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Superconductors: obtaining higher critical currents (JC) and 

critical temperatures (TC). Could the “nano-world” play a role? 
 

Introduction 
 

 In 1911 H. Kammerlingh Onnes made one of the greatest discoveries of the 20th 

Century: Superconductivity. He observed that, mysteriously, the resistivity of 

Mercury (Hg) below 4.2 K was zero (using for that liquid Helium, for which he had 

developed before a way of liquidizing). In the following years, an intensive research 

was done on this area, which gave rise to the discovery of the most important 

properties of these materials: 
 

• Under the conditions CTT <  and CHH 00 µµ < , the resistivity of 

superconducting materials is 0=ρ , as Kammerlingh Onnes discovered. 

• B = 0 inside these materials, which cannot be deduced from 
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considering 0=ρ , but it is an independent property known as Meissner 

effect. Since )(0 MHB
rrr

+=µ  and HM
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χ= , it follows that 1−=χ  (perfect 

diamagnetism). 
 

• For some superconducting materials, there are two critical fields, 10 CHµ  and 

20 CHµ . In this case, for 1CHH >  , B  penetrates partially in the material 

through what are called vortexes, and when 2CHH =  it would transit to the 

normal state ( ρ  appreciably different from zero). These materials are called 

“type-II superconductors”. The other superconducting materials simply have 

one critical field, CH0µ : these are “type-I superconductors”. // By the way, in 

“type-II superconductors”, each vortex comes with a quantum of flux, 
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hφ Wb, whereas in the rest of the material, B = 0. 

 

• The fundamental of the incredible behaviour of superconductors are electron-

electron interactions, since there is an effective attraction between pairs of 

them (Cooper Pairs), due to a phonon exchange. This is explained in the 

framework of the BCS Theory (Bardeen, Cooper and Schrieffer; 1957), which is 

the fundamental theory for superconductors. 
  

• Previously, other two phenomenological theories were developed.          

 a)       London Model, which consists in the assumption that the “electron 

 fluid” has two components: the normal and the superconducting ones.         

 b)   Ginzburg-Landau Theory, whose starting point is to take an 

 appropriate form of the free-energy F (a simple one) in terms of the 

 density of carriers, 
2

)(rrψ , so it leads to a phase-transition at TC. 
 

• However, as it is going to be explained after, BCS Theory establishes a 

 limit of the TC, 30≤CT K, and from 1986 on, a new kind of 

 superconductors has been developed: high-TC superconductors. In this 



 sense, in 1993 it was experimentally confirmed that a Hg-Ba-Ca-Cu-O 

 material under pressure showed TC ~ 150 K! And so, there is a big 

 question to be answered: what is the mechanism involved in these 

 superconductors?? >> Open-field, where some phenomenological 

 features are known, but there is still a lack of a complete fundamental 

 theory. 
 

Possible uses of superconductors. Why is so interesting the study of these 
strange materials? 
 

 Just as an example: 
 

� Energy transport without heat losses.  

� Energy storage in superconducting coils (introducing a current in a 

superconducting coil, and then closing it forming a ring would be enough to 

store this current for years!).  

� Magnetic-levitation trains (Maglev). 

� Generation of strong magnetic-fields. 

� Without going into details, it is worth mentioning that there is a very special 

tunnelling effect in superconductors, which can be observed in SIS 

heterojunctions (a thin insulating film between two superconducting blocks; 

this would be another kind of junction to add to what it was studied with N. 

Zabala in this subect). In this case, there is tunnelling of Cooper Pairs through 

the structure with VBIAS = 0, which implies that there are no dissipative effects 

(PJoule = V�I). This is called Josephson effect, and can be applied to construct 

SQUIDs (Superconducting QUantum Interference Devices): ultra-high 

sensitivity to measure magnetic-fields, possible future implementation of 

quantum logical devices… 
 

 It is important to take into account that a high amount of energy is needed to 

 cool the materials, so high-TC superconductivity (which could be cooled with 

 liquid-Nitrogen instead of liquid-Helium, which implies an important money 

 saving) has an unquestionable value. In addition, there is also a great interest 

 in being capable to transport the highest possible currents (in increasing the 

 critical current, JC, see next section). 

 

Obtaining higher critical currents JC 
 

 It was previously explained that there is a critical field that when it is increased 

the material transits to the normal state. Taking into account that (for simplicity, we’ll 

consider the stationary case) JB
rr

0µ=×∇ , there is a relationship between JC and BC. 

For instance, for a cylindrical wire with an homogenous current distribution, 
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= .  JC represents the maximum current a superconductor can have without 

losing the “zero-resistivity state”. In the case of “type-I superconductors”, there’s 

nothing more to add. 
 

 However, everything changes when considering “type-II superconductors” in the 

vortex-state (for this reasoning, we’ll consider an ideal material, without impurities). In 

this case when we establish a current J
r

, it will exert a force f
r

(per unit length) on 

vortexes, 0φ
rrr

×= Jf . Then, vortexes will start to move with velocity φvr , giving rise to a 

change on the magnetic flux, and then, according to Faraday’s law, an electric-field 

would be generated, which would provoke a dissipation of energy per unit volume EJ
rr

· . 

Therefore, the superconductor would behave essentially like a normally conducting 



material. According to this, in the vortex-state for an ideal superconductor JC = 0. But, 

what happens in real materials? 
 

 In this sense, if we have impurities in our sample, we would have hysteresis in 

the magnetization curve, which would originate a pinning of the vortexes (they don’t 

move, since their energy would increase). In the presence of impurities, the vortexes 

would keep their position until the current is strong enough to “break the pinning”, and 

this critical value depends on the way our structure is “doped”. In this sense, a higher 

hysteresis implies a higher critical JC, and there are different models in the literature 

that give the )( MJJ CC ∆=  relation, where M∆  is the hysteresis for a certain field 

value. This would be one of the cases where “defects” in a certain structure can lead to 

advantages for their use (other example that was mentioned in this subject are 

topological defects in Carbon nanotubes). 
 

 Related with this topic, there are different ways of enhancing the pinning 

property of our sample: heavy ion bombardment, sputtering techniques, neutron 

irradiation, atomic substitutions, and so on. However, they can encounter difficulties 

when applied in large-scale production, and concerning this there is a more promising 

technique that could help us to obtain higher “JC”-s: magnetic nanoparticles. Some 

research groups are nowadays working with them, and it has been obtained quite a big 

increase of the critical current (for an appropriate content of nanoparticles). 

 

 
 

 
 
 

Some notes about BCS Theory. Dependence TC = TC (NF) 
 
 This fundamental theory explains the mechanisms involved in 

Superconductivity. In this sense, it explains that electrons which take part in 

superconductivity form pairs (Cooper pairs), with an effective attractive interaction 



between them, via a phonon exchange. A previous evidence that suggested that ions 

were implied in superconductivity was the isotope effect (TC ~ M-1/2; M = atomic mass of 

the isotope). 

 

 
 When an electron goes from the state k1 to k1’, an oscillation of the electronic 

density happens (frequency h/)( '11 kk εεω −= ). If this density increases, nearby ions 

will move to that region to compensate the excess of negative charge. But, due to the 

their big mass (compared with em ), once the excess of negative charge is compensated 

the region would pass to have an excess of positive charge, which will attract a second 

electron. So, between them, there will be an effective attractive interaction (let’s call it 

–V ), but the frequency must be Dωω ≤ , so just some particular states, who form pairs, 

are responsible of lowering the energy of the material in comparison with the case of 

the non-interacting system. In addition, it can be shown that the most convenient 

coupling corresponds to ),(),( 21 ↓−↑→ kkkk
rrrr

. These are Cooper Pairs. 

 

 Concerning the excitation spectra, it is somewhat like: 

 
 

This means that if we added a single electron (it can be understood as an elementary 

excitation, or quasiparticle), the energy of the system would increase an amount 0∆ . 

The previous statement comes from the requirement that in order to have pairing we 

need the ),( kk
rr

− states to be filled, and )','( kk
rr

−  to be empty, and adding a single e-  

would avoid the formation of a given k-pair. In other words, this is the minimum 

energy necessary produce an excited state, i.e.: it is a gap. Taking this into account, 

the necessary energy to produce the breaking of a pair is 02∆ . 
  

 Using the previous ideas, we can obtain interesting magnitudes concerning the 

nature of superconductivity: condensation energy (i.e.: the difference in energy between 

the normal and the superconducting states), the critical fields,… and the critical 

temperature. It should be noted, however, that a weak coupling is considered, i.e. the 

coupling magnitude V is small. 
 

 Concerning the critical temperature, two important expressions are obtained: 
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DCB −= ωh ,        where NF = “Density of States in the Fermi level”  
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 In addition, it is predicted that the maximum of TC would be KTC 30≤ . 
 



 Before going into high TC superconductors, it is worth noticing that the first of 

the expressions above expresses that an increase in NF implies an increase of TC! And 

how can we obtain an increase of NF? For instance, with Low Dimensional Systems! As 

we have seen in N. Zabala’s part of this subject, size quantization implies a change in 

the DOS. 

 
 In this sense, it has been observed that the TC of Al films (~ 2.1 K) is nearly the 

double of the value for bulk samples (TC ~ 1.17 K), and even larger increases (TC ~ 3 K) 

are observed for granular Al. Although the increase of the TC is not very big in this 

case, this idea is promising, and nowadays people are trying to build tunnelling 

networks of metallic clusters (O-D System). 

 

 This attractive possibility could be realized thanks to a remarkable feature of 

metallic nanoclusters: the shell structure of their electronic spectra. This systems 

contain delocalized electrons whose states organize into shells (similar to the atomic or 

nuclear cases), which means that clusters that contain an specific number of atoms 

(magic numbers) are more stable (or more frequently synthesized). So, coming back to 

the issue of NF, if the degeneracy of the highest occupied shell is big (due to the angular 

momentum), we will have a sharp peak in the DOS at the Fermi level. By the way, 

we’ll comment something about tunnelling after. 

 
 High TC Superconductivity 
  

 In 1986 (the 75th anniversary of superconductivity) a new class of 

superconducting materials was discovered: high TC superconductors. Most of them 

contain copper oxide planes (historically, these were the first ones were high TC SC 

was observed), but there are other structures that also exhibit high TC-s (some of them 

contain C60, other ones are called Chevrel phases…). I’ll focus on copper oxides, who 

show a Perovskite-like structure. 
 

 In 1986, Bednorz and Müller discovered that the La1.85Ba0.15CuO4 compound 

was superconducting, with a critical temperature a bit above the limit established in 

the BCS Theory. This discovery resulted in worldwide interest in these materials: just 

a bit after that, optimization of the similar compound La-Sr-Cu-O moved the transition 

temperature close to 40 K, which was followed by the discovery of one of the most 

studied families of high TC superconductors, the Y-Ba-Cu-O (by Wu and Chu). It should 

be noted that the properties of these systems depend on the proportion of the atoms 

that form the compound, and in this sense for YBa2Cu3O7, a TC ~ 93 K is obtained. 

 

 I’ll explain now some features of Y-Ba-Cu-O compounds (see the picture below): 
 

� It is a layered structure, with a main structural unit: the Cu-O plane (where 

pairing originates). 
 



� TC and the critical fields (it is a “type-II SC”) depend on the proportion of the 

atoms that form the compound. 
 

� It is highly anisotropic: the critical field (really high values) for B parallel to the 

Cu-O planes can double the value for B perpendicular to the planes. In 

addition, the coherence length (the length were there is some correlation in 

the phase of electrons, which can be understood as the range of interaction 

between electrons) values are approximately: 2~IIξ nm, 4.0~⊥ξ nm. 
 

� If we compare the previous values with those corresponding to “classic” 

superconductors, 
110~ξ nm, we can notice that the Coulomb repulsion 
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is much higher for HTSCs, so the pairing should be several orders of 

magnitude larger than that of conventional SCs, in order to overcome this 

strong Coulomb repulsion. 

 

 
 

 Some general features concerning high TC superconductivity 
 
 In this last section, I’ll make some comments about some of the mechanisms 

that are thought to be implied in high TC superconductivity, related with low 

dimensional effects. As I said in the beginning, this is one of the topics with a higher 

scientific interest, both from a theoretical point of view (there is a lack of a complete 

fundamental theory to describe HTSCs, so it is an open-field) and from a experimental 

point of view (production of HTSCs with advantageous properties). 
 

� Let’s start with a phenomenological feature concerning tunnelling. One of the 

“experimental rules” concerning copper oxides is that if we compare critical 

temperatures of these superconductors where the only difference between is the 

number of CuO2 planes in a cell of the material, we obtain (N would be the 

number of Cu-O planes per cell): 
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 This means that the more Cu-O planes per cell we have, the higher TC we 

 obtain. The previous result can be deduced in the framework of Ginzburg-

 Landau theory, considering a term of interaction between layers: 

 )( *
212
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10 ψψψψγ +−=∆ aF . This is known as interlayer tunnelling 

 mechanism and it was developed by Anderson (1997). Although the structures 

 would be different, this idea of tunnelling could be extended to other kinds of 



 superconductors, and so, the fabrication of tunnelling networks could be 

 advantageous. 
 

� As I explained before, since the coherence length of HTSCs is quite smaller 

than that of conventional superconductors, the pairing should be quite stronger 

for HTSCs (in order to overcome Coulomb repulsion). Because of this, there 

have been many works on generalizing the BCS Theory for the strong-

coupling case, based on the Green’s function method of the many-body theory. 
 

� Last, but not least, an important question remains to be answered: since BCS 

Theory (based on exchanges of phonons in order to form the pairing of electrons) 

does not explain High TC Superconductivity, which mechanism is involved in 

this case? Could the coupling be due to the exchange of another kind of 

quasiparticle (a magnon, an exciton, a polaron…)? In this sense, many 

scientists propose that polarons play an important role in High TC 

Superconductivity. 
 

 Polarons are quasiparticles composed by an electron and an associated 

 distortion of the lattice. In the case of a strong electron-lattice interaction, a 

 moving electron would polarize the lattice. This would lead to a shift in 

 positions of neighboring ions, forming a “potential well” for the electron, and 

 therefore hindering its movements (decreasing its mobility). 
 

 
 

(Illustration of a polaron) 

 
Conclusion 
 

 As we have studied in this subject, this last possible mechanism of High TC 

Superconductivity would be a 2-D effect. In addition, we have seen that the pairing of 

electrons in High TC copper oxides happens mainly in Cu-O planes (2-D). So, from a 

theoretical point of view, Nanoscience does play a role in High TC Superconductivity. 

 

 In addition, we have seen that from a technological point of view, Nanoscience 

can bring us some interesting advantages: an optimized pinning of the vortexes via 

magnetic nanoparticles, an increase of TC via confinement (we could increase the 

density of states at the Fermi level)… So, “Nano”- does clearly have an added value!! 
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