CHAPTER 1

A BRIEF INTRODUCTION
TO THE HISTORY OF SUPERCONDUCTIVITY
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The teylperature at which the resistalﬂe disappears jﬁ,called the critical
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temperature varies from a maximum of 9.25 K for niobium to a minimum of 0.0154 K
for tungsten (Abrikosov, 1988). Although these are both low temperatures, in fact
the temperature range is very wide, since the extremes differ by about a factor of a

thousand.



In what follows we shall also mention the practical applications of
superconductors; even at this moment they are numerous. However, the recent
discovery of so-called high temperature superconductivity (Bednorz and Miiller,
1986, Wu er al., 1987, Murphy et al., 1987, Torardi et al., 1988, Subramanian,
1988, and Tarascon, 1988 ) arouse hope for a further development of such

applications. At the moment this thes  Was n the highest confirmed
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Fig.1.1 discovery of supercgnductivity in 1911 by Kamerlingh Onnes.
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(Kittel, 1986). &
critical tcmperature was registered for a composition TI -Ba-Ca-Cu-O (Sheng and
Herman, 1988) and is equal to 127 K (Parkin ez al., 1988 ), but the discovery of even
higher critical temperatures is not excluded. The importance of these discoveries is
based on the fact that the superconductivity in such ceramics can be maintained in a

cryostat with liquid nitrogen (boiling point 77.4 K).



Investigations of the properties of superconductors have shown that
superconductivity can be destroyed not only by increasing the temperature but also by

applying a sufficiently strong magnetic field (H) in which the superconductivity is

destroyed. This critical field decreases with increasing temperature (Onnes, 1914). It

has been established empirically that the dependence on temperature of H(T) is

Where H(0) is the ¢ onductivity is also destroyed

by a strong electric perconductor is not too thin,

the critical current at es Silsbee’s rule (Silsbee, 1916) :
the magnetic field prod e surface of a superconductor is

equal to H.

The Mei 'yf.,z

In 1933, one of ﬂn asic properncw superconductors ,the so-called Meissner
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If a metal is plaved in a magnetic field smaller th Hc, then upo e transition into the

superéopciing ke e Kl Flekabl M'g ik, ']eﬂxeﬂxe feldB =0 in

the superconductor. This is shown in Fig.1. 2.

In more detailed investigations it has been found that the magnetic field is equal
to zero only in the bulk of a massive sample. In a thin surface layer the field gradually

decreases from a given value at the surface to zero. The thickness of this layer which



is called the penetration depth (\), is usually of the order of 10-3 -10-6 cm

(Abrikosov, 1988).

Fig. 1.2 jie M ,' ‘ifi8 Supercol ieting sphere cooled in a constant applied

The London Theory E :
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In 1ﬁ4ﬂ.g@.ﬂ&%‘§iw&ﬂﬂgovery of the Meissner
effect, introducyd the first phenomenological thegy of superconduetivity (London and
Londdh) 1945 HeN{ dncivs bd el o Brebt Tre pbeicse of this theory
was to c?xpress in mathematical form the basic experimental fact that a metal in the
superconducting state permits no magnetic field in its interior: (the absence of
resistance and the Meissner effect), without consideration of the microscopic factors
responsible for superconductivity. The crucial assumption of this model is that in a

superconductor at temperature T < T, only a fraction ng(T)/n of the total number of

conduction electrons are capable of participating in the supercurrent. The quantity



ng(T) is known as the density of superconducting electrons. It approaches the full

electron density n as T falls well below T, butitdrops to zeroas T rises to Te.

If superconducting electrons do not undergo scattering, they are accelerated by

an external electric field E and, hence

(1.1)

where v is the mea £ superconduCtingselectrons. The current density
carried by these ele e superelectron density and e

is the charge. Eq. (1.
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where A = m/(nsez) The pa , which describes the variation ata given
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gt-(AJ) = E (1.3)

According to the Maxwell’s equation (Jackson, 1962)



VXE = -1 (1.4)

(1.5)

,,,,,

agnetic field. This means that

the quantity in pare ’ ge with i te. . Suppose that at a given time,

the current density J ifite \ e \ Id B = 0. Then the quantity in

parentheses is always ¢ ' € fan external field is introduced
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Let us consider the simplest prob bulk superconductor in an external magnetic

field. According to thetMaxwell equation€Jackson, 1962)
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If we take the curl of this equation, then we have

VxVxB = V(V-B) - V’B = 4EVx] (1.8)

Using the fact that V-B =0 and substituting for VxJ using eq. (1.6), we obtain



viB - —%B = B (1.9)
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where AL = — | Lot tior? depth.
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Landau ‘as part of their general program of explaining phase transitions. The theory
followed from the fact that the superconducting electrons are in a macroscopic quantum
state. Ginzburg and Landau (Ginzburg and Landau, 1950) postulated the existence of a
macroscopic wave function (or order parameter V') to describe the behavior of the
superconducting electrons. The London theory éan be derived from this postulate.

Thus, the Ginzburg-Landau theory accounted for zero resistance and the Meissner



effect, but now in much more fundamental terms. The theory also accounted for the
second order (or continuous) nature of the superconducting phase transition in zero
magnetic field ( Keesom and Kok, 1932, Fetter and Walecka, 1971). |

The equations of motion follow from a variational analysis of the Ginzburg-

Landau free energy (the details will be shown in the next chapter). In the details we

the Ginzburg-Landau | e|than just'give.a deeper meaning to the London
theory. It provided ' S\ with whi ‘ esuperconducting macroscopic
wave function coul
presence of applied . ,:‘ ;: O\ ey edictions of these equations so

correctly describe the ifative b x o1 ' - ctors that they are the subject

means that there is t@ po (e.g., flux quantization) and

quantum interference, (}o don, 1950, De ver and Fairbank 1961,and File and Mills,
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with the 1ntr?duct10n of Ginzhurg-Landau_theory, the classical period of
sperindly Onfe mm&mmta e, and the era of
superconducnvuy as a macroscopic quantum phenomenon began. Still, like the
London theory, the Ginzburg-Landau theory was a phenomenological theory, and its
deeper origins in a microscopic theory were yet to be established. The details of the

Ginzburg-Landau theory will be described carefully in the next chapter.



The BCS Theory

In 1957, a microscopic quantum theory of superconductivity was proposed by
Bardeen, Cooper, and Schrieffer (1957). They produced their epoch-making pairing
theory of superconductivity, in which it was shown that even a weak attractive

interaction between electrons, such as sed in the second order perturbation by

the electron-phonon inteza x"” of the ordinary Fermi-sea ground
: yund pairs of electrons occupying

states with equal a ‘hese are the so-called Cooper

pairs (Cooper, 19 tron-phonon interaction, V,

\

determines the critigal tempe ¢ following equation, for weak

electron-phonon interaétions (Fro '*’5 '!5 )50, \\l 1, 1950)
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where @p ist ‘ i HTCqUCIicY ab ithe CAge OF ' Debye sphere (Duzer and
Turner, 1981) and p e,merml level.
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of the energy ?ap in the single pagticle density of states of supgrconductors, which
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AT) = 3.06T,(1-T/T)? (1.12)

As far as the other superconducting phenomena are concerned, the BCS theory

provides an underpinning to theories that already were successful in the past, none of
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which played an important role in identifying the mechanism of superconductivity.
From the point of view of our history of superconductivity, the BCS theory is the
most effective microscopic theory for conventional superconductors. Later, Gorkov
(Gorkov, 1959), showed that one could derive the Ginzburg-Landau theory from the

BCS theory. However, concerning - gh temperature oxide superconductors, there

has been no generally accepted - 11 the properties of these materials.

Unconventional mechanisiis have to describe the high-T; values,

especially above 90 K The many theories proposed

range from the phone a minor phonon role and the
strong-coupling and ‘ lidg t "_‘ 8. Genera the proposed models follow
' sins with free electrons plus a
pairing interaction begwee m an € others start from a highly correlated or even
localized electron systef L prape interaction which is then delocalized into an
itinerant superconducting Staté 7 electrons form superconducting pairs
below T in one case, whereas'it ey fi m onducting pairs above T and then

undergo a Bose-Ein ipe ‘ onducting state in the other
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