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1.1 Basic Principles of Conventional Superconductivity

Since the discovery of Superconductivity in 1911 by Onnes , many theoretical 

interpretations and classifications have evolved with the development of Type II, and much

later, high T superconductors. Th the general definition of a superconductor relates 

to h. material exhibiting perfect conduction and diamagnetism, there exist other verv 

interesting aspects of superconductivity that cannot all be mentioned in this introductory 

overview. The most important nomenclature and theoretical background relevant to this 

specific study shall be dealt with.

. ,gj „ .  ,.f____
Theory of Ginzburg—Landau

- " * '

21950, Ginzburg and Landau proposed a phenomenological theory of superconductivity

on the previous theory of second-order phase transitions formulated by Landau. 

Landau had suggested that these phase transitions could be described in terms of an order 

parameter. The Ginzburg—Landau, or GL Theory, introduces a complex psuedo-wave 

function ¥  as the order parameter, which is hypothesized to be related to the local density 

of superconducting electrons as

mm

’

i

■
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I H
In the presence of a magnetic field (H)s

state, F' jj, near a second-order phase transition, may be expanded as follows:

(2m*)—1 j HhV -2eA ) *  | 2 +  h2/gjrSi \'kSW,i

where $  (r) is the complex order parameter; F n is the free energy density of the normalnu
state in zero field; h 2/8x js the magnetic energy density equivalent to B2/2/*0~ ^QH2/2 in

*
SI units; a, p are phenomenological constants, and m is an effective mass of an election. In 

the presence of fields, currents and gradients, ^  (r) = j 'P (r)|exp[ip(r)] adjusts accordingly 

so as to minimize the total free energy. Thus setting the variation of the free energy with

respect to the order parameter equal to zero, and with the restriction that we use the gauge

div A = 0, equation 1.1.2 is differentiated to obtain,
. . ■fc. \ . i , ’

Along with this equation, GL obtain the usual quantum expression fci the current, J =

o ¥  +  0\ *  | 2 ¥ + 5~*(-iJtV - 2eA)2 *  = 0 1.1.3.

m 3

( l//x0) curl B ( Maxwell’s equation ), as

i p fi  ̂  ̂ >1 a * ♦
1.1.4.

m m
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A is the vector potential of any magnetic field B present, for example in the penetration 

region or tne mixed state, defined so that

B = curl A

Ii khe dimensions of the sample are larger than the effective penetration, there exists 

regions where B =  0 inside the specimen. Hence, the spatial variation of *  would be zero 

( 'if is a constant), and this constant value from equation 1.1.3 is

i * r =  M  //? 1.1.6 .

Since V f =  0, the super current, ( equation 1.1.4 ), is given by the London equation

1.1.7.

By taking the curl of the above equation it can be shown that it does describe the exclusion 

of magnetic flux from the specimen; and an effective penetration length,

which describes the spatial variations in the electromagnetic effects, can be defined 

Ginzburg and Landau considered the differential equation 1.1.3 in the absence of fields 

( A = 0 ), and from dimensional arguments, a characteristic length {(T) was defined below
r,"' noi  as c

'(T ) =  h2/2m |a | J .1.9.



The coherence length £ provides the characteristic scale for spatial variations in the order 

parameter. Consider a normal (n) and superconducting (s) interface, the energy of the 

interface is dependent on the superconducting volume, V = A-£(T) where A is the area of 

the interface. Since 9  decreases to aero over a distance of the net Gibbs energy of the 

.nterface has a contribution in the form, (GJ( — Gg)A£(T), and from, equation 1.1.9, |a |  

can be regarded as a regular energy spacing.

The GL coherence length being distinct from Pippard’s characteristic length (£Q) proposed 

in 1953. Pippard argued that only electrons within ~ k0 Tc of Ep ( ihe Fermi Energy ) 

should be important in superconductivity,( local theory ), and hence could be estimated 

from the Uncertainty Principle : =  a7>.vF/k BTc ( vp -  Fermi velocity ). For T far below 

the critical transition temperature Tc, £(T) =  ( Q, but near Tc they are different.

The ratio of the two GL characteristic lengths defines the Ginzburg Landau parameter, k =
3

X / i  The implications of k were not fully appreciated until 1957 when Abrikosov used k to

explain Type II superconductivity. He calculatcd, that in the mixed state ( between Hcl

and H 0 ) the magnetic flux should penetrate in a regular array of flux tubes, each carrying

one quantum of flux. The quantity <pQ = hc/2e = 2.0679 x IQ-7 gauss cm is known as the
4 5fluxoid, or flux quantum. Flux quantization has been observed'*’ and the GL theorj also 

predicts, and experiments have confirmed, that each vortex in a type II superconductor 

contains a single quantum of magnetic flux.

Essentially, most elemental superconductors have GL parameter of n < <  1, however, by 

alloying materials and forming compounds, the electron mean free path, /  decreases to be 

much smaller than ( a dirty superconductor ); and hence (  » /  In the above case where 

£ < X we have that the surface energy is negative and the lowest energy state will be 

attained if the flux is dispersed in very small units throughout the sample. This will allow



for a maximization of the normal -  superconductor interface. The crossover from positive 

to negative surface energy occurs for « =  1/^5, as shown by Abrikosov in the original
3

paper . The superconductivity associated with negative surface energy is referred to as 

Type II superconductivity, also called mixed or vortex state, ( sect. 1.1.3.1 ). The core of
7

the vortex is essentially in the normal state and is usually approximated bv a cylinder of
r a j j i g ll

radius ~ £ . On the pe^meter of the core, superelectrons screen the magnetic field to a 

distance 2 A. Since each vortex contains one flux quantum ib== hc/2e, the density of flux
0

lines, n, determines the magnetic induction B =  nip . This was subsequently confirmed by

many experiments11

The magnetic phase diagram for Type II Superconductivity is shown below in Figure 1.1.1.

Above the H ^ T )  curve, the sample is normal. For H£l < H < H ^ , the superconductor is

in the vortex state. Below the H„,(T) curve, all the flux is exnelled from the bulk as in aCl
Type I superconductor, leading to what is sometimes referred as the Meissner State. An

elementary picture (relation) can be formed between the critical fields, H,^ and H„2 and
*

the GL length scales in type II superconductors. When the applied field is just above Hc l ,
■

the field at the vorlex core will be « Hc l, radially decreasing to zero over a length s A.

Thus the flux will be s ttA2H , and,cl ’

Hcl s 1.1.10

However, if the applied field is just below H ^, the vortices are packed together and each

has an effective area s r£ 2 or,

h C2 ~ Vo/i2] * ? 1.1.11.

Note: The numerical factors in parenthesis are included for correctness as found from
■ ■; ...... •• • •*

experimental evidence.
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ner state
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A schematic representation of the mean field magnetic phase 

diagram for a Type II superconductor.
Figure 1.1.1
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The Critical Currents of superconductors le important with the discovery of Type II

Superconductivity, when large magnetic fields could be produced with the consumption of 

almost zero electrical power. The critical current, J  , is the maximum current density that 

can be sustained by a superconductor before the particular measurement technique detects 

dissipation. Theoretically, the highest critical current that a superconductor can carry is 

the ‘depairing current density’ ( the electron kinetic energy is equal to the gap energy ), 

above this the superconductor is driven noiuiai. The determination of J c is complicated 

because of resistive losses through vortex motion, and J  in a Type II superconductor
v-

depends strongly on vortex pinning. ( see section 1.1.3 ).

1.1.2 Theory of Bardeen, Cooper and Schrieffer ( BCS )

In 1957 a comprehensive microsc pic theory was proposed by Bardeen, Cooper and 

Schreiffer® ( BCS Theory ). The theory was based on Cooper’s original non-interacting 

Fermi gas at 0 K. By adding two electrons to this gas which occupy states with k > kp, 

and assuming a net attractive electron—electron interaction exists between these electrons, 

the foimation of a Cooper Pair occurs. BCS determined the stable ground state in the 

presence of pairing with the assumption of a spherical Fermi surface. With this, BCS was
I

able to predict ( sample independent ) characteristics of the superconducting state: density 

of states; energy gap; and isotope effect.

BCS were able to show that there is a second-order phase transition for H = 0, to a new 

electron state with the transition temperature expressed as

kfiTc = 1.14fwcexp[-l/N (EF)V0] 1.1.12.

where N(Ep) is the density of normal state electrons at the Fermi energy and VQ is the 

interaction potential between electrons. The cut-off phonon energy ?u«;c is related to the
-



Debye energy and a  M ' , where M is the atomic mass. Thus the Isotope effect 

comes out of the theory namely, T a  M- 1 ^ .  BCS theory found a gap ( 2A(0) at 0 K ), in 

the allowed states about Ep. An exaggerated idea of the gap is shown in Figure 1.1.2. The 

normal-state free electron-like density of states is shown, which at OK is filled up to 

Ep-A(O). In the superconductor the energy gap ‘forces’ allowed states into regions below 

and above it. The superconducting density of states, Ng(E), for E > A and E < -A , is

Nc(E) =  N(0)-E/(E2-  A 7) 112 
3

1.1.13.

For energies within the gap, the density of allowed states is zero.
-■ -i* i ja—

Importantly, the BCS theory predicted a minimum energy, E (0) =  2A(0), necessary to
*

bieak a Cooper pair ( in zero field ) and form two quasi—particle excitations:

.

Eg(0) =  2A(0) -  3.528-kBTc 1.1.14.

That is, excited states all have energy at least | A | above the ground state energy EQ. The
7 8earliest quasi—particle tunneling experiments ’ verified the Energy Gap and values for

2A(0) were close to 3.5 for manv compound superconductors. The gap vanishes at T andc
for temperatures just below T , A(T) can be approximated by:c

A(T) =  A-T (1 -T /T  )Vi
c

where A =  3.06. At very low temperatures A(T) is almost independent of temperature The 

temperature dependence of the gap is illustrated in Figure 1.1.3 below.



A normal—state, free electron, quadratic density of states filled 

with electrons up to Ep—A(0). The superconducting energy 

gap 2A(0) is shown and the allowed states that were in the gap 

are pushed into regions just above and below the gap. In the
■
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