001.         

Presenter
Presentation Notes
The levelling off at intermediate fields can be understood as the result of weak collective pinning of individual (single)  vortices. Weak collective pinning of the vortex lattice, expected above a crossover field B_sv,  would lead to an exponential drop of the critical current density as function of field, which is not observed in iron-based superconductors. 
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   Jc of iron-based superconductors     example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

0.5 

jc
SV

 =     (        )  ξ  1  ni fp
2  2/3

Φ0    ε1

Low B 
Strong pinning by nm-scale sparse defects 

Larger B 
Weak collective pinning by dense, 
atomic sized point-like impurities 

 

S. Demirdis et al., PRB 84, 094517 (2011)
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We therefore have a natural explanation for the field dependence of the critical current density of iron-based superconductors at low temperature, which also satisfies the first requirement of correctly estimating the magnitude of jc : Strong pinning by sparse, nm-sized defects at low fields gives way to weak collective pinning through the delta-kappa mechanism of weak collective pinning at intermediate fields. 
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In what follows, we build the case of nm-scale heterogeneity of the average dopant atom density as the origin of strong pinning at low magnetic fields.  
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  Origin of strong pinning: the case for heterogeneity 

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

0.5 

Low B 
Strong pinning by nm-scale sparse defects 

S. Demirdis et al., PRB 84, 094517 (2011)
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For this, we first resort to the model description of the low-field plateau, and the drop-off, proportional to one over the square-root of the flux density. There are two parameters in the description : these are the product (U_p n_i / epsilon_0), where we recall that U_p is the pinning energy gained from a single pin, n_i is the density of sparse defects, and epsilon_0 is the vortex line energy; and the quotient f_p / Phi_0 epsilon, where f_p is the (maximum) elementary pinning force of a single pin, Phi_0 = 2 x 10^-15 Wb is the flux quantum, and epsilon is the coherence length anisotropy.  
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  Origin of strong pinning: the case for heterogeneity 

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

0.5 

Elementary pinning force of a single pin 

fp ~ 3×10-13 N 

Low B 
Strong pinning by nm-scale sparse defects 

= 100 nm 

S. Demirdis et al., PRB 84, 094517 (2011)
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Rearranging expressions, we can extract these two parameters from the experimental data; thus, we immediately find, from the critical current density and its field dependence,  the (maximum) elementary pinning force, f_p = 3 x 10-13 N. , as well as the average distance between two effective pins, L = 100 nm. 
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Bitter decoration of single crystal Ba(Fe0.9Co0.1)2As2 
S. Demirdis et al., PRB 84, 094517 (2011)

B = 0.5 mT 

Cf  Eskildsen et al. (BD,SANS); Vinikov et al. (BD); 
      Inosov et al. (MFM, SANS); Kalisky et al.; 
      Luan et al. (scanning SQUID) 

  Origin of strong pinning: the case for heterogeneity 

10 µm 
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We can proceed by comparing the measured critical current density at very low field to the vortex distribution in samples from the same batch. These was imaged by Bitter Decoration at 4.2 K at the Laboratorio de Bajas Temperaturas in Bariloche, Argentina. Typically, the Ba(Fe,Co)2As2 crystal is subjected to the magnetic field, and then cooled down through the normal-to-superconducting transition to the temperature at which the decoration is done.  Images taken at low fields ranging between 0,5 and 5 mT consistently show a highly disordered vortex ensemble. Similar results were obtained in neutron diffraction studies by Esklidsen et al. and Inosov et al., as well as by Magnetic Force Microscopy and scanning SQUID Microscopy.   
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Bitter decoration of single crystal Ba(Fe0.9Co0.1)2As2 
S. Demirdis et al., PRB 84, 094517 (2011)

B = 0.5 mT 

Cf  Eskildsen et al. (BD,SANS); Vinikov et al. (BD); 
      Inosov et al. (MFM, SANS); Kalisky et al.; 
      Luan et al. (scanning SQUID) 

Tirr

Tc

Tdec Hdec= 10 Oe 
Tf

Vortex ensemble arrested at T ~ 0.9 Tc

  Origin of strong pinning: the case for heterogeneity 

10 µm 
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In such experiments, it is important to realize that the observed vortex ensemble is the one arrested at the so-called irreversibility line, that is, the temperature at which vortices become pinned, the critical current density first takes on a non-zero value upon cooling. In Ba(Fe,Co)2As2, this temperature typically lies about 2 to 3 K below Tc.   



25/10/2017 Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

Bitter decoration of single crystal Ba(Fe0.9Co0.1)2As2 
S. Demirdis et al., PRB 84, 094517 (2011)

B = 0.5 mT 

Cf  Eskildsen et al. (BD,SANS); Vinikov et al. (BD); 
      Inosov et al. (MFM, SANS); Kalisky et al.; 
      Luan et al. (scanning SQUID) 

Tirr

Tc

Tdec Hdec= 10 Oe 
Tf

Vortex ensemble arrested at T ~ 0.9 Tc

  Origin of strong pinning: the case for heterogeneity 

10 µm 

Vortex energies in single crystal Ba(Fe0.9Co0.1)2As2 
S. Demirdis et al., PRB 84, 094517 (2011)
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From the vortex images, we can extract the distribution of vortex interaction energies by using the expressions derived in the framework of the London theory. A map of these interaction energies is shown in the bottom right-hand corner. Note that in a superconductor without pinning, the vortex lattice will be perfect triangular Abrikosov lattice, and all vortices will have the same interaction energy. The interaction energy histogram will then be a delta function.   
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  Origin of strong pinning: the case for heterogeneity 
Vortex energies in single crystal Ba(Fe0.9Co0.1)2As2 

 ~ 0.5 ε0!   Half the vortex line energy! 

Interaction energy in the 
triangular Abrikosov vortex lattice 

S. Demirdis et al., PRB 84, 094517 (2011)
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In the case of Ba(Fe,Co)2As2, this is far from being the case. To the contrary, the histogram is very broad, with a maximum shifted from what is expected for the Abrikosov lattice by no less than one half the vortex line energy. The broadening and shift can only be due to vortex pinning. It is to be realized that the amount, 0,5 ties the vortex energy is very large, no realistic defect can, at low temperature, produce such a pinning energy.   
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• Near Tc : ∆ε0 determined by ∆Tc

• Vortex ensemble arrested at T ~ 0.95 Tc
• Consistent with spread of Tc in the crystal

  Origin of strong pinning: the case for heterogeneity 
Vortex energies in single crystal Ba(Fe0.9Co0.1)2As2 

 ~ 0.5 ε0!   Half the vortex line energy! 

Tc

ε0 (T ) 

Tc − δTc

ε0 � ∆ε0

0.5 ε0

Spatial inhomogeneity 

     ∆ε0     =  ∆[ε0(r,0)(1-Tf/Tc)]

Interaction energy in the 
triangular Abrikosov vortex lattice 

S. Demirdis et al., PRB 84, 094517 (2011)
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A pinning energy of 0,5 times the vortex line energy can only be understood in terms of heterogeneity of the superconductivity, with a local distribution of Tc and of the superfluid density (penetration depth). At the temperature at which the vortices are frozen in, the superfluid density (and therefore the vortex line energy) is small, and variations of the superfluid density brought about by local variations of Tc can be comparable to the superfluid density itself. In fact, the measured variation of 0,5 times the vortex line energy can be accounted for by local Tc variations of only 1 K, which are realistic given Tc distribution measured in the same samples using magneto-otpical imaging.    
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  Origin of strong pinning: the case for heterogeneity 
Vortex pinning forces in single crystal Ba(Fe0.9Co0.1)2As2 
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In a similar fashion, using expressions derived in the framework of the London theory, we can also extract the pinning forces. In a perfectly triangular Abrikosov lattice, the forces on each vortex to to the presence of neighbouring vortices vanish. In a disordered vortices ensemble, they do not. The vortex ensemble being at rest, the non-zero force must be balanced by the pinning force, the histogram of which can therefore be extracted from the map of forces balances.  
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  Origin of strong pinning: the case for heterogeneity 
Vortex pinning forces in single crystal Ba(Fe0.9Co0.1)2As2 

|fi| ~ 5 – 10 ×10-6 N/m 

fp ~ 3×10-13 N 

Average Pinning force per vortex 

Pinning force of a single pin 

Distance between 2 pins ~ 30 - 60 nm nm-scale disorder 

a few × 109 Am-2 @ B = 0 
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Such an exercise yields an average pinning force, per vortex line, of 5 to 10 tiles 10^-6 N/m. Combined with the pinning force per pin extracted from the critical current density, we arrive at a distance between effective pins of the order of 30 to 60 nm – coherent with nm-scale disorder being at the origin of the strong pinning in our iron-based superconducting material.   
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Vortex pinning forces in single crystal Ba(Fe0.9Co0.1)2As2 

|fi| ~ 5 – 10 ×10-6 N/m 

fp ~ 3×10-13 N 

Average Pinning force per vortex 

Pinning force of a single pin 

Distance between 2 pins ~ 30 - 60 nm nm-scale disorder 

Gap maps 

Tc

ε0 (T ) 

Tc − δTc

ε0 � ∆ε0

0.5 ε0

0.05 ε0

F. Massee  et al., Phys. Rev.
B 79, 220517 (2009)

a few × 109 Am-2 @ B = 0 
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On its side, the low-temperature critical current density can be conveniently reproduced by a low-temperature heterogeneity of the superfluid density amounting to some 5 % of its maximum value. We have understood the origin of the low-field critical current density, we can colour the second eye of our Daruma Figurine.   
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  Origin of strong pinning: the case for heterogeneity 
Vortices in single crystal BaFe2(As1-xPx)2 

T = 4.27 K 
µ0H = 2 mT 

x = 0.36 

x = 0.36 

x = 0.49 

x = 0.49 

S. Demirdis et al.,
PRB 87, 087506 (2013)

21 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2017. 
IUMRS-ICAM Keynote presentation A3-K30-001.         

Presenter
Presentation Notes
Similar experiments have been carried out by us on the isovalently P-substituted BaFe2As2 compound. In this material, slightly less disordered vortex ensembles are encountered. Also, the vortex ensembles feature none of the vortex-density fluctuations observed in the Co-doped material. Characteristic line-like vortex arrangements are also found.   
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  Origin of strong pinning: the case for heterogeneity 
Vortex energies in single crystal BaFe2(As1-xPx)2 

S. Demirdis et al.,
PRB 87, 087506 (2013)

Vortex energies in Ba(Fe0.9Co0.1)2As2 
S. Demirdis et al., PRB 84, 094517 (2011)
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By consequence, the vortex energy distributions in the P-doped BaFéAs2 doped material are much narrower. 
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  Origin of strong pinning: the case for heterogeneity 

S. Demirdis et al.,  PRB 87, 087506 (2013) K. Hashimoto et al., Science 336, 1554 (2012)

BaFe2(As1-xPx)2
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Based on the evolution of the penetration depth as function of P concentration in P-substituted BaFe2As2 as measured by Hashimoto et al.,  we have been able to explain the P concentration-dependent evolution of the critical current density in this material using our model of local fluctuations of the superfluid density. 
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  Origin of strong pinning: the case for heterogeneity 

S. Demirdis et al.,  PRB 87, 087506 (2013) K. Hashimoto et al., Science 336, 1554 (2012)

δλ – pinning, 
not δTc

BaFe2(As1-xPx)2
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Therefore, the origin of the strong pinning in at least this iron-based superconductor should be referred to as “delta-lambda” pinning rather than “delta-Tc” pinning. 
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   Origin of weak collective pinning: the case for quasiparticle scattering 
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We now turn to the critical current density at intermediate fields, and argue that this can be accounted for by the delta-kappa (mean-free path variation of quasi-particle scattering) mechanism within the weak collective pinning framework.
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   Origin of weak collective pinning: the case for quasiparticle scattering

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

C.J. van der Beek et al., PRL 105, 267002 (2010); PRB 81, 174517 (2010).

0.5 

=       (        )  ξ  1   ni fp
2  2/3

Φ0     ε1

Low B 
Strong pinning by nm-scale sparse defects 

Larger B 
Weak collective pinning by dense, 
atomic sized point-like impurities 
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It is recalled that in the limit of individual vortex pinning, this manifests itself by a field-independent critical current contribution, such as found in iron-based superconductors in the Tesla range, with a magnitude that can be understood within the proposed framework. 



25/10/2017 Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

   Origin of weak collective pinning: the case for quasiparticle scattering 

• Charged dopant atoms explain the weak pinning contribution to jc

• If they are assumed to be responsible for quasiparticle scattering

     δ = 0.35 ni Dv
4 / εξ    =    0.35 ni σtr

2 / π2εξ 

l = (ni σtr)-1

Quasiparticle mean free path

• magnitude ✔
• doping dependence ✔

P.O. Sprau et al., Science 357, 75-80 (2017) 

jc = j0 ε -1 
δ2/3
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Recent Scanning Tunnelling Microscopy experiments have demonstrated the reality of quasi-particle scattering by Fe vacancies in iron-based superconductors. 
We recall that the critical current density in the mechanism under consideration can be expressed as the product of the depairing current density, one over the coherence length anisotropy constant, and a factor (delta)^(2/3) that depends on the pinning mechanism. In the case of pinning by quasi-particle scattering in the vortex cores, delta is proportional to the impurity density n_i and to the square of the impurity scattering cross-section sigma_tr, i.e., to the fourth power of the dopant ion radius D_v. These quantities can in turn be directly related to the quasi-particle mean free path.  
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   Origin of weak collective pinning: the case for quasiparticle scattering 

C.J. van der Beek et al., PRL 105, 267002 (2010); PRB 81, 174517 (2010).

Material              impurity    nd (nm-3)          Dv (Å)       sin 0 = 2-1/2 kFDv

PrFeAsO0.9     (vacancy) 1.5             1.46           0.3(2) 
NdFeAsO0.9F0.1 ( F )    1.5 0.9            0.2 
Ba(Fe0.955Ni0.45)2As2 ( Ni )     0.9 0.8           0.17 
Ba(Fe0.925Co0.75)2As2 ( Co ) 1.5              0.6           0.13 
Ba(Fe0.9Co0.1)2As2 ( Co )  2 0.6           0.13 
Ba(Fe0.76Ru0.24)2As2   ( Fe vacancy)  - 0.8           0.16 
Ba0.72K0.28Fe2As2 ( K )  2.8              0.7          0.1(4) 
Ba0.6K0.4Fe2As2 ( K )  4 0.8           0.2 
Ba0.45K0.55Fe2As2 ( K )         5.5 0.7           0.2 

kF ~ 0.3 Å-1 

• The same scattering determines the low temperature λ( T )

l = (ni σtr)-1

Quasiparticle mean free path 

26 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2017. 
IUMRS-ICAM Keynote presentation A3-K30-001.         

Presenter
Presentation Notes
Therefore, fits to the critical current plateau at intermediate fields in different ion-based superconductors can be used as a test of this scenario. Assuming that dopant impurities are responsible for pinning, one can extract the effective range of the scattering potential for the different dopant defects. In the case of the oxygen vacancies, the value of D_v is taken from previous work on high Tc cuprates, and the comparison amounts to a fit with no free parameters.��In all cases, physically reasonable values for the potential range (ion radius) are found. These translate to the scattering phases shifts on the right, indicating that impurities in iron-based superconductors are of intermediate scattering strength (intermediate between Born-like and the unitary limit). ��It is notable that there is a marked correlation between the presence of the critical current plateau at intermediate fields in iron-based superconductors, and the signature of quasi-particle scattering in the low-temperature behaviour of the penetration depth.     
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  Correlation between vortex pinning and λ(T) 

Electron doped PrFeAsO1-y • Vortex pinning in the mixed state
• Critical current density jc

K. Hashimoto et al., PRL102, 171002 (2009);

R. Gordon et al., PRB 79, 100506 (2009).

δλ/λ ~ √π∆/2kBT e-∆/kBT  
~ T2
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The latter expresses itself as a T2 dependence of lambda(T). The correlation between quasi-particle scattering induced pinning and the low-temperature behaviour of the penetration depth is apparent in electron- (charge) doped PrFeAsO1-y, …    
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  Correlation between vortex pinning and λ(T) 

Electron doped NdFeAsO1-xFx  • Vortex pinning in the mixed state
• Critical current density jc

R. T. Gordon, H. Kim, M. A. Tanatar, R. Prozorov, and V. G. 
Kogan, Phys. Rev. B 81, 180501 (2010)  

δλ/λ ~ T2 

Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 
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electron- (charge-) doped NdFeAs(O,F), …
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  Correlation between vortex pinning and λ(T) 

Hole doped Ba0.45K0.55Fe2As2 • Vortex pinning in the mixed state
• Critical current density jcδλ/λ ~ √π∆/2kBT e-∆/kBT 

K. Hashimoto et al., Phys. Rev. Lett. 102, 207001 (2009).
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K- (hole-, or charge- ) doped BaFe2As2, … 
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  Correlation between vortex pinning and λ(T) 

Hole doped Ba0.45K0.55Fe2As2 Shigeyuki Ishida et al., Phys. Rev. B 95, 014517 (2017) 

Kyuil Cho et al., Scientific Advances 2e:160807 (2016) 
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… across the phase diagram, with the quasi-particle scattering induced pinning as well as the T2-behaviour of the low-temperature penetration depth present for low and intermediate doping, but absent at K-doping levels above 0.8, … 
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  Correlation between vortex pinning and λ(T) 

Isovalently substituted BaFe2(As1-xPx)2 • Vortex pinning in the mixed state
• Critical current density jc

Shigeru Kasahara, 
Phys. Rev. B 81, 
220501R (2010) 
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… while both are absent in isovalently-doped BaFe2As2. A manifest correlation thus exists between charge-doping, a scattering contribution to the low-temperature behaviour of the penetration depth, and the plateau-like behaviour of the critical current density at intermediate (T) fields.  
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  Low T  Electron irradiation of isovalently substituted BaFe2 (As1-xPx)2

Pelletron 
Facility  
At LSI 

Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

http://emir.in2p3.fr/LSI 

Point defects 
(Frenkel pairs) 

Lifting of gap nodes by quasiparticle scattering 
Y. Mizukami et al., Nature Communications 5:5657 (2014)
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The evolution of the low-temperature behaviour of the magnetic (London) penetration depth shows that the introduction of vacancies through electron irradiation of isovalently P-substituted BaFe2As2 leads to quasi-particle scattering and the lifting of the (accidental) order parameter nodes on the electron-like Fermi-surface sheets.   

http://emir.in2p3.fr/LSI
http://emir.in2p3.fr/LSI
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  Low T  Electron irradiation of isovalently substituted BaFe2 (As1-xPx)2

Pelletron 
Facility  
At LSI 

Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

http://emir.in2p3.fr/LSI 

Point defects 
(Frenkel pairs) 

Lifting of gap nodes by quasiparticle scattering 
Y. Mizukami et al., Nature Communications 5:5657 (2014)
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At the same time, electron irradiation leads to the appearance of the weak collective pinning contribution to the critical current density at intermediate fields.

http://emir.in2p3.fr/LSI
http://emir.in2p3.fr/LSI
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   Origin of weak collective pinning: the case for quasiparticle scattering

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

C.J. van der Beek et al., PRL 105, 267002 (2010); PRB 81, 174517 (2010).

0.5 

=       (        )  ξ  1   ni fp
2  2/3

Φ0     ε1

Low B 
Strong pinning by nm-scale sparse defects 

Larger B 
Weak collective pinning by dense, 
atomic sized point-like impurities 
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We can therefore assimilate the origin of the weak collective pinning contribution to the critical current density of iron-based superconductors at intermediate magnetic fields to the quasi-particle scattering (delta kappa) mechanism.   
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Multiple band superconductivity and jc 
33 
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We shall now briefly discuss the role of the multi-band nature of superconductivity in the iron-based superconductors on the temperature and anisotropies of the critical current density in these materials. 



25/10/2017 Vortex pinning in iron-based superconductors – IUMRS – ICAM 2017 

Multiple band superconductivity and jc 

Different values of ∆ and N(0) on different bands  

Penetration depth determined by superfluid density / DOS 

Coherence length determined by the gap amplitude (and the DOS) 

D.J. Singh and M.H. Du, PRL 100 , 237003 (2008)

H. Ding et al., EPL 83, 47001 (2008)
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Very soon after the discovery of superconductivity in the iron-based materials, Angle-Resolved Photo-Electron Spectroscopy measurements as well as ab-initio band-structure calculations pointed out the multi-band nature of superconductivity, with a superconducting gap opening on multiple Fermi surface sheets. These are, notably, the multiple cylindrical (2D-like) hole sheets around th Gamma point, and the multiple electron pockets around the M point.

Multiband superconductivity can be characterized by the different density of states (DOS) on the different Fermi-surface sheets contributing to the condensate, and, therefore, to different superfluid density contributions from the different sheets, and different gap magnitudes on different parts of the Fermi surface. As a result, the magnetic penetration depth, that depends only on the superfluid density (and, therefore, on the DOS), can have a manifestly different temperature dependence and anisotropy than the superconducting coherence length, that depends both on the DOS and the gap magnitude.           
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Multiple band superconductivity and jc 

Different values of ∆ and N(0) on different bands  

Penetration depth determined by superfluid density / DOS 

Coherence length determined by the gap amplitude (and the DOS) 

D.J. Singh and M.H. Du, PRL 100 , 237003 (2008)

H. Ding et al., EPL 83, 47001 (2008)
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This is exemplified by different temperature dependences of the superfluid density in different iron-based materials, here, electron- and hole-doped, as well as isovalently substituted BaFe2As2. In the three materials at stake, the different weights of the different Fermi  surface sheets in superconductivity yields very different temperature dependences of the penetration depth, that should be explicitly taken into account when one wishes to examine the temperature dependence of pinning parameters such as the critical current density or the creep barriers. Moreover, the presence or absence of gap nodes, as well as the role of disorder affects the temperature dependence of the superfluid density.   
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Single band superconductivity  : anisotropy ratio ε ≡ (m/M)1/2  < 1 

ε= λab/λc = ξc/ξab ε  =  Bc2
||c/ Bc2

||ab

Multiband superconductivity  : different anisotropy ratios 

ελ  = λab/λc ~  ελ   =   

εξ  =  ξc/ξab  ~     εξ   =  Bc2
||c/ Bc2

||ab

 〈vF,c〉 
〈vF,ab〉 

 〈vF,c〉 
〈vF,ab〉 

〈∆ab〉 
 〈∆c〉 

Bc1
||ab lnκab

Bc1
||c lnκc

Multiple band superconductivity and jc 

Different values of ∆ and N(0) on different bands  

Penetration depth determined by superfluid density / DOS 

Coherence length determined by the gap amplitude (and the DOS) 

D.J. Singh and M.H. Du, PRL 100 , 237003 (2008)

H. Ding et al., EPL 83, 47001 (2008)
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A minimal description of the effects of multiple band superconductivity on the anisotropy of the critical current density can be obtained by simply taking into account explicitly the different anisotropies of the coherence length and the penetration depth in modelling the critical current density in different regimes of field, temperature, and disorder strength.

As discussed before, the penetration depth anisotropy epsilon_lambda is determined by the anisotropy of the density of states (and therefore, of the Fermi velocity) in different directions, while the coherence length anisotropy epsilon_xi also depends on the anisotropy of the gap magnitude.    
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 PrFeAsO1-y : Bc1 and Bc2 

R. Okazaki et al., Phys. Rev. B  79, 064520 (2009).

Two gap fit 

〈vF,ab〉 
 〈vF,c〉 

〈vF,ab〉 
 〈vF,c〉 

 〈∆c〉 
 〈∆ab〉 

Bc1
||c lnκc

Bc1
||ab lnκab γλ  = ελ

−1 =  λc/λab =                   ~          

γξ  =εξ
−1  =  ξab/ξc  ~ Bc2

||ab/ Bc2
||c ~
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The coherence length anisotropy is typically determined by the measurements of the anisotropy of the upper critical field Bc2 (for different magnetic field directions with respect to the crystalline axes).

The penetration depth anisotropy is measured through the anisotropy of the field of first flux penetration Hc1, although a precise determination should also take the vortex core energy into account, and, therefore, the coherence depth anisotropy.   
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  Critical current anisotropy ? 

Ph. Moll et al.,  
nature Materials 9, 628 (2010) 

SmFeAsO0.75F0.25 

Ba(Fe0.9Co0.1)2As2
Thin films  

J. Hänisch et al.,
IEEE Trans. Appl.
Superc. 21 (2010)
2887.

K. Iida et al., Scientific Reports 3:2139 (2013)

SmFeAs(O,F) 
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Recent measurements have sought to determine the anisotropy of the critical current density, and shown that this is well described by the sole coherence length anisotropy. Other experiments have demonstrated the inversion of anisotropy of the critical current density as function of magnetic field, or accessed the three independent critical current densities in iron-based superconductors. It is our goal to understand these anisotropies.    
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Anisotropy of the critical current : 3 independent jc’s 
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The three independent critical current densities  in uniaxially anisotropic superconductors are :
The critical current density j_ab^c  for vortices oriented along the anisotropy (c) axis, with the driving current in the perpendicular (ab) direction. Vortex motion is then along the (ab) plane, in the direction perpendicular to that of the driving current;
The critical current density j_ab^ab  for vortices oriented perpendicularly to the anisotropy (c) axis, with the driving current also in the (ab) plane, but perpendicular to the field direction; This results in (hard) vortex motion in the c-direction;
The critical current density j_ab^ab  for vortices oriented perpendicularly to the anisotropy (c) axis, with the driving current along the anisotropy (c) axis; This results in (easy) vortex motion in the c-direction;
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Anisotropy of the critical current: 3 independent jc’s 

1. Strong pinning : 1D (single vortex) and 3D
2. 1D collective pinning
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We strive to derive results for the pinning regimes important for iron-based superconductors : the individual vortex (1 D) and vortex ensemble (3 D) limits of strong pinning, and the individual vortex limit of weak collective pinning. 
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Anisotropy of the critical current: 3 independent jc’s 

1. Strong pinning : 1D (single vortex) and 3D
2. 1D collective pinning

a. Anisotropy of fp
b. Anisotropy of Up
c. Anisotropy of vortex line tension ε1
d. Anisotropy of c44, c66

C.J. van der Beek, M. Konczykowski, R. Prozorov, Superc. Sci. Techn. 25 (2012) 084010
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For this, we shall need to consider the anisotropies of the elementary pinning force, of the pinning potential, of the vortex line tension, and of the vortex lattice elastic moduli. 
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(easy motion) (hard motion) 

Anisotropy of the critical current: 3 independent jc’s 

1. Strong pinning : 1D (single vortex) and 3D
2. 1D collective pinning

a. Anisotropy of fp
b. Anisotropy of Up
c. Anisotropy of vortex line tension ε1
d. Anisotropy of c44, c66

Simplest model : ελ   εξ

C.J. van der Beek, M. Konczykowski, R. Prozorov, Superc. Sci. Techn. 25 (2012) 084010
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We recall that the very simplest description only takes into account the different anisotropies of the penetration depth and of the superconducting coherence length due to the multiple band nature of superconductivity.
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(easy motion) (hard motion) 

= Single band = jSV

Multiband = jSV

Anisotropy of the critical current: 1D collective pinning 
jc

SV=     (        )  ξ  1  ni fp
2  2/3

Φ0    ε1

C.J. van der Beek, M. Konczykowski, R. Prozorov, Superc. Sci. Techn. 25 (2012) 084010
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As reference, we introduce, for the individual vortex pinning limit of weak collective pinning, the critical current density expected for a single band superconductor as j_SV.  In this case, the exact compensation of the larger elementary pinning force for motion along the c-axis and weaker pinning due to the larger vortex line tension for vortices parallel to the ab plane lead to a (hard motion) critical current density || ab that is equal to j_SV. That is, in the regime of collective pinning of individual vortices, no in-plane anisotropy of the critical current density is expected. This lack of anisotropy is lifted in the case of a multiple band superconductor. ��As for the easy motion parallel to ab of vortices lying in the ab-plane, the weaker pinning due to the stiffer line tension is no longer balanced by a larger pinning force, the critical current density is therefore smaller than j_SV by a factor epsilon.  In a multiband superconductor , this is also generally true, but may in principle be upset at low temperatures in case the coherence length is much more anisotropic than the penetration depth.       
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1. Anisotropy of fp :  εb
2. Anisotropy of vortex line tension ε1

Multiband: 
bx

jab
c = js

c

Anisotropy of the critical current: strong pinning L = ( ε1 / π niUp )1/2 

jc = fp / Φ0L 

bz

c c 

C.J. van der Beek, M. Konczykowski, R. Prozorov, Superc. Sci. Techn. 25 (2012) 084010
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In the case of strong pinning by large sparse defects, the anisotropy epsilon_b of the defects themselves has to be taken into account explicitly in order to correctly describe the elementary pinning force and the pin potential. For defects smaller than the coherence length, epsilon _b reduces to epsilon_xi . �� 
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Multiband: jab
c = js

c

Anisotropy of the critical current: strong pinning L = ( ε1 / π niUp )1/2 

jc = fp / Φ0L 

c 

C.J. van der Beek, M. Konczykowski, R. Prozorov, Superc. Sci. Techn. 25 (2012) 084010
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In this manner, results can be obtained for the anisotropic critical current density for spherical defects of different sizes. For large defects, an anisotropy reversal can in principle be observed.
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Multiband: jab
c = js

c

Anisotropy of the critical current: strong pinning L = ( ε1 / π niUp )1/2 

jc = fp / Φ0L 

c 

C.J. van der Beek, M. Konczykowski, R. Prozorov, Superc. Sci. Techn. 25 (2012) 084010
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These results are exacerbated for oblate (platelet-like) and prolate (needle- or column-like) defects .
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c 
b 

a 

j 
B B 

j j 

 B || c 
 j || ab 

 B || ab 
 j || ab 

 B || ab 
 j || c 

(easy motion) (hard motion) 

In all cases: 

Multiband 

Collective pinning :      jc = (ni 〈fp
2 〉/Vc)1/2 / B

Strong pinning :            jc = fp / Φ0L The anisotropy of the 
elementary pinning force 

C.J. van der Beek, M. Konczykowski, R. Prozorov, Superc. Sci. Techn. 25 (2012) 084010
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It is, however, possible to show that in all cases, the ratio of the critical current densities for the motion along- or perpendicularly to the anisotropy axis of vortices oriented  parallel to the ab-plane (perpendicular to the anisotropy axis) always yields the coherence length anisotropy. This arises because, both in the case of strong- and collective pinning, the pinned volume of vortex lattice cancels in the difference expressions for the critical current density, and only the anisotropy of the elementary pinning force remains – and this is equal to the coherence length anisotropy.  
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Vortex pinning in LiFeAs: T dependence of trapped flux 

(easy motion) 

(hard motion) 

M. Konczykowski, et al. Phys. Rev. B 84, 180514(R)  (2011).
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Hall-probe array experiments measuring the three different critical current densities in single crystal LiFeAs, as function of field- and temperature, indeed show this. 
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jc anisotropy in LiFeAs 

viz Ba(Fe0.9Co0.1)2As2
Thin films  

J. Hänisch et al.,
IEEE Trans. Appl.
Superc. 21 (2010)
2887.

M. Konczykowski, et al. Phys. Rev. B 84, 180514(R)  (2011).
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Taking the ratios of the critical current densities allows for the determination of the temperature-dependent coherence length anisotropy at different magnetic field. 
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jc anisotropy in LiFeAs (and other iron-based superconductors) 

viz Ba(Fe0.9Co0.1)2As2
Thin films  

J. Hänisch et al.,
IEEE Trans. Appl.
Superc. 21 (2010)
2887.

K. Cho et al. , PRB 83, 060502(R) (2011).
N. Kurita et al., J. Phys. Soc. Japan 80, 013706 (2011)
S. Khim et al. , Phys. Rev B 84, 104502 (2011).

M. Konczykowski, et al. Phys. Rev. B 84, 180514(R)  (2011).
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The high-field results are in quantitative agreement with the direct measurement of the upper critical field anisotropy. 
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44 

Prospects for improvement 

Depairing current density 

Strong pinning due to inhomogeneity 

 

 

Dopant atoms act as scatterers (δκ) 

 δ = 0.35 ni Dv
4 / εξ 
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At the end of this presentation, we turn to prospects for the possible improvement of the critical current density in iron-based superconductors. To begin, we recall our basic findings, that the depairing current density in iron-based superconductors is comparable to that of cuprate materials, and that the critical current density at low- and intermediate fields is determined by strong pinning induced by chemical (dopant / impurity atom ) heterogeneity, and by quasi-particle scattering on the dopant atoms / impurities, respectively.  
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Pinning in optimally-doped Ba1-xKxAs2Fe2

• Strong pinning below Bsp : chemical disorder
• Weak pinning around Bsp: dopant atoms, Fe vacancies
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It is also possible to draw a « phase diagram » for pinning, to map out in which type of pinning is dominant in which portions of the (field – temperature ) phase diagram of the iron based materials. The example, for K-doped BaFe2As2, shows that strong pinning by heterogeneity is largely dominant, and that the interest is therefore to improve the strong-pinning characteristics of the iron-based materials.   
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44 

Prospects for improvement 

Depairing current density 

Strong pinning due to inhomogeneity 

 

 

Dopant atoms act as scatterers (δκ) 

 δ = 0.35 ni Dv
4 / εξ 

~ YBa2Cu3O7

~ 0.1 × ( jc of  YBa2Cu3O7) 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2017. 
IUMRS-ICAM Keynote presentation A3-K30-001.         

Presenter
Presentation Notes
While the depairing current density in iron-based superconductors is comparable to that of cuprate materials, the (strong pinning) critical current density is still about 10 times lower than in cuprates.
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44 

Prospects for improvement 

Depairing current density 

Strong pinning due to inhomogeneity 

 

 

Dopant atoms act as scatterers (δκ) 

 δ = 0.35 ni Dv
4 / εξ 

~ YBa2Cu3O7

~ 0.1 × ( jc of  YBa2Cu3O7) 

Factor 20 
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This leaves the opportunity of a twenty-fold increase of the critical current density through pin-engineering;
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44 

Prospects for improvement 

Depairing current density 

Strong pinning due to inhomogeneity 

 

 

Dopant atoms act as scatterers (δκ) 

 δ = 0.35 ni Dv
4 / εξ 

~ YBa2Cu3O7

~ 0.1 × ( jc of  YBa2Cu3O7) 

Factor 20 

• 122 type compounds most promising because of high Bc2, smaller anisotropy, less creepy
• 1111 type compounds : high Tc
• FeSe
• tailoring of defects might yield almost isotropic jc
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To this, the favourable specificities of the iron-based superconductors should be added. These are the often very high upper critical fields, and the generally smaller anisotropy than in cuprates. This is true in particular for the doped BaFéAs2  - type materials. The 1111 class of materials are interesting mainly because of their high critical temperature. Moreover, there is ample room for the engineering of defects that would yield a nearly isotropic critical current density. 
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Multiple band superconductivity and jc : 

• Supplementary anisotropy in jc appears
• jc anisotropy  for field || ab directly probes coherence length anisotropy
• Beware the T – dependence (and we haven’t even talked about creep…)

Pinning in Iron-based superconductors: 

• It’s (mainly) the dopant atoms
• Magnitude: follows depairing current
• Low B : strong pinning by nm-scale heterogeneity
• Intermediate B : collective pinning

  δκ mechanism -  Charged dopants / vacancies 

 

Take-home: 
45 
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In guise of a summary : 
Pinning in single crystalline iron-based superconductors is mainly due to the dopant atoms;
The magnitude of the critical current density as function of doping follows the doping dependence of the depairing current;
The critical current density at low magnetic fields is due to –dopant atom heterogeneity on the scale of 50 to 100 n;
At intermediate fields the critical current density is well described by the collective pinning due to quasi-particle scattering in the vortex cores; this is thought to be due to the scattering by dopant atoms and / or iron vacancies.

The multiple band character of superconductivity in these materials can result in supplementary anisotropies of the critical current density that do not appear in single band superconductors; Also, multiple band superconductivity decisively influences the temperature dependence of the critical current density. 
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        example of Ba(Fe0.93Co0.07)2As2…

Ba(Fe0.925Co0.075)2As2 crystal #2.1 
Critical current density vs applied magnetic field 

s

s

S. Demirdis et al., PRB 84, 094517 (2011)

jc = jc(0) f(b) g(t)  

t = T / Tc
b = B / Bc2(T) 

Field dependence: 

- Statistics of pinning

- change in vortex lattice structure

- change in vortex structure

Temperature dependence: 

- thermal activation of quasiparticles: λ( T )

- decrease of the order parameter: ξ( T )

- multiple band effects

- thermal activation of vortices

- thermal smearing of the pin potential

Zero temperature, zero-field jc : pinning mechanism, statistics 
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Extra material : temperature dependence of the critical current density. This is the most complicated to understand, since it is influenced by many factors. These are the thermal activation of quasi-particles, which may or may not be influenced by the presence of gap nodes, and which affects the temperature dependence of the superfluid density and of the penetration depth lambda(T); the temperature-induced increase of the coherence length xi(T); multiple band effects, with the weight contributed by different bands to the superfluid density changing as function of temperature, such as discussed before; the smearing of the pinning potential by thermal oscillations of vortices; and, lastly, the well-known thermal activation of vortices in the pinning potential (creep). 
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Thermal activation and creep 
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A few notes on thermal activation and creep in iron-based materials.
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Thermal activation and creep 

• Creep is of nucleation type
• Weak pins determine creep rate

T = 10 K 

Activation barrier vs current density 
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This is surprisingly strong, even in relatively « isotropic » materials such as K-doped BaFe2As2. Hall-sensor array measurements show that flux creep can reduce the irreversible magnetic moment by as much as a third over a one hour period, even at low temperature. Detailed analysis of flux creep allows the extraction of the activation barrier as function of the screening (driving-) current density. Fro this, the salient features are : 
Creep is of nucleation type, even in the regime of strong pinning; this may indicate that the presence of the weak fluctuations of the pin potential ay determine the hopping of vortices between strongly pinning defects
In the vicinity of the critical current density, the activation energy for vortex creep follows a linear dependence on the current density, which invalidates the use of the so-called “interpolation formula” for the interpretation of creep experiments.     
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Thermal activation and creep 

Tf (Ba = 0.25 K) 

Ba1-xKxAs2Fe2 
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The effect of thermal activation in this material can be so important that it can be used to equilibrate the vortex lattice, and to observe long-range vortex lattice order at low and intermediate fields.
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