
C H A P T E R 7 

T R A N S P O R T C U R R E N T S I N S U P E R C O N D U C T O R S 

7 .1 . Cr i t ica l C u r r e n t s 

THE EARL Y workers in superconductivi ty soon discovered tha t there 

is an upper limit to the amount of current that can be passed along a 

piece of superconductor if it is to remain resistanceless. W e call th is the 

critical  current  of that part icular piece. If the current exceeds this 

critical value, some resistance appears . 

W e now show that the critical current is related to the critical 

magnetic field s t rength Hc. W e saw in Chap te r 3 that all cur rents in a 

superconductor flow at the surface wi th in the penetra t ion depth , the 

current densi ty decreasing rapidly from some value Ja at the surface. I t 

was pointed out in Chapte r 4 tha t superconduct ivi ty breaks down if the 

supercurrent densi ty exceeds a certain value which we call the critical 

current densi ty Jc. 

In general there can be two contr ibut ions to the current flowing on the 

surface of a superconductor . Consider, for example, a superconduct ing 

wire along which we are passing a current from some external source 

such as a bat tery . W e call this current the " t ranspor t cu r ren t " because it 

t ranspor ts charge into and out of the wire. If the wire is in an applied 

magnetic field, screening cur ren ts circulate so as to cancel the flux inside 

the metal. T h e s e screening cur ren ts are superimposed on the t ranspor t 

current, and at any point the current density J can be considered to be 

the sum of a component J , due to the t ranspor t current and a component 

] H which arises from the screening currents 

J = J / + J / / -

W e may expect tha t superconductivi ty will break down if the magni tude 

of the total current densi ty J at any point exceeds the critical current 

density Jc. 

According to the London equation (3.17) there is a relation be tween 

the supercurrent density at any point and the magnet ic flux densi ty at 
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that point, and this same relation holds whether the supercurrent is a 

screening current , a t ransport current or a combinat ion of both . Hence, 

when a current flows on a superconductor, there will at the surface be a 

flux density Â and a corresponding field strength H(= Â/ì 0) which is 

related to the surface current density Ja. 

If the total current flowing on a superconductor is sufficiently large, 

the current density at the surface will reach the critical value Jc and the 

associated magnetic field strength at the surface will have a value Hc. 

Conversely, a magnetic field of strength Hc at the surface is always 

associated wi th a surface supercurrent density Jc. T h i s leads to the 

following general hypothesis : a superconductor  loses its zero resistance 

when, at any point on the surface, the total magnetic field strength, due 

to transport  current  and applied magnetic field, exceeds the critical  field 

strength Hc. T h e max imum amount of transport  current which can be 

passed along a piece of superconductor wi thout resistance appearing is 

what we call the critical current of that piece. Clearly the stronger the 

applied magnetic field the smaller is this critical current. 

If there is no applied magnetic field the only magnet ic field will be that 

generated by any t ranspor t current , so in this case, the critical current 

will be that current which generates the critical magnetic field s trength 

Hc at the surface of the conductor. T h i s special case of the general rule 

stated above is known as Silsbee's hypothesisf and was formulated 

before the concept of critical current density was appreciated. W e shall 

call the more general rule for the critical current given in the previous 

paragraph the "generalized form" of Silsbee's hypothesis . 

W e saw in Chapter 4 that the critical magnetic field s trength Hc 

depends on the temperature , decreasing as the tempera ture is raised and 

falling to zero at the transi t ion temperature T c . T h i s implies that the 

critical current density depends on tempera ture in a similar manner , the 

critical current density decreasing at higher temperatures . Conversely, if 

a superconductor is carrying a current, i ts t ransi t ion tempera ture is 

lowered. 

7 .1 .1 . Cri t ica l c u r r e n t s o f w i r e s 

Le t us consider a cylindrical wire of radius a. If, in the absence of any 

externally applied magnet ic field, a current i is passed along the wire, 

a magnetic field will be generated at the surface whose s trength H{ is 

given by 

t F. B. Silsbee, J.  Wash. Acad. Set., 6, 597 (1916). 
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Applie d  magneti c  fiel d  strengt h  Applie d  magneti c  fiel d  strengt h 

(a ) (b ) 

FIG . 7.1. Variation of critical current with applied magnetic field strength, (a) 

Longitudinal applied field, (b) Transverse applied field (transport current flowing into 

page). 

In zero or weak applied magnet ic field s t rengths the critical cur ren ts of 

superconductors can be qui te high. As an example, consider a 1 m m 

diameter wire of lead cooled to 4 2°K by immersion in liquid helium. At 

this tempera ture the critical field of lead is about 4-4 ÷ 10 4 A m - 1 (550 

gauss) so, in the absence of any applied magnet ic field, the wire can carry 

up to 140 A of resistanceless current . 

Le t us now consider to wha t extent the critical current is reduced by 

the presence of an externally applied magnet ic field. F i rs t suppose tha t 

an applied magnet ic field of flux densi ty Ba and s t rength Ha (=  Âá/ì 0) is 

in a direction parallel to the axis of the wire (Fig. 7.1a). If a current i is 

2ðáÇ ( = i. 

T h e critical current will therefore be 

ic = 7jiaHc. (7.1) 

T h i s relation for the critical current can be tested by measur ing the 

max imum current a superconduct ing wire can carry wi thout resis tance 

appearing, and it is found that , in the absence of any externally applied 

magnetic field, eqn. (7.1) predicts the correct value. 
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passed along the wire it generates a field encircling the wire, and at the 

surface of the wire the strength of this field is Ht =  ß/2ðá. T h i s field and 

the applied field add vectorially and, because in this case they are at right 

angles, the s trength Ç of the resultant field at the surface is given by 

(HI+  Ç)Û or 

H2 =  H2

a +  (i/2na)2. 

T h e critical value ic of the current occurs when Ç equals Hc: 

( 7 · 2 ) 

Hc is a constant , and so this equation, which expresses the variat ion of ic 

w i th i f f l , is the equation of a n ellipse. Consequently, the graph represent -

ing the decrease in critical current as the strength of a longitudinal 

applied magnetic field is increased has the form of a quadrant of an ellipse 

(Fig. 7.1a). In th is configuration the magnetic flux density is uniform 

over the surface of the wire and the flux lines follow helical paths . 

Another case of importance occurs when an applied magnet ic field is 

normal to the axis of the wire (Fig. 7.1b). (We assume here that the 

applied field is not strong enough to drive the superconductor into the 

intermediate state.) In this case the total flux density is not uniform over 

the surface of the wire ; the flux densities add on one side of the wire and 

substract on the other. T h e max imum field s trength occurs along the line 

L. Here , because of demagnetizat ion, as pointed out at the end of § 6.1, 

a field 2Ha is superimposed on the field H{ to give a total field 

H=2H a + Hi =  2Ha +  ^ . 

T h e general form of Silsbee's rule states tha t resistance first appears 

when the total magnetic field s trength at any part of the surface equals 

Hc9 and so the critical current in this case is given by 

tc =  2ðá(Ç €  - 2Ha). (7.3) 

In th is case, therefore, the critical current decreases linearly wi th 

increase in applied field strength, falling to zero at jHc. 

I t should be emphasized tha t the critical current of a specimen is 

defined as the current at which it ceases to have zero resistance, not as 

the current at which the full normal resistance is restored. T h e amount 

of resistance which appears when the critical current is exceeded 

depends on a number of circumstances, which we examine in the next 

section. 
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7 .2 . T h e r m a l P r o p a g a t i o n 

T h e variat ion of critical current wi th applied magnet ic field predicted 

by (7.2) and (7.3) has been confirmed by experiment , though measure -

ment of critical currents , especially in low magnet ic fields where the 

current values can be high, is not always easy. T o see w h y there may b e 

a difficulty, we now examine the processes by which resistance re turns to 

a wire when the critical current is exceeded. Consider, for example, a 

cylindrical wire of superconductor . In practice no piece of wire can have 

perfectly uniform propert ies along i ts length; there may be accidental 

variat ions in composit ion, thickness, etc., or the tempera ture may be 

slightly higher at some points than others . As a result the value of critical 

FIG . 7.2. Thermal propagation, (b) shows the temperature variation of the region A 
resulting from the current increase shown at (a), (c) shows the return of the wire's 

resistance when the normal region spreads from A. 
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current will vary slightly from point to point, and there will be some 

point on the wire which has a lower critical current than the rest of the 

wire. In Fig. 7.2 such a region is represented by the section A where the 

wire is slightly narrower. Suppose we now pass a current along the wire 

and increase i ts magni tude, until the current jus t exceeds the critical 

current ic(A) of the section A (Fig. 7.2a). T h i s small section will become 

resistive while the rest of the wire remains superconducting, so a very 

small resistance r appears in the wire. At A the current i is flowing 

through resistive material and at this point heat is generated at a rate 

proportional to i2r. Consequently the temperature at A rises, and heat 

flows away from A along the metal and into the surrounding medium at 

a ra te which depends on the tempera ture increase of A, the thermal con -

ductivity of the metal, the rate of heat loss across the surface, etc. T h e 

tempera ture of A will rise until the rate at which heat flows away from it 

equals the rate i2r at which the heat is generated. If the ra te of heat 

generation is low, the tempera ture of A rises only a small amount and the 

wire remains indefinitely in this condition. If, however, heat is generated 

at a high rate, ei ther because the resistance of A is high or because the 

current i is large, the tempera ture of A may rise above the critical 

temperature of the wire (Fig. 7.2b). T h e presence of the current has in 

fact reduced the transit ion tempera ture of the superconducting wire 

from Tc to a lower value Tc(i), and if, as a result of the heat ing of A, the 

regions adjacent to A are heated above Tc(i) they will become normal. 

T h e current i is now flowing through these new normal regions and 

generates heat which drives the regions adjacent to them normal. 

Consequently, even though the current i is held constant , a normal 

region spreads out from A until the whole wire is normal and the full 

normal resistance Rn is restored (Fig. 7.2c). T h i s process whereby a nor -

mal region may spread out from a resistive nucleus is called thermal 

propagation,  and we see that it is more likely to occur if the critical 

current is large and if the resistivity of the normal state is high (e.g. in 

alloys). 

On account of thermal propagation there can be difficulty in 

measuring the critical current of a specimen, especially in low or zero 

magnetic fields where the current value may be high. Consider a super -

conducting specimen of uniform thickness, as shown in Fig. 7.3a, whose 

critical current we are a t tempt ing to measure by increasing the current 

until a voltage is observed. If the current is less than the critical current 

there will be no voltage drop along the specimen and no heat will be 

generated in it. However , the leads carrying the current to the specimen 
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are usually of ordinary non-superconduct ing metal and so heat is 

generated in these by the passage of the current . Consequent ly the ends 

of the specimen, where it makes contact wi th the leads, will be slightly 

heated and will have a lower critical current than the body of the 

specimen. As the current is increased, therefore, the ends go normal at a 

current less than the t rue critical current of the specimen, and normal 

r eg ions m a y sp read t h r o u g h t h e w i r e b y t h e r m a l p r o p a g a t i o n . 

Consequent ly a voltage is observed at a current less than the t rue critical 

value. T o lessen the risk of thermal propagat ion from the contacts one 

should use as thick current leads as possible so tha t little heat is 

produced in them. I t is also desirable to make the ends of the super -

conduct ing specimen thicker than the section whose critical current 

we are measuring, so tha t the critical current of the th inner sec -

t ion will be reached before thermal propagat ion s tar t s from the ends 

(Fig. 7.3b). 

A characterist ic of the re turn of resis tance by thermal propagat ion is 

the complete appearance of the full normal resistance once a certain 

current ha s been exceeded, as a result of the normal region spreading 

r ight th rough the specimen. 

To 
voltmete r 

To 
voltmete r 

(a ) (b ) 

Unsuitabl e Suitabl e 
arrangemen t arrangemen t 

FlG. 7.3. Measurement of critical current. 
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7 .3 . I n t e r m e d i a t e S t a t e I n d u c e d b y a Curren t 

If thermal propagat ion does not occur, the full normal resistance does 

not appear at a sharply defined value of current bu t over a considerable 

current range. Consider a cylindrical wire of superconductor with a 

critical field strength Hc. If the radius of the wire is a, a current i 

produces a magnetic field strength ß/2ðá at the surface. As we have seen, 

the greatest current the wire can carry while remaining wholly supercon -

duct ing mus t be ic =  2jiaHc, because, if the current were to exceed this, 

the magnetic field strength at the surface would be greater than Hc. 

W e might at first suppose that at ic an outer cylindrical sheath is 

driven normal while the centre remains superconducting. However , th is 

is not possible, as we shall now show. Suppose that an outer sheath 

becomes normal, leaving a cylindrical core of radius r in the supercon -

ducting state. T h e current will now flow entirely in this resistanceless 

core, and so the magnetic flux density it produces at the surface of the 

core will be Hc air.  Since this is greater than Hc>  the superconducting 

core will shrink to a smaller radius and this process will continue until 

the superconducting core contracts to zero radius, i.e. the whole wire is 

normal. However , it is not possible for the wire to become completely 

normal at a current ic because if the wire were normal throughout , the 

current would be uniformly distr ibuted over the cross section and the 

magnetic field strength inside the wire at a distance r from the centre 

would be less than the critical field, so the material could not be normal. 

I t therefore appears that , at the critical current, the wire can be 

neither wholly superconducting nor wholly normal, and tha t a state in 

which a normal sheath surrounds a superconducting core is not stable. 

In fact, at the critical current, the wire goes into an intermediate state of 

alternate superconducting and normal regions each of which occupies 

the full cross-section of the wi re . t T h e current passing along the wire 

now has to flow through the normal regions, so at the critical current the 

resistance should j u m p from zero to some fraction of the resistance of the 

comple te ly n o r m a l w i re . E x p e r i m e n t s show t h a t a cons ide rab le 

resistance does indeed suddenly appear when the current is raised to the 

critical value (Fig. 7.4), the resistance jumping to between 0-6 and 0-8 of 

the full normal resistance. T h e exact value depends on factors such as 

the temperature and puri ty of the wire. 

T h e detailed shapes of the normal and superconducting regions which 

appear when a current exceeding the critical current is passed along a 

t F . London, Superfluids,  vol. 1, Dover Publications Inc., New York, 1961. 
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FIG . 7.4. Restoration of resistance to a wire by a current. 

wire have not yet been determined experimentally, and it is a com -

plicated problem to deduce them from theoretical considerat ions. T h e 

configuration shown in Fig. 7.5a is one which has been recently proposed 

on a theoretical basis , and for which there is some support ing 

experimental evidence. 

I t can be seen from Fig. 7.4 tha t as the current is increased above the 

critical value ic the resistance of the wire gradually increases and ap -

proaches the full normal resistance asymptotically. L o n d o n suggested 

that when the current is increased above the critical value ic the in-

(a ) i = i c 

a y 

1 y///\v\\*vmediate  ·/ 

(b ) i>L 

FIG . 7.5. Suggested cross-section of cylindrical wire carrying current in excess of its 

critical current (based on Baird and Mukherjee, and London). 
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termediate state contracts into a core surrounded by a sheath of normal 

material whose thickness increases as the current increases, so that the 

total current is shared between the fully resistive sheath and the partially 

resistive intermediate core (Fig. 7.5b). T h i s model predicts a resistance 

increasing smoothly wi th the current in excess of ic. 

T h e sudden appearance of resistance, either by thermal propagat ion or 

by the appearance of an intermediate state when the critical current is 

exceeded, can make the measurement of the critical current of a conduct -

ing wire a ra ther precarious experiment. As the measur ing current 

through the specimen is increased, a resistance R suddenly appears when 

the critical value ic is exceeded. Power is then generated in the 

specimen, and if ic is large and R is not very small, the heat ing may be 

enough to melt the wire, unless the current is reduced very quickly. In 

fact, superconducting wires can act like very efficient fuses wi th a sharp -

ly defined burn-out current. 


